British Journal of Pharmacology (1996) 119, 253-260

© 1996 Stockton Press Al rights reserved 0007 -1188/96 $12.00 ”

Preferential activation of excitatory adenosine receptors at rat
hippocampal and neuromuscular synapses by adenosine formed
from released adenine nucleotides
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1 In the present work, we investigated the action of adenosine originating from extracellular catabolism
of adenine nucleotides, in two preparations where synaptic transmission is modulated by both inhibitory
A, and excitatory A,,-adenosine receptors, the rat hippocampal Schaffer fibres/CA1 pyramid synapses
and the rat innervated hemidiaphragm.

2 Endogenous adenosine tonically inhibited synaptic transmission, since 0.5—2 uml~' of adenosine
deaminase increased both the population spike amplitude (30+4%) and field excitatory post-synaptic
potential (f.e.p.s.p.) slope (27 +4%) recorded from hippocampal slices and the evoked [*H]-acetylcholine
([*H]-ACh) release from the motor nerve terminals (2542%).

3 a,B-Methylene adenosine diphosphate (AOPCP) in concentrations (100—200 uM) that almost
completely inhibited the formation of adenosine from the extracellular catabolism of AMP, decreased
population spike amplitude by 39+ 5% and f.e.p.s.p. slope by 32+3% in hippocampal slices and [*H]-
ACh release from motor nerve terminals by 27 +3%.

4 Addition of exogenous 5'-nucleotidase (5 uml~!) prevented the inhibitory effect of AOPCP on
population spike amplitude and f.e.p.s.p. slope by 43-57%, whereas the P, antagonist, suramin
(100 puM), did not modify the effect of AOPCP.

5 In both preparations, the effect of AOPCP resulted from prevention of adenosine formation since it
was no longer evident when accumulation of extracellular adenosine was hindered by adenosine
deaminase (0.5-2 uml~!). The inhibitory effect of AOPCP was still evident when A, receptors were
blocked by 1,3-dipropyl-8-cyclopentylxanthine (2.5—5 nM), but was abolished by the A, antagonist, 3,7-
dimethyl-1-propargylxanthine (10 uM).

6 These results suggest that adenosine originating from catabolism of released adenine nucleotides
preferentially activates excitatory A, receptors in hippocampal CAl pyramid synapses and in phrenic

motor nerve endings.
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Introduction

In the hippocampus and at neuromuscular junctions, extra-
cellular adenosine can originate from the release of adenosine
as such (Cunha & Sebastido, 1993; Lloyd et al., 1993), in
parallel with the formation of adenosine from released ade-
nosine triphosphate (ATP) (Terrian et al., 1989; Smith, 1991;
Silinsky & Redman, 1995). The formation of extracellular
adenosine from released ATP is carried out by an ecto-nu-
cleotidase pathway which sequentially catabolises ATP into
AMP and then into adenosine through the action of an ecto-5'-
nucleotidase (Richardson et al., 1987; Cunha & Sebastido,
1991), which is feed-forwardly inhibited by ATP and/or ADP
(Naito & Lowenstein, 1985; Richardson et al., 1987; Cunha &
Sebastido, 1991).

The rat hippocampal Schaffer fibres/CA1 pyramid synapses
(Cunha et al., 1994a) and the rat innervated hemidiaphragm
(Correia-de-Sa et al., 1991), are two preparations where sy-
naptic transmission is known to be modulated by both in-
hibitory adenosine A, receptors and excitatory adenosine A,,
receptors. We recently showed that in these preparations the
action of extracellular endogenous adenosine results from a
balance between tonic A,/A,, receptor activation (Cunha et al.,
1994b; Correia-de-Sa & Ribeiro, 1996). Thus, in view of the
regulatory potential of the ecto-nucleotidase pathway for the
accumulation of extracellular adenosine, we decided to in-

! Author for correspondence.

vestigate the role of adenosine formed from the ecto-nucleo-
tidase pathway in relation to the differential activation of both
inhibitory adenosine A, and excitatory A,, receptors in these
two preparations.

Preliminary accounts of some of the results have already
been published (Correia-de-Sa et al., 1994a; Cunha et al.,
1994d; Ribeiro et al., 1994).

Methods

Electrophysiological recording of neuronal excitability in
rat hippocampal slices

Male Wistar rats (140 g) were decapitated under halothane
anaesthesia and the brain rapidly removed into ice-cold arti-
ficial cerebro-spinal fluid (CSF) of the following composition
(mM): NaCl 115, KCl 3, KH,PO, 1.2, MgSO, 2, CaCl, 1.2,
NaHCOs; 25, glucose 10, pH 7.4, gassed with a 95% O, and
5% CO, mixture. One hippocampus was dissected free and
slices (400 um thick) were cut perpendicularly to the long axis
of the hippocampus and allowed to recover for at least 1 h in
gassed CSF, at room temperature. One slice was then trans-
ferred to a 1 ml recording chamber for submerged slices and
continuously superfused with gassed CSF solution, kept at
30.5°C, at a flow rate of 3 ml/min. Drugs were added to this
superfusion solution.
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Electrophysiological recordings of field excitatory post-sy-
naptic potentials (f.e.p.s.p.s.) and/or population spikes was as
previously described (Sebastido et al., 1990; Cunha et al.,
1994a). Monopolar stimulation (rectangular pulses of 0.1 ms
applied once every 10 s) was delivered through an electrode
placed on the Schaffer collateral/commissural fibres, in the
stratum radiatum near the CA3/CA1 border. Orthodromically-
evoked f.e.p.s.ps were recorded through an extracellular mi-
croelectrode (4 M NaCl, 2—-4 MQ resistance) placed in the
stratum radiatum of the CAl area, whereas simultaneous or
alternative recording of orthodromically-evoked population
spikes were through a similar extracellular microelectrode
placed in the stratum pyramidale of the CA1 area. The intensity
of the stimulus (120—600 uA) was adjusted to evoke either the
largest f.e.p.s.p. without population spike contamination or a
population spike with an amplitude near 50% of the popula-
tion spike amplitude obtained with supramaximal stimulation.
The individual responses were displayed on a Tektronix
(2430A) digitalizing oscilloscope and the averages of 8 or 16
consecutive responses were digitally recorded on a Tekmate
computer. f.e.p.s.p. responses were quantified either as the
amplitude or as the initial slope of the averaged f.e.p.s.p.s
whereas population spike responses were quantified as the
amplitude of the averaged population spikes. In each pre-
paration, perfusion of the slice with the tested drugs was begun
only after a stable response was recorded.

When testing the ability of any drug (AOPCP, ADA,
DPCPX, DMPX, S-nucleotidase, NBTI, EHNA or suramin)
to modify the effect of purines (AMP, ADP, ATP, adenosine
or AOPCP), the effect of the purine was tested first in the
absence of other drugs; the purine was then washed out, and
the drug was perfused until its full effect could be observed and
for at least 20 min before perfusing the purine in the presence
of the drug. The two substances were then washed out and the
effect of the purine in the absence of other drugs was usually
tested again.

[’H]-acetylcholine release from rat innervated
hemidiaphragm

The experiments were carried out on rat phrenic nerve-
hemidiaphragm preparations (8 mm width) from Wistar rats
of either sex of about 200 g in weight. The procedures used
for labelling the preparations and measuring evoked [*H]-
acetylcholine ([*H]-ACh) released were as previously de-
scribed (Correia-de-Sa et al., 1991) with minor modifications.
Briefly, the preparations were superfused (3 ml min~!) in
3 ml organ baths at 37°C with Tyrode solution continuously
gassed with 95% O, and 5% CO,, containing (mM): NaCl
137, KCl 2.7, CaCl, 1.8, MgCl, 1, NaH,PO, 0.4, NaHCO;
11.9, glucose 11.2 and choline 0.001. After a 30 min equili-
bration period, the perfusion was stopped and the nerve
endings were labelled during 40 min with 1 uM [*H]-choline
(specific activity 2.5 uCi nmol~") under electrical stimulation
at 1 Hz with supramaximal rectangular pulses of 15V and
40 us duration. After the end of the labelling period, the
preparations were again superfused (15 ml min~') and the
nerve stimulation stopped. From this time onwards, hemi-
cholinium-3 (10 uM) was present to prevent uptake of cho-
line. After a 60 min period of washout, the perfusion was
stopped, and 3 ml bath samples were collected every 3 min by
emptying and refilling again the organ bath with the solution
in use. Aliquots (1 ml) of the incubation medium were added
to 6 ml of Packard Insta Gel II scintillator. Radioactivity was
measured in a Beckman LS 3801 scintillation spectro-
photometer.

The phrenic nerve was supramaximally stimulated with
rectangular pulses of 40 us duration and with a frequency of
5 Hz. The voltage amplitude was usually fixed at a value three
times that which caused a maximal contraction, and did not
exceed 15 V. Two stimulation periods were used: at 12 min (S,)
and at 39 min (S,) after the end of washout (zero time). The
number of pulses delivered in each train was 750. Note that

electrical stimulation of the phrenic nerve increases the release
of [*H]-ACh, which is abolished in the absence of calcium ions
in the bathing solution or by 0.3 uM tetrodotoxin, while the
output of [*H]-choline remains unchanged (Wessler & Kilbin-
ger, 1986; Correia-de-Sa & Ribeiro, 1994). Therefore, evoked
[PH}-ACh release was calculated by subtracting the basal tri-
tium outflow from the total tritrium outflow during the sti-
mulation period (cf. Correia-de-Sa et al., 1991). Averaged
evoked [*H]-ACh release was 30.3+1.7 x 10* d.p.m.g~! of wet
weight of preparation (n=19). Tested purines were added
15 min before S, and were present up to the end of the ex-
periments. Their effects were expressed by the ratios S,/S,, i.e.
the ratio between the evoked [PH]-ACh release during the
second stimulation period (in the presence of the tested pur-
ines) and the evoked [*H}-ACh release during the first stimu-
lation period (without the tested purines). In control
conditions, i.e. without addition of drugs, the S,/S; value was
0.81+0.03 (n=8). When testing the ability of any drug
(AOPCP, ADA, DPCPX, DMPX, NBTI or EHNA) to modify
the effect of AMP or of AOPCP, the preparations were pre-
treated with these drugs 15 min before each stimulation period
and were washed out immediately after each stimulation per-
iod, i.e. they were present in both S, and S,. When the same
drug was present in both S, and S,, the S,/S, ratios were not
appreciably different from those obtained in control condi-
tions, i.e. without addition of drugs.

Drugs and solutions

Adenosine, adenosine 5'-triphosphate disodium salt (ATP),
adenosine S-monophosphate sodium salt (AMP), adenosine
5’-O-(a,f-methylene)-diphosphonate sodium salt («,S-methy-
lene ADP, AOPCP), 5'-nucleotidase (E.C. 3.1.3.5), S-(4-ni-
trobenzyl)-6-thioinosine (NBTI), choline chloride and
hemicholinium-3 were from Sigma (Dorset, U.K.). Adenosine
deaminase (ADA, type VI, 1803 u/ml, EC 3.5.4.4) was also
purchased from Sigma (Dorset, U.K.), in a suspension in 50%
(v/v) glycerol in potassium phosphate (pH 6.0) and dilutions of
this suspension were used, together with appropriate correc-
tions of glycerol and KH,PO, content of all control solutions.
1,3-Dipropyl-8-cyclopentylxanthine (DPCPX), 3,7-dimethyl-1-
propargylxanthine (DMPX) and suramin were from RBI
(Natick, MA, U.S.A.). Erythro-9-(2-hydroxy-3-nonyl)adenine
(EHNA) was purchased from Burroughs Wellcome Co (Re-
search Triangle Park, NC, U.S.A.) and [methyl-*H]-choline
chloride (ethanol solution, 80 Ci mmol~!) was obtained from
Amersham (Buckinghamshire, U.K.). All other reagents were
of the highest purity available. DPCPX was made up into a
5 mM stock solution in 99% dimethylsulphoxide (DMSO) 1%
NaOH (1 M) (v/v). NBTI and DMPX were made up into a
10 mM DMSO solution. ENHA was made up as a 5 mM so-
lution in ethanol. All stock solutions were stored as frozen
aliquots at —20°C. Aqueous dilutions of these stock solutions
were made daily and appropriate solvent controls were done.
The pH of the superfusion solution was not changed by the
addition of the drugs in the maximum concentrations applied
to the preparations.

Statistics

The data are expressed as mean+s.e.mean from n observa-
tions. The significance of the means differences was calculated
by Student’s ¢ test. P<0.05 was considered to represent sig-
nificant differences.

Results

Rat hippocampal slices — exogenously added purines

The amplitude of population spikes recorded in CA1 pyramids
of rat hippocampal slices was inhibited by addition of either
adenosine (2—12.6 uM; EC5,=6.3 uM, n=4), AMP (3-30 uM;
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Figure 1 (a) Inhibition of the amplitude of population spikes (PS),
recorded extracellularly in hippocampal CA1l pyramids, by exogen-
ously added adenosine (@), AMP (A) or ATP (M), and (b)
modification of the inhibitory effect of AMP (10 uM, open columns)
and adenosine (ADO, 6.3 uM, solid columns) by adenosine deaminase
(ADA, the enzyme that converts adenosine into its inactive
metabolite inosine), by the inhibitor of ecto-5'-nucleotidase, «,f-
methylene ADP (AOPCP), or by the A, antagonist 1,3-dipropyl-8-
cyclopentylxanthine (DPCPX). In (a), the ordinates represent the
percentage of inhibition of population spike amplitude produced by
adenosine, AMP or ATP in relation to the amplitude of the
population spike in control conditions (i.e. in the absence of any
added drug to the perfusion solution). In (b), the ordinates represent
the percentage inhibition of population spike amplitude caused by
adenosine or AMP in the presence of the drugs indicated below each
column. 0% corresponds to the population spike amplitude in
control conditions (i.e. without any added drug or upon addition of
ADA, AOPCP or DPCPX) and 100% corresponds to blockade of
population spikes. In each experiment, ADA, AOPCP or DPCPX
were applied to the preparations 20—25min before testing the effect
of adenosine or AMP in their presence. The effect of adenosine or
AMP in the absence and in the presence of ADA, AOPCP or
DPCPX was always compared in the same experiment. *P<0.05
(Student’s paired ¢ test) when comparing with the effect of AMP or
adenosine alone. The results are mean+s.e.mean of 2 to 8
experiments in (a) and of 3 to 4 experiments in (b). In (a) the
s.e.means are shown when they exceed the symbols in size.

ECso=11.6 uM) or ATP (3—30 uM; ECso=14.6 uM) (Figure
la). As shown in Figure 1b, the inhibitory effect of AMP
(10 uM) was attenuated (80 +2%, n=3) by ADA (2 umi™!),
the enzyme that converts adenosine into its inactive metabo-
lite, inosine (98 +2% inhibition of the effect of 6.3 uM ade-
nosine, #n=3). The inhibitory effect of ATP (10 uM) was also
attenuated (75+5%, n=3) by ADA (2uml~!). AOPCP
(100 uM), which inhibits the catabolism of AMP (10 uM) by
86% (Cunha et al., 1992), attenuated the inhibitory effect of
AMP (10 uM) by 58 + 6% (n=4) as well as the inhibitory effect

of ATP (10 uM) by 51 +8% (n=13). This ability of AOPCP to
attenuate the inhibitory effect of ATP and AMP might not be
attributed to the inhibitory effect of AOPCP itself, since
AOPCP (100 uM) did not modify the inhibitory effect of ade-
nosine (6.3 uM, n=3). Taken together, these observations
suggest that ATP and AMP have to be catabolised into ade-
nosine to inhibit neuronal excitability. Activation of A, re-
ceptors is probably responsible for the inhibitory effects of
exogenously applied ATP, AMP and adenosine since DPCPX
(5 nM), an A, antagonist in the hippocampus (see Sebastido et
al., 1990), prevented the inhibitory effects of AMP (96+ 1%,
n=3), ATP (92+ 3%, n=3) and adenosine (97+ 1%, n=4) on
the amplitude of population spikes in CA1 pyramids.

Rat hippocampal slices—endogenously released purines

To investigate the role of endogenous extracellular adenosine
originating from released adenine nucleotides, we compared
the effect of ADA, which removes all the endogenous ex-
tracellular adenosine, with the effect of AOPCP, which only
prevents the formation of adenosine from the extracellular
catabolism of adenine nucleotides. ADA (0.5-5 u mol™!)
increased population spike amplitude, and the maximal in-
crease (30+4%, n=11), fully prevented by EHNA (25 uM),
an inhibitor of ADA (Henderson et al., 1977), was observed
with 2 uml™' ADA (Table 1). A similar facilitatory effect
was found with the A,; adenosine receptor antagonist,
DPCPX (5 nM, 2245% increase, n=>5), indicating that en-
dogenous extracellular adenosine is doing an overall tonic
inhibition of neuronal excitability, in agreement with previous
reports (Mitchell et al.,, 1993; Dunwiddie & Diao, 1994). As
previously observed (Sebastido & Ribeiro, 1992; Cunha et al.,
1994b), DMPX (10 uM) caused a 14+2% facilitation of
neuronal excitability (n=4), which could be attributed to its
low A,/A, selectivity (4— 10 times, see Ukena et al., 1986) and
the preponderance of A, over A, receptors in the hippo-
campus (Cunha et al., 1994a).

Surprisingly, the prevention of the formation of extra-
cellular adenosine from endogenously released adenine nu-
cleotides by AOPCP produced an inhibitory effect (Figure 2).
Partial inhibition of ecto-5'-nucleotidase with 50 uM AOPCP
(57% inhibition of 10 uM AMP catabolism, see Cunha et al.,
1992) produced a 16+1% (n=3) inhibition of population
spike amplitude, while a maximal inhibition of ecto-5-nu-
cleotidase with 100 uM AOPCP (86% inhibition of 10 uM
AMP catabolism, see Cunha et al., 1992) produced a 39+ 5%
inhibition of the amplitude of population spike (n=17) and a
32+ 3% inhibition of the f.e.p.s.p. slope (n=10) (Table 1). The
inhibitory effect of AOPCP could be attributed to: (1) the
formation of adenosine from adenosine disphosphate (ADP),
since the batches of AOPCP used are consistently con-
taminated with up to 2.7% ADP (1.0-2.7% as assessed by
h.p.l.c., data not shown); (2) a direct effect of AOPCP on
purinoceptors (see Wiklund et al.,, 1985; Bailey & Hourani,
1992); (3) the prevention of the formation of adenosine from
released adenine nucleotides, which would preferentially acti-
vate excitatory adenosine receptors.

To evaluate the hypothesis of ADP contamination, we
tested the effect of ADP (2.5 uM) on neuronal excitability.
ADP (2.5 uM) inhibited population spike amplitude by
14+ 3% (n=4), but in the presence of AOPCP (100 uM), ADP
(2.5 uM) inhibited the amplitude of population spikes by only
6+2% (n=3) and, thus, cannot account for the inhibitory
effect of AOPCP. To exclude further the contribution of ADP
contamination to the effect of AOPCP, we tested the effect of
AOPCP on the amplitude of population spike in the presence
of DPCPX, at a concentration (5 nM) that fully antagonizes
maximally effective concentrations of 2-chloroadenosine on
population spike amplitude (Sebastido et al., 1990). In these
conditions, AOPCP (100 uM) still inhibited the amplitude of
the population spike by 23 + 5% (n=5) (Figure 3a), indicating
that the formation of adenosine from contaminant ADP was
not the main cause of the inhibitory effect of AOPCP. AOPCP
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Figure 2 Effect of the inhibitor of ecto-5-nucleotidase, a,f-methylene ADP (AOPCP) on population spike amplitude ([1]) and field
excitatory postsynaptic potential (f.e.p.s.p.) slope (H), and ability of exogenously added 5'-nucleotidase to attenuate these inhibitory
effects. In panel (a) is shown the time course of the amplitude of averages of 8 consecutive population spikes and the slope of
averages of 8 consecutive f.e.p.s.p’s recorded simultaneously from the CA1 area of the hippocampus. The hippocampal slice was
perfused with AOPCP (100 uM) either in the absence or in the presence of 5'-nucleotidase (Suml™!), as indicated by the bars above
the figure. In panels (b) and (c) are shown recordings of f.e.p.s.p’s (b) and population spikes (c), corresponding to 60min ((i)
control), 80min ((ii) AOPCP), 130min ((iii) 5'-nucleotidase) and 150min ((iv) 5'-nucleotidase+ AOPCP) in (a). Each recording
consists of a stimulus artefact, followed by the presynaptic volley and either f.e.p.s.p. (b) or the population spike (c), and correspond
to the average of 8 consecutive responses. The calibration bars in (b) correspond to 500 4V and 5ms and in (c) correspond to 500 uV

and 10ms.

is also probably not affecting the removal of endogenous
adenosine since the simultaneous blockade of the nucleoside
transport, with 10 uM NBTI, and of adenosine deamination,
with 25 uM ENHA (which by themselves produced a 10— 13%
inhibition of population spike amplitude and f.e.p.s.p. slope),
did not alter the effect of AOPCP on synaptic transmission and
neuronal excitability (n=2). A direct action of AOPCP on P,-
purinoceptors (hypothesis 2) also seems unlikely, since the
antagonist of P,-purinoceptors, suramin (100 yM) (which by
itself produced a 20—25% inhibition of f.e.p.s.p. slope), did
not modify the effect of 100 uM AOPCP (n=2). The ob-
servation that ADA (2 u ml~!) markedly inhibited the effect of
100 uM AOPCP on population spike amplitude (84+5%,
n=13) (Figure 3a) also argues against a direct effect of AOPCP
on purinoceptors. This attenuation of the effect of AOPCP by
ADA is compatible with hypothesis 3. Thus, when extra-
cellular adenosine accumulation was prevented with ADA, the
physiological consequence of the prevention of adenosine
formation from released adenine nucleotides, is no longer
evident. The observation that the effect of AOPCP (100 uMm)
on f.e.p.s.p. slope and population spike amplitude was atte-
nuated (43-57%, n=2) by exogenously added 5'-nucleotidase
(5 u ml~") (Figure 2) further suggests that AOPCP depresses
synaptic transmission and neuronal excitability by inhibiting
ecto-5"-nucleotidase. To investigate whether the inhibitory ef-

fect of AOPCP could result from inhibition of adenosine for-
mation and, therefore, prevention of the activation of the
excitatory adenosine receptors, we used the A, antagonist,
DMPX. The concentration of DMPX used (10 uM) almost
completely antagonized the excitatory effect of the A,, selective
agonist, CGS 21680 (10-30 nM), in CA1l pyramid synapses
(Sebastido & Ribeiro, 1992). As shown in Figure 3a, DMPX
(10 uM) prevented by 94+2% (n=3) the inhibitory effect of
AOPCP (100 um).

Rat innervated hemidiaphragm — endogenously released
purines

As shown in Table 1, the modulation of electrically-evoked
[*H]-acetylcholine ([*H]-ACh) release by endogenous extra-
cellular adenosine at the rat innervated hemidiaphragm was
similar to that observed in the CA1 pyramid synapses. ADA,
at a concentration of 0.5 uml~’!, maximally enhanced neuro-
transmitter release (Table 1), indicating that endogenous ex-
tracellular adenosine is producing an overall tonic inhibition of
evoked [*H]-ACh release. In contrast, prevention by AOPCP
of adenosine formation from the extracellular catabolism of
released adenine nucleotides, significantly reduced the release
of [PH]-ACh (Table 1). Partial inhibition of ecto-5-nucleoti-
dase with 50 uM AOPCP (57% inhibition of 10 um AMP
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Figure 3 Attenuation of the inhibitory effect of x,-methylene ADP
(AOPCP) on hippocampal excitability (a) and on [*H]-acetylcholine
([3H]-ACh) release from motor nerve terminals (b) caused by the
enzyme that converts adenosine into its inactive metabolite inosine,
adenosine deaminase (ADA. 2uml™!), by the A, antagonist, 3,7-
dimethyl-1-propargylxanthine (DMPX), or by the A, antagonist, 13-
dipropyl-8-cyclopentylxanthine (DPCPX). In (a), the ordinates
represent percentage modification of the population spike (PS)
amplitude caused by AOPCP (100 M) alone (left column) and by
AOPCP (100 4M) in the presence of the drug indicated below each
column. In each experiment, drugs were applied to the preparations
20-25min before testing the effect of AOPCP in their presence. The
effect of AOPCP in the absence and in the presence of the tested
drugs was always compared in the same experiment. In (b), the
ordinates represent percentage modification of the S,/S; ratio caused
by AOPCP (200 uM) alone (left column) and AOPCP (200 uM) in the
presence of the drug indicated below each column. AOPCP was
added 15min before S,, and ADA, DMPX or DPCPX were added
15min before and were immediately washed out after each
stimulation period (S, and S,); the S,/S; ratios obtained in these
conditions, i.e. with ADA, DMPX or DPCPX present in both S; and
S,, were not statistically different from the ratio obtained in control
conditions. *P<0.05 when compared with the inhibitory effect of
AOPCP alone. The results are mean+s.e.mean of 3 experiments in
(a) and of 2 to 4 experiments in (b).

catabolism, see Cunha & Sebastido, 1991) produced a 21+ 3%
(n=4) inhibition of [*H]-ACh release, while a complete
blockade of ecto-5'-nucleotidase with 200 uM AOPCP (100%
inhibition of 10 uM AMP catabolism, see Cunha & Sebastido,
1991) produced a 2743% (n=4) inhibition of [*H]-ACh re-
lease.

As in hippocampal slices, pharmacological modification of
the inhibitory effect of AOPCP on [’H]-ACh release suggests

Table 1 Comparison of the effect of removal of all
endogenous extracellular adenosine by use of adenosine
deaminase (ADA), and removal of only the extracellular
adenosine originating from the catabolism of released
adenine nucleotides by a,8-methylene ADP (AOPCP), on
hippocampal excitability and on [*HJ-acetylcholine ([*H]-
ACh) release from motor nerve terminals

% change of

population % change % change of
spike of fepsp. [H]-ACh
amplitude in  slope in  release from

hippocampal hippocampal motor nerve

slices slices terminals
ADA 30+4%* 274+4%* 25+2%*
AOPCP  39+5%* -32+3%* -27+3%*

In hippocampal slices. the effect of ADA (2 uml ") on
population spike amplitude and on field excitatory post-
synaptic potential (f.e.p.s.p.) slope was derived from 11 and
15 experiments respectively, and that of AOPCP (100 uM)
from 17 and 10 experiments respectively. In innervated
hemidiaphragm. the effect of ADA (0.5 uml ') was derived
from 5 experiments, and that of AOPCP (200 uM) from 4
experiments. Note that positive values indicate excitatory
effects and negative values indicate inhibitory effects. The
results are mean +s.e.mean. *P<0.05 as compared with 0%.

that the effect of AOPCP was mostly due to a reduction of the
excitatory tonus produced by endogenous extracellular ade-
nosine originating from the catabolism of released adenine
nucleotides. Thus, as shown in Figure 3b, AOPCP (200 uM)
still inhibited by 15+ 1% (n=2) [’H]-ACh release in the pre-
sence of the A antagonist, DPCPX (2.5 nM); in the presence of
ADA (0.5 uml~"), AOPCP (200 uM) produced virtually no
effect (—1+1% of control, n=4), and the A, antagonist,
DMPX (10 uMm) transformed the inhibitory effect of AOPCP
(200 uM) into a small facilitatory action (7+1%. n=3,
P <0.05). The possible interference of AOPCP with adenosine
inactivation mechanisms was excluded since the simultaneous
presence of NBTI (30 uM) and ENHA (50 uM) (which by
themselves enhanced transmitter release by about 60%, see
Correia-de-Sa & Ribeiro, 1996) did not significantly change the
inhibitory effect of AOPCP (n=75).

Rat innervated hemidiaphragm — exogenously added
purines

In contrast to what was observed in hippocampal slices where
both AMP and adenosine consistently inhibited synaptic
transmission, exogenously added AMP and adenosine pro-
duced different patterns of modulation of [*H]-ACh release in
the rat innervated hemidiaphragm. As shown in Figure 4a,
exogenously added AMP (1-500 uM) enhanced the evoked
[’H]-ACh release from motor nerve endings. Maximum en-
hancement of [*’H]-ACh release was observed with 30 uM and
100 uM of AMP; 500 uM AMP caused a smaller effect than
100 pM, but still enhanced [*H]-ACh release. This facilitatory
effect of AMP contrasts with the biphasic effect obtained with
exogenously added adenosine (10-500 uM): adenosine
(30 uM) reduced evoked [PH]-ACh release by 32+3% (n=4)
through activation of A, receptors, while at high concentra-
tions (100—500 uM), adenosine consistently increased evoked
[’H]-ACh release through activation of A,, receptors (Correia-
de-Sa & Ribeiro, 1996).

As shown in Figure 4b, the facilitatory effect of 100 um
AMP (31+5% of control, n=4) was prevented by ADA
(0.5 uml™"). AOPCP (200 uM), which blocks ecto-5-nucleo-
tidase at neuromuscular junctions (Cunha & Sebastido, 1991;
Smith, 1991), prevented the excitatory effect of 100 uMm AMP
(Figure 4b). These observations suggest that AMP has to be
catabolised into adenosine to enhance ACh release. The



258 R.A. Cunha et al

Source of adenosine A, excitation

o~
o
| o
*

[3H]-ACh release
N w
o o
| |

% enhancement of
=
|

<)
|

L | | J
10 100 1000
Concentration (um)

y

N
]
|

% modification of
I3H]-ACh release
o
|

25 — *

AMP (100 pm)
ADA (0.5 uml™") - + - -
AOPCP (200 pm)
DMPX (10 pm)

DPCPX (2.5 nm)

+
+
+
+
+

|
|
+
|
|

I
|
|
+
|

|
|
|
|
+

Figure 4 (a) Facilitation of the evoked (5Hz, 750 pulses, 40us
duration) release of [3H]-acetylcholine (PH]-ACh) from phrenic nerve
endings by exogenously added AMP, and (b) modification of the
facilitatory effect of AMP by adenosine deaminase (ADA, the
enzyme that converts adenosine into its inactive metabolite inosine),
by the inhibitor of ecto-5-nucleotidase, a,f-methylene ADP
(AOPCP), by the A, antagonist, 3,7-dimethyl-1-propargylxanthine
(DMPX), or by the A, antagonist, 1,3-dipropyl-8-cyclopentyl-
xanthine (DPCPX). In (a), the ordinates represent the percentage
increase of the S,/S; ratio produced by AMP added 15min before S,.
The average S,/S; ratio in control conditions (i.e. absence of AMP)
was 0.8140.03 (n=38). In (b), the ordinates are percentage changes in
the S,/S; ratio caused by AMP (100 uM) alone (left column) and by
AMP (100 uM) in the presence of the drug indicated below each
column. AMP was added 15min before S, and ADA, AOPCP,
DMPX or DPCPX were added 15min before and were immediately
washed out after each stimulation period (S, and S,); the S,/S; ratio
obtained in these conditions, i.e. with ADA (0.5uml™!), AOPCP
(200 uM), DMPX (10 uM) or DPCPX (2.5nM) present in both S; and
S,, were not statistically different from the ratio obtained in control
conditions. *P<0.05 when compared with zero percentage in (a) or
when compared with the facilitatory effect of AMP alone in (b). The
results are mean+s.e.mean of 2 to 4 experiments in (a) and of 3to §
experiments in (b).

AMP-induced facilitation of evoked [*H]-ACh release is
probably mediated by an A, receptor, since it was prevented
by the A, antagonist, DMPX (Figure 4b), when this com-
pound was applied in a concentration (10 uM) which com-
pletely blocked the facilitatory effect of the selective
adenosine A,, receptor agonist, CGS 21680 (3 nM), on
evoked [PH)-ACh release from the phrenic motor nerve
terminals (Correia-de-Sa & Ribeiro, 1994). In contrast, the A,
antagonist, DPCPX (2.5 nM), failed to modify the facilitatory
effect of AMP (100 uM) on evoked neurotransmitter release
(n=3) (Figure 4b). Both antagonists, in the concentrations
described here, and when applied in both stimulation periods,
had no effect on the S,/S, ratio.

Discussion

The present results show that the inhibitor of ecto-5-nucleo-
tidase, a,f-methylene adenosine diphosphate (AOPCP) (Naito
& Lowenstein, 1985), inhibited synaptic transmission in both
rat hippocampal CAl pyramid synapses and at the rat in-
nervated hemidiaphragm. The prevention of the inhibitory
effect of AOPCP by adenosine deaminase (ADA) indicates
that the effect of AOPCP is mediated by changes in the levels
of endogenous extracellular adenosine. This effect of AOPCP
is probably due to its ability to inhibit ecto-5'-nucleotidase
since exogenously added 5'-nucleotidase attenuated the in-
hibitory effect of AOPCP. The finding that the effect of
AOPCP was abolished by the adenosine A, antagonist,
DMPX, suggests that AOPCP inhibits synaptic transmission
by precluding the activation of excitatory adenosine receptors.
These observations suggest that the effect of AOPCP is due to
its ability to block the formation of adenosine from catabolism
of released adenine nucleotides, and that this catabolism is
tightly coupled to activation of the excitatory adenosine re-
ceptors. Thus, the present results constitute the first demon-
stration that excitatory adenosine receptors can be activated by
endogenous adenosine in CNS glutamatergic synapses. The
excitatory adenosine receptors that enhance synaptic trans-
mission in both the Schaffer fibres/CA1 pyramid synapses
(Cunha et al., 1994a) and at the innervated hemidiaphragm
(Correia-de-Sa et al., 1991) are of the A,, subtype. It thus
seems likely that the excitatory receptors activated by adeno-
sine formed from the extracellular catabolism of released
adenine nucleotides are of the A,, subtype.

That a direct action of AOPCP on P,-purinoceptors could
explain its inhibitory effects seems unlikely, since the effect of
AOPCP was not prevented by the P,-purinoceptor antagonist,
suramin, and was prevented by ADA and by DMPX. This
could suggest that AOPCP was catabolized into adenosine,
which would then activate the inhibitory adenosine receptors.
However, formation of adenosine from catabolism of AOPCP
was not detected (data not shown; detection limit for adeno-
sine used was 20 nM; see Cunha & Sebastido, 1993), and it was
not expected to occur due to the resistance of the methylene
bond between the phosphorus o and B of this compound
(Cascalheira & Sebastido, 1992). Moreover, the effect of
AOPCP was not prevented by the A, antagonist, DPCPX in
concentrations (2.5— 5 nM) which block the inhibitory effect of
maximally effective concentrations of the 2-chloroadenosine in
both preparations (Sebastido et al., 1990). An effect of AOPCP
on the pathways of endogenous extracellular adenosine re-
moval can also be excluded since the adenosine transport in-
hibitor, NBTI, and the adenosine deaminase inhibitor, EHNA,
failed to modify the effect of AOPCP. These observations,
together with the inability of AOPCP to affect the action of
adenosine also rule out the possibility that the effect of AOPCP
might be due to modification of A, receptor function, and also
exclude that the ADP contamination of AOPCP could account
for the effect of AOPCP. A direct action of AOPCP on A,
receptors can be excluded due to the prevention of the effect of
AOPCP by ADA; moreover, AOPCP does not affect binding
of the A,, agonist, [PH]-CGS21680 (Pirotton & Boeynaems,
1993). Finally, the observation that DMPX prevented the ef-
fect of AOPCP while DPCPX only attenuated it, suggests that,
in spite of the poor A,/A, selectivity of DMPX (Ukena et al.,
1986), this xanthine is acting by impairment of A, receptor
activation. A possible reason for the ability of DPCPX to at-
tenuate the effect of AOPCP could be the existence of A;/A,
receptor interaction (see Cunha et al., 1994a; Correia-de-Sa &
Ribeiro, 1996), so that tonic A, receptor activation might be
needed to enhance A, activation. This would also account for
the absence of facilitatory action of exogenously added ade-
nosine in the presence of DPCPX.

In both preparations, removal of all the endogenous ex-
tracellular adenosine with ADA had an opposite effect to that
of removing only the adenosine that originates from the cat-
abolism of released adenine nucleotides. In CNS preparations,
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global stimulation of the preparations leads to a predominant
release of adenosine as such with little contribution of cata-
bolism of released adenine nucleotides to adenosine formation
(Pedata et al., 1990; Lloyd et al., 1993); but if focal stimulation
of these preparations is used, or if isolated nerve endings are
stimulated, both the release of adenosine and of adenine nu-
cleotides occurs (Wieraszko et al., 1989; White & MacDonald,
1990), and catabolism of released adenine nucleotides con-
stitute a major source of endogenous extracellular adenosine
(Richardson et al., 1987; White & MacDonald, 1990; Cunha et
al., 1994c). The feed-forward inhibition of ecto-5'-nucleotidase
by ATP and/or ADP tightly regulates the concentration of
adenosine formed from released adenine nucleotides, accord-
ing to the amounts of ATP released (Meghji et al., 1992; James
& Richardson, 1993): if the amount of ATP released is small,
adenosine will be formed in a ‘linear’ manner, but if the
amount of ATP released is great, extracellular AMP will ac-
cumulate until the levels of ATP and ADP fall below the values
required to inhibit ecto-5'-nucleotidase; thereafter, reduction
of ecto-5'-nucleotidase inhibition will force a burst-like for-
mation of adenosine, which will reach a transient high con-
centration in the synaptic cleft (James & Richardson, 1993),
sufficient to activate excitatory A, receptors. Away from active
zones, adenosine is probably mainly released as such (see
Mitchell ez al., 1993) and, therefore, formed in a more diffuse
manner, which reaches concentrations sufficient only to acti-
vate inhibitory A, receptors. The use of ADA would remove
the preponderant inhibitory homeostatic tonus (Dunwiddie &
Diao, 1994), whereas AOPCP would relieve mainly the tonic
excitatory synaptic control of neurotransmitter release.

At the rat neuromuscular junction, low concentrations of
adenosine (10—100 uM) inhibit [*H]-acetylcholine release by
activating A, receptors, while high concentrations (> 100 uM)
enhance [*H]-acetylcholine release by activating A,, receptors
(Correia-de-Sa & Ribeiro, 1996). Release of ATP and feed-
forward inhibition of ecto-5'-nucleotidase, which lead to a
burst-like formation of massive amounts of adenosine, may be
a strategy to form high enough local concentrations of ade-
nosine to activate A,, receptors. Thus, one would expect that
A,, receptor activation might play an important role in facil-
itatory mechanisms of synaptic transmission derived from in-
creasing frequencies of stimulation, such as tetanic facilitation.
According to this idea, we have recently reported that in-
creasing the stimulation pulse duration (to 1 ms) or during
high frequency (> 10 Hz) stimulation of the rat motor nerve
terminals, the tonic adenosine A,, receptor-mediated facil-
itatory effect on neurotransmitter release predominates (Cor-
reia-de-Sa et al., 1994b) over the tonic A, inhibition. Making a
parallel with the neuromuscular junction, one can speculate on
the possible role of activation of excitatory A, receptors by
adenosine generated from the catabolism of released adenine
nucleotides in synaptic plasticity phenomena in hippocampal
CAl pyramid synapses. At these synapses, long-term po-
tentiation (LTP) stimulation paradigms produce a massive
release of adenine nucleotides (Wieraszko et al., 1989), and
LTP is modulated by excitatory A,, receptor activation (de
Mendonga & Ribeiro, 1994).

Another interesting point in the present work was the ob-
servation that, in hippocampal slices, exogenously added and
endogenously released adenine nucleotides produced opposite
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