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Adenosine A , receptor activation facilitates “Ca?* uptake by rat brain
synaptosomes
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Abstract

Adenosine has been shown to increase the release of neurotransmitters by stimulation of adenosine A, receptors. This effect probably
depends on Ca’* entry into presynaptic nerve terminals. In the present work the ability of the mixed adenosine A,/A, agonist,
2-chloroadenosine, to stimulate Ca>* uptake into rat brain synaptosomes was investigated. BCa?+ uptake was induced by 20 uM
veratridine. In the absence of other drugs, 2-chloroadenosine (1 wM) decreased BCalt uptake into synaptosomes. Blocking the adenosine
A | receptor with 100 nM of 1,3-dipropyl-8-cyclopentylxanthine (DPCPX), 2-chloroadenosine (1 wM) increased rather than decreased the
uptake of *>Ca* into synaptosomes. The excitatory effect of 2-chloroadenosine observed in the presence of DPCPX was reversed by 200
nM of w-agatoxin-IVA, a specific P-type Ca?* channel antagonist, but not by L-type (nifedipine, 100 nM to 1 uM ; methoxyverapamil
1-10 wM) or N-type (w-conotoxin GVIA, 500 nM) Ca’* channel antagonists. The adenosine A, selective agonist, 2-p-(2-carboxy-
ethyl)-phenethylamino-5'-N-ethyl-carboxamido-adenosine (CGS 21680), did not significantly modify Ca®>* uptake induced by veratridine.
In contrast, the selective adenosine A, receptor agonist, N°®(2-(3,5-dimethoxyphenyl)-2-(2-methylphenylethyl)-adenosine (DPMA), in
concentrations ranging from 10 nM to | pM increased Ca’* uptake induced by veratridine. The selective adenosine A, receptor
antagonist 3,7-dimethyl-1-propargylxanthine (DMPX) at a concentration of 10 WM antagonized the stimulatory effect of DPMA (0.1 pM)
on YCa®* uptake. In conclusion, activation of adenosine A, receptors increases Ca’* uptake by synaptosomes depolarized by
veratridine, which could explain the increase of neurotransmitter release observed when A, receptors are activated.
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1. Introduction

It is now well documented that adenosine can exert
excitatory modulatory effects on the central nervous sys-
tem via activation of adenosine A , receptors. For example,
Sebastiio and Ribeiro (1992) showed that the selective
adenosine A,, receptor agonist, 2-[4-(2-carboxyeth-
yl)phenethylamino}-5'-N-ethylcarboxamidoadenosine (CGS
21680), increases the amplitude of evoked population
spikes recorded from the CAl pyramidal cells of the rat
hippocampal slices. Excitatory effects of adenosine en-
hancing the release of neurotransmitters were found in rat
cerebral cortical slices (Spignoli et al., 1984) as well as in
the rat striatum (Brown et al., 1990), where the adenosine
agonist, 5'-N-ethylcarboxamideadenosine (NECA), in-
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creased the release of acetylcholine. Other studies showed
that the adenosine A,, receptor agonist, CGS 21680, at
low nanomolar concentrations, enhances acetylcholine re-
lease from striatal synaptosomes (Kirk and Richardson,
1994) and from the CA3 and dentate gyrus areas of the
hippocampus (Cunha et al., 1994). Recent studies (Cunha
et al., 1995) provide evidence showing that hippocampal
cholinergic nerve terminals possess adenosine A,, recep-
tors, which, stimulated by veratridine, facilitate the release
of acetylcholine. Stimulation of A,, receptors also en-
hances the release of excitatory amino acids, namely gluta-
mate and aspartate, from the ischemic rat cerebral cortex
(O’Regan et al.,, 1992). Furthermore, in guinea-pig hip-
pocampal slices, Okada et al. (1992) observed that adeno-
sine at low nanomolar concentrations increases glutamate
release and hippocampal excitability. Also by using the
non-selective A, /A, receptor agonist, the stable adeno-
sine analogue 2-chloroadenosine, Mogul et al. (1993) iden-
tified, in the CA3 area of guinea-pig hippocampus, excita-
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tory adenosine A, receptors, probably of the A, subtype,
which enhance P-type Ca?® currents through a cyclic
AMP-dependent mechanism.

As it is well established that the evoked release of
neurotransmitters depends on the entry of Ca®" ions into
presynaptic nerve terminals, and because isolated nerve
terminals (synaptosomes) are bioenergetically intact, retain
the ability to release neurotransmitters in a Ca®*-dependent
manner, and are a good model to explore events occurring
at nerve terminals (Nicholls, 1989), we tested, in the
present work, whether stimulation of adenosine A, recep-
tors could increase Ca’* entry into rat brain synaptosomes.

A preliminary account of this work has been presented
(Gongalves and Ribeiro, 1995).

2. Materials and methods
2.1. Preparation of the synaptosomal fraction

Experiments were performed on rat brain synaptosomes
prepared according to the method described by HajGs
(1975). In brief, brains from five male Wistar rats (about 2
months) were homogenized in 9 volumes of 0.32 M su-
crose and 20 mM Tris-base (pH 7.4) and centrifuged at
1500 X g for 10 min. The supernatant was saved, and the
pellet was resuspended and centrifuged as before. The
resulting supernatants were combined and centrifuged at
9000 X g for 20 min. The pellet was washed and dispersed
in 0.32 M sucrose and 20 mM Tris-base (pH 7.4). Five-
milliliter samples of this suspension were layered carefully
on 20 ml of 0.8 M sucrose and 20 mM Tris-base (pH 7.4)
and centrifuged at 9000 X g for 30 min. The particle
fraction dispersed in the 0.8 M sucrose solution (synapto-
somal fraction) was collected and adjusted to 0.4 M su-
crose by addition of 20 mM Tris-base (pH 7.4) in a
dropwise manner while stirring. This suspension was cen-
trifuged at 20000 X g for 30 min. The resulting pellet was
suspended in an incubation medium containing 132 mM
NaCl, 5 mM KCl, 1.3 mM MgCl,, 1.2 mM NaH, PO,, 1.2
mM CaCl,, 10 mM glucose and 20 mM Tris-base, pH 7.4.
The synaptosomal protein concentration in the suspension
was measured according to the method of Lowry as modi-
fied by Peterson (Peterson, 1977).

22.Yca’* uptake induced by veratridine

Fifty microliters of the synaptosomal suspension {about
0.30 mg of protein) were added to 890 .l of the incuba-
tion medium and pre-incubated in the presence and ab-
sence of the test drugs for a period of 20 min at 32°C.
Ca’" uptake into synaptosomes was initiated by addition
of 60 wl of the incubation medium containing **CaCl,
(specific activity, 0.32 pCi/umol of Ca’*) and veratri-
dine. The concentration of veratridine in the test tube was
20 pM. After 10 min the uptake was terminated by

addition of 4 ml EGTA solution (120 mM NaCl, 5 mM
KCl, 5 mM EGTA, and 20 mM Tris-base, pH 7.4) fol-
lowed by filtration through GF/C glass fiber filters. The
filters were washed three times with 5 ml of wash solution
(132 mM NaCl, 5 mM KCl, 1.3 mM MgCl,, 1.2 mM
CaCl,, and 20 mM Tris-base, pH 7.4 ). The radioactivity
associated with the synaptosomes was determined in a
scintillation spectrometer. The net stimulated YCalt up-
take is the difference between **Ca®* uptake under stimu-
lation conditions (20 wM veratridine) and without stimula-
tion (basal conditions). In each experiment **Ca’* uptake
determinations were performed in triplicate. All the experi-
ments were performed in the presence of adenosine deami-
nase (2 U/ml) in order to remove endogenous adenosine.

2.3. Drugs used

Adenosine deaminase (type VI EC 3.5.4.4), 2-chloro-
adenosine, veratridine, nifedipine and methoxyverapamil
were from Sigma. N%-[2-(3,5-Dimethoxyphenyl)-2-(2-
methylphenyl)-ethyl]adenosine (DPMA), 1,3-dipropyl-8-
cyclopentylxanthine (DPCPX), 3,7-dimethyl-1-propargyl-
xanthine (DMPX), w-conotoxin GVIA and 2-p-(2-car-
boxyethyl)phenethylamino-5'-N-ethylcarboxamidoadenosi-
ne (CGS 21680) were from RBI. *CaCl, (specific activ-
ity, 0.32 pCi/pmol of Ca’*) was from Amersham. o-
Agatoxin-IVA was from the Peptide Institute. DPCPX was
made up in a 5 mM stock solution in 99% dimethylsulf-
oxide (DMS0)/1% NaOH 1 M ( v/v).

2.4. Statistics

The data are expressed as means + S EM. from n
(number of experiments). The significance of the differ-
ences was evaluated by Student’s ¢ test. P <0.05 were
considered to represent a significant difference.

3. Results

3.1. Excitatory and inhibitory effects of 2-chloroadenosine
on ¥’Ca** uptake

In these experiments *°Ca’* uptake by synaptosomes
was induced by a concentration of 20 wM of veratridine.
The mean value obtained for the net amount of Ca®" taken
up by synaptosomes in control conditions was 2.4 + 0.5
nmol Ca’* /mg protein (n = 15).

In order to know whether stimulation of adenosine A,
receptors could increase Ca?* uptake by rat brain synapto-
somes, experiments were done where the effect of the
adenosine agonist, 2-chloroadenosine, on Y Cat uptake
induced by 20 pM veratridine was tested in the absence
and in the presence of the selective adenosine A receptor
antagonist, 1,3-dipropyl-8-cyclopentylxanthine (DPCPX).
Under these conditions, in the absence of DPCPX it was
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observed that 2-chloroadenosine, tested at a concentration
of 1 wM, decreased **Ca’* uptake by 14.0 + 5.0% (n = 5).
When 2-chloroadenosine (1 pM) was tested in the pres-
ence of DPCPX (100 nM) it was observed that this adeno-
sine agonist increased rather than decreased the uptake of
Ca’" into synaptosomes by 15.5 + 3.0% (n = 5) (see Table
1).

3.2. Effect of w-agatoxin-IVA

To know whether this excitatory effect of 2-chloro-
adenosine on *Ca?* uptake observed in the presence of
DPCPX could be due to activation of a P-type Ca®*
channel, experiments were designed where 2-chloro-
adenosine (1 WM ) was applied together with DPCPX (100
nM) and w-agatoxin-IVA, a specific P-type Ca’* channel
antagonist, in a concentration of 200 nM. Under these
conditions, 2-chloroadenosine did not exert an excitatory
effect on Ca’" uptake but there was a slight reduction of
2.0 +£5.7% (n =15), which was not significantly different
(P > 0.05) from the control (see Table 1).

3.3. L-type and N-type Ca’* channel blockers

To validate the identification of the P-type Ca’?"* chan-
nel involved in the excitatory effect of 2-chloroadenosine
on ¥Ca®* uptake, without participation of L- or N-type
channels, experiments were done using the L-type Ca®*
channel blockers nifedipine (100 nM and 1 uM) and
methoxyverapamil (I pM and 10 uM) and as a N-type
Ca’" channel blocker, w-conotoxin GVIA (500 nM). Nei-
ther L-type nor N-type Ca’* channel blockers inhibited
the excitatory effect of 2-chloroadenosine observed in the
presence of DPCPX.

Table 1

3.4. Effect of adenosine A, receptor agonists on Yo’
uptake

To test further whether adenosine A, receptor activa-
tion increases **Ca>* uptake, experiments were done where
synaptosomes were incubated in the presence of the adeno-
sine A,, selective receptor agonist, 2-p-(2-carboxyethyl)-
phenethylamino-5'-N-ethylcarboxamidoadenosine  (CGS
21680), as well as in the presence of the selective adeno-
sine A, receptor agonist, N°®[2-(3,5-dimethoxyphenyl)-2-
(2-methylphenyl)-ethyl]adenosine (DPMA). The adenosine
agonist CGS 21680 tested at concentrations ranging from 1
nM to 100 pwM did not significantly modify the uptake of
Ca’" induced by veratridine into rat brain synaptosomes.
In contrast, the agonist DPMA tested in concentrations
ranging from 10 nM to 1 wM enhanced the Ca’* uptake
induced by veratridine. The maximal excitatory effect
(21.5 + 8.8% n=4) was obtained with DPMA 100 nM;
DPMA 1 uM did not cause any further increase in Ca**
uptake into synaptosomes and it was even less effective,
causing only a 17.2 + 7.9% increase (n=4). When ap-
plied in a higher concentration (10 wM), DPMA reduced
the Ca’* uptake induced by veratridine by 23.9 + 9.0%
(n = 4) (Table 1). This inhibitory effect is probably related
to adenosine A | receptor activation, which is evident only
when one uses DPMA in high concentrations (Bridges et
al., 1988).

3.5. Effect of DMPX

The ability of 3,7-dimethyl-1-propargylxanthine
(DMPX), a selective adenosine A, receptor antagonist, to
antagonize the excitatory effect of DPMA on BCa*
uptake induced by veratridine was investigated in five
experiments, in which synaptosomes were incubated with

Effects of 2-chloroadenosine on **Ca®* uptake in the presence of 1,3-dipropyl-8-cyclopentylxanthine (DPCPX) and in the presence of DPCPX + w-agatoxin
IVA; and effects of N%-[2-(3,5-dimethoxyphenyl)-2-(2-methylphenyl)-ethylJadenosine (DPMA) in the absence and presence of 3.7-dimethyl-1-propargyl-

xanthine (DMPX)

Condition

Control
2-Chloroadenosine (1 wM)
2-Chloroadenosine (1 wM) + DPCPX (100 nM)

2-Chloroadenosine (1 pM) +DPCPX (100 nM) + w-agatoxin IVA (200 nM)

DPMA
10 nM
100 nM
| pM
10 pM

DPMA (100 nM) + DMPX (10 pM)

n Change *Ca’*
uptake (%)
0+0
- 140450 "
155+3.0 "
-20+57

W b ha

6.0+£1.9 "
215+88 °
17.2+79 °
—-239+90 "

L A

n

—49+38

Values are means + S.E.M. and represent the percentage change of Beat uptake in relation to the control value (0%) obtained with 20 wM veratridine.

* Significantly different from the control (P < 0.05).
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DPMA (100 nM) in the presence of DMPX (10 uM). As
shown in Table 1, when the adenosine A, receptor antago-
nist DMPX was present in the incubation medium, the
excitatory effect of DPMA was antagonized and Ca’*
uptake was not increased but reduced by 4.9 + 3.8%, a
value which was not significantly different from the con-
trol (P > 0.05).

4. Discussion

The present work showed that the non-selective adeno-
sine A,/A, receptor agonist, 2-chloroadenosine, de-
creased Ca’* uptake by synaptosomes but increased the
uptake when the synaptosomes were incubated in the
presence of the selective adenosine A | receptor antagonist,
DPCPX. This indicates that this excitatory effect of 2-chlo-
roadenosine on Ca’* uptake can be observed only when
the A, inhibitory receptors are blocked. This is consistent
with the currently accepted view that 2-chloroadenosine
has a greater affinity for A, than for A, receptors (see
Fredholm et al., 1994). The observed inhibitory effect of
2-chloroadenosine on Ca?” uptake by synaptosomes in-
duced by veratridine is in agreement with previous studies
showing that adenosine and its analogues decrease the
uptake of Ca?* by rat brain synaptosomes stimulated by
potassium (e.g. Ribeiro et al., 1979; Wu et al., 1982) or by
electrical stimulation (Gongalves et al., 1991). In this work
2-chloroadenosine was used since it behaves like adeno-
sine, but it is not degraded by adenosine deaminase and is
a poor substrate for adenosine uptake (Jarvis et al., 1985).

The increase in Ca’" uptake by presynaptic nerve
terminals produced by adenosine A, receptor activation
may play a significant role in the facilitation of neurotrans-
mitter release in the central nervous system. The excitatory
adenosine A, receptor subtype has a widespread distribu-
tion in the brain and has been divided into A,, and A,
receptors according to its high and low affinity for adeno-
sine, respectively (Daly et al., 1983). The adenosine ago-
nist, CGS 21680, a NECA (5'-N-ethylcarboxamidoadeno-
sine) derivative, is a highly potent and selective agonist for
the A,, receptor (see Fredholm et al., 1994) and inactive
as an agonist for the A, receptor (Yakel et al., 1993). The
lack of excitatory effect of CGS 21680 on Ca’* uptake by
synaptosomes detected in the present work contrasts with
data showing that this agonist increases evoked neurotrans-
mitter release in different areas of the nervous system
(Kirk and Richardson, 1994; Cunha et al., 1994, 1995).
One possible explanation for the absence of effect of the
selective adenosine A,, agonist CGS 21680 on Ca’*
uptake detected in the present work is that the excitatory
effect of 2-chloroadenosine on Ca?* uptake could be due
to stimulation of adenosine A ,; receptors, as suggested by
Mogul et al. (1993), instead of A,, receptors. Although in
our experiments we verified that the selective adenosine
A, receptor agonist DPMA stimulated Ca’* entry into

synaptosomes, this does not indicate whether the receptor
involved is an A,, or A, receptor because neither DPMA
nor the adenosine A, receptor antagonist, DMPX, discrim-
inate between these two types of adenosine receptor, and
no adenosine A ,g-selective antagonists are available. It is
unlikly that the absence of effect of CGS 21680 in
nanomolar concentrations could be due to desensitization
of the excitatory A,, receptors as was suggested to occur
in different areas of the central nervous system (Kirk and
Richardson, 1994) as well as in canine thyroid-derived
A, , receptor in transfected Chinese hamster ovary cells,
where a 30-min agonist exposure to higher concentrations
of CGS 21680 is sufficient to cause impairment of the
receptor-G protein interaction (Palmer et al., 1994),

In the present work we verified that w-agatoxin-IVA, a
specific P-type Ca’' channel antagonist (Mintz et al.,
1992; Turner et al., 1992), inhibited the excitatory effect of
2-chloroadenosine on Ca?* uptake when the adenosine A,
receptors were blocked by DPCPX. This result suggests
that stimulation of excitatory adenosine A, receptors can
activate the P-type Ca’* channel and induce Ca’* entry
into synaptosomes, a finding which apparently supports
previous data obtained with electrophysiological tech-
niques by Mogul et al. (1993). These authors showed that
in isolated pyramidal neurons from the CA3 area of the
guinea-pig hippocampus, the activation of adenosine A,
receptors inhibits the N-type Ca®* current while activation
of A, receptors results in a significant potentiation of a
P-type Ca’" current. Under the present experimental con-
ditions, neither L-type nor N-type Ca’* channels were
involved in the excitatory effect of 2-chloroadenosine. This
is consistent with the observation that in mammalian sys-
tems presynaptic Ca’” channels are largely resistent to
both w-conotoxin GVIA and dihydropyridines (Hofmann
and Habermann, 1990; Mintz et al., 1992). Additionally,
L-type channels may not be very common in nerve termi-
nals (Miller, 1987).

In conclusion, we have shown that adenosine A, excita-
tory receptor activation increases Ca’* uptake by synapto-
somes depolarized by veratridine, a finding that could
explain why neurotransmitter release is also increased
when adenosine A, receptors are stimulated. However,
correlative experiments with the same temporal resolution
have to be performed to provide more direct proof that this
is the mechanism involved when adenosine facilitates
Ca®"-dependent transmitter release.
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