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ABSTRACT

Excitatory amino acids (EAAs) such as glutamate and aspartate are the major
excitatory neurotransmitters in the cerebral cortex. EAAs, acting at both NMDA and
non-NMDA receptors, release the inhibitory neuromodulator adenosine from superfused
cortical slices. Results with Mg?*, MK-801 and 7-chlorokynurenic acid, which are non-
competitive NMDA antagonists, indicate that there may be spare receptors for NMDA-
evoked adenosinc release, possibly contributing to the previcusly observed 33-fold
increased potency of NMDA at releasing adenosine vs. [*H]noradrenaline. Endogenous
glycine, acting at a strychnine-insensitive glycine binding site on the NMDA receptor,
is required for NMDA receptor mediated release of adenosine and [°H]noradrenaline.
However, heterogeneous glycine concentrations within the corticai slices cannot account
for the observed spare receptor phenomenon for NMDA-evoked adenosine release.
Pretreatment of slices with a concentration of NMDA (10 pM) which releases substantial
adenosine but very little [*H]noradrenaline decreased subsequent 100 uM NMDA-evoked
[*H]noradrenaline release. 8-Phenyltheophylline partially reversed this inhibition but had
no effect on [°H]noradrenaline release evoked by 100 uM NMDA alone. This indicates
that adenosine, released during submaximal NMDA receptor activation, may provide a
purinergic inhibitory threshold which must be overcome in order for other NMDA-~
mediated processes to proceed maximally. Studies characterizing the nature of the purines
released during EAA receptor stimulation indicate that activation of non-NMDA receptors
releases adenosine per se in a Ca®*-independent manner. In contrast, NMDA receptor
activation releases a nucleotide which is subsequently converted extracellulary to
adenosine; in this case, release is Ca**~dependent. Although neither NMDA- nor non-
NMDA-evoked adenosine release occurs via the DPR-nucleoside transporter, this
transporter does appear to be a major rouie for removal of this adenosine from the
extracellular spacc. IBMX, a non-selective phosphodiesterase inhibitor, blocked NMDA-
but not kainate- nor AMPA-evoked adenosine release. This inhibition was not
accompanied by enhanced cAMP recovery, probenecid did not block the nucleotide
release and forskolin slightly increased NMDA-evoked release. These findings suggest
that CAMP may be degraded intracellularly to S'AMP which is then released and
converted to adenosine by ecfo-5'-nucleotidase. Results with more selective PDE
inhibitors indicate that IBMX may exert its effects independent of PDE inhibition.
NMDA-evoked adenosine release is not mediated by NO production, calmodulin,
arachidonic acid release or intracellular Ca?* release, all of which have been shown to be
required for NMDA-dependent long-term potentiation in the hippocampus.
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ADN: adenosine

ADP: adenosine 5'-diphosphate

AMP: adenosine 5'-monophosphate
AMPA: (RS)-o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ANOVA: analysis of variance

ATP: adenosine 5'-triphosphate

BPB: 4-bromophenacyl bromide

C: celsius

cAMP: cyclic adenosine 5'-monophosphate
Ci: curie

7-Cl-KA: 7-chlorokynurenic acid

CNS: central nervous system

DHK: dihydrokainate

DMSO: dimethylsulfoxide

dpms: disintegrations per min

DPR: dipyridamole

EAA: excitatory amino acid

FLE-50: firefly extract

g gram

GLU: glutamate

GMP: guanosine 5'-monophosphate
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HEPES: 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid
HPLC: high performance liquid chromatography

IBMX: 3-~isobutyl-1-methylxanthine

INDOMETH: indomethacin

L-ARG: L-arginine

L-NOARG: L-N"-nitroarginine

LTP: long icrm potentiation

ofSmADP: o,B-methylene adenosine 5'-diphosphate
8-MeOMe-IBMX: 1-methyl-3-isobutyl-8-methoxymethyixanthine
MKS801:(+)-5-methyl-10,11-dihydro-SH-dibenzo[a,d]cyclohepten-5,10-iminemaleate
NA: noradrenaline

NBII: p-nitrobenzyl-6-thioinosine

NMDA: N-methyl-D-aspartate

NO: nitric oxide

PCP: phencyclidine

PDE: phosphodiesterase

8PT: 8-phenyltheophylline

R-PIA: R-(-)N®-(2-phenylisopropyl)adenosine

S.E.: standard error

SNK: Student-Newman-Kuels

SNP: sodium nitroprusside

strych: strychnine
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Excitatory amino acids (EAAs) such as glutamate and aspartate are the major
excitatory neurotransmitters in the cerebral cortex (Mayer and Westbrook, 1987). EAAs
exert their effects through specific receptors which currently are subdivided into NMDA,
kainate, AMPA, metabotropic and 7.-AP4 receptor subclasses (Collingridge and Lester,
1989; Monaghan et al., 1989; Wroblewski and Danysz, 1989). Physiologically, activation
of EAA receptors has been demonstrated to be critically involved in such important
processes as learning and memory (Artola and Singer, 1987; Sutor and Hablitz, 1989a),
whereas excessive EAA receptor activation has been implicated in epilepsy and
ischemic/hypoglycemic-associated brain damage (Rothman and Olney, 1987; Choi, 1988).
EAAs are also thought to mediate the slow neuronal toxicity associated with
neurodegenerative disease (Meldrum and Garthwaite, 1990).

Adenosine, on the other hand, is an important endogenous inhibitory
neuromodulator in the central nervous system (CNS) (Dunwiddie, 1985; Greene and Haas,
1991). Through actions at A, and/or A,-purinoceptors, adenosine has becen shown to
inhibit neuronal firing (Phillis and Kostopoulos, 1975; Dunwiddie and Hoffer, 1980) and
to decrease the release of various neurotransmitters, including glutamate and noradrenaline
(Harms et al., 1978; Corradetti et al., 1984; Fastbom and Fredholm, 1985). Significantly,
adenosine is more potent at inhibiting excitatory than inhibitory neurotransmission
(Hollins and Stone, 1980; Lambert and Teyler, 1991; Yoon and Rothman, 1991),

predicting that it would have predominantly depressant effects. Indeed, adenosine is
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thought to provide inhibitory tone in the cortex (Vizi and Knoll, 1976; Dunwiddie and
Hoffer, 1980; Brooks and Stone, 1988; Haas and Greene, 1988) and the activation of
adenosine receptors has been shown to inhibit the development of long—-term potentiation,
an in vitro model of learning/memory (Dolphin, 1983; Arai et al., 1990; Mendonga and
Ribeiro, 1990; Alzheimer et al., 1991). Under pathophysiological conditions, adenosine
may play a protective role against excessive excitatory transmission, in so far as
adenosine and its analogs have been shown to have anticonvulsant properties (Dunwiddie,
1980; Lee et al., 1984; Ault and Wang, 1986; Kostopoulos et al., 1989) and to protect
against ischemic, hypoglycemic (Evans et al., 1987a; Goldberg et al., 1988) and EAA-
mediated neuronal damage (Arvin et al., 1989; Connick and Stone, 1989). It is therefore
conceivable that decreased levels of adenosine may contribute to the pathogenesis of
neurodegenerative diseases.

It is curious therefore that an excitatory neurotransmitter, glutamate, releases an
inhibitory neuromodulator, adenosine (Fig. 1) (Jhamandas and Dumbrille, 1980; Hoehn
and White, 1990a). Functionally, glutamate and adenosine have opposing roles, so that
glutamate-evoked adenosine release could be counter—productive to glutamate's excitatory
effects. The major objectives of this thesis were to investigate the mechanism of release
and functioral role of NMDA-evoked adenosine release.

The introduction will briefly introduce EAAs, their receptor subtypes and the
second messenger events associated with NMDA receptor activation. It will also
overview adenosine, its receptors and its functions in the CNS and will review the

relevant work performed previously in this laboratory. Finally, the specific objectives of
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FIGURE 1. Glutamate and adenosine's physiological int=ractions.
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the research presented in this thesis will be outlined. For more detailed descriptions of
the physiology and pharmacology of EAAs and adenosine, the rcader is referred to the
following reviews: EAAs: Watkins and Evans, 1981; Foster and Fagg, 1984; Mayer and
Westbrook, 1987; Choi, 1988; Stone and Burton, 1988; Collingridge and Lester, 1989;
Monaghan et al., 1989; Wroblewski and Danysz, 1989; Hansen and Krogsgaard—-Larsen,
1990; Wong and Kemp, 1991; Gasic and Hollmann, 1992. Adenosine: Dunwiddie,
1985; Stone, 1989; Greene and Haas, 1991; Imai and Nakazawa, 1991; Phillis, 1991,

Stone, 1991; Olah and Stiles, 1992.

L EXCITATORY AMINO ACIDS

(@ Glutamate as a neurotransmitter.

Glutamate was first reported to have excitatory effects in the CNS in 1954, when
sodium glutamate applied topically to the motor cortex resulted in tonic convulsions
(Hayashi, 1954). Subsequent electrophysiological experiments with single neurons from
the spinal cord and cerebral cortex demonstrated the direct depolarizing action of
glutamate (Curtis et al., 1960; Kmjevi¢ and Phillis, 1963). Because glutamate is
ubiquitously distributed and is present in relatively high concentrations in the brain (Perry
et al., 1971), its potential role as a neurotransmitter received widespread scepticism.
However, following 30 years of intense and exciting research, glutamate is currently
accepted as the major excitatory neurotransmitter in the mammalian CNS.

Glutamate is now recognized to satisfy the four main criteria for classification as



6

a necurotransmitter (a) presynaptic localization, (b) specific Ca**~dependent release by
physiological stimuli resulting in post.ynaptic responses, (c) identical action as compared
to the endogenous transmitter including blockade by antagonists, and (d) the existence of
mechanisms to rapidly terminate its action (reviewed by Fonnum, 1984). Although
glutamate is the strongest candidate as the endogenous traasmitter, other naturally
occurring acidic amino acids, especially aspartate but also cysteate, homocysteate,
quinolinate and N-acetylaspartylglutamate, have also been proposed as transmitters (Do
et al., 1986; Collingridge and Lester, 1989; Headley and Grillner, 1990).

The physiological importance of glutamate and EAA receptors in the CNS cannot
be overstated. Glutamate and EAA receptors have been shown to be critically involved
in developmental synaptic plasticity (Cline et al., 1987; Kleinschmidt et al., 1987;
Rauschecker and Hahn, 1987; Lipton and Kater, 1989) possibly due to the recently
described EAA receptor-mediated increase in neuronal survival factors such as brain—
derived neurotrophic factor and nerve growth factor (Zafra et al., 1990, 1991; Gall et al.,
1991). EAA receptor activation has also been demonstrated to be necessary for the
induction and maintenance of long-term potentiation (LTP), the in vitro model of 'ong-
lasting enhanced synaptic efficiency thought to underlie physiological learning and
memory (Harris et al., 1984; Morris et al., 1986; Collingridge and Bliss, 1987; Sutor and
Hablitz, 1989a; Collingridge and Singer,1990; Moerschbaecher, 1992). Furthermore, EAA
receptor antagonists have been shown to interfere with learning and memory processes
(Morris et al.,, 1986, Parada-Turska and Turski, 1990; Ward et al.,, 1990; Izquierdo,

1991).
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Pathophysiologically, excessive glutamate release and subsequent overstimulation
of EAA receptors has been demonstrated to mediate ischemic, hypoxic and
hypoglycemic-associated brain damage (Weiloch, 1985; Rothman and Olney, 1987; Choi,
1988; Meldrum and Garthwaite, 1990) and has been suggested to be involved ir the
pathogenesis of schizophrenia (Wachtel and Turski, 1990; Kerwin, 1992; Reynolds, 1992),
AIDS-associated dementia (Dreyer et al., 1990; Guilian et al., 1990; Lipton et al., 1991,
Guilian, 1992), epilepsy (Croucher et al., 1982; Clifford et al., 1990; Dingledine et al.,
1990; Chapman, 1992) and various neurodegenerative diseases such as Huntington's
chorea (Albin et al., 1590; Young et al., 1992), Parkinson's uisease (Klochgether and
Turski, 1989, Carlsson and Carlsson, 1990. Greenamyre et al., 1992) Alzheimer's disez: :
(Meldrum and Garthwaite, 1990; Cowburn et al., 1990; Dewar et al., 1990, Lowe et al.,
1990) and amyotrophic lateral sclerosis (Plaitakis, 1990; Young, 1990; Spink and Martin,

1991; Rothstein et al., 1992).

(i) Excitatory amino acid receptor subtypes.

Following the discovery that L~glutamate and L~aspartate depolarized and excited
individual neurr s, structure-activity studics identified a new substance, N-methyl-D-
aspartate (NMDA), which was 10-1000 times more potent than L-glutamate depending
on the area of the brain studied (Curtis and Watkins, 1963). It was thought at this time
that all EAAs acted on a single type of glutamate receptor. However, regional differences
in the order-of-potency for EAA agonists coupled with the observation that Mg

selectively blocked NMDA but not other EAA agonist responses (Davies and Watkins,
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1977; Evans et al., 1977) led to the concept of aspartate~preferring, Mg**—sensitive (later
recognized as NMDA receptors) and glutamate—preferring, Mg?*—insensitive (non-
NMDA) receptor subtypes (Johnston et al., 1974; McCulloch et al., 1974). Identification
of D-a-aminoadipate (DaAA) as a relatively selective NMDA antagonist served as a
major bicakthrough in the identification of EAA receptor subtypes and made possible the
separation of NMDA- from non-NMDA-receptor mediated effects (Biscoe et al., 1977).
Today glutamate is known to exert its effects through a family of EAA receptors which
is currently divided into 5 distinct subclasses named after their most selective agonists
based on electrophysiological, biochemical and pharmacological studies, namely NMDA,
AMPA, kainate, metattropic ACPD and L-AP4 (Table 1). The EAA receptor subtypes
NMDA, AMPA and kainate are ligand-gated ion channels. The other two receptor
subtypes, the metabotropic ACPD and L-AP4 subtypes, appear to be coupled to G-

proteins and to mediate their effects through the generation of second messengers.

1. The NMDA receptor

The demonstration of the critical involvement of the NMDA-sensitive EAA
receptor subtype in such important central processes as synaptic plasticity (Collingridge
and Bliss, 1987; Collingridge and Singer, 1990) and excitotoxic necronal death (Rothman
and Olney, 1987; Meldrum and Garthwaite, 1990, led to the early development of specific
agonists and antagonists for this receptor. The NMDA receptor is widely distributed in
the CNS with especially high densities in the hippocampus and in the outer layers of the

cercbral cortex, but also in the striatum, septum and thalamus (Jansen et al., 1989; Young
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TABLE 1.  Excitatory amino acid receptor classification.

Class Agonists

NMDA Agonist site:
NMDA
Glutamate
Aspartate
Ibotenate
Quinolinate

Co-agonist site:

Competitive
Antagonists

D-APS
D-AP7
CPP
CGS19755
CGP37849

Non-
Competitive Effector
Antagonists Pathway
Channel: Na*/K*/Ca®
Mg permeable
MK801 ionophore
TCP
PCP
Zn2+

Co—agonist site:

Glycine 7-Cl-KA
D-Serine HA 966
CNQX
Polyamine site:
Spermine Polyamine site:
Spermidine Ifenprodil
SL 82.0715
Arcaine
AMPA AMPA NBQX Na*/K*
Quisqualate CNQX permeable
Glutamate DNQX - ionophore
GAMS
Kainate Kainate NBQX Na*/K*
Domoate CNQX permeable
Glutamate DNQOX - ionophore
Quisqualate GAMS
Metabotropic 15,3R-ACPD G-protein
Quisqualate L-AP3 - mediated
Ibotenate L-AP4 IP/DAG
Glutamate
L~AP4 L-AP4 G-protein
Glutamate - - mediated
cGMP
hydrolysis (?)

See text for more details.
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and Fagg, 1990).

The NMDA receptor is actually a macromolecular complex that functions as a
nonselective, ligand-gated cation channel, permeable to Na*, K* and Ca** (Fig. 2).
Although Ca* conductance makes up only a relatively small component (approximately
10-20%) of the current associated with NMDA receptor activation, it is this Ca*
permeability that is thought to be pivotal to the physiological and pathophysiological
processes mediated by NMDA receptor activation (see Fig. 1) (Collingridge and Lester,

1989).

Modulatory sites on the NMDA receptor.

Currently there are at least 6 distinct regulatory sites on this receptor. They
include (a) an agonist binding site, which binds glutamate and NMDA, (b) a co—agonist
binding site, which binds glycine, (c) a voltage-dependent Mg?* binding site within the
channel, (d) a PCP binding site, also within the channel but at a site distinct from the
Mg?* binding site, (€) an inhibitory divalent cation binding site, which binds Zn*, and (f)
a polyamine birriing site which appears to modulate the glycine binding site (Monaghan
et al., 1989; Wood et al., 1990).

Agonist binding site. The synthetic analogue of aspartate, N-methyl-D-aspartate
(NMDA), is a potent, specific EAA agonist which activates the NMDA receptor complex
by selectively binding to the receptor's agonist binding site (Fig. 2) (Evans et al., 1982;
Watkins and Olverman, 1987). NMDA's high potency is not related to a high affinity for

the agonist binding site but rather to its low rate of transport from the extracellular fluid
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FIGURE 2. The NMDA receptor channel complex. Adapted from Foster and Fagg,

1987. See text for details.
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(Garthwaite, 1985). Other endogenous ligands which also bind to this site on the NMDA

receptor, but with varying degrees of selectivity, include glutamate, aspartate, quinolinate
and ibotenate (Curtis et al., 1979; Evans et al,, 1979; Lehmann et al., 1983; Fagg and
Matus, 1984). The order of potency of NMDA agonists is glutamate > aspartate >
NMDA = ibotenate > quinolinate (Young and Fagg, 1990).

Potent, highly selective competitive NMDA receptor antagonists which bind to and
compete with NMDA for the agonist binding site are currently available. The most
commonly utilized competitive anatagonists are D-2-amino—5-phosphonopentanoate (D-
APS, Davies et al,, 1981), D~2-amino-7-phosphonoheptanoate (D-AP7, Davies and
Watkins, 1982) and 3-(-)-2-carboxypiperazin~4-yl)propyl-1-phosphonic acid (CPP,
Davies et al., 1986; Harris et al., 1986). However, due to their highly polar nature, these
compounds have poor blood-brain barrier penetration, thus severely limiting their
therapeutic  usefulness. DL~-(E)-2-amino-4-methyl-5-phosphono-3-pentenoate
(CGS19755, Lehmann et al., 1988) and 1-(cis—2-carboxypiperidine~4-yl)methyl-1-
phosphonic acid (CGP37849, Fagg et al., 1989) represent the first competitive NMDA
antagonists to show significant central activity following systemic administration
(Schmutz et al., 1990). The order of potency for these antagonists is CGP37849 >
CGS19755 = CPP > D-APS5 = D-AP7 (Young and Fagg, 1990).

Glycine binding site. Initially it was observed that NMDA-evoked currents in
whole cells were decreased with increased perfusion rates (Johnson and Asher, 1987).
This was interpreted to suggest that an endogenous potentiating factor might be released

into the culture medium and that the faster perfusion rates were resulting in its removal.
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Subsequent studies to isolate the active component of conditioned medium led to the
identification of the active compound as the amino acid glycine (Johnson and Ascher,
1987). Since this breakthrough discovery, an explosion of research in this area has
occurred (for review see Thomson, 1990). Glycine as well as D-serine have now been
shown to bind with high affinity to a unique strychnine-insensitive site on the NMDA
receptor complex (Fig. 2) (Bonhaus and McNamara, 1988) which is distinct from the well
known strychnine-sensitive, Cl"-conducting glycine receptor (Betz and Becker, 1988;
Taylor et al., 1988). This is supported by the observation that strychnine-insensitive
[’Hjglycine binding sites display an anatomical distribution which is distinct from
strychnine—sernsitive [*H]glycine binding but is virtually indistinguishable from that for
the NMDA receptor (Bristow et al., 1986). Glycine is now accepied to be a co-agonist
along with glutamate or NMDA and is absolutely required in order for activation of the
NMDA receptor jon—channel complex to proceed (Kleckner and Dingledine, 1988;
Thomson et al., 1989). Glycine acts to allosterically medulate the NMDA receptor,
increasing the frequency of channel opening (Johnson and Ascher, 1987) and accelerating
receptor recovery following desensitization (Mayer et al., 1989, Lerma et al., 1990). The
physiological relevance of this glycinergic modulatory site on the NMDA receptor is not
clear since the extracellular concentration of glycine in brain is sufficiently elevated so
that glycine's recognition site on the NMDA receptor may be completely saturated
(Johnson and Ascher, 1987). However, some in vivo studies have shown exogenous
glycine and D-serine to potentiate NMDA-evoked responses (Danysz et al., 1989;

Emmett et al., 1989; Wood et al., 1989). It is possible that changes in the extracellular
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levels of kynurenic acid, a tryptophan metabolitc which has been shown to be an
endogenous competitive antagonist at the glycine recognition site on the NMDA rec:ptor
complex, may modulate a tonic glycinergic activition of the NMDA receptor (Moroni et
al., 1989; Swattz et al., 1990). The kynurenate derivatives 7-chlorokynurenate and 5,7~
dichlorokynurenate have been demonstrated to be potent and selective competitive glycine
site antagonists (Kemp et al., 1988; McNamara et al., 1990). These agenis may have
therapeutic potential in light of their demonstrated inki~‘*'on of NMDA-~induced
cytotoxicity (Hartley et al., 1990; Patel et al., 1990), hypoxia—zssu:¢ iated neuronal damage
(Priestley et al., 1990) and epileptiform activity in some experimental models (Croucher
and Bradford, 1990).

Mg?* binding site. NMDA-induced conductances were first shown to display their
unique voltage—sensitivity in the early 1980's (MacDonald et al., 1982; Flatman et al.,
1983) when it was shown that the agonist-induced current was maxiinal ¢ moderately
depolarized potentials (-30 to —20 mV) whereas the current was reduced at both more
depolarized and hyperpolarized potentials. Subsequent studies demonstrated this voltage—
sensitivity to be due to the voltage-dependent binding of extracellular Mg** ions to a site
deep within the NMDA receptor complex ionophore, thus effectively blocking NMDA
receptor-mediated conductances (Fig. 2) (Mayer et al., 1984; Nowak et al., 1984; Ascher
and Nowak, 1988). Thus at a normal resting potentials, physiological concentrations of
Mg** (1-2 mM) noncompetitively block NMDA receptor ion channels. Activation of the
NMDA receptor therefore requires not only occupancy of both the agonist and co-agonist

binding sites but also a local depolarization by another excitatory inputs (eg. AMPA
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receptor activation) to alleviate the Mg?* blockade of the channel (Snell et al., 1987; Fink
et al,, 1990). It is tl..s important feature of NMDA receptors that gives rise to some of
its specialized physiological functions such as the induction of LTP (Collingridge and
Lester, 1987; Collingridge and Singer, 1990) and the generation of rhythmic pacemaker
firing and epileptiform activity (MacDermott and Dale, 1987).

PCP binding site. The dissociative anaesthetics phencyclidine (PCP, Curtis et al.,
1972) and ketamine (Sinclair and Tien, 1979) have long been known to depress
spontaneous and glutamate-evoked depolarizations. These compounds were later found
to exert their effects through the selective inhibition of NMDA receptors (Anis et al.,
1983). Subsequent studies showed that these compounds block the NMDA receptor-
operated ion channel (Honey et al., 1985; MacDonald et al., 1987). The structurally
related 1-(1-thiethyl-cyclohexyl)piperidine (TCP) and MK-801 display greater potency
and selectivity for NMDA receptors than PCP and ketamine (Vignon et al., 1983; Wong
et al., 1986). Autoradiographic localization of ['HJTCP and [PH]MK-801 binding in the
brain shows strong correlation to both NMDA-sensitive [*H]glutamate and [*H]APS
binding (Bowery and Hudsen, 1986; Marangos et al., 1986). PCP, ketamine and MK-801
are all noncompetitive antagonists of NMDA-induced responses (Martin and Lodge,
1985; Wong et al., 1986) and they display both use- and voitage—dependency (Honey et
al., 1985; MacDonald et al., 1987; Huettner and Bean, 1988), suggesting that these
compounds produce their inhibitory effects by entering an already open channel. This has
led to the development of .elatively simple binding assays using [*H]TCP and [*H]MK-

801 to measure specifically NMDA channel opening and thus NMDA receptor activation



L s ue -

TR LR .08

e

i &

e, P

s

5 TR R S

“&
ik

o T L R P A R O R SR

P $ A

TR I W

17
(Fagg, 1987, Foster and Wong, 1987). Due to the differential effects of divalent cations

on PCP binding and its only partial voltage sensitivity, the PCP binding site has been
proposed to be distinct from and more superficial to the Mg? binding site within the
channel (Wong et al., 1988; MacDonald et al., 1987).

Zn’* binding site. Other divalent cations besides Mg® have been found to be
cffective NMDA receptor antagonists. Zn®* has been shown to block NMDA-mediated
depolarizations (Peters et al., 1987; Westbrook and Mayer, 1987; Forsythe et al., 1988)
and to attenuate NMDA-mediated neurotoxicity (Koh and Choi, 1988). Although Zn*
does not affect NMDA-sensitive glutamate binding, it does noncompetitively inhibit
glycine binding and glycine stimulation of ’HJTCP binding (Yeh et al., 1990). The
inhibition displayed by Zn™ is voltage-independent (Westbrook and Mayer, 1987, Mayer
et al., 1988). Consequently, Zn?* has been proposed to bind to a site distinct from the
Mg binding site, on the extracellular surface of the NMDA receptor channel pore (Fig.
2) (Mayer et al., 1988; Christine and Choi, 1990). The physiological relevance of Zn®
is not currently known although Zn* has been demonstrated to be present in high
concentrations in nerve terminals (Crawford and Connor, 1972; Frederickson et al., 1983;
Perez-Clausell and Danscher, 1985) and to be released upon depolarization (Assaf and
Chung, 1984; Howell et al., 1984; Charton et al., 1985; Aniksztejn et al., 1987). This has
led to the proposal that synzptically released Zn** may function to modulate NMDA-
mediated responses possibly by antagonizing a tonic glycinergic excitatory influence on
NMDA receptors (Christine and Choi, 1990; Yeh et al, 1990). The tricyclic

antidepressants, desipramine and imipramine, have been demonstrated to inhibit NMDA
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receptor-mediated responses (Wong et al., 1988; Leander, 1989; Bakker et al., 1991).

Although it has been suggested tha: these ngents exert their effects by binding at the Zn*
site (Reynolds and Miller, 1988), the voltage-sensitivity of their blockade argues against
such an action (Sernagor et al., 1989).

Polyamine site. Polyamines are a group of ubiquitously distributed compounds
produced by omnithine decasbexyiase degradation of omithine to putrescine which then
combines with S—adenosylmethionine to form the polyamines spermine and spermidine
(Shaw and Pateman, 1973; Lehninger, 1982). Ransom and Stec (1988) first demonstrated
the existence of a facilatory polyamine binding site, distinct from the glutamate and
glycine binding sites which upon activation with spermine and spermidine, but not
putrescine, increased ["H]MK-801 binding to rat cortical membranes. Spermine and
spermidine have now also been shown to potentiate NMDA receptor-mediated
clectrophysiological responses (Fig. 2) (McGurk et al., 1990; Sprosen and Woodruff,
1990). Furthermore, the distribution of specific polyamine binding sites correlates closely
with that observed for the NMDA receptor with the highest densities in the hippocampus,
striatum and superficial cerebral cortical layers (Dana et al., 1991). A physiological role
for polyamine modulation of NMDA receptors is indicated by the fact that endogenous
polyamine levels in the brain can achieve concentrations (uM) known to affect NMDA
receptor function (Fage et al., 1992). Interestingly, overproduction of polyamines and
subsequent overstimulation of NMDA receptors has been suggested to play a role in
ischemia—associated neuronal damage (Paschen et al., 1988). The mechanism by which

polyamines exert their effects on NMDA receptors is not well understood but has been
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suggested to involve an increase in the affinity of the strychnine-insensitive glycine site
for glycine (Sacaan and Johnson, 1989; Ransom and Deschenes, 1990). Ifenprodil, SL
82.0715 and arcaine have been proposed to be noncompetitive NMDA antagonists based
on their inhibiiory actions at the polyamine binding site (Carter et al., 1989; Reynolds,
1990; Sacaan and Johnson, 1990; Schoemaker et al., 1990). This is supported by the
demonstration that ifenprodil and SL 82.0715 effectively block NMDA-mediated
transmission (Carter et al., 1988; Reynolds and Miller, 1989; Zeevalk and Nicklas, 1990;
Legendre and Westbrook, 1991). Interestingly, these polyamine antagonists have been
demonstiated to be potent neuroprotective agents in experimental models of ischemia,
suggesting a potential therapeutic application (Gotti et al.,, 1988, 1990; Carter et al.,

1990).

NMDA receptor heterogeneity.

Much interest has been directed toward the possible existence of multiple NMDA
receptor subtypes. Originally, regional differences in the relative potency of the agonists
NMDA and quinolinate and the antagonist kynurenate led to the proposal of the division
of the NMDA receptor into two distinct subtypes, NMDA, and NMDA, (Stone and
Burton, 1988). The proposed NMDA, receptor, which was found in the cerebellum and
spinal cord, responded well to NMDA but not to quinolinate whereas relatively high doses
of kynurenate were required to block those responses. The NMDA, receptor responded
well to both NMDA and quinolinate, was antagonized by low doses of kynurenate, and

was found in the cerebral cortex, hippocampus and striatum (Perkins and Stone, 1983).
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Similarily, heterogeneity of the NMDA receptor was proposed to explain the differential
regional distribution of agonist and antagonist—pref-.ving NMDA receptor binding sites.
[*H]CPP and [*H]JTCP-preferring binding sites were located in the thalamus and cortex,
whereas [*H]glutamate and [*H]glycine—preferring binding sites were located in the medial
striatum and cerebellum (Monaghan et al., 1989). Interestingly, glycine caused a greater
percentage increase in glutamate binding to those NMDA receptors in the antagonist-
preferring regions than in the agonist—preferring regions, suggesting that the observed
differences in agonist and antagonist binding might represent two interconverting forms
of the NMDA receptor, and that glycine binding shifted NMDA receptors from an
antagonist—preferring conformation to an agonist—preferring conformation (Monaghan et
al., 1988).

Recently, a rat cDNA for a protein that behaves as an NMDA receptor when
expressed in Xenopus oocytes has been cloned (Moriyoshi et al., 1991). It encodes a
single polypeptide (938 amino acids) which displays all of the pharmacological properties
of the native NMDA receptor: the agonist and antagonist pharmacology at the agonist
binding site and strychnine-insensitive glycine binding site, the Ca®* permeability, and
the MK801, Zn™ and voltage-dependent Mg?* blockade of responses. In situ
hybridization studies demonstrated this NMDA receptor mRNA to be widely distributed
in the CNS with particularly high expression in cerebellar granule cells, hippocampus,
hypothalamus, olfactory bulb and cerebral cortex. The simultaneous cloning of a separate
rat cDNA which encodes the glutamate binding subunit of a purified NMDA receptor

however has no sequence similarity to the above described cloned NMDA receptor
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(Kumar et al., 1991). These preliminary reports therefore support the possible
heterogeneity of NMDA receptors; however, much more work in this area is required and
should soon determine conclusively whether subtypes of NMDA receptors truly exist

(Barnard, 1992).

NMDA l I

As described above, activation of the NMDA receptor channel complex results in
the opening of an NMDA receptor—associated ion channel which allows the influx of Na*
and Ca*. In the past, NMDA responses had been considered to be solely related to the
resultant depolarization of the surrounding membrane. Recent evidence however strongly
supports a role for the involvement of second messengers, activated secondarily to cation
influx, in some NMDA-mediated responses.

G-proteins. Many hormones and neurotransmitters exert their effects through the
activation of guanine nucleotide-binding proteins (G-proteins) situated at the inner
surface of the plasma membrane. A possible link between NMDA receptors and G-
proteins was initially suggested when it was found that guanine nucleotides selectively
inhibited NMDA displaceable [*H]glutamate binding to a greater extent than [*H]kainate
or PHJAMPA binding (Monahan et al, 1988). However, pretreatment with either
pertussis or cholera toxins however had no significant effect on GTP inhibition of
NMDA -specific [’H]glutamate binding. Also, in contrast to other known G-protein
linked receptors, guanine nucleotides decreased both agonist ([*H]glutamate) and

antagonist ([*’H]CPP) binding. Subsequent studies demonstrated that guanine nucleotides



22

were extracellular competitive NMDA receptor antagonists (Baron et al., 1989). Thus
guanine nucleotide inhibition of NMDA receptor function was not mediated through an
action on G-proteins. At present there is no convincing evidence supporting the direct
coupling of NMDA receptors to G-proteins. NMDA-mediated second messenger
activation is therefore thought to be the consequence of cation influx, probably Ca*,
through the receptor—-associated ion channel.

Adenylate cyclase. Adenylate cyclase is a membrane-bound enzyme which
catalyzes the intracellular conversion of ATP to cAMP. Its activity is regulated by a
balance between receptor (eg. dopamine D,, adenosine A,, adrenaline P) activated
stimulatory G,-proteins and receptor (eg. dopamine D,, adenosine A,, adrenaline o)
activated inhibitory G;-proteins (reviewed by Kaziro et al., 1991; Krupinski, 1991).
Moreover, increases in intracellular Ca** concentrations have also been demonstrated to
stimulate adenylate cyclase mediated cCAMP formation. This alternative pathway is
mediated by the Ca**~dependent activation of calmodulin which in turn directly stimulates
adenylate cyclase, independent of G-protein involvement (Krupinski et al., 1989; Tang
et al., 1991). Although no direct link between G-proteins and NMDA receptors has been
demonstrated, Ca** is a major conducting ion for the NMDA receptor ion channel. Thus
a possible NMDA receptor mediated Ca”*/calmodulin—dependent stimulation of adenylate
cyclase bears some consideration.

Glutamate has been long known to stimulate cCAMP formation in brain slices
(Ferrendelli et al., 1974; Shimuzu et al.,, 1974; Pull and Mcllwain, 1975). However, it

has also been long known that these glutamate-evoked CAMP increases are actually
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mediated by an EAA-evoked release of adenosine and the subsequent activation of
adenosine receptors (Mah and Daly, 1976; Pons et al., 1980). More recent studies have
suggested that glutamate—evoked stimulation of cAMP formation may be dependent on
extracellular Cl™ concentrations (Baba et al., 1988) and may be due to the specific
activation of NMDA receptors (Chetkovich et al., 1991). It should be noted however that
neither of these two latter studies addressed the possible role of released adenosine in
EAA-mediated responses.

Phosphoinositide metabolism.  Receptor mediated phosphoinositide (PI)
metabolism occurs via the stimulation of a pertussis toxin—sensitive G—protein which
activates phospholipase C to hydrolyze membrane~bound phophatidyl inositol 4,5~
bisphosphate (PIP,), forming inositol 1,4,5-triphosphate (IP,) and diacylglycerol (DAG).
IP,, which is released into the cytoplasm, promotes the mobilization of Ca* from
intracellular stores whereas DAG mediates the translocation and activation of protein
kinase C (PKC) (reviewed by Berridge and Irvine, 1989). Alternatively, rises in cytosolic
Ca* can also activate phospholipase C, independent of G—protein involvement (Eberhard
and Holz, 1988).

Sladeczek and colleagues (1985) first demonstrated that glutamate could stimulate
PI metabolism in cultured striatal neurones. Most of glutamate's effects were shown to
be due to the activation of the metabotropic EAA receptor (see INTRODUCTION, section
Lii.3) but a small component appeared to be due to NMDA receptor activation. Maximal
NMDA-mediated stimulations of PI metabolism are 64-88% in rabbit retinal slices

(Osborne, 1990), 40% in cultured rat striatal neurons (Sladeczek et al., 1985), 25% in rat
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forebrain synaptoneurosomes (Recasens et al., 1987}, and 7-13% in rat hippocampal
slices (Morrisett et al., 1990). However, other studies have demonstrated that NMDA
receptor activation has no effect on PI metabolism (Schoepp and Johnson, 1989; Nicoletti
et al,, 1990). The mechanism and functional significance of this small effect is not
known but may be related to Ca? influx through the NMDA ion channel (see above).

In addition to NMDA's stimulatory effects on PI metabolism, NMDA has also
been shown to inhibit PI metabolism induced by other agents (Baudry et al., 1986;
Godfrey et al., 1988; Palmer et al., 1988; Noble et al.,, 1989; Li et al., 1990). The
mechanism whereby NMDA receptor activation inhibits agonist—stimulated PI metabolism
is thought to be due to the neurotoxic effects of NMDA mediated by sodium influx
through the receptor associated ion channel (Godfrey and Taghavi, 1991). These authors
have suggested that the consequent activation of Na*/K*-ATPase following influx of Na*
results in the depletion of cellular ATP and the subsequent reduction in the synthesis of
inositol lipids.

Nitric oxide. In 1974, glutamate was first shown to increase cerebellar cGMP
levels (Ferrendelli et al., 1974; Mao et al., 1974). Subsequent studies demonstrated that
these effects were mediated primarily through the activation of NMDA receptors (Woed
et al.,, 1982; Garthwaite, 1985). Initially, it was believed that the NMDA receptors,
similar to receptor-linked adenylate cyclase mediated increases in cAMP, were: coupled
directly to guanylate cyclase, which catalyses the corversion of GTP to cGMP. However,
after the labile factor released from endothelial cells which mediates cGMP increases in

smooth muscle cells was identified as nitric oxide (NO) (Furchgott and Zawadski, 1980),
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Garthwaite and colleagues (1988) provided the first evidence that glutamate-mediated

cGMP increases in the brain were also the resul: of the intermediate release of NO.
Indeed NO synthase activity was subsequently demonstrated in the CNS (Knowles et al.,
1989, Schmidt et al., 1989; Bredt and Snyder, 1990).

It is now accepted, in the cerebellum at least, that activation of NMDA receptors
increases intracellular Ca®*, which activates Ca**—calmodulin which, in turn, activates NO
synthase to stimulate the production of NO (Fig 3). NO, which is highly lipophilic,
diffuses out of generator neurons and into either glial or other neuronal target cells where
it potently activates soluble guanylate cyclase to catalyse the conversion of GTP to cGMP
(reviewed by Garthwaite, 1991; Bredt and Snyder, 1992). This pathway has recently been
demonstrated to also exist in the hippocampus (East and Garthwaite, 1991) and the cortex
(Knowles et al., 1989). NO therefore appears to be a novel intercellular second
messenger in the CNS.

Functionally, this glutamate-evoked NO release has been implicated in both
physiological and pathophysiological processes in the CNS. In the hippocampus,
pharmacological interference with the NO pathway results in the blockade of LTP, the
model of synaptic plasticity thought to underlic memory formation (Bohme et al., 1951;
O'Dell et al., 1991a; Schuman and Madison, 1991). Similarily, cerebellar glutamate—
evoked NO release has been shown to be necessary for the induction of long term
depression, a distinct model of synaptic plasticity thought to underlie cerebellar motor
learning (Ito, 1989; Shibuki and Okada, 1991; Southam and Garthwaite, 1991). Finally,

NO has also been proposed to mediate glutamate neurotoxicity in cortical cultures
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FIGURE 3. Glutamate-mediated interneuronal NO signalling. Adapted from

Garthwaite, 1991. See text for details.
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(Dawson et al., 1991), but not in the cerebelluin (Garthwaite and Garthwaite, 1988).
Pharmacological modulation of this NO pathway can be achieved by a variety of
approaches (Moncada et al., 1991). Exogenous L-arginine, the NO precursor, has been
utilized to supplement endogenous arginine levels, thereby augmenting NO production and
increasing NO responses (Garthwaite et al., 1989). Inhibition of NO production can been
achieved with either calmodulin inhibitors, such as calmidazolium or W7 (Bredt and
Sayder, 1990), or more selectively with the competitive NO synthase inhibitors, L-N®-
methylarginine and L-N"-nitroarginine, which block NO production in an arginine-
sensitive manner (Garthwaite et al., 1989; East and Garthwaite, 1990). Haemoglobin
inhibits NO mediated responses by binding free NO to its haem moiety, whereas
superoxide dismutase enhances NO-mediated responses by inhibiting NO breakdown
(Garthwaite et al., 1988). Nitrovasodilators, such as sodium nitroprusside and S-nitroso-
N-acetylpenicillamine, spontaneously produce NO and should mimic processes which are
mediated by NO production (Garthwaite et al., 1988; Kiedrowski et al., 1991). Because
of such a wide range of pharmacological tools to study this pathway, NMDA-evoked NO
release is one of the best characterized EAA-activated second messenger systems.
Protein kinases. Calcium/calmodulin—-dependent protein kinase II (CaM-kinase
IT) and protein kinase C (PKC) are multifunctional Ca**-dependent protein kinases which
have been implicated in the regulation of neuronal plasticity (Madison et al., 1991). For
example, induction of LTP in the CA1 region of the hippocampus, which requires the
influx of Ca® through NMDA receptors (Collingridge et al., 1983), is blocked by

calmodulin, CaM-kinase I and/or PKC inhibitors (Reymann et al., 1988; Malinow et al.,
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1988; 1989; Malenka et al., 1989). Direct activation of PKC (Barrie et al., 1991) and/or

CaM-kinase II (Nichols et al., 1990) has been shown to stimulate synaptosomal glutamate
release, which could theoretically account for the enhanced release of glutamate postulated
to underlie LTP.

Direct NMDA receptor mediated activation of PKC has also been demonstrated,
in so far as NMDA receptor activation results in the Ca**~dependent translocation of PKC
from the cytosol to membranes in cerebellar granule cells and cortical neurons (Vaccarino
et al, 1987; 1991). Correspondingly, glutamate stimulation of cultured hippocampal
neurons results in a transient increase in P incorporation of the PKC substrate
myristoylated alanine-rich C kinase substrate (MARKS) (Scholz and Palfrey, 1991).
Direct linkage of NMDA receptors to CaM-kinase II activation has been suggested by
the demonstration that NMDA receptor activation results in the autophosphorylation, and
thus the activation, of CaM-kinase II, converting it from a Ca®-dependent to a Ca®-
independent enzyme (Fukunaga and Soderling, 1990; but see Molloy and Kennedy, 1991).
Activation of NMDA receptors may also be linked to the activation of a tyrosine and
serine-threonine-specific protein kinase cascade. In the hippocampus, Ca®* influx
following NMDA receptor activation results in the activation of the microtubule
associated protein-2 (MAP-2) kinase via phosphorylation on both tyrosine and threonine
residues (Bading and Greenberg, 1991). Furthermore, O'Dell and colleagues (1991b) have
demonstrated that tyrosine phosphorylation is critical for NMDA-receptor—dependent LTP
in so far as protein tyrosine kinase inhibition blocks the induction phase of LTP.

Increasing evidence supports a role not only for NMDA receptor mediated
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activation of protein kinases but also for kinase-mediated modulation of ionotropic
glutamate receptor function (Swope et al., 1992). Initial experiments in hippccampal
neurones demonstrated that basal phosphorylation was necessary to prevent rundown of
both kainate (Wang et al., 1991) and NMDA-evoked currents (MacDonald et al., 1989).
In addition, kainate-gated currents in these neurones were potentiated by cAMP-
dependent protein kinase (PKA), which increased both the frequency of channel opening
and the mean channel open time (Greengard et al., 1991; Wang et al., 1991). In
trigeminal neurones, NMDA-gated currents are increased by intracellular PKC injections
which reduce the voltage-dependent Mg?*-block of NMDA channels (Chen and Huang,
1992). Furthermore, current responses of recombinant NMDA receptors are enhanced by
phorbol ester stimulation, possibly through PKC stimulation (Yamazaki et al., 1992).
Arachidonic acid. Free arachidonic acid is formed by its release from the plasma
membrane following the Ca**-dependent activation of phospholipase A, (PLA,;). The
released arachidonic acid can then be further broken down to prostanoids, leukotrienes
and epoxides by cyclooxygenase, lipoxygenase and epoxygenase pathways, respectively
(Piomelli and Greengard, 1990). Recent evidence clearly indicates that NMDA receptor
activation results in increased free arachidonic acid release from hippocampal and striatal
neurones (Dumuis et al., 1988, 1990; Sanfeliu et al., 1990; Pellerin and Wolfe, 1991).
It has also been shown that conditions which induce LTP release large amounts of
arachidonic acid (Pellerin and Wolfe, 1991) and PLA, inhibitors block LTP (Williams and
Bliss, 1988,1989; Okada et al., 1989). It has been suggested that NMDA-evoked

arachidonic acid release may in fact be a necessary step for induction of LTP (Massicotte
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et al., 1991).

The consequence of arachidonic acid release is not well understood, but free
arachidonic acid has been shown to increase NMDA currents (Miller et al., 1992), to
increase presynaptic glutamate release (Freeman et al., 1990; Lynch and Voss, 1990), and
to inhibit glial uptake of released glutamate (Barbour et al., 1989). It has been suggested
that during anoxia, release of arachidonic acid could thereby contribute to the glutamate-
mediated excitotoxic neuronal death (Rehncrona et al., 1982).

Calcium. As has been stated above, NMDA receptor activation generates
significant changes in intracellular Ca** levels (MacDermott et al., 1986; Mayer et al.,
1987). This increase in cytoplasmic Ca®* concentrations is generally thought to result
primarily from Ca®* influx directly through the NMDA associated ion channel. A smaller
component of the rise in intracellular Ca** may be the result of Ca® influx through
voltage-gated Ca® channel since NMDA receptor s.imulation produces sufficient
depolarization to activate voltage—sensitive channels (Mattson et al., 1989; Chetkovich et
al., 1991). Interestingly, Ca® oscillations and Ca®* waves in responses to glutamate
application have been observed in neurons (Kuba and Takeshita, 1981) and astrocytes
(Comnell-Bell et al., 1990). It has been suggested that the cyclic nature of this Ca®
release may be caused by exchange between an IP,-sensitive Ca®* pool and a ryanodine-
sensitive, Ca**~induced Ca?* pool (Berridge, 1990; Dupont et al., 1990). The astrocytic
Ca? oscillations and waves have been attributed to metabotropic receptor stimulation of
PI tummover (see INTRODUCTION, section Lii.3) and subsequent IP;-mediated release

of Ca* from intracellular stores (Ahmed et al., 1990; Glaum et al., 1990; Jensen and
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Chui, 1990). Recent reports however have demonstrated that dantrolene, which acts in
4 manner similar to ryanodine to selectively antagonize Ca**~induced Ca* release from
intracellular stores, is able to antagonize the induction of NMDA~dependent LTP in the
hippocampus (Obenaus et al., 1989), glutamate cytotoxicity in cultured cerebral cortical
neurones (Frandsen and Schousboe, 1991), and the NMDA-induced intracellular Ca* rise
in hippocampal neurons (Segal and Manor, 1992). These studies suggest that at least
some of the NMDA-evoked increases in intracellular Ca* may be derived from the

release of Ca®* from internal stores.

2. Kainate and AMPA receptors

The antihelminthics kainate and quisqualate, which were isolated from the algae
Digenea simplex and from the seeds of the plant Quisqualis fructus, were first
demonstrated to have potent CNS excitatory activity in the early 1970's (Shinozaki and
Konishi, 1970; Johnston et al., 1974). Quisqualate responses were later found to be the
composite of an increased ionic conductance and the induction of PI tumover. The
development of (RS)-a-amino-3-hydroxy-5-methyl-4-isoxazole-proprionic acid
(AMPA) as a selective agonist for the iontophoretic quisqualate responses led to the
division of the quisqualate receptor into AMPA and metabotropic ACPD receptor
subtypes, see INTRODUCTION, section Lii.3 (Krogsgaard—Larsen et al., 1580).

AMPA and kainate receptors are thought to mediate the majority of fast excitatory
synaptic neurotransmission in the brain. Kainate and AMPA mediate their depolarizing

effects through the voltage-independent opening of non-selective monovalent cation
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channels allowing the influx of Na* and the efflux of K* (Mayer and Westbrook, 1987).

Absolute synaptic differentiation between these two receptors has been made difficult due
to the lack of selective antagonists to clearly distinguish between the kainate and AMPA
receptor subtypes. Furthermore, quisqualate and kainate have also been shown to display
high to moderate affinity for each others receptor (London and Coyle, 1979; Honore et
al., 1982). This has led to these two receptor subtypes being referred to collectively as
"non-NMDA" receptors.

It was initially suggested that these two compounds may act at distinct receptors
because in some preparations, glutamate diethyl ester (GDEE) inhibited quisqualate and
AMPA induced responses but did not affect kainate nor NMDA mediated responses
(Haldeman and McLennan, 1972). Subsequent studies have questioned the efficacy and
selectivity of GDEE, thus limiting interpretation following its use (Davies and Watkins,
1979; McLennan and Lodge, 1979). Kainate receptors can however be distinguished from
AMPA receptors by both physiological and anatomical means. AMPA receptors nearly
always desensitize rapidly in a concentration-dependent manner whereas kainate receptors
desensitize only extremely slowly (Mayer and Westbrook, 1987). The AMPA rcceptor
rank order of agonist potency is: AMPA > quisqualate > L-glutamate > kainate (Honore
et al., 1982); this differs significantly from that for the kainate receptor: domoate >
kainate > quisqualate > L~glutamate (Evans et al., 1987b). [PHJAMPA autoradiographic
binding is densest in the hippocampal CAl, outer cortical layers and the molecular layer
of the cerebellum, thus paralleling NMDA receptor localization (Monaghan et al., 1984).

[’H]}Kainate binding, on the other hand, is densest in the hippocampal CA3, deep cortical
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layers, striatum and granule cell layer of the cerebellum, which does not overlap NMDA
receptor binding (Monaghan and Cotman, 1982).

The most potent kainate/AMPA receptor antagonists available are the quinoxaline
derivatives.  6-Cyano~7-nitro—-quinoxaline-2,3-dione (CNQX) and 6,7-dinitro-
quinoxaline-2,3—-dione (DNQX) have been the antagonists of choice to test for
kainate/AMPA receptor participation in excitatory responses (Honore et al., 1988).
Unfortunately, these compounds are also potent antagonists of glycine binding to the
strychnine-insensitive glycine binding site on the NMDA receptor complex and at best
display modest selectivity for kainate/AMPA receptors versus the glycine site (Birch et
al., 1988; Kessler et al., 1989). More recently, Sheardown et al. (1990) have reported that
2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo{f]quinoxaline (NBQX) is a highly potent and
selective antagonist of kainate/AMPA receptors and is virtually devoid of activity at the
NMDA receptor glycine site.

One of the most exciting developments in the EAA field in the past three years
has been the cloning of cDNAs for the non~-NMDA glutamate receptors. Presently,
c¢DNAs encoding seven glutamate receptor subunits have been characterized. The
predicted polypeptides are each approximately 900 amino acids, have four transmembrane
regions, and appear to divide into three distinct families of ionotropic receptors.

Four subunits (GiuR-A to GluR-D, or GluR-1 to GluR-4), which show
approximately 60% amino acid sequence homology, express pharmacological
characteristics consistent with those of the AMPA-selective glutamate receptor subtype,

in so far as they demonstrate high affinity for AMPA alcng with low affinity for kainate
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(Hollmann et al., 1989; Boulter et al., 1990; Keinanen et al., 1990). Furthermore,

although these receptors are activated by glutamate, AMPA and kainate, only the kainate—
elicited current fails to desensitize. The functional properties of each of the subunits of
this family of AMPA receptors are controlled by a 38 amino acid segment that can exist
in one of two molecular forms encoded for by adjacent exons of the receptor gene
(Sommer et al., 1990). These distinct modules, designated "flip" and "flop", alter the
steady-state ratios of the currents evoked by kainate and glutamate. In cells expressing
the "flip" configuration, kainate and glutamate—evoked currents are of similar »riplitude,
whereas kainate-evoked responses are much larger than glutamate ones in cells
expressing the "flop" configuration. Monyer et al. (1991) demonstrated developmental
control of the expression of these molecular forms, indicating that embryonic glutamate
receptors may therefore be molecularly and functionally different from adult glutamate
receptors. Co-expression of combinations of AMPA receptor subunits produces
synergistic potentiation of agonist responses, strongly suggesting that the actual structures
of AMPA receptors consist of receptor complexes made from multiple receptor subunits
(Boulter et al., 1990; Keinanen et al., 1990). Some AMPA/kainate receptors have been
reported to be permeant to Ca** (lino et al., 1990). Interestingly, it is the absence of the
Glu-B (GluR-2) within the heteromeric receptor complex, or more specifically the
absence of a single arginine residue within the Glu-B subunit, that confers Ca
permeability to the AMPA receptor (Hollmann et al,, 1991; Hume et al., 1991).

A second distinct family of non-NMDA ionotropic glutamate receptors consists

of the subunits GluR-5 and GIuR-6 (Bettler et al., 1990; Egebjerg et al., 1991). These
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subunits have only 25% amino acid sequence homology with GluR~1 to 4, but are 85%
identical to each other. GluR-6 forms homo-oligomeric channels, which are functionally
distinguished from the AMPA family subunits due to their non-responsiveness to AMPA
and their desensitization to kainate.

The last family consists of a single subunit member, KA-1 ("Werner et al., 1991).
This family shows high affinity for kainate along with a very low affinity for AMPA.
This receptor is prominently expressed only in the hippocampal CA3 region and may
therefore represent the high affinity kainate receptor present in the CA3 that underlies the
selective vulnerability of these neurons to kainate. These studies lend direct evidence to
the concept that although specific kainate receptors do exist, many of the
electrophysiological effects of kainate are, in fact, probably mediated through its

activation of AMPA receptors.

3. The Metabotropic receptor

In 1985, Sladeczek et al. first demonstrated that glutamate and quisqualate, but
neither kainate nor NMDA, potently stimulated PI hydrolysis in cultured striatal neurons.
This effect was independent of depolarization or Ca®* influx and was subsequently found
to be due to the activation of a subtype of the previously named quisqualate receptor
which was linked directly to the phosphoinositol second messenger system (Berridge and
Irvine, 1989). This EAA receptor, termed the metabotropic ACPD receptor, is present
in especially high concentrations on cerebellar Purkinje cells, but also in the striatum,

hippocampus and cortex (Worley et al., 1989). It mediates its effects through a pertussis
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toxin-sensitive, G—-protein-mediated activation of phospholipase C which hydrolyzes
membrane-bound phophatidyl inositol 4,5-bisphosphate to form IP, and DAG (Sugiyama
et al., 1987,1989). IP,, which is released into the cytoplasm, mediates the mobilization
of Ca® from intracellular stores (Murphy and Miller, 1988; Furuya et al., 1989) whereas
DAG mediates the translocation and activation of PKC (Manzoni et al., 1990; Nicoletti
et al., 1990).

(1S,3R)-1-amino-1,3~-cyclopentane-dicarboxylate (1S,3R-ACPD) is a specific
agonist which increases neuronal firing in the CNS, whereas L-AP3 has been reported
to be a selective antagonist (Irving et al., 1990; Schoepp et al., 1990a). This increase in
neuronal firing has been suggested to be due to a PKC-mediated blockade of the slow
Ca**-dependent K*~current which is responsible for afterhyperpolarization, 1, (Stratton
et al., 1989; Baskys et al., 1990; Baskys, 1992). Alternatively, metabotropic ACPD
receptor activation has also been shown to inhibit a non-inactivating, voltage-sensitive
K* currenf, known as I, (Charpak et al., 1990) and voltage-sensitive Ca®** channel
conductances (Lester and Jahr, 1990; but see Baskys et al., 1990).

The physiological significance of this receptor is presently unknown but it appears
to be involved in the regulation of synaptic plasticity, in so far as activation of the
metabotropic ACPD receptor has been shown to potentiate LTP (Otani and Ben—-Ari,
1991) and LTD (Ito, 1989) whereas metabotropic antagonists have been shown to inhibit
LTP (Izumi et al., 1991; reviewed by Anwyl, 1991). Furthermore, recent evidence has
demonstrated that activation of metabotropic EAA receptors selectively potentiates

NMDA-mediated seizure generation and neuronal injury (McDonald and Schoepp, 1992,
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Sacaan and Schoepp, 1992).

Due to regional differences in agonist and antagonist activities, multiple subtypes
of metabotropic EAA receptors have been proposed (Schoepp et al., 1990b). The recent
cloning and characterization of a family of cDNAs for this receptor supports this
possibility and should lead to a better understanding of the mechanism and function of
these receptors in the near future (Houamed et al., 1991; Masu et al., 1991; Tanabe et al.,

1992).

4. The L-AP4 receptor

The L-AP4 EAA receptor subtype has been inferred from 2-amino-4-
phosphonobutyric acid's (L-AP4) specific depression of selective EAA pathways in the
retina and spinal cord as well as in many brain regions including the parietal cortex
(Collingridge and Lester, 1989). L-AP4's inhibitory effects are stereospecific insofar as
the D (-) isomer is a weak NMDA antagonist, whereas the L (+) isomer is a specific
EAA synaptic depressant at low concentrations (1-10 pM). It should be noted that at
high concentations (>1mM) L-AP4 has been shown to have NMDA agonist and
metabotropic ACPD antagonist activity (Mayer and Westbrook, 1987). Few other
compounds have been shown to have activity at this receptor subtype and at present no
antagonist has been reported.

The membrane binding site at which L-AP4 acts has not been clearly identified.
A Na'-independent, Cl-dependent [*H]glutamate binding site, which appeared to

represent the L~AP4 receptor, was shown not to correspond to the synaptic receptor but
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rather to a Cl™-dependent glutamate transport system in membrane vesicles (Pin ct al.,
1984; Fagg and Lanthorn, 1985; Robinson et al., 1985). The L-AP4 receptor may be a
presynaptic glutamatergic autoreceptor because L~AP4 potently blocked synaptic
transmission but it was unaole to antagonize the effects of exogenously applied EAA
agonists (Mayer and Westbrook, 1987; Monaghan et al., 1989).

The mechanism by which L-AP4 exerts its inhibitory effects has not been clearly
established. Recent experiments with retinal ON-bipolar cells have demonstrated that
activation of the L-AP4 receptor results in a G-protein mediated increase in the
hydrolysis of cyclic GMP which subsequently results in the closure of cation channels
conducting an inward current (Nawy and Jahr, 1990; Shiclis and Falk, 1990) and
hyperpolarizing these cells (Miller and Slaughter, 1986). Direct extrapolation of the
retinal L-AP4 receptor to brain and spinal cord L-AP4 receptors has not been clearly
established (Peterson et al., 1991).

The possible involvements of either L-AP4 or the metabotropic ACPD receptor

in glutamate-evoked adenosine release have not yet been evaluated.

II. PURINES IN THE CNS

Adenosine is an endogenous purine nucleoside which has been shown to have
potent effects in the CNS. Adenosine, isolated from heart, brain, kidney and spleen, was
first shown to have inhibitory effects in the heart in 1929 (Drury and Szent-Gyorgyi).
A behavioral effect for adenosine was demonstrated in 1954 when adenosine injected into

the lateral ventricle of cats produced muscle weakness, ataxia and sleep (Feldberg and
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Sherwood, 1954). Sattin and Rall (1970) first reported that adenosine increased cAMP

accumulation in brain slices and that methylxanthines such as caffeine and theophylline
competitively antagonized this response. These authors hypothesized that adenosine might
tonically inhibit neuronal activity and that the well known exci:atory effects of caffeine
and theophylline might be due to antagonism of the effects of endogenous adenosine.
Subsequent studies in the CNS have demonstrated the existence of specific agonist-—,
electrical- and depolarization-induced adenosiz?= release (reviewed by White and Hoehn,
1991), high affinity nucleoside transporters (reviewed by Geiger and Fyda, 1991),
nucleoside degrading enzymes to terminate the extracellular action of adenosine (reviewed
by Meghji, 1991), and high affinity extracellular adenosine receptors (reviewed by
Reddington and Lee, 1991) which when activated exert primarily inhibitory effects. Thus,
an cverwhelming accumulation of evidence lends strong support for an extracellular role
for adenosine.

Adenosine is widely distributed because of its pivotal role in intracellular energy
metabolism (Lehninger, 1982). Although a heterogenous distribution of adenosine-like
immunoreactivity (Braas et al.,, 1986) and evoked adenosine release (White and
MacDonald, 1990) has been reported in central tissues, no apparent correlations are
observed between these potential markers of purinergic function nor with the distribution
of evoked ATP release (Potter and White, 1980), A, receptors (Goodman and Snyder,
1982), A, receptors (Bruns et al., 1986), adenosine uptake sites (Geiger and Nagy, 1984),
adenosine deaminase (Geiger and Nagy, 1986), or 5'-nucleotidase activity (Nagata et al.,

1984). The differential distribution profiles of these purinergic markers may reflect the
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complexity of functions of the purinergic system. Because there is no strong evidence
that adenosine is stored in synaptic vesicles and secreted as such from nerves, it is
unlikely that it functicns as a neurotransmitter. Instead, adenosine is considered to be an
important central neuromodulator; ie. an endogenous substance that regulates (or

modulates) neuronal responses to classical neurotransmitters (Dunwiddie, 1985).

@) Actions of adenosine in the CNS.

Adenosine appears to be an important endogenous inhibitory neuromodulator in
the CNS (Dunwiddie, 1985; Greene and Haas, 1991). Electrophysiological studies have
demonstrated that adenosine and its analogues, through actions at A, and/or A,-
purinoceptors, inhibit neuronal firing in a wide range of brain regions (Phillis and
Kostopoulos, 1975; Kostopoulos and Phillis, 1977; Dunwiddic and Hoffer, 1980,
Reddington et al., 1982) and decrease the release of various neurotransmitters including
glutamate (Dolphin and Archer, 1983; Corradetti et al., 1984; Fastbom and Fredholm,
1985), noradrenaiine (Harms et al., 1978; Jackisch et al., 1985), acetylcholine (Jhamandas
and Sawynok, 1976; Harms et al., 1979; Spignoli et al., 1984; Pedata et al., 1986), 5~
hydroxytryptamine (Harms et al., 1979; Feuerstzin et al., 1988), dopamine (Harms et al.,
1979; Wood et al., 1989) and GABA (Harms et al., 1979; Hollins and Stone, 1980).
Significantly, adenosine is more potent at inhibiting excitatory than inhibitory
neurotransmission (Hollins and Stone, 1980; Yoon and Rothman, 1991), suggesting that
it would have predominantly depressant effects. Indeed, adenosine is thought to provide

inhibitory tone in the cortex (Dunwiddie and Hoffer, 1980, Brooks and Stone, 1988; Haas
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and Greene, 1988; Vizi and Knoll, 1976) and has been shown to protract the development
of long-term potentiation, an in vitro model of learning/memory (Mendonga and Ribeiro,
1990; Arai et al., 1990; Dolphin, 1983; Alzheimer et al., 1991). Under pathophysiological
conditions, adenosine may play a protective role against excessive excitatory transmission,
in so far as adenosine and its analogs have been shown to have anticonvulsant properties
(Lee et al., 1984; Kostopoulos et al., 1989; Ault and Wang, 1986; Dunwiddie, 1980) and
to protect against ischemic/hypoglycemic (Goldberg et al., 1988; Evans et al., 1987a) and

EAA-mediated neuronal damage (Arvin et al., 1989; Connick and Stone, 1989).

(ii)  Sources of extracellular adenosine.

Intracellular adenosine is formed by the enzymatic degradation of adenine
nucleotides to AMP which is then dephosphorylated by 5'-nucleotidase (EC 3.1.3.5) to
form adenosine (Manery and Dryden, 1979); it is also formed via cleavage of S-
adenylhomocysteine by S-adenylhomocysteine hydrolase (Henderson, 1985). Although
S—-adenylhomocysteine hydrolase has been immunocytochemically localized in the
neocortex, hippocampus, cerebellum and olfactory tubercle (Patel and Tudball, 1986), its
involvement in adenosine formation in the brain has not been assessed. In well-
oxygenated hearts a substantial proportion of adenosine is derived from the hydrolysis of
S-adenylhomocysteine, whereas during hypoxia or ischemia the major metabolic route
for the formation of adenosine is the breakdown of ATP to AMP (Lloyd et al., 1988).
5'-Nucleotidase enzymes have been found to exist as both cytosolic intracellular enzymes

and plasma membrane bound ecto—-enzymes (Meghji, 1991). Thus, adenosine overflow
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may reflect either the release of adenosine per se or the release of an adenine nucleotide
which is degraded extracellulary to adenosine by active ecto-nucleotidases (Fig. 4A).
The demonstration of purine release from purified cholinergic synaptosomes (Richardson
and Brown, 1987), from cholinergic and noradrenergic sources of cortical slices (Pedata
et al., 1989) and cultured neuroblastoma cell lines (Green, 1980) strongly suggest that
adenosine can arise from neuronal sources in the CNS. Evidence also suggests that
adenosine can be released from glial sources (Caciagli et al., 1988; Meghji et al., 1989).

Release of adenosine per se. Fredholm first demonstrated that K*, veratridine and
electrical stimulations release adenosine from synaptosomes which have been preloaded
with [’H]adenine (Fredholm and Vernet, 1978; 1979; Fredholm and Hedgqvist, 1980).
Although resting brain adenosine concentrations are normally quite low (1-2 pmol/kg,
Wojcik and Neff, 1982), it is now well accepted that a variety of stimuli such as electrical
stimulation and depolarizing agents, including K*, veratridine, morphine, 5-
hydroxytryptamine, capsaisin, excitatory amino acids and ouabain have been shown to
greatly increase cytoplasmic and superfusate adenosine levels (reviewed by White and
Hoehn, 1991). Furthermore, when the intracellular adenosine concentrations exceed the
extracellular levels, adenosine can diffuse out of cells down its concentration gradient to
provide a source of extracellular adenosine (Wu and Phillis, 1984). A bidirectional
nucleoside transporter present on most cells which normally mediates the re-uptake of
adenosine has been shown to facilitate this diffusion of nucieosides across their cell
membranes (Plagemann and Wohlhueter, 1980; Geiger and Fyda, 1991). Dissociation of

adenosine release per se from the extracellular degradation of a released nucleotide



FIGURE 4. Purine metabolic pathways. Adapted from Lerman and Belardinell,
1991. A. Metabolic sources of adenosine. B. Routes of termination of the action of

adenosine. See text for details.
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is achieved by use of the ecfo-5'-nucleotidase inhibitors afmADP and GMP to block the

final common step of nucleotide catabolism, namely conversion of 5'~AMP to adenosine
(Burger and Lowenstein, 1970; Pons et al., 1980; MacDonald and White, 1985).
Overwhelming evidence suggests that central adenosine release is at least partly Ca*-
dependent (Fredholm and Vernet, 1978; 1979; Bender et al., 1981; MacDonald and White,
1985; Sweeney et al., 1987), although reports of Ca**-independent adenosine release have
been reported (Shimizu et al., 1974; MacDonald and White, 1985).

Release of ATP. In 1959 Holton and Holton first demonstrated the release of ATP
following sensory nerve stimulation using the ATP-specific firefly luciferin-luciferase
assay. Extraceilular ATP may act at extracellular P,—purinoceptors (Phillis and Wu,
1981) or, following metabolism by a series of ecto-nucleotidases (Pearson, 1985;
Henderson, 1985), provide a source of extracellular adenosine. ATP may function as a
neurotransmitter, in so far as in the peripheral nervous system there is good evidence that
ATP may be co-stored and co-released with other neurotransmitters (reviewed by White,
1988; 1990). ATP release has also been demonstrated in the CNS (reviewed by White
and Hoehn, 1991).

Central ATP release was first demonstrated from K* and veratridine stimulated
whole brain synaptosomes (White, 1977; 1978). Subsequently, direct in vivo electrical
stimulation of the sensorimotor cortex was shown to release ATP into cortical cups (Wu
and Phillis, 1978). Central synaptosomal ATP release is heterogenous in the rat brain,
suggesting that it may have functional regionality (Potter and White, 1980). Furthermore,

ATP release from dorsal spinal cord synaptosomes is 2-3 times higher than that from
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ventral cord (White et al., 1985), consistent with the proposal that ATP may function as
a sensory transmitter in low-threshold, primary afferent input to the dorsal hom (Fyffe
and Perl, 1984; Salter and Henry, 1985). In the hippocampus, ATP appears to be released
presynaptically from Schaffer collaterals (Wieraszko et al., 1989) and ATP potentiates
synaptic transmission in pyramidal CA1 neurons (Wieraszko and Seyfried, 1989; but see
Stone and Cusack, 1989), indicating that ATP might function as a neurotransmittor or
neuromodulator in specific pathways in the CNS. ATP release has also been
demonstrated from primary striatal cultures, where it may serve as an ecto-protein kinase
substrate (Zhang et al., 1988) and from affinity purified striatal cholinergic synaptosomes,
suggesting that central ATP may be co-released with acetylcholine (Richardson and
Brown, 1987). ATP release in the CNS has been shown to be for the most part Ca2*-
dependent (White, 1978; Jhamandas and Dumbrille,1980; Richardson and Brown, 1987,
Sweeney et al, 1989b), although veratridine-evoked ATP release from cortical
synaptosomes is actually increased in Ca**-free solutions (White, 1978). A carrier-
mediated transport system for nucleotides has been described in the cell membranes of
kidney cortex (Elgavish and Elgavish, 1985), crayfish neuromuscular junction (Lindgren
and Smith, 1986), and rat brain synaptosomes (Sun and Lee, 1985), possibly providing
mechanisms for non—-vesicular ATP release.

Release of cyclic AMP. In addition to adenosine and ATP release, specific release
of cyclic AMP (CAMP) has also been demonstrated in avian erythrocytes (Davoren et al.,
1963), dissociated cultures of rat cerebral cortex (Rosenberg and Dichter, 1989), pig aortic

smooth muscle (Fehr et al., 1990), primary afferent nerve terminals in spinal cord in vivo
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(Sweeney et al., 1990) and C6 rat glioma cells (Henderson and Strauss, 1991). Cyclic

AMP efflux in some cases has been shown to be mediated by a nonspecific, energy-
dependent, unidirectional anion efflux pump which is sensitive to inhibition by
prostaglandin A, and B,, verapamil and probenecid (reviewed by Barber and Butcher,
1983). This pump is functionally similar to the chemotherapy—induced multidrug
resistance P-glycoprotein which has been shown to be overproduced in some tumour cells
(Juranka et al.,1989).

Phosphodiesterases (PDESs) catalyze the hydrolysis of CAMP to 5'-AMP. In
addition to an ecto-5'-nucleotidase, ecto-PDE activity has been reported (Kukovetz and
Poch, 1970; Rosberg et al., 1975; Selstam and Rosberg, 1976; Rosenberg and Dichter,
1989). Thus released cAMP is often recovered as adenosine following dual action of
these two ecto-enzymes (Rosenberg and Dichter, 1989). Phosphodiesterases are a family
of enzymes that are currently divided into 5 distinct isoenzymes (Table 2) (for review see
Beavo, 1988; Thompson, 1991). Three PDE isoenzymes, PDE-I, -II and -IV, have been
detected in mammalian CNS (Nicholson et al., 1991). PDE-I is the major brain cyclic
nucleotide degrading enzyme. It is a Ca*/calmodulin—-dependent enzyme which is
activated by Ca™ binding to calmodulin which in turn activates the enzyme's catalytic
domain to mediate the hydrolysis of cyclic nucleotides (Beavo, 1988). PDE-~I is present
in relatively high concentrations in the soma and postsynaptic densities on dendritic
processes (Kincaid et al., 1987; Ludvig et al., 1991) and accounts for approximately 85%
of central cyclic nucleotide degradation. However it should be noted that cyclic GMP,

not cCAMP, is its preferred substrate (Kincaid et al., 1984). PDE-IV, which is also called
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TABLE 2. Phosphodiesterase isoenzymes.

PDE nomenclature I II I v A"
Description Ca**-Calmodulin  cGMP-stimulated cGMP-inhibited cAMP-specific cGMP-specific
—~dependent cGMP-insensitive
.. ... _________________________ - ‘-~
Preferred Substrate cGMP > cAMP ¢cGMP — {cAMP cAMP > cGMP cAMP cGMP
Localization Brain Brain "~ Brain
(soluble, dendrites) (particulate) (soluble)
Heart Heart Heart Retina
Lung Liver Liver (rod and cones)
Adrenals Platelets Lung
Adipocytes Platelets
Inhibitors:
(1) Nonspecific IBMX IBMX IBMX IBMX IBMX
Trequinsin Trequinsin Trequinsin Trequinsin Trequinsin
(2) Selective Calmidazolium Quazinone Rolipram ’ MY5445
w7 Amrinone Ro0-201724 Dipyridamole
8MeOMe-IBMX
(3) Dose
—depend nt Cilostamide (high) Cilostamide (high) Cilostamide (low) Cilostamide (high)

See text for more details. Compiled from the following sources: Hidaka and Endo, 1984; Beavo, 1988; Beavo and Reifsnyder,
1990; Nicholson et al., 1991; Thompson, 1991.
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Low-K_,, cGMP-insensitive~PDE or cAMP-specific-PDE, is responsible for the majority
of high affinity cAMP hydrolysis in the brain (Nemoz et al., 1989). Finally, PDE-II is
a cGMP-stimulated CAMP hydrolysing enzyme (Beavo et al., 1970). Indeed, increases
in cGMP mediated by atrial naturetic factor or sodium nitroprusside have been shown to
dramatically increase (>10-foid) the rate of cAMP hydrolysis (Stroop and Beavo, 1991;
Souness et al., 1990; Whalin et al., 1991). Thus PDE-II may represent an important
component in interactions between regulatory pathways whereby ¢cGMP can modulate
cAMP metabolism and cAMP-mediated events.

Non-selective inhibitors of brain cyclic nucleotide PDE include 3-isobutyl-1-
methylxanthine (IBMX) (Smellie et al., 1979), cilostamide (Umekawa et al., 1984) and
trequinsin (Ruppert and Weithman, 1982). PDE-I is more selectively inhibited by the 8-
methoxy-methyl derivative of IBMX (Wells and Miller, 1988), as well as by calmodulin
antagonists such as W7 (Kanamore et al., 1981) and calmidazolium (Van Belle, 1981).
Sclective inhibitors of PDE-IV include Ro-201724 (Bergstrand et al., 1977) and rolipram
(Schwabe et al., 1976). However, Ro-201724 has also been demonstrated to block
adcnosine uptake thereby increasing extracellular adenosine concentrations which in turn
can incrcase adenosine receptor-mediated increases in cCAMP independent of PDE
inhibition (Mah and Daly, 1976; Green and Stanberry, 1977; Wu and Phillis, 1983).
Rolipram has been reported to inhibit adenosine uptake only at concentrations (IC,,=1
mM) well above those required for the inhibition of PDE-IV (Phillis aad Wu, 1983). No
sclective inhibitors of PDE-II have as of yet been reported and trequinsin is the only

non-sclective PDE inhibitor to show submicromolar affinity for PDE-II (Souness et al.,
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1990; Whalin et al.,, 1991). Although the membrane permeable cGMP analogues 8-

bromo- and dibutyryl-cGMP activate cGMP-dependent protein kinase (Lincoln and
Corbin, 1983) they have no consistent stimulatory effect on PDE-II activity (Whalin et
al., 1991; Komos et al., 1991).

@iii) Purine receptors.

Adenosine and ATP, once released, exert their effects through the activation of
specific extracellular purine receptors. Purine receptors were initially divided into P, and
P, subclasses by Burnstock in 1978 (Bumstock, 1978b). The P, (adenosine) receptors
were characterized by their higher responsiveness to adenosine and AMP than to ATP and
ADP, their competitive blockade by methylxanthines such as theophylline and caffeine,
and by their activation leading to the inhibition or activation of adenylate cyclase
(reviewed by Burnstock, 1991). The P, (ATP) receptors on the other hand were more
responsive to ATP and ADP than to adenosine or AMP, were not anagonized by
methylxanthines, had no effect on the adenylate cyclase system and stimulated the
production of prostaglandins (reviewed by Burnstock, 1991). The following section will
overview the current knowledge in adenosine and ATP receptor pharmacology. Because
this thesis focuses primarily on adenosine release and adenosine receptor function, ATP
receptors will be dealt with only briefly. For a more complete review of purine receptors
the reader is referred to several recent excellent reviews: White, 1988; 1991, Stone, 1989;
Hoyle and Burnstock, 1991; Reddington and Lee, 1991; Williams, 1991; Olah and Stiles,
1992.

Adenosine receptors. The P, receptors, which were also called the "R" receptors

G4 e
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to indicate the necessity for the integrity of the intact ribose moiety, were further
subdivided into "Ra" and "Ri" subtypes based on adenosine's ability to activate or inhibit
adenylate cyclase, respectively (Londos et al.,, 1980). The current nomenclature for
adenosine receptors was initially proposed by Van Calker (1979) and utilizes the
alternative terminology of A, and A, for inhibition and activation of adenylate cyclase,
respectively (Table 3). However, because adenosine receptor activation has been coupled
to effector systems other than adenylate cyclase, the agonist order of potency rather than
the agonist action on adenylate cyclase has become the preferred method of receptor
classification (Morgan, 1991). In general, A, and A, receptors display nanomolar and
micromolar affinites for adenosine, respectively, and the A, receptors are preferentially
activated by N°-substituted adencsine analogues while A, receptors are activated by 5'-
subsutite ; soounds. The agonist order of potency for the A, receptor is 2-chloro-N°-
cyclopentyladenosine (CCPA) > R-N°-phenylisopropyladenosine (R-PIA) = N°-
cyclohexyladenosine (CHA) > 2-chloroadenosine (CADO) > 5'-N-ethyl-
carboxamidoadenosine (NECA) = S-PIA. The agonist order of potency for the A,
receptor is NECA = CGS 21680 > CADO > R-PIA = CHA (Dunwiddie, 1985; Stone,
1989; Schwabe, 1991).

The classical adenosine antagonists, caffeine and theophylline, suffer not only from
the fact that they do not discriminate between A, and A, receptors subtypes but also
because they nonspecifically inhibit phosphodiesterases and mobilize intracellular Ca*
rclease (Daly et al., 1981). Initially, the 8-phenyl substitution of theophylline provided

an adenosine antagonist devoid of PDE inhibition but it had only slight selectivity for the
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TABLE 3. Purine receptor classification.

Class  Subclass Selective Agonists Antagonists Location Effector
Pathway
L - -]
P, A, R-PIA DPCPX Cortex {cAMP
CHA 8-PT - Hippocampus K" efflux
CCPA Theophylline Cerebellum } Ca® influx
Caffeine (Extracellular) % | PI hydrolysis
A, NECA CGS 15493A Striatum tcAMP
CGS 21680 Theophylline Smooth muscle
Caffeine Platelet
(Extracellular)
P, | afmATP Suramin Smooth muscle Nonselective
L-AMP-PCP ANAPP, cation channel
Desensitize with afmATP
P,y 2-methylthio-ATP Suramin Smooth muscle PI metabolism
ADP-B-F Reactive blue 2 tK* efflux

See text for more details. Compiled from the following sources: Dunwiddie, 1985; White, 1988; 1991; Stone, 1989;
Bumstock, 1991; Morgan, 1991; Reddington and Lee, 1991; Schwabe, 1991; Williams, 1991.
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A, receptor (Bruns et al, 1983; Smellie et al., 1979). Presently, 1,3-dipropyl-8-

cyclopentylxanthine (DPCPX) is the most potent and selective A, receptor antagonist (Lee
and Reddington, 1986; Bruns et al., 1987) whereas CGS 15943A, a triazoloquinazoline,
is the most selective A, receptor antagonist, showing approximately 10-fold preference
for A, vs. A, receptors (Williams et al, 1987; Williams and Jarvis, 1988).
Electrophysiological studies in the CA1 have demonstrated that the potency of adenosine's
ncuromodulatory effect correlates with the local receptor density (Lee et al., 1983). Using
the A, selective radioligands [’H]JCHA, [PH]JR-PIA and [’H]DPCPX, high concentrations
of the A, receptor have been localized to the molecular layer of the cerebellum, dendritic
zone of the hippocampus, medial geniculate and the superficial layers of the superior
colliculus. Moderate levels are found in the cerebellar granular layer, layers I, IV, V, and
VI of the neocortex, lateral septal nucleus, mammilary bodies, caudate putamen, dentate
gyrus molecular layer, nucleus accumbens and substantia nigra (Goodman and Snyder,
1982; Fastbom and Fredholm, 1990).

Activation of A, receptors leads to the inhibition of adenylate cyclase (Van Calker,
1979; Londos et al., 1980), the potentiation of a~dendrotoxin-sensitive K* efflux (Segal,
1982; Trussel and Jackson, 1985,1987;, Haas and Greene, 1988; Benishin, 1990), the
blockade of w-conotoxin-sensitive N-type Ca** channels (Madison et al., 1987; Gross
et al., 1989; Scott and Dolphin, 1989; Chernevskaya et al., 1991) and the inhibition or
potentiation of PI hydrolysis (Hollingworth et al., 1986; Alexander et al., 1989; El-Etr
et al,, 1989). Due to A, receptor sensitivity to GTP (Goodman et al., 1982; Snyder, 1985)

and the ADP-ribosylating pertussis toxin (Bohm et al., 1986; Trussel and Jackson, 1987;
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Fredholm et al., 1989; Gross et al., 1989; Scott and Dolphin, 1989; Stratton et al., 1989b),

the A, receptor is thought to be linked to one or more G-proteins (Fredholm and
Dunwiddie, 1988). The A, receptor may be associated with the G-, G,~ and/or G,-
proteins. These are the G—proteins linked to the inhibition of adenylate cyclase (Gilman,
1984), changes in ion conductances such as K' and Ca* (Dunlap et al., 1987), and
activation of phospholipase C mediated PI tumover (Bradford and Rubin, 1986),
respectively.

Considerable evidence supports both presynaptic (Fredholm and Dunwiddie, 1988,;
Fredholm et al., 1988) and postsynaptic (Trussel and Jackson, 1987) locations for the A,
receptor. The demonstration that adenosine inhibits 95% of hippocampal synaptic
responses but only 30% of responses to exogenously applied EAAs, suggests that the
predominant inhibitory mechanism for adenosine may be presynaptic (Proctor and
Dunwiddie, 1987). The presynaptic effects of adenosine are thought to be due to an
initial A, receptor-mediated increase in K* efflux rather than to a direct effect on Ca*
conductances (Michaelis et al., 1988).

The A, adenosine receptor is the one first identified as mediating the stimulatory
effect of adenosine on adenylate cyclase in intact tissue preparations, see
INTRODUCTION, section Lii.1. Adenosine stimulates high levels of adenylate cyclase
in membrane samples prepared from the striatum, nucleus accumbens, olfactory tubercle
and posterior cerebellar cortex with much lower activation recorded in the cerebral cortex,
hippocampus and hypothalamus (Premont et al., 1979). Similar distributions of the A,

receptor were reported with radioligand binding studies using the selective A, receptor
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agonist *H]NECA under conditions to block the A, component of NECA binding (Yeung

and Green, 1984; Bruns et al., 1986; Lee and Reddington, 1986). In contrast to
observations with broken cell preparations, adenosine stimulated adenylate cyclase with
in vitro slices shows high levels of activation in cerebral cortex, hippocampus, striatum
and cercbellum (Daly, 1975). The relative differences in the affinities for adenosine
analogues in cell-free vs. intact cell preparations have led to the suggestion that A,
receptors should be subdivided into the A,, and A,, subclasses for the adenosine receptors
mediating the stimulation of adenylate cyclase in striatal membranes vs. cerebral cortical
slices, respectively (Daly et al., 1983). Recent studies utilizing [PHJCGS 21680, a ligand
which appears to bind rather specifically to A,, sites, indicates that A,, receptors are
highly concentrated in the striatum, nucleus accumbens and olfactory tubercle (Jarvis and
Williams, 1989). A, receptors have been shown to be associated with both neuroglial
(Van Calker et al. 1979) and neuronal cell types (Premont et al., 1983; Wojcik and Neff,
1983; Alexander and Reddington, 1989; Brown et al., 1990).

In addition to A, receptor, there also appears to be another adenosine receptor
which mediates the inhibition of adenylate cyclase. This receptor is the "P" site, named
because of the requirement for the integrity of the intact purine moiety, and appears it to
be located intracellularly on the catalytic subunit of adenylate cyclase (Haslam et al.,
1978; Londos and Wolfe, 1977). This site is preferentially activated by 2',5'-
dideoxyadenosine and 3'-AMP whereas 2-methylthio-adenosine has been reported to be
a sclective antagonist (Londos, 1980; Bushfield and Johnson, 1990; Burnstock, 1991).

This "P" site is not susceptible to blockade by the methylxanthines and its physiological



TR e T LB g £ S ndsBed T R et BB s 5 BRSO e s S B R

)

G e BIRES B TEAYESITR 2ORSE B ol Tt R P Phorin Sl B e ulE S o ¥ ads b

significance is not known.

ATP receptors. The P, receptor subtype was subdivided into P, and P,y
subclasses based on the relative potencies of ATP analogues and selective antagonists
(Bumnstock and Kennedy, 1985). The P,x receptor is characterized with an agonist order
of potency of a,f-methylene ATP (apmATP) = BymATP > ATP = 2-methylthio-ATP,
whereas arylazidoaminoproprionyl-ATP (ANAPP,) is a selective antagonist and prolonged
exposure to apmATP selectively desensitizes this receptor (Kasakov and Burnstock,
1983). The P,y receptor agonist order of potency is 2-methylthio-ATP > ATP >
afmATP = BymATP, whereas reactive blue 2 is a selective antagonist over a limited
concentration range (Manzini et al., 1986; Burnstock and Warland, 1987; Stone, 1989;
Cusack and Hourani, 1991). Studies on smooth muscles have demonstrated that
adenosine 5'-fy-methylene-triphosphonate and its derivatives are selective P,y agonists
{Cusack et al., 1987), and adenosine- 5'-(2-fluorodiphosphate) (ADP-B-F) is a specific
P,y agonist (Hourani et al., 1988). Suramin, a commonly utilized P, receptor antagonist,
does not appear to select between the P, and P,, subclasses (Dunn and Blakeley, 1988).

Smooth muscle P,x—purinoceptors on the urinary bladder and vas deferens mediate
a constrictor response to ATP (Bumnstock and Kennedy, 1985). These effects appear to
be due to the direct opening of a ligand—gated non-selective cation channel resulting in
depolarization and subsequent opening of voltage sensitive Ca** channels (Benham and
Tsein, 1987; Nakazawa and Matsuki, 1987). P,,~purinoceptors on the other hand mediate
a relaxant response when ATP is applied to intestinal and portal vein smooth muscles

which appears to be associated with the selective opening of a K* channel (Bumstock,
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1991). P, -purinoceptors have also been shown to be coupled to phospholipase C and
to mediate the production of IP, and DAG and the subsequent mobilizaticn of intracellular
Ca® and protein kinase C activation, respectively (Charest et al., 1985; Pirotton et al.,
1990; Kastritsis et al., 1992). Recent evidence has also demonstrated that it is the Pyy—
purinoceptor-mediated release of nitric oxide which mediates the ATP induced
vasodilation described by DeMey and Vanhoutte (1981). Both P, and P,y subtypes also
activate cyclooxygenase and result in prostaglandin release (Stone, 1989). ATP has been
shown to be released from stimulated brain (Weiraszko et al., 1989) and P,—purinoceptor
responses have been described in the brain (Phillis and Wu, 1981; Neary et al., 1988;
Pearcc ct al, 1989; Wieraszko and Seyfried, 1989), although pharmacological
characterization of central P,—purinoceptors has not yet been clearly defined.

ATP has also been shown to induce a Ca**~dependent degranulation of mast cells
(Dalquist and Diamant, 1974) and ADP has been shown to induce the aggregation of
platelets (Haslam and Cusack, 1981). The mast cell P, receptor preferred agonist is the
tetrabasic acid ATP*" and the platelet receptor is uniquely activated by ADP rather than
ATP which functions as an antagonist at this receptor. Thus a further subclassification
of P, receptors has been proposed and these receptors have been termed the P, and P,;
purinoceptors for the mast cell and platelet purinoceptors, respectively (Gordon, 1986).
Furthermore, recent investigations of the purinergic activation of PI tumover and
subscquent intracellular Ca®* mobilization in Ehrlich tumor cells (Dubyak, 1986), cultured
rat aortic smooth muscle (Tawada et al., 1987), HL-60 cells (Dubyak et al., 1988) and

human neutrophils/monocytes (Cowen et al., 1989) support the possibility of a fifth P,—
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purinoceptor subtype, namely P,;. These studies demonstrated that although ADP is
several orders of magnitude less potent than ATP in its stimulation of Pl metabolism,
UTP, a non-adenine pyrimidine nucleotide triphosphate, is either equi-potent or more
potent than ATP. Further characterization of this P,—purinoceptor awaits the development

of selective anatagonists.

(iv)  Adenosine inactivation.

Adenosine is generally thought to be first taken up by neurones or neighbouring
cells before it is inactivated either by phosphorylation by adenosine kinase or deaminated
by adenosine deaminase (Fig. 4B).

Nucleoside transport. Re-uptake systems terminate the action of a variety of
neurctransmitters by removing them from the extracellular environment. Neurochemical
and neurophysiological studies have shown that re~uptake is also an important factor in
the termination of the action of adenosine (Geiger and Fyda, 1991). Adenosine uptake
is a facilitated diffusion process mediated by a nucleoside-specific carrier (Wu and
Phillis, 1984). Adenosine uptake is competitively inhibited by a wide variety of agents,
most potently though by dipyridamole (DPR) and p-nitrobenzyl-6-thioinosine (NBTI)
(Kiibler et al., 1970; Cass et al., 1974). DPR inhibits both high and low affinity
adenosine uptake, whereas NBTI-sensitive and ~insensitive components of adenosine
transport have been identified (Davies and Hambley, 1986; Marangos and Deckert, 1987,
Morgan and Marangos, 1987; Lee and Jarvis, 1988; Geiger et al., 1988). Plagemann and

Wohlhueter (1984) suggested that a single transporter molecule can exist in a NBTI-
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sensitive or —insensitive form depending on its orientation in the plasma membrane.
Interestingly, in some circumstances, DPR and NBT] have also been shown to block the
release of adenosine (Schiitz et al., 1981; Fredholm et al., 1983; Jonzon and Fredholm,
1985; Richardson and Brown, 1987; Sweeney et al., 1989a; White and MacDonald, 1990).
This bi-directionality of the nucleoside transporter indicates that adenusine per se may
be released by its reversal (Wohlhueter and Plagemann, 1982; Dunwiddie, 1985).
Adenosine kinase. Once taken up, adenosine may be phosphorylated by adenosine
kinase or deaminated by adenosine deaminase. Brain adenosine kinase has been
determined to have a cytosolic localization (Arch and Newsholme, 1978). In most
preparations, the K, values of adenosine kinase are one to two orders of magnitude lower
than those for adenosine deaminase (Arch and Newsholme, 1978), so that it is likely that
adenosine is phosphorylated at low adenosine concentrations whereas deamination may
be more important at higher adenosine concentrations, such as might occur during
ischecmia and hypoxia. Consistent with this, adenosine is converted primarily to
nucleotides in brain slices, synaptosomes and cultured neurons (Kuroda and Mcllwain,
1974; Barberis et al., 1981; Reddington and Pusch, 1983; Wolinsky and Patterson, 1985).
Recently Matz and Hertz (1989) reported differences between astrocytic and neuronal
adenosine metabolism. In astrocytes, the major metabolic route for adenosine was its
phosphorylation to nucleotides with little evidence of deamination. In neurons, however,
adenusine was incorporated less to ATP and deamination played a more significant role.
Adenosine deaminase. Adenosine deaminase catalyses the breakdown of adenosine

to inosine. Deoxycoformycin, an adenosine deaminase inhibitor has been shown to
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depress the spontaneous firing of cortical neurons (Philli and Edstrom, 1976) and
produces adenosine-like sedative and hypnotic effects in rats (Radulovacki et al., 1983)
and humans (Major et al.,, 1981), suggesting a role for adenosine deamination in the
inactivation of adenosine in the CNS. Although adenosine deaminase has been largely
considered to be a cytosolic enzyme, an extracellular location for adenosine deaminase
has been reported (Andy and Kornfeld, 1982; Hellewell and Pearson, 1983; Meghyji et al.,
1988). Furthermore, Franco et al. (1986) demonstrated adenosine deaminase activity to
be associated with membranes of rat brain during subfractionation studies. An ecto-
adenosine deaminase would allow for the direct inactivation of adenosine in the absence

of uptake.

II. GLUTAMATE-EVOKED ADENOSINE RELEASE

Initially, glutamate~evoked adenosine release was determined indirectly by
theophylline or adenosine deaminase sensitivity of glutamate mediated increases in cCAMP
in the CNS (Ferrendelli et al., 1974; Shimizu et al., 1974; Mah and Daly, 1976; Pons et
al., 1980). Direct giutamate~evoked adenosine release was detected, first using
radiolabelled purines both in vitro (Pull and McIlwain, 1975) and ir vivo (Jhamandas and
Dumbrille, 1980), and later, by detection of the release of endogenous adenosine from
cortical slices (Hoehn and White, 1989). Subsequently, glutamate-evoked adenosine
release was shown to be through the activation of NMDA, kainate and quisqualate
subtypes of EAA receptors (Jhamandas and Dumbrille, 1980; Hochn and White, 1990a,b).

Glutamate-evoked adenosine release from slices was not decreased by inhibition of ecto-
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5'-nucleotidase and thus appeared to be due to the release of adenosine per se rather than
the release of a nucleotide (Pons et al.,, 1980; Hoehn and White, 1990a). However in
synaptosomes, glutamate uptake rather than EAA receptor activation was demonstrated
to release an unidentified nucleotide which was degraded extracellularly to adenosine
(Hochn and White, 1990c). Glutamate-evoked adenosine release in the CNS has been
found to be either partly (Ferrendelli et al., 1974; Jhamandas and Dumbrille, 1980) or not
Ca**-dependent (Shimizu et al., 1974; Hoehn and White, 1990a).

Subsequent studies compared NMDA -evoked adenosine release to NMDA-evoked
release of the classical neurotransmitter noradrenaline from cortical slices. NMDA-
evoked [*H]noradrenaline release was demonstrated to be virtually abolished whereas
adenosine release was only slightly decreased by the voltage-sensitive Na* channel
blocker, tetrodotoxin (TTX; Hoehn et al., 1990). These results suggested that
noradrenaline release absolutely required the generation of propagated action potentials
and suggested that the NMDA receptors which mediate noradrenaline release from the
cortex are not located immediately on noradrenergic varicosities. In contrast, the relative
TTX-insensitivity of NMDA-evoked adenosine release suggests that its release is not
primarily mediated through neuronal circuits and that its cellular site of origin is localized
relatively close to the NMDA receptors which mediate its release.

Mg? is a non-competitive NMDA antagonist which voltage-dependently binds
to a site within the NMDA channel. Physiological concentrations of Mg?* were found to
inhibit adenosine release at only low (10-20 uM) NMDA concentrations whereas it

virtually abolished [*H]noradrenaline release at all NMDA concentrations (Hoehn et al.,
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1990). This lack of inhibition of NMDA-evoked adenosine release by Mg?* at higher

NMDA concentrations was suggested to be due to the existence of spare NMDA receptors
for NMDA-evoked adenosine release. Thus, 1.2 mM Mg antagonized some but not all
of the NMDA receptors available for the release of adenosine from superfused cortical
slices, and only very few of the available NMDA receptors needed to be activated in
order to induce maximal adenosine release. Consistent with the spare receptor theory was
the observation that NMDA was 33 times more potent at releasing adenosine than
noradrenaline (Hoehn et al., 1990). Thus the adenosine release evoked by NMDA is
unlikely to function as an endogenous protectant against excessive NMDA receptor
stimulation (Dragunow and Faull, 1988) because maximal adenosine release occurs at low
rather than high NMDA concentrations. Instead, this released adenosine was suggested
to provide an inhibitory threshold which may have to be overcome in order for NMDA

mediated neurotransmission to proceed maximally (Hoehn et al., 1990).

IV. RESEARCH PROPOSALS

(i) Do other non-competitive antagonists confirm the existence of spare NMDA
receptors for cortical adenosine release?

Previous work with Mg** suggested that spare NMDA receptors exist for NMDA-
evoked adenosine release (Hoehn et al., 1990). The first objective of the present study
was to determine whether or not other non-competitive NMDA receptor antagonists

supported the spare receptor hypothesis. The possibility that differential endogenous

K
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glycine concentrations within the slice provide spare receptors for NMDA-evoked

adenosine, but not noradrenaline, release was also addressed.

(i) Does adenosine, released during NMDA receptor activation, provide amn
inhibitory threshold against further NMDA mediated neurotransmission?

The observation that NMDA was 33 timies more potent at releasing adenosine than
noradrenaline and that maximal adenosine release occurred at NMDA concentrations that
cvoked little noradrenaline release suggested that this released adenosine might provide
an inhibitory threshold which must be overcome in order for NMDA mediated
neurotransmission to proceed maximally. The second objective of this study was to
determine a possible function for the adenosine released during NMDA receptor

activation.

(iii) What is the nature of the purine released by specific EAA receptor
activation?

Previous studies determincd that glutamate released adenosine per se rather than
a nucleotide (Pons et al.,, 1980; Hochn and White, 1990a). The third objective in this
study was to characterize the nature of the purine released by the specific EAA agonisis
NMDA, kainate and AMPA. The role of the nucleoside transporter and the Ca®-

dependency of EAA-evoked adenosine release would also be assessed.
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(iv) Is NMDA-evoked adenosine release triggered by an intracellular second
messenger?

NMDA receptor activation has been shown to stimulate the production of, and
NMDA mediated responses have been shown to be dependent upon, a variety of second
messengers including Ca* influx, nitric oxide (NO) production, protein kinase activation,
arachidonic acid release and intracellular Ca®** mobilization. The final objective in this
study was to determine the possible second messenger mechanisms underlying NMDA-
evoked adenosine release based on the second messengers which have been reported to

be linked to NMDA receptor activation.



| 8 ANIMALS

Male Sprague-Duwley rats weighing 225-250 g were obtained from Charles River
Canada Ltd., St. Constant, Quebec, Canada. They were housed in groups of 2-3 per cage
and maintained on a 12 hour light/12 hour dark cycle at 22+1°C in the Animal Care
Facility of the Sir Charles Tupper Medical Building, Dalhousie University. Rats were

housed for a minimum of 5 days prior to use and were fed standard rat chow and tap

water ad lib.

II. DRUGS AND CHEMICALS

Adenosine, albumin (bovine, fraction V), 5'AMP, ATP (disodium), a,f-methylene
ADP (sodium, afmADP), cyclic AMP (sodium), L-arginine, 4-bromophenacyl bromide
(BPB), caffeine, dantrolene, dihydrokainic acid (DHK), dipyridamole (DPR), L~glutamic
acid, glycine, GMP (disodium), HEPES, indomethacin, 3-isobutyl-1-methylxanthine
(IBMX), kainic acid, crystalline D~luciferin, firefly lantern extract (FLE-50), mepacrine,
p-nitrobenzyl-6~-thioinosine (NBTI), N®-nitro-L-arginine, N-methyl-D-aspartate
(NMDA), 1-uctanesulfonic acid (sodium), probenecid, strychnine hydrochloride and
veratridine were purchased from Sigma Chemical Co. (St Louis, MO, US.A).
Chloroacetaldehyde and 8-phenyltheophylline (8PT) were purchased from Aldrich
Chemical Co. (Milwaukee, WI, U.S.A.), 7-chlorokynurenic acid (7-Cl-KA) and (RS)-a.-
amino-3-hydroxy—-5-methyl-4-isoxazolepropionic acid (AMPA) from Tocris Neuramin

(Essex, U.K.), and quazinone and 8-methoxymethyl-IBMX from Biomol Research Lab

66
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Inc. (Plymouth Mtg., PA, U.S.A.). Calmidazolium chloride, W~7 hydrochloride, R(-)N®-

(2-phenylisopropyl)adenosine (R-PIA)and(5R,10S5)~(+)-5-methyl-10,11-dihydro-SH-
dibenzo[a,d]cyclohepten-5,10-imine hydrogen maleate (MK-801) were purchased from
Research Biochemicals Inc. (Natick, MA, U.S.A.), and L-noradrenaline [7-°H), Protosol,
Aquasol-2 and Econofluor from DuPont-NEN Canada Inc. (Markham, Ont.). Rolipram
was purchased from Schering Aktiengesellschaft (Berlin, Bergkamen), forskolin (Coleus
Jorskohlii) from Calbiochem® Behring Diagnostics (La Jolla, CA, U.S.A.) and sodium
nitroprusside from Hoffman-La Roche (Etobicoke, Ont.). Cilostamide was the kind gift
of Dr. Hidaka (Nagoya, Japan). All other chemicals were supplied by British Drug
Houses (Dartmouth, Nova Scotia). These drugs included NaCl, KCl, MgCl,, CaCl,,
NaHCO,, NaH,PO,, NaOH, HCl, ZnSO,, Ba(OH),, acetic acid (glacial), acetonitrile, Folin

and Ciocalteu reagents, glucose, potassium sodium tartrate, sodium acetate and sucrose.

III. PREPARATION OF SOLUTIONS

All solutions were prepared in water which was glass distilled and then
subsequently de-ionized by a Millipore filtering system. Unless otherwisc stated drugs
used during these studies dissolved freely in Krebs-Henseleit medium. BPB, dantrolene,
indomethacin, 8-methoxymethyl-IBMX, rolipram, forskolin, MK~801, cilostamide and
NBTI were initially dissolved in 100% ethanol and then diluted 300 to 1000-fold with
Krebs-Henseleit medium. Calmidazolium was initially dissolved in dimethy! sulfoxide
(DMSO0) which was diluted vol/vol with Krebs-Henseleit medium to a final conzentration

of 0.01% DMSO. 8-Phenyltheophylline was initially dissolved in 4:1 methanol/1 M
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NaOH and then diluted 1000-fold with Krebs-Henseleit medium containing equii_olar
HCI to maintain a pH of 7.4. Dipyridamole was initially dissolved in 0.01 M HCI and
then diluted 300-fold with Krebs-Henseleit medium containing equimolar NaOH. 7-
Chlorokynurenic acid and probenecid were initially dissolved in 0.125 M NaOH and then
diluted 300-fold with Krebs—-Henseleit medium containing equimolar HCl. In
experiments with drugs dissolved in solvents other than Krebs-Henseleit medium, control

tissues werc always exposed to identical concentrations of appropriate solvents.
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METHODS

L SUPERFUSED PARIETAL CORTEX SLICES

@ Preparation of slices.

Rats were decapitated and their brains rapidly excised into ice cold Krebs—
Henseleit bicarbonate medium containing (mM): 111 NaCl, 26.2 NaHCO,, 4.7 KCl, 1.2
NaH,PO,, 1.8 CaCl,, 1.2 MgCl, and 11 glucose gassed with 95% 0,/5% CO, to maintain
a pH of 7.4. An ethanol-cleaned razor blade was used to initially dissect the whole brain
essentially as described previously (Hoehn and White, 1990a). Using the method
described by Glowinski and Iversen (1966), the brain was divided into three transverse
sections cutting just below the optic chiasma and slightly above the mamillary bodies
(Fig. 5A). The lower section of the middle transverse section (Fig. SA, shaded region)
was removed with a horizontal cut at the level of the rhinal fissure, and the right and left
hemispheres were then separated at the longitudinal fissure (Fig. SB). The outer 1-1.5
mm portion of parietal cortex (Fig. 5B, shaded region) was isolated from both
hemispheres at the level of the lateral ventricle using a recessed tissue slicer and 0.4 mm
coronal slices were prepared with a Mcllwain tissue chopper. Adjacent slices were placed
alternately into two tissue baths so that each bath contained six slices (three from both
the left and right hemispheres of the brain). This procedure permitted the use of paired

statistical analyses of the data obtained from the two concurrently run tissue baths.

69



70

FIGURE 5. Dissection of rat brain. The parietal cortex was isolated from whole rat
brains essentially according to the method described by Glowinski and Iversen (1966)
with modifications (Hoehn and White, 1950a). Dashed lines indicate planes of dissection
in numerical order. A. The cerebrum was divided into three transverse sections using the
optic chiasma (1) and mamillary bodies (2) as guides. B. The middle transverse section
(A, shaded region) was further dissected at the level of the rhinal fissure (3) and the left
and right hemispheres were then separated at the longitudinal fissure (4). The parietal
cortex (B, shaded region) was isolated from both hemispberes by use of a recessed tissue

slicer at the level of the corpus collosum and lateral ventricle.
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(ii)  Superfusion baths design.

The tissue baths were prepared by modification of those described by Marien et
al. (1983) and were identical to those described by Hoehn and White (1990a). The baths
were constructed from modified 3 ml plastic syringes (Fig. 6). The internal environment
of each tissue bath was contained by two rubber syringe plungers which had had their tip
surfaces levelled, and the interval volumes were adjusted to 0.5 ml by plunger movement.
16-Gauge size needles, from which both the sharp tips and plastic ends had been
removed and these ends smoothed by filing, were used to puncture through the centre of
the rubber plungers. Tygon® tubing (wall diameter of 1/32 in.; internal diameter of 1/32
in. for the inlet and 3/32 in. for the outlet tubing, Fischer Scientific Company, Pittsbuig,
PA, U.S.A.) was attached to these needles thereby making up the superfusion fluid inlet
and outlet lines. The needles and tubing were sealed and secured to the rubber plungers
with Tube and Tile Silicon Sealant (Canadian Tire Corp. Ltd., Toronto, Ont.). Slices
were placed on nylon screens (plain square 425 pm, B&S.H. Thompson Co. Ltd., St.
Laurent, Que.) so as to completely cover their surfaces. These screens were supported
2 mm above the bottom surface of the tissue baths by cylindrical platforms constructed
from 1 ml plastic Finnpipette® syringe tips (Fischer Scientific Company, Pittsburg, PA,
US.A)). Tissue baths were immersed in a 36°C circulating water bath and superfused
using a Minipulse 2 peristaltic pump. The pump utilized PVC Manifold Tubing (Gilson
Medical Electronics Inc., Middleton, WI, U.S.A.) with an internal diameter of 0.76 mm
and was joined to superfusion tubing using 16-gauge needles prepared as described

above. Three-way stopcock permitted switching between different superfusion solutions.
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FIGURE 6. Tissue bath design. For each experiment, parietal cortex slices were
placed into two tissue baths so as to completely cover nylon screens (425 pm mesh)
supported on 2 mm platforms. Intemnal bath volumes were adjusted to 0.5 ml by
movement of the top rubber plunger. Slices were immersed in a 36°C circulating water
bath and superfused from top to bottom at a flow rate of 0.75 ml/min (sce text for further

details).

. e
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@iii) Superfusion parameters.

Slices were superfused from top to bottom at a flow rate of 0.75 ml/min with
36°C Krebs-Henseleit bicarbonate medium, gassed with 95% 0,/5% CO,. Two baths
were always run in parallel and were assigned in alternate experiments as either "control"
or "test" treatments. After an initial 65 min equilibration period, 10 serial 2.5 min
fractions were collected manually into glass test tubes. Three initial fractions were
collected to determine basal levels of release, after which the superfusing medium was
switched for 10 min to medium containing a releasing agent, and then switched back to
Krebs-Henseleit medium for the final three fractions. Releasing agent superfusion was
initiated 1 min 50 sec prior to collecting the fourth fraction, and terminated 1 min and
50 sec prior to collecting the eighth fraction, to account for the approximate 1.4 ml void
volume between the stopcock and the end of the outlet tubing. Test drugs were
introduced into the superfusing medium 10 min prior to the collection of the first fraction
and continued until the end of the experiment. In some experiments, slices were
superfused with Krebs—Henseleit medium from which MgCl, or CaCl, had been omitted
with no substitution. All superfusing solutions were maintained at 36°C and were
continually gassed with 95% 0,/5% CO, to ensure adequate oxygenation of the tissues
and to maintain the Krebs-Henseleit bicarbonate medium at a pH of 7.4.

The superfusion protocol was modified for those experiments in which both
adenosine and [*H]noradrenaline releases were to be determined. Slices were initially

superfused for 5 min (to warm slices from 4°C to 36°C) and then labelled with

[*H]noradrenaline by superfusion with Krebs-Henseleit medium containing freshly
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prepared 10”7 M L-[*H]noradrenaline (specific activity 13.8 Ci/mmol) for 10 min.

Superfusing medium was then switched back to Krebs—Henseleit medium and superfused
as above for the 65 min equilibration period prior to fraction collection.

After collection of all fractions, the slices were carefully removed from the tissue
baths for determination of wet tissuc weight (approximately 70-80 mg) and then, if
applicable, solubilized in 0.7 ml of Protosol and 0.1 ml water to determine tissue

[*H]noradrenaline content.

(iv)  Determination of adenosine release.

The adenosine content in the superfusion fractions was determined by modification
of the method of Wojcik and Neff (1982) essentially as described previously by
MacDonald and White (1985) and Hoehn and White (1990a). Immediately following
collection, aliquots of fractions (0.5 ml) were deproteinated by addition of 250 ul of
0.15 M ZnSO, and 250 pl of 0.15 M Ba(OH),, mixing and centrifuging at 11,600 g for
4 min in a benchtop microfuge (Beckman Microfuge II microcentrifuge). The
supernatants (750 pl) were carefully removed and added to 90 pl of 4.5%
chloroacetaldehyde in glass test tubes which were then tightly sealed with aluminum foil
and placed in a boiling water bath for 20 min to form the etheno-derivative of adenosine
(1-N®-etheno—-adenosine). Samples were allowed to cool to room temperature and then
stored overnight in the refrigerator prior to assay (stable for >1 week, Wojcik and Neff,
1983; personal observations). Adenosinc standards were prepared from stock solutions

prepared in water and stored at -15°C. These were thawed daily and diluted with
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appropriate Krebs~Henseleit drug(s)-containing media. Standards were processed
simultaneously and identically ‘> the superfusate fractions. To improve the detection
sensitivity for adenosine, samples and standards were concentrated by evaporation to
dryness under N, in a 40°C water bath (N-Evap, Organomatics Ass. Inc., South Berlin,
MA, U.S.A)) and reconstituted with 120 ul of water.

Detection and quantitation of adenosine was performed by high performance liquid
chromatography (HPLC) with fluorescence detection. Aliquots (100 ul) of derivatized,
evaporated and reconstituted samples were injected (Waters model U6K injector) into a
Waters model 501 pump solvent delivery system attached to a Waters 4 um C,; reverse-
phase radial-packed cartridge (Nova-Pak C,5, S mm I.D.) contained in a compressible
Radial-Pak RCM 8x10 cartridge holder (Waters model 80100). The mobile phase
consisted of 50 mM acetate buffer (pH 4.5), 2.2 mM 1-octanesulfonic acid‘ and 18%
acetonitrile which was run at a flow rate of 0.7 ml/min. The etheno—adenosine peaks
were detected with a fluorescence detector (Waters model 420 AC with excitation at a
wavelength of 280 nm and a long pass emission filter at 399 nm) and were quantitated
by direct comparison of peak heights to those of known concentrations of adenosine
standards. Standards exhibited a strict linear relationship with respect to the concentration
of adenosine to a maximum of 250 pmol per 100 ul. Adenosine retention time was
approximately 3 min and detection sensitivity was 1-2 pmol per 100 pl injection.

Adenosine release for each fraction was expressed as pmol per g cortex per min,
to give the rate of release. "Evoked aCenosine release” (above basal) was obtained by

subtracting the rate of release for the sample immediately preceding exposure to releasing
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agent from all other samples. "Total evoked adenosine release” was the cumulative
amount of the evoked adenosine release for the entire 17.5 min period following initiation
of releasing agent and was expressed as nmol per g cortex.

Initial experimems with the ecto-5'-nucleotidase inhibitors, afmADP and GMP,
and the strychnine-insensitive glycine site antagonist, 7-chlorokynurenic acid, determined
that these drugs produced extra chromatographic peaks which interfered with the detection
of adenosine. For the eco-5'-nucleoticase inhibitors, inclusion of a second 250 ul : 250
ul ZnSO,/Ba(CH), deproteination step on 800 ul from the first deproteination greatly
diminished these peaks, indicating that the initial deprotzination incompletcly precipitated
oSmADP and GMY (Hoehn and White, 1990a). In these experiments 1 mi of supernatant
from the second deproteination was added to 125 pl of 4.5% chloroacetaldehyde for
derivatization, evaporation and reconstitution in the same 120 pl volume. In those
experiments with 7-chlorokynurenic acid, increasing the retention time for etheno-
adenosine from 3 min to 5 min (by decreasing the acetonitrile component of the HPLC
mobile phase from 18% to 13% and decreasing the flow rate to 0.6 ml/min) permittcd
the detection of the etheno-adenosine in the absence of any interference by 7-
chlorokynurenate.

The presence of NBTI, DPR, R-PIA and GMP, each resulted in a small but
constant increase in the adenosine peak heights on the HPLC. Adenosine standards were
therefore prepared in the presence and absence of each of these compounds to account

for this increment.
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(v) Determination of ['H]noradrenaline release.

[’H]Noradrenaline release and tissue contents were determined by scintillation
spectrophotometry as described previously (Hoehn and White 1990a). Aliquots of
superfusate fractions (1 ml) were placed in 15 ml capacity plastic scintillation vials.
Aquasol-2 scintillation fluid (10 mls) was added and the dpms of the released
[*H]nworadrenaline were determined with a Beckman Model LS5801 scintillation counter.
It had been reported previously that greater than 95% of the radioactivity recovered in
similar superfusate fractions co-elutes with noradrenaline as determined by HPLC
(Jonzon and Fredholm, 198S; Daniell and Leslie, 1986). Econofluor (14 mls) was added
to the Protosol solubilized tissue slices to determine tissue [’H]noradrenaline content (see
METHODS, section Liii). [*H]Noradrenaline release was standardized as the percentage
of the total [’H] tissue content at the beginning of the fraction collection period and was
expressed as percentage of content per min, to give the rate of release. "Evoked
[*H]noradrenaline release” (above basal) was obtained by subtracting the rate of release
for the sample immediately preceding exposure to NMDA from all other samples. "Total
evoked [*H]noradrenaline release” was determined as the cumulative amount of the
evoked [*H]noradrenaline release for the entire 17.5 min period following initiation of

NMDA and was expressed as percentage of content.

(vi)  Determination of ATP release.
Superfusate fraction ATP contents were measured by modification of the method

described by White (1977, 1978). ATP was detected by monitoring the light generated
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by the ATP-luciferin-luciferase reaction. Immediately following collecticn of each
fraction, an aliquot (500 pl) was placed into a 6x50 mm cylindrical cuvette in an Aminco
"Chem Glow" chemiluminometer attached to a photomultiplicr photometer. Freshly
prepared fortified luciferin-luciferase enzyme mixture (100 ul) was injected directly into
each superfusate aliquot by means of a 5 ml gastight syringe mounted on the
chemiluminometer (Hamilton Co., Reno, Nev., US.A.). This enzyme mixture contained
eqal volumes of D-luciferin (5 mg/ml in water) and crude firefly extract (50 mg of
FLE-50 in 4 ml of water). With D-luciferin provided in excess, the amount of light
produced is proportional to the corcentration of ATP in the sample and can be measured
using a photomultiplier tube and recorded with a pen recorder. The ATP concentration
of the fractions was determined by direct comparison to the maximum peak heights
produced by known concentrations of standard ATP solutions. Stock ATP solutions were
made up in water, storer' at —15°C, thawed daily and diluted appropriately with Krebs-
Henseleit medium. This assay has been shown to be specific for ATP and the maximum
peak height to be linearly related to ATP concentration (White, 1978). The minimum
sensitivity for the detection of ATP in these experiments was determined to be 160-150

pM.

(vii) Determination of CAMP release.
Slices were superfused and samples were collected as described above. Twe
0.5 ml aliquots of each fraction were similarly deproteinated and derivatized with

chloroacetaldehyde. One sample was assayed for adenosine as described above; the
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second sample was assayed for cAMP by HPLC with modified elution parameters. For
cAMP determination, the HPLC mobile phase was modified to increase the retention time
for the etheno-cAMP from 1.7 min to 3 min (by decreasing the acetonitrile component
of the HPLC mobile phase to 13% and decreasing the flow rate to 0.6 ml/min). This
permitied the detection of the etheno-¢cAMP without interference from the two peaks
which precede the etheno—adenosine and which are inherent to all concentrated and

reconstituted samples.

(viii) Statistical Analysis.
The total evoked releases from two concurrently run "control” and "test" tissue
baths were analyzed for difference by Student's ¢ test for paired, one- or two-tailed data

(p<0.05).

II.  PARIETAL CORTEX SYNAPTOSOMES

@) Preparation of synaptosomes.

For each experiment, two rats were decapitated and their brains were repidly
removed into ice cold .32 M sucrose buffered to pH 7.4 with 5 mM HEPES. Parietal
cortices were isolated as described in METHODS, section Li and depicted in Fig. 5.
Crude synaptosomal (P,) fractions were prepared according to the method of Gray and
Whittaker (1962), essentially as described previously by MacDonald and White (1985)

and as outlined in Fig. 7. Cortices were homogenized in 6.5 m! of ice cold HEPES-
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buffered sucrose with a glass-tction homogenizer (15 strokes at 800 rpm, clearance =
0.25 mm). The homogenate was centrifuged at 1000 g for 10 min in a SS-34 rotor with
a Sorvall RC2-B centrifuge at 4°C. The supernatant (S,) was decanted and the remaining
loose pellet (P,) containing cell debris and nucle: vras discarded. The S, supernatant was
diluted to 40 ml with ice cold HEFES-buffered sucrose and centrifuged at 12000 g for
20 min at 4°C. The resulting pellet (P,) was resuspended with 40 ml ice cold Mg**~free
Krebs-Henseleit medium gassed with 95% 0,/5% CO, to maintain a pH of 7.4. This
suspension was centrifuged at 20000 g for 30 min at 4°C to recover the washed P, pellct
containing synaptosomes, as well as contaminants such as myelin, microsomes and
mitochondria. This final P, pellet was resuspended in 5 ml Mg?-free Krebs—Henseleit
medium and pre-incubated for 30 min at 37°C to equilibrate the synaptosomal preparation
before use in release experiments. During the 30 min incubaticn synaptosomes were
periodically (every 5-8 min) gassed with 95% 0,/5% CO, to maintain a pH of 7.4 and

to ensure adequate mixing.

(ii) Release of endogenous adenosine.

Immediately following pre-incubation, P, synaptosomes were centrifuged at the
top speed of a bench top centrifuge for 15 min at room temperature. The pellet was
resuspended in 7.5 ml of Mg?~free Krebs—Henseleit medium to give a final concentration
of 2 to 3 mg of protein per ml. Aliquots of this suspension (350 ul) were added to
15 pl volumes of releasing drugs to be tested in plastic microfuge tubes (1.5 ml capacity,

Eppendorf®). Tube contents were gently mixed by inverting and incubated at 37°C for
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FIGURE 7. Synaptosomal preparation schematic. Synaptosomes were prepared
according to the method of Gray and Whittaker (1962), essentially as described by

MacDonald and White (1985).
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10 min. Control tubes, containing only synaptosomes and medium, were also incubated
for 10 min to determine the basal adenosine rclease in the absence of drugs. The
incubations were terminated by centrifugation at 11600 » for 4 min in a Beckman
Microfuge II beach top microfuge. Aliquots (250 pl) of the resulting supernatants were
carefully removed for assay of extrasynaptosomal adenosine concentrations.

Adenosine was assayed as described in METHODS, section Liv with some
modification. Samples (250 pl) were deproteinated by addition of 125 pl of 0.15 M
ZnS0O, and 125 pl of 0.15 M Ba(OH),, mixed and centrifuged. Aliquots (425 pul) of
deproteinated supernatant were derivatized with 75 ul of 4.5% chloroacetaldehyde in
plastic microfuge tubes (1.5 ml capacity). Aliquots (100 pl) of unconcentrated sample
were assayed for adenosine content by HPLC with fluorescence detection, as described
above. Adenosine release was expressed as pmoles per mg protein per 10 min. "Evoked
adenosine release” (above basal) was calculated by subtracting the basal,
extrasynaptosomal adenosine accumulation in the absence of drugs from the total

adenosine release following exposure to drugs.

(iii) Release of ["H]noradrenaline.

For deteimination of [*H]noradrenaline release from synaptosomes, final P, pellets
(METHODS, section II.i) were resuspended and pre-incubated for 30 min at 37°C in 7.5
ml of Mg*-free Krebs—Henseleit medium containing freshly prepared 107 M L-
[*H]noradrenaline (specific activity 13.8 Ci/mmol). Labelled synaptosomes were

centrifuged at top speed in a bench top centrifuge for 15 min at room tempcrature, and



36
washed by resuspending in Mg**~frce Krebs—Henseleit medium and immediately
recentrifuging for another 15 min. Adenosine and [‘H]noradrenaline release were
monitored simultaneously from the same synaptosomal preparations using the release
protocols described in METHODS, section ILii. For [’H]noradrenaliue d:terminations,
250 upl aliquots of the extrasynaptosomal supernatants were placed in 15 ml capacity
plastic scintiliation vials, to which 10 ml of Aquasol-2 scintillation fluid were added.
Total [*H]noradrenaline content in a 350 .. aliquot of the synaptosomal preparation was
also determined. Disintegrations per minute (dpm) of [*H]noradrenaline were determined
as described in METHODS, section Lv. [*H]Noradrenaline release was expressed as the
percent of total [*H]noradrenaline conteni of the synaptosomal preparation per 10 min.
"Evoked [*H]noradrenaline release” (above basal) was calculated by subtracting the basal,
extrasynaptosomal [*H]noradrenaline accumulation in the absence of drugs from the total

[*H]noradrenaline release following exposure to drugs.

(iv) Determination of the metabolism of purine standards.

Synaptosomes were prepared and processed as for the determination of adenosine
release described above with the following modifications: Aliquots of synaptosomes
(350 ul) were added to 15 ul of the purine standards adenosine, 5’AMP, cAMP and ATP
which were present in a final concentration of 4.55 puM. Synaptosomes werc incubated
for 10 min at 37°C and then deproteinated and derivatized as described above.
Derivatized samples were assayed for both adenosine and cAMP simultancously by HPLC

as described abuve. The cAMP and adenosine eluted with retention times of 1.7 min and
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3 min respectively. There were no interfering peaks as encountered in the determination
of cAMP for slice superfusate samples. Thus, the HPLC mobile phase did not need to

be modified for cAMP determination.

(v)  Protein determinatioi.

Synaptosomal suspension (stored at -15°C and thawed for assay) protein
-conccntrations were determined according to the method of Hartree (1972), which
represents a modification of the Lowry metliod. This method yields a linear standard
curve when absorbance was read at a wavelength of 680 nm using a Beckman
spectrophotometer. Synaptosomal suspension protein concentration was calculated by

comparison to albumin (bovine, Sigma fraction V) standard curves.

(vi)  Statistical Analysis.

The cvoked releases for treatments within the same synaptosomal preparation were
analyzed for differences by the Randomized Block Analysis of Variance (ANOVA)
followed by Student-Newman-Keuls (SNK) post hoc analysis for paired, two-tailed data

(p<0.05).
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L DIFFERENTIAL EFFECTS OF MK-801 ON NMDA-EVOKED RELEASE
OF ADENOSINE AND PH]INORADRENALINE FROM RAT CORTICAL SLICES

Previous studies in our laboratory suggesied that spare NMDA receptors may cxist
for NMDA~evoked adenosine release but not for NMDA-evoked [*H]noradrenaline
release in so far as the noncompetitive Mg® blockade of NMDA-evoked adenosine but
net noradrenaline release was overcome with higher concentrations of NMDA. To
confirm this hypothesis, the effects of another noncompetitive NMDA antagonist, MK-
801, on NMDA-evoked responses were determined. MK-801 binds to a separate site
from Mg?* within the NMDA ioncphore to noncompetitively block channel conductances
(INTRODUCTION, section lLii.1). Previous studies showed that a relatively high
concentration of MK-801 (3 uM) completely blocked 500 uM NMDA-evoked adenosine
and [*H]noradrenaline release (Hoehn et al., 1990). If the sparc receptor hypothesis for
NMDA-evoked adenosine release is correct then a lower concentration of MK-801
should differentiate between NMDA-evoked adenosine and [*H]noradrenaline relcase.
MK-801 at a 10-fold lower concentration (0.3 pM) inhibited NMDA-cvoked
[*H]noradrenaline release hy 66% withoui affecting NMDA-~evoked release of adenosine
(Fig. 8). This lower concentration of MK-801 apparently antagonized some¢ NMDA
receptors, enough to significantly compromise NMDA~evoked release of noradrenaline
but not enough to have any effect on adenosine release. Thus not all of the available

NMDA receptors for NMDA-evoked adenosine release must be activated in order to
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FIGURE 8. The cifect of MK-801 on NMDA-evoked release of (A)
HInoradrenaline (NA) and (B) adenosine (ADN) from the same slices. NMDA (500
uM) was present from 0 to 10 min. MK-80! (0.3 uM) was present from 20 min pr »
to NMDA exposure until the end of the experiment. Mg>* was absent throughout. Values
are the means = S.E. from 7 experiments. Inset: Histograms represent the toial amount
ot {*H]noradrenaline or adenosine released. ‘Significantly different from control (p<0.05,

paired ¢ test).
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induce maximal adenosine release. These results strongly support the possibility that
sparc NMDA receptors may exist for NMDA-evoked adenosine release but not for

NMDA-evoked [*H]noradrenaline release.

IL. GLYCINERGIC MODULATION OF NMDA-EVOKED RELEASE OF

ADENOSINE AND PHINORADRENALINE FROM RAT CORTICAL SLICES

({] Effect of 7-chlorokynurenic acid on NMDA-evoked rvelease of
H]noradrenaline and adenosine from cortical slices.

NMDA receptor activation requires dual stimulation of both the agonist
NMDA/glutamate binding site and the co-agonist, strychnine-insensitive glycine binding
site (INTRODUCTION, section Lii.1 and Fig. 2). To determine whether the NMDA
receptors which mediate adenosine and [*H]noradrenaline release from superfused cortical
slices were activated by endogenous glycine, the effect of the specific competitive
strychnine-insensitive glycine site antagonist, 7-chlorokynurenic acid (Kemp et al., 1988),
on rclease was defermined. NMDA (300 pM) released both adenosine and
[’H]noradrenaline from superfused rat cortical slices (Fig. 9), confirming previous findings
(Hoehn and White, 1990b; Hoehn et al., 1990). Strychnine (10 uM) was included in
these experiments to block the strychnine-sensitive Cl™—conducting inhibitory glycine
rcceptor (Betz and Becker, 1988; Taylor et al., 1988). Strychnine alone had no effect on
cither basal or NMDA-evoked release of adenosine and [*H]noradrenaline. 7-

Chlorokynurenic acid (100 uM), had no effect on basal adenosine and
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FIGURE 9. The effect of 7-chlorokynurenic acid (7-Cl-KA) on NMDA-evoked
release of (A) PH]noradrenaline (NA) and (B) adenosine (ADN) from the same slices.
NMDA (300 uM) was present from 0 to 10 min. 7-CI-KA (100 uM) was present from
10 min prior to NMDA exposure until the end of the experiment. Mg* was abscnt and
strychnine (10 uM) was present throughout. Values are the means = S.E. from 4
experiments. Inset: Histograms represent the total amount of [*H]noradrenaline or

adenosine released. *Significantly different from control (p<0.05, paired ¢ test).
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[*H]noradrenaline release, but it decreased 300 pM NMDA-evoked release of
[’Hlnoradrenaline by 90% and adenosine by 40% (Fig. 9). These inhibitory effects of
7-chlorokynurenic acid were reversed when 100 pM glycine was added to the superfusing
medium (Fig. 10). The above findings indicate that endogenous glycine does tonically
modulate those NMDA receptors which mediate both [*H]noradrenaline and adenosinc

release from cortical slices.

(ii) Effect of 7-chlorokynurenic acid on the concentration-response curves for
NMDA-evoked adenosine and [*H]noradrenaline release from cortical slices.
Because 7-chlorokynurenic acid acts as a competitive antagonist at the glycine
co—agonist site on the NMDA receptor, it should act as a noncompetitive antagonist
against receptor activation by NMDA. To study the nature of 7-chlorokynurenic acid
antagonism, its effects on the concentration-response curves for NMDA-evoked
[*H]noradrenaline and adenosine release were determined (Fig. 11). 7-Chlorokynurenic
acid (100 uM) completely antagonized the release of [*H]noradrenaline evoked by
concentrations of NMDA ranging from 0.1-3.0 mM (Fig. 11A). In contrast, 100 pM 7-
chlorokynurenic acid significantly decreased the release of adenosine evoked by 0.1 mM
and 0.3 mM NMDA, but this antagonism was overcome by higher concentrations (0.5 and
3 mM) of NMDA (Fig. 11B). These results are strikingly similar to those observed
previously with other noncompetitive NMDA antagonists, Mg?* and MK-801 (Hochn et
al.,, 1990), lending further support to the proposal that there are spare receptors for

NMDA-evoked release of adenosine, but not for noradrenaline release, in the cortex.

e o
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FIGURE 10. The effect of glycine on 7-chlorokynurenic acid (7-CI-KA) antagonism
of NMDA-evoked release of (A) 'H]noradrenaline (A) and (B) adenosine (ADN)
from the same slices. NMDA (300 uM) was present from O to 10 min. 7-Cl-KA (100
uM) and glycine (100 uM) were present from 10 min prior to NMDA exposure until the
end of the experiment. Mg? was absent and strychnine (10 pM) was present throughout.
Values are the means = S.E. from 4 experiments. Inset: Histograms represent the total
amount of [*H]noradrenaline or adenosine released. *Significantly different from control

(p<0.05, paired ¢ test).
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FIGURE 11. Effect of 7-chlorokynurenic acid (7-CI-KA) on the concentration-
response relationship for NMDA-evoked release of (A) "H]noradrenaline (NA) and
(B} adenosine (ADN) from the same slices. NMDA was present from 0 to 10 min. 7-
Cl-KA (100 pM) was present from 10 min prior to NMDA exposure until the end of the
experiment. Mg®* was absent and strychnine (10 pM) was present throughout. Values
ar¢ the means + S.E. from 4 experiments for all except 100 uM NMDA (n=5).

*Significantly different from corresponding control (p<0.05, paired ¢ test).
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(iii)  Effects of exogenous glycine on NMDA-evoked release of "H]noradrenaline
and adenosine from cortical slices.

It seemed possible that differential concentrations of endogenous glycine might
exist in the immediate vicinities of those NMDA receptors which mediate adenosine
rclease versus those which mediate noradrenaline release. High concentrations of
endogenous extracellular glycine in the vicinity of the NMDA receptors mediating
adenosine release could result in excess functional receptors (ie. spare receptors).
Conversely, low concentrations of glycine in the vicinity of those NMDA receptors
mediating noradrenaline release might result in fewer functional receptors and,
consequently, no spare rcceptors. To determine whether endogenous glycine
concentrations were submaximal at those NMDA receptors mediating noradrenaline
release, the effects of 100 uM glycine on the release of [*H]noradrenaline evoked by 10
and 300 uM NMDA were determined. These concentrations of NMDA ars the EC,,
values for NMDA-evoked adenosine and [*H]noradrenaline release, respectively (Hoehn
et al., 1990). Exogenously administered glycine apparently has access to those NMDA
receptors which mediate both [*H]noradrenaline and adenosine release because the
addition of 100 uM glycine to the perfusing medium overcame the competitive block of
7-chlorokynurenic acid on release (Fig. 10). However, exogenously administered glycine
had no effect on the release of either [*H]noradrenaline or adenosine evoked by 10 or 300

uM NMDA (Figs. 12 and 13), suggesting that the concentrations of endogenous glycine

in the vicinity of the NMDA receptors mediating both adenosine and noradrenaline

relcase are not functionally limiting. These results clearly indicate that non-uniform
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E (ADN) release evoked by a concentration of NMDA that is submaximal for evoking
:

? adenosine release. NMDA (10 pM) was present from 0 to 10 min. Glycine (100 pM)
% was present from 10 min prior to NMDA exposure until the end of the experiment. Mg?
3‘{ was absent and strychnine (10 uM) was present throughout. Values are the means =+ S.E.
: from 4 experiments. Inset: Histograms represent the total amount of [*H]noradrenaline
i or adenosine released. *Significantly different from control (p<0.05, paired ¢ test).
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FIGURE 13. Effect of glycine on (A) [’Hlnoradrenaline ‘NA) and (B) adenosine
(ADN) release evoked by a concentration of NMDA that is submaximal for evoking
FHlnoradrenaline release. NMDA (300 uM) was present from O to 10 min. Glycine
(100 uM) was present from 10 min prior to NMDA exposure until the end of the
experiment. Mg** was absent and strychnine (10 uM) was present throughout. Values
are the means = S.E. from 5 experiments. Inset: Histograms represent the total amount
of [*H]noradrenaline or adenosine released. *Significantly different from control (p<0.05,

paired ¢ test).
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concentrations of endogenous glycine cannot explain why there appear to bc spare

receptors for NMDA-evoked release of adenosine but not for noradrenaline.

(iv) Effect of exogenous glycine on NMDA-evoked adenosine and
[H]noradrenaline release from cortical synap:osomes.

The cellular location of the NMDA receptors involved in adenosine and
noradrenaline release fra:a superfused cortical slices is not known. Previous studies using
synaptosomes prepared from the same regiu:: of the parietal cortex from which the slicc:
had been prepared showed that NMDA did not evoke the release of adenosine from
synaptosomes, suggesting that the NMDA receptors mediating adenosine release did not
reside on nerve terminals (Hoehn and White, 1990c). Recent studies, however, have
demonstrated functional NMDA receptors capable of releasing small amounts of
[’H]noradrenaline from cortical synaptosomal preparations upon the addition of exogenous
glycine (Fink et al., 1990; Pittaluga and Raiteri, 1990). Thus it seemed possible that the
previous failure t~ lemonstrate NMDA-~evoked adenosine release from synaptosomes may
have been related to the apparently functionally limiting endogenous glycine
concerntrations in these synaptosomal preparations. Therefore, NMDA-evoked adenosine
and [*H]noradrenaline release was re~-evaluated from cortical synaptosomes to which
glycine had been added. These preparations were capable of releasing both adenosine and
[*H]noradrenaline when they were depolarized with high K* (Fig. 14). NMDA, however,
did not evoke the release of either adenosine or [’H]noradrenaline from synaptosomes in

the presence or absence of exogenous glycine (Fig. 14). These results suggest that
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FIGURE 14. The effect of glycine on NMDA-evoked release of (A)
[H]noradrenaline (NA) and (B) adenosine from synaptosomes (P,). Synaptosomes
were incubated for 10 min with NMDA (500 uM) or K* (30 mM) in the presence and
absence of glycine (100 uM) and strychnine (strych, 10 uM). Evoked release values are
the means + S.E. from 6 experiments. Basal extrasynaptosomal [*H]noradrenaline and
adenosine release was 29.01 + 1.62 % content/10 min and 857 + 134 pmoles/mg/10 min,
respectively. *Significantly different from control basal release (p<0.05, randomized

block ANOVA with Student~Newman-Keuls test).
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presynaptic NMDA receptors do not mediate the release of adenosine or noradrenaline.

III. PURINERGIC MODULATION OF NMDA-EVOKED
FHINORADRENALINE RELEASE FROM THE CORTEX

The observation that adenosine release is maximal at levels of NMDA receptor
activation which release little noradrenaline (Hoehn et al., 1990) suggests that, rather than
decreasing excessive NMDA-mediated transmission, released adenosine may provide an
inhibitory threshold which must be overcome before NMDA-mediated transmission can
proceed. To test this the effect of the endogenous adenosine, released during the
activation of NMDA receptors, on NMDA-evoked [’H]noradrenaline release was

determined.

§)] Effect of R-PIA on NMDA-evoked release of [‘Hlnoradrenaline and
adenosine.

To determine whether NMDA mediated [*H]noradrenaline release from the cortex
was susceptible to purinergic modulation, the effects of exogenously applied adenosine
analogues on relcase were determined. The concentration of NMDA (100 pM) selected
for these studies corresponds to a concentration that approaches maximal NMDA-evoked
adenosine release and is 30% maximal for NMDA-evoked [*H]noradrenaline release
(Hoehn et al., 1990). R-PIA (10 uM), the A,-selective adenosine receptor agonist,
significantly decreased NMDA-evoked [*H]noradrenaline release by 27.5% (Fig. 15A).

Surprisingly, R~PIA simultaneously increased total NMDA~evoked adenosine release by
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138% (Fig. 15B). A similar depression of [*H]noradrenaline release accompanied by an
increase in adenosine release was observed with 2 -_hloroadenosine (2.91 vs. 7.59
nmoles/g adenosine and 4.56 vs. 3.73 % content [*H]noradrenaline release in the absence
and presence of 50 uM 2-chloroadenosine, respectively, n=1). The P;~purinoceptor
antage ist, 8-PT (10 uM), fully reversed the depressant effect of R-PIA on NMDA--
evoked [’H]noradrenaline release (Fig. 16A). The enhancement of NMDA~evoked
adenosine release by R-PIA, however, was not antagonized by 8-PT (Fig. 16B). These
findings indicate that the depression of NMDA-evoked [*H]noradrenaline release by R-
PIA, but not the enhancement of NMDA-evoked adenosine release, was mediated by P,

purinoceptors.

(ii)  Effects of dipyridamole on R-PIA mediated enhancement of NMDA-evoked
adenosine Lejease.

Both R-PIA and 2-chloroadenosine have been reported to competitively inhibit
adenosine uptake (Wu and Phillis, 1984; Plagemann and Wohlhueter, 1984) and R-PIA
appears to be a substrate for the bidirectional nucleoside transporter (Blazynski, 1991).
Therefore, we investigated the effects of R-PIA on NMDA-evoked adenosine release in
the presence of a nucleoside transport inhibitor, dipyridamole (Bender et al., 1980; Huang
and Daly, 1974a). Dipyridamole (20 pM) alone greatly enhanced NMDA-evoked
adenosine release (Fig. 17B) with a profile similar to R-PIA (Fig. 15B). In the presence
of dipyridamole, R-PIA did not further augment NMDA-¢voked adenosine release (Fig.

18B, 19). These findings suggesi that both dipyridamole and R-PIA increased NMDA



109

FIGURE 15. Effect of R-PIA on NMDA-evoked release of (A) PH]noradrenaline
(NA) and (B) adenosine (ADN) from the same slices. NMDA (100 pM) was present
from O to 10 min. R-PIA (10 uM) was present from 10 min prior to collection of the
first sample until the end of the experiment. Mg?* was absent throughout. Values are the
means + S.E. from 5 experiments. Inset: Histograms represent the total amount of
[*H]noradrenaline or adenosine released. *Significantly different from control (p<0.05,

paired ¢ test).
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FIGURE 16. Effect of 8-PT on R-PIA irhibition of NMCA-evoked release of (A)
H]noradrenaline (NA) and (B) adenosine (ADN) from the same slices. NMDA (100
uM) was present from 0 to 10 min. 8-PT (10 pM) and R-PIA (10 pM) were present
from 10 min prior to collection of first sample until the end of the experiment. Mg® was
absent throughout. Values are the means = S.E. from 6 experiments. Inset: Histograms
represent the total amount of [*H]noradrenaline or adenosine released. *Significantly

different from control (p<0.05, paired ¢ test).
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FIGURE 17. Effect of dipyridamole (DPR), on NMDA-evoked release of (A)
PH]noradrenaline (NA) and (B) adenosine (ADN) from the same slices. NMDA (100
uM) was present from 0 to 10 min. DPR (20 uM) was present from 10 min prior to
collection of first sample until the end of the experiment. Mg?* was absent throughout.
Values are the means = S.E. from 5 experiments. Inset: Histograms represent the total
amount of [*H]noradrenaline or adenosine released. *Significantly different from control

(p<0.05, paired ¢ test).
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~evoked adenosine release by blocking its reuptake.

Total NMDA-evoked [*H]noradrenaline release was also slightly increased by
dipyridamole (Fig. 17A). This increase in evoked noradrenaline release was accompanied
by an increase in basal [*H]no:adrenaline release and a decrease in total tissue
[*H]noradrenaline (Table 4, Exp. 1). Subsequent studies indicated that this effect of
dipyridamole on [*H]noradrenaline release was due to block of noradrenaline uptake
(Table 4, Exp. 2) rather than to a direct effect on release mechanisms. Interestingly, in
the presence of dipyridamole, R—PIA's inhibition of NMDA~evoked [*H]noradrenaline
release persisted (Fig. 18A) and was similar in magnitude to that observed by R-PIA

alone (Fig. 15A).

(iii)  Effect of endogenous adenosine on NMDA-evoked [*H]noradrenaline release.

To investigate the possible modulatory role of endogenous adenosine on NMDA-
evoked noradrenaline release, the effect of 8-PT on adenosine and [*H]noradrenaline
release evoked by 100 uM NMDA was determined. 8-PT had no effect . either basal
or NMDA-¢voked release of [*H]noradrenaline or adenosine (Fig. 20). Thus, basal
adenosine levels do not appear to tonically inhibit noradrenaline rclease and NMDA-
induced accumulation of adenosine in the superfusate does not appear to modulate
NMDA-cvoked [*H]noradrenaline retease. In fact, it appears that NMDA-evoked
[*H]noradrenaline release precedes the release of adenosine (Fig. 20), so that the released

adenosine would not be temporally available to modulate [*H]noradrenaline release.
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FIGURE 18. Effect of R-FIA, in the presence of dipyridamole (DPR), on NMDA-
evoked release of (A) H]noradrenaline (NA) and (B) adenosine (ADN) from the
sane slices. NMDA (100 pM) was present from 0 to 10 min. R-PIA (10 uM) and DPR
(20 uM) were present from 10 min prior to collection of first sample until the end of the
experiment. Mg* was absent throughout. Values are the means + S.E. from §
experiments. Inset: Histograms represent the total amount of [*H]noradrenalinc or

adenosine released. *Significantly different from control (p<0.05, paired ¢ test).
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FIGURE 19. Composite of R-PIA and DPR effects on NMDA-evoked adenosine
release. The values are the means + S.E. for the total evoked adenosine releases from

Figures 10B, 12B and 13B.
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TABLE 4.  Effects of dipyridamole on NMDA-evoked ["H]noradrenaline release.

CONTROL  TREATMENT  %Control
(DPR 20puM)

Exp. 1 NMDA-evoked ['H]NA 292 +0.53 4.68 + 0.83* 160%
(% content)

Basal [*H]NA efflux 1.70 = 0.15 3.14 £ 0.15* 184%
(% content/min)
Total tissue content 1544 = 218 1373 + 206** 88%
(dpm/mg)
Exp. 2 [PH]NA loading 3879 = 270 2286 = 239* 59%
(dpm/mg)

Exp. 1. Dipyridamole increased basal and NMDA-~evoked [*H]noradrenaline rclease
while simultaneously decreasing total tissue content. NMDA (100 uM) was present from
0 to 10 min. Dipyridamole (20 pM) was present from 10 min prior to exposurc to
NMDA until the end of the experiment. Mg was absent throughout. Values are the
mean + S.E. from 5 experiments.

Exp. 2. Dipyridamole decreased [*H]noradrenaline loading of superfused cortical slices.
Dipyridamole (20 uM) was present during the entire 10 min [*H]noradrenaline loading
period at the beginning of the superfusion protocol. After loading, slices were
immediately removed from the tissue baths and assayed for [*H]noradrenaline content.
Values are the mean + S.E. from 3 experiments.

* Significantly different from corresponding control (p<0.05, paired, two-tailed ¢ test).
**Significantly different from corresponding cortrol (p<0.05, paired, one-tailcd ¢ test).
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FIGURE 20. Effect of 8-PT on NMDA-evoked release of (A) *H]noradrenaline
(NA) and (B) adenosine (ADN) from the same slices. NMDA (100 pM) was present
from O to 10 min. 8-PT (10 pM) was present from 10 min prior to collection of first
sample until the end of the experiment. Mg? was absent throughout. Values are the
means + S.E. from 6 experiments. Inset: Histograms represent the total amount of
[*H]noradrenaline or adenosine released. *Significantly different from control (p<0.05,

paired ¢ test).
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(ivy Modulation of NMDA-evoked [*H]noradrenaline releass by pre-released
endogenous adenosine.

Previously it was demonstrated that NMDA is more potent at releasing adenosine
(EC4=10 uM) than it is at releasing [’H]noradrenaline (EC5,=330 pM) from rat cortical
slices (Hochn et al., 1990). Thus, a low concentration (10 pM) of NMDA reieases
substantial adenosine but vey little °H}noradrenaline. It seemed possible that low levels
of NMDA receptor activation might release adenosine which, by activating P,—
purinoceptors on the noradrenergic fibres, could inhibit the subsequent release of
[’H]noradrenaline evoked when higher levels of NMDA receptors are activated. To test
this, slices were pre—exposed to 10 uM NMDA for 5 min to release adenosine and then
exposed to 100 pM NMDA to release [*H]noradrenaline.

Pretreatment with 10 uM NMDA released substantial amounts of adenosine but
little [*H]noradrenaline prior to treatment with 100 uM NMDA (Fig. 21). Pretreatment
decreased subsequent 100 uM NMDA-evoked [’H]noradrenaline release by 52% (Fig.
21A). This decrease was partially reversed when adenosine receptors were blocked with
10 uM 8-PT (Fig. 22A). 8-PT had no effect on either 10 uM or 100 uM NMDA-
evoked adenosine release (Fig. 22B). Pretreatment alone increased the total amount of
adenosine released (Fig. 21B). This corresponds to the increased time of superfusion with
NMDA, suggesting that significant NMDA receptor desensitization did not occur during
the low NMDA pretreatment. These results indicate that adenosine, released during low
level activation of NMDA receptors, decreased subsequent release of [*H]noradrenaline

evoked by higher level NMDA receptor activation. Thus, it does indeed appear that low
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FIGURE 21. Effect of pretreatment with a low concentration of NMDA (10 uM) on
subsequent NMDA (100 uM)-evoked reiease of (A) "H]noradrenaline (NA) and (B)
adenosine (ADN) from the same slices. NMDA (100 uM) was present from 0 to 10
min. The low NMDA concentration (10 pM) pretreatment was for S min immediately
preceding the higher concentration of NMDA (100 uM), from -5 to 0 min. Mg? was
absent throughout. Values are the means + S.E. from 6 experiments. Inset: Histograms
represent the total amount of [*H]noradrenaline or adenosine released. *Significantly

different from control (p<0.05, paired ¢ test).
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FIGURE 22. Effect of 8-PT on low NMDA concentration (10 uM) pretreatment
inhibition of subsequent NMDA (100 uM)-evoked release of (A) ‘Hlnoradrenaline
(NA) and (B) adenosine (ADN) from the same slices. NMDA (100 uM) was present
from 0 to 10 min. The low NMDA concentration (10 uM) pretreatment was for 5 min
immediately preceding the higher concentration of NMDA (100 pM), from -5 to 0 min.
8-PT (10 pM) was present from 10 min prior to collection of the first sample until the
end of the experiment. Mg?* was absent throughout. Values are the means + S.E. from
6 experiments. Inset: Histograms represent the total amount of [*H]noradrenaline or

adenosine released. *Significantly different from control (p<0.05, paired ¢ test).
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level NMDA receptor activation can provide a purinergic inhibitory threshold which may
have to be overcome in order for NMDA-mediated neurotransmission to proceed

maximally.

IV.  DISTINCT PURINERGIC SOURCES AND MECHANISMS OF RELEASE

FOR NMDA- AND NON-NMDA-EVOKED ADENOSINE RELEASE

)] Role of ecto-5'-nucleotidase in glutamate-evoked adenosine release.

Adenosine overflow can result from either the release of adenosine as such or
from the release of an adenine nucleotide, which is then degraded extracellulary to
adenosine. The final common step in the catabolism of adenine nucleotides is the
conversion of SAMP to adenosine by ecto-5'-nucleotidare (EC 3.1.3.5; Manery and
Dryden, 1979; Meghji, 1991). Differentiation between the release of adenosine per se and
the release of a nucleotide is achieved with the competitive ecto—-5'-nucleotidase inhibitor,
o,-methylene adenosine diphosphate (apmADP; Burger and Lowenstein, 1970; Pons ct
al., 1980).

Previous studies to determine the source of the adenosine released by glutamate
revealed that, in slices, adenosine was released primarily as adenosine per se (Pons et al.,
1980; Hoehn and White, 1990a), and that its release was cither partly (Ferrendelli et al.,
1974; Jhamandas and Dumbrille, 1980) or not Ca**--dependent (Shimizu et al., 1974,
Hochn and White, 1990a). The present experiments were undertaken to compare the

purinergic sources of glutamate~evoked adenosine release with the release of adenosine
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evoked by the specific EAA agonists, NMDA, kainate and AMPA from superfused

cortical slices.

Pretreatment of slices with a combination of afmADP and GMP, which inhibited
brain ecto-5'-nucleotidase by >90% (Pons et al., 1980; MacDonald and White, 1985),
decreased the rate of basal adencsine release by 68% (126 = 40 vs. 40 = 10
pmoles/g/min), indicating that a substantial component of basal adenosine release was
derived from the extracellular degradation of a released nucleotide. Ecto—5'-nucleotidase
inhibition resulted in a slight, but significant, decrease in glutamate—evoked adenosine
release (Fig. 23A). Thus, glutamate releases primarily adenosine per se, but with a small
component being derived from the extracellular degradation of a nucleotide.

In cortical synaptosomes, the uptake of glutamate rather than an involvement of
EAA receptors has been shown to release a nucleotide which is then converted to
adenosine extracellularly (Hoehn and White, 1990c). To determine whether the nucleotide
component of glutamate—evoked adenosine release was due to glutamate uptake, the effect
of the glutamate uptake blocker, dihydrokainate (DHK) (Johnston et al., 1979), on
glutamate—evoked adenosine release was determined. In the presence of S00 uM DHK,
ecto-5'-nucleotidase inhibition still resulted in a slight decrease of glutamate—evoked
adenosine release (Fig. 23B). Therefore, the nucleotide component of glutamate-evoked
adenosine release from cortical slices does not appear to result from glutamate uptake.

NMDA receptors are blocked by physiological concentrations of Mg?* (Nowak et
al., 1984). Superfusion in the absence of Mg?* appeared to enhance the inhibitory effect

of the ecto-5'-nucleotidase inhibitors on glutamate—evoked adenosine release from 23%
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FIGURE 23. Effect of ecto-5'-nucleotidase inhibition on glutamatc-evoked
adenosine release. Slices were exposed to glutamate (1.5 mM) in the presence and
absence of 500 uM a,f-methylene ADP (afmADP) and 5 mM GMP to inhibit ecto-5'-
nucleotidase. The effects of afmADP and GMP were determined in (A) normal Krebs-
Henseleit medium (n=5), (B) in the presence of the glutamate uptake blocker
dihydrokainate (DHK, 500 pM, n=4) and (C) in Mg**~free Krebs-Henseleit medium
(n=4). 5'-Nucleotidase inhibitors and DHK were present from 10 min prior to collection
of the first fraction until the end of the experiment. Mg® was omitted from all
superfusing buffers for the Mg*-free experiments. Values are thc means = S.E.

*Significantly different from respective control (p<0.05, paired ¢ test).
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