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1 We have recently demonstrated that presynaptically located metabotropic glutamate (mGlu)
autoreceptors regulate synaptic glutamate release both in vitro and in vivo. We now report a positive
modulatory action of the sulphur-containing amino acids (SCAAs), L-cysteic acid (CA) and L-
cysteine sulphinic acid (CSA), at presynaptic group I mGlu receptors, speci®cally of the mGlu5
subtype, acting to enhance synaptic glutamate release from the rat forebrain in vitro.

2 Neuronal glutamate release was monitored using electrically-evoked e�ux of preloaded [3H]-D-
aspartate from rat forebrain hemisections.

3 Both CA (3 ± 100 mM) and CSA (1 ± 100 mM), in addition to the selective group I mGlu receptor
agonist, (S)-3,5-dihydroxyphenylglycine ((S)-DHPG), concentration-dependently enhanced electri-
cally-stimulated e�ux of [3H]-D-aspartate from the rat forebrain slices. Basal e�ux of label
remained unchanged.

4 The inhibitory activity of the broad spectrum mGlu receptor antagonist, (+)-a-methyl-4-
carboxyphenylglycine ((+)-MCPG; 200 mM), coupled with the inactivity of the selective mGlu1
receptor antagonists, (R,S)-1-aminoindan-1,5-dicarboxylic acid ((R,S)-AIDA; 100 ± 500 mM) and the
more potent (+)-2-methyl-4-carboxyphenylglycine (LY367385; 10 mM) against these responses,
indicates an action of the SCAAs at the mGlu5 receptor subtype. This proposal is supported by the
potent inhibition of these responses by the selective, non-competitive mGlu5 receptor antagonist, 2-
methyl-6-(phenylethynyl)pyridine (MPEP; 10 mM). The observed enhancement of the responses to
high concentrations of CA by the selective mGlu5 receptor desensitization inhibitor, cyclothiazide
(CYZ; 10 mM), is also consistent with this concept.

5 Administration of the agonists in the presence of bovine serum albumin (BSA; 5 ± 15 mg ml71)
markedly attenuated the positive modulatory responses observed, strongly supporting a role for
arachidonic acid in the expression of these mGlu5 receptor-mediated responses.

6 The regulatory actions of SCAAs on synaptic glutamate release demonstrated in the present
study may provide a physiological function for these putative neurotransmitter amino acids in the
mammalian brain. These central actions of the SCAAs may have wide-ranging implications for a
range of neurological and neuropsychiatric disease states and their treatment.
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Introduction

The dicarboxylic amino acid glutamate, is the principal
excitatory neurotransmitter in the mammalian central
nervous system and is known to play a key role in learning

and memory processes in addition to certain pathological
disorders including epilepsy and ischaemic brain damage
(Croucher & Bradford, 1989; Lipton & Rosenberg, 1994;

Palmer, 1999). Its actions are mediated by both ionotropic
and metabotropic glutamate receptors. Ionotropic glutamate
receptors are homomeric or heteromeric cation-speci®c

ligand-gated ion channels which are divided into three groups
according to their agonist selectivity, namely N-methyl-D-
aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole-

propionate (AMPA) and kainate (KA) receptors. The
metabotropic glutamate (mGlu) receptors are G-protein-
coupled receptors, of which there are currently eight
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identi®ed subtypes, which can also be divided into three
groups based on their sequence homologies, pharmacology
and signal transduction mechanisms (Pin & Duvoisin, 1995).

Group I mGlu receptors (mGlu1 and 5, each with splice
variants) are positively coupled to phosphoinositide hydro-
lysis and the mobilisation of intracellular Ca2+, whilst group
II (mGlu2 and 3) and group III (mGlu4, 6, 7 and 8) receptors

are both negatively coupled to adenylate cyclase. We, and
others, have recently demonstrated that presynaptically
located group I mGlu autoreceptors mediate a positive

modulatory control on synaptic glutamate release both in
vitro (rat cerebrocortical synaptosomes: Herrero et al., 1992;
rat brain slices: Croucher et al., 1997; Thomas et al., 2000)

and in vivo (intrastriatal microdialysis: Patel & Croucher,
1998).
Evidence is also accumulating to suggest that some

sulphur-containing amino acids (SCAAs) may act as central
excitatory neurotransmitters (for reviews, see Gri�ths, 1990;
Thompson & Kilpatrick, 1996). SCAAs are analogues of
glutamate or aspartate containing sulphonic or sulphinic

functional groups and include cysteic acid, cysteine sulphinic
acid, homocysteic acid and homocysteine sulphinic acid.
Many of the criteria for identi®cation of a neurotransmitter

substance are ful®lled by these amino acids, and in particular
L-cysteic acid (CA) and L-cysteine sulphinic acid (CSA)
(Recasens et al., 1982; Gri�ths, 1990; Gri�ths & Dunlop,

1991; Thompson & Kilpatrick, 1996). Thus, CA and CSA are
heterogeneously distributed in the mammalian brain and
spinal cord and, whilst the brain concentrations of the

SCAAs are at least two orders of magnitude less than those
of glutamate and aspartate, this likely re¯ects the greater
involvement of the latter amino acids in intermediary
metabolism (Baba et al., 1982; Kilpatrick & Mozley, 1986;

Waller et al., 1991; Porter & Roberts, 1993). Synthetic and
degradative enzymes for the metabolism of these SCAAs
(from the essential amino acid, methionine) are also

heterogeneously distributed in the brain and are localized in
nerve terminals (Misra & Olney, 1975; Gri�ths, 1990).
Calcium-dependent, depolarisation-induced release of endo-

genous or radiolabelled CA and CSA has been demonstrated
in a range of rat brain preparations in vitro (Iwata et al.,
1982a; Recasens et al., 1984a; Do et al., 1986; Gri�ths, 1990;
Klancnik et al., 1992) and SCAAs have been shown to

produce excitatory actions comparable to glutamate and
aspartate on both mammalian and amphibian central
neurones (Curtis & Watkins, 1960; 1963; Curtis et al., 1961;

Mewett et al., 1983). SCAAs, including CA and CSA, also
inhibit sodium-independent binding of [3H]-L-glutamate to
rat brain membranes (Iwata et al., 1982b; Recasens et al.,

1982; 1983; Mewett et al., 1983) indicating that they have
binding sites in common with glutamate. Distinct, saturable
and stereospeci®c, sodium-independent membrane binding

sites selective for CSA have also been described (Recasens et
al., 1983; 1984b). However, despite the burgeoning evidence
in support of a neurotransmitter role for some SCAAs in the
mammalian brain, no speci®c functional roles for these amino

acids have been identi®ed to date.
Recently, SCAAs have been shown to stimulate phospho-

inositide hydrolysis in neonatal rat cerebrocortical slices,

primary cultures of rat cerebellar granule cells and mGlu
receptor-transfected cell lines, with similar or greater potency
to glutamate itself (Porter & Roberts, 1993; Gorman &

Gri�ths, 1994; Kingston et al., 1998). In the present study,
we now investigate the possibility that the SCAAs, and in
particular CA and CSA, may act to modulate central

neuronal glutamate release by interaction with presynaptic
group I mGlu receptors. A role for the retrograde
intercellular messenger, arachidonic acid, in the mediation
of these actions is proposed. Preliminary accounts of some of

this work have been presented to the British Pharmacological
Society and the Federation of European Neuroscience
Societies (Croucher et al., 2000a, b).

Methods

In the present study glutamate release was monitored using
[3H]-D-aspartate ([3H]-D-asp) as a non-metabolisable marker

for glutamate. Depolarisation-induced out¯ow of [3H]-D-asp
from rat brain slices is a widely used technique for the study
of presynaptic receptor mechanisms controlling glutamate
release (e.g. Lombardi et al., 1994; 1996; Palmer & Reiter,

1994; Patel & Croucher, 1997; Thomas et al., 2000) and full
details of the current protocol are published elsewhere (Patel
& Croucher, 1997). A brief summary is given below.

Experimental protocol

Male Wistar rats (230 ± 250 g) were sacri®ced by decapitation,
the brains were removed rapidly and a modi®ed brain slicer
was used to cut three serial forebrain coronal slices of 500 mm
thickness. Each slice contained areas of the amygdaloid
complex, hippocampus and cerebral cortex, all regions known
to contain high densities of glutamatergic synapses. The slices
were divided down the mid-sagittal plane providing six

hemisections per animal. Each hemisection was preincubated
individually for 45 min in a Krebs-bicarbonate bu�er, pH 7.4
at 378C, constantly gassed with 95%O2/5%CO2. The

composition of the bu�er solution was as follows (mM):
NaCl 120, KCl 4.75, KH2PO4 1.2, CaCl2 2.6, NaHCO3 25,
MgSO4 1.2 and glucose 10. The slices were then `loaded' with

[3H]-D-asp by incubating for a further 45 min in bu�er
containing 40 nM [3H]-D-asp (speci®c activity 25 Ci m-
mol71). The individual hemisections were transferred to gold
microelectrode superfusion chambers, placed in a waterbath

at 378C and superfused with oxygenated Krebs bu�er at a
rate of 0.4 ml min71 for 45 min to wash o� excess radiolabel.
Superfusate samples were subsequently collected every 2 min

using a multiple fraction collector (Retriever IV, ISCO,
U.S.A.). Six basal superfusate samples were collected prior to
each of two periods of electrical stimulation (S1 and S2) given

32 min apart. The stimuli comprised 5 min trains of biphasic
rectangular pulses (36 mA, 2 msec) at a frequency of 20 Hz,
delivered to the tissue using an HSE Type 215/T constant

current stimulator. Superfusate fractions were collected for a
total of 74 min and at the end of the experiment the slice
sections were removed from the electrode chambers and
solubilized for liquid scintillation counting. Scintillation ¯uid

(Optiphase Hi-Safe III, Fischer Ltd, U.K.) was added to the
superfusate samples and solubilized tissue samples and the
radioactive content was quanti®ed by liquid scintillation

spectrometry using an LKB Wallac RackBeta II scintillation
counter (65% counting e�ciency). Mean basal e�ux levels
(B1 and B2) were calculated as the mean level of radioactivity
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within the four samples immediately preceding the respective
periods of electrical stimulation. Responses to electrical
stimulation (S1 and S2) were calculated as the total levels of

stimulated e�ux minus mean basal levels. Drugs were applied
in the superfusate 10 min prior to S2 and the ratios of basal
and electrically-stimulated e�ux of [3H]-D-asp before and
after drug application (B2/B1 and S2/S1, respectively) were

calculated to assess the in¯uence of drugs or other treatments
on basal and stimulated release. Previous studies have
con®rmed that the calculation of ratios in this manner

provides a reliable measure of release against which the
e�ects of drug treatments can be monitored (Butcher et al.,
1987; Martin et al., 1991; Barnes et al., 1994; Patel &

Croucher, 1997).

Data analysis

Results are presented as mean+s.e.mean of n independent
observations. Statistical signi®cance of di�erences in re-
sponses was determined using Student's 2-tailed t-test for

independent groups. Values were considered to be signi®-
cantly di�erent from controls if P50.05.

Materials

The following drugs and reagents were used, with their

sources in parenthesis: (S)-3,5-dihydroxyphenylglycine ((S)-
DHPG), (+)-a-methyl-4-carboxyphenylglycine ((+)-MCPG),
(R,S)-1-aminoindan-1,5-dicarboxylic acid ((R,S)-AIDA), cy-

clothiazide (CYZ) and (R,S)-3-amino-2-(4-chlorophenyl)-
propylphosphonic acid (phaclofen) (Tocris Cookson, U.K.).
L-Cysteic acid (CA), L-cysteine sulphinic acid (CSA), g-
aminobutyric acid (GABA), anhydrous calcium chloride

(CaCl2), tetrodotoxin (TTX), bovine serum albumin (BSA)
and EGTA were purchased from Sigma Chemicals (Dorset,
U.K.). (+)-2-Methyl-4-carboxyphenylglycine (LY367385)

was synthesized in the laboratories of Eli Lilly and
Company Ltd (Windlesham, U.K.) by Mr John Harris. 2-
Methyl-6-(phenylethynyl)pyridine (MPEP) was a kind gift

from Dr Fabrizio Gasparini of Novartis Pharma AG,
Switzerland. D-[2,3-3H] Aspartate ([3H]-D-asp), speci®c
activity 25 Ci mmol71, was supplied by Amersham Interna-
tional, U.K. All other reagents were supplied by Merck Ltd

(Dorset, U.K.).

Results

The basal release of preloaded [3H]-D-asp from the rat

forebrain slices in the absence of experimental manipulations
remained essentially constant during the course of the
experiments, as shown by the closeness to unity of the

calculated mean ratio B2/B1 (mean+s.e.mean=1.26+0.15;
n=6; P40.05) (Table 1). Following each period of electrical
stimulation, a signi®cant increase in e�ux of radiolabel was
observed in comparison to basal, pre-stimulation levels. The

calculated mean ratio of these responses (S2/S1) in the
untreated slices was 1.11+0.13; n=6 (Table 1). The lack of
deviation of this ®gure from unity con®rms that the response

to the ®rst electrical stimulation did not signi®cantly in¯uence
the response to that of the second, using the current protocol.
Ratios of basal (B2/B1) and stimulated (S2/S1) release

obtained in untreated brain tissue were subsequently
compared with similar ratios obtained from slices exposed
to agonists and/or antagonists or other experimental

manipulations, as described below.

Control experiments: Ca2+-dependency, tetrodotoxin-
insensitivity and inhibitory action of GABA on
[3H]-D-aspartate efflux

Consistent with previous studies using this preparation (Patel

& Croucher, 1997), electrically-evoked responses in the rat
forebrain slices were strongly Ca2+-dependent. Thus, in Ca2+-
free bu�er and in the presence of 1 mM EGTA, electrically-

evoked e�ux of [3H]-D-asp was reduced to 31.8% of the
mean control response (Figure 1). Also consistent with earlier
®ndings (Patel & Croucher, 1997), the basal release of label

showed no clear Ca2+-dependency (Figure 1). In addition, the
presence of the voltage-sensitive Na+-channel blocker,
tetrodotoxin (TTX; 100 nM), in the superfusate did not
in¯uence either electrically-stimulated or basal e�ux of label

from the slices (Figure 1).
In agreement with previous studies using rat brain slices

or synaptosome preparations (Pende et al., 1993; Waldmeier

et al., 1994; Patel & Croucher, 1997), the presence of GABA
(50 mM) in the superfusate signi®cantly inhibited the
electrically-evoked release of [3H]-D-asp (Figure 1). This

e�ect was abolished by co-administration of the agonist with
the selective GABAB receptor antagonist, phaclofen
(300 mM) (Figure 1), consistent with the mediation of this

response by presynaptic GABAB inhibitory heteroreceptors
(Waldmeier et al., 1994). Phaclofen alone did not signi®-
cantly in¯uence either basal or electrically-stimulated e�ux
(Figure 1).

Enhancement of [3H]-D-aspartate efflux by
the selective group I mGlu receptor agonist,
(S)-3,5-dihydroxyphenylglycine

To demonstrate facilitation of electrically-evoked release by

presynaptic group I mGlu receptor activation in the present
study, a concentration-response curve to the selective group I
mGlu receptor agonist, (S)-DHPG (Schoepp et al., 1994) was
constructed. (S)-DHPG, over the concentration range 0.1 ±

3.0 mM, concentration-dependently enhanced the electrically-
evoked release of [3H]-D-asp without in¯uencing basal e�ux
(Figure 2). At a higher concentration (10 mM), (S)-DHPG

failed to signi®cantly alter the electrically-evoked e�ux of
label, although co-application of the group I mGlu receptor
desensitisation inhibitor, CYZ (10 mM), with the agonist,

restored a near-maximal response (Figure 2).

Effects of the sulphur-containing amino acids,
L-cysteine sulphinic acid and L-cysteic acid,
on [3H]-D-aspartate efflux

As with the selective group I mGlu receptor agonist, (S)-

DHPG (Figure 2), L-cysteine sulphinic acid (CSA), 1 ±
100 mM, concentration-dependently enhanced electrically-
stimulated e�ux of [3H]-D-asp from the rat forebrain slices,

without in¯uencing basal e�ux (Figure 3). The maximum
response observed, at 100 mM CSA, was a 28.05-fold
enhancement of electrically-evoked release (P50.005).

British Journal of Pharmacology vol 133 (6)

Sulphur-containing amino acids as mGlu agonistsM.J. Croucher et al 817



L-cysteic acid (CA), 3 ± 100 mM, also markedly potentiated
the electrically-evoked e�ux of label, with a maximum 6.1-fold
enhancement seen following CA, 3 mM (Figure 4). Again, basal
e�ux remained unchanged (Figure 4). As with (S)-DHPG-

evoked responses, the smaller mean response seen following
CA, 10 mM (compared with CA, 3 mM) was highly sensitive to
the benzothiadiazide group I mGlu receptor desensitisation

inhibitor, CYZ (S2/S1 ratios: CA, 10 mM alone=3.86+0.88,
n=7; CA, 10 mM plus CYZ, 10 mM=8.13+1.45, n=7;
P50.05). Interestingly, the lowest concentration of CA tested

(1 mM), caused a consistent and signi®cant reduction in
electrically-stimulated e�ux of [3H]-D-asp from rat forebrain
slices (to 39.1% of control values; P50.005) (Figure 4).

Effects of broad-spectrum and subtype-selective
mGlu receptor antagonists on L-cysteine sulphinic
acid-induced responses

The broad spectrum mGlu receptor antagonist, (+)-a-
methyl-4-carboxyphenylglycine ((+)-MCPG; 200 mM), de-

creased the electrically-evoked responses to CSA, 10 mM
and 100 mM, by 78.4% (P50.05) and 80.8% (P50.01),
respectively (Table 1). However, the selective mGlu1 receptor

Table 1 The e�ects of (+)-MCPG and (R,S)-AIDA on basal and electrically-stimulated release of [3H]-D-aspartate from rat forebrain
slices in the presence or absence of CSA, 10 mM or CSA, 100 mM

Treatment Efflux ratio+s.e.mean
Agonist Antagonist B2/B1 S2/S1 (n)

Electrical stimulation alone (control) ± 1.26+0.15 1.11+0.13 6
CSA, 10 mM ± 1.27+0.11 12.84+3.31b 5
CSA, 10 mM (+)-MCPG, 200 mM 1.43+0.20 3.64+0.78b,c 4
CSA, 10 mM (R,S)-AIDA, 100 mM 1.24+0.08 10.55+2.41b 6
CSA, 100 mM ± 1.12+0.08 28.05+4.81b 4
CSA, 100 mM (+)-MCPG, 200 mM 1.53+0.10 6.30+3.04d 4
± (+)-MCPG, 200 mM 1.07+0.12 1.25+0.53 6
± (R,S)-AIDA, 100 mM 1.26+0.14 0.96+0.16 4

aP50.05 compared to control S2/S1;
bP50.005 compared to control S2/S1;

cP50.05 compared to S2/S1 obtained with 10 mM CSA
alone; dP50.01 compared to S2/S1 obtained with 100 mM CSA alone (Student's t-test for independent groups). (n)=number of
independent observations.

Figure 1 Calcium-dependency and tetrodotoxin-insensitivity of, and
the action of GABA on, electrically-stimulated [3H]-D-aspartate
release from rat forebrain slices. Each value is the mean of n (in
parenthesis) independent observations (+s.e.mean). ***P50.005
versus electrical stimulation alone; {{P50.01 versus agonist alone
(Student's t-test for independent groups).

Figure 2 Concentration-dependent enhancement of electrically-
stimulated [3H]-D-aspartate release from rat forebrain slices by the
selective group I mGlu receptor agonist, (S)-3,5-DHPG. Each column
represents the mean of n (in parenthesis) independent observations
(+s.e.mean). **P50.01, ***P50.005 versus electrical stimulation
alone; {P50.05 versus (S)-DHPG, 10 mM (Student's t-test for
independent groups).

Figure 3 The e�ects of cysteine sulphinic acid (CSA) on basal and
electrically-stimulated release of [3H]-D-aspartate from rat forebrain
slices. Each column represents the mean of n (in parenthesis)
independent observations (+s.e.mean). ***P50.005 versus electrical
stimulation alone (Student's t-test for independent groups).
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antagonist, (R,S)-1-aminoindan-1,5-dicarboxylic acid ((R,S)-
AIDA; 100 mM), was inactive in this respect (Table 1).
Consistent with this ®nding, the more potent and recently

developed mGlu1 receptor antagonist, (+)-2-methyl-4-car-
boxyphenylglycine (LY367385; 10 mM), also failed to in¯u-
ence the response to CSA, 10 mM (Figure 5).

Effects of broad-spectrum and subtype-selective mGlu
receptor antagonists on L-cysteic acid-induced responses

(+)-MCPG, 200 mM, similarly inhibited the action of CA,
3 mM on electrically-evoked [3H]-D-asp e�ux (79.0% reduc-

tion; P50.05) (Table 2). Moreover, (R,S)-AIDA, 100 ±
500 mM and LY367385, 10 mM again failed to in¯uence the
agonist-evoked responses (Table 2 and Figure 5). Interest-

ingly, the inhibitory e�ect of CA, 1 mM on [3H]-D-asp e�ux
from the forebrain slices was also fully reversed by (+)-
MCPG, 200 mM (S2/S1 ratio=1.47+0.56 in the presence of
CA and (+)-MCPG; n=6; P40.05 compared to control,

drug-free response).

Influence of the novel, selective mGlu5 receptor
antagonist, 2-methyl-6-(phenylethynyl)pyridine,
on L-cysteine sulphinic acid- and
L-cysteic acid-induced responses

Finally, and importantly, the newly synthesized selective,
non-competitive mGlu5 receptor antagonist, 2-methyl-6-

(phenylethynyl)pyridine (MPEP; 10 mM), fully inhibited the
positive modulatory responses to both CSA, 10 mM
(P50.005) and CA, 3 mM (P50.005) (Figure 6).
Neither MPEP nor any of the other broad-spectrum or

subtype-selective mGlu receptor antagonists utilised in the
present study in¯uenced basal or stimulated e�ux of label
when given alone (Tables 1 and 2; Figures 5 and 6).

Effects of bovine serum albumin on sulphur-containing
amino acid-induced enhancement of electrically-
stimulated [3H]-D-aspartate efflux

In order to examine whether the potentiating actions of the

SCAAs on [3H]-D-asp release require the presence of
endogenous arachidonic acid, as suggested previously for
group I mGlu receptor-mediated responses in other prepara-
tions (Herrero et al., 1992; Lombardi et al., 1996), responses

to the SCAAs were compared in the presence and absence of
bovine serum albumin (BSA), an inactivator of locally
produced fatty acids.

BSA, 5 mg ml71 markedly and signi®cantly (P50.05)
attenuated the responses to CSA, 10 mM (Table 3). A slightly
higher concentration of BSA (15 mg ml71) reduced the

responses to CA, 3 mM to a similar level (P50.05) (Table
3). When given alone at the same concentrations (5 ±
15 mg ml71), BSA did not in¯uence basal or electrically-
evoked release of label in the rat forebrain slice preparation

(Table 3). These results are consistent with a key role for
arachidonic acid in the mediation of positive modulatory
SCAA-evoked responses.

Discussion

We have recently shown that neuronal excitatory amino acid
release in the rat forebrain is facilitated by presynaptic group

I mGlu receptors both in vitro (Croucher et al., 1997; Thomas
et al., 2000) and in vivo (Patel & Croucher, 1998). The results
of the present study now demonstrate a positive modulatory
action of the endogenous SCAAs, CA and CSA, on neuronal

excitatory amino acid release via an action at these group I
mGlu autoreceptors.
In control experiments, the electrically-evoked release of

[3H]-D-asp from rat forebrain slices was shown to be strongly
Ca2+-dependent, insensitive to tetrodotoxin and inhibited by
GABA via an action at GABAB receptors. These observa-

Figure 4 The e�ects of cysteic acid (CA) on basal and electrically-
stimulated release of [3H]-D-aspartate from rat forebrain slices. Each
column represents the mean of n (in parenthesis) independent
observations (+s.e.mean). *P50.05, ***P50.005 versus electrical
stimulation alone (Student's t-test for independent groups).

Figure 5 Lack of e�ect of the selective mGlu1 receptor antagonist,
LY367385, on SCAA-induced responses in rat forebrain slices. Each
column represents the mean of n (in parenthesis) independent
observations (+s.e.mean). ***P50.005 versus electrical stimulation
alone (Student's t-test for independent groups).
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tions indicate a neuronal origin for the electrically-evoked

release of [3H]-D-asp from presynaptic excitatory amino
acidergic nerve terminals. Consistent with this concept was
the observed concentration-dependent enhancement of elec-

trically-evoked release of label by the selective group I mGlu
receptor agonist, (S)-DHPG. The loss of e�ectiveness of this
agonist at the highest concentration tested (10 mM) was likely

due to desensitization of the presynaptic group I mGlu
receptors, as originally demonstrated by Herrero et al. (1994),
and the marked potentiation of the response to (S)-DHPG,

10 mM by co-application of the group I mGlu receptor
desensitization inhibitor, CYZ (Sharp et al., 1994), strongly
supports this proposal. Cyclothiazide is also known to
enhance AMPA subtype ionotropic glutamate receptor-

mediated responses (see Patel & Croucher, 1997). However,
this action would not be expected to in¯uence the directly-
evoked mGlu receptor-mediated responses in the present

study.
As with the group I mGlu receptor agonist, (S)-DHPG,

both of the SCAAs tested in the present study enhanced

electrically-evoked e�ux of [3H]-D-asp from rat forebrain

slices in a concentration-dependent manner, without in¯uen-
cing basal levels of e�ux (Figures 3 and 4). However, the
response pro®les of the two agonists showed some clear
di�erences. Cysteic acid markedly potentiated e�ux over the

concentration range 3 ± 100 mM, with a maximum 6.1 fold
enhancement apparent following CA, 3 mM. Consistent with
the actions of (S)-DHPG at group I mGlu receptors, the

concentration-response curve to CA in this preparation was
bell-shaped with the highest concentrations of CA (10 ±
100 mM) producing only small, but still just-signi®cant

responses. A similar response pro®le has been reported for
CA in stimulating phosphatidylinositol hydrolysis in rat pup
cerebrocortical slices (Porter & Roberts, 1993). The sig-

ni®cant enhancement of the responses to CA, 10 mM in the
presence of the desensitization inhibitor CYZ (10 mM)
strongly supports a role for group I mGlu receptors in the
mediation of these agonist-evoked responses. Moreover, the

recent demonstration of a selective action of CYZ at mGlu5
as opposed to mGlu1 receptors (Sharp et al., 1994) is
indicative of a selective agonist action of CA at presynaptic

positive modulatory mGlu5 receptors (see also below).
Interestingly, at the lowest concentration tested (1 mM), CA

caused a small but consistent and signi®cant reduction in

electrically-evoked e�ux of label from the forebrain slices.
This inhibitory response was fully blocked by the group I/II
mGlu receptor antagonist, (+)-MCPG (Hayashi et al., 1994).
These ®ndings are consistent with low concentrations of CA

inhibiting synaptic glutamate release by an interaction with
presynaptic group II subtype mGlu autoreceptors. Indeed, we
have previously demonstrated powerful inhibitory actions of

selective group II mGlu receptor agonists on synaptic
glutamate release from cerebrocortical synaptosome prepara-
tions, actions that were paralleled by antiepileptogenic and

anticonvulsant e�ects of these mGlu receptor ligands in an
animal model of complex partial epilepsy (Attwell et al.,
1995; 1998).

Cysteine sulphinic acid also markedly enhanced electri-
cally-stimulated release of [3H]-D-asp in a concentration-
dependent manner and over a similar concentration range to
that of CA (1 ± 100 mM). However, even at the highest

concentration of CSA tested (100 mM), there was no evidence
of a diminution in response, as seen following high
concentrations of CA. This lack of apparent desensitization

of the CSA-evoked response may be the result of an
additional interaction of CSA with the excitatory amino acid
re-uptake carriers (see below) acting to mask any fall in

Table 2 The e�ects of (+)-MCPG and (R,S)-AIDA on basal and electrically-stimulated release of [3H]-D-aspartate from rat forebrain
slices in the presence or absence of CA, 3 mM

Treatment Efflux ratio+s.e.mean
Agonist Antagonist B2/B1 S2/S1 (n)

Electrical stimulation alone (control) ± 1.26+0.15 1.11+0.13 6
CA, 3 mM ± 2.01+0.40 6.12+1.44b 5
CA, 3 mM (+)-MCPG, 200 mM 1.45+0.17 1.89+0.38a,c 9
CA, 3 mM (R,S)-AIDA, 100 mM 1.41+0.21 4.71+1.34a 9
CA, 3 mM (R,S)-AIDA, 500 mM 1.28+0.18 4.65+0.90a 7
± (+)-MCPG, 200 mM 1.07+0.12 1.25+0.53 6
± (R,S)-AIDA, 500 mM 1.16+0.07 1.65+0.49 7

aP50.05 compared to control S2/S1;
bP50.005 compared to control S2/S1;

cP50.05 compared to S2/S1 obtained with 3 mM CA alone
(Student's t-test for independent groups). (n)=number of independent observations.

Figure 6 Abolition of SCAA-induced responses in rat forebrain
slices by the novel, selective, non-competitive mGlu5 receptor
antagonist, MPEP. Each column represents the mean of n (in
parenthesis) independent observations (+s.e.mean). ***P50.005
versus electrical stimulation alone; {{{P50.005 versus agonist alone
(Student's t-test for independent groups).
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receptor-mediated response. Alternatively, it may be the
result of di�erences in receptor binding modalities of CSA
compared with CA, and with other group I mGlu receptor
agonists, as previously suggested by Kingston et al. (1998)

following studies of the actions of SCAAs at group I mGlu
receptors expressed in clonal RGT cell lines.
Cysteine sulphinic acid and CA showed similar potencies in

enhancing electrically-stimulated release of [3H]-D-asp from
rat forebrain slices. This is in accordance with previous
reports of equivalent potencies of CSA and CA in stimulating

phosphoinositide hydrolysis in both neonatal rat cerebrocor-
tical slices (Porter & Roberts, 1993) and in clonal cell lines
expressing human mGlu5 receptors (Kingston et al., 1998).

However, CSA was clearly more e�cacious than CA in
enhancing electrically-evoked e�ux of label, with an apparent
maximum response of 28.05 fold enhancement seen following
CSA, 100 mM. This may well be attributable to an interaction

of CSA at this high concentration with the glutamate
transport processes. Indeed, SCAAs are known to be
competitive substrates of the glutamate transporters, albeit

with lower a�nities than glutamate itself (see Thompson &
Kilpatrick, 1996; Kingston et al., 1998). However, lower
concentrations of the SCAAs, as used to further characterise

the amino acid-evoked responses in the present study, do not
appear to signi®cantly in¯uence amino acid transport in the
rat forebrain slice preparation (see below).
To further characterise the mechanisms of action of the

SCAAs in the rat forebrain in vitro, a range of broad
spectrum or more receptor subtype-selective mGlu antago-
nists were tested for their e�ects on CA- and CSA-evoked

responses. Responses to both CA, 3 mM and CSA, 10 mM
were markedly attenuated by the non-selective group I/II
mGlu receptor antagonist, (+)-MCPG (Hayashi et al., 1994),

consistent with an action of these SCAAs at presynaptic
group I mGlu receptors. This ®nding is in agreement with the
previously reported ability of other phenylglycine derivatives

to attenuate SCAA-evoked responses in the neonatal rat
spinal cord (Thompson et al., 1995), which further supports
an action of SCAAs at mGlu receptors in the mammalian
CNS. Moreover, the ®ndings of the present study that the

newly synthesized, non-competitive, and highly selective
mGlu5 receptor antagonist, MPEP (Gasparini et al., 1999),
completely abolished the positive modulatory responses to

both CA, 3 mM and CSA, 10 mM, is convincing evidence that
these responses are mediated speci®cally by the mGlu5
subtype of mGlu receptors. Our observation of an enhance-

ment of CA-induced responses by the selective mGlu5
receptor desensitization inhibitor, CYZ (see Results) is also
in line with this conclusion. The full inhibition of the SCAA-
evoked responses by MPEP further suggests that, at the

concentrations tested here, the SCAAs have no signi®cant
inhibitory activity on glutamate transport processes. Of
relevance in this regard, Kingston et al. (1998) have recently

shown that SCAAs induce group I mGlu receptor-mediated
responses in clonal RGT cell lines in the absence of any
in¯uence on the glutamate uptake system (GLAST) expressed

in these cells.
Although SCAAs have also previously been shown to bind

to mGlu1 receptors, at least in clonal cell lines transfected

with human mGlu1a (Kingston et al., 1998), CA and CSA
showed 10 ± 20 fold lower a�nity in this respect than the
widely used broad spectrum mGlu receptor agonist, (1S,3R)-
ACPD (Kingston et al., 1998). The lack of any signi®cant

inhibitory activity of the selective mGlu1 receptor antagonists
(R,S)-AIDA (Moroni et al., 1997) and LY367385 (Clark et
al., 1997) against SCAA-mediated responses in the present

study (Tables 1 and 2; Figure 5), coupled with the complete
abolition of these responses by the mGlu5 receptor
antagonist MPEP, suggests that any interaction of the

SCAAs with mGlu1 receptors in the rat forebrain does not
contribute signi®cantly to the positive modulatory responses
observed. Also of note, the lack of e�ect of (R,S)-AIDA
(Tables 1 and 2), LY367385 (Figure 5), MPEP (Figure 6) or

(+)-MCPG (Tables 1 and 2) on basal levels of [3H]-D-asp
e�ux when given alone, implies a lack of tonal stimulation of
phosphoinositide hydrolysis by SCAAs (or other endogenous

agonists e.g. glutamate) acting at mGlu receptors in the rat
forebrain in vitro.
With regard to the intracellular mechanism(s) of the

SCAA-mediated responses reported here, Herrero and co-
workers have previously demonstrated that group I mGlu
receptor-mediated responses in rat cerebrocortical synapto-

somes show an absolute requirement for arachidonic acid
(Herrero et al., 1992). It was subsequently hypothesized by
these authors that arachidonic acid sensitizes presynaptically
located PKC to its physiological activator DAG, the

production of which is stimulated by mGlu receptor
activation (Co�ey et al., 1994; VaÂ zquez et al., 1994). We
have since reported a similar arachidonic acid-dependency of

(S)-DHPG-evoked positive modulatory responses in the rat
forebrain slice preparation (Thomas et al., 2000). The marked
attenuation of both CA- and CSA-evoked responses by BSA,

Table 3 In¯uence of BSA on basal and electrically-stimulated release of [3H]-D-aspartate from rat forebrain slices in the presence or
absence of CSA, 10 mM or CA, 3 mM

Treatment Efflux ratio+s.e.mean
Agonist Antagonist B2/B1 S2/S1 (n)

Electrical stimulation alone (control) ± 1.26+0.15 1.11+0.13 6
CSA, 10 mM ± 1.23+0.08 11.41+2.60a 7
CSA, 10 mM BSA, 5 mg ml71 1.54+0.19 2.17+0.63b 4
CA, 3 mM ± 1.60+0.28 4.88+0.98a 9
CA, 3 mM BSA, 5 mg ml71 1.84+0.26 4.89+1.16ns 4
CA, 3 mM BSA, 15 mg ml71 1.45+0.13 2.26+0.22b 4
± BSA, 5 mg ml71 1.42+0.13 0.97+0.40 6
± BSA, 15 mg ml71 1.36+0.11 1.42+0.41 6

aP50.005 compared to control S2/S1;
bP50.05 compared to agonist alone; ns=non-signi®cant (Student's t-test for independent

groups). (n)=number of independent observations.
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an inactivator of locally reproduced fatty acids (Lombardi et
al., 1996), now shown in the present study (Table 3), both
suggests a key role for arachidonic acid in the expression of

positive modulatory SCAA-evoked responses in the rat
forebrain in vitro and further supports our proposal of group
I mGlu receptor-mediation of these responses. Interestingly,
it has also been suggested that mGlu1 receptors may

positively couple to PLA2 and arachidonic acid formation,
at least in transfected CHO cells (Aramori & Nakanishi,
1992). However, the lack of inhibitory activity of the selective

mGlu1 receptor antagonists (R,S)-AIDA and LY367385
against SCAA-mediated responses in rat forebrain slices,
clearly indicates that activation of any such native receptors

in the rat forebrain does not contribute signi®cantly to the
responses observed here.
Sulphur-containing amino acids are known to show a

broad spectrum of activity at postsynaptic ionotropic
glutamate receptors, with some selectivity for the N-methyl-
D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA) subtypes (Mewett et al., 1983;

Murphy & Williams, 1987; Pullan et al., 1987). Previous
reports have also demonstrated SCAA-induced release of
[3H]-D-asp and endogenous glutamate from rat brain

synaptosome fractions and from hippocampal slices (Dunlop
et al., 1989; Minc-Golomb et al., 1989). However, the lack of
e�ect of selective ionotropic glutamate receptor antagonists

(up to 1 mM concentrations) on these responses (Dunlop et
al., 1989) demonstrated the non-involvement of presynaptic
ionotropic glutamate receptors in mediating this release. In

accordance with these reports, our own results showing full
inhibition of CA- and CSA-evoked responses by MPEP are
consistent with the positive modulatory responses observed
being mediated solely via presynaptic mGlu5 receptors in the

rat forebrain slice preparation. The lack of activity of SCAAs
at presynaptic ionotropic glutamate receptors may be a
re¯ection of the distinct pharmacological pro®les of these

receptor populations, compared to their postsynaptic coun-
terparts, as previously demonstrated for presynaptic AMPA
receptors in the rat forebrain in vitro (Thomas et al., 1997;

Croucher et al., 1998). Moreover, SCAAs have also been
shown to stimulate the release of a range of other neuro-

transmitters, including acetylcholine, GABA, noradrenaline
and dopamine from rat CNS tissue preparations (see
Thompson & Kilpatrick, 1996). It now seems likely that

many of these responses may be mediated, at least in part, by
activation of presynaptically located mGlu5 receptors.
Sulphur-containing amino acids, and in particular CSA, have
also been proposed as potential endogenous agonists of a

novel PLD-linked subtype of mGlu receptor (Boss et al.,
1994; Pellegrini-Giampietro et al., 1996). However, the
precise functions and pharmacology of these receptors are

currently unde®ned and their potential role in regulating
neuronal glutamate release remains to be determined.

In recent years there has been a renewed interest in the

SCAAs as endogenous neuroexcitatory agonists of physio-
logical and pathological importance. Indeed, their actions in
the CNS may have wide-ranging implications for a range of

neurological and neuropsychiatric disease states and their
treatment. Abnormalities in SCAA metabolism have been
implicated in the aetiology of several such disorders,
including Parkinson's and Alzheimer's diseases (Hea®eld et

al., 1990), intractable depression (Francis et al., 1989) and
epilepsy (FolbergrovaÂ et al., 2000). The results of the present
investigation extend our knowledge of the mechanisms of

action of these proposed endogenous neurotransmitter
substances and indicate that many of their known physio-
logical and/or pathological actions, including their excitatory

(see Introduction), cytotoxic (Olney et al., 1971; Kim et al.,
1987) and epileptogenic (Turski, 1989) e�ects in the
mammalian CNS may be mediated, at least in part, by

stimulation of mGlu receptors of the mGlu5 subtype.
Blockade of the actions of endogenous SCAAs by mGlu
receptor antagonists may contribute signi®cantly to the
known pharmacological, behavioural and potentially

therapeutically bene®cial e�ects of these agents.
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