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SUMMARY
Biochemical studies have shown that divalent cations
modulate adenosine receptor binding. In this
electrophysiological study the effect of calcium on the
postsynaptic sensitivity to adenosine was investigated.
Extracellular recordings were made 1in the CAl

pyramidal cell layer of rat hippocampal slices following

orthodromic stimulation of Schaffer collateral fibres in:the

stratum radiatum or antidromic stimulation of the alveus.
Field excitatory postsynaptic potentials (fEPSPs) were
recorded in stratum radiatum. In antidromic stimulation
experiments, CaC12 was omitted (calcium-free medium) or
reduced to 0.24 mM (low calcium medium) and in some
experiments MgSO4 was increased to 2 mM or 4 mM.

Adenosine and baclofen induced a concentration-
dependent reduction in the amplitude of orthodromic
potentials with maximum effects at 20 and 5 uM ,
respectively.

2t free medium, multiple population

In nominally Ca
spikes were obtained in response to antidromic stimulation.
Adenosine had little effect on reducing the secondary spike
amplitude. Kynurenic acid, an excitatory amino acid
antagonist, at high concentration had no effect on
secondary spikes in calcium-free or low calcium medium.

2-Chloroadenosine (1-500 uM) and R-PIA (50 uM), which
are not substrates for either the nucleoside transporters

or adenosine deaminase were 1inactive in the absence of

calcium. S-(2-Hydroxy-5 nitrobenzyl)-6-thioinosine, an
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adenosine uptake blocker, at a concentration of 100 uM had
no effect on secondary potential size and did not restore
adenosine sensitivity in calcium free medium.

Sensitivity to adenosine in calcium-free medium was
restored by 240 uM calcium medium or by raising magnesium
(0.8-2.8 mM). Raising the divalent cations concentration
increased the inhibitory effect of adenosine and
desensitisation was seen. Thapsigargin, which discharges
intracellular calcium stores, at 1 uM had no significant
effect on the bursts and did not change the effect of 0.5
mM adenosine in calcium free medium.

Unlike adenosine, baclofen concentration-dependently
reduced the secondary spike size in calcium free medium and
at maximum effect (0.5 mM) or above no sign of recovery was
observed during maintained superfusion for wup to 45§
minutes.

The activity of adenosine was restored in the presence
of the stabilizer agents procaine or carbamazepine, known
inhibitors of sodium channels. The GABA; agonist baclofen
did not restore sensitivity to adenosine.

The xanthines theophylline and
cyclopentyltheophylline, the latter of which is selective
for A purine receptors, depressed the excitability of
hippocampal pyramidal neurones 1in calcium-free media.
Chelating residual calcium with EGTA reduced excitability
which was additive with the xanthine effect, while 100 uM
calcium depressed the response to theophylline. The

inhibition by xanthines was prevented by adenosine, which
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had no effect by itself, but was not reproduced or modified
by adenosine deaminase. The xanthine éffects were also
prevented by baclofen and carbamazepine.

Tolbutamide 1 mM blocked the inhibitory effect of
adenosine on the size of orthodromic population spikes but
had no effect on the inhibitory actiqn of adenosine on
field EPSPs. Tolbutamide did not change the inhibitory
action of baclofen on the population épikes or antidromic
secondary spikes induced in calcium-free media with high
magnesium but dramatically blocked the effect of adenosine
in the calcium-free media. Levcromakalim 100 uM potentiated
the inhibitory effect of adenosine, but not baclofen, on

orthodromic population spikes.

The results of this study showed that the mechanisms
of postsynaptic activity of adenosine and baclofen are
different and at postsynaptic, but not presynaptic, sites
adenosine may activate an ATP-(tolbutamide or
levcromakalim) sensitive potassium channel. Loss of
postsynaptic sensitivity to adenosine 1in caléium-free
solution may result from increased sodium conductances.
A common feature of adenosine, baclofen and carbamazepine
which may account for their antagonism of the xanthines is
the blockade of calcium fluxes. It is proposed that in the
presence of 1low external concentrations of calcium
xanthines can reduce excitability by promoting the
mobilisation and trans-membrane movement of residual

calcium in the medium or neuronal membranes.
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INTRODUCTION

Adenosine has effects on almost all kinds of mammalian
tissue 1including the central nervous system. As a
neuromodulator adenosine has a profound depressant action
in the central nervous system. The mechanism of adenosine
action is not fully understood. Its action may be mediated
pre- and postsynaptically through receptor-mediated
mechanisms including effects on second messenger systems,

transmembrane ion fluxes and neurotransmitter release.
1. HISTORICAL PERSPECTIVE OF ADENOSINE

A definite action of adenosine was first demonstrated
by Drury and Szent-Gyorgyi (1929). They showed that
adenosine in extracts of heart muscle and other tissues
such as brain have a specific action upon the heart. Sattin
and Rall (1970) later reported an effect of adenosine on
CcAMP accumulation in the CNS. Phillis et al., (1975) showed
that adenosine and several adenine nucleotides depressed
the excitability of cerebral cortical neurones of rat in
vivo. The depressive effect of adenosine in different areas
of brain was later demonstrated by Kostopoulos and Phillis
(1977). In 1978 Burnstock proposed the terms P, for the
nucleoside receptors 1like adenosine and P2 for the
nucleotide receptors 1like ATP (Burnstock, 1990). The
adenosine receptors were divided by Van Calker et al.,

(1979) into A1 and A2 based on the stimulation or inhibition
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of CAMP. The 1980s witnessed the more detailed
characterization of adenosine receptors. These years were
also 'spent elucidating the second messengers by which
adenosine may act to elicit 1its array of biological
responses. The 1990s will lead this field into the realm of
molecular pharmacology, with determination of the amino
acid sequences for adenosine receptors and ultimately the

genes coding for these receptors (Cushing & Mustafa, 1991).

2. BIOSYNTHESIS, RELEASE AND INACTIVATION OF ADENOSINE

The two 1likeliest sources of adenosine are the
dephosphorylation of 5'-AMP by 5-nucleotidase and the
action of S—-adenosylhomocysteine hydrolase upon S-
adenosylhomocysteine (Snyder, 1985). Adenosine also as a
nucleoside of adenine can be synthesized de novo from S5-
phosphoribosyl-1-pyrophosphate and glutamine (Stone &

Simmonds, 1991).

Adenosine levels in the brain are regulated by the
balance of energy supply and demand (Meghji, 1991). There
is equilibrium between the cytoplasmic concentrations of
ATP, ADP and AMP, and because the ATP concentration 1in
resting cells is much more than the AMP concentration, a
very small percentage fall in ATP concentration can
increase cytoplasmic AMP concentration substantially, with
the formation of adenosine (Fredholm, 1987; Stone et al.,

1990).
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The concentration of adenosine is increased several
times during seizures (During & Spencer, 1992), hypoxia or
ischaemia (Fowler 1990, 1993a,b; Gribkoff and Bauman,
1992). Chemical agents such as excitatory amino acids or
veratridine, or electrical brain stimulation can also
release adenosine (Pedata et al., 1991; Sciotti et al.,
1993). Potassium <can also evoke a calcium-dependent
extrasynaptosomal accumulation of endogénous adenosine

(MacDonald & White, 1985).

Adenosine can be inactivated by uptake into neurones
and neighbouring cells through a nucleoside transporter by
a facilitated diffusion process which is largely regulated
by the concentration gradient for adenosine. It is also
inactivated either by phosphorylation to AMP by adenosine
kinase or deamination to inosine by adenosine deaminase
(Meghji, 1991,1993). Nucleoside transport inhibitors such
as dipyridamole or nitrobenzyl-thioinosine enhance the

effect of adenosine (Greene & Haas, 1989).

In contrast to the sites and mechanisms of adenosine
actions, the sites and mechanisms of adenosine formation
and subsequent release are still subject to much argument
and controversy (Stone et al., 1990). Although released
extracellular ATP is broken down to adenosine by ecto-
nucleotidases, blocking of this enzyme was found to be
without effect on the basal or evoked release of adenosine

from rat hippocampal slices (Lloyd et al., 1993) or
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embryonic chick neurones and glia in cell culture (Meghji
:et al., 1989). It seems adenosine is formed predominantly

intracellularly and released to the extracellular space.

Although adenosine can be taken up by synaptosomes and
released following depolarization, there 1is no evidence
that adenosine is stored in synaptic vesicles and no clear
cut adenosinergic pathways have been established in the
brain (Browning, 1992). Adenosine is also poorly released
by potassium from preparations in comparison with
neurotransmitters and there is difference in time course of
release between adenosine and neurotransmitters (Stone et
al., 1990). Therefore the term neuromodulator may be better

used for adenosine.

3. ADENOSINE RECEPTORS

A. CLASSIFICATION

The finding of Sattin and Rall (1970) that
methylxanthines, theophylline and caffeine, can block
effects of adenosine was the first evidence for specific
adenosine receptors. In 1978 Burnstock divided purine
receptors into P1 for the nucleoside receptor and P2 for the
nucleotide receptors (Burnstock, 1990). The P, receptors are
most readily characterised as sites at which xanthines act
as competitive antagonists and adenosine has higher

affinity than ATP (Stone, 1989, 1991).
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P, receptors are further subdivided to Ay and A, based
on the inhibition or stimulation of adenylate cyclase
respéctively. Adenosine has nanomolar affinity for Ay
receptors and micromolar affinity for A, receptors (Van
Calker et al., 1979). In another study P, receptors were
subdivided to Ri and Ra for A and A, respectively, the
subscripts of which refer to the inhibition(i) and
activation(a) of adenylate cyclase activity. R refers to
the ribose group of adenosine which is necessary for
agonist activity (Londos & Wolff, 1977; Londos et al.,
198C). Because some physiological effects of adenosine are
not mediated via a cAMP-dependent mechanism (Dunwiddie and
Hoffer, 1980), the general use of the AM/Az nomenclature
which does not inherently imply any activation or
inhibition for adenylate cyclase was recommended (Stone,
1985). Based on ﬁH]NECA binding, adenosine A, receptors are
also further divided into Ay, (high affinity) and A2b (low
affinity) receptors (Bruns et al., 1986). Both these

subtypes increase adenylate cyclase activity.

There is also a P-site which mediates inhibition of
adenylate cyclase and requires integrity of the purine ring
for activity but can tolerate compounds with a modified
ribqse moiety (Londos & Wolff, 1977). Inhibition of
adenylyl cyclase activity by the P-site action of adenosine
apparently 1involves a direct effect on the catalytic
subunit of adenylyl cyclase. This effect of adenosine

requires higher adenosine concentrations than needed for A1
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adenosine receptor-mediated adenylyl cyclase inhibition and
is not blocked by édenosine receptor antagonists.
Furthermore, some adenosine derivatives, e;g.
dideoxyadenosine, are specifically active at this P-site.
Inhibition of adenylyl cyclase via the P-site 1is most
efficient when the enzyme is activated (Reithmann et al.,
1990). The physiological role of this inhibitory site is
still unknown, but recént data indicate that the P-site may
be a physiological target for 3’'-AMP and related

nucleotides (Schwabe et al., 1993). B

Besides extracellular (A1 and A, receptors) and
intracellular (P—site) adenosine receptors, recently Zhou
et al., (1992) reported the <cloning, expression and
functional aspects of a new adenosine receptor, which they
called the A3receptor. They showed this receptor coupled to
a pertussis toxin-sensitive G protein, and can inhibit
adenylate cyclase. This receptor 1is different from an
earlier proposed A, site which reported by Ribeiro and
Sebastido (1986). The first A, receptor was based on
pharmacological tools. The non-selective adenosine receptor
agonist 5’'-N-ethylcarboxamidoadenosine (NECA) is equipotent
to the nominally selective A1 receptor ligands
cyclohexyladenosine (CHA) and R—N6—pheny1isopropyladenosine
(R-PIA), and more potent than 2-chloroadenosine. This
receptor was not linked to adenylyl cyclase but involved

24

inhibition of Ca influx and/or mobilization. The major

difference between this receptor and the subsequently
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cloned receptor is the fact that the latter receptor is not
sensitive to alkylxanthine antagonists (Carruthers &

Fozard, 1993a).

B. DISTRIBUTION

Adenosine A1 Receptor

A quantitative autoradiographic study in the human
brain showed that Adenosine A1 receptors were
heterogeneously distributed throughout the brain and
essentially 1localized to the gray matter The highest
receptor densities were found in the stratum oriens,
pyramidale and radiatum of the hippocampus. High densities
were also found in the cerebral cortex and the striatum.
The hypothalamus had low receptor densities (Fastbom et
al., 1987). Ex vivo autoradiographic distribution of
[3H]DPCPX in brain also showed high levels of adenosine A
receptor in tissues like cerebellum and hippocampus and a
lower density in brain stem or hypothalamus (Bisserbe et

al., 1992).

Combining binding and autoradiographic procedures with
different 1lesion methods such as transient ischemia,
chemical agents (kainic acid or colchicine) and mechanical
lesions were used to clarify the exact site of adenosine
receptors, pre- or postsynaptically (Deckert & Jorgensen,
1988; Dragunow et al., 1988; Onodera & Kogure, 1988). Using

lesioning techniques and autoradiographic methods in rat
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hippocampus it was demonstrated that adenosine A1 receptors
were localized on the terminals of the perforént path
(Dragunow et al., 1988). With similar techniques Onodera
and Kogure (1988) showed adenosine A receptors in the CAl
and CA3 subfields of rat hippocampus, located predominantly
on intrinsic pyramidal cells. The results of Deckert and
Jorgensen (1988) showing that adenosine A, receptors are
located presynaptically and postsynaptically' are more
consistent with the electrophysiological study of Thompson
et al., (1992) that adenosine acts at pre- and pqstsynaptic

receptors which are pharmacologically indistinguishable.
Adenosine A, Receptors

With the autoradiographic study of distribution of
NH]CGS21680, which binds more to A2a adenosine receptors,
it was shown that this receptor is highly concentrated in
striatum, nucleus accumbens and olfactory tubercle of rat
brain. Lower 1levels of binding were also found in the
globus pallidus. No significant amounts of specific ligand
binding were observed in any other brain region (Jarvis &
Williams, 1989). A similar result was also reported 1in
human and rat brain by binding assay. Low binding of the A2
agonist was found in cerebellum and hippocampus (Wan et
al., 1990). A,, adenosine receptors are distributed widely

throughout brain tissue (Bruns et al., 1986).



Adenosine A, Receptor

There are limited studies about adenosine A3receptors.
There was relatively low expression of this novel receptor
in the central nervous system but high expression was

observed in testis (Zhou et al., 1992).

C. LIGANDS FOR ADENOSINE RECEPTORS

Many agonist ligands for the adenosine A, receptor have
been investigated ovér the past 30 years. These include the
N6-subsituted analogues cyclohexyladenosine (CHA),
cyclopentyladenosine (CPA), phenylisopropyladenosine (PIA)
and 2-chloroadenosine (2CADO, Williams et al., 1986;

Williams, 1987; Williams and Cusack, 1990).

There has been less success in developing A2 adenosine
ligands. For a period of time, the 5-substituted adenosine
analogue, 5'-N-ethylcarboxamidoadenosine (NECA) was used to
define tissue responses mediated by A.2 receptor activation.
However, this ligand 1is non-selective and approximately
equipotent at both Ay and A, receptors. A recently produced
compound, CGS21680 is 70-140 fold selective on A2a receptors
in binding assays (Williams , 1991). At present for the A,
receptor N6—2—(4—aminophenyl)ethyladenosine (APNEA) is the
most useful agent for activation of this receptor
(Carruthers & Fozard, 1993b & c¢; Fozard & Carruthers,

1993a).
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The agonist potency orders for different adenosine
receptors are:
A1: CPA>R-PIA=CHA=NECA>2CADO>S-PIA
Ah: CGS21680=NECA>2CADO>R-PIA=CHA=CPA>S-PIA

Agy: NECA>2CADO>R-PIA=CHA>S-PIA2CGS21680

A;: APNEA>R-PIA=NECA>CGS21680 (Collis & Hourani, 1993).

The most famous antagonists at adenosine receptors are
theophylline and caffeine which share a xanthine structure.
These agents can not discriminate between Ay and A,
adenosine receptors (Daly et al., 1981; Fredholm & Persson
1982; Stone and Simmonds, 1991). 8-phenyl substituted
xanthine molecules 1like 8-phenyltheophylline show more
selectivity for A1 receptors. Alterations in the
substituents at the 1- and 3- positions alter both the
activity and pharmacological selectivity of the xanthines.
1,3-Diethyl-8-phenylxanthine(DPX) is a potent‘A1 antagonist
with 18-fold selectivity. The cyclopentyl xanthine, 8-
cyclopentyl—-1,3,-dipropyl xanthine (CPX or DPCPX) has
subnanomolar affinity for the A, receptor and is 740-fold
selective. Cyclopentyltheophylline (CPT) is 130-fold
selective for the A, receptor (Williams, 1991). CPT 1is 40

times more soluble than DPCPX (Bruns et al., 1987).

There 1s not any seléctive A% adenosine receptor
ligand available. There are a few A2a antagonists such as 8-
(3-Chlorostyryl)caffeine (CSC) which is 520-fold selective

for this receptor (Jacobson et al., 1993a).
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Recently, an A, receptor antagonist, 3-(3-iodo-4-
aminobenzyl)-8-(4-oxyacetate)-1-propylxanthine (BW-A522)
has been introduced which blocked adenosine A, receptor-
mediated hypotensive responses in the rat (Fozard & Hannon,

1994).

D. FUNCTIONAL EFFECTS OF ADENOSINE RECEPTORS

Generally adenosine has depressant actions in the
hippocampus (Dunwiddie & Hoffer, 1980; Dunwiddie et al.,
1991; Lee & Schubert, 1982; Schubert & Mitzdorf, 1979),
cerebral cortical neurones (Phillis et al., 1975),
olfactory cortex (Collins & Anson, 1985; Motley &
Collins,1983; Scholfield , 1987), and different areas of
brain (Kostopoulos and Phillis 1977). There are a few
reports such as those of Okada and his colleagues which
suggest that adenosine has excitatory effects in guinea pig
hippocampal slices with concentrations of 1 uM or below
(Nishimumura et al., 1992; Okada, 1991; Okada et al.,

1992).

The Ay and A) receptors mediate somewhat different
effects in most tissues. A, adenosine receptors have
inhibitory action (Alzheimer et al., 1991; Dunwiddie et
al., 1984; Sebastido et al., 1990). In guinea pig
hippocampal slices, the highly adenosine A1 receptor
selective antagonist, DPCPX, produced parallel, rightward

shifts of the concentration-response curve for CPA-induced
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decreases in orthodromically evoked population spikes of
CAl1 neurones (Alzheimer et al., 1991).

An increasing volume of data indicates that excitatory
actions of adenosine, such as depolarization and an
enhancement of transmitter release, can be mediated by A,
receptors (Ameri & Jurna, 1991). There are some reports
that A, receptor agonists have inhibitory effects. The A,
selective adénosine receptor agonist CGS21680 depressed the
spontaneous, acetylcholine- and glutamate-evoked firing of
rat cerebral sensorimotor cortical neurons (Phillis, 1990).
In rat hippocampal slices, CGS21680 decreased the EPSP size
in CA1. This A, agonist did not increase cAMP levels in the
hippocampus but in the striatum it enhanced cAMP levels
two-fold. Therefore this agonist may act at an A1 adenosine
receptor 1in hippocampus to show the inhibitory effect
(Lupica et al., 1990). Sebastido and Ribeiro (1992) showed
that nonomolar concentrations of CGS21680 reversibly
increased in a concentration-dependent manner the amplitude
of orthodromically-evoked population spikes recorded from
the CAl1 pyramidal cell layer of rat hippocampal slices.
Thus it seems the inhibitory effect of this agent may be
related to actions on Ay receptors at high concentration. By
intracellular recording in rat hippocampus, Ameri and Jurna
(1991) demonstrated that R-PIA - and NECA at high
concentration affected membrane properties and showed
excitatory effects. Theophylline, non-selective for
'adenosine receptoré, blocked this effect but DPCPX, an Ay

selective antagonist, was ineffective.
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E. ALLOSTERIC ENHANCERS

Recently, a new class of compound has been shown to
enhance adenosine receptor binding. These compounds
originated from a series of 2-mino-3-benzoyl-thiophenes.
PD81,723 enhanced the inhibitory effect of exogenously
applied adenosine, with no effect alone, in hippocampal
brain slices (Janusz et al., 1991). In another study, this
group showed that in low magnesium-induced bursting, which
induces adenosine release, this agent alone reduced the

duration of epileptiform bursting (Janusz & Berman, 1993).

4. PRESYNAPTIC ACTIONS OF ADENOSINE

There is abundant documentation that adenosine
diminishes transmitter release via an action at the
presynaptic terminal. Adenosine or adenosine analogues
inhibit release of glutamate (Fastbom & Fredholm, 1985;
Burke & Nadler, 1988), acetylcholine (Fredholm, 1990;
Jackisch et al., 1984; Kirkpatrick & Richardson, 1993),
noradrenaline (Allgaier et al., 1987; Jonzon and Fredholm,
1984), dopamine (Jin et al., 1993; Michaelis et al., 1979),
GABA (Hollins and Stone, 1980) and serotopin (Feuerstein et
al., 1988) in the central nervous system. Adenosine also
peripherally inhibits release of neurotransmitters such as

acetylcholine (Nagano et al., 1992).
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The potency of adenosine on inhibition of
neurotransmitter release in the different areas éf brain
and for each transmitter is different. For example
adenosine depressed GABA release about 35 percent in
cerebral cortex only with high concentration,1 mM(Hollins
and Stone ,1980). Attempts by Fredholm and Jonzon
(unpublished data in Dunér-Engstrom and Fredholm, 1988) to
demonstrate that adenosine analogues inhibit GABA release
were unsuccessful. The effect of adenosine on noradrenaline
release is also much less (Hu and Fredholm , 1989). It
seems adenosine is a more potent inhibitor of release of
excitatory than inhibitory neurotransmitters. This may be
consistent with the idea adenosine receptor are located
excitatory terminals (Lambert and Teyler, 1991; Thompson et

al., 1992; Yoon and Rothman, 1991).

The mechanism of inhibitory effect of adenosine on
transmitter release is not completely clear. Transmitter
release is largely dependent on calcium influx into nerve
terminals and the mobilization of intracellular calcium
(Sihra & Nichols, 1993; Zucker, 1993). Therefore one
possible mechanism of adenosine to inhibit transmitter
release may be blocking of the calcium influx or an effect
on the calcium sensitivity of the release process.

It influx are

Inhibitoryeffect(s)of adenosine on Ca
controversial. There are some positive effects of adenosine

on the uptake of 1labelled 4SCa into synaptosomes. In rat
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brain synaptosomal preparations, adenosine modulated
calcium uptake by potaséium depolarized nerve terminals
(Ribeiro et al., 1979; Wu et al., 1982). Adenosine
analogues decreased calcium uptake across voltage sensitive
calcium channels slightly in both synaptosomes and
hippocampal slices (Bartrup, 1989). By contrast, other
laboratories reported adenosine and adenosine analogues had
no effect on calcium'uptake by potassium or veratridine
depolarization (Barr, 1985; Garritsen et al., 1989;

Michaelis et al., 1988). —

2-Chloroadenosine decreased <calcium currents in
cultured rat hippocampél pyramidal or dorsal root ganglion
neurones under whole-cell voltage clamp (Dolphin et al.,
1986; Scholz & Miller, 1991a). The effect of adenosine
analogues was relatively weak 1in these experiments. In
acutely isolated pyramidal neurones from the CA3 region the
calcium channels which were blocked by activation by
adenosine A, agonists were of the N-type (Mogul et al.,
1993). Scanziani et al., (1992) reported that in the
presence of cadmium, which did not change either frequency
or amplitude of miniature synaptic currents, adenosine and
baclofen decreased the frequency of miniature synaptic
currents of organotypic hippocampal slice cultures. They
concluded that the reduction in synaptic strength was not
by reduction of postsynaptic sensitivity to
neurotransmitter and that the reduction of presynaptic

glutamate release by adenosine and baclofen was not
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mediated by inhibition of a Cd”—sensitive presynaptic Ca2+

current.

With ion sensitive microelectrodes it was shown that
adenosine decreased pre- and postsynaptic calcium signals
of rat hippocampal cells in low calcium medium (Schubert et
al., 1986). In another report Schubert (1988) demonstrated
that endogenous adenosine also, via A1 receptors, inhibits
calcium influx in the synaptic and pyramidal cell soma
layer in the CAl1 area of rat hippocampal slices. However
they did not clearly indicate into which compartment,

neuron or glia, calcium moves.

Silinsky (1986) proposed adenosine impairs transmitter
secretion by reducing the affinity for calcium at a site
beyond the external orifice of the calcium channel. He
speculated on possibilities such as that adenosine may

2+

reduce a Ca“ -dependent docking of synaptic vesicles or

reduce the affinity of calcium binding protein for alkaline

It would not be as effective 1in

earth cations. Then Ca
reducing the electrostatic energy barrier between terminal
membrane and the vesicles containing neurotransmitters and
transmitter release would be impaired.

Another possibility for inhibition of calcium current
is adenosine-evoked inhibition of calcium current may have
resulted from a shunt of the calcium current secondary to

the adenosine-evoked increase in potassium currents (Gerber

et al., 1989; Greene and Haas, 1989).
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The reasons for the difference of results might be
related to different nerve terminals, species, or:age, but
it is also possible that different mechanisms co-exist in
one and the same nerve terminal and that the relative
importance of these mechanisms will vary depending on , for
example, how the transmitter release is induced (Fredholm

& Dunwiddie, 1988).

5. POSTSYNAPTIC ACTIONS OF ADENOSINE

There is a relatively large amount of evidence that
adenosine hyperpolarizes postsynaptic cells via potassium
channels. Adenosine hyperpolarized CAl1 neurones of rat
hippocampus and decreased input resistance in normal and
low calcium medium when synaptic activity was blocked.
Adenosine also suppressed excitatory postsynaptic
potentials (EPSP), by a presynaptic effect, without any
effect on resting membrane potential (Segal , 1982). Okada
and Ozawa (1980) also showed a hyperpolarizing action of

adenosine in guinea pig hippocampal slices.

In more precise experiments, using the patch clamp
technique, Trussell and Jackson (1985) also confirmed that
adenosine can activate potassium channels in postsynaptic
neurones from rat striatum. The same group also showed this
effect in hippocampus and implicated a G-protein in the
activation of potassium channel (Trussell & Jackson, 1987).

In single voltage clamp, adenosine evoked or increased
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three potassium conductances: 1) dependent on calcium and
voltage, 2) dependent on calcium only and 3) insensitive to
both and not inwardly rectifying (Haas and Greene, 1988).
Adenosine at low concentration (10 uM) increased the after-
hyperpolarization (AHP) induced by a burst of action
potentials with no effect or little effect on the resting
membrane potential. Increasing concentrations of adenosine
tb 50 uM often decreased AHP and input resistance and
induced direct hyperpolarization. Tetraethylamonium (TEA),
a blocker of delayed outward rectification, and 4-AP
(blocker of transient outward rectification) had no effect
on adenosine action (Greene and Haas, 1985; Gerber et al.,
1989). Recently Li and Henry (1992) suggested that
adenosine induces opening of potassium channels in the
postsynaptic membrane of CA1 rat neurones, including Kyrp
channels. Glibenclamide, a blocker of KMP’ reversibly
depressed the 2-chloroadenosine-induced hyperpolarization

and the increase in membrane conductance.

These inhibitory postsynaptic action(s) may be mediated
by A adenosine receptors (Alzheimer et al., 1989b, 1993;

Dunwiddie & Fredholm, 1989).

Besides acting on potassium, adenosine via an A
adenosine receptor and pertussis—-sensitive effect can
induced a steady-state inward current by a voltage-
dependent chloride conductance in cultured hippocampal

neurones. This current was blocked by application of DIDS,
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a putative Cl1 channel blocker (Mager et al., 1990). However
other groups, examining reversal potentials, have reported
postsynaptic effects of adenosine in hippocampal neurones
which involve a chloride-insensitive hyperpolarization
(Gerber et al., 1989; Okada & Ozawa, 1980; Segal, 1982;

Trussell & Jackson, 1985).

6. POST-RECEPTOR MECHANISM OF ADENOSINE

A. G PROTEIN

GTP-binding proteins are closely related proteins
which transduce extracellular signals into effector
responses such as ion channels, adenylate cyclase and

phospholipase C (Dunlap et al., 1987).

In whole-cell patch-clamp, adenosine evoked an outward
potassium current in cultured mouse hippocampus and
striatum and in low-resistance patch electrodes lost its
action. GTP in the patch electrode filling solution
restored the adenosine effect. Thus a G protein is involved
in the coupling between the adenosine receptors and a
potassium channel (Trussel and Jackson, 1987). This
potassium channel mediates postsynaptic effects of
adenosine and is sensitive to barium and coupled to a
pertussis toxin-sensitive GTP binding protein ( Thompson et

al., 1992).
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The involvement of pertussis toxin-sensitive G
proteins in the 1inhibitory effects of adenosine on
neurotranémission is stiil a matter of controversy. N-
Ethylmaleimide, a G protein inactivator, decreased
adenosine inhibition of the release of acetylcholine
(Fredholm, 1990) and noradrenaline (Allgair et al., 1987)
evoked by electrical pulses in hippocampus slices.
Pertussis toxin also reversed adenosine inhibition of
neuronal glutamate release from <cerebellar neurones
maintained in primary culture (Dolphin & Prestwich, 1985).
Using whole-cell patch-clamp techniques, the effect of 2-
chloroadenosine on calcium current was abolished by pre-
incubation of cultured cells with pertussis toxin (Scholtz
& Miller, 1991a). However, in area CA3 of organotypic
hippocampal slice cultures, Thompson et al., (1992) showed
that the effect of adenosine on field excitatory
postsynaptic potentials (fEPSPs) was not sensitive to the
toxin. The adenosine-mediated hyperpolarization and
decreased input resistance as well as the adenosine-
mediated inhibition of 1low calcium-induced bursting in
pyramidal CAl1 neurones were virtually abolished by
injection of pertussis toxin intraventricularly close to
the hippocampus 48-60 hour before experiment. The
inhibitory effect of R-PIA on tritiated noradrenaline and
acetylcholine release evoked by field stimulation in
hippocampus slices was affected hardly or not at all by the
toxin treatment. PTX pretreatment also had no effect on

adenosine inhibitory effects on evoked potentials in the
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CAl region. This strongly suggests that closely similar A
receptors might be coupled to G proteins that differ in

their sensitivity to PTX treatment (Fredholm et al., 1989).

They are some reports of direct coupling of adenosine
receptors to G proteins. Marala and Mustafa (1993)
demonstrated the coupling of A?-adenosine receptors to Gs
protein in Dbovine striétum using a combination of
techniques including agonist-induced tritiated GDP release
and the blockage of the agonist-stimulated adenylate

cyclase activity by Gsa antibody.

Interactions of adenosine receptors with different
effectors such as ion channels or adenylate cyclase via G
proteins is not clear. The more probable interaction is
that adenosine act at one type of receptor, which couples
with different G proteins, each of which interacts with a
different effector (Fredholm and Dunwiddie, 1988; Dunwiddie

& Fredholm, 1989).
B. CYCLIC AMP

Although the original classification of adenosine
receptors was based on the changing cAMP level (Londos et
al., 1980; Van Calker et al., 1979) the functional role of
this second messenger in relation to adenosine in CNS 1is

not clear.
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Raising [cAMP]i either with bath applied forskolin or
8~-bromo cAMP did not change the adenosine-evoked potassium
outward current in the hiépocampus and striatum and as
mentioned above the potassium channel was coupled via a G
protein (Trussel and Jackson, 1987). In rat hippocampal
slices, application of PbClz, which has a disruptive effect
on adenylate cyclase, had no Significant effect on
depressant responses to adenosine. Isoprenaline, which
increases the cyclic AMP 1levels, had no effect on the
amplitude - of adenosine-mediated depressant responses,
whereas noradrenaline potentiated very modest inhibitory
effects of adenosine. Thus, adenosine-mediated cyclic AMP
accumulation can be either inhibited or facilitated without
markedly affecting the electrophysiological responses to
adenosine; this suggests that accumulation of cyclic AMP is
not directly 1involved 1in such responses( Dunwiddie &

Fredholm, 1985).

Some physiological responses to A, receptor stimulation
are mediated by the inhibition of adenylate cyclase and
subsequent lowering in intracellular cAMP 1level. The A
receptor-mediated antilipolytic effect in adipocytes and
the negative inotropic effect in ventricular myocytes are

two good examples of this mechanism (Green, 1991).
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C. PHOSPHATIDYLINOSITOL TURNOVER AND CALCIUM MOBILIZATION

Adenosine can modulate A (decrease or increase)
phospholipase activity depending upon the animal species,
the tissue and the nature of activation of this enzyme.
Adenosine inhibited inositol phospholipid hydrolysis
elicited in rat —cortical slices by mM histamine
concentrations. This modulation was selective for
histamine; adenosine has no effect on either basal or
carbachol-, glutamate-, quisqulate- and noradrenaline-
stimulated inositol phosphate generation. The rank order of
potency of adenosine agonists and inhibition of the
adenosine effect by DPCPX, an A1 receptor antagonist,
indicated the involvement of A, receptors (Paoletti et al.,
1992). Worley et al., (1987) also showed a cholinergic
agonist and a phorbol ester could block the inhibitory
action of baclofen and adenosine in rat hippocampal slice
preparations via actions on the phosphatidylinositol

system.

In peripheral tissue, for example a smooth muscle cell
line, activation of adenosine A, receptors causes an
increase in intracellular 1levels of 1inositol 1,4,5-
trisphosphate and intracellular free calcium in a time- and
concentration—-dependent manner. The effect of adenosine was
by a pertussis toxin-sensitive G protein (Dickenson & Hill,

1993; Gerwins & Fredholm, 1992a, b).
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D. ARACHIDONIC ACID

The inhibitory actions of adenosine on hippocampus
responses were unaffected by a phospholipase inhibitor (p-
bromophenacyl bromide), lipoxygenase inhibitor
(nordihydroguaiaretic acid=NDGA) and a c¢yclo-oxygenase
inhibitor, indomethacin (Dunwiddie et al., 1991). The
lipoxygenase inhibitor, NDGA, also failed to antagonize
adenosine inhibition of the release of acetylcholine evoked

by electrical pulses (Fredholm, 1990).

7. THERAPEUTIC ASPECTS OF ADENOSINE

In the CNS, the potential therapeutic wuses of
adenosine consists of: anti-convulsant (Dragunow, 1988),
anti-ischaemic (Kolvenbach, 1993; Mori et al., 1992;
Rudolphi et al., 1992), neuroprotective (MacGregor & Stone,
1993a, b), Parkinson’s disease (Lau & Mouradian, 1993),
antipsychotic, anxiolytic, sedative, analgesic and
Alzheimer’s disease (Daval, 1991; Williams, 1990, 1993;
Williams & Cusack, 1990). The failure of existing entities
and the perceived disadvantages of classical medicinal
chemical approaches for adenosine receptor drugs has led a
number of laboratories to praoduce prodrugs, and indirect adenosine
agonists such as adenosine uptake blocker and allosteric
enhancers (Jacobson et al., 1991). The anticonvulsant
action of adenosine will be explained in more detail
relative to other potential therapeutic effects of

adenosine here because of the relation to this study.
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Adenosine can prevent seizures in vivo (Dragunow et
al., 1985; Murray et al.; 1985, 1993; Whitcomb et al.,
1990; Young & Dragunow, 1994), in slices in vitro (Ault &

Wang, 1986), and in human models (During & Spencer, 1992;

Kostopoulos et al., 1989). It is effective in chemical
seizure models such as bicuculline (Ault and Wang , 1986;
Thompson et al., 1992), high potassium and/or penicillin

(Dunwiddie , 1980; Frank et al., 1988) low calcium (Lee et
al., 1984 ; Dunwiddie and Fredholm 1989), kainate,
picrotoxin (Williams, 1987), pentylentetrazole (Murray et
al., 1985), strychnine; as well as electrically evoked and

audiogenic seizure models (Dragunow, 1988).

In cultured rat hippocampal slices, adenosine at very
low doses (30 nM-1 uM) decreased the frequency or blocked
spontaneous epileptiform bursting produced by bicuculline.
However, much higher concentrations of adenosine (50 uM)
were required to fully block stimulus-evoked events

(Thompson et al., 1992).

There is a belief that endogenous adenosine also
exerts an anticonvulsant action. Adenosine antagonists like
theophylline or adenosine deaminase increased  Dburst
frequency. Thus an endogenous release of adenosine may
contribute to the termination of epileptic  Dbursts.
(Dragunow et al., 1985; Dunwiddie, 1980; Murray et al.,
1993). In guinea pig hippocampal slices, a transient and

selective block of A, receptors by DPCPX initiates, probably
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by modulation of a second-messenger system, a self-
sustaining process 1leading to persisfent epileptiform
activity in area CA3 (Alzheimer et al., 1989b, 1993).
However, 1in cultured rat hippocampal slices, Thompson et
al., (1992) could not show any tonic effect of adenosine.
DPCPX had no effect on the amplitude of control synaptic
responses and only when there were bursts by another agent,
bicuculline, did this A1 antagonist increase Dburst

frequency.
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8. CALCIUM

Ions and other constituents of brain slice bathing
medium, ACSF (Artificial Cerebrospinal Fluid), have been
designed to maintain metabolic activity and
electrophysiological function of slices. Any change of this
environment may dramatically alter the excitability of the
slice. Calcium is one of these ions which is particularly

relevant to the present thesis.

9. FUNCTIONAL ROLES OF CALCIUM

A. NEUROTRANSMISSION

One of the main roles of calcium in neurones is to
support neurotransmission and neurotransmitter release.
Depolarization of the nerve terminal leads to the influx of

2+—channels, which

calcium through voltage-sensitive Ca
trigger the release of neurotransmitter by exocytosis of
intraterminal vesicles in which the neurotransmitter is
stored (Sihra & Nichols, 1993). Calcium not only triggers

exocytosis, but seems to mobilize secretory granules to

release sites (Zucker, 1993).

B. CALCIUM-DEPENDENT ION CHANNELS

Calcium can activate different 1ion channels. Three

broad categories of Ca“—dependent channels can be
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distinguished on the basis of 1ion selectivity: those
selective for K+, for monovalent cations, or for chloride
(C17) ions (Marty, 1989). The first group (calcium-activated
k! channels), which have been more extensively studied
(Blatz & Magleby, 1987; Leinders et al., 1992; Meech, 1978;
Schwartz & Passow, 1983), will be discusdedunder the
potassium channel classification. Calcium can activate
channels which are not selective for cations.(calcium—
activated non-specific cation channels) and which appear to
be a unique class of channels with an important role in
excitation-secretion coupling and in determining neuron
firing patterns (Partridge & Swandulla, 1988). Calcium-
activated Cl1  channels with low conductance have been
reported in hippocampus and some other neurones. In sensory
and spinal neurones this channel can generate depolarizing
after-potentials but its function in hippocampus 1is not

clear (Brown et al., 1990a).
C. STABILIZING ACTION

The stabilizing action of calcium emerged from the fact
that removal of calcium caused an increase in sodium and
potassium conductance and increased excitability
(Frankenhaeuser & Hodgkin, 1957). Calcium can organize
cationic lipids, within the external layer of the membrane,
into laminar micellae (closed form). These laminar micellae
may be shifted into globular ones possessing anionic

properties by potassium (open form). Modifications in the






















































































































































































































































































































































































































































