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ABSTRACT 

Excitatory amine acids (EMs) are known to play an important role in 

the regulation of dopaminergic neurotransmission. This thesis examined ef

fects of EAAs and modulators of EAA receptor act i vi ty on the rel ease of 

[3H]dopamine ([3H]DA) from dissociated cell cultures of ventral mesen

cephalon. The results provide evidence that multiple EAA receptor subtypes 

are present on DA-releasing neurons and participate in regulating this 

release. NMOA, quisqualate and kainate, preferred agonists for respec

tively nQm~d EAA receptor subtypes, stimulated Ca2+-dependent, tetrodotoxin 

(TTX) -insensitive [3H]OA release, with 3 distinct profiles of sensitivity 

to antagoni sts and of ontogenie development in culture. Low concentrat ions 

of the endogenous EAAs, glutamate, homocysteate, homocysteine sulfinate, 

cysteate and cysteine sulfinate evoked Ca2+-dependent [3H]OA release 

through activation of NMOA receptors, although non-NMOA receptors mediated 

effects of these agonists at higher concentrations (~ 100 pM, depending 

upon the EAA tested). Aspartate induced [3H]OA release that was mediated 

so le l y by the NMOA receptor. 

Glycine potentiated NMOA-evoked [3H]OA release wh en the test was made 

under nominally Mg2+.free conditions, but caused strychnine-sensitive 

inhibition of the NMOA response in the presence of 1.2 mM Mg2+. It;s 

suggested that these resul ts demonstrate how vol tage-dependent blockade of 

the NMOA receptor by Mg2+ may regul ate sens i t i vi ty of NMOA responses to 

convergent inputs. 

Micromolar concentrations of the psychotomimetic agent, phencycl idine 

(pep) blocked NMOA-evoked [3H1DA release. At higher concentrations (~ 100 

J'M), PCP-related compounds stimulated TTX-insensitive [3H1DA release. This 
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stimul atory effect was not due to actions of these compounds at the 

PCP/NMDA receptor, sigma binding site, dopamine uptake site, or cation 

channeis for Ca2+ or Na+, but may have been caused by K+ channel blockade. 

les acides aminés excitateurs (MEs) jouent un rôle important dans la 

régul ation de la neurotransmission dopaminergique. Dans cette thèse, nous 

avons étudié les effets des MEs et de certains modulateurs de ces systèmes 

sur la libération de la dopamine tritiée ([3H]DA) dans des cellules 

dissociées du mésencéphale ventral en culture. Les résultats montrent que 

di fférents sous-types de récepteurs aux MEs sont présents sur l es neurones 

dopaminergiques et que ces récepteurs contrôlent la libération de la DA. 

Le NMOA, le quisqualate et le kainate, les agonistes préférentiels pour 

chacun des trois sous-types de récepteurs aux MEs, stimulent la libération 

de la [3H]DA seulement en présence de calcium et selon un mécanisme 

résistant à la tétrodotoxine (TTX). De plus, trois profils distincts de 

sens i bil ité aux antagoni ste!\ et des développements ontogéniques des 

réponses en culture différents sont observés pour chacun des agonistes. 

Les MEs endogènes, comme le glutamate, l'homocystéate, l 'homocystéine 

sulfinate, le cystéate et le cystéine sulfinate, stimulent la libération 

de 1 a [3H]DA par un mécan; sme nécessitant la présence de calcium en 

agissant à faibles concentrations sur les récepteurs NMOA et à des 

concentrations plus élevées (! 100 pM, en fonction de l'AAE testé) sur les 

récepteurs non-NMDA. L'aspartate; nduit 1:l 1 ibération de la [3H]DA en 

agi s sant exclusivement sur 1 e récepteur NMDA. 
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la glycine potentialise la libération de la [3H]OA évoquée par le 

NMOA dans un milieu ne contenant pas de Mg2+. Cependant, elle inhibe, par 

un mécanisme sensiblp, à l'antagoniste strychnine, la réponse induite par le 

NMDA en présence de 1. 2 mM Mg2+. Ces résu ltats suggèrent que 1 e blocage 

voltage-dépendant du récepteur NMOA par le Mg2+ peut moduler la sensibilité 

des réponses NMDA et ce, en fonction des différents stimuli reçues. 

A des concentrations micromo1aires, la phencyclidine (pep), un agent 

psychotomimétique, bloque la libération de la [3H]DA évoquée par le NMOA. 

Toutefois, aux concentrations plus élevées (~ 100 ~M), les composés de type 

pep stimulent la libération de la [3H]OA selon un mécanisme insensible à la 

TTX. Cet effet stimulateur n'est pas lié à l'interaction de ces composés 

avec le récepteur PCP/NMDA, le site de fixation sigma, le site de rec30ture 

de la DA ou encore les canaux cationiqu~s calciques ou sodiques, mais 

probablement à une action sur les canaux potassiques. 
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1. INTRODUCTION AND LITERATURE REVIEW 

Dopamine (DA) is a neurotransmitter that plays a central role in 

many locomotor behaviors, memory and the rewarding properties of certain 

stimuli. Because of the functiona1 importance of DA systems and the 

postulated role of disturbed DA activity in important neurological 

disorders (e.g. Parkinson's disease, schizophrenia), the physio1ogical 

regu1ation of DA function (by neurotransmitters and neuromodulators) has 

become a critical area of pharmacological research. Excitatory amino 

acids (EAAs) are particularly interesting in this regard, as they 

provide the principal excitatory inputs to areas of the brain containing 

DA neuronal terminals or cell bodies. Also, there is considerable 

evidence that EAAs are important regulators of DA transmission and it 

has been proposed that dysfunction ijf EAA inputs may be a factor in 

neurodegenerative and affective disorders in which DA systems are 

affected. Still, little is known about the receptor mechanisms 

underlying interactions of EAAs with DA neurons, the cellular 

localization of these receptors and the neuromodulatory control of DA 

release by agents that modify EAA transmission. 

This thesis examines acute effects of EAAs and modulators of EAA 

responses on primary cultures of DA-accumulating cells from the fetal 

rat brain. The dissociated mesencephalic cel1 cultures are developed 

and characterized as a model system for studying these effects. Our 

working hypothesis has been that DA-releasing cells in culture possess 

EAA receptors that can be activated ta modulate DA release (see also 

section 2 "Aims and Objectives"). Cell culture techniques are used 

because of several inherent advantages that complement and extend 

1 
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experimental possibilities achieved in vivo and in tissue slice studies. 

In particular they provide: 

a. an opportunity for precise and accurate control over the 
composition of the extracellular environment to facilitate the 
study of cellular and ionic mechanisms underlying the DA 
release process and effects of EAAs on that release. For 
studying effects of EAAs, this is an important advantage of 
cell culture because the ubiquity of EAAs in the CNS and their 
multiple roles in cellular metabolism (see sections 1.2.1 and 
1.2.2) lead to underestimates of their potency due to EAA 
uptake into other cell types. Diffusion through a neuropil 
may also result in the EAA-evoked release of intermediate 
transmitters which in turn modulate release from the DA 
neurone These two possibilities are reduced in the 
dissociated cell culture model, where DA neurons are directly 
exposed to drugs added to the extracellular milieu (further 
discussion in section 1.5.1). 

b. a reliable system for examining the pharmacology of functional 
responses (in this thesis, the release of radiolabelled DA) to 
EAA receptor stimulation. The ionic mechanisms of EAA 
receptor activation, role of second messenger systems, 
receptor-selectivity of EAA agonists and antagonists and the 
modulation of EAA actions by other transmitters may be 
studied. Use of cultures to explore EAA receptor pharmacology 
is possible because we have found that the cell cultures 
possess multiple EAA receptors with many of the 
pharmacological characteristics exhibited in vivo and in other 
in vitro systems. 

C. a model for the study of dopaminergic transmission, in which 
the entire DA neuron (cell body and terminal fields) may be 
maintained in vitro for a prolonged period (several days to 
weeks) to permit (in future studies) examination of the 
cellular and molecular basis of long-term modulation of 
dopaminergic function (e.g. sensitization of DA neurons: see 
section 8 "General Discussion"). 

In this thesis, the cell culture model has been used to examine the role 

of EAA receptor subtypes in mediating effects of a range of naturally 

occurring EAA agonists. The action of phencyclidine (PCP: a 

psychotomimetic EAA receptor antagonist) , and interactive effects of 

glycine (a potentiating allosteric modulator of EAA receptor function 

and an inhibitory neurotransmitter in brain areas containing DA cell 
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bodies) and Mg2+ (a voltage-dependent blocker of one EAA receptor 

subtype) are a1so exp10red (see section 2 -Aims and objectives"}. 

The introduction of the thesis overviews well-studied 

characteristics of dopaminergic systems in the central nervous system 

(CNS). This is fo110wed by discussion of the role EAAs play as 

excitatory transmitters in the brain. Evidence of important 

interactions between EAAs and dopaminergic transmission is then 

reviewed. Final1y, the use of dissociated mesencephalic ce11 culture 

systems is discussed. 

1.1 Dopamine as neurotransmitter in the CHS 

The criteria that must be fu1fi11ed for a substance to be 

3 

considered a central neurotransmitter (Werman 1966) have been satisfied 

in the case of DA. To substantiate this notion, it has been 

demonstrated that: 

a. specifie neurons have mechanisms for the synthesis and storage 
of DA (Carlsson et al. 1962; Dah1strom and Fuxe 1964; Fuxe 
1965; Hartman and Hi1aris 1980). 

b. depo1arization of these neurons resu1ts in Ca2t.dependent 
re1ease of DA (Farnebo and Hamberger 1971; Mu1der and Snyder 
1976; Patrick and Barchas 1970; Lane and Aprison 1977; 
Nieoullon et al. 1977a,b, 1978a,b). 

c. specifie mechanisms exist for terminating action of DA (1n the 
case of DA, synaptic actions are principa11y terminated by 
reuptake [Iversen 1973; Horn 1979]). 

d. exogenous DA mimics the action of the endogenous compound 
re1eased upon neuronal stimulation and manipulations that 
affect actions of exogenous DA simi1arly modify responses to 
endogenously released DA (Bunney et al. 1973; Kitai et al. 
1975,1976; Richardson et al. 1977; Siggins 1978; York 1979; 
Bunney 1979; Pinock 1983). 
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The application of the se criteria to DA has been dealt with extensively 

in the literature (see also the historical review by Carlsson 1987) and 

will not be readdressed here. Since the experiments in this thesis deal 

with the regulation of DA turnover rather than postsynaptic effects of 

DA, only the first three of these criteria are discussed in detail in 

following sections (1.1.1 to 1.1.5). 

Historical overview 

The first important developments in estab1ishing a role for DA in 

the CNS came from work with an early neuroleptic agent reserpine, a drug 

found to act through depletion of noradrenaline from central stores 

(Holzbauer and Vogt 1956). Carlsson and coworkers observed that 

administration of the NA precursor, L-dihydroxyphenylalanine (L-DOPA) 

reversed reserpine-induced sedation and hypokinesis (Carlsson et al. 

1957), without enhancing noradrenaline leve1s, whi1e brain leve1s of DA, 

the metabolic intermediate between L-DOPA and noradrenaline, were 

elevated (Carlsson et al. 1958). The reversal of extrapyramidal motor 

dysfunction by L-DOPA and the finding that DA was almost completely 

depleted in the brain of autopsied Parkinsonian patients (Ehringer and 

Hornykiewicz 1960) led to clinical trials of L-DOPA in treatment of 

Parkinson's disease in the early 1960s. At the same time, deve10pment 

of fluorescence microscopy (Falck et al. 1962) led to visualization of 

DA-containing neurons and mapping of DA pathways (Dahlstrôm and Fuxe 

1964). Electrophysio1ogical (McLennan and York 1967; Connor 1970) and 

biochemical (Portig et al. 1968; Faull and Laverty 1969) studies 

confirmed that DA is the inhibitory transmitter of a major pathway 

arising mainly from substantia nigra (SN) to striatum, where it provides 
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as much as 211 of the axon terminals (Pickel et al. 1977). The 

biochemical and electrophysiological characteristics of pathways from 

midbrain DA neurons to various limbic and cortical structures have also 

been described (reviewed by Bannon et al. 1985). Cal ci um-dependent 

release of DA was shown to be induced by depolarizing stimuli in vivo 

(Nieoullon et al. 1977a,b, 1978a,b) and in vitro (Holz 1975; Mulder and 

Snyder 1976; Lane and Aprison 1977) and two DA receptor subtypes with 

differing distribution, pharmacological profile and adenylate cyclase 

linkage were identified (Kebabian and Calne 1979; see also Seeman 1980; 

Andersen et al. 1990). Putative physiological roles that have been 

deseribed for nigrostriatal DA systems include modulation of motility, 

body posture and mastieatory activity (reviewed by Costall and Naylor 

1979). Mesocorticolimbic DA pathways have been implicated in the 

activation, regulation and organization of exploratory and locomotor 

behaviors (Fink and Smith 1980: Teitelbaum et al. 1982), drinking and 

eating (Ungerstedt 1971b; Ljundberg and Ungerstedt 19;6), the rewarding 

properties of certain stimuli (see recent review by Wise and Rompré 

1989) and in memory (Beninger 1983). From a clinical perspective, 

severe degeneration of the nigrostriatal DA pathway has been 

anatomically and neurochemically defined in Parkinson's disease (reviews 

by Hornykiewicz 1973, 1979). Also, the antipsychotic efficacy of DA 

receptor antagonists and post-mortem indications of altered dopaminergic 

transmission in brains from schizophrenie patients have led to the 

hypothesis that schizophrenia may be linked to pathological alteration 

of dopaminergic function (see review by Losonczy et al. 1987). 
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1.1.1 Anat~ of dopa.1nerg1c systems in the CNS 

DA was first histochemically visualized in central neurons of the 

rat brain by Carlsson et al. (1962). The organization of dopaminergic 

systems (reviewed by Ungerstedt 1971a; Kim 1978; lindvall and Bjorklund 

1978) was subsequently re~ealed through fluorescence histochemistry, 

retrograde horseradish peroxidase tracing and immunohistochemical 

determination of DA and of the DA-synthesizing enzyme tyrosine 

hydroxylase (TH), often in combination with mechanical or chemical 

lesions with the selective neurotoxin for DA neurons, 6-hydroxydopamine 

(6-0HOA). The major ascending dopaminergic pathways were found to 

originate from cell bodies in the ~N and ventral tegmental are a (VTA) 

regions. In addition, cell bodies in a retrorubral field, between SN 

and VTA and once thought to constitute an extension of the SN, were 

subsequently found to have projections that contribute to the 

innervation of striatal, limbic and allocortical areas as well as to SN 

and VTA. It is now thought that the se retrorubral neurons may be 

important mediators of direct and indirect interactions between the 

major DA systems, both at the level of the midbrain cell bodies and in 

their forebrain terminal fields (reviewed by Deutch et al. 1988). 

Projections from midbrain DA neurons are characterized by highly 

ordered topography. According to traditional concepts and terminology, 

medial mesencephalic cell bodies of the SN project to the caudate

putamen (nigrostriatal pathway), while cell bodies in the more lateral 

VTA project to nucleus accumbens, amygdala and olfactory tubercle as 

well as to cingulate, prefrontal and entorhinal cortices 

(mesocorticolimbic system) (Ungerstedt 1971a). Dual contributions of SN 

and VTA neurons to nigrostriatal and mesocorticolimbic systems prompted 
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sorne authors to rename ascending midbrain DA projections the 

mesotelencephalic system and to rename subsystems the mesostriatal and 

mesocorticolimbic systems. (see Lindvall and Bjërklund 1978). 

The other major DA pathways in the rat CNS are the 

periventricular, incertohypothalamic, tuberohypophyseal, periglomerular 

and retinal systems. These pathways are considerably smaller than 

mesostriatal and me~ocorticolimbic systems in terms of length and 

distribution ofaxon fibres (see Lindvall and Bjërklund 1978). 

1.1.2 Dopamine synthesis 

Brain DA is synthesized from tyrosine. Tyrosine hydroxylase (TH), 

a mixed function oxidase located in the DA neuronal cytosol, catalyzes 

the rate-limiting step in catecholamine synthesis (Levitt et al. 1965) -

conversion of the amine acid L-tyrosine to L-DOPA, through atjition of 

an hydroxyl group in the meta position. TH requires a reduced pteridine 

cofactor, that is reoxidized by dihydropteridine reductase. 

L-DOPA is converted to DA by L-aromatic amine acid decarboxylase 

(LAAAD) (Blaschko 1939). This enzyme is very active (100 - 1000 times 

more than TH) and the conversion proceeds at a fast rate, 50 that LAAAD 

is not normally rate-limiting in DA synthesis (~ourkes 1979). 
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DA is present in neurons both free in the cytoplasm and within 

membrane-bound synaptic vesicles in a concentrated form (Fuxe 1965; 

Hartman and Hilaris 1980). The storage of DA has been described by 

invoking an abstract concept of multiple "pools" of DA (G1owinski 1975). 

This notion implies that different molecules of DA do not behave 

identica11y in the neurone In studies on disappearance of radiolabelled 

DA fo110wing brief exposure of striatal tissue to [3H]tyrosine (" pu1se

labe11ing") (G1owinski 1970; Besson et al. 1973; Gropetti et al. 1977) a 

biphasic rate of dec1ine in the specifie activity of re1eased species 

was observed (indicating a two-pool kinetic mode1 in which newly 

synthesized DA and a larger reserve of DA previously formed are 

differentiallyeliminated). [3H]DA taken up into the neuron (as studied 

in the experiments described in this thesis) has been shown to exhibit 

characteristics similar to those of newly-synthesized DA (de Langen and 

Mulder 1979; dp Langen et al. 1979; Cerrito et al. 1980). Newly

acquired DA (e·i1.her newly-synthesized or newly-taken up) is 

preferentially utilized (metabolized or released) (Glowinski 1975). 

8ased partly on these findings and on studies showing reversal of 

reserpine- or a-methyl-p-tyrosine- (a-mpt) induced behavioral effects by 

very small amounts of DA (Glowinski et al. 1966; G10winski 1975; Shore 

and Dorris 1975; Gudelsky and Porter 1979), it has been proposed that 

newly-acquired DA may constitute the functional pool of transmitter (see 

Glowinski et al. 1972; Glowinski 1975; McMillen et al. 1980). The pool 

is likely located in storage vesicles adjacent to the neuronal membrane 

(Kuczenski 1973; Gershon et al. 1974). A reserve pool of DA, that 
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pool of DA, that supplies DA to the functional pool as the latter 

becomes depleted (MeMillen et al. 1980), may be associated with older, 

degenerating vesic1es in sites 1ess favourab1e to extraneurona1 re1ease 

(Dah1strom and Haggenda1 1970). 

Release 

Transmitter re1ease in response to a depolarizing stimulus, or 

"stimulus-secretion eoup1ing", first deseribed for noradrena1ine release 

in the adrenal medu11a (Douglas 1968), is genera11y Ca2+.dependent and 

is one of the primary criteria that must be satisfied by putative 

neurotransmitters (Orrego 1979). In the ease of DA and other 

catecholamines, a depo1arizing stimulus causes DA vesic1es to fuse with 

the presynaptic membrane and discharge quanta of neurotransmitter into 

the synaptic cleft through an exocytosis. The precise ro1e of Ca2+ in 

the exocytotic process (B1austein et al. 1981) is unknown, but is 

hypothesized to be related to mechanisms of m&mbrane adhesiveness, 

contracti1ity and penneabi1ity. Many of the effects of Ca2+ are 

cata1yzed by the high-affinity Ca2+ receptor protein, calmodulin. The 

binding of Ca2+ to ca1modulin has been linked to the phosphorylation of 

various synaptic proteins (particularly tubulin), leading to membrane 

fusion (Delorenzo 1980, 1981), and is thought to be a necessary step for 

the contractile function of various microtubu1e and microfilament 

contractile proteins. 
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1.1.3.1 Re7ease fro. tenaina7 fie7ds 

Ca2+-dependent DA re1ease induced from central nerve endings by 

depo1arizing agents such as e1evated K+, veratridine or e1ectrica1 

stimulation has been observed both in vitro (e.g. Farnebo and Hamberger 

1971; Mu1der and Snyder 1976; Patrick and 8archas 1976; Lane and Aprison 

1977) and in vivo (Nieou11on et al. 1977a,b, 1978a,b). The Ca2+

dependence of this re1ease was further indicated by the findings that 

the Ca2+ ionophore A23187 a1so evoked DA re1ease (Holz 1975), that in 

vitro depo1arization was accompanied by Ca2+ uptake into striata1 tissue 

(B1austein 1975) and that depolarization-evoked DA re1ease cou1d be 

reduced by Ca2+ channel b10ckers such as high concentrations (10 mM) of 

Mg2+ (Farnebo 1971; Bustos et al. 1981). 

That depo1arization-induced transmitter re1ease is 1arge1y 

mediated by an exocytotic process of vesicu1ar fusion is supported by 

electron microscopic observations of synaptic vesic1es in nerve endings 

(Fried and B1austein 1976). In the case of DA, it is a1so supported by 

findings that: 

a. both in vivo (Imperato and DiChiara 1984) and in vitro 
(Ba1dessarini 1975) stimu1ated DA re1ease is reduced by 
pretreatment of animals with reserpine, an agent that prevents 
vesicu1ar storage of DA. 

b. depolarization-evoked DA re1ease in vitro is inhibited by 
colchicine and vinb1astine, agents that disrupt the function 
of microtubu1es and actomyosin-1ike proteins that are believeê 
to function in exocytosis (Nick1as et al. 1973; Ba1dessarini 
1975). 

c. depo1arization does not cause immediate increase in the 
extrace11ular concentrations of deaminated metabo1ites, 
suggesting that DA is not released into the cytoplasm (site of 
deamination) before being re1eased into the synaptic c1eft 
(Holz 1975). 
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1.1.3.2 So.atodendritic re7ease 

It was considered for many years that the release of DA occurred 

on1y at nerve tenninals. However, DA can a1so be re1eased from 

dendri tes (see rev; ew by Chéramy et al. 1981). The mechanism for thh 

release is apparently similar to that of teminal field release. DA 

release in the SN may be produced by stimulation of neurons that 

innervate SN or are involved in sensory motor processes (Nieoullon et 

al. 1977b, 1978a,b) or by stimulation of the SN itself (Aceves and 

Cuello 1981). Release is also induced by elevated K+ (Geffen et al. 

1976; Ken.in and Pyeock 1979) or veratridine (Tagerud and Cuello 1979) 

and 15 reduced in the absence of external Ca2+ (Geffen et al. 1976). 

Furthermore, veratridine-evoked nigral [3H]DA rel ease may be reduced by 

appHeation of tetrodotoxin (TTX)(Tagerud and Cuello 1979), indicating 

that DA dendrites possess fast voltage-sensitive Na+ channels. Various 

neurotransm; tters present at high 1 evel sin the SN have been shown to 

affect nigral release of DA (liee section 1.1.5 "Regulation of dopamine 

release") . 

1.1.4 Dopasa1 ne uptalce and catabo 11 sm 

1.1.4.1 Dopamine uptake 

Reuptake into the DA neuron is the major meehanism that terminates 

the aet i on of DA rel eased i nto the syr.apse. Transmi Uer taken back i nto 

the neuron is preferentially re·released (section 1.1.3), or is 

catabol ized (section 1.1.4.2). Reuptake of DA permits use of a simple 

technique to monitor the DA-releasing effeets of various transmitters 

and depolarizing stimuli in the experiments of this thesis. DA neurons 

• 
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may be loaded with [3H1DA and the releasing effects of pharmacological 

man1pu1 ations may be assessed by measur1ng radioactiv1ty in the 

releasate. DA uptake 1$ an active, temperature·dependent, saturable 

process (Km· 0.13 "" and Ymax • 25.3 pmol/l00pg protein/2 min: Holz and 

Coyle 1974) that requires adenosine triphosphate (ATP), Na+ and specifie 

carrier molecul es on the cell membrane (Coy1e and Snyder 1969; Horn et 

al. 1971; Iversen 1973; Harris and Baldessarini 1973; Holz and Coyle 

1974; Horn 1979). 

Gl hl cells have also been shown capable of high affinity DA 

uptake, but do not release accumulated DA in response to depolarizing 

stimul i (Pel ton et al. 1981; Barochovsky and Bradford 1987a). Other 

cell types may accumul ate DA by lower affini ty uptake processes. These 

cells include serotonergic neurons and brain capillary pericytes (Schoep 

and Azzaro 1982). 

Experimentally, DA release 1s indicated by increased extracellular 

levels of DA and its metabolites. However, these levels more accurately 

reflect the net result of rel~Jse, neuronal and extraneuronal uptake, 

catabol i sm, di ffusion out of the ti ssue and binding to receptors and 

other sites. Thus, agents that block reuptake, by binding to and 

inhibiting the uptake carrier (e.g. cocaine, lIomifensine, benztropine, 

phencyclidine), may cause an elevation of synaptic DA levels that mimi cs 

stimulated DA release. Also, inhibition (Bogdanski et al. 1970) and 

even revers al (Raiteri et al. 1979) of the high affinity presynaptic DA 

uptake process ( i. e. a Ca2+. i ndependent rel ease of DA) may be produced 

in vit ro . Th i s ;s accompli shed by expos i ng the DA ce 11 to low 

extracellu1ar K+ or by reducing extracellular Na+ concentrations so as 

to decrease the inward-directed cell ular transmembrane Na+ ion gradient. 
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The in vitro DA release caused by reversal of the uptake carrier 15 

Ca2+ -independent and 1s blocked by 1nh1bitors of the carrier (Ra1teri et 

al. 1979). 

1.1.".2 lfetabo7ism 

Catabo1ic inactivation of DA 15 accompli shed by pathways involving 

morlOamine oxidase (MAO) and/or catechol-O-methyl-transferase (COMT). 

MAO, which exists in two subtypes, and may be found both inside and 

outside the neuron (Demarest et al. 1980), deaminates DA, converting it 

(vi a the al dehyde i ntermedi ate) i nto 3,4-dihydroxpheny1 acetie acid 

(DOPAC). COMT 15 an enzyme local ized exc1usively in the extraneurona1 

compartment, that transfers a methy1 group from S-adenosylmethionine to 

the meta hydroxy group of DA to form 3-methoxytyramine (l-MT), a minor 

DA metabolite. Extraneuronal DA is also metabol ized into homovanillic 

acid (HVA), either through initial methylation, followed by deamination 

or by methy1ation followed by MAO-catalyzed deamination. 

1.1.5 Regul ation of dopam1ne rel ease 

Two mechanisms exist for the regu1ation of DA re1ease (see reviews 

by G10winski et al. 1979; Chesse1et 1984). First, an e1evated level of 

rel eased DA may st imul ate DA receptors on the presynapt ie membrane to 

inhibH further transmitter release (autoreceptor inhibition). Second, 

transmitters other than DA may activate specifie receptors on the DA 

neuron (at the level of the cell body or presynaptic terminals) to 

either stimulate or inhibit DA re1ease (heteroreceptor regulation). 
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1.1.5.1. Autoreceptor inhibition 

DA agoni sts and antagonists regulate electri cally or K+ -evoked 

striatal release of DA in vitro by a presynaptic autoreceptor mechanism 

(Farnebo and Hamberger 1971; Westfall et al. 1976; Reimann et al. 1979; 

Cubeddu and Hoffmann 1982; Hoffmann and Cubeddu 1982; Cubeddu et a 1. 

1983; Iuvone 1984; Parker and Cubeddu 1985) distinct from the mechanism 

mediating inhibitory effects of DA on DA biosynthesis (Bitran and Bustos 

1982). The release-modulating autoreceptors have been pharmacologically 

characterized as 02 type DA reeeptors (Helmreich et al. 1982; Stoof et 

al. 1982; Lehmann et al. 1983). They develop supersensitivity fol1owing 

chronic exposure to neuroleptics (Nowak et al. 1983) and desensltize 

rapidly when exposed to endogenous DA (Arbilla et al. 1985). 

The presence of DA autoreceptors is considered a characteristic of 

nigrostriatal and meso1imbic DA systems that is not shared with the 

mesocortical pathway (reviewed by Bannon and Roth 1983; Roth et al. 

1987). Thi s difference may account for the higher rate of transmitter 

turnover and dimini shed responsiveness to DA agonists and antagonists 

(Bannon et al. 1981) as wel1 as the lack of tolerance deve10pment 

foll owing chronic neurolept ie drug admini stration (Bannon et al. 1982), 

wi th i n prefronta 1 cortex. 

1.1.5.2 Heteroreceptor regulation 

In vitro and in vivo studies have indicated that a number of 

transmitters other than DA itsel f may regulate DA release from striatum, 

nucleus aecumbens, prefronta1 cortex and/or olfactory tuberchs (e.g. 

Marien et al. 1983; Rowell et al. 1987; Jaffé and Hernandez 1989; 

Kalivas et al. 1989b). These compounds are released from afferent 
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fibres or intr;nsic neurons within these structures or within the 

ventral mesencephalic area (CNS area containing the SN and VTA). The 

best-characterized regulators of DA release include classical 

neurotransmitters (see Glowinski et al. 1979; Langer 1981; Chesselet 

1984) [glutamate, glycir.e, GABA, norepinephrine, serotonin, 

acetylcholine (muscarinic and nicotinic)] and neuropeptides (reviewed by 

Chesselet 1984; Kalivas 1985) [tachykinins, enkephalins, 

cholecystokinin, somatostatin and neurotensin (reviewed by Quirion 

1983)]. Certain neurotransmitters [particularly glutamate, GABA, 

glycine and substance P] that activate receptors near or on dendrites 

have also been found to regulate dendritic DA release (reviewed by 

Chéramy e~ al. 1981; Araneda and Bustos 1989). Evidence for important 

influences of glutamate on both terminal field and somatodendritic DA 

release is discussed in section 1.4 RExcitatory amino acid effects on 

dopaminergic transmission". 

1.2 Excitatory amino acids (EAAs) as transm;tters in the CNS 

Glutamate and the related acidic amino acid, aspartate were first 

proposed as excitatory transmitter candidates in the CNS 30 years ago 

(Curtis et al. 1959; Curtis and Watkins 1960; Watkins 1962). A surge of 

interest in these and other EAAs has occurred more recently, largely in 

response to three major developments. First, glutamate, aspartate and 

possibly other EAAs have been found to be transmitters at a majority of 

excitatory synapses in the vertebrate CNS (reviewed by Cotman et al. 

1987). Second, the development of pharmacological agents and 

manipulations to selectively modulate synaptic actions of EAAs has led 
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to the identification of EAA receptor subtypes with w1despread 

distributions in the brain (rcviewed by Young and Fagg 1990). Third, 

c11nica1 observations and pharmacologica1 studies with animal models 

have provided evidence linking EAA systems with a range of neurolog1ca1 

diseases and disor~ers (Meldrum 1985; Choi 1988), possibly inc1uding 

schizophrenia (reviewed by Wachtel and Turski 1990). Use of EAA 

receptor antagonists has been proposed as adjuvant treatment of 

Parkinson's disease (Olney et al. 1987a; K10ckgether and Turski 1989; 

Carlsson and Carlsson 1989a; Girault et al. 1990; Schmidt et al. 1990). 

Treatment with ~AA agonists has been suggested in schizophrenia 

(Carlsson and Carlsson 1990). However, the latter proposa1 may not 

adequate1y take into account a large 1iterature indicating stimulatory 

effects of EAAs on dopaminergic transmission (see sections 1.4.2 to 

1.4.4, the e~periments in this thesis and section 8 "General 

discussion"). 

EAAs as neurotoxins 

In addition to their role as neurotransmitters, EAAs may activate 

EAA receptors to induce neurotoxic effects when elevated extracellular 

levels persist for longer than the brief period required for synaptic 

transmission. Lucas and Newhouse (1957) were the first to show that 

sustained exposure to physiological1y relevant concentrations of 

glutamate may destroy retinal neurons. These findings were extended to 

actions of other EAAs on central neurons by the ear1y work of 01ney and 

coworkers, who were a1so the first to postulate that the neurotoxic 

actions of EAAs might be the cause of the neuronal cell loss in certain 

neurodegenerative disorders (Olney and Sharpe 1969; 01ney et al. 1971; 
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Olney and De Gubareff 1978). In vitro experiments suggested that EAA 

neurotoxicity has two temporally distinct phases. The first, 

characterized by acute neuronal swelling and eventual osmotic lys1s, 

depends on the presence of extracellular Na+ and Cl- and can be mimicked 

by other depolarizing agents (Rothman 1985; Olney et al. 1986; Chai 

1987). The second, a delayed phase, is characterized by excessive Ca2+ 

influx, mobilization of 1ntracellular Ca2+ stores, activation of second 

messenger systems, lipases and proteases, generation of free radicals 

and fatty acids, mitochondrial dysfunction and the depletion of energy 

stores (reviewed by Rothman and Olney 1987; Choi 1988). These 

disturbances in turn lead to destruction of the neuronal cytoskeleton 

and cellular membrane and ultimately to cell death. 

Neurotoxic mechanisms may interfere in the measurement of 

functional responses to EAAs. For example, it is possible that any 

apparent EAA heteroreceptor-mediated DA release may be the result of an 

acute excitotoxic mechanism (whereby the release of transmitter results 

through lysis of DA cells). Such an explanation for EAA-evoked [3H]DA 

release from mesencephalic cell cultures was examined in the experiments 

of section 3 "Glutamate stimulation of [3H]dopamine release from 

dissociated cell cultures of rat ventral mesencephalon". 

1.2.1 D1carboxylic EAAs (glutamate, aspartate) 

1.2.1.1 Distribution of pathways 

Happing of EAA pathways by immunohistochemical localization of 

EAAs or their synthesizing enzymes has been difficult because of the 

ubiquitous distribution and metabolic roles of EAAs in non-neuronal as 
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we11 as neuronal cells. Identification of these pathways has been 

possible through combined examination of several parameters - high

affin1ty uptake, Ca2+-dependent re1ease upon depolarizat10n, synthetic 

enzyme 1evels and especially application of receptor mapping techniques 

- before and after lesioning of putative pathways (Watkins and Evans 

1981; Fagg and Foster 1983; Fonnum 1984; Cotman et al. 1987). 

Most glutamate and aspartate excitatory pathways originate in the 

neocortex and allocortex. Major glutamate projections are to 

hippocampus, caudate nucleus, nucleus accumbens, amygdala, superior 

co111cul us, red nucleus, SN, and the pons. Minor gl utamate effererlts 

a1so project from the hippocampus to nucleus accumbens, lateral septum 

and hypothalamus (Cotman et al. 1987). A dipeptide of glutamate and 

aspartate, N-acety1aspartyl glutamate, has been proposed as an 

excitatory neurotransmitter in hippocampus (Bernstein et al. 1985) and 

in corticostriata1 excitatory fibers (Ko11er et al. 1984). 

1.2.1.2 Synthesis and storage 

fhere are two distinct synthet1c pathways for neurotransmitter 

glutamate. These pathways are characterized by the prototypic glutamate 

precursors, glucose and acetate. Glucose 1s metabo1ized, mainly within 

neuronal structures, into 2-oxoglutarate and aspartate (Ba1azs et al. 

1970; Machiyama et al. 1970), with very 1itt1e production of glutamine. 

Aspartate and 2-oxoglutarate are in turn converted to glutamate by 

aspartate aminotransferase, the relevant isoenzyme of which has been 

preferential1y loca1ized to presumed glutamatergic terminals (A1tschuler 

et al. 1982) and has been shown in kinetic studies ta be associated more 

with neuronal than glial structures (Berl and Clarke 1978). Sorne 

2 
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additiona1 2-oxog1utarate derived via pyruvate carboxylase may be 

transported into neuronal pools from astrog1ial ce1ls (Shank and 

Campbell 1982). Other glutamate precursors that are metabolized as 

glucose include glycerol, lactate, pyruvate, a-ketoglutarate and ~

hydroxybutyrate (Clarke et al. 1975). 
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Acetate is converted into glutamine by glutamine synthetase, an 

enzyme that has been loca1ized immunohistochemica1ly in astrog1ia1 ce11s 

(Norenberg and Martinez-Hernandez 1979). Precusors that fo1low the 

pathway characterized by acetate are propionate, butyrate, citrate, 

leucine, GABA, aspartate, protein, and ammonia (Clarke et al. 1975). 

Glutamine from glial cells is converted to glutamate by phosphate

activated glutaminase, a mitochondria1 enzyme preferentially loca1ized 

in nerve terminals (Bradford and Ward 1976). Thus, astrog1ia1 cel1s 

provide glutamine for transmitter glutamate pools. 

The relative importance of astroglial versus neuronal metabo1ism 

in the production of transmitter glutamate has not been satisfactorily 

reso1ved (Fonnum 1984). Owing to rapid diffusion of glutamate and 

ammonia, the end product inhibition of glutaminase was lost in 

experiments designed to address this question in vitro (Bradford et al. 

1978; Hamberger et al. 1979a,b). This problem may have 1ed to 

overestimation of the glial contribution to glutamate synthesis. 

However, it does appear that transmitter glutamate synthesis involves 

exchanges between astroglia1 and neuronal precursor pools and that 

synthesis is not a rate-1imiting factor under normal conditions. 

Estimates of gl~tamate and aspartate concentrations in the brain 

are 5 to 10 mM and 0.5 to 4 mM, respective1y (Fonnum 1984; Robinson and 

Coyle 1987) and show 1itt1e regiona1 variation, presumably because of 
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many roles played by glutamate in cellular, and specifically neuronal 

function. For example, glutamate is a precursor for synthesis of 

important proteins and peptides including glutathione (Meister 1979) and 

for the inhibitory neurotransmitter, -y-aminobutyric acid (GABA) (Roberts 

and Franke1 1950) and also serves in the fixation of ammonia (Weil

Malherbe 1950). Glutamate is great1y enriched (10-fold relative to 

total tissue leve1s) in purified synaptic vesicles and the reduction in 

glutamate levels observed in lesion studies suggests that intraneuronal 

concentrations of glutamate may exceed 100 mM (see reviews by Fagg and 

Foster 1983; Robinson and Coyle 1987). Extraneuronal "free" 

concentrations of glutamate and aspartate in rdt ventral tegmentum are 9 

and 5 ~m/g wet wt. (Gundlach and Beart 1982), while glutamate levels of 

20 ~M have been reported in human cerebrospinal fluid (Kim et al. 1981). 

1.2.1.3 Depolarization-evoked release 

Ca2t-dependent release of glutamate or aspartate has been reported 

fronl brain sl ices, synaptosomes or neuronal cultures in response to high 

K+ (Nadler et al. 1977, 1978; Reubi and Cuénod 1979; Rowlands and 

Roberts 1980; Pearce and Dutton 1981) or electrical field stimulation 

(De Belleroche and Bradford 1972; Potashner 1978) and in vivo by a push

pull cannula method (Girault et al. 1986). The Ca2+-dependence of 

glutamate release was further indicated by observations that A23187 or 

Ca2+ evoked transmitter release (Levi et al. 1976). Glutamate and other 

transmitter amine acids are also re1eased ~rom glial cell preparations, 

although this release is Ca2+-independent (B1austein 1975; Weinreich and 

Hammerschlag 1975; Sellstrom and Hamberger 1977). 
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1.2.1.4 Reuptake 

Uptake of EAAs into neurons and glia (Henn and Hamberger 1971; 

Hokfe1t and Ljungdahl 1972; Hertz et al. 1979) 1s the main mechanism for 

the termination of transmitter action. Administration of the uptake 

inhibitors, L-g1utamate dimethylester or D,l-threo-3-hydroxyaspartate 

prolongs the excitatory action of glutamate (Ha1deman and McLennan 1973; 

Johnston et al. 1980). L-Glutamate and 0- and L-aspartate are subject 

to uptake by a common high affinity transport process (Logan and Snyder 

1971; Wofsey et al. 1971j that shows absolute dependence on Nat (Bennet 

et al. 1973) and also by a high affinity Cl--dependent uptake process 

(Zaczek et al. 1987; Kessler et al. 1987). 8y exploiting its affinity 

for the uptake carrieres), metabolica11y inactive D-aspartate has been 

used as a fa1se transmitter to investigate the operational 

characteristics of EAA uptake and re1ease (Minc-Go1omb et al. 1987, 

1989). 

When taken into glia, glutamate 1s reconverted into glutamine 

which then diffuses out to neuron terminals and is hydrolysed to provide 

a source of transmitter glutamate - the "glutamine cycle" (Shank and 

Aprison 1981). The uptake by glial cells may change the effective 

concentration of EAA necessary to ellcit a given response. This change 

is most noticeable in situ and in tissue slices (Mayer and Westbrook 

1987). The prob1em is reduced in cell culture preparations (as in the 

experiments of this thesis), where the concentration of EAA bathing the 

neuronal surface may be more accurately contro11ed. Still, in the 

studies presented in this thesis, the effect of removing Nat and C1-

from the extracel1ular milieu was assessed (sections 3 and 4) partly so 

as to evaluate whether uptake a1tered the responses to EAAs. 
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1.2.2 Sulfur-conta1n1ng endogenous EAAs 

A1though there ls much evidence pointing to glutamate and 

aspartate as the excitatory transmitters in many corticofuga1 

projections, other endogenous EAAs may a1so be excitatory transmitter{s) 

in the se pathways. A1so, the identity of transmitters ln 1ess we11-

characterized excitatory fibers (e.g. tha1amostriata1 and 

tha1amocortica1 projections) remains unc1ear. Recent attention has 

focussed on endogenous su1fur-containing amine acids l-cysteic acid [CA] 

and l-cysteine su1finic acid [CSA] which are synthesized from methionine 

via a transsu1furation pathway through cysteine, and a1so on l

homocysteic acid [HCA], and l-homocysteine su1finic acid [HCSA) which 

are produced by an analogous pathway passing from methionine through 

homocysteine, (Do et al. 1988). All four of the se EAAs: 

a. have been detected in various parts of the brain, including 
neocortex, hippocampus, mesodienceÏ>halon and striatum 
(Récasens et al. 1982; Do et al. 1986a,b,1988). 

b. are released from these areas in a Ca2+-dependent manner upon 
high K+ depo1arization (Baba et al. 1983; Do et al. 1986a,b, 
1988). 

c. are excitatory in spinal cord and central neurons (Curtis and 
Watkins 1960; Mewett et al. 1983; MacDonald and Wojtowicz 
1982; Mayer and Westbrook 1984; Thomson 1986; Do et al. 1986a; 
Cuénod et al. 1986; Turski et al. 1987b). 

d. evoke Ca2+-dependent transmitter release f~om cortical neurons 
and cerebel1ar granule cells in culture (Dunlop et al. 1989). 

e. are taken up by the same Na+-dependent high affinity carrier 
as glutamate and aspartate (Cox et al. 1977; Iwata et al. 
1982; Erecinska and Troeger 1986; Wil~on and Patuszko 1986) 
and CA has also been shown to be a substrate for the Cl-
dependent glutamate uptake system (Koyama et al. 1989). 
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1.3 EAA receptors 

Synaptic responses to EAAs are mediated by several receptor 

subtypes with distinct electrophysiological properties and distributions 

in the CNS. Until recently, three major EAA receptor subtypes were 

known. They were named after N-methyl-D-aspartate (NMDA), quisqualate 

and kainate, preferred agonists in a variety of electrophysiological and 

neurochemical studies (Mayer and Westbrook 1987). NMOA receptor binding 

was shown to open a membrane channel characterized by high conductance 

(main state about 50 pS) resulting in cation currents which excluded 

large organic ions (e.g. Tris and choline [Mayer and Westbrook 1987]), 

but allowed free passage of Na+, Ca2+. Quisqualate and kainate were 

found to produce fast responses mediated by membrane Na+ channels (both 

have main conductance states of about 20 pS) that exclude Ca2+ ions 

(Ascher and Nowak 1988; Cull-Candy et al., 1988). A fourth receptor was 

proposed on the basis of potent (low micromolar) antagonist properties 

of 2-amino-4-phosphonobutyrate (APB) at a subpopulation of excitatory 

synapses (see Foster and Fagg 1984; Cotman and Iversen 1987; Monaghan et 

al. 1989). However, it has not yet been possible to identify a membrane 

binding site for APB. A Cl--dependent [3H]glutamate binding site which 

was thought to represent the APB receptor, was subsequent1y found ta 

correspond to the C1--dependent EAA transport system, rather than to a 

synaptic receptor (Foster and Fagg 1984; Monaghan et al. 1989) 

This receptor classification is now being revised to accomodate 

new receptor subtypes (see recent reviews by Watkins et al. 1990; Young 

and Fagg 1990). A metabotropic quisqualate-preferring receptor 1inked 

to inositol phosphate formation (Sladeczek et al. 1985; Sugiyama et al. 

1987; Récasens et al. 1987; Weiss 1989) has been distinguished from the 
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1onotropic qUisqualate receptor wh1ch is activated more selectively by 

a-amino-3-hydroxy-5-methy1isoxazo1e-4-propionate (AMPA) th an by 

quisqualate itse1f. The latter has been appropriate1y renamed the AMPA 

receptor (Monaghan et al. 1989; Watkins et al. 1990). 

It has been difficult to pharmaco1ogical1y distinguish 

qUisqualate/AMPA- from kainate-activated responses and considerable 

physiological evidence suggest that kainate and quisqualate receptors 

may act very similarly in many brain areas. These receptors are 

therefore often co1lectively referred to as "non-NMDA receptors". Wh;le 

patch-clamp study of cu1tured neurons have revealed differences in the 

average 1evel of unitary conductance (higher with quisqualate/AMPA) and 

the probability of channel opening (higher with kainate), it has been 

proposed that these may correspond to subconductance states of a single 

EAA receptor supramolecular complex, encompassing both NMDA and non-NMDA 

receptor subtypes (Cull·Candy and Usowicz 1987; Jahr and Stevens 1987). 

This hypothesis has generated some controversy, but is now considered 

untenab1e for at 1east three reasons: 

a. in certain cases, kainate may be 100 times more pote nt than 
AMPA in generating responses (e.g. in primary afferent C
fibres [Agrawal and Evans 1986]). 

b. excitation produced by kainate and the kainate receptor
selective agonist, domoate does not desensitize. However, 
responses to quisqualate and AMPA show rapid desensitization 
and this desensitization, unlike that produced by NMDA, can be 
prevented by coapp1ication ot the 1ectin concanavalin A (Mayer 
and Vyk1icky 1989). 

c. a functional kainate receptor has been c10ned that ;5 
insensitive to both qU1squa1ate and NMOA (Ho11mann et al. 
1989). 
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1.3.1 NMDA receptor 

The NMDA receptor has been more thorough1y studied than have other 

EAA receptor subtypes. Severa1 features of the modulation of NMDA 

receptor activity deserve particular attention (see recent review by 

Wood et al. 1990) and are described be1ow. These are the b10ckade of 

NMDA receptor activity by channel blocking diva1ent cations (Mg2+, Zn2+) 

and drugs (phencyc1idine [PCP], (+)-5-methyl-l0,II-dihydroxy-5H

dibenzo(a,d}cyclohepten-5,10-imine [MK-SOlj dizocilpine]), and the NMDA 

potentiating effect of glycine. In addition, there is recent evidence 

that endogenous polyamines might modulate NMDA responses and suggestions 

that subtypes of NMDA receptors may exist (reviewed by Wood et al. 

1990) . 

1.3.1.1 Effect of magnesium 

NMDA receptor activation depends strongly on the voltage of the 

postsynaptic cell (MacDonald and Wojtowicz 1982; MacDonald et al. 1982). 

The vo1tage-dependence of channel opening has been linked to blockade of 

the open channel by Mg2+ ions. While NMDA receptor binding causes 

channel opening, at negative transmembrane potentia1s, the channel is 

immediately b10cked by physiological concentrations of Mg 2+ (0.8 to 1.2 

mM). At more positive voltages, the Mg 2+ ions are driven out of the 

channel, allowing free passage of Na+ and Ca2+ into the cell (Ault et 

al. 1980; Davies and Watkins 19S0; Nowak et al. 1984; Mayer and 

Westbrook 19S5). The ability of Mg2+ to produce voltage-dependent 

blockade of the NMDA receptor a110ws the receptor to act as an "input

sensitive amplifier of excitatory synaptic responses" (Young and Fagg 



-t -

.. 

26 

1990) (i.e. a small depolarizing input may alleviate the Mg2+ blockade 

so as to permit activation of an NMDA response). 

1.3.1.2 Effect of zinc 

Activity through the NMDA receptor channel is also blocked by 

micromolar concentrations of Zn2+, at a site distinct from the one at 

which Mg2+ acts (Westbrook and Mayer 1987; Peters et al. 1987; Forsythe 

et al. 1988). Zinc antagonism of the NMDA receptor, unlike the blockade 

by Mg2+, is not rel ieved by depolarization of the neuron (Westbrook and 

Mayer 1987). 

1.3.1.3 Competitive antagonists 

Pharmacological characterization of the NMOA receptor has been 

facilitated by the early availability of competitive EAA receptor 

antagonists with selectivity for the NMDA receptor. The first of these 

found to have some selertivity for NMDA responses were phosphonate

containing glutamate analogs including D-2-amino-S-phosphonopentanoate 

(APV; Davies and Watkins 1982; Evans et al. 1982) and 0-2-amino-7-

phosphonoheptanoate (APHj Perkins et al. 1982). A more recently 

described NMDA antagonist of this class, 3-«±)-2-carboxypiperazin-4-

yl)-propyl-l-phosphonate (CPP; Oavies et al. 1986; Lehmann et al. 1987) 

is the most selective competitive NMDA receptor antagonist now widely 

available. 

1.3.1.-1 Uncompetitive antagonists 

NMDA receptors are blocked by phencyclidine (PCP) and related 

dissociatlve anaesthetics (see recent review by Lodge and Johnson 1990) 
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at a site w1thin the NMDA receptor ionophore that is distinct from the 

binding sites for Mg2+ and Zn2+ (MacDonald and Nowak 1990). Thi s 

antagonism is genera11y referred to as RnoncompetitiveR (Kemp et al. 

1987; lodge and Johnson 1990), but has a1so been called "uncompetit1ve" 

(Pennefather and Quastel 1982), since the degree of block in vitro is 

direct1y related to the presence of the agonist (Honey et al. 1985; 

MacDonald et al. 1987). A similar use-dependent blockade of the 

receptor 15 produced by the dibenzocyclohepteneimine, MK-801 (Huettner 

and Bean 1988), the most potent NMDA antagonist within this c1ass of 

compounds (Wong et al. 1986). 

The PCP binding site associated with the NMDA receptor is also 

known as the PCP receptor (Quirion et al. 1987) and is on1y one of the 

many mo1ecu1ar targets for PCP within the CNS (see reviews by Quirion 

1986; Contreras et al. 1987). PCP is a1so a potent 1 igand at the sigma 

binding site (Quirion et al. 1987) and is an antagonist at K+, Na+, Ca2+ 

and Ca2+.dependent K+ channe1s as we11 as at the neuronal high affinity 

DA uptake site (reviewed by lazdunski et al. 1983). 

It has been recent1y proposed that a unique "NMOA-uncoupled" PCP 

receptor mi ght exi st ; n rodent cortex (Wood and Rao 1989; Rao et al. 

1988, 1989, 1990). The evidence for such a site is that PCP, ketamine 

and MK-801 stimu1ated cortical DA re1ease (section 1.4.6.1 

"Phencyc1idine and dopamine"), while competitive NMOA receptor 

antagonists and the sigma ligand, rimcazo1e were inactive (Wood and Rao 

1989). However, it has not yet been determined whether thi5 site might 

correspond to one of the other known mo1ec'J1 ar targets for PCP in the 

CNS (e.g. a cation channel or the dopamine uptake site). 

ahl! 
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1.3.1.5 Glycine and glycine antagonists 

Low micromolar concentrations of glycine activate a strychnine

insensitive glycine binding site allosterically associated with the NMOA 

receptor to potentiate responses to NMOA (Johnson and Ascher 1987; 

Reynolds et al. 1987; Bonhaus et al. 1989). It is now thl ught that 

glycine acts as a coagonist with NMDA, as it has been shown in isolated 

cell preparations that the modulatory site must be occupied for NMDA 

currents to be elicited (Forsythe et al. 1988; Reynolds and Miller 1988; 

review by Thomson 1989). A recent study of NMDA receptars expressed in 

Xenopus oocytes has indicated that the role of glycine is ta decrease 

NMDA receptar desensitization in addition to enabling channel opening by 

the NMDA aganist (Lerma et al. 1990). 

Several noncompetive NMDA receptor antagonists have been found to 

act through the strychnine-insen~itive glycine site on the NMOA receptor 

complexe Kynurenate, a broad-spectrum EAA antagonist that blocks 

responses at quisqualate/AMPA and kainate receptors (Ganong et al. 1983; 

Jahr and Jessel 1985), has been found to at least partly antagonize NMDA 

responses through competitive antagonism of the glycine binding site 

(Birch et al. 1988; Bertolino et al. 1989). However, a derivative of 

this compound, 7-chlorokynurenate, may be a more patent antaganist at 

the glycine site and a much weaker antagonist of the quisqualatejAMPA 

and kainate receptors than kynurenate (Frey et al. 1987; Kemp et al. 

1988). 7-chlorokynurenate and 3-amino-1-hydroxy-2-pyrrolidone (HA-966), 

a less potent NMDA antagonist that also has this action (Kemp et al 

1988; Donald et al. 1988), are the most selective antagonists currently 

available for the strychnine-insensitive glycine site. Finally, 6,7-

dinitroquinoxaline-2,3-dione (ONQX) and 6-cyano-7-nitroquinoxaline-2,3-
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dione (CNQX), init1a11y hera1ded as selective non-NMOA receptor 

antagonists (Honoré et al. 1988), whi1e remaining the most potent non

NMOA receptor antagonists current1y avai1ab1e, have a1so been found to 

be potent antagonists of this glycine site (Birch et al. 1988; Foster 

1988) . 

1.3.2 Qutsqua1ate tonotroptc and metabotrop1c receptors 

Quisqua1ate receptors have been recent1y subdivided into two 

distinct receptor subtypes. An ionotropic receptor activated by 

quisqua1ate and more se1ective1y, by AMPA has been renamed the AMPA 

receptor (Monaghan et al. 1989). AMPA is without effect on membrane 

binding sites radiolabe11ed by NMDA and kainate receptor ligands. The 

AMPA receptor is thought to mediate a fast component of EPSPs in many 

central excitatory pathways and has therefore been called a "genera1 

purpose" EAA receptor (Young and Fagg 1990). No specifie antagonists 

for this receptor have been identified. However, certain analogues of 

kynurenic acid, and the quinoxa1inediones, DNQX and CNQX, have sorne 

se1ectivity for [3H]AMPA binding sites and black AMPA- and quisqua1ate

evoked excitation (Honoré et al. 1988). Activity at the AMPA receptor 

is potentiated by Zn2+ (Peters et al. 1987), further distinquishing this 

receptor from the NMDA receptor. 

A "metabotropic" quisqua1ate receptor, lir,"ed ta a delayed second 

messenger response invo1ving generation of 1,4,S-trisphosphate (IP3), 

mobi1ization of intrace11ular Ca2+, and activation of protein kinase C, 

has been recently identified (Sladeczek et al. 1985; Récasens et al • 

1987; Sugiyama et al. 1987; Doble and Perrier 1989). The metabotropic 
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receptor is activated by glutamate, quisqualate, ibotenate and trans-l

aminocyc10pentane-l,3-dicarboxylate (ACPD), but not by NMDA, AMP~ or 

kainate (Watk1ns et al. 1990). Antagonists at the AMPA receptor (Weiss 

1989) or NMOA receptor (Sladeczek et al. 1985) are ineffective at this 

site. However, activation of the metabotropic receptor may be blocked 

by pertussis toxin (Wrob1ewski et al. 1987) or l-serine-O-phosphate 

(Doble and Perrier 1989). Thus, the action of glutamate at the 

metabotropic receptor is distinct from a previous1y reported inhibition 

of carbaehol-stimu1ated IP3 turnover, which has the pharmacologieal 

profile of an NMDA receptor (Baudry et al. 1986). 

1.3.3 Kainate receptor 

The neurophysio10gieal properties of the kainate receptor are 

poor1y understood, 1arge1y due to the difficu1ty in pharmaco10gica11y 

distinguishing this receptor from the AMPA receptor. like the AMPA and 

metabotropic quisqualate receptors, the kainate receptor is insensitive 

to NMDA receptor antagonists, APV, APH, CPP, PCP and MK-801. No potent 

and specifie antagonists of the kainate receptor have yet been 

identified. However, the EAA receptor antagonist$, 6-D

glutamy1aminomethy1sulphonate (GAMS) (Croucher et al. 1984; Jones et al. 

1984) has shown some selectivity for kainate responses relative to those 

mediated by quisqualate/AMPA receptors in cat spinal cord (Davies and 

Watkins 1985) and cultured rat cortical neurons (Drejer et al. 1987). 

ln severa. stud1es, the broad spectrum EAA antagon1sts, kynurenate and 

cis-2,3-piperidine di~arboxyli~ aeid (POAj Watkins and Evans 1981) have 

also been found to preferentially inhibit kainate responses (Coleman et 



c 

( 

c 

...... ~ ____ ._~~ .. ~·· __ .... __ · .... -·.··~vr ____ • _____ T' _________ •• __________ '_M_ . ....;,;;;;;,;;;;;;;;;;;;;;iiiiiiiOiiiiiiiiiiii«ld 

al. 1986; Gallo et al. 1987a,b, 1989). Responses at the kainate 

receptor are further distinguished fro. quisqualate/AMPA and NMOA 

responses by insensitivity ta ln2+ (Peters et al. 1987). 
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The kainate receptor is also distinguished from other EAA receptor 

subtypes in that no endogenous ligand has yet been identified for this 

site. However, domo;c acid, a neurotoxin isolated from the sea algae, 

Chondria armata, may be a more specifie agonist for kainate receptors 

th an kainate itself. 

1.3.4 Reeeptor mechanisms for endogenous EAAs 

Glutamate, aspartate, CA, CSA, HCA and HCSA, are considered "mixed 

agonists" (Mayer and Westbrook 1984, 1987; Watkins et al. 1990). Unlike 

the prototypic selective agonists quisqualate, kainate and NMOA, these 

endogenous EAAs evoke responses that are only partially susceptible to 

blockade by selective NMOA reeeptor antagonists (Watkins and Evans 

1981). Thus, an understanding of excitatory transmission under 

physiological conditions in systems where multiple EAA receptors and 

agonists are present demands that the relative importance of NMDA and 

non-NMOA receptor activation be clarified for responses to glutamate, 

aspartate and a widening list of putative neurotransmitters. One of the 

aims of the experiments reported in this thesis (section 5), was to 

characterize EAA receptor-involvement in responses to natura1ly 

occurring EAAs in the mesencepha1ic ce1l culture mode1. 

Glutamate responses were initia11y thought ta be mediated 

predominantly by quisqua1ate receptors (Davies et al. 1982; Melennan 

1983). More recently, current-voltage relationships and partial 
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antagonism of glutamate responses by APV in voltage clamp experiments on 

cultured spinal cord neurons (Mayer and Westbrook 1984), as well as the 

high affinity of glutamate for each of NMOA, quisqualate/AMPA and 

kaïnate receptors in binding studies (Murphy et al. 1987; Pullan et al. 

1987; Olverman et al. 1988) have made it difficult to identify a 

preferred receptor subtype for this ligand. It has been suggested that 

in sorne systems where multiple EAA receptors are present, low 

concentrations of glutamate may interact preferentially with NMOA 

receptors, while high concentrations act at non-NMOA receptors (Mayer 

and Westbrook 1987). 

l-Aspartate acts at both APV-sensitive and APV-insensitive sites 

in slices or cerebral cortex (Harrison and Simmonds 1985; Surtees and 

Collins 1985). However, in spinal cord neurons aspartate produced NMOA

like depolarizations, suggesting that it may have higher affinity for 

NMOA receptors than for non-NMOA sites (Mayer and Westbrook 1984). 

Until recently, the EAA receptor mechanisms underlying actions of 

CA, CSA and HCSA have not, received much attention, but are thought to 

involve both NMOA and non-NMDA components (Pullan et al. 1987). By 

comparison, HCA has been extensively studied and there is a 

controversial propos al that HCA may be the endogenous ligand for the 

NMOA receptor in certain systems (Knopfel et al. 1987; lehman et al. 

1988). It is generally agreed that exogenous HCA produces depolarizing 

shifts similar to thûse produced by aspartate or NMOA (MacDonald and 

Wojtowicz 1982; Herrling et al. 1983; Mayer and Westbrook 1984; 00 et 

al. 1986a). In systems where NMOA, quisqualate and kainate receptors 

produce different respons~s, electrophysiological (Do et al. 1986a) and 

excitotoxic (Olney et al. 1987b) actions of HCA were found to be 
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se1ective1y mediated by NHDA receptors. In neocortica1 neurons 

responses to HCA were actua11y IOre affected by NMDA receptor 

antagonists than were glutamate-induced depo1arizations (Knopfe1 et al. 

1987). However, in other systems, HCA has been found to produce actions 

11ke quisqualate (but not kainate) that do not resemb1e NMDA responses 

(Davies et al 1985; Gulat-Marnay et al. 1987). Also, in binding 

studies, HCA interacts with quisqualate/AMPA-type receptors with the 

same potency as at the NMDA receptor (Murphy and Williams 1987; Murphy 

et al. 1987; Olverman et al. 1988). 

1.4 EAA effects on dopaminergic trans.;ssion 

Anatomical, electrophysiological and neurochemical studies have 

pointed to major regulatory effects of EAAs on dopaminergic transmission 

(sections 1.4.1 and 1.4.2). The physiological relevance of this 

regulation is supported by behavioral studies (section 1.4.3). Synaptic 

mechanisms underlying regulation of terminal field and somatodendritic 

DA release by EAAs (sections 1.4.4 and 1.4.5) have been investigated in 

vitro in tissue slice and synaptosomal preparations, and in vivo by 

push-pull canula, microdialysis and voltametric techniques. These 

studies have yielded some conflicting results, as outlined in the 

fOllowing sections (1.4.3, 1.4.4 and 1.4.5). In particular, questions 

remain concerning: 

a. characterization of EAA receptor subtypes mediating the 
interaction with DA. 

b. synaptic localization of these receptors. 

c. identification of endogenous transmitter candidates that act 
at these receptors. 



34 

d. effects of endogenous2and e~ogenous modulators of EAA receptor 
pharmacology (e.g. Mg +, Zn +, glycine, and EAA receptor 
antagonists, including PCP) on DA transmission. 

A major aim of the experiments reported in this thesis was to clarify 

these issues (see section 2). 

1.4.1 Distribution of EAA pathways in dopaminergic brain regions 

1.4.1.1 Projections ta striatum, nuc1eus accumbens and o7factory 

tuberc7es 

Corticostriatal projections are the main input to the neostriatum 

(Graybiel and Ragsdale 1979) and are excitatory (Spencer 1976). The 

following evidence indicates that EAAs are the neurotransmitters of 

these excitatory inputs. Cortical lesions reduce striatal glutamate 

tissue levels (Kim et al. 1977; Fonnum et al. 1981a,b; Sandberg et al. 

1985), high affinity uptake (Oivac et al. 1977; McGeer et al. 1977; 

Carter 198r, 1982; Young et al. 1981; Walaas 1981; Fonnum et al. 

1981a,b) synthesis and release {Reubi and Cuénod 1979; Rowlands and 

Roberts 1980; Oruce et al. 1982} and Ca2+-dependent K+-stimulated 

glutamate release in vivo (Girault et al. 1986). Parallel findings have 

been reported for aspartate (Oruce et al. 1982; Sandberg et al. 1985; 

Girault et al. 1986). Electrical stimulation of the frontal (Godukhin 

et al. 1980), visual and motor cortlces (Nieoullon et al. 1978a) has 

been shown to evoke the release of radiolabelled L-glutamate from the 

ipsilateral striatum in vivo. The excitation of striatal neurons 

elicited by cortical stimulation, or by iontophoretic application of 

glutamate were largely suppressed by the EAA receptor antagonists 

glutamate diethyl ester (GOEE) (Spencer 1976). 
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The nucleus accumbens also receives cortical input from both the 

allocortex and neocortex, which may be glutilatergic (Walaas and Fonnum 

1979; Carter 1980). Lesions of the frontal cortex resu1t in reductions 

in the high affinity uptake of glutamate in nucleus accumbens (Walaas 

and Fonnum 1979; Carter 1980; Wa1aas 1981) and olfactory tubercles 

(Fonnum et al. 1981a). 

1.4.1.2 Projections ta substantia nigra and VTA 

The SN and VTA receive excitatory afferents From the cortex 

(Carter 1982; Nieoullon and Dusticier 1983). Lesions of cortical areas 

result in reductions in nigral glutamate content (Kornhuber et al. 1984) 

and uptake (Kerkerîan et al. 1983; Nieoullon and Dusticier 1983), and of 

aspartate levels and uptake in VTA (Christie et al. 1985). Electrical 

stimulation of the visua1 and motor cortîces induces release of 

radiolabelled L~glutamate from SN in vivo (Nieou11on et al. 1918a). 

There is a1so electrophysiological and pharmacological evidence for a 

minor glutamate pathway projecting from the peduncu1opontine nucleus to 

SN pars compacta (Scarnatti et al. 1984, 1986, 1987). In addition, both 

SN and VTA regions cantain low ta moderate density of glutamate

immunoreactive neuronal perikarya (Ottersen and Storm-Mathisen 1984). 

1.4.2 Electrophysiological effects of EAAs on dopamine neurons 

Iontophoretic administration of glutamate increases the firing 

frequency of DA neurons in both the SN and VTA (Scarnati dnd Pacitti 

1982; Grace and Bunney 1984a,b, 1986). EAA receptor antagonists may 

also modulate DA neuron firing. For example, 2-amino-6-
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trifluoromethoxybenzothiazole (PK 26124), a novel anticonvulsant found 

to block neuronal excitation mediated by EAAs, decreased the firing of 

spontaneously active neurons in both the nigrostriatal and 

mesocorticolimbic systems of the rat in vivo, resulting in decreased 

release of DA from both tenminal fields and cell body reyions (Coston et 

al. 1986). 

1.4.3 Behavioral effects of EAAs on dopamine systems 

Studies of stereotypy (gnawing, licking, and sniffing) and/or 

locomotor behaviors after local or systemic application of EAA agonists 

or antagonists provide behavicral/physiological evidence for modulatory 

effects of-EAAs on dopaminergic function (see sections 1.4.3.1 to 

1.4.3.3). However, DA systems may not be involved in all of the se 

behavioral effects of EAA agonists and antagonists. For example, MK-801 

caused pronounced, neuroleptic-resistant locomotor stimulation in rats 

(Raffa et al. 1989) and MK-801, PCP and ketamine produced similar 

effects in mice depleted of monoaminergic stores by pretreatment with 

reserpine or a-mpt (Carlsson and Carlsson 1989a,b, 1990). 

1.4.3.1 Administration into striatum 

Microinjection of AMPA into striata of rats forced to swim in a 

water basin, abolished an escape response that was found sensitive to 

agonists and antagonists of DA transmission (Cools and Peeters 1987). 

The effect of AMPA was facilitated by low concentrations of apomorphine, 

was completely inhibited by kynurenate or GDEE and was potently 

affected, but only partially blocked by APH. In addition, haloperidol-
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sensitive enhancement of stereotyped sniffing (but not sterotyped oral 

movements) was induced by local injection of APV (Schmidt 1986). These 

data may be interpreted as indicating a role for both NHDA and non-NMDA 

receptors (possibly of the qUisqua1ate/AMPA subtype) in mediating 

striatal dopaminergic transmission. The report by Cools and Peeters 

(1987) suggests that activation of NHDA and non-NMDA receptors leads to 

DA-mimetic behaviora1 effects. Converse1y, in the study by Schmidt 

(1986) the NMDA receptor-mediated effect of glutamate was r;pposite to 

that of DA. Together, these results are consistent with a synaptic 

10ca1ization of EAA receptors on both DA terminals and inhibitory 

interneurons in the striatum (see section 1.4.5.1). 

1.4.3.2 Administration into nucleus accumbens 

Bilateral microinjections of NMDA, quisqua1ate, or kaïnate into 

the nucleus accumbens significantly increased locomotion in rats 

(Donzanti and Uretsky 1983, 1984). These effects were attenuated by 

pretreatment with reserpine, or the DA receptor antagonist haloperidol, 

suggesting the mediation of accumbal DA activity (Donzanti and Uretsky 

1983). Similar observations with NMDA, quisqualate, kainate and fo1ates 

containing a glutamate moi~ty were reported by Stephens et al. (1986). 

B10ckade of the hypermoti1ity by NMDA and non-NMDA antagonists indicated 

that multiple EAA receptor subtypes were involved in these locomotor 

effects (Donzanti and Uretsky 1984; Stephens et al. 1986). However, the 

specificity of CAA effects is ca11ed into a\l~:;tion by the finding that 

NMDA was equally pote.,t in inducing 10comotor behavior when injections 

were made into the 1atera1 ventric1e (O'Neill et al. 1986). Further, 

the i nvo 1 vernent of dopami nerg i c systems rnay be cha 11 enged because the 
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pattern of 10comotor behavior induced by NMDA administration into either 

nucleus accumbens or cerebral ventricle (episodic wi1d running) 

fundamental1y differs from the behavior induced by d-amphetamine 

(genera1ized 10comotor activation and exploratory activity) (O'Neill et 

al. 1986). 

1.4.3.3 Administration into substanti, nigra or VTA 

Bilateral acute application of either NMOA or kainate to the SN 

pars compact a or VTA, enhanced locomotor activity and sniffing in the 

rat (Pycock and Dawbarn 1980). A greater sniffing response was seen 

when injections were made into SN pars compacta, while the locomotor 

response was more marked after intra-VTA injection. This selectivity is 

consistent with the genera1 notion that nigrostriatal and mesolimbic DA 

pathways mediate predominantly ~tereotyped and locomotor responses 

respectively (Costa1l et al. \9771. Both responses were blocked by 

prior systemic administration of the DA receptor blocker, fluphenazine, 

suggesting that they were at least partly mediated by increases in 

dopaminergic transmission. 

In some studies, injections of kaïnate or NMDA into SN produced no 

significant behavioral alterations (Jackson and Kelly 1984; Turski et 

al. 1987a), or inhibition of loeomotor activity (Wirtshafter and 

MeWilliams 1987). In at 1east one of these studies, the site of 

injection was clearly in SN pars reticu1ata, caudal to the SN pars 

compacta (Turski et al. 1987a). Administration of NMDA or kainate into 

this structure has been shown to induee sedation and eata1epsy (Pyeoek 

and Dawbarn 1980). These effects _ay be re1ated to EAA activation of 

inhibitory nigra1 interneurons (perhaps GABAergic) that regulate 
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nigrostriata1 DA transmission. This hypothesis 15 supported by the 

differentia1 effects of 6-0HDA and elecrolytic le5ions of SN. Thus, 

while unilateral injection of 6-0HDA produces a turning of the body 

toward the side of the 1esion (Ungerstedt and Arbuthnott 1970), a non

selective electrolytic 1esion of the SN causes turning that 15 

contralateral to the side of the lesion (Costa11 et al. 1976; Schwartz 

et al. 1976). Olianas et al. (1978) demonstrated that unilateral 

microinjection of kainate into the SN pars reticulata region induced an 

ùcute episode of ipsilateral and contralateral circling, followed by a 

chronic contralatera1 circling behavior. The contralateral component of 

the acute turning response was abol ished by previous 6-0HOA lesioning of 

DA neurons in the SN. However, the ipsilateral turning and chronic 

contralateral turning were unaffected by 6-0HDA lesions and thus 

appeared to be independent of altered nigrostriatal DA 

neurotransmission. The ipsilateral turning may be explained by an 

initial stimulatory effect of kainate on a neuron inhibitory to the DA 

ce11, while the chronic contralateral turni ng might reflect the 

destruction of this inhibitory input. 

One recent study provides the clearest demonstration of 

correlations between the behavioral effects of EAA injection into the 

VTA and DA turnover' in mesocorticol imbic sY5teITls (Kalivas et al. 1989b). 

In this study t a stimulation of locomotor activity was produced by 

intra-YTA injection of glutamate or kainate, but not NMDA or 

quhqualate. The behavioral activation induced by glutamate was blocked 

by pretreatment with haloperido1 and was accompanied by an increase in 

DA turnover in the nucleus accumbens, as measured by in vivo dialysis. 

Intra-VTA glutamate, but not kainate, al$o caused an increase in DA 
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turnover in the prefrontal cortex. This increase was blocked when the 

NMOA antagonist, CPP was coadmi nistered with glutamate. The 

physio1ogical re1evance of NMDA receptor activation was supported by a 

b10ckade of footshock stress-induced activation of prefrontal cortical 

DA turnover by i ntra-VTA inject ion of CPP. Ka1 ivas and coworkers 

(1 989b) concluded that NMDA and kainate receptors preferentially mediate 

EAA activation of VTA DA neurons projecting to the prefrontal cortex and 

nucleus acumbens t respective1y. 

1.4.4 Role of EAA receptors in the regulat10n of dopamine release 

Multiple EAA receptor subtypes May be involved in the regulation 

of DA release by EAA agonists from both dopaminergic terminal field and 

dendrit i c regions. The relative importance of nan-NMOA and NMDA 

receptors remains unc1ear, but may vary between brain regions, as 

i ndicated in the reports sunmarized above (section 1.4.3). 

1.4.4.1 Release from terminal fjelds 

Gi orguieff and coworkers were the first to show that 91 utamate 

evokes the release of [3H1DA from ti ssue sH ces of rat stri atum in vitro 

(Giorguieff et al. 1977). These observations were confirmed by other 

groups (Roberts and Sharif 1978; Roberts and Anderson 1979; Marien et 

al. 1983; Snell and Johnson 1986) and were extended to nucleus accumbens 

(Roberts and Anderson 1979; Marien et al. 1983; Jones et al. 1987) t as 

we11 as olfactory tubercle (Marien et al. 1983). In each region, [3H]OA 

re1ease was strongly inh,bited by mill imolar concentrations of Mg2+, 

suggesting involvement of the NMOA receptor (Marien et al. 1983). 
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Glutamate was si.ilar1y found to sti .. late Ca2+-dependent release of 

endogenous DA from striata1 slices (Jhamandas and Marien 1987; Clow and 

Jhamandas 1989). This re1ease was a1so largely blocked by Mg2+, Qf by 

the NMDA receptor antagonist, APH. 

Some discrepancies have emerged between studies concerning effects 

of high concentrations of glutamate on striatal DA release. Glutamate 

concentrations ranginq from 0.1 to 10 mM have been reported to evoke 

release of endogenous DA (Jhamandas and Marien 1987; Clow and Jhamandas 

1989) and concentrations of 10 ~ to 10 mM have been reported to evoke 

the release of [3H]DA (Roberts and Ander~~n 1979; Marien et al. 1983) 

from striatal tissue sl ices. However in an if: vivo experiment that 

assessed glutamate·evoked release of [3H]DA using a iJush-pull cannula 

technique, Chéramy et al. (1986) observed that micro· and even nanomol ar 

concentrations of glutamate enhanced DA release and that higher 

concentrations of glutamate (100 pM) actually inhibited the release. 

These findings have not been confirmed by other investigators in either 

in vivo or in vitro studies. For example, very high concentrations of 

glutamate (10 mM) induced DA release, while lower concentrations were 

without effect in an in vivo study that involved microdialysis delivery 

of glutamate coupled with sensitive voltammetric analysis of local DA 

rel ease (Moghaddam et al. 1990). It remains possible that di fferences 

between studies in the apparent dose-response re1ationship for 

glutamate-evoked DA release might be exp1ained by glutamate uptake into 

striatal tissue and/or by glutamate-evoked rel ease of other agents that 

affect DA release from the striatum. Thi s issue would appear 

particularly well-suited to investigation in the mesencephalic cell 

culture system, as discussed in section 1.5.1. 
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Aside from glutamate, other EAAs 1nc1ud1ng ka1nate, cysteate, 

aspartate, NMOA, homocysteate, and proline, as we11 as the inhibitory 

amino acids, glycine, and GABA have been reported to evoke [3H]OA 

release from the strhta1 slice (Roberts and Anderson 1979). The 

effects of NMOA have be~n best characterized (Snell and Johnson 1986; 

Carter et al. 1988; C10w and Jhamandas 1989; Woodward and Gonza1es 

1990). NMOA st i mu 1 a ted re 1 ease of exogenous (Snell and Johnson 1986) 
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and endogenous DA (Woodward and Gonza1es 1990) from striata1 sl ices at 

threshold con cent rat ions of 10 to 25 pM NMOA and from striatum in vivo 

(in the presence of 1.2 mM Mg2+) at concentrations of 1 to 10 mM NMDA 

(Carter et al. 1988) . NMDA-evoked DA re1ease from striata1 slices was 

completely blocked by Mg2+, PCP, APV and APH (Snell and Johnson 1986; 

Clow and Jhamandas 1989; Woodward and Gonzales 1990). Snell and Johnson 

(1986) showed that quisqualate and kainate can a1so evoke release of 

[3H]DA from striatum and that the pharmacological profile of this 

release was distinct from the re1ease evoked by NMOA (APH- and Mg2+_ 

insensitive). These observations were confirmed for endogenous DA by 

C10w and Jhamandas (1989). In the trans-striatal dia1ysis study, NMDA 

and kainate, but not quisqualate, evoked DA re1ease. Kainate-evoked 

re1ease was distinguished from the NMOA response by diminished 

sensitivity to APV and PCP (Carter et al. 1988). In addition, Butcher 

et al. (1986) reported that both glutamate and APB faci1itated potassium 

evoked [3H]DA re1ease from striata1 slices. Together, t~ese 

observations provide evidence for multiple EAA receptor subtypes in the 

striatum. It remains unc1ear which of the non-NMDA receptor subtypes 

might be present. 
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There is good evidence for stilQlatory effects of EAAs in 

mesocortico1;mbic DA syste.s. As reported in section 1.4.3.3, Kalivas 

et al. (1989b) demonstrated that intra-YTA microinjection of glutamate, 

NMDA or kainate resulted in enhanced DA turnover in nucleus accumbens 

and/or prefronta1 cortex. Activation of the NMDA receptor (demonstrated 

by sensitivity to CPP in je ci on) preferential1y modu1ated DA turnover in 

prefronta1 cortex, whi1e DA transmission in the nucleus accumbens was 

predominantly mediated by a non-NMDA receptor subtype (Ka1ivas et al. 

1989b). However, when administered direct1y to the nucleus accumbens 

rather than into the VTA, effects of EAAs on DA release may be mediated 

by both NMDA and non-NMDA receptors. This notion is supported by a 

study with accumba1 tissue slices in which NMDA, kainate and quisqua1ate 

(Ka1ivas et al. [198gb] found that intra-YTA quisqua1ate was inactive in 

increasing DA turnover in VTA, nucleus accumbens and pre frontal cortex) 

were found to stimulate release of [3H]DA (Jones et al. 1987). The 

re1ease evoked by NMOA was reduced by PCP, large1y b10cked by APY and 

comp1ete1y inhibited by Mg2+. Kainate was less effective at inducing 

[3H]DA re1ease. Also, the kainate response was not inhibited by PCP and 

was only margina1ly attenuated by Mg2+ or APY. Quisqualate was the 

least effective agonist inducing release of [3H]DA and this re1ease was 

largely unaffected by pep. 

1.4.4.2 Somatodendritic release 

Within SN, the releasing effects of EAAs have been less well 

characterized. Roberts and Anderson (1979) were the first ta show that 

a stimulatory effect of glutamate on dendritic release of [3H]DA from 

tissue sl ices of rat SN. As a percentage of total [3H]DA uptake into 
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the slice, the re1ease evoked from this area by 100 pM glutamate was 

1ess th an 501 of that re1eased in striatum or nucleus accumbens. Marien 

et al. (1983) extended these observations by demonstrating that 

glutamate-stimulated nigra1 release of [3H1DA was s1gnificant1y reduced 

by Hg2+. Similarly, NHDA-evoked [3H1DA release from the SN was found by 

Araneda and Bustos (1989) to be entirely b10cked by Hg2+. The role of 

non-NHDA receptors in the releasing effects of glutamate and other EAAs 

from SN has not been estab11shed. 

1.4.5 Synaptic localization of EAA rece~tors 

The synaptic localizat1on of EAA receptors in dopaminergic regions 

of the brain has not yet b~en clarified. Host of the studies have 

focussed on rat striatum or nucleus accumbens, where various groups have 

reported contradictory findings. However, there may be sorne agreement 

with respect to 10calization of receptor sites in the SN. In other 

regions (i.e. olfactory tuberc1e, VTA), 1ess information is ava11ab1e. 

As reviewed be1ow, studies addressing receptor localization have relied 

on selective brain lesions and/or on comparing EAA-st1mulated DA re1ease 

in the presence and absence of TTX. 

Lesion studies 

Three genera1 typt""<: of 1esions have been used: 

a. Selective lesions of dopaminergic pathways are made by 
unilateral injection of 6-0HDA into the ce11 body area of the 
relevant dopaminergic pathway. The interpretation of a 10s5 
of receptors after this lesion is that receptors were located 
on terminals and/or dendrites of the dopaminergic neuron 
itse1f. 



, 

( 

c 

----•. _ .. ____ .. -"' _____ • ___ .. ___ ,_ru!l1_IilI_~_a_.,. ___ ... __ .' .... 114 .. _,.._.b_ ............. rll ;;;;;;;;;;;;;;;;;iiiiiiiiiiiii;1 

45 

b. Lesions of intrinsic innervation that destroy interneurons at 
the site of injection, while sparing both fibers of passage 
and terminals of axons projecting to the region (Schwarcz and 
Coyle 1977; Hattori and McGeer 1977) .ay be produced (in the 
long-term) after local injection of an EAA (usually kainate, 
ibotenate or quino1inate). Although the se lesions should 
cause a selective reduction of receptors on interneurons, 
there are cautionary reports that kainate 1esions might in 
some cases a1so have effects on terminals (Meibach et al. 
1978; Butcher and Rogers 1978). 

c. Since projections from cerebral cortex account for most 
excitatory innervation of dopaminergic cell body and terminal 
field areas, decortication may be performed to selectively 
remove receptors located presynaptically with respect to the 
excitatory cortical innervation. 

Studies with tetrodotoxin (TTX) 

TTX has been shown not to b10ck the Na+ channels opened by EAAs 

(Zieg1gansberger and Pu;l 1972; luini et al. 1981). Experiments on in 

vitro DA release confirmed that TTX (0.1 to 1 pM) inhibits 

depo1arization-evoked re1ease of DA in striatum (Starke et al. 1978) or 

SN (Tagerud and Cuello 1979). However, TTX does not reduce the 

spontaneous re1ease of DA, but actua11y increases it (Nieou110n et al. 

1977a). Thus, b10cking the propagation of regenerative Na+ action 

potentials with TTX provides an indication that any residua1 EAA

stimu1ated re1ease of a transmitter is mediated by a direct effect of 

the EAA on the transmitter-re1easing neuron close to the site of 

transmitter release. 

1.4.5.1 Striatum 

There is good evidence for the presence of multiple EAA receptor 

subtypes in the striatum (see review of receptor distribution by Cotman 

et al. 1987). However, the synaptic 10calization of these receptors 
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remains unclear. EAA reeeptors are probably not located presynaptieally 

on terminals of excitatory afferents sinee: 

a. Ablation of the frontal cortex produced no difference 1n 
glutamate-stimulated [ H]DA re1ease from lesioned eompared to 
un1esioned striatl~, when tested one month after 1esioning 
(Roberts and Anderson 1979). 

b. Unilateral decortication resulted in no significant changes in 
the density of NMDA, AMPA or kainate receptor binding within 
the denervated striatum relative to its contralateral control 
(Greenamyre and Young 1989). 

In a single study, Dl-[3H]APB binding in the striatum was reduced after 

1esion of the nigrostriatal DA pathway or intrinsic innervation, but not 

after decortieation (Butcher et al. 1986). Thus, APB receptors may be 

distributed on nigrostriatal DA termina1s as wel1 as on striatal 

interneurons. 

There is some controversy concerning 10ca1ization of the major EAA 

receptor subtypes with respect to dopaminergic termina1s and striatal 

interneurons. Some evidence suggests that EAA receptors are loca1ized 

on nigrostriata1 DA termina1s: 

a. Roberts et al. (1982) observed a 40% reduction in glutamate 
binding in rat striatum after nigral 1esioning with 6-0HDA, 
c1early indicating a presynaptic location of EAA receptors on 
nïgrostriatal DA termina1s. 

b. In stria3a1 tissue slices three groups have found glutamate
evoked [ H]DA release to be TTX-insensitive, suggesting a 
presynaptic action on DA terminals (Gioruieff et al. 1977; 
Roberts and Anderson 1979; Marien et al. 1983). 

c. These findings were confirmed for endogenous DA by Jhamandas 
and Marien (l987) and were ascribed to act~ons at the NMDA 
receptor on the basis of sensitivity to Mg + and APV (Marien 
et a!. 1983; Jhamandas and Mari en 1987). NMDA evoked rel ease 
of [ H]DA that was partially TTX-sensitive (Snell and Johnson 
1986) and release of endogenous DA that was TTX-insensitive 
(Clow and Jhamandas 1989). Rel ease of endogenous DA evoked by 
quisqua1ate and kaïnate was partia11y inhibited by TTX (Clow 
and Jhamandas 1989). 
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A convincing case may a1so be made that EAA receptors are overwhe1ming1y 

distributed on striata1 interneurons. For examp1e: 

a. De Belleroche and Bradf~rd (1980) found that glutamate did not 
influence release of [ C]DA from striata1 synaptosomes, 
indicating that the receptors are not on nigrostriata1 
dopaminergic terminals. 

b. NMDA, AMPA and kaïnate receptor densities were decreased by 
92%, 80% and 811, respective1y three months after destruction 
of striatal intrinsic innervation by intrastriata1 injection 
of quino1inic acid (Greenamyre and Young 1989). 

c. A trans-striata1 microdia1ysis study revea1ed in vivo NMDA
evoked DA release to be 1arge1y TTX-sensitive, whi1e the 
re1ease evoked by kainate was on1y partially b10cked by TTX 
(Carter et al. 1988). More recent1y, it has been reported 
that NMDA-evoked re1ease of DA from striata1 tissue slices was 
complete1y blocked by TTX (Woodward and Gonza1es 1990). 

d. Binding of a PCP analog ![3H]1-[1-(2-thieny1)
cyc10hexy1]piperidine; [ H]TCP} to the NMDA/PCP receptor 
comp1ex in rat striatum was unaffected after 6-0HDA 1esions of 
the nigrostriata1 DA pathway (Gund1ach et al. 1986). 

These findings are consistent with the proposa1 that NMDA receptors are 

10ca1ized on striata1 interneurons and suggest that they are not 

distributed presynaptica11y on dopaminergic termina1s in this region. 

It remains possible that a proportion of the remaining AMPA or kainate 

receptors might be 10cated either Gn EAA terminals, or on terminals of 

the nigrostriatal DA projection. Alternative1y, the EAA receptors may 

be distributed on axons or terminals of dopaminergic neurons in such a 

way that their effect still requires the activation of voltage-dependent 

Na+ channe1s in order to produce transmitter release. 

In summary, it remains unclear whether EAA receptors (and 

particularly NMDA receptors) are located on DA termina1s in the 

striatum. In the experiments reported in this thesis, the issue of TTX

sensitivity of EAA-evoked DA re1ease was examined. We show for NMDA-
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evoked DA re1ease that conf1icting resu1ts .ay be due to the residual 

presence of Mg2+ in the experilental preparation (see section 4). 

1.4.5.2 Nucleus accumbens 
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Quirion and coworkers reported the existence of binding sites for 

pep (PCP/NMDA receptor complex) in the nucleus accumbens. Lesions of 

the dopaminergic innervation to the nucleus accumbens resu1ted in the 

10ss of 62~ of the binding sites, suggesting that a large proportion of 

these sites are located on dopaminergic termina1s in the nucleus 

accumbens (French et al. 1985). This hypothesis was reinforced by the 

observation that glutamate-evoked re1ease of [3H1DA from tissue slices 

of nucleus accumbens (as we11 as olfactory tubercle) was insensitive to 

0.3 ~ TTX (Marien et al. 1983). The EAA receptor subtype mediating 

this effect was not characterized. However. Jones et al. (1987) found 

that NMOA-evoked [3H1DA re1ease was comp1ete1y blocked by TTX and 

kainate-evoked [3H1DA release was partially TTX-sensitive. Thus, a 

discrepancy has emerged with resu1ts from the lesion study indicating 

the presence of NMDA receptors on DA termina1s and the re1ease study in 

the presence of TTX suggesting a 10calization on other elements in this 

structure. As in striatum (section 1.4.5.1), the controversy centers on 

the NMOA receptor, which is known to be particu1arly susceptible to the 

blocking actions of endogenous cations (sections 1.3.1.1 and 1.3.1.2). 

The experiments in this thesis provide a demonstration of how the TTX

sensitivity of NMOA-evoked [3H10A re1ease May be manipu1ated by 

extrace11ular Mg2+ (section 4). 
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1.4.5.3 Substantia nigra 

Marien et al. (1983) reported that glutamate-induced re1ease from 

nigral slices was partia11y sensitive to TTX. However, Araneda and 

Bustos (1989) found that NMOA-evoked endogenous DA re1ease was 

comp1ete1y b10cked by TTX. These latter results suggest that NMOA 

receptors in SN are located on interneurons in this region. It is 

possible that non-NHDA receptors may be responsib1e for the TTX

insensitive component of glutamate-evoked [3H1DA release and that these 

receptors may be located on the dopaminergic neurons. As in other brain 

regions (sections 1.4.5.1 and 1.4.5.2), the possibi1ity that NMDA 

receptors are responsible for direct1y stimulating ~A release (either 

somatodendritic or terminal field DA re1ease) has not yet been 

convincing1y demonstrated. The question of whether NMDA receptors may 

mediate TTX-insensitive transmitter re1ease from the DA neuron has been 

addressed in section 4 of this thesis. 

1.4.6 Modu1ators of EAA responses affect dopamine transmission 

1.4.6.1 Phencyclidine (pep) and dopamine 

Pheneyc1idine (PCP) is a potent inhibitor of NHDA-evoked DA 

release from tissue slices (Snell and Johnson 1986) and intact brain 

(Carter et al. 1988) through its action at a site within the NMDA 

receptor channel (see section 1.3.1.4), referred to as the PCP receptor 

(Quirion et al. 1987). Paradoxica11y, pep and its analogues a1so have 

stimu1atory effects on brain DA systems. The important psyehotomimetic 

effects of PCP-related compounds have been attributed to their 

aet i vat i on of DA turnover (see revi ews by Domi no and Luby 1981; Johnson 

lU. ,-
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1983; but see Carlsson and Carlsson 1990). As reviewed below, both 

activation of a nove1 PCP receptor and inhibition of DA uptake have 

received attention as potentia1 explanations for PCP-enhanced DA 

turnover. The evidence for the former comes from in ~ivo studies, whi1e 

reports of in vitro experiments favor interference with the DA uptake 

process. The actua1 cellular mechanism is unknown. It a1so remains 

unc1ear whether PCP interacts direct1y with DA neurons or indirectly 

stimu1ates DA transmission through activation of a po1ysynaptic pathway. 

PCP has been found to evoke DA release in vivo from 

mesocorticolimbic, but not mesostriata1 DA terminal fields (Grattan et 

al. 1987; Deutch et al. 1987; Carboni et al. 1989; Wood and Rao 1989; 

Rao et al. 1989, 1990) and to increase the firing rates of neurons in 

the VTA (French 1989; French and Ceci 19R9). When tested, the 

enhancement of DA turnover induced by PCP was found also with MK-801, 

but not with competitive NMDA receptor antagonists or the sigma ligand, 

rimcazole (Wood and Rao 1989; Rao et al. 1989, 1990). The unique 

pharmacological characteristic~ of this interaction led to the 

suggestion of a new "NMDA-uncaupled form of the PCP receptor" (Wood and 

Rao 1989). 

While PCP enhanced activity of DA neurons in the VTA in vivo 

(French 1989; French and Ceci 1989), it suppressed their activity in 

vitro, in slices of VTA and SN (Trulson and Arasteh 1987). Transmitter 

release studies with striatal tissue slices and synaptosomes revealed 

PCP-induced increases in DA or [3H1DA release (Ary and Komiskey 1982; 

Vickroy and Johnson 1982; Bowyer et al. 1984; Snell et al. 1984; Snell 

and Johnson 1986). In other work, 10 ~ PCP, amphetamine or the DA 

uptake inhibitor nomifensine, had no effect on spontaneous DA release 
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from striatal s11ces (Buxton et al. 1989). However, when the s11ces 

were depolarized in the presence of these agents, each drug caused a 

measurable increase in extracellular DA concentrations. The effects of 

PCP and the potent DA uptake inhibitor nomifensine were attenuated by 

the acetylating agent, metaphit, while the amphetamine effect was 

unaffected by this treatment. These data provide evidence that the 

apparent DA release caused by pep in striatal slices might be mediated 

by blockade of DA reuptake. 

The effect of PCP on [3H]DA release from mesencephalic cell 

cultures was studied in this thesis. Since sorne stimulatory action of 

PCP-related compounds was observed, inhibition of DA reuptake and the 

presence of a novel PCP receptor were evaluated as possible underly1ng 

mechanisms (see section 6). 

1.4.6.2 Effects of g7ycine on NHDA receptors and dopamine systems 

Glycine interacts with at least two distinct receptors: a 

strychnine-insensitive site allosterically associated with the NMDA 

receptor (see section 1.3,1.5) and an inhibitory glycine receptor that 

is selectively blocked by strychnine (Curtis et al. 1971; Tebecis and 

DiMaria 1972). Both strychrine-insensitive and strychnine-sensitive 

actions of glycine may be implicated in the regulation of dopaminergic 

transmission. 

Strychnine-insensitive effects on NMPA receotor-mediated PA release 

Although glycine-potentiated NMDA receptor function has been 

widely reported, exogenous glycine failed to enhance NHOA-evoked release 

of [3H]OA (Ransom and De~chenes 1989) or endogenous DA (Woodward and 

u ... 
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Gonza1es 1990) from striata1 slices. Glycine .adulation of NMDA

stimu1ated [3H]DA re1ease cou1d be demonstrated nonetheless, by using 

kynurenate, an agent that blacks NHDA responses through competitive 

inhibition of glycine binding at the strychnine-insensitive glycine site 

(Birch et al. 1988; Berto1ino et al. 1989; Danysz et al. 1989). 

Kynurenate inhibited NHDA-evoked re1ease of [3H]DA from the slice and 

the inhibition was reversed by coincubation with 30 to 100 ~ glycine 

(Ransom and Deschenes 1989). This observation suggests that glycine may 

be required ta e1icit NHDA-stimu1ated DA re1ease from striatum and that 

endogenous glycine 1eve1s in the striata1 slice may be sufficient to 

maximally saturate this glycine binding site, in the absence of 

kynurenate. 

Strychnine-sensitive effects of glvcine on DA re1ease 

Inhibitory glycine receptors have been demonstrated by receptor 

autoradiographie methods, in brain regions containing dopaminergic cell 

bodies and nerve termina1s (Young and Snyder 1973; Zarbin et al. 1981; 

De Montis et al. 1982; Frostho1m and Rotter 1985) and have been 

implicated in inhibition of DA neuron firing in the SN (Crossman et al. 

1974; Dray and Gonye 1975; Mercuri et al. 1988, 1990, but see Fe1tz 

1971). The inhibitory effect was not blocked by TTX (Mercuri et al. 

1988, 1989), suggesting that glycine-induced hyperpo1arization and/or 

depo1arization was the resu1t of direct action on the neurons fram which 

recordings were taken. A1so, [3H]strychnine binding studies revea1ed a 

28% reduction in the Bmax of glycine receptors in the ipsilateral rat SN 

fo110wing 6-0HDA 1esions of the nigrostriatal dopaminergic pathway (De 

Montis et al. 1982). Together, these resu1ts suggest that a significant 

, 
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proportion of strychnine-sensitive glycine receptors are present on the 

DA neurons themselves. 

In the cat SN, in vivo application of glycine resulted in a 

reduction in [3H1DA release fra. the ipsilateral caudate nucleus 

(Chéramy et al. 1978), while glycine (100 pM) markedly stimu1ated in 

vitro release of [3H]DA from slices of rat SN (Kerwln and Pycock 1979; 

Araneda and Bustos 1989). These data suggest that when admlnistered in 

the SN, glycine enhances nigral somatodendritic DA release. This in 

turn may inhibit dopaminergic activity in striatum via autoreceptor 

feedback at the level of dopaminergic cell bodies. There is less 

evidence for this mechanism ln other DA systems. In slices of rat 

ventral teg~entum, strychnine-sensitive glycine receptors did not affect 

spontaneous [3H]DA release: However, glycine did potentiate [3H1DA 

release evoked by proveratrine A stimulation (Gundlach and Beart 1982). 

In dopaminergic terminal regions, variable effects of glycine on 

DA release have been observed. Glycine stimulated strychnine-sensitive 

release of [3H]DA (Roberts and Anderson 1979; Giorguieff-Chesselet et 

al. 1979), but not endogenous DA (Wcodward and Gonzales 1990) from rat 

striatal slices. When infused 1nto nucleus accumbens, low Joses (12.5 

or 25 ~g/24 hr) moderated DA-induced hyperactivity, while a higher dose 

(50 ~g/24 hr) stimulated locomotor activity (Barnes et al. 1986). 

1.5 Mesencephalic cell culture systems 

Primary dissociated cell cultures of fetal murine ventral 

mesecephalon, the region containing cell bodies of origin for 

mesostriatal as well as mesocorticolimbic DA pathways of the adult CNS, 
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have been used to examine various aspects of DA neuron development, 

function and d~generation. like their counterparts in situ, the 

cu1tured ce1ls express TH (Prochiantz et al. 1979; Barochovsky and 

Bradford 1987a; Silva et al. 1988), beca.e capable of DA synthesis 

(Prochiantz et al. 1979; Barochovsky and Bradford 1987a), 

depolarization-induced DA release (Daguet et al. 1980; Berger et al. 

1982; Barochovsky and Bradford 1985, 1987a,b; Ahnert-Hi1ger et al. 1986; 

Peacock ~t al. 1988) and binding (Heyer et al. 1986), exhibit DA 

histofluorescence (Prochiantz et al. 1979; Hemmendinger et al. 1981; 

Berger et al. 1982; Heyer 1984) and respond to cholinergic agents 

(Barochovsky and Bradford 1987b; Peacock et 41. 1988). Histochemically 

visualized DA neurons from mesencepha1ic cell cultures exhibit a 

distinctive prolonged action potential duration (Silva et al. 1988), as 

they do in situ or in tissue slices (Bunney et al. 1973; Pinnock 1983). 

Mesencephalic cell cultures have been used to examine the 

promotion of DA neuron differentiation in response to striatal target 

neurons (Prochiantz et al. 1979; di Porzio et al. 1980; Hemmendinger et 

al. 1981) and the neuronotrophic effucts of a striatal-derived factor 

(Tomozawa and Appel 1986; Dal Toso 1988) and of basic fibrob1ast growth 

factor (Ferrari et al. 1989). However, they have been most useful in 

e1ucidating the cytotoxic mechanism of action for the sùlective DA 

neurotoxin, I-methyl-4-phenylpyridinium (MPTP) (Sanchez-Ramos et al. 

1986, 1988; Myti1ineou and Friedman 1988; Schinel1; et al. 1988; Michel 

et al. 1989, 1990). 
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1.5.1 Application of cell culture .. thodology to study of dopaminerglc 

trans.l ssi on 

Use of primary mesencephalic cell cultures has important 

advantages over tissue slice and in vivo approaches for examining 

certain aspects of EAA heteroreceptor regulation of DA transmission. 

Ready access to ta~get cells minimizes problems of diffusion 

through a neurop1l and affords precise control over the extracellular 

environment bathing tarqet cells. In working with EAAs, this control 1s 

particularly welcome since EAAs are taken up by and released from many 

cell types. The uptake, release and interconversion between transmitter 

and metabo1ic pools may confound interpretation of tissue sl;ce and in 

vivo experiments with EAAs. Typica1ly, it can lead ta an 

underestimation of EAA agonist potency (Mayer and Westbrook 1987). Cell 

culture techniques have also afforded better control over concentrations 

of ions and endogenous modulators of EAA receptor function. For 

example, characterization of the coagonist role of glycine at the NMOA 

receptor and of the receptor blocking actions of Mg 2+ and Zn2+ were only 

made possible through application of cell culture techniques, since the 

low concentrations of these agents endogenously present in situ are 

active in modulating EAA receptor function. 

The entire intact neuron is present in cultures and can be 

maintained long-term. This makes it possible to study chronic as well 

as acute effects of pharmacological manipulations on the funct,on of DA 

cells. In this regard, cell culture presents distinct advantages over 

bath in vivo and tissue slice approaches for studying effects of ions 

and drugs. 
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The presence of the entire neuron also mikes it possible to detect 

actions of EAAs on DA releas~ that are initiated at receptors on the 

cell body, dendrites, or axon terminals. Infor.ition concerning the 

synaptic localization of EAA receptors modulating DA release is provided 

by assessing the role of action potentials in the EAA-stimulated 

release, as indicated by sensitivity to inhibition by TTX. In tissue 

slice studies, EAA-evoked DA release has been variously described as 

sensitive, insensitive, or partially sensitive to inhibition by TTX 

(section 1.4.5 "Synaptic localization of EAA receptors"). It 1s 

possible that EAAs may evoke DA release through a TTX-resistant indirect 

mechanism (i.e. without the propagation of a Na+ action potential) if 

they cause release of an intermediate transmitter which then acts upon a 

DA neuron near the site of DA release. Use of the culture model may 

clarify whether EAA receptors are indeed located on DA neurons. In the 

dissociated cell cultures, normal neural connectivity is disrupted. 

Thus, the mesencephalic cell culture model may allow assessment of 

direct effects on DA neurons, while reducing the opportunity for 

indirect, polysy"aptic responses. In the presence of TTX, any indirect 

effects of EAAs on DA release are even further disfavoured, so that only 

EAA receptors localized presynaptically on the DA-releasing neurons will 

induce DA release. 

Certain caveats apply to the interpretation of results from cell 

culture experiments and there are some questions for which the model is 

ill-suited. For example, it is not possible to distinguish between 

somatodendritic and terminal field transmitter release since the entire 

DA neuron is present in culture and DA neurons from nigrostriatal as 

well as mesocorticolimbic pathways are simultaneously present (although 
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techniques have recently been deve10ped that may permit the selective 

culturing of neurons from YTA or SN [see Masuko et al. 1989; Rayport et 

al. 1989]). 

The maturationa1 state of EAA receptors and of the DA cel1 must 

also be cons~1ered. Prenatal tissue is cultured, because adult tissue 

in which neural processes are deve10ped does not survive dissociation 

and culture procedures we11. Responses in ce11 cultures may therefore 

resemb1e in situ resu1ts from immature rather th an adult brain. In 

cultured cortical neurons, the deve10pment of EAA agonist-evoked 

transmitter re1ease has been found to para11e1 the ontogeny of EAA 

receptor subtypes in situ (Drejer et al. 1987). Cultured neurons from 

hippocampus, septum and neocortex deve10p responsiveness to EAAs after 

different numbers of days in culture (Kôl1er et al. 1990). Thus, it is 

possible that fai1ure of EAAs to evoke transmitter re1ease from cu1tured 

DA neurons may on1y indicate that longer periods of maintenance are 

required. The developmenta1 profiles of EAA receptors in mesencephalic 

cultures were investigated in this thesis (Appendix A). In general, the 

development of DA neuronal characteristics in cel1 culture has been 

shown to ref1ect ontogeny in situ (Ahnert-Hilger et al. 1986). 

Functional ionic channe1s and depolarization-evoked release of [3H]DA 

simi1ar to the response of adult tissue slices has been reported as 

ear1y as three days in culture, while an optimal response was obtained 

between 5 and 8 days in culture (Ahnert-Hilger et al. 1986; Barochovsky 

and Bradford 1987a). However, surviva1 of neuronal e1ements and the 

expression of transmitter phenotypes (Black et al. 1984) are sensitive 

to the modulatory influence of cellular plating density, depolarization 

conditions, and the synthesis or release into the milieu of neurotrophic 
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agents. These factors in addition to the loss and/or reorganization of 

afferent and efferent connections inherent in a dissociated ce11 culture 

mode1 may 1ead to functiona1 characteristics of mesencepha1ic neurons 

that differ from those encountered in situ. 

1.5.2 Cell ~ulture methodology 

Techniques for growing primary dissociated mesencephalic cell 

cultures were pioneered by Prochiantz and coworkers (1979). When feta1 

rat tissue is used, the ventral mesencephalic area (Fig. 1) is dissected 

on gestation day 15 (of a 21 day gestation period) - (according to a 

dissection protoco1 described in detail by Bjorklund et al. 1983; 

Commissiong and Toffano 1986; Kônig et al. 1989). By this time, DA 

neurons in SN, VTA and the retrorubra1 field have completed final 

mitosis (Sprecht et al. 1981). Tissue may be dissociated mechanically, 

without use of trypsinization. The cell suspensions are diluted in 

medium and maintained in the presence of 5-10 % feta1 calf serum. 

Heterogenous cel1 cultures are obtained. They contain nauronal, 

fibrob1ast and glial e1ements. Over days in culture, non-neuronal cell 

types may proliferate, eventually replacing neuronal ce11s. The 

inclusion of e1evated K+ (20-25 mM) in the growing medium has been found 

to enhance the surv;va1 of neurons (Kostenko et al. 1982) and 

development of DA neuronal characteristics (Barochovsky and Bradford 

1987a). 
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Fig. 1 Ventral mesencephalon (stippled area) of the rat fetus on 
gestation day 15 (adapted from Kon;g et al. 1989). 
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2. AIMS AND OBJECTIVES 

The overall aim of this thesis was to determine the effect of EAAs 

on the release of DA from mesencephalic ce1ls in dissociated cel1 

culture. Mesencephalic cel1 cultures have been previously used to 

investigate DA uptake and release evoked by potassium and veratridine, 

the maturation of DA systems and the neurotoxic effects of MPTP. We 

hypothesize that the DA-releasing cells also possess EAA heteroreceptors 

that can be activated to modu1ate DA release. If this is true, then the 

cultures may provide a system for studying cellular and ionic aspects of 

EAA-DA interactions and also a functional assaJ' for investigating EAA 

receptor pharmacology. In addition, mesencephalic cell cultures might 

facilitate the study of acute and long-term modulation of DA release by 

other transmitters, second messengers and drug treatments. The 

objectives and hypotheses of specifie parts of this thesis are listed 

below. The following constitutes connecting text between the published 

papers and manuscript comprising sections 3 to 7 of this thesis (as 

required by university thesis preparation guidelinesa). 

2.1 Effect of glutamate on [3H1DA release 

In the first set of experiments (section 3: J. Neurochem. 52, 

1300-1310 [1989]), mesencephalic cells were exposed to glutamate to 

a ..... It 15 acceptable for theses to lnclude as chapt ers authentlc copIes of papers already 
published. provlded these are dup11cated clearly on regulatlon thes1s stat10nery and bound as an 
Integral part of the thesls .. In such Instances. connectlng texts are mandatory and supplementary 
exp lanatory matena 1 1S a lmost a lways necessary ... 

reprinted from the Guidelines Concerning Thesis Preparation, Faculty of 
Graduate Studies and Research, McGill University, March 1989. 
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determine whether these cells possessed functional EAA receptors and 

whether glutamate would stimulate EAA receptors to induce Ca2+-dependent 

release of DA from the cells. Since EAAs may be neurotoxic under 

certain conditions, the possibility that any [3H1DA release induced by 

exposure to glutamate might be caused by an acute excitotoxic mechanism 

was addressed. A further aim was to study some of the basic ionic 

mechanisms underlying glutamate-stimulated [3H]DA release - the 

involvement of action potential generation through voltage-sensitive Na+ 

or Ca2+ channels and the role cf Na+ ion flux (either through receptor

or voltage-linked channels). 

2.2 The role of r-AA receptor subtypes 1n mediating EAA-evoked [3H1DA 

release 

Given that [3H]DJ\ release was stimulated by glutamate, the second 

series of experiments (spction 4: Synapse 5, 271-280 [1990]) was 

designed to determine which of the known EAA receptor subtypes might be 

involved in mediating EAA-evoked [3H]DA release. Prototypic EAA 

receptor agonists and antagonists with affinity for NMDA and non-NMOA 

receptors were tested and the ionie dependenee(s) of responses to 

agonists were examined. These experiments tested two related 

hypotheses: 

a. that the pharmacological and ionic profile of responses t02 EAAs (e.g. sensitivity ta EAA agonists and antagonists, Mg + 
and Znl+) matches the profile of EAA responses mediated by 
various EAA reeeptor subtypes in other eultured cell systems 
and in vivo (e.g. action potentials, excitotoxic responses and 
stimulated release of transmitters). 



b. that EAA-evoked [3H1DA release from mesencephalic cell 
cultures pharmacologically resembles EAA-evoked DA release 
evoked by these agents in tissue slices and in vivo. 
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As a part of ~b) above, the se experiments assessed the TTX-sensitivity 

of EAA-evoked [3H1DA release, to determine whether EAAs might interact 

directly with DA neurons (as discussed in section 1.4.5). 

2.3 Characterization of effects of naturally occurr;ng EAAs on [3H]DA 

release 

Given that multiple EAA receptor subtypes were found in the 

mesencephalic ce11 cultures, the third series of experiments (section 5: 

J. Neurochem. 55, 268-275 [1990]) examined the role of these receptors 

in mediating any effects of EAAs endogenous to the ventral mesencephalon 

and to the terminal field regions of DA projections on [3H]DA release. 

The role of EAA receptor subtypes in mediating effects of L-glutamate, 

L-aspartate, L-HCA, L-HCSA, L-CA, and l-CSA were examined aver a 

relevant range of concentrations. By exam;ning effects of these EAA 

agonists in the presence of the selective and patent NMDA receptor 

antagonist, MK-801, it was hypothesized that the component of release 

due to NMDA receptor activation might be distinguished fram that 

mediated by non-NMDA receptors. 

2.4 Effects of phencycl1dine on spontaneous [3H]DA release 

In the fourth part of the thesis (section 6: Cano J. Physiol. 

Pharmacol. 68, 1200-1207 [1990]), the cellular target for the DA-

releasing effect of PCP-like compounds was examined. The mesencephalic 
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culture model was used to assess several possible explanations for these 

effects. These included the hypothesis that PCP produces DA release by 

interaction with a site on dopaminergic neurons that has the 

pharmacological characteristics of an "NMDA-uncoupled PCP receptor" (Rao 

et al. 1989, 1990; Wood and Rao 1989; Wood et al. 1990) and an alternate 

hypothesis that pep increaSES extrasynaptic DA concentrations by 

blocking DA reuptake (e.g. Buxton et al. 1989) . 

• 
2.5 Effects of glycine on spontaneous and EAA-evoked [3H]DA release 

The fifth set of experiments (section 7: Molec. Pharmaco7. 

[submitted]) was done to examine the effects of glycine on spontaneous 

and EAA-evoked [3H]DA release. Both strychnine-sensitive and 

strychnine-insensitive glycine modulation of dopaminergic transmission 

has been reported. Glycine may have a strychnine-insensitive coagonist 

~ffect at the NMDA receptor. By itself, glycine has also been reported 

to modulate dopaminergic transmlssion by a strychnine-sensitive glycine 

mechanism. In these studies, the relationship between these effects was 

investigated at the level of the DA-releasing cells themselves. 
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Glutamate Stimulation of [3H]Dopamine Release from 
Dissociated Cell Cultures of Rat VentraI Mesencephalon 

H. Mount, S. Welner, R. Quirion, and P. Boksa 

Douglas HospItal R~search Centre. Depanmems of Psych,atry and Pharmacology. 
McGlIl Umverslly. Montreal. Quebec. Canada 

Abstract: In dlSSOC1ated cell cultures of fetal rat vcntral me, 
encephalon preloaded Wlth [JH)dopamme, glutamate (10-'
IO-J M) stlmulated the release of[lH)dopamme. Glutamate 
stimulation of [lH]dopamine rele:ue was Ca,· dependent and 
was blocked by the glutamate antagomst. cIs-2.3-plpendme 
dlcarboxyhc aCld. Glutamate stimulatIOn of [JH)dopamme 
release was not due to glutamate neurotoxlclty because (1) 
glutamate dld not cause releasc of a cylos.:>hc marker.lactate 
dehydrogenase. and (2) premcubatlon of cultures W1th glu
tamate did not Impair subsequent abdlty of the cells to take 
up or release [JH)dopamme. Thus, these dlssOClated cell cul
tures appear to provlde a good model system to charactenze 
glutamate stimulation of dopamme roelea.sc. Release of 
eH)dopamme from tl.~se cultures was sumulated by ver:rt
ndme. an actlvator of voltage-sensItive Na· channels. and 
thls stimulation was blocked by tetrodotoxm However. glu-

Glutamate IS one of the major excltatory neura. 
transmltters m the CNS (for reVlew see Fonnum, 1984). 
There IS good eVldence for an mteractlon of glutamate 
Wlth brain dopammerglc transmISSIon, panlcularly 
Wlth the nigrostnatal dopammerglc pathway and also 
Wlth the mesobmbic [ventral tegmental area (VTA)
nucleus accumbens] pathway. In the substantta mgra, 
the stnatum, and the nucleus accumbens, glutamate 
has been demonstrated to be present (Kim et al., 1977; 
Walaas and Fonnum, 1979; Fonnum l"t al., 1981a; 
Korf and Venema, 1983; Kornhuber et al., 1984), to 
be taken up by a hlgh-affimty mechamsm (Walaas and 
Fonnum. 1979; Fonnum et al., 1981 a.b; Carter, 1982; 
Kerkenan et al., 1983), and/or released in response to 
stlmulatlon (Reubl and Cuenod, 1979; Godukhm et 
al., 1980; Rowlands and Roberts, 1980; GIrault et al .• 
1986), and moderate denslues of glutamate receptor 

Recelvcd January 29. 1988. final revlsed manu~npt l'CCelvcd Sep. 
tember 21. 1988: accepte<! October 3. 1988 

Address correspondcnce and repnnt requests to Dr P Boksa at 
Douglas Hospital Research Centre. 6875 LaSalle Blvd .• Verdun. 
Quebec. Canada H4H 1 R3 

Abbrewallons used DA. dopamme; DMEM. Dulb."CCo's modlfied 
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tamate-stlmulated [JH)dopamme reiease was not blocked by 
tetrodotoXln or Zn'·. SubsutUtlon ofNaC! in the extracellular 
medium by sucrose. ollO, or Na2SO. ha<! no effect on glu
tamate stimulation of [JH)dopamme release; however,l"!lease 
was IOhlbned wh en Naa was replaced by chohne chlonde 
or N-methyl-o-glucamme Ha. Glutamate-stlmulated [JH)_ 
dopamine release was weil mamtamed (60-82% of control) 
10 the presence 01'C02

+, whlch blacks Ca2
+ action pote nuais, 

and was unaffected by the local 'nesthetlc, hdocame. These 
results are dlscussed ln terms of the receptor and IOOlC mech
amsms Involved 10 the stimulation of dopamme release by 
excltatory ammo aClds. Key Words: Dopamme-Excltatory 
amlno aClds-Glutamate-Mesencephalon-TIssue culture. 
Mount H. et al. Glutamate stimulation of[JH]dopaITllne re
lease from dlssoclated ccli cultures of rat ventral mesenceph
alon. J Neurochem 52, 1300-1310 (1989). 

sItes have been identified ID these regions (Greenamyre 
et al , 1984; Halpam et al., 1984; Rlllnbow et al .• 1984; 
Monaghan and Cotman, 1985). Glutamate or gluta
mate agonJsts have been demonstrated to stimulate rc
lease of dopamme (DA) (or of [JH]DA following ad
mIDIstratlon of [lH]DA or a radiolabelled preCUTSc,r) 
from shces of the substantia mgra (Roberts and An· 
derson, 1979; Manen et al., 1983), striatum (Glorguleff 
~t al., 1977; Roberts and Shanf. 1978; Roberts and 
Anderson, 1979; Manen et al .• 1983; Snell and John
son, 1986; Jhamandas and Manen. 1987). and nucleus 
accumbens (Roberts and Anderson, 1979; Manen et 
al., 1983: Jones et al., 1987) and from the striatum 10 

VIVO (Chéramy et aI., 1986). Electrophysiologlcal stud· 
les have also shown that local application of glutamate 
to the substanua mgra caused eXCItation of identified 
DA neurons (Grace and Bunney, 1984a.b). In addiuon, 

Eaglc's medium. DOPAC, J.4-dlhydroxyphenylacet\c aCld: HVA. 
homovamlhc aCld, KRH, Krebs-Rmger-HEPES buffcr. LDH. lactate 
dehydrogenasc. NA. noradrenabne: cu-2.3-PDA. (:t)</S-2.3-plpen
dmc dlcarboxyhc aCld; ITX. tetrodotoxm; VTA. ventral teglT.er.ta1 
area. 
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local application of glutamate or glutamate agonists to 
the substantia mgra (Pycock and Dawbam. 1980: Amt. 
198Ia), VT A (Pycock and Dawbarn. 1980). or nucleus 
aeeumbens (Amt, 1981b; Donzant! and Uretsky, 1983) 
produceJ alteratlons m DA-me~hated motar behavior. 

Although the preceding studles WIth bram slices or 
local application of drugs to br.un m Situ provided good 
evidence for glutamate stimulation of dopamlnergsc 
transmiSSion, a eell culture system contaming dlsso
ciated DA neurons may have sorne mherent advantages 
for examinatlon of the meehamsms mvol ... ed m glu
tamate stimulation of DA release at the cellular levei. 
For example, ID studles of the iODle dependence of DA 
release, the cell culture system allows one to Stl":ctly 
control the compositIOn of the extracellular enVlror1-
ment. clrcumventlng problems of dltfuslonal bamct'S 
to ions and drugs. Also, cultures contam an mtact neu
ron (i.e., eeU bodies together Wlth thclr processes or 
neuntes) rather than only cell bodies or nerve termmaIs, 
and this IS advantageous, for example. in studles uU
lizmg phanllaCologIcal blockers to test the mvolvement 
of action potentlals ID glutamate stimulation of DA 
rell!ase. 

The fetal rat ventral mesencephalon contams the 
c~lI bOc!les of ongIn of the major bram DA pathways 
(nigrostriatal, mesohmbtc. and mesocorucal). The 
present study mdie;\tes that culture", of dlssoclated eells 
from thls area can Je used to charactenze glutamate 
sttmulatton of DA release The studv also examines 
the involvement of Na'" or Ca2" actlo~ potentlals and 
of Nz." in thlS rdease process 

A prelimmary report of sorne of these results has 
been presented at a meeting (Mount et al.. 1987). 

MATERIALS AND METHODS 

Materials 
3.4.[7·JH(N»)Dlhvdro"<yphenylethjlamme ([JH)DA. 18.9 

Ct/mmol) was purchased from New England Nuclear (Bos
ton. MA. U S.A,) L-Glutamate (:-.la salt) was obtamed from 
BOH Chemlcals (Montreal. Quebec. Canada). deslpramme, 
pargyhne. tetrodotoxm (TTX). and veratndme were from 
SIgma Chemlcal (St LouIs. MO. U.S A.). (::)-ClS-2.3,plper
Idme dlcarboxyhc aCld (cls-2,3-PDA) was from Cambndge 
Research Blochemlcals (Harston. U K ) and benztroplnc was 
from Aldnch Chemlcal (Milwaukee. Wl, USA.) Auoxetme 
was a generous glft from Eh Lilly (lnlllanapohs. IN. USA.) 

Cell culture 
fregnant Sprague-Dawley rats were anesthetlzed W1th so

dIum methohexttal on gestation day 15 A plece (approXilnate 
dImenSions 3.5 mm X 3 5 mm x 1 0 mm) of the rostral 
portIOn of the v~ntral mesencephalon was dlssected from each 
fetus as descnbed by CommlsslOng and Tolfano (1986). thls 
portion 01 the ventral mesencephalon contams >90% of the 
DA content of the mesencephalon (CommlsslOng and Tof
fal'o, 1986. and confirmed by us) TIssue from 8-12 fetuçes 
pel' dam was pooled 10 1 ml of Dulbecco's modlfied Eagle's 
medIUm (DMEM; GlBCO Canada. Burhngtoi1, Ontano. 
Canada) contammg glucose (1.0 g/L). pyruvate (110 mg/Llo 
glutamlOe (548 mg1L), and sodium bicarbonate (110 mg/LI 
The tissue was dlSlnbuted lOto three test tubes each contatnlOg 

1 ml of DMEM and dtssoetated mechanic:ally by sUCCCSSIve 

&entle tnturatlons throuBh a Pasteur pipet (II urnes) and a 
2S-gauge needle (two urnes). The dissoclatcd cells (Fig. lA) 
were poole<! and dthlle<! to a concentrauon of 10' cells/ml 
in DMEM conwnlng lOCI vol/vol heat-mactlvated fetal calf 
serum (GIBCO Canada) and nystaun (24 U/ml). Cells were 
arown on 2~well Muluwcll plates prevlously coated Wlth 
poly-o-Iysme (10 "glml). Cultures were matntatned for as 
long as 8 dl\Ys at 37·C ln mOlst air contalnmg 10% CO2• 

Dunng thls ume. the tnJUally rounded cells flatten out and 
many extend processes to form a dense network (Fig. lB). 

Relelse experiments 
[JH)DA release expenmcnts were performed on cells. after 

4-6 days tn culture lexcept where specltically noted). as fol
lows. Each culture was washed once Wlth 0 5 ml of Krebs
RlOger-HEPES buffer (KRH). The cells were then loade<! 
W1th [lH]DA b~ tncubaung them for 20 mm at 37°C wlth 
KRH contammg ['HIDA (5 X 10-8 M) and deslpramme (5 
X IO-l M) After the loadmg. cells were nnsed four umes 
Wlth KRH over a 2().mm penod at 23°C to remove unbound 
radloactlvlty To measure l'tlease of {'Hl DA. cultures were 
tncubated for 5 mIn al 2JoC Wlth 0 5 ml of KRH (basal 
release penod) followed by 5 mm wnh 0 5 ml of KRH con
tatntng a secrct.::&ogue (sumulated release penod). and radiO
actlvlly 10 the release media was measured by hquld sclOtJl
latlon spectrometry (Beckman LS 7500) At the end of the 
expenment. resldual tntracellular radloactlvny was ex.tracted 
from the cells bv tncubaung them for 30 mm Wlth 0 5 ml of 
aCldlc ethanol (95% ethanol/5% 0.1 M HCl). and thls \\.as 
slmllarly counted ln most calculatlOns (except where spe
clficall~ menuoned), [JH1DA release IS exprcssed as a per
centage of the total tntracellular content of [~H1DA present 
JO each culture at the ume orthe release incubation. to correct 
for vana!!ons JO the amount of[JH)DA taken up bvdlfferent 
cultures 

The composJtton (mM) of he standard KRH buffer (pH 
74) was NaCI. 125, KCI. 4.~. r,~gS04. 1.2; K.H 2P04 , 1.2, 
CaCl l • 2.2. glucose. 56. HEPES. 25, pargyhne, 0 1. and a~ 
corbale. 1.0 ln sorne ex.penments thls buffer was altered as 
follows. Hlgh K- buffer contamed 60 mM KCI and 65 nt:\1 
NaCI. for the Ca"--free buffer. Ca;· was ornltted: for the Cl-
subsututed buffer. 125 nül NaCI was substltuted by 62 5 
mJJ ~a,SO.: ln ~a--free buffers. 125 mM NaCl was sul>
sututed by enher 225 mM sucrose. 125 mAI LlO. 125 mM 
chohne chlonde. or 125 mA-/.II,'-methyl-o-glucamme Hel 

HPLC determination of IJH)DA and metabolites 
Each cell cul~ure was loaded Wlth [JH)DA and subsequently 

mcubated for 5 ITlIn Wlth KRH buffer (to assess basal release) 
followed by 5 mm W1th 10-' M glutamate. as descnbed above 
except that 0.25 mi of release medium was used mstead of 
o 5 ml The release media were collected. and the Idenutles 
of the radlolabelled compounds JO the medIa were analYled 
as follows. Release media from four cultures were pooled, 
aCldlfied to pH 3-3.5 Wlth 1 JI HCI. and Iyophlhzed under 
reduced pressure. The resldue was resuspended 10 0.9 ml of 
methanol. somcated for 30 mm, and centnfuged AltquOIs 
(0 7 ml) of the supemalanl from tnpllcate samples were 
combmed. concentrated under nnrogen. and then !yophlhzed 
The resldue \l'as resuspended ln 0 3 ml of 0 1 .14 sodIum 
aceta\e buffer cOJ1tammg catecholamme standards [DA. nor· 
adrenahne (NA), homovamlhc aCld (HVA). 3.4·dlhydroxy
phenylùcetlc aCld (DOPAC) each at a concentratIOn of 10 
pg/~I) An ahquot (0.02 ml) of the sample was InJectcd onto 

.. 1 l" L 1 l ". , J • ~ ... 
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FIG. 1. Phase-contrast mlcrographs 01 celfs Irom the ventral mesencephalon A Dissoclatod celfs at the tlme of platlng B: Dissoclated 
celfs alter 5 days ln culture Bar = 50 /lm 

the HPLC column. and radlOactlvny was determmed m frac
nom eluted from the column at 30-s mtervals The HPLC 
conditions used for separatIon and detectlOn of DA and liS 

metabohtes were those descnbed by Renner and Lume (1984 l. 
except that a Novapak C18 column (3.9 X 15 cm. Waters 
Assoclates) was used. and the mobtle phase contamcd 2 SO 
mg/L sodium oct yi sulfate and no acetomtnle. Average re
covenes of DA. NA. HYA. and DOPAC standards added to 
the initial release medium and extracted folloWlng the above 
procedure Wer') 82%. 83%. 111%. and 103%. rrspecuvely. 

Lactate d,=:hydrogenase (LDH) activity 
LDH actlvlty was assayed accordmg to the method of 

Wr6bl~.vslo and LaDue (1955) Control cultures IOcubated 
W1th standard KRH buffer for 30 mm releascd a measurable 
amount of LDH acttvlly lOto the medium. thls amount of 
actlvlty was approxlmately the lower hmlt of senslllVlty of 
the LDH assay. . 

Statistics 
The slgmficance of differences between groups was ana

Iyzed usmg a one· way analysis of vanance W1th post-hoc t 
tests. 

RESULTS 
Glutamate-stimulated eHlDA rele'.tSe 

When mcubated Wlth [lH]DA, dissoclated cell ~ul
tures of the rat ventral mesencephalon took up eH]DA 

from the extracellular medium (see Fig. 3. control up
take) Glutamate, ln concentratIOns from 10-5 to 10-3 

,H. sumulated the release of[lH]DA from cell culture;, 
prevlOusly loaded wlth eH]DA (Fig 2). Ma>.:mal 
StimUlatiOn of eH]DA release was achlevcd Wlth 10-4 

M glutamate; at thls concentration, glutamate stimu
lated release of 6.6% of the total amount of [3H]DA 
taken up by the cells. Expressed as percentage increase 
over basal eH]DA release. the stlmulatlon of [3H]DA 
release produced by glutamate (10-6 M. 10-5 M. 10-4 

M. and 10-3 M) was 0 ± 67 (18), 48.8 ± 72 (34), 
1230 ± Il 9 (34), and 115.8 ± 10.2 (34), respectlvely 
[data expressed as (g1utamate-stlmulated [3H]DA re
lease - basal eH]DA release)/basal eH]DA release 
x 100; mean ± SEM from the number of cultures 
shown ID patenthese~ l. In the absence of extracellular 
Ca2

+, glutamate dld not sumulate release of eH]DA 
(Fig. 2), indicatmg that glutamate-sttmulated [3H]DA 
release IS a Ca2+ -dependent process. As a functlon of 
the age of the culture, glutamate-sumulated eH]DA 
release was mru(\mal on days 4-6 m culture; at an ear-
11er tlme ID culture (day 2), glutamate was unable to 
sumulate release of [3HlDA, and the glummate re
sponse W~ submaxlmal by day 8 in culture (data not 
shawn). The mablhty of the cultures ta release [3H]DA 
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WITH Ca·· 

NO C.++ 

[GLUTAMATE] (M) 

FIG. 2. Glutamate stimulation 01 (lHJDA release ln the presence 
and absence ot extracellular Ca2

> Dlssooated c:eHs trom the ventral 
mesencephalon. malnt8lned ln culture tor 4-6 dlys. were loaded 
Wlth eH1DA as descnbed ln Matenals and Methods FoUOWlng thls. 
the cultures were ncubated for 5 min Wlth bulfer l5lone (to determll'le 
basal (lH1DA relelse). Ioilowed by a S-mln Incubation wlth the 
Indlcatad concentratron 01 glutamate. lM the presence ("Wlth Ca2.") 

or absenc/! ("No Ca2.") of 2.2 mM Ca2• Basal [lH)DA release has 
been subtracted Irom g.utamate·stlmulated (lH)DA release as de
scnbed ln Malanals and Methods. and glutamate-stlmulated (lH)DA 
retease 15 expressed as a percentage of the total amount 01 [lH)DA 
taken up by the cells Results are the means :t SEM Irom 18-43 
cultures ln the presence of Ca2

• and trom seven or elght cultures 
ln the absence of Ca2

• There was no slgnltlcant dllference ln basal 
{3H)DA release ln the presence and absence 01 Ca2

+ ln the pres· 
ence of Co2 •• glutamate prOduced a slgnlllC8nt sUmulatlon of [lH1DA 
retease (F .. 65 5. df • 4. P < 0 0001). values Slgnlfrcantly dlfferent 
Irom 0 glutamate are at 10-5 M (p < a 0005). 10" M (p < 0 0005). 
and 10'3 M (p < a 0005) glutamate Stimulation of (lHJDA release 
by glutamate (10-5

• 10". and 1 O-l Ml was slgnlficantly (p < 0.005) 
decreased ln the absence of Ca" 

in response ta glutamate on day 2 was accompamed 
by a deficlency in the ablhty of the ceUs ta take up 
[3H]DA from the medium; for example. In a smgle
cell preparabon, eeUs cultured for 2, 6, and 8 days took 
up 2,053 ± 256 dpm, 53,138 ± 6,442 dpm, and 40.400 
± 3,400 dpm (means ± SEM fro".l 22-24 cultures) of 
[lH]DA, respecuvely. 

A depolarizmg concentratlun (6 X 10-2 M) of K+ 
aiso stimulated the release of [3H]DA from [JHjDA
loaded cultures. The amount of eH)DA released by 
K'4- (25.3 ± 1.1 % of intracellular [JH]DA stores: mean 
± SEM from 36 cultures) was much greater than the 
maxImal amount of eH]DA released by glutamate. In 
the absence of extracellular Ca2+, K+ -stlmulated 
PH]DA release was reduced to 8.5 ± 0.4% of intracel
lular eH)DA stores (mean ± SEM from eight cultures). 
K + -sttmulated [JH]DA release was maximal and weil 

maintained from days 5-8 in culture; K· was unable 
ta stImulate [lH]DA release on day 2 in culture, and 
the response was submaximal on day 4 (data nOl 
shown). 

Cbaracterization of (l fflDA taken up and released 
In cell cultures fro·.n .he ventral mesencephalon, do

pammergtc neuron~ represent only a fraction of the 
total cell population (Berger et al .• 1982). In arder to 
detennlDe WhlCh cell type is able ta take up [JH]DA. 
monl. 'Imine uptalce inhlbllors, WhlCh are relauvely 
specIfie for panlcular amtnes, were tested for thelr ef
fects on [3H]DA uptalce (FIg. 3). The DA upt."~e in
hlbitor benztroplDe (S X 10-6 M) reduced eH]DA up
take to 12% of the control value, whereas the serotorun 
uptake inhlbitor tluoxelme (10-6 M) had no effect and 
the NA uptake inhibitor desipramme (5 X \0-6 M) 
had only a slig. lU effect on [3H1DA uptake. 

To test whether the [3HJDA taken up by the ceUs 
remained and was released as unmetabohzed [3HJDA. 
cell cultures were loaded Wlth [JH}DA and incubated 
accordlOg ta the protocol used for standard release ex
penments, and the idenuues of the radIOactive com
pounds released into the medium were deterrnlned by 
HPLC. The HPlC system used proVJded good sepa
rauon between dopamme and each of its major me
tabohtes, such as NA, HVA, and DOPAC (Fig. 4a). 
The only radioactive catecholamine de.ected in release 
media from ceUs exposed to 10-' M glutamate for 5 
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FIG. 3. Effects of monoamlne uptake Inhlbrtors on [3H)DA uptal<e 
Mesencephahc celi cultures were loaded wlth eH)DA as descnbed 
ln Matenals and Methods ln the presence 01 bulfer alone (Con) or 
in the presence of buffer contalnlng 10'" M fluoxetlne (Flu). 5 
X 10-lI M deslpramlne (Dml). 5 x 10.1 M benzlroplne (8zl). or 5 
X 10-6 M deslpramlne plus 5 X 10.1 M benztroplne (Dml + Bzt) 
Results are the means + SEM from 12-16 cultures Drug treatment 
produced a Slgnlflcant effect (F ". 46 9. df = 4. P < 0.0001). values 
slgmflcanlly dlfferent Irom control are [)ml (p < 0 05). Bzt (p 
< 0 0005). and Dml + Bzt (p < 0 0005) 
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FIG. 4. HPLC analysis of 3H-catecholamlnes released by glutamate 
stimulation •• : Trace showlng chromatographlc separation of cat
echolamine standards 1 ng each of DOPAC. NA. HVA. and DA 
b: Elutlon pattem 01 th.! JH released by ,,",tlmulatlon of mesencephahc 
cells wilh glutamate Mesencephahc cali cultures were loaded wlth 
[JH]OA Ralease ol3H-catecholamlnes was then stlmulated by ln
cubatlng the celiS Wlth 10-0 M glutamate for 5 min. and 3H-cat'}o 
cholamlnes ln the relasse medium were extracted and separated 
by HPLC. 

min was [3H]DA (Fig. 4). [3H]DA was aIso the only 
radioactive catecholamme detected in release media 
from a 5-min basal release IncubatIOn (data not shown). 
ln addition, m cell cultures extracted Just pnor to the 
ume at WhlCh release was normally tested, >90% of 
the cell content of 3H comlgrated wlth authentlc DA 
(data not shown) 

, \"", .. 11'," ., ( \/J J 1t.,J,I{!J 

On the mechanism of glutamate-stimulate4 
(lHlDA rele.se 

cis-2,3-PDA is a nonselective glutamate receptor 
antagomst capable of blocklng responses at three glu
tamate receptor subtypes (N-methyl-D-aspanate-, 
kamate-, and qUlsqualate-prefemng; for reVlew sec 
Fagg et al., 1986). Glutamate stImulation of [lH]DA 
release from mesencephallc cultures was almost com
pletcly abolished by 5 X 10-3 M cls-2,3-PDA (Table 
1), indicatmg that thls stimulation is a glutamate re
ceptor-medJated response As expected. cls-2,3-PDA 
(up to 5 x 10-3 JI) had no effect on K+ -induced 
[lHJDA release (data not shown) 

Glutamate and glutamate analogues can he tOXIC to 
sorne neurons under certam conditions. The fc:iowmg 
expenments were performed to determme whether 
glutamate-sumulated release of [)H]DA from mesen
cephahc cultures 15 the result of stlmulus-secret'on 
couphng (I.e., physiologIcaJ release) or the result of 
neurotoxic damage to the eeUs. To examme the mteg
nt y of the general cell population m the culture, the 
release ofLDH, a cytosohç marker, was measured fol-
10wi!1g a half-hour mcubauon Wlth glutamate (10-3 M) 
or K+ (6 X 10-2 AI). (It should be noted that ln ex
penments measunng [3H]DA release. cultures were 
rouunely mcubated Wlth glutamate or K + for a penod 
of 5 mm.) Whereas exposure of the cell cultures to a 
~ _ l>Otomc medIUm caused the release -f measurable 
amounts of LDH actlvlty mto the medIUm, nelther 
glutamate nor K+ mduced release of LDH from the 
cultures (Fig. 5) ln order to examme speclfically the 
funcuonal tntegnty of the dopamtnergIc cell population 
folloWlng exposure to glutamate. we preexposed cul
tures to glutamate (10-4 JI) for 10 mm and then ex
ammed the ablhty of the ceUs to take up [3H1DA (Table 
2, part a) and to release lt m response to stimulatIOn 
by glutamate (Table 2, part b) or K+ (Table 2, part c). 

TABLE 1. EfJecIs of cls-2.3-PDA on glulamare-srzmulaled 
release offJHjDA 

Glutamate 
Glutamate + Cls-2,3·PDA (5 X 10-' JI) 
Glutamate + CIJ-2,3.PDA (10-) .\f) 
Glutamate + cls-2,3·PDA (2 5 X 10-1 M) 
Glutamate + m-2,3-PDA (5 x 10-1 JI) 

(lH]DA releasc 
(percent Intracellular 

(IHJDA stores) 

76 ±0.7 
6.9 =0.3 
504 ± 1.1 
4 1 :!: 0 S" 
\.0 = 0.2 b 

Mesencephahc cell cultures. preloaded Wlth [lH]DA. were ,"cu
batcd for 5 mm wlth the tndlC3led concentrallon of cls-2.3-PDA. 
followed bv a 5-mln Incubauon wllh the same concentration of CIS-

2.3-PDA plus 10-- JI glutamate [lH]DA release shown IS that mea
sured dunng the second 5-mm InCUbaliOn penod w-2.3-PDA alone 
had noeffect on bas..ll (lH]DA relcase Basal [IH]DA release has been 
subtractcd from glutamate-sumulated (lH]DA release. Results are 
the means ± SEM from three 01 four culture~ 

cls-2.3-PDA produced a slgOlficant (F '" II 6. dl s 4. P < 0 005) 
mhlbltlon of glutamate·stlmulated [IH]DA release. Dp < 0025, bp 
< 00005 
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FIG. 5. Effects of glutamate, K-, end hypotOnlClty on the release 
of LOH Into the medium Mesencephahc ceII cultures were Incu
batad for 30 min wlth buffer contalnlng 10-J /tA glutamate (Glu), 6 
x 10-2 M K-, or a mixture of butter and water as MLcated Followlng 
thlS, LOH actlvlty ln the medium was measured Results are the 
means ~ SEM trom three to SiX cultures Treatment of cultures 
prodUCed a slgnlfieant effect on LDH actlVlly ln the medium (F 
- 249. df = 6. p < a 0001) A signifie<. lt Increase ln LOH Ln thl! 
medium was produced only by Incubatlng cultures wlth 75% H,O 
(p < 001) and 100% H,O (p < 0005) 

Exposure of the eeUs ta giutamate did not Imprur thelr 
subsequent ablhty to aceumulate [3H]DA or to release 
It ln response to stlmulauon. 

The objective of the next senes of expenments whS 
to determme whether voltage-sensItIve Na" channels. 
acuvated by a glutamate-mduced depolanzauon of the 
neuron, mlght be mvolved ln the stimulatIOn of 
[JH]DA release by glutamate. Two classes of voltage
sensItIve Na" channels have been IdentIfied aceordmg 
to thelr senSIUVltleS to phannacologlc blockade One 
c1ass of Na+ channels IS potently mhlbued by TIX, 
whereas TTX-reslstant Na- channels are potently m
hlblted by sea anemone toxms, Cd2

+, or Zn:" (Frehn 
et al., 1986), Netther TTX (I 0-8 

- IO-~ M, Fig. 6a) nor 
Zn2-+- (5 X 10-6_5 X 10-4 ln. Fig. 6b) had any sigruficant 
effect ûn glutamate-sumulated [3H]DA release from 
mesencephahc cultures. rrx (10-8_10-1 M) produced 
a smaIl (-15%) decrease 10 basal [3H]DA release, 
whereas Zn2+ had no effeet on basal release (data not 
shown). 

Figure 7 shows the results of expenments deslgned 
to determme whether extracellular Na+ IS necessarv 
for glutamate sumulation of eH]DA release. Gluti
mate stimulation of [JH]DA release was weIl mam
tained when NaCI in the medium was substttuted by 
an isoosmotlc concentration of sucrose; Cl- substitu
tion alone (by S042

-) also had no effect on glutamate 
stimulation of[3H1DA release. [It should be noted that 
il was Important to premeubate the cells 10 the Na +

free medlUm in these expenments because introduCtIon 
of the cells to a N.f" -free medIUm stlmulates release of 

[3H]DA_ However. the level ofthis rclease falls to base
line aCter 20 min in the Na" ·free medium. Sumulation 
of catecholamine lelease followina introduction of 
other neurosecretory cell types to Na· -free medium 
has been previously observed (Lastowecka and Trifarô, 
1974).] 

Funhet expenwenu (also shown in Fig. 7) tested 
the effects of replaClng Na" m the medium Wlth severa! 
other cau ons. u· could be sUIW.1tutcd for Na- in 
mamtammg glutamate-sumulated [lHJDA release. 
However, when 125 mA! Na'" ln the medtum was re
placed by chohne, glutamate-sumulated [3HJDA re
lease was completely abohshed. Addiuon oflower con
centrations (1 0 ~ or 10 mM) of chobne to standard 
NaCI-eontammg medIum had no etrect on glutamate
sumulated [JH]DA release (data not shown). Complete 
replacement of NaCl 10 the medtum by N-methyl-o
glucamme HCI proouced a partIal inhibition of glu
tamate-stlmulated [JH]DA release. As expected. 
eH]DA release sumulated by direct K+ depolanzation 
was weU mamtamed when chohne was substnuted for 
Na-, or 50,2- was subsututed for a- (data not shawn). 

Although nelther TTX nor Zn2- had any effeet on 
glutamate-sumulated [JH]DA release, veratndme (IO-s 

TABLE 2. Effecls of premcuballon wuh glutamate on 
subsequent rH/DA uptake (a) and fJH/DA release ln 

response to sllmulalton K'uh glutamate (b) and K+ (e) 

Prelncubatlon W1th 
Bulfer 
Glutamate 

b Glutamate·sumulatc:d ['HIDA release 

Prelncubauon "'1tl: 
Buffer 
Glutamate 

dpm 

26,801 :: 1,735 (32) 
33,791:: 4.018 (16) 

Percent m.racellular 
[JH10A stores 

107:: 0.9 (II) 
Il 3 ~ 1.1 m) 

----------------------------

Prelncubauon W1th 
Buifer 
Glutamate 

Percent mtracellular 
rJH]OA stores 

2S 9 :: 10 (12) 
290:: 1.2 (12) 

~1esencephahc cell cultures were prelDcubated for 10 mm W1th 
buffer or buffer contammg 10" .\f glutamate FoUowmg thlS the cul· 
tures were washed and loaded W1th r'H]OA as descnbed ln Matenals 
and MHhods, 10 the absence of glutamate. Cultures were then In

cubated for 5 mm \VIth buffer (to determlDe basal [3H]OA releasc), 
followed by aS-min IDcubauon 'I;lth 10" M glutamate (b) or 6 X 10-2 

JI K" (c) For (a), (3HIDA uptake was calculated as Ihe sum of 
[3HIDA released IOta the medium dunng the release incubations 
plus the resldual [JH]OA left ln the cells fal!oWlng the release InCU· 

ballons For (b) and (c). basal [JHIOA release has been subtracted 
from sumulated [lH]OA release R<:sults are the means :: SEM from 
the number of cultures shawn ln parentheses. 

Prelncubauon wnh glutamate producc:d slgmlicant mcreases ln 

subsequent ['HIOA uptake (p < 0 OS) and K<-sumulaled [JH10A 
releasc (p < 005) and had no effcct on glutamate-sumulated ['Hl0A 
re:ease 
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FIG. IS. Effects of TTX (a) and Zn;- (b) on stimulation 
of [lH]OA release by veratndlne or glutamate Mes
encephallc cali cultures, preloa<led Wlth [3H1DA, were 
Incubated for 15 min wlth the Indlcated concentratIOnS 
of TTX or for 5 min wlth the Indlcated concentratIOnS 
01 ZnSo. ThiS WBS followed by a S-mln IncubatIOn 
wlth the same concentration of TT)( or ZnZo plus, 0-1 

M veratndlne or 10-' M glutamate Basal [JH)DA re
lease has been subtracted from veratndlne- or gluI a
mate-stlmulated eH)DA release Aesults are tne means 
::: SEM from 4-12 cultures. except for the value for 
veratndlne-stlmulat8d eH)DA rele3se ln the presence 
01 10-& M nx that 1$ the mean Irom two cultures 
nx produced a Slgnlllcant (F • 824. dt '" 4, P 
< 0 0001) Inhibition 01 veratndlne-stlmulated [3H)DA 
release. Slgnallcant InhIbition was produced by 10-& M 
(P < 0 01), 10-7 M(p <: 0 0005), 10-6 M (p < 0 0005), 
and 10-1 M (p < 0 0005) TTX nx Md no slgnlficant 
effect (F .. 1 6, dt • 4, P > 0 101 on glutamate-stlln
ulated [3H]OA releii"se Zn2

+ had no slgOlflcant effect 
on alther veratndlne- (F ,. 0 5, df .. 3, P > 0 25) or 
glutamate-stlmulated (F .. 08, dt '" 3, p > 025) [JH)DA 
relaase 
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(~), an agent known to activate voltage-sensitive Na+ 
channels, was able to stimulate [3H]DA release from 
mesencephalic cultures (Fig. 6a and b); the magnitude 
ofre/ease evoked by veratndme was much greatcr than 
the rl.1wmal release evoked by glutamate (compare 
Fig. 6a and b Wlth FIg. 2)_ In addmon, veratndme
stlmulated eHJDA release was blocked by rrx (FIg. 
6a). Zn2+ (5 X 10-6_5 X 10-4 M) had no effer! nn 
veratndme-stimulated eH]DA release (Fig, 6b). 

In sorne neurons, TIX-reslstant action potentlals 
can a)so be generated by Inward Ca2+ currents, and 
these Ca2+ acuon potentlals ran be blocked by omlttmg 

o 5 50 500 

ea2+ or by adding 2 X 10-3 M Co2+ or 10-2 M Mg2+ 
to the extracellular medIum (Williams et al., 1984; 
Williams and Marshall, 1987). To test whether Ca2+ 
actIon potentials are necessary for glutamate stimula
tic n of [3H]DA release from mesencephahc ceUs, glu
tamate SU"TlUlatlon of eH1DA release was tested in the 
presence of 2 X 10-3 M C02+; glutamate-sttmulated 
[3H1DA releas'" was mamtained at 60-82% of control 
values In the presence of C02

+ (Table 3). In addmon, 
lidocame (2 X 10-4 M), which has becn shown to com
pletely abolish action potentials ID dlSsoclated cerebral 
cortex eeU cultures (Roml]n et al., J 981), blld no effect 
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FIG. 1. Errects 01 extraeelular NaCI substrtutJons on the simulation 
of ['H)OA release by glutamate Mesencephallc: ceIt cultures. pre
IOaded WlIt1 ('H)DA. were II'ICUbated for 20 men WIth ether standard 
buffer contaln.n9 the usual 125 mM NaCI (control) or standard 
buffer, ln whlch 125 mM NIICI WBS rep4lced WItt! 225 rMf sucrase. 
125 rMf llCI, 125 mM ChOlIne chlonde, 125 mM N-methyl-o-glu
Cllnlne (NMOG), 01' 62 5 rMf Na2SO. FoIIoWing thlS, the cultures 
were Incutlated lor 5 min ln 1 !luffar 01 the same compoSition to 
determlne basal ['H)OA release, lollowed by a S-mln Incubation 
wlth the sama buffer contalnlng 10-' lof glutamate (except lor ex
penments wlth choline chIonde. In whlCh 10-' lof glutamate was 
used) Results arE the means :: SEM Irom 4-14 cultures Basal 
eH)OA release has been subtracted Irom stJmulated [3HJOA re
lease 1,., control cultures. release of [3H)OA ln response to stim
ulatIOn .:Jy 10-' M an...1 10-3 M glutamate was 3 7:: 05% (mean 
= SEM trom 40 cUltures) and .. 3 :: 1 00/. (mean == SEM lram four 
cultures) 01 Intracellular [~JDA StC'dS, respectJvt!ly Values sig
nlficantly dlfferent trom control are c:hollne chk)nde (p < 0 025) 
and NMOG (p < 0 025). other values are not $IQI'1lficantly dlfferent 
(p > 0 05) trom control Slatlstlcal analysis was performed on raw 
data belore normal/zatlon to percent control 

on glutamate-stlmulated [3H]DA release from mes
encephalic cultures (Table 3) 

DISCUSSION 

The present study shows that cultures of dlssoclated 
cells from fetal rat ventral mesencephalon take up 
eH]DA mto dopammergic neurons, as [JH]DA uptake 
was strongly mhibtted by a low concentration ofbenz
tropine, a relatlvely speCifie lDhlbltor of DA uptake 
lOto dopammergtc neurons, but not by deslpramme or 
fluoxeune, mhlbitors of NA and serotomn uptake, re
specuvely. PrevlOus st Jdles by Prochlantz et al. (1979) 
and Daguet et al. (1980) have shown that dlssoclated 
cell cultures from fetal mou~ mesencephalon also take 
up eH]DA mto dopaminergIe neurons by a benztro
pme-sensItive mechamsm and release It ln response to 
stimulatIon by K+ or veratndme. 

In the present study, glutamate sttmulated a Ca2+_ 

dependent release of [3H]DA from mesencephalic cell 
cultures. and this release was inhibited bya glutamate 
antagomst, cls-2,3-PDA, lndieaung that stImulatIon of 
release was medtated by glutamate receptors. Gluta
mate and sorne of 115 analogues are known to be tOXIC 
to sorne populations of neurons under certam condi-

tlons. However. the foUowing ob5ervations indieatc that 
glutamate stImulation of [lH]DA rdeasc from mes-. 
eneephalic cultures 15 not due to DeW'Otoxic damage. 
( 1) Exposure of the ceUs to a concentration of glutamate 
that produccs maximal st!mulatlon of [lH]DA relea.se 
did not cause release ofLDH. a cytosolic marker, loto 
the medium. (2) Extracellular Na+, a-, and Ca2+ have 
all bcen Implicated as necessary agents io the devel
opme nt of glutamate-lnduced neurotoxIClty (ChOI, 
1985; Rothman, 1985; Garthwillte et al., 1986; Oloey 
et al .• 1986). In the present study, glutamate stimulated 
[3H]DA release In the absence ofboth Na+ and a-, 
mdlcaung that nelther Na + - nOf a--depcndent neu
rotoxlclty IS responslble for the release. (Because stim
ulus-secretion couphng 15 almost certamly Ca2+ de
pendent, It IS not poSSible to dlstlngulSh between neu
rotOXlClty and phYSlologrcal release on the ba.sis of Ca:!· 
dependence.) (3) Preexp05ure of the cultures to glu
tamate had no effect on the subsequent ablhty of the 
dopammergIc neu~ons to take up and retain [lHJOA 
or to release It 10 response to stimulauon by glutamate 
or K" ThIS mdlcates that these neurons were not leak
mg [3H]DA. Taken together. these results mdlcate that 
glutamate stimulatIOn of [lH]DA release under con
ditions of the present study 15 the result of 5umulus
secretion couphng rather than neurotoxlcity. 

'/eratndme stlnlulated relr.ase of[3H]DA from mes
encephallc cultures 10 a TIX-senslllve manner. This 
mdicates that ITX-sensltlve. voltage-sensltlve Na'" 
channels are present on at least sorne of the DA neurons 
m these cultures. However. glutamate stimulation of 
eH]DA release was not IDhlblted by elther Tf X or 
Zn1+. ThiS suggeS15 that depolanzauon-mduced acti
vation of voltage-sensItive Na" channels IS not neces
sary for glutamate-evoked release In addition. Coh

, 

whlch blocks Ca2
'" actIOn potenuals, and hdocame. 

TABLE 3. Effects o/Co]+ and ildocalnt on glwamate
sllmuiCled release oJfHJDA 

Glutamate (10-' M) + COl. 

Glutamate ( 10-3 JI) + COl. 

Glutamate ( 10-' M) + hdocame 
Glutamate (lO-l M) + hdocame 

Percent of control 
glutarnate-sumulated 

(lHJOA relcase 

60 J ± 79" 
824:: 89' 

1006 ± 83 
940 ± 42 

Mesencephahc cell cultures. preloaded W1th [lH)DA. were mcu
bated for 5 mm Wlth elther standard buffer alone or standard buffer 
contammg COl" (2 X 10-3 M) or hdocame (2 X 10'" M) (for the 
measurement of basal [3H)DA release), followed by a S-rnm InCU

bauon wllh the same concentration of COl> or hdocame and the 
mdlcated concentration of glutamate (for the measurement of glu
tamate-slImulated [)H)OA release). Results are the means :t SEM 
from elght or Olne cultures 

COl. produced a s:gmficant mhlbltlon of glutamate·strrnulated 
eH)DA release (F .. 7 l, d(" 3. p < 0025); 'p < 005. Lldocame 
had no -Ignlficant effect on glutarnate-sumulated [lHJDA release (p 
> 0.25) Stail sU cal analysis was perfonned on raw data before nor
mahzallon ta percent control 

1 
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whlch completely blacks ail acuon potentials ln cul
tured cerebral conex, had only minimal or no effect 
on glutamate-sumulated [~H]DA release. These obser
vations mdicate that there IS no requlrement for actIon 
potenuals to he gencrated. ln enher the DA neurons 
themselves or ln mtcrneurons. In order for glutamate 
ta sumulate eH]DA release. ThIS IS consIstent wlth 
prevlous studlcs showing that glutamate stimulation 
of [3H]DA release From shced tIssue or from m SItu 
bram areas contammg either DA nerve termmals (e.g., 
stnatum: Robens and Shanf. 1978; Manen et al., 1983; 
Chéramy et aL. 1986: Snell and Johnson. 1986: Jha
mandas and Manen. 1987) or cell bodies wlth thelr 
dendnuc fields (e.g .. substanU3 n1gra: Chéramy et al . 
1981; Manen et al .. 1983) was enher completely or at 

1 least panJally TTX msensJUve. Howeve:-. nelther of 
,these preparations contams the enure DA neuron 
through whlch an actIon potenual mlgh( be propagated 

- We have found that actlon potentla1s are not requlred 
for glutamate stimulation of DA release from mtact 
DA neurons ln culture However. It should be noted 
that one cannat exclude the POSSlblhty that processes 
on cultured DA neurons mlght possess sorne' dlfferent 
propenles from thelr counterpans m VIVO. 

The ablhty of glutamate to stlmu1ate DA release 
from dlssoclated DA neurons m culture. wtthout gen
erallon of action potentlals JO Interneurons. IS consIs
tent wlth the notion that glutamate dlreer/y !.tlmulates 
DA neurons (as opposed to an mdlrect stimulation of 
dopammergIc neurons through a polysynapuc path
way). However. It LS also possible that glutamate dlrectly 
sumulates the ne Jntes of an mterneuron tCJ cause re
lease of a secondarj trant;mltter; the sccondary trans
nlltter would '!ten dlrectly stimulate the neuntes of the 
DA neuron to release DA. and thls would occ,'Jr wlthout 
action potenual generatlon 10 elther the Inlerneuron 
or the DA neuron. ThiS, latter. mechaOlsm sl'!ems un
Iikely because direct stlm ulatlon of neunt<;s (elther 
dendntes or nerve terminais) IS not a comrnonly re
poned mode of action for transmltters other than glu
tamate. Of severa! neurotransmltters we have tested 50 

far (substance P and substance K. neurotensln. p.. K, 

and {) OpiOlds. and mcotmlc chollnerglc agonlsts). none 
produced as great a release of [3H]DA as dld gllJtamate 
(unpubhshed observations). 

Glutamate sumulatlon of eH]DA relea5e from mes
encephalic cultures was unaffected by replacement of 
NaO m the medium by sucroc;e or Na"S04 ThiS m
dicates that the glutamate respon5e does not reqUlre 
changes in permeablhty to elther Na'" or Cl- and IS 

consistent Wlth the nOllon that actIvatIon of voltage
sensitIve Na'" channels 15 not necessary for dus re
sponse. The Na' mdependence of the response also 
suggests that glutamate-mduced depolanzauomi may 
not be due to mcreased Na'" permeablhty throug.h glu
tamate receptor-hnked Na+ channels but may mvolve 
another mechalllsm su ch as deactivatlOn ofK+ effiux, 
as has prevlOusly been surgested by Shapovalov et al. 
(1978) and Engl)erg et al. \ 1979). An alternative IOter-

, \ 1 Ilflll 1 i "1 1 ri" _~ \/1 J l 'JI{IJ 

prctabon is that glutamate·induced depolarization does 
lnvolve an lDCTl!ased Na· permeability when phYSID-
10glcal concentratlons of Na" are present but that in 
the absence of Na· , other Ions (such as Ca2+) can per
meate a relauvely nonspecific glutamate receptor
hnked Ion channel. In facto several studles (Bührle and 
Sonnhoi, 1983; Zanotto and HeInemann, 1983; 
MacDermott et al., 1986) mdicate that glutamate does 
mcrease membrane permeabtlity ta both Na" and Ca2

+ 

through glutamate receptor-linked channels. 
Electroph) Siologlcal studies Wlth spmal cord neurons 

have demonstrated that depolanzauons evoked by 
glutamate or Its analogues are greatly attenuatcd when 
Na-Is substttuted by chohne or Tns (Hësli et al.. 1973; 
MacDonald. 1984: Mayer and Westbrook. 1985: Nlstn 
et al.. 1985). However. Mayer and West brook (1987) 
suggeste:l thatlarge orgamc catIOns such as chohne or 
Tns may black glutamate receptor-lmked Ion channels, 
thereby confoundmg the IOterpretatlon of Na" substI
tution expenments Consistent wlth thls report. we 
found that glutamate stimulation of eH1DA release 
was completely mhlblted by replacement of Na + by 
choline and pamally IOhlblted by replacement Wlth N
methyl-I>-glucamme: these mhlbltory effects were not 
seen when ~a- was replaced Wlth LI- or an men sub
Slance such as sucrose. 

ln conclUSIOn. the present study mdlcates that cul
tures of .jlssoclated cells from fetal rat ventral mesen
cephalon are an excellent model system 10 whlch ta 
charactenze glutamate stimulatIOn of DA release from 
mtact DA neurons and to study the pharmacology and 
molecular and IOnIe mechamsms IOvolved m thls pro
cess. The cultu.es may also he panlcu1arly useful JO 

studymg the effects of more long-ternI changes 10 the 
extracellular envlronment on the glutamate response; 
for exarnple. compared Wlth 10 VIVO expenments. JO 

sorne cases It may be easler and more economlcal 10 

chromcally treal cultures wnh drugs and factors than 
to treat the ammal. In VI'<O. 
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Subtypes of Excitatory Amino Acid 
Receptors Involved in the Stimulation of 

[3H]Dopamine Release From Cell CultlIreS of 
Rat Ventral Mesencephalon 
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• \/cGd' ünl! ersl!.\. Verdun Quefx.c Canada 

KEY WORDS TIssue culture. QUlsquahc ami. KaImc aCld. N-methyl-D-aspartic acid 

ABSTRACT N-methyl-D-aspartlc aCld (NMDA). qUlsquahc aCld (QUIS). and kamic 
aCId ŒAINl. respective agomsts for three excltatory amlno aCld fEAA) receptor subtypes, 
stlmulated [3Hldopamme ((JH1DA) release from dlssoclated cell cultures of fetal rat 
ventral me!>encephalon Release evoked by ail three agomsts was Ca:?- ·dependent and 
mhIblted by broad-spectrum antagomsts m.L-C1S-2.3-plpendme dlcarboxyhc aCld (PDA] 
and kynuremc aCld [I\'YN] ) Hov.ever. both ofthese antagomsts were more pote nt agamst 
KAIN than agamst QlJIS and only KAIN·evoked relea:e was blocked by'V-D-glutamyl. 
ammomethyl sulfomc aCld (GA.\1S. IC50 700 J.l.M) NMDA·stlmulated [.!HIDA. release was 
selectlvely mhIbIted by competItIve (3-[2-carboxYPlperazme-4-yllprop:. 1-1-phosphomc 
aCld [CPP] and D.L·2·ammo·5·phosphonovalenc aCld IAPV1) and non-competitIve 1 pher.· 
cvchdme and MK-801' NMDA receptor antagomsts In 1 2 m.\I Mi +. ~JIDA-st1mulated 
[.lH1DA release was Na - -dependent and mhlblted by tetrodotoxm l'rrx. 2 IJ.M) or by the 
local anaesthetlc. hdocame 1200 IJ.M) However. ln 0 Mg~-. NMDA-evoked release was not 
mhlblted by TTX or hdocame Thus. TTX·sensltlvlty of the Nl\1DA response ln 1 2 mM 
Mg.!- apparently occurs because Na --actIOn potentmls are requlred to allevlate a Mg.!
blockade. Nelther QUIS- nor KAlN-evoked rel~ase was affected by Mg2- or 1'TX \\-ben 
extracellular NaCI \\as replaced by sucrose or Na.!Sû4• the QUIS response \\as mcreased. 
KAIN-evoked release was unaffected bv the sucrose substItutIOn and was attenuated 1C1 

the Na:.!S04-contammg buffer . 
It 15 concluded that :-.J:\1DA and QUIS!KAI~ release [3H1DA \"la separate receptor 

subtypes 

INTRODUCTION 
Major dopammergIc pathways m the bram are known 

to proJect from the substantta mgra, pars compacta to 
the stnatum (mgrostnatal pathwav), and from cell 
bodies mamly m the ventral tegmental area (VTA) to 
medlal pre frontal. cmgulate. and entorhmal conlees 
(mesocortlcal) and to nucleus accumbens. olfactorv tu
bercules. and amygdala (mesohmblc) (reV!t: · .... ed by 
Lmdvall and BJorklund. 19i5) It has also been estab· 
hshed that excIta tory ammo aCIds lEAAs) ere Important 
transmltters m excItatorv cortlcocortlcal neurotrans
mISSIOn (see revlew by Cotman et al., 1987, and In 

cortlcofugal mputs to substantla mgra (Carter. 1980, 
1982; Kerkenan et al. 1983. Kornhuber et aL, 1984; 
Nleoullon and Dustlcler. 1983). stnatum (Carter. 1980. 
1982; Fonnum et al.. 1981a b: GIrault et al. 1986. 
Kerkenan et al . 1983. KIm et al . 1977. Kornhuber and 
Kornhuber, 1986. Reubl and Cuenod. 1979; Roberts 
et al., 1982; Rowlands and Roberts. 1980, Sandberg 
et al.. 1985, Spencer. ) 976), VTA (ChrIstIe et aL, 1985). 
and nucleus accumbens (Carter. 1980; Walaas, 1981), 
ThIs locahzatlOn of EAA mputs suggested that EAAs 

© 19'10 \VILE\' LlSS. INC 

mlght mteract vnth dopammergIc transmISSIOn at the 
level of dopamme (DA 1 cell bodIes and/or tcrmmal 
fIelds An ablilty of EAAs to stlmulate dopammergIc 
neurotransmlSSlOn has been confIrmed In behavlOral 
(Amt 1981a.b. Cools and Peeters. 1987. Donzantl and 
Uretsky. 1983, Ohanas et al.. 1978. Pycock and Daw
barn. 1980) electrophyslOlogIcal (Grace and Bunney. 
1984a.b; Scarnatl and Paclttl. 1982). and blOchemlcal 
(Carter et al. 1988. Cheramv et al.. 1986, Clow and 
Jhamandas. 1989: GlOrguleff' et al.. 1977. Jhamandas 
and Manen.198ï. Jones etal.1987. Manen et al.. 1983. 
Roberts and Anderson, 1979: Roberts and Shanf.1978) 
studles 

EAAs have been shown to bmd at and act upon at 
least three dlstmct receptor subtypes, wluh sorne selec
tmty. respectlvely, for ~-methyl-D"aspartlc aCld 
rNMDA), qUlsqualic aCld (QUIS). and kamlc aCld 
(KAIN) (see reV1ews by Mayer and Westbrook. 1987; 

Rei:elved September 1 1989 accepted ln re\ Ised Conn November JO 1989 
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McLennan. 1982, Watklns and Evans. 1981) NMDA 
receptors have clearly been Imphcated m the release of 
DA ln bram shces of substantla mgra (Manen et al . 
19831. stnatum (Clow and Jhamandas. 1989. Jhaman
das and Manen. 1987. Roberts and Anderson. 1979, 
Snell and Johnson. 1986 ,. nucleus accumbens (Manen 
et al . 19831 ar.d olfactory tubercule (Manen et al . 19831 
and m VlVO. m trans-stnatal dJalvSlS expenments 
(Carter et al . 19881 In order to mvestlgate the neuronal 
clrcUltry mvolved 10 thls Nl\1DA response. most of the 
above studles have exammed the senSltlvltv of NMDA 
receptor-stlmulated DA release to mhlbltHln bv tetro
dotm.m (ITXI. a blocker of voltage-sensItIve Na'- chan
nels The ratIOnaL: behmd these expenments has been 
that direct effects of NMDA agomsts on the DA neuron 
termmalt; (or dendntes 1 should be TTX-msensltlve (1 e . 
not requmng regeneratlve actIOn potentlals 1. whiie 
TTX-sensltlvlty mlght mdlcate actIvatIOn by the Nl\1DA 
agomst of a polysynaptlc pathway m\olvmg an mter
neuron In the stnatum alone. results from su ch ex
penments have been contradlctory. wlth Nl\1DA recep
tor-stJmulated DA relea3e reported to be campletely 
TIX-sensltlVe (Carter et al, 19881 completely ITX
mse,nsltIve (Clow and Jhamandas. 1989). or partlally 
TIX-sensltlve (Jhamandas and Marien. 1987. Snell and 
Johnson. 1986) 

KAIl\; has also been shown to e\'oke the release of DA 
from shces of strJatum (Clo\\ and Jhamandas. 1989, 
Roberts and Anderson. 19i9. Roberts and Shanf. 1978. 
Snell and Johnson. 19861 and nucleus acrumbens 
(Jones et al . 19871. a~ weil as from stnatum ln VIVO 

(Carter et al . 1988) \Vhere tested. KAIN -evoked DA 
rele~se has been reported conslstently to be rartlally 
TTX-sensltlve (Carter et al. 1988. Jones et a .1987, 
Although a role for stnatal QUIS receptor activatIOn Ir: 
the modulatIOn of DA-medlated behavlOrs hai. been 
reported (Cools and Peeters 19871 the effect afQUIS on 
DA release remams less denr QUIS stlmulated DA 
release from shces of stnatum (Clo\\ and Jhamandas. 
1989. Snell and Johnson. 19861 and nucleus accumbens 
(Jones et al. 19871. but had no effect on release In 
trans-stnatal dlalvsls expenments (Carter et al. 1988) 

DlssOclated cell culture systems ma\' offer certam 
advantages over tissue shce and dlalysis techmqueb for 
the elucldatlon of receptor mechamsms speclflcally at 
the level of the target neuron A stncter control over the 
composItIOn of the extracellular erl\lronment can be 
ar.:hleved. faclhtatmg the mampulatlOn of neuronal 
mechamsms by drugs or IOnIC alteratlOns We have 
recentlv used cultures of dlssoclated cclls from fetal rat 
ventraf mesencephalon. the area ofbram contammg ce Il 
bodIes of ongm for mgrostnatal. mesocortlcal and me
sohmblc dopammergIc pathways. to study the effects of 
the endogenous EAA, glutamate on release of['IHIDA 
from dopammergIc neurons (Mount et al . 19891 It was 
found that glutamate-stlmulated [3HJDA release was 
Ca2

+ -de pende nt and msensltlVe to mhlbltIOn of voltage
regulated Na + -channels by TTX or Zn2

+ Glutamate car. 
actlvate ail three EAA receptor subtypes fNMDA, 
QUIS. KAIN), Thus. the fmt objectIve of the present 
expenments was to charactenze whlch EAA receptor 
subtypes can medlate [3H1DA releabe from dlssoclated 
cell cultures of fetal rat mesencephalon The sec0nd 
objectIve was to examme the llivoivement of vanous 
lOns (Ca2 •• Mg2+, Na"') and of regeneratlve actIOn po
tentlals In the EAA-stlmulated release of[·lHJDA 

A prelImmary report of sorne of these results has been 
presented at a meeting c Boksa et al.. 19891 

MATERIALS AND METHODS 
l\taterials 

3.4-17,8- IH( N) ldlhydroxyphenylethylamme ([ :IHlDA. 
18.9 ClImmoll was rurchased from Ne\\ England Nu
clear (Boston. MA. U S.A.). D,L-ClS-2.3-plpendme dlcar
boxyhc aCld IPDAI came from Cambndge Research 
BlOchemlcals Ltd Œarston. UK) and 3-( 2-carboxypl
perazme-4-yl )propyl-l-phosphonIc aCld (CPP) came 
from Toms Neuramm (Buckhurst HIll. UK, N-methvl
D-aspartlc aCld rNMDA J. qUlsq~ahc aCld (QUIS). kau11c 
aCld (KAIN '. kynuremc aCld (h."YN ,. -y-D-glutamylaml
nomethvl-sulfomc aCld IGAMSI. D.L·2-ammo-5-phos
phonovàlenc aCld (APVI. deslpramme hydrochlonde. 
and parg:.lme hydrochlonde were obtamed from Sigma 
Chemlcal Co (St LoUIS. MOI Phencvchdme IPCPI and 
l\lK-801 were generous gJfts from NIDA rBaltlmore. 
MDI and Merck. Sharp & Dohme (Harlow. UK). respec
tlvely Other chemlcals were reagent grade and came 
from regular commerCIal sources 

Cell culture methods 
Mesencephahc cell cultures were prepared as preYl

ouslv descnbed (Mount et al . 1989, Bneflv. antenor 
veniral mesencephahc tIssue was dlssected from the 
brams ofSprague·Dawley rat embryos on gestatIOn day 
15 The pleces of tIssue were mechamcally dlssoclated 
and d!luted to a densltv of approxlmately 10h cells/ml m 
Dulbecco's modlfl!d t:agle s medIUm (D:vfEl\1. Glbco 
Canadct Burhnf;ton Ont. Canada 1 contammg nvstatm 
(24 U/ml). Kel (20 mM '. and lQf/( vI\' heat-mactlvated 
fetal calf serum (Glbco Canada) Cells were grown on 
24-well Multlwell plates that had been prevlOusly 
coated wlth polv-D-lysme (20 fJ.g/ml, Cultures were 
mamtamed at 37c C m an mcubator supphed wlth 
humld aIr contammg 10c;( CO2 

Release expenments 
}{elease expenments \Vere performed on the flfth or 

slxth day m culture and mvolvec. the followmg general 
protocol Cells were nn~ed wlth Krebs-Rmger-HEPES 
buffer (KRH) (500 fJ.II and then loaded \VIth [.IHIDA (50 
nM) ln a 20 mm mcubatlOn at 37°C. m the presence of 
deslpramme (50 IlMI (to mhlbIt [JH1DA uptake mto 
noradrenergIc neurons 1 In pre\'lous work. uptake of 
[:lHIDA mto mesencephahc cell cultures was shown to 
be over\\ helmmgly mto dopammerglc neurons. as the 
uptake was mhlblted almost completely by the DA 
uptake mhlbltor. benztropme, but only shghtly attenu
ated by the noradrenalme uptake mhlbltor. desl
pramme. and unaltered by the serotonm uptake mhlbl
tor. fluoxetme (Mount et al. 19891 After [.IH1DA 
loadmg. each weil was rmsed four tlmes wlth KRH over 
a 25 mm penod at 23'OC Dv thls tlme spontaneous 
j3HJDA release reached a ,teadv rate of 4--60( total 
PHIDA content per 5 mm collection penod KRH buffer 
(500 fJ.lJwelJ) from a 5 mm mcubatlOn (spontaneous 
release penodl. followed unmedlately bl' a 5 mm mcu
batlOn m the presence of an EAA af,0mst (,:;tlmulated 
release penod ,. were collected. and [ H IDA release was 
quantltated by the amount of radlOactlvltv m each 
ahquot of buffer collected For lOn-substitutIon expen
ments. modlflCd KRH was Ilsed for ail rmses aTJd mcu
bdtlOns folJowmg 1·1H1DA loadmg When antagomsts 
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were tested. cells were exposed to these during the 
spontaneous release inCUbatIon as well as dunng expo· 
sure to the agomst. Followmg release Incubations. ra· 
dloactlVltv remamtng m the cells was extracted by 30 
mm incubatIon with aCIdified ethanol (500 ",,1. 95lié 
ethanol/SCié 0.1 M HCll RadIOactIve specles released 
into the extracellular envlronment un der spontaneous 
and glutamate·stlmulated conditIons. as well as total 
cellular content of [JH]labelled compounds In the cul· 
tures. have prevIOusly been charactemed by HPLC 
(Mount et al.. 1989) The onlv catecholamine detected ln 
release Incubation medIa from cells e'Xposed to 100 ""M 
glutamate for 5 mm was [ JH1DA Also. more than 90~ of 
the radIOactlVltv deteeted In eells at the tlme of release 
eluted wlth dopamme standards. 

For data presentatIOn. spontaneous [lH1DA release 
was subtracted from release sumulated bv the EAA 
agomst. The net release evoked by the agomst was 
eX2ressed as a li of the total [JH1DA uptake lOto cells 

The compositIOn (nuWofthe KRH bufferl pH Î 41 was 
NaCl. 125. KCI. 4.8; HEPES. 25, NaOH. 5. MgS04 • 1.2; 
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Fig 1 Oose·response curves for the stimulatIOn of [3HIDA release 
[rom mesencephahc cell cultures by N·methvl.D·aspartlc aCld 
INMnA). qUlsquahc aCld 1 QUIS). and kalnlc aCld 1 KAIN) Spontaneous 
[3HIUA release has been subtracted from [JH IDA released m the 
presence of agonIsts (NMDA. QUIS and KAIN ln the Indlcated concen· 
tratlons, The resultant sttmulated release 1$ expressed as a percent· 
age of total [3HIDA uptake mto cells. a5 descnbed In Matertals and 
Methods Res:..tlts are the means = SEM from 5-8 27-35. and 6-11 
cultures. for NMDA. QUIS. and KAIN. respectlvely Sl~lficant 
[JHIDA release was evoked bv NMDA 1F=27 8. df=433. P< 001 J. 
QUIS 1F=137. df=6.l95. P<'OOII and KAIN IF=lli7. df=434. 
p< 001) 'P< 05. compared to control butTer 

KH~P04' 1.2: D-glucose. 5.6; CaC)~. 2.2; par~lme. 0.1: 
ascorbate. 1.0 NaCl·free KRH was prepared by substl' 
tuung 125 nu\1 NaCI by 225 mM sucrose: for CI-· 
substltuted buffer. 125 mM NaCI was substltuted bv 
62.5 !ru\! Na!S04' When Ca2

+ or Mg2- was omltted from 
the KRH. no substltutlOns were made. 

Statistics 
Release data were subJected to unpalred t-tests. or to 

one·way analysls of vanance. followed by a Newman· 
Keuls test for .nu1tlple compansons. as appropnate 
The aceepted It!vel of statlstlcal slgmficance was Cl ~ 05. 

RESULTS 
Effects of EAA agonIsts on [3HlDA release 

Inmal expenments tested whether [JH1DA release 
from mesencephahc cell cultures could be stlmulated by 
r-.~1DA. QGIS and KAIN. agomsts that actlvate three 
subtypes ofEAA receptors Each ofthese agomsts sum· 
ulated [JH1DA release from the cultures !FIg 1) QUIS 
was the most pote nt. whIle efTIcacv at hlgh agonlst 
concentrations was KAIN > > NMDA > QUIS. This 
order of agomst efTIcaey \Vas conserved when the release 
\Vas measured over penods rangmg from 1 to Il mm In 
duratlOn (data not shown) 

Figure 2 mdlcates that when Ca~- was omltted from 
the extraeellular envlronment. NMDA- and QUIS· 
evoked [JH1DA release were completely abohshed. whlle 
KAIN·evoked release was attenuated bv more than 
90c:ë OmiSSIOn of Ca.l~ from the extracellular environ· 
ment had no slgmficant effect on spontaneous [JH IDA 
release from cell cultures Idata not shown), 
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Fig 2 Ca2- .dependence Of[3HIDA release stlmulated bv N·methvl· 
Q:a~partlc aCld INMDA). qUls~uahc aCld (QlJIS) and kaInlc aéld 
(KAIN) Cells were loaded wtth [ HJOA ln control KRH butTer 12 2 mM 
CaClz) Subsequent nnses. spontaneous release. and releasp ln the 
presence of agomsts (NMDA QUIS and KAIN ln the mdlcated concen· 
trat/or.s! were collected elther In control KRH or ln CaCI.·Cree KRH (Q 
mM CaCl, addeù) Results are the me ans ::: SEM from 8-9 cultures 
Spontaneous [JHIDA release has been subtracted frorn agomst·stlmu· 
lated 1 aH IDA release Release stlmulated b\ each agonIst m the 
absence of CaClz. was slgmficantly (. p< 001 )'attenuated In corn pan· 
son ta the corres~ondIng release ln the presence of CaCï, Only KAIN 
stlmulated anv 1 HIDA release ln CaCl,·free KRH (?< 0011 ExclUSIOn 
ofCaCl. from the KRH had no em~ct on 5pontaneous [JHjDA release 
(data nl't shown) 
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Effects of EAA antagonists on EAA-stimulated 
[JH1DA release 

Kynuremc aCld (KYN: Fig. 31 and D.L-clS-2.3-plper
Idine dlcarboxvhc aCld (PDA: data not shown l, two 
broad-spectrum F AA antagomsts that block actIons of 
EMs at ail three EAA receptor subtype3 ( Ganong et al.. 
1983: Jahr and Jessel.1985, Watkms and Evans, 1981), 
mhiblted [IH1DA release stlmulated by QUIS. KAIN, 
and ~MDA. wlthout affectmg spontaneous [IH1DA re
lease Both KYN and PDA were more potent agamst 
mIDA- and KAlN-evoked r·IHIDA release th an agamst 
the QUIS-response IICsos for PDA mhlbltlon ofNMDA. 
KAIN, and QUIS responses were 460, 1,100. and 3.000 
IJ.M. respectlvelyl GA.lV1:S (Croucher et al., 1984. Jones 
et al.. 1984: Davles and Watkms, 1985) mrublted KAIN
stlmulated [JH1DA release at concentratIons that were 
meffectlve agamst etther QUIS- or NMDA-stlmulated 
[JH1DA release (fIg. 3) 

The competItIve NMDA receptor antagomst 3-(2-car
boxYlllperazme-4-yl lpropyl-1-phosphomc acid (CPP), 
(Davles et aL. 1986. Lehmann et al, 1987) completely 
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Fig 3 Effects 0_ the broad-c;pectru:n EAA .llltagomsts kmuremc 
aCld IJ(YN) and -y-D·glutamvlammomethvl sulfomc aCld IGAMSI on 
EAA·evoked [3HIDA n'Iease Cdls were-exposed ta KYN or GAMS 
durmg the sponta,leous mcubatlOn and ln the presence of the EAA 
aEomst (NMDA. 100 ~M QUIS. 10 ~M. KAIN, 100 !lM) Spontaneous 
["HIDA release has ueen subtracted from agonrst-stlmulated 1 JHIDA 
release Results are the means !: SEM from &-1~ cultures for KYN and 
3-5 cultures for GAMS transformed ta q. of release evoked ov NMDA, 
QUIS, or KAiN ln the absence of antag-onlst I\'YN slgnlflrantlv antag-· 
omzed the release stur.ulated bv NMDA IF=166 df:.3,23, p.-- ooil. 
QUIS IF= 10 L df=6,iO, p< OO\) and KAIN 1F=492, df=4,57 
p< DOl! GAMS slgnlflcantly antagomzed the IJHIDA release e\oked 
bv KAIN IF=! 0, df=4 19 P< 005), but falled te alter the reledse 
evokrd bv NMDA IF= 16, df=2,9. P= 854), or QUIS IF: 63, df= 114, 
p= 611 :;p< 05, tompared to releas!' m the absence of antlgonlsts 
Statlstlcal analyses were performed on raw data before transformation 
to <;( control 

mhlbited NMDA·somulated [,IH1DA release at concen· 
tratlons that had no effect on the KAIN or QUIS re
sponses (FIg 4) Another competitIve NMDA recep
tor antagomst, D.L-2-ammo-5-phosphonovalerlC aCld 
(APV) !Evans et al. 1982: Davles and Watkms. 19821. 
mhlblted responses to NMDA much more potently than 
release stlmulated bv QUIS or KAIN (fIg 41. Two 
noncompetltlVe NMDA antagomsts. phencyclidme 
IPCPli AOlS et al.. 19831 and l\IK-801 (WongetaI..1986l. 
potently mhlblted the release stlmulated by NMDA, but 
not the release stlmulated bv QL1S or KAIN (fIg 5) 
Spontaneous release of [jHlbA was mcreased bv 100 
IJ.M PCP or MK-801 (by 20é of mtracellular [1tI1DA 
storesl. but was unatTected bv CPP or APV (data not 
shown), -

Effect of Mi!- on [JH1DA release 
stlmu1att:d by NMDA 

A well-estabhshed charactenstlc of responses at the 
NMDA receptor 15 voltage-dependent blockade of recep
tor activatIOn by low mIlhmolar concentratIons of 
~I~- (Ault et aL, 1980, Davles and Watkms, 1980; 
~Iaver and Westbrook. 1985. Nowak et al. 1984). Smce 
reléase expenments were performed m Mg-!- (1 2 rtù\1l
contammg release butTer. It was reasoned that removal 
of Mg~- from the butTer would mcrease NMDA-stImu-
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Fig 4 EfTects of the selective competlme 'fl.tlDA rt'ceptor antago
nJStS D.L 2-ammo-5-phosphonovalenc aCld 1:\PVl and 3·12-carbilxv
fl1perazme-4-vllprojlvl-1.phosphonrc aCld ICPp) on F AA-evl'ked 
[JHIDA release Cplls were exposed to antagonlsts dunng the sponta
neous IncubatIOn and m the presence of the EAA agOnt5t51 NMDA 100 
~K QUIS 10~:-.1 KAIN, luO ~l\1) Spontane04s l'HIDA release hds 
been subtn~ttd from EAA-stlmulated l'H IDA releabe Re~ults are the 
means = 8E~1 from 5-21 cultures for AP\' .lOd 4-12 cultures for CPP 
tran<;formed lOto', ofrelea3l' evoked b\ ~~1DA QUIS. or KAIN In the 
lbsence of anta~onJ"t -\l'V slgJllflcantlv .mtal:(onrzec! the release 
stJmulated by ;';':'fDA IF=4Î 1 df=171 P" 001) QL'IS IF::34, 
df-'l28 p/ 051 :md K:VN IF= 16:': df=·HO, P- (01) CPP sUl"l1Ifi
cantl} anta!::c,nIzed IIH IDA relea,e evoked bv NMDA \ F" 266, 
df=548, pr 001) but faJled to alter the relea~e evùked bv QuIS 
IF=68 df"'424 P"'fJII,orKAINIF=20 df=ii57 P=086\ 'P<05. 
compnred to relea;e ln the ..Ibscnce or Jnta~GnIqLS Statlstlc .. 1 an.J.lvses 
were performed on ra", data before transformatIOn ta ~ control -
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Fig 5. EfTects of the noncompetltlve NMDA receptor antagonlsts, 
Jlhencychdme (PCP) and MK-801 on EAA-evoked [JHIDA release 
Cells were exposed to anta~nlsts dunng the spontaneous incubation 
and ln the presence of the EAA alZomsts INMDA. 100 ~M. QUIS. 10 
~M' KAIN. 100 !LM) Spcmtaneous l"HIDA release has been subtracted 
from EAA-sumulated IJHIDA release Results are the means = SEM 
from 5-19 cultures for pcp and 5-11 cultures for MK-801. transformed 
mto ik of release evoked by NMDA QUIS. or KAIN ln the absenre of 
antagomst PCP slgnlflcantly antagomzed the release stlmulated by 
NMDA (f= 142. df=4.24 P< 0011 but not release stlmulated bv QUIS 
IF= 7. df=3.39, P= 51) or KAIN IF=23. df=2.46 P= III Simllarly, 
I\IK-801 slgnlflcantly antagomzed [3Hl·DA release evoked by NMDA 
1F=13 7. df=6.46. P< 0011. but faded to alter release evoked by QUIS 
1F=22 df=3 23, P=.12). or KAIN 1F-2 9. df=3 20, po: 06) 'p< 05. 
compared ta release m the absence of antllgomsts Statlstlcal analysts 
were performed on raw data before transformation to'if control 

lated [3H1DA release. if the effect was mediated through 
activatIon of the NMDA receptor. SU!'])rlSmgly, removal 
of Mg2

+ did not mcrease the NMDA-evoked [3H1DA 
release, but decreased it (fIg 6a). However, when ongo
mg electncal activity in the cultures was dam}:!ened by 
the local anaesthetIc, lidocame (0.2 mM) (fig. 6b), 
NMDA responses were greater m the absence of Mg2+ 
than 10 Its presence. 

The role of regenerative Na" -action potentials in 
the [3H1DA release stimulated by EAAs 

To examine further the role of propagated actlVÎty in 
the [3H1DA release stmlUlated by NMDA and other 
EAAs, efTects of the voltage-senSItIve Na + channel 
blocker, 'ITX, were mvestigated As in results obtamed 
in the prevlOUS section Wlth lidocame (see Fig. 6), re
moval of MIf+ from the standard Mg2" (1.2 mM)
containing !\RH butTer decreased NMDA-stlmulated 
[3H1DA release in the absence of'M'X mg 7a, compare 
columns 1 and 3). However, when TrX was present to 
dam pen ongomg action potentlals, NMDA-evoked re
lease was greater m the absence of Mt .. than In Its 
presence (Fig. 7a, compare columns 2 and 4). In addi
tIOn, Fig. 7 a shows that ID the presence of Mf + , NMDA
stlmulated [3HlDA release was completely mhIblted by 
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Flj 6 EtTects of remoVlng Mlf' from the control KRH butTer on 
NMDA-sLlmulated [3H1DA release (a) ln the absence ofhdocame and 
lb) ln the presence oihdocame Spontaneous [JH1DA release has been 
subtracted from agonlsf.-stlmulated [JH1DA release Results are the 
means:: SEM from ~ cultures a: ln the absence ofhdocame, NMDA 
evoked slgnlflcant [3H1DA release both m the_presence of Mgl' 
Œ=814. df:::4.20, P< 001) and ln Mg2' -free KRH CF=7 O. df=4.l8. 
P< 005) However. release evoked by NMDA 1100 !kM or 1 mM) was 
slgmficantly greater m the presence of Mgl' th an ln ItS absence 
IP< 001) ExclUSIOn ofM~· from the KRH had no effect on spontane
ous [JHIDA release b: ln the presence ofhdJcame. NMDA stlmulated 
release of [JH1DA ln Mg-!' ·free KRH (f=953. df=4.25. P< OOU 
However. In the presence of hdocame and Mg2+ 1F=47. df=425, 
P< 01), NMDA produced no slgOlficant stimulation of['H IDA release 
• P< 05. compared to 0 M NMDA. 
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'ITX (Fig. 7a. compare columns 1 and 2), while ln the 
absence ofMg2 - • the NMDA response was msensltive to 
inhibItIon by TTX !Fig. 7a. compare columns 3 and 41. 
Figure 7b shows that [JH1DA release stlmulated by 
elther KAIN or QUIS was unaffected by TTX (in the 
presence of 1.2 mM Mf"'). 

RaIe of extracellular Na" in EAA·stimulated 
[3H1DA release 

As shown In Figure 8, NMDA-, KAIN-, and QUIS
evoked [3H1DA release were dlfferenually affected by 
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FIg i EtTects of tetrodotoxm (T1'X) on a r lH IDA release stImulated 
bv NMDA ln the presence or absence of extracellular Mg2· and on b 
[3HIDA release ~tlmulated by KAIN or QUIS tn the presence of 
extracellular Mg-' Cells were loaded wlth [3HIDA ID control KRH 
butTer (1 2 mM MgSO 41 Subsequent rtnses. spontaneous release and 
release ln the presence of agomsts (NMDA. 1 00 ~M: KAIN. 100 I1M; 
QUIS. 10 I1M) were collected elther In control KRH or m Mgl' .free 
!{RH. In the presence or absence of'I'TX (2 ILM) Spontaneous 13HIDA 
release has been subtracted from agonlst·stlmulated release Results 
are the means ::: SEM from 6-13 cultures In a. NMDA-stlmulated 
[JH1DA release wa~~gTllflcantly (·P< 0011 Inhlbltcd by TTX ID the 
presence O~M . rrx had !l0 ::!ffect on the NMDA response ln the 
absence of M • In the abSenll" of TIX. Mg-" (1 2 mMl slgndicantly 
IOcreased DA·evoked [3HIDA .. ~Iease (compare columns 3 and 1. 
p< 001) In the presence ofTrX, Mlf Il 2 mM 1 slgtllficantly lnhlblted 
NMDA-sttmulated [.JH1DA release (compdle ..:olumns 4 and 2. P< 05) 
In bl, r.lHjDA release stlmulated by elther KAIN or QUIS wa! not 
slgmlflcantlyaltered by TIX 

alteration of the extracellular Na - concentration. 
NMDA-stimulated release was completely abohshed 
when NaCI in the release buffer was replaced with an 
osmotlcally equivaient concentratIOn of sucrose fFig. 
8al. (Sucrose was chosen to substitute for NaCI since 
previous expenments have mdicated that cations such 
as chohne or Tris. often used as Na· substltutes, may 
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FIg 8 Effects of extracellular NaCI substitutions on [3HIDA release 
stlmulated bv NMDA, KAIN and QUIS Cells were loaded wlth {3HIDA 
ln control KaH butTer Icontammg 125 mM NaCll Subsequent nnses, 
spontaneous {3HIDA release and release evoked by agomsts (NMDA, 
100 I1M: KAIN. IDa I1M. QUIS. 10 ILMI were collected elther ln control 
KRHorm KRH mwhlch NaCI wasreplacedbva 225 mMsucrose orb 
625 mM Na2S01 Spontaneous [JHIDA release has been subtracted 
fromagonIst-stlmulated [1HIDArelease Resultsare themeans:: SEM 
from 5-20 cultures Substitution of NaCI by sucrose or Na ,SO, dld not 
slgmflcantly alter spontaneous [JH1DA release (data notslÏown 1 In al. 
NMDA-evoked ['HIDA release was sIgnlficantiv mhlblted (**P< 0011 
when sucrose replaced NaCI. whlle KAIN·stlmulated {"HIDA release 
was unafTected and the responsetoQUISwasslgmflcantly(**P< 0011 
mcreased In hl, replacement of NaCI bv Na,S04 mhlblted NMDA· 
eVQked [JHIDA release (·P< 05)and KAI~·e\'oked release(**P< 00ll. 
but mcreased QUlS·stlmulated [JHIDA release (*'" P< OOll 
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inhibit EAA-mediated responses [Mayer and West
brook,1987;Mountetal., 1989Jl.KAIN-induced release 
was unaffected in the sucrose buffer. However. QUIS
stimulated [3H1DA release was enhanced more than 
3009é when NaCI was replaced by sucrose. To investi
gate whether effects of N aCI subsbtutlon wlth sucrose 
ml~ht be attnbuted to the absence of CI-, rather than to 
omISSIon of Na -, NaCI was substituted bv Na.,S04' In 
the Na2S04-buffer (fig. 8bl, NMDA- and 'KAIN-sumu
lated release were partIallv attenuated. whIle the re
sponse to QUIS was enhanëed by more than 260%. 

DISCUSSION 
The ~aJor findmg in thiS study is that EAAs stlmu

late Ca2
• ·dependent release of [3H1DA from mesen

ce.Rhalic ce Ils 10 culture by actIvatIOn of NMDA, and 
QUlSIKAIN rec~ptor subtypes. 

Responses ta NMDA were antagomzed bv the broad
spectrum EAA antagonists, KYN and PDA. NMDA 
responses were also jJotently antagomzed by the selec
tive competitIve NMDA ant.agonists, CPP and APV. and 
by noncompetltive NMDA mhibltors. PCP and l\IK·801. 
NMDA-stimulated release of [3H1DA was cornpletf'ly 
Inhibited or greatly reduced byeach ofthese four NMDA 
antagonlsts, at concentrations haVlng no effect on KAIN 
or QUIS responses. This pattern of ant~~omst selectlv
itv clearly suggests Involvem~nt of the l'~MDA 3ubtype 
of EAA receptor. 

Another well·described charaetenstic of the NMDA 
receptor is that actlVltyat the receptor can be inhlblted 
by low milhmolar concentratIOns of Mi+ in the extra
cellular enVlronrnent (Ault et aL, 1980; Davies and 
Watkins, 1980; Maver and Westbrook, 1985; Nowak 
et al.. 1984l. This M[!- -1OhlbitlOn is voltage-dependent 
(i.e .. Mg2+ does not mhiblt NMDA responses 10 partIally 
depolamed neurons) and dees not occur at KAIN or 
QUIS receptors. ExplOlt1Og thiS property of NMDA 
receptors, It was reasoned that removal of Mlf'" from 
the Mg2" (1.2 mMl·contammg KRH buffer should m
crease NMDA-stimulated rHlDA release from cultures. 
However, removal of Mg ... falled to mcrease NMDA
sbmulated [3HJDA release from the mesencephahc cell 
cultures, but actually decreased the resjlonse. 

Such apparent insensltlVlty of an NMDA receptor
mediated effect to blockade by Mg2- lS unusual. but not 
unprecedented in the hterature. For example, NMDA
receptor-medlated [3H1GABA release (WeIss, 1988) and 
phosphatidvl 1Oosltol turnover (Schmidt et aL, 1987) m 
primary cell cul tures from stnatutn have been reported 
to be unaffected by low milhmolar concentrations of 
Mlf+ To explain these results, It has been suggested 
that a sustamed depolarlZatIOn of the neurons beanng 
NMDA receptors in these preparatlOns mi~ht have re
lieved the Mg2 + -blockade (Weiss, 1988). To test the 
possibility that depolarization of the mesencephahc 
cells was somehow overcoming a Mt+ ·blockade of the 
NMDA receptor, ongomg eleetncal actiVlty in the cul
tures was darnpened wIth the local anaesthetlc, 
lidocaine. In the presence of lidocame, NMDA-evoked 
[3HJDA release was not observed 10 standard release 
buffer (conta1Omg 1.2 mM Mg2+), but was seen 10 
Mg2+ ·free buffer. Slmilar observations were made 10 
the presence of the voltage-senSItive Na + channel 
block:er, 'MX. Thus, It appears that depolarizatlOn VIa 
voltage-regulated Na- -channels can relieve a Mf+-

blockade of the NMDA receptor and that dampenmg 
electrlcal actlvity with either lidocaine or TI'X may be 
suffiClent to restore the blockade. Bp,cause of thlS mech· 
anism, there is an apparent TIX-sensitlVlty of the 
NMDA response when this sensltlvlty is tested in the 
presence of Mf" (i.e., TTX dampens ongomg electncal 
actIvity allowing Mg2- blockade of the response) How
ever, when the test IS made ln the absence ofMgl·. it 15 
clear that the NMDA response 15. in fact, not TTX
sensitive. This mdicates that the effect of NMDA on 
[3H1DA release.m the absence ofl\Igl·, does not require 
the propagatIon of Na" action potentlals. In 
the presence of Mg.!-, NMDA was able to stJmulate 
[JHJDA release when extracellular NaCI was replaced 
by Na.,s04, but not when sucrase was sub5t1tuted for 
NaCI. "These_obser\"atlons mdicate an ab~olute r~quire· 
ment for Na ,but not Cl-, and are consIstent Wlth the 
TIX results. 

ln view of these results, the presence or absence of 
Mt- ln the release buffer may explam discrepancies 
between prevlOus studies wlth regard to the TIX.-sensi· 
tivlty of NMDA receptor stlmulated DA release from the 
rat striatum. NMDA receptor medlated DA release was 
found to be TIX-sensltlve in trans·stnatal dlalvsls ex· 
perlments (Carter et al.. 1988), In the presence' of 1.19 
mM Mil"', but '!TX-msensltlve (Clow and Jhamandas, 
1989: Manen et al., 19831, or partlallv TrX·sensltlve 
(Jhamandas and Marien, 1987: Snell and Johnson, 
19861 ln stnatal silees superfused with Mt~ -free 
buffer. For other brain areas. NMDA receptor mediated 
DA release ln Mgz- ·free buffer was found to be TI'X. 
msensltlve (Manen et al.. 1983) or partlally ITX-sensi· 
tlve (Jones et aL. 1987) ln shces of nucleus aceumbens, 
and partJally'ITX·sensltlve ln substantla nigra (Marien 
et aL, 19831. It is possible that the partial TIX-sen· 
SltlVlty of NMDA-evoked DA release in studies wlth 
bram sUces ln M,r- -free buffer was observed because 
extracellular MIf- was not cornpletely ehmmated from 
sorne superfusea slice preparatIons In this respect. cells 
ln culture may he exposed to an enVlronment that 15 
doser to bemg MIf- -free. allowmg more accurate anal
ySls ofTTX-senSltlvity. Alternatlvely, synaptlc connec· 
tions present In YlVO and In the mtact shce may be lost in 
dlssoc1ated cell culture. 50 that dIrect, but not mdirect 
mteractIons between EAAs and [JH1DA-releasmg neu
rons are_9P~ratlve in the culture system. 

Bath KAIN and QUIS stlmulated release of [3H1DA 
that was antagonized by the broad·spectlum competi
tIVe EAA antagoDlsts, PDA and KYN. but was msensl' 
tlVe to the selectIve competItive NMDA antagonists, 
APVand CPP, and ta the noncompetlve NMDA antago
nIsts. PCP and MK-801. It has previously been reported 
that PCP and Mlf· may partlally block KAIN- and 
QUIS-evoked [3HJDA release from stnatal slices (Snell 
and Johnson, 1986), but not from slices of nucleus 
accumbens (Jones et aL, 1987). These results were 
mterpreted as evidence that re5ponses to KAIN and 
QUIS were mediated by both non-NMDA and NMDA 
receptors in stnatum, but only by non-NMDA receftors 
ln nucleus accumbens. In the mesencej)hahc cel cul· 
tures, It 18 apparent that only non·NMDA receptor 
actIvation underlies the effects of the se agomsts, at 
least at the concentratIons used m thlS study. 

Discrimmation between rec!!ptor mechanisms under· 
lymg the actions of QUIS and KAIN has been harn pered 
by the lack of hlghly selective QUIS or KAIN receptor 
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antagonists. However, in cat spinal cord CDavies and 
Watltins, 1985) and cultured rat cortical neurons 
fDrejer et aL, 1987), the non-NMDA antagomst GAMS 
has been shown to mhibit KAlN responses wlthout 
blocking those at the QUIS receptor. Simllarly, in cer' 
tain systems, KYN and PDA have been shown to be 
more selectIve inhibitors of responses stimulated by 
KAIN than those evoked by QUIS (Coleman et aL, 1986; 
Gallo et al.. 1987a.b, 1989) In the mesence]halic cell 
cultures, GAMS ,ïlhiblted KAIN-stlmulated l"HJDA re
lease at con~entratl0ns that did not alter QUIS- or 
NMDA-evoked [JH1DA release. KYN had a EreferentIal 
antagomstIc effect on KAIN-stimulated [3H lDA releast. 
although higher concentratIons also blocked responses 
to QUIS DIfferences In potencv between KAIN and 
QUIS. together wlth the differentlal effects of GAMS 
and KYN on responses to KAIN and QUIS. are conSlS· 
tent wlth the suggestion that separate KAIN and Q VIS 
receptors medlate [3H1DA release from the cultures 
However, it should be noted that for practical reasons 
(I.e., the smallslze of the QUIS response) It was neces· 
sary to use a maJClmally saturatln~ concentratIon of 
QUIS Il'" the antl!gomst studies, whIle a half·mruClmal 
concentratIOn of KAIN could be used Thus. the mter· 
pretation of the antagonist data may he confounded by 
these differences m the relative posItIOn of the test 
concentrations of KAIN and QUIS on thelr respectIve 
agonist concentratlOn-response curves 

Whether or not distmct KAIN and QUIS receptors 
medlate the responses to these EAAs. further dlffer· 
ences in the effects of KAIN and QUIS on the [JH1DA 
release process were observed when responses to these 
agonIsts were analyzed after replacmg extracellular 
NaCI with sucrose or Na2S04' The response to KAIN 
was unchanged ln the absence ofboth Na· and CI-. and 
was onlypartlally attenuated when CI- was replaced by 
SOl-. However, QUIS·evoked release was greatly en· 
hanced by reElac~ment of extracellular NaCI. or re
placement of CI-, alone The reason for the enhanced 
QUIS response was not mvestigated. QUIS is a sub, 
strate for the CI- -dependent EAA uptake mechamsm 
Œawada et aL. 1986; Zaczek et aL, 1987). Thus, It IS 
possIble that QUIS uptake was reduced in the absence 
of CI' , allowmg hlgher agonist concentratIOns at mem· 
brane receptors to enhance release However, If thIS 
mechaDlsm were '<>Jlerative, one mlght expect hlgh con· 
centratlOns of QUIS (100 ILM or 1 mM) to produce 
greater release of [3H]DA than would 10 fLM QUIS In 
fact, the converse was observed. 

As expected of responses that do not require Na - , 
KAIN·, or QUIS·stImulated [3HJDA release was TTX
msenSllIve and thus did not reqUlre propagated Na'" 
actIon potentlais Tlus finding differs from prevlOUS 
reports ln whlch KAIN- and ~VIS·, but not NMDA· 
evoked DA release from striatal shces was partlally 
mhibited by 'ITX (Clow and Jhamandas, 1989) and 
trans·stna tal dialysls expenments, m WhiCh the release 
elictted by KAIN was partlallL tnhlbited by TTX (Carter 
et aL, 1988). The observed 'rrX-msensltIVlty of[3H1DA 
release from mesencephaIic cell cultures. stlmulated by 
NMDA (m the absence of Mg2+), KAIN and QUIS 
suggests that EAA-stimulated release of[ JHJDA. In thiS 
preparation, may be due to a dIrect mteractlOn ofEAAs 
with receptors on dopammergic neurons. However, It 
remains possible that EAAs act mdirectly to release 
[3H1DA through Iiberation of an mtermediate transmlt-

ter into the extracellular environment, VIa a mechanism 
that does not require Na - action potentials. Thus, mter
neuronal mvolvement in EAA·evoked [aHIDA release, 
although unhkely, cannot be completely ruled out. In 
additIOn to neurons. mesencephalie eell cultures contam 
a high percentage of glIal eells, that are also capable of 
takmg up (JH1DA œelton et al.. 1981; Barochovsky and 
Bradford. 1987). StimulatIon of DA release from glial 
ceUs by EMs appears unhkely In the present study, 
Sin ce it has been demonstrated that glial cell cultures do 
not release accumulated (3H1DA m response to depolar
IZlng stimulI Œarochovsky and Bradford. 19871. How
ever. SInce EAA receptors have been Identlfied on glial 
cells (Gallo et al. 198ïb. 19891. stlmulatlOn of EAA 
receptors on these cells could concelvably release a 
secondary transmltter capable of stlmulatmg DA re
lease from the DA neurons. 

In conclusIon. results of thls study mdlcate that sep
arate NMDA and QUISIKAlN receptor subtypes may 
mediate EAA-evoked release of[3HJDA from dlssociated 
mesencephalic cell cultures, via meehanisms that do not 
rely on regenerative action potentlais DIfferences m 
antagonist selectlVlty patterns and iODle requirements 
have permltted an mltIal dlScrImmatlOn between re
sponses at these receptors We are now exammmg 
charactenstlcs of responses to naturally occurring EAA 
agomsts, with a Vlew to elucidatmg the roles of these 
EAA receptor subtypes m the regulatlOn of dopammer
gIC transmISSIOn by naturally occurrmg EAAs. 
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Stimulation of Dopamine Release from Cultured Rat 
Mesencephalic Cells by Naturally Occurring Excitatory 

Amino Acids: Involvement of Both N-Methyl-o-Aspartate 
(NNIDA) and Non-NMDA Receptor Subtypes 

Howard Mount, Rémi Quirion, Isabelle Chaudieu, and Patricia Boksa 

Douglas Hospital Research Center. Department of PsychlatY'y and Depanment of Pharmacology 
and fherapeullcs. McG/1I University, Verdun, Quebec. Canada 

Abstract: ln rat mesencephahc cell cultures. L·glutamate at 
concentratlûns rangmg from 100 IlM to 1 mM sumulated 
release of [JH]dopamtne that "'as attenuated by the non·N· 
methyl·o-aspartate (non·NMOA) receptor antagomst 6.7· 
dlmtroqutnoxahnedlone. but not by the selectIve NMDA 
receptor antagomsts (+ )-5-methyl-IO.ll-dlhydro-5H
dlbenzo[a.d]cydohepten-5.1O-lmtne hydrogen maleate (MK-
801: 10 fLM) and 3-(2-carboxYPlpeJ'3Zlne-4-yl)prupyl-l
phosphonate (300 IlM) Even at 1 mM glutamate. thls relea5e 
was Ca2• dependent. These observations suggest that the re
lease was medlated by a non-NMDA receptor. Only release 
stlmulated by a lower concentration (10 ~) of glutamate 
was mhlblted by MK-80 1 (10 IlM). mdlcaung that glutamate 
at thls concentratIon actlvates the NMDA receptor. By con· 
trast L-aspartate at concentrations of 10 ~ to 1 mM evoked 
[JH)dopamme release that was completely mhlbJted by MK· 
801 (10 Ill"/) and was also Cah dependent (tested at 1 and 
10 mM aspartate) Thu~. effects of aspartate tnvolved actl· 
vatlon of the NMDA receptor. Sulfur-contammg ammo aClds 
(L-hornocysteate. L-homocysteme sulfinale. L-('ysteate. L-

It IS now weil established that L-glutamate (Glu) and 
L-aspartate (Asp) are major excltatory ammo aCld 
(EAA) transmttters 10 cortlcocOrtlCaI neurons and 10 

many cOl1lcofugal pathways (revlewed by Fagg and 
Foster. 1983: Fonnum, 1984: Cotman et al .• 1987) 10 

the mammahan CNS. mcludmg projections to bram 
reglons contammg dopammergtc cell bodies (Carter. 
1980. 1982: Fonnum et aL. 1981; Nleoullon and Dus
tlcler. 1983; Kornhuber et al.. 1984; Chnstle et al.. 

Recelved October 3. 1989: revlsed manu5Cnpl recelved December 
4. 1989. accepte<! December 8. 1989 
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Abbrev/O/lons used Asp. L-aspanate: CA. L-cysteate: CPP. J.{2. 
carboxYPlperazlne-4-yl)propyl-l.phosphonate: CSA. l-cystetne sul· 
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cysteme sulfinate) also evoked (JH)dopamine release. Release 
evoked by submilhmolar concentrations ofthese amlno aads 
was auenuated by MK-80 1 (\0 ~).lOdlcat1ng mvolvc:ment 
of the N MDA receptor. Higher concentrations ofthe sulfur
contalnlOg ammo aClrls (~I mM L-homocysteate. ~ 1 mM 
L·homocvstclOe sl\llfinate. ~ \0 mM L-cvsteate. ~ 10 mM L
cysteme s'ulfinate) evoked [lH)dopamme 'release that was Cal. 
dependent (largely Ca2+ dependent for \0 mM L-cysteme 
sulfinate) and mhlbned by 6.7-dJOnrOQulnoxahnedlone (100 
!lM). but unaffected by MK-801 (10 or 100 "M). Thus. hke 
glutamate. hlgher concentrations of the sljlfur-contammg 
ammo actds mteract W1th non·NMDA receptors. wh Ile non
NMDA receptor mvolvement was not observed W1th aspar
ta te Key \\'ords: Aspartate-Dopamme release-Excnatory 
ammo aCld receptors-Excltatory sulfur ammo aClds-Glu
tamate-Tissue culture Mount H. et .1. Stimulation of do
pamme release from cultured rat mesencephahc ce Ils by nat
urally occumng exatatory ammo aClds' Involvement ofboth 
N-methyl-D-aspartate (NMDA) and non-NMDA receptor 
subtypes. J Neurochem 55. 268-275 (1990) 

1985) and nerve termmals (Reubl and Cuénod. 1979; 
Walaas. 1981: Girault et al.. 1986). Sumulatory effects 
of Glu and/or Asp on release of dopamine (DA) have 
been observed 10 tissue shces (Robens and Shanf. 1978; 
Robens and Anderson. 1979; Manen et al .• 1983; Snell 
and Johnson, 1986; Jhamandas and Marien, 1987; 
Clow and Jhamandas. 1989) and in VIVO (Chéramy et 
al.. 1986). There IS also emergtng eVldence that natu
mUy occumng ammo aClds other than Glu and Asp 

finate. DA. dopamme: DNQX. 6.7-dmJtroqumoxahnedione; EAA. 
excltatory amlno actd: GA BA. "Y-ammobutync aad. Glu. L-g!utamate; 
HCA. L-homocysteate: HCSA. l·homocystetne sulfinate; KRH. 
Krebs-Rmger·HEPES buffer. MK·801. (+ )-5-melhyl·IO.II-dlhydro
SH.(bbenzo(a.dJcyclohepten-5.10-Imme hydrogc:n maleate; NMDA. 
N-methyl·o-aspanate 
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may play a role in excltatory transmiSSIon ln the CNS. 
The sulfur-contalD1ng amino aClds L-cysteme sulfinate 
(CSA), L-cysteate (CA), L-homocysteme sulfinate 
(HCSA), and L-homocysteate (HCA) have been shown 
to he present 10 and released from rat bram shccs upon 
depolanzauon (Do et a!.. 1 986a.b, 1988. Keller et aI., 
1989). These su1fur-contalnmg amino aClds are elee
trophyslologJcally aetlve (Mewen et al .• 1983) and have 
been shown to evoke releasc of[lH]Asp from pnmary 
cultures of conical neurons (Dunlop et al.. 1989) and 
of -y-[lH]aminobutyrate œHjGABA) from stnatal 
(WeIss. 1988) and cerebellar granule (Dunlop et al., 
(989) neurons. It has been reponed that a smgle con
centratIOn of HCA or CA has a stlmulatory effect on 
DA release from stnatal shces (Roberts and Shanf. 
1978: Roberts and Anderson. 1979). However, effects 
of other sulfur-contammg anllno acids on DA re1ease 
have not been reported and the subtypes of EAA re
ceptors mvolved ln the etfects of naturally occumng 
amlno aClds on DA release have not been charactenzed 
in detatl. 

We have prevlOusly reported that Glu evokes a Ca2+

dependent release of[lH]DA from dlssoclated cell cul
tures of the fetal rat mesencephalon (Mount et al., 
1989), an area ofbraln contammg cell bodIes ofongm 
that gJve nse to mgrostnatal, mesocortlcal, and me
solimblc dopammerglc pathways (Lmdvall and Bjork
lund. 1978). EAAs may act at one or more of (at least) 
three EAA receptor subtypes. These subtypes are 
named after the preferred agonlsts. N-rnethyl-o-aspar
tate (NMDA). qUIsqualate. and kamate. or are more 
broadly classlfied as NMDA or non-NMDA (qUls
quaiate/kamate) receptor subtypes (see revlews by 
WatklOs and Evans, 1981: McLennan. 1982: Mayer 
and Westbrook, 1987). Each ofthese preferred agomsts 
was found to sumulate eH]DA release from mesen
cephahc cultures (Boksa et aL, 1989: Mount et al., 
1990). The pattern of antagomst se1ectlvlty and lomc 
sensltlvlty ofrelease stlmulated by NMDA. qUlsqualate, 
and kamate suggested that the responses were medlated 
by at least two dlstmct receptors. Thus, the system pro
vtdes a good model for assessmg receptor subtype In

volvement ID the effects of EAAs on DA release. 
To more fully elucldate how EAAs rnlght mteract 

wlth dopammergac neurons. the present expenments 
were deslgned (a) to test the effects of a senes of nat~ 
urally occumng EAAs. mcludmg the sulfur-contammg 
amine acids. on [lH]DA release from mesencephahc 
cultures: (b) ta assess the Ca2+ dependence of the EAA
evoked release: and (c) to charactenze the EAA receptor 
subtype(s) (NMDA versus non-NMDA receptors) 10-

vol ved 10 these responses. 

MATERIALS AND METHODS 

Materials 
3,4-[7.8-1H(N)]DlhydroxyphenylethylarnlOe ([lH1DA: 189 

CI/mmol) was purchased from New England Nuclear (Bos
ton, MA, V.S A.). HCSA and 3-(2-carboxYPlperazlOe-

4-yl)propyl-l-phosphonate (CPP) came from Tocns Neura
mIn (Buckhurst Hill. U.K.). NMDA. qUlsqualale. katnate. 
Asp, CA. CSA. HCA. deslpramme hydrochlonde. and par
gyhne hydrochlonde were obtamed from SIgma Chemlcal 
Co (St. LoulS. MO, U.S A.). (+ }-S-Methyl-IO.II-dlhydro-
5 H-dtbenzo{ a.d)cyclohepten-5.10-Imme hydrogen maleate 
(MK-801) was a 81ft from Dr. L Iversen (Merck. Sharp & 
Dohme. Harlow. U.K.). Other chemlcals were reagent grade 
from regular commercIal sources. 

Methods 
DISSOC1ated cell cul'ures were preparee! from antenor ven

tral mesencephahc tissue ofSprague-Dawley rat fetuses (ges
tation day 15). as prevlOusly descnbed by Mount et al. (1989) 
Cultures were grown 10 Dulbecco's Modlfied Eagle MedIUm 
supplernented wlth 10% (vol/vol) fetal calf serum and 20 
mHKCL 

After 6-7 davs 10 culture. cells were nnsed wlth Krebs
RlOger-HEPES 'buffer [KRH: pH 74. composed of the fol-
10wlOg (mM): NaCl, 125: Ka. 4.8: HEPES. 25: NaOH. 5. 
MgS04 , 1.2: KH2P04 • 1.2; D-glucose. 56: CaCh. 22: par· 
gyhne. 0.1; ascorbate. 1.0 J and loaded wlth PHIDA (50 n.H. 
20-mm mcubatlon) 10 the presence of deslpramme (50 Il.\l). 
Vptake of [)H]DA lOto mesencephahc cultures has prevlously 
becn shown 10 he predommanlly lOto dopammergJc neurons. 
as the uptake was blocked by benzlropme. a DA uptake 10-

hlbnor. was unaffected by nuoxetme. a serotonm uptakc m· 
hlbltor. and was only shght1y attenuated by deslpramme. a 
noradrenahne uptake IOhlbltor (Mount et al. 1989) After 
[lH1DA loadmg. each weil was nnsed four tlrnes wuh KRH 
KRH from a j-mm mcuballon (spontaneous release penod), 
followed Immedlately bya j-mm IOcubatlon 10 the presence 
ofan EAA agontst (stlmulated release penod). was collected, 
and [lH1DA release was quanutated by measunng radloac
tlvlty ln each ahquot ofbuffer collected ln earher work. > 9 5% 
of the radloactlvlty detected 10 buffer collected after spon
taneous and Glu·sumulated release penods was determmed 
by HPLC to he [lH1DA (Mount et al, 1989) Also. >90% of 
the total cell content oftntlated speCles. assayed Immedlately 
before release collection penods. was found to he [lHjDA 
Followmg release IOcubatlons. radloaCtlvlty remaJOIng m the 
cells was extracted by 30-mm mcubatton wlth aCldlfied 
ethanol (95% ethanol/5% 0 1 .\1 Ha) 

ln Ca2
+ dependence expenments. Ca2+ ·free KRH was used 

for ail nnses and incubations after [lH1DA loadmg. W hen 
antagomsts were tested. cells were exposed to these dunng 
the spontaneous release mcubatlon as weil as dunng exposure 
to Ihe agomst. 

For data presentatIOn. spontaneous [lH1DA. release (typ
lcally 4-6% of total mtracellular r1H1DA stores) has been 
subtracted from release sumulated by the EAA agoOlst. The 
net release evoked by the agomst 15 eltpressed as a percentage 
of the total eH1DA uptake lOto cells. StaustJcal analyses m
volved unpalred t tests or one-way analysls of vanance and 
the Newman-Keuls test for multiple compansons. as appro
pnate. The accepted level of StatlStlCal slgOlficance was Ct 

= 0.05. 

RESULTS 

MK-80 1 IS a compound reported to act as an un
competItive antagonlst selectJve for EAA receptors of 
the NMDA subtype and to have liule activlty at '1on
NMDA receptor subtypes (Wong et al .• 1986: Huettner 
and Bean, 1988). To test whether MK-801 could be 
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used to distinguish bctween NMDA and non-NMDA 
receptor subtypes mediaung release of [lH1DA from 
mesencephalic ccli cultures. its effects on [lH]DA re
lease evoked by a range of concentrations of NMDA. 
Quisqualate, or kamate were examined. From Table 1 
it can be seen that 10 ~f MK-801 completelyantag
omzed the release stimulated by NMDA concentrauons 
as hlgh as 1 mM. However. \O.uM MK-801 falled to 
antagonlze eH]DA release evoked by a wlde range of 
concentrations of qUlsqualate (1 .ui'vl to 1 rru\-I) or 
kamate (30.uM to 1 mM). Thus. 10.uM MK-801 can 
bc used to selectlvely mhlblt the component cf [lH]DA 
release mduced by NMDA receptor acmatlOn mmes
encephahc cell cultures. 

AS we have prevlOusly reported (Mount et al., 1989), 
Glu ( 10 .uM to 1 mM) sumulated eH]DA release from 
the cell cultures (FIg. la). MK-801 (10 .uM) abohshed 
release evoked by \0 .uM Glu, but had no slgnificant 
effect on the release stlmulated by hlgher Glu concen
tratlOns. At a concentrauon of MK-80 1 400 tlmes the 
IC~o for MK-801 antagomsm of[3H]DA release evoked 
by 100.uM NMDA (Boksa et al., 1989; Mount et al., 
1990). MK-80 1 (100 .uM) only marglOally attenuated 
release sttmulated by 1 mM Glu (Table 2). SlmJ\arly. 
Table 3 shows that [lH]DA release elictted by 10 /lM 
Glu was completely abohshed, whlle that evoked by 
100 p.M Glu was unaffe<.:ted by 300 ",1'.1 CPP (Davles 
et al.. 1986; Lehman et al.. 1987). a cont;emratlon of 
thlS selectlVely competlttve NMDA receptor antagonlst 
prevlously found to completely mhlblt [lH]DA release 
stlmulated by loo.uM NMDA (IC30 = 3 /lM) wnhout 
affectmg release evoked by 10 p.M QUISQualate or 100 
.uM kamate (Boksa et al., 1989; Mount et al., 1990). 

TABLE 1. SenS/ClvIlY of NMDA·. qUlsqualate·. 
and kamate·evoked t HJDA release 

EAA 
agomst 

NMOA 
NMOA 
NMDA 
QUlsqualatc 
QUlsqualatc 
QUlsqualate 
QUlsqualate 
Kamate 
Katnatc 
Katnate 

to JO /lM MK-80/ 

Concentration 

100p.M 
300p.M 

ImM 
IIIM 

10 IIM 
30 !lM 

100 !lM 
30 !lM 

100 !lM 
ImM 

Stlmulated [lH)OA release 
(% mtraccllular stores) 

+MK·801 
o MK-801 (10 IIM) 

6.8:t. 09 OO:t 0.2' 
12:t01 o 1 :t 0 3' 
56=08 -0.3 = 01" 
11 ± 0.3 1 8 ± 0 2b 

2.6 ± 0.3 24:!: 0 3b 

2.4 ± 04 2.2±02b 

1.9 ± 0.3 19 ± 02 b 

35 ± 0.3 38 ± 0 lb 
8.8 ± 04 8.5 ± 02b 

19.1 ± 1 6 170:tl.2b 

Cells Wete expose<! to the uncompeuuve NMDA receptor antag
onlst MK-801 (10 p.M) dunng the spontaneous incubation and ln 
the presence of the EAA agonlsts NMDA. qUISQualalc. and kamate 
tn the Indlcale<! concentrations. Spontaneous [lH)DA release has 
becn subtractcd from EAA-stJmulatcd [lH1DA release. Results are 
the means ± SEM from four to SIX cultures 

" p < 0001 versus EAA-evokcd release ln 0 MK·801 
b Not slgmticantly dlfferent from EAA-evoked release ln 0 MK-

801 

Asp also sumulated [lH]DA release from mesence
phalic cell cultures (Fig. 1 b). Release was evoked by 
Asp concentrations as low as 10 p.M and th~ release 
sumulated by 100 p.M Asp was greater than that by 1 
mM or 10 mM A!ip. MK-80 1 at 10 p.M abohshed 
[JH]DA release evoked by Asp at all concentrations 
tested. 

[JH]DA release was evoked by each of the four sulfur
contammg ammo aClds. HCA (Fig. 2a), HCSA (Fig. 
2b), CA (Fig. 3-1), and CSA (FIg. 3b). The threshold 
concentration for stImulation of [JH]DA release by 
HCA or HCSA was 10 /lM. although release was mar
gmal at thls agontst concentratIOn. For CA and CSA, 
100 p.M was reQUlred to evoke [JH]DA release. The 
plltterns of NMDA versus non-NMDA receptor acti
vation by these ammo aClds were demonstrated. by use 
of MK-80 1 (10 /lM), to be intermedlate between those 
exhlblted by Glu and Asp. [lH1DA reiease evoked by 
both HCA and HCSA was completely Inhlblted by 
MK-80 1 at agomst concentratIons up to 100 p.M (Fig. 
2). However, [JH]DA release stimulated by 1 mM HCA 
or HCSA was only partlally attenuated by 10 p.MMK-
801 and the response to 3 mAI HCSA was unaffected 
by MK-80 1 (FIg. 2). Even 100 p.M MK-80 1 falled to 
abohsh [3H]DA release evoked by 1 rn.M HCA or 
HCSA (Table 2). [3H]DA release shmulated by con
centratIOns of up to 1 mM CA or CSA was complf'tely 
mhlbltcd by \0 p.M MK-801 (Fig. 3). Ten milhmoiar 
CA-stlmulated eH1DA release (FIg. 3a) was parually 
(-40%) attenuated by 10 /lM MK-80 1; although 100 
p.M MK-80 1 (Table 2) showed a slmilar tendency to 
attenuate release evoked by 10 mM CA. the inhIbItIOn 
was not statlstlca1\y slgmficant. Ten mllhmolar CSA 
was unaffected by 10 (FIg. 3b) or 100 (Table 2) ",M 
MK-801. 

To assess whether the MK-80 I-insensltlve compo
nent of responses to Glu. HCA. HCSA. CA. and CSA 
renected receptor-medtated release, we Investlgated 
whether MK-80 I-msensltlve release evoked by hlgh 
concentratIOns of these agomsts was Ca2+ depender'lt 
or senSitive to mhlbltlon by the potent non-NMDA 
receptor antagolllst 6,7-dlnttroqulOoxalinedlone 
(DNQX) (Honoré et al.. 1988). As shown ln Table 2, 
release stimulated by hlgh concentrattons (1 or 10 ml,,!) 
of each EAA agomst tested was largely Ca2+ dependent. 
However. removal ofCa2

+ did not completely abohsh 
PH1DA release evoked by 10 mM CSA. but reduced 
th'! response to 33% ofrelease ln the presence ofCa2+. 
Asp-sttmulated [3H]DA release was also clearly Ca1+ 

dependent. DNQX (100 p.M) abohshed the MK-80 1-
InsenSltlve [lH]DA release sttmulated by HCA. HCSA, 
CA, and CSA. The response to 1 mM Glu was strongly 
attenuated by 100 /.LM DNQX. 

DISCUSSION 

The present study demonstrates that the naturally 
occumng ammo aClds Glu. Asp. HCA. HCSA, CA, 
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FlG.1. E"ects of the uncompetrtlve NMOA nt-; (a): (b) 
ceptor antagonlst MK-801 (10 /lM) on [~]OA :li g ... NO _, 111 ;: 

release evoked by Glu (.) and Asp (b) Cals ~:a 5 ... 'OlIM -, ;:; 5 

were exposed to MK-801 dunng the sponta- i ~ ;! ~ 
neaus Incubation and ln the presence of Glu or c]' l C 7 l 

Asp Spontaneous eH]OA release has been ..2. - .5!.. -
subtracted trom EAA-stlmulatld f'H]DA re- ! ~ !.. ~ 

o - 0 .. 
lease Results are the malins t SEM tram at ~ j , ~ 3 
least seven cultures a: Glu evoked (3H]OA ra- ~ ~ ; S 
lease(F"'326.df-4.119.p<OOO1) •• nlhe ~ ~ ~ ~ 
absence 01 MK-801. that was SlQnlficant at Glu :n ~ , ; i ., +---._-,-_...,......_.---. 
concentrations 01 è!:10 !IM(p < 005). ln the ! 0.5 .~ -2 ! 0 ·5 ·5 •• ·3 ·2 

presence of MK-801. Glu aise sbmulated [GLU) (log M) [ASP) (log M) 
[lHJOA retease (F ,. 48 5. df '" 3. n. p < 0 001) 
However. the release evoked by 10 ~ Glu was abohshed by MK-801 b Asp evoked (lHJOA release(F '" 18 O. df - 5.74. P < 0 001). In 
the absence 01 MK-801. that was slgnlficant for 1 0 ~ to 1 mM Asp. was maximal at 100 I!M Asp. and was reduced to an Inslgnlficant 
response at 10 mM Asp (p > 0 05) ln the presence of MK-801. Asp (100 !lM to 10 mM) dld not stlmulate Sl9"lficant release of [lH1DA (F 
.. 27. df = 3.54, P = 006) 'p < 0 05 compared wlth release ln the absence of MK·801 

and CSA can evoke [)H1DA release from mesence· 
phalic cell cultures. The concentrations reqUlred to 
cause [3H1DA release compare favorably Wlth those 
found active in other studles on EAA-evoked transe 
rnttter release from dlssoclated cell cultures of other 
brain areas (e.g., DreJer et al.. 1987; Weiss. 1988. Dun· 
loi' et aL, 1989: Hams and Miller. 1989) and are 
equlvalent to or less than those reqUlred to ehclt DA 
release from tissue shces (e.g .. 1 mM) (Jhamandas and 
Manen, 1987) or dunng In VIVO dla1ysis (e.g .• 100 IlM 
to 10 mM) (Caner et aL, 1988). 

PrevlOus eVldence from our laboratory has mdlcated 
that dlstmct NMDA and non-NMDA receptors me· 
dlate EAA-evoked release of eH]DA from mesence· 
phahc cultures. ThiS was supponed by observations 
that NMDA, qUlsqualate. and kamate mduced Ca2+_ 

dependent release of[3H]DA that was mhlblted by the 
broad-spectrum antagomst kynuremc acid (Boksa et 
aL, 1989; Mount et al., 1990). [JH]DA release evoked 

by NMDA. but not by qUISQualate or kamate. was also 
inhlblted by competitive (CPP and 2-amino-5-phos
phonovalenc aCld) and uncompetltlve (phencychdme 
and MK·80 1) NMDA receptor antagonists (Mount et 
al.. 1990). 

A well-descnbed characteristic of the NMDA recep
tor IS that actlvlty at the receptor can be mhlblted by 
low mLlimolar concentrations of Mg2· m a voltage
dependent manner (Ault et al., 1980; Mayer and West
brook. (I}85). ln mesencephallc cell cultures under 
condItIons used In the present study, [3H]DA release 
IS not mhlblted by 1.2 mM Mg2+ (Mount et aL, 1990). 
However, when ongomg electncal actlvny in the cul
tures IS damped by the local anesthetic lidocame or by 
the voltage-sensitive Na+ channel blocker tetrodotoxm, 
the NMDA response does become Mg2+ sensitive 
(Mount et aL, 1990). ThiS suggests that the NMDA 
receptor modulating eH1DA release IS a typical Mg2

+_ 

sensitive receptor, but that tOnIe depolanzatlOn of ce Ils 

TABLE 2. CalcIUm dependence of E.4A·evoked rJH/DA re/ease and effecIs of 100 ~M DNQX and /00 ~M MK·80J 

Stlmul~ted [lH)DA release (% mtracellular [lH)DA stores) 

EAA agoni st Concentration (mM) +Ca2+ o Ca2" +DNQX +MK·801 

Glu 1 S 8 ± 04 08±04- b 1.2±OSb 46::03< 
HCA 1 581:0.3 08 t0441.b 0.2:: 0.3 d 5.3 ± 0.2' 
HCSA 1 4 S :t 0.2 05 ±04o.b -0.1 :: 0 3d 43 ±0.7d 

CA 10 2.7 ± 0.2 05::02,.·b 04±04o.b 2.0 ± 0 411 

CSA 1 26::05 03±01d 
CSA 10 33 ± 0.3 10 ± 0 2" 0.1 t 0.2'" 2.7±OJ.t 
Asp 1 42±OS 02 ::t02d 

Asp 10 14 ± 04 o 1 ± 0.2a.b 

Cell cultures were loaded W1th [JH)DA ln standard KRH (2.2 mM Ca2+) Subsequent nnses. spontaneou, relesse. and release m the presence 
ofEAAs were W1th standard KRH (+Ca2+), Ca2+.free KRH (0 Cal+). or ~tandard KRH m the presence ofDNQX (100 "M) or MK·801 (100 
p.M). Spolltaneous [lH)DA release has been ,ubtracted from EAA-evoked release. The resultant slImulated relesse IS expressed as a percentage 
of total eH1DA uptake mto cells. as dcscnbed ln Matcnals and Methods. Each value IS the mean 1: SEM from al least SIX cultures. 

• Not slgmficantly dllferent from sponuneous [lH)DA release 
b p < 0 00 1 versus EAA-evoked release ln +û;' . 
< p < 0.05 versus EAA-evoked release m +Ca2+ 

li Not slgmficantly dllferent from EAA-evoked release ln +Ca2
+ 
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TABLE 3. EJfem o,fCPP on fJH]DA rdease I!lIoked 
hl' /0 and 100 l'M Glu 

Glu 
concentration 

<""'1) 
la 

100 

Sumulated [)HIDA release 
(<:'c IOtraceliular stores) 

+cpp 
OCPP (300 ".11) 

44:t 0 5 O:!~03·b 
61:: O:! 5 4 ~ 04' 

Cells were exposed to the competitive :"(MDA receplor anlagoOlsl 
Cpp (300 "M) dunng the: spontaneous Incuba lion and ln the presence 
of 1 Oor 100 p.MGlu. Spontaneous [lH)DI\ relcase has becn subtracv"d 
from Glu-sllmulaled rcle:asc Each \alue: IS the me:an ;:: SEM from 
al least SIX cultures 

• Not slgOlficantly dlfferent from spontaneous eH)DI\ release 
h r < 0001 ve:rsus EAA-evoked release ln 0 Cpp 
, Not slgOlficanùy dlfferent rrom E-\A-evoked rclease ln 0 CPP 

m the cultures overcomes a Mg2
" blockade of the 

NMDA response. 
Our earher observatIOns that eH]DA release from 

mesencephahc cultures stlmulated by elther NMDA 
(m the absence of Mg~+). kalOate. or qUlsqualate IS te
trodotoxm msensluve (Mount et al.. 1990) are consIs
tent wlth locallzauon of NMDA and non-NMDA rc
ceptors dlrectly on the ['H]DA-releasmg cells. How
ever. It remams unclear whether the EAA receptors are 
located on dendntlc processes or axonal termmal fields. 
srnce the enure neuron IS present ln the cultures It 
should also be kept ln mmd that expressIOn of EAA 
receptors 10 vItro may dlffer from thelr expressIOn ln 

VIVO Development of functlonal EAA responses (re
lease of eH]GABA) ln vitro. WhlCh parallels EAA re
ceptor development ln the Intact bram. has prevlOusly 
been reported for mouse cortex (DreJer et al.. 1987) 
StudlCS are now underway 10 our laboratory cornpanng 
the ontogeny of EAA receptors JO rnesencephahc and 
stnatal reglons of the Intact rat bram to the develop
ment. over da ys 10 VItro. of EAA-evoked [3H]DA re
lease from mesencephaltc cell cultures. 

ln our prevlOus studles, MK-80 1 was found to mhlblt 

: 8 
lU II: 
CI> 0 .... NO MKJQ. 

~; S .. 10"" MQ01 ... 
lOI C a:: Q 

a l ~ 
"y: 0: 

-;; ~ 2 
lAI 3 .. ... 

(a) ~ S 
lU II: 

= 2 0 NO MKI01 
~ cil 6 ... 10)lM MKI01 

lOI " II: Q 
",,;, 
Q .t:' 

-;:7 
- « 
Q ..J 

lOI 3 ... .. 
c .. 

[lH}DA release evoked by 100 !LM NMDA wlth an 
IC50 of 0.25 /LJW and was the most pote nt and selective 
NMDA antagomst tested (Mount et al. 1990), In the 
present study. [JH1DA release ehclted by NMDA con
centratIOns as hlgh as 1 mAI was completely IOhlblted 
by 10 !LMMK-801. However. 10 !LM MK-801 had no 
etfect on release stlmulated by qUlSQualate or kamate 
over a wlde range of concentrntlons (up to 1 mJf) 
Thus. It seems that MK-80 1 senslUvlty provldes a use
fui tool to elucldate the tnvolvement ofNMDA recep
tors ln responses to naturally occumng EAAs. 

Glu and Asp have been round to stlmulate release 
of DA from tissue shces ofstnatum (Roberts and Shanf. 
1978. Roberts and Anderson. 1979: Manen et al . 1983; 
Snell and Johnson. 1986. Jhamandas and Manen. 
1987: Clow and Jhamandas. 1989). nucleus accumbens 
(Roberts and Anderson, 1979: Manen et al.. 1983), 
olfactory tubercule (Manen et al.. 1983). and substantla 
OIgra (Roberts and Anderson, 1979. Manen et al., 
1983) To the extent that these studles have character
Ized the mvolvement of EAA reccptor subtypes. It has 
been observed tha! Glu-cvoked DA release from stna
tum. nucleus accumbens. olfactory tubercle. and 
substantta mgra IS medlated predommantly by NMDA 
rcceptors. In the earlter studles (Roberts and .1,nderson. 
1979: Manen ct al., 1983). these conclusions werl: based 
on the antagomsm of Glu-evoked [3H1DA release by 
Mg!" The more recent studles rehed addltlOnally on 
sensltlvlty to the competitive NMDA antagonlst 2-
amlOo-7-phosphonohcptanolc aCld (Jhamandas and 
Manen. 1987; C1aw and Jhamandas. 1989) or ta 2-
amtno-5-phasphonovalenc aCtd and phencychdme 
(Snell and Johnson. J 986) to establJsh the raie of 
NMDA receptors ln Glu-evoked DA release from 
stnatum. ln these studles. sensltlvlty ofGlu-sumulated 
DA release ta NMDA rcccptor antagomsts was tested 
at smgle Glu concentratIOns This rnay account for the 
common conclUSion that non-NMDA receptors con
tnbute less to Glu-evoked DA release than do NMDA 
receptors 

ln the mesencephalic cel! culture model, much of 
the effect of Glu on [3H1DA release tS c1early not de-

(b) 

~ ~ 0 ~--:,.,.c..-=,.-:==----:;) c :1 ~ 0 k-r--r-OL----
~ II: 

AG. 2. Effects of the uncompetltlve NMDA ra
ceptOt' antagOOist MK-801 (10 uM) on eHJDA 
release evoked by HCA (a) and HCSA (b) Cells 
wefe exposed to MK-801 dunng the sponta
necus Incubation and ln the presence 01 HCA 
or HCSA Spontaneous (3H1DA release has 
been subtracted trom EAA-stlmulated eHJDA 
release. ResulLS are the means :::!: SEM Irom at 
least SIX cultures (SEMs not shown are wlthln 
hmlts of the symbQl for th a! value) a HCA 
evoked [3H1DA relesse (F '" 60 7. df '" 4.81. P 
< 0 001). In the absence ot MK-801. that was 
slgmftCant at HCA concentrdtlons of ;;: 1 0 ,.lA 
(p < 0 05) ln the presence of MK-801. HCA 
also stlmulated [3H1DA release (F " 130 6. dl 

i II: ... ... 
CI>!: 2 +-.......,--,--..,.--.--, ;.; _z 

2 -
! 0 & S . • 2 ·3 - 2 

[HCA) (log M) [HCSAI (log M) 

= 3.54. P < 0 001). but ont y at the hlghest concentration of HCA tested (1 mM) b HCSA evok~ (3H1DA release (F 3279. dl '" 5 32. p 
< 0001). In the absence of MK-801 that was Slgnlficant for la ~ ta 3 mM HCSA (p < 005) ln the presence of MK-801. the effect :)f 
HCSA (F '" 48 2. df = 4.26. P < 0 001) was slgmflcant only for 1 to 3 mM (p < 005) 'p < 005 compared Wlth release '" the absence of 
MK-801 
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FIG. 3. Effects of the uncom~tltlve NMOA 
reœptor antagonlst MK-801 (10 ~) on 
[3H1DA retease evoked by CA (a) and CSA 
(b) CeUs were exposed to MK-801 dunng the 
spontaneous Incubation and ln the presence 
of CA or CSA Spo.,taneous eH1DA release 
has been subtracted trom EAA-stlmulated 
[3H1DA release Results are the means :: SEM 
trom at least four cultures (SEMs not sho\.,n 
are wlthln hmlts of the symbol for tha! value) 
a. CA evoked [3HJDA release (1= .. 18 8. df 
= 5.74. P < a 001). In the absence of MK-
1301. that was slgnlflCant at CA concentrations 
~ 1 00 ~tM (p < 0 05) ln the presence of MK-
801. CA snmulated [3H1DA release (F = 165. 

[CA) (log M) 

(a) 
:;; 7 
lU 

lU a: ., 0 

'" -~ .. 
lU < œ: Q 
c-=Q ,{" 

-:'; 3 
:...< 
Q ..J 

lU :l <;: 1 s u 

~ ~ 

(b) 

., ~ , -+---.--,--,......--.--, 
·6 5 ·4 • J 

[CSAI (log M) 

dl = 3.59. p < a 001), bût only at the hlghest concentration tested (10 mM) b' CSA evoked (3HJDA release (F ~ 428. df = 556. p 
< 0 001 J. In the absence of MK-801, that was slgnlfic...,nt for concentrations of ~ 1 00 ~ CSA (p < 0 05) ln the presence of MK-801. the 
effect of CSA (F = 247, df = 3.36. P < 0001) was SIgflIficant only at 10 mM (p < a 05) .p < a 05 compared wlth release ln the absence 
of MK-801 

pencent upon aCtlvatlOn of the NMDA receptor. A 
low concentration of Glu (10 !lM) evoked [3H]DA re
lease that was abohshed by 10 !l.\1 MK-80 1. mdlcatmg 
that thls concentration of Glu act!vates the NMDA 
receptor. However, at 100 J-LM and 1 mM, Glu-evoked 
[3H]DA release was overwhelmmgly MK-801 \asen
SUive, suggestmg that activatIon of non-NMDA recep
tors medlates the etfects of hlgher Glu concentrallons 
Funher, Glu was the most potent naturally occumng 
EAA at non-NMDA receptors. The release evoked by 
even 1 mM Glu reflected EAA receptor-medlated 
stimulus-secretion couphng. smce It was Ca2+ depen
dent and largely mhlblted by DNQX (100 (.lM), a corn· 
petltlve non-NMDA receptor antagomst [Wlth non
competitIVe antagomst actlvlty al NMDA receptors m 
certam systems (see revlew by Foster, 1988)]. The ob
served mlxed agomst etfects of Glu at NMDA and non
NMDA receptors correspond to the reported behavlOr 
of comparable Glu concentrations 10 whole-cell current 
nOise analysls studles (Mayer and West brook, 1984; 
Ascher et al., 1988). 

Etfects of Asp on [3H]DA release were medlated 
completely by the NMDA receptor. sm ce 10 J-L.M' MK-
801 mhlblted release stlmulated by ail Asp concentra
tions tested (100 (.lM to 10 mM). Selecl1vîty of Asp for 
the NMDA receptor IS consistent wlth the findmg by 
Snell and Johnson (1986) that Asp-evoked DA release 
from stnatal tissue shces was abohshed m the presence 
ofMgl+. phencychdme, or 2-ammo-5-phosphonovale
nc aCld. The concentratlon-response profile pattern for 
Asp suggests that hlgh agontst concentrations may 
cause desenSltlzatlOn of the NMDA receptor. ThiS ex
planation for the decreased response at hlgh Asp con
centratIOns recelves support from the reported desen
SltlzatlOn of Asp responses in rat olfactory cortex 
(Braltman, 1986, Collins and Surte~s, 1986) and hlp
pocampus (Baudry et al.. 1983). 

Endogenous sulfur-contatnmg EAAs have recently 
been Identified in bram and have been shown tù be 
released in response to depolam:ing stlmuh fnJm bram 
regtons conta101Og DA cell bodies (mesodlen.:ephalon) 
or termmal fields (basal gangha. cortex) (;)0 et al.. 

1986a.b, 1988; Keller et al., 1989). PrevlOus studies 
have also demonstrated that HCA, HCSA. CA. and 
CSA evoke release of [3H]GABA and [3H]Asp from 
cultured cerebral cortical neurons and cerebellar gran
ule cells (Dunlop et aL. 1989), whlle HCA, CA, and 
CSA also sumulate release of[3H1GABA from smatal 
neurons m pnmary culture (Weiss. 1988). The present 
expenments demonstrate that these sulfur-contammg 
ammo aClds can also stlmulate DA release 

The concentratlOn-response curves for eH1DA re
lease evoked by sulfur-contammg amInO aClds ln the 
absence and presence of 10 /J.1\-/ MK-80 1 reveal patterns 
of EAA receptor subtype mvolvement mtermedmte 
between those observed for Glu and Asp. For HCA 
and HCSA, [3H]DA release stlmulated by agomst con
centrations from lOto 100 J-LIH was MK-80 1 senSitive 
and thus NMDA receptor medlated. whlle relea',e 
evoked by lllgher concentratIOns of the compounds was 
MK-80 1 msensltlve. For CA and CSA. release 10duced 
by concentratlOns from 100 f.l.M to 1 mM was MK-
801 senSitIve. wh Ile that evoked by 10 mM was pre
dommantly MK-801 msensltlVe We al50 observed that 
MK-801-msenSluve [3H1DA release evoked by hlgh 
concentratIons of the sulfur-contammg EAAs (1-10 
mM) was largely Ca2+ dependent and was antagomzed 
by the EAA receptor blocker DNQX (100 !lM). To
gether. these observatIOns mdlcate that hlgher concen
tratIOns of the c0mpounds evoke [3H]DA release by 
actlvatmg non-NMDA receptors These findings are 
consistent wlth results from EAA receptor bmdmg as
says. HCA and HCSA are reported to bmd wlth hlgh 
affimtJes at the NMDA receptor subtype and wlth af
fimues an order ofmagmtude lower at qUisqualate and 
kamate receptors (pullan et al., 1987) CA and CSA 
have bmdmg affimtles at NMDA and kamate receptors 
that are approxlmately equIValent to those ofHCA and 
HCSA at qUlsqualate and kamate sites (pu Han et al., 
1987). However, CA and CSA are Jess potent mhlbltors 
of bmdmg (agam by an order of magmtude) at the 
qUlsqualate receptor (puHan et al.. 1987). 

In summary, naturally occurnng EAAs can evoke 
[3H]DA release from mesencephahc cell cultures by 
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mechamsms that involve both NMDA and non
NMDA receptor subtypes. Ali EAAs tested were found 
to mteract wnh NMDA receptors. Glu and Asp are 
clearly the most potent ligands at the NMDA receptor, 
followed by HCA and HCSA. and then by CA and 
CSA. Non-NMDA receptors are mvolved ln medmtmg 
the effects of Glu al concentratIOns of ~ 100 J.LM and 
also of HCA :md HCSA at concentratIOns of ~ 1 mJ{ 
It IS unlikely that CA and CSA act at non-NMDA re
ceptors under physlOloglcal conditions smce the recep
tors were actlvated only by very hlgh (\0 mM) con
centrations I)f these amInO aClds. Non-NMDA recep
tors play no apparent role In the effects of Asp. lt 
remams ta he est .. bllshed whlch (If an y) ofthese EAAs 
act as endogenous regulatoI"> of speclfic dopammerglc 
pathways 111 the mtact rat braIn. The present study, 
showmg th,lt SIX naturally occumng EAAs can stlm
ulate DA release via both NMDA Il.r,,1 non-NMOA 
receptors Ir Vitro, together W1th ob~rvatlOns that these 
same EAAs are present m and released :rom bram areas 
contammg DA cell bodies and/or termmals (Do et al , 
1986a,b: Keller et al., 1989), make these compounds 
IIkely c,mdl1ates for thls role. 
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Phencyclidine and related compounds evoke [3H]dopamine release from rat 
mesencephalic cell cultures by a mechanism independent of the phencyclidine 

receptor, sigma binding site, or dopamine uptake site 
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MOUNT, H., BoKSA, P., CHAUDIEU. 1 .. and QUIllON, R. 1990. Phencychdme and rclalCd compounds evoke [lH)dopamme 
release from rat mesencephahc cell culrures by a mecharusm mdependent of the phencychdme receptor, sigma bllKllng 
si:e, or dopanune uptake site. Cano J PhYSlot. Phannacol 68' 1200-1206 

At concentrations il: 100 "M, phencycltdlne (PCP), N-(l-(2-thlenyl)-cyc1ohexyl)plpendme (TCP). and MK-SOI induced 
[3H]dopanune rclease from dlssoclated cell culrurcs of rat mesencephlbon. ThIs release was Cal + Independent and tetrodo
toxin InsensJllve. Tetrodotoxm (2 "M) IJself had no effect on spontaneous release of [lH]dopanune [lH]Dopanune rclease 
was mdueed by 1.3-(h(2-tolyl)guanldule, a sIgma ligand, and by 4-ammopyndme (1-3 mM), a K+ channel blocker. No 
stereoselectlVlty was observed for [lH]doplmme reJease evoked by the dlOxadrol enantlomers, dexoXldrol, and levoxadrol, 
or by enanuomers of N-allylnormewoclne (SKF 10,(47). The selectIve dopamine uptake mhlbltor l-(2-[bls(4-fluoro
phenyl)methoxy)ethyl)-4-(3-phenylpropyl)plperazUle dibydrochlonde (GBR 129(9) did not affect spontaneous or TCP
evoked [3H]dopanune rclease. Together, these data suBlest that the dopanune-releasmg effects of PCP-llke compounds on 
the mesencephalic cells werc not medsated by aCtIons at the PCP receptor or sigma bmdmg sile, C.2+, or Na+ channels, 
or at the hlgh affinity doparrune uptake sile. lt rcnwns concelvable that blockmg aCllons of PCP-like compounds at voltage
regulated K+ chaMels nlly at least paroy explam the response. These results are dlscussed in compan50n with findmgs m 
mtact brain. 

Key words: doparrune, phencyclidme, cell culrure, mesenccphalon. 

MOUNT, H., BOICSA, P., CHAUDIEU, L, et QUIIUON, R. 1990 Phencychdme and rclated compounds evoke [3H)dopamine 
release from rat mesencephahc cell culrures by a mechamsm Independent of the phencychdme rcccptor, sigma bll1dmg 
site, or dopanune uptalce sile. Cano J. Physlol Pharmacol. 68 : 1200-1206 

A des concentrations ~ 100 "M, la phencyc'lCillle (PCP), N-(l-(2-thlenyl)-cyclohexyl)plperidlne (TCP) , et MK-SOI 
Induisent la libération de la [3H]dopanune à paru de cellules diSSOCIées de mésencéphale de rat, en culture. Cette bbératlon 
est mdépendante du Cal + et msenslblc à la tflftxlocolUne. Par elle-même, la tétrodoloxme (2 "M) n'a aucun effet sur la 
libération spontanée de la (JH]dopanune. Le l,3-d1(2-tolyl)gUlmdmc, un ligand du récepteur slgma, et la 4-anunopyndme 
(1-3 mM), un bloqueur du canal K+, IIx!Ulscnt la libération de la (3H)dopamme. Les énanllomèrcs du dloxadrol, le 
déxoxadrol et le lévoxadrol, et les énantiomères de la N-allylnormétazocme (SKF 10.(47) mdulsent la hbérallon de la 
[3H]dopanune de façon non stéréosélectlve. L'"ûublteur séleCtIf du transport de la dopamme, le 1-(2-[bis(4-fluoro
phényl)methoxy)éthyl)-4-(3-phénylpropyl)pipérullIe dihydrochlonde (GBR 129(9) n'affecte ru la hbératlOn spontanée de la 
[3H]dopamme, ru celle évoquée par la TCP L'ensemble de ces données suggère que les effets des composés de type PCP 
sur la libération de dopanune, à partir de cellules mésenc:éphahques en culrure, ne peuvent être exphqués par une Interacllon 
avec les sites typiques PCP ou sigma, les canaux Ca2+ ou Na+ ou encore avec lc sile de transport de haute affimté dopa
nunerglque. D parait cependant poSSible que le blocage des canaux K+ voltage dépendants par les composés PCP puISse en 
partie expliquer ces effets. Ces résultats sont aussI dIscutés en relation avec les données obtenues sur des cerveaUX mtacts. 

Mots clis . dopamme, phencychdll1e, cellules en culture, mésencéphale 

Introduction 
Phcncyclidme (N-(l-phenylcyc\ohexyl)plpertdine, PCP) 

belongs to a dass of compounds that are thought to producc 
psychotomimeuc cffects through IOteracuon wlth bram dopa
minerglc transrrusslon (Dorruno and Luby 1981). PCP-induced 
dopamine (DA) release has becn demonstrated ln Vitro from stri
atal slices and synaptosomes (Ary and Korruskey 1982; VlCkroy 
and Johnson 1982: Bowyer et al. 1984; Snell et al. 1984; Snell 

and Johnson 1986) but not from the intact stnatum (Deutch 
et al. 1987, Gerhardt et al. 1987; Rao et al. 1989). ln contrast 
wlth results reported for stnatum, PCP and related compounds 
have been shown to stimulate DA release from terminal fields 
of mesocortlcolimblc DA systems bath in VItro and ex VIVO 

(Granon et al. 1987, Deutch et al. 1987; Carboru et al. 1989; 
Rao et al. 1989; Wood and Rao 1989) and to mduce dose
dependent IOcreases ln the finng rates of AJO neurons ln VIVO 

(French 1989; French and Ceci 1989). The order ofpotency for 
PCP-lilce compounds in sumulaung DA rclease from the pyn
form conex (Wood and Rao 1989) suggested an IOteractlon Wlth 
the PCP receptor (Qulrion et al. 1987), WlthlO the channel of 
the N-methyl-o-aspartate (NMDA) receptor complex. However, 
the competitive NMDA receptor antagonist CGS 19755 dld not 
lOcrease DA release (Wood and Rao 1989). These results have 
becn intcrpreted as ev/dence that PCP may mteract Wlth an 
"NMDA-uncoupled form of the PCP receptor" (Wood and Rao 
1989). 

1 Author to whom correspondence may he sent at the following 
address: Douglas Hospital Research Cenlcr, 687S LaSalle Blvd , 
Verdun, Que., Canada H4H 1 R3 

ABBItl!VIATIONS: 4-AP, 4-arrunopyndme, DA. dopamme; D,L-APV, 
D,L-2-anuno-S-phosphonovalerate; DMEM, Dulbecco's modified 
Eagle's medium; oro, 1,3-di(2-tolyl)guantdme; GBR 12909, 
1-(2-[bis(4-fluorophenyl)methoxy]ethyl)-4-(3-phenylpropyl)plperazlne 
ddlydrochlonde, KRH, Krcbs-Ringer-HEPES buffer; MK-BOI, (+)-
5-methyl-1O.U-d1hydrtr5H-<hhenzo(ad]cytlohepccn-S,JO..inunc hydrogen 
maleate; NMDA, N-methyl-o-aspartate; PCP, N-(I-phenylcyclohexyl)
plpendihe (phencyclidme), SKF 10,047, N-allyinormetazocllle; TCP, 
N-(l-(2-thlenyl)-cyclohexyl)plpertdme, TTX, tetrodotoxln. 
Pnn1<d .n c.nada 1 Impr",. .. a. Clnada 

ln a prevlOus study, we have shown that PCP and the patent 
PCP-like NMDA channel blocker (+ )-5-methyl-l0, ll-dlhy-
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dro-SH-dibenzo[a.d]cyclohepten-S.lO-lmine hydrogen male
ale (MK-801) tnhiblted NMDA-sumulated relcase of [3H]DA 
(ICso = 2.3 and 0.3 l'M. respectlvely) from dlssocialed 
primary cell cultures of fetaI rat antcrior ventral mesencepha
Ion (Mount et al. 1990). At hlgher concentrl>~:ons (~IOO pM), 
MK-801 and PCP produeed a slgmfieant enhancement of 
spontaneous [3H]DA release that resembled stlmulatory 
effeets of PCP on DA release 10 the tntact bratn. 

In addition to the NMDA - PCP receptor complex, there are 
numerous other targ!:t sites for actions of PCP m the central 
nervous system. These tnc\ude the sIgma btndtng sile (QuJr1on 
et al. 1987), as weil as vanous Ion ehannels and the neuronal 
hlgh affinuy DA uptake sile (see LazdunskI et al. 1983). To 
determme what neurochemlcal mechamsm(s) mlght underly 
PCP-mduced enhancement of dopamtnerglc transmISSIon, the 
effeets of PCP on [3H]DA release from mesencephall cell cul
tures have been evaluated as a model for mteractlons Wlth 
doparninerglc systems m the mtact bram Use of dlssoclated 
cell cultures facihtates the study of compounds wlth sumu
latory effects on dopaminerglc transmISSion, smce entlre 
neurons (neuronal soma and processes) from mesocortlcolim
bic and mgrostnatal pathways are slmultaneously accessible 
and exposed. Nonnal neural connectivlty IS dlsrupted JO the 
cultures. Thus, the model allows assessment of dIrect effects 
on dopaminergic neurons. but Il reduces the opportumty for 
indIrect, polysynaptlc responses to test compounds. 

Some prehmmary results from thlS study have been pre
sented al a meeting (Mount et al. 1989a). 

Metbodology 

Mar~nals 
3.4-[8-3H(N)]Dlhydroxyphenylethylanune ([lH]DA, 20 Ci/nunol) 

(1 CI = 37 GBq) was purchased from New England Nuclcar 
(Boston, MA), 3-(2-carboxYPlperazme-yl)propyl-l-phosphonate (CPP) 
was purchased from Tocns Ncuranun (Buckhurst Hill, U.K.). and 
1.3-d1(2-tolyl)guamdme (DTG) was purchased from Aldnch Chenu
cal Co (Milwaukee, WI). 1-(2-[Bls(4-fluorophenyl)methoxy]ethyl)-
4-(3-phenylpropyl)plperazlne dlhydrochlonde (GBR 12909) was 
ordered from Research Blochenucals Inc. (Nanck, MA) and dex
oxadrol and levoxadrol were from UPJohn Co (Kalamazoo, MI). 
NMDA. D,L-2-anuno-5-phosphonovalerate (D.L-APV), 4-ammopyn
dme (4-AP), desipranune hydrochlonde, and pargyhne hydrochlo
ride were ordered from Sigma Chenucal Co (St. loUIS. MO). 
Phenc:ychdme and N-(1-(2-thlenyl)cyclohexyl)plpendme (TCP) were 
glfis from the National Instltutc on Drug Abuse (Balumore, MD). 
( + )-5-Methyl-lO,ll-dÙlydro-5H-dlbenzo{a.d)cyclohepten-5.10-urune 
hydrogen malcate (MK-SOl) and the enanuomers of N-allylnor
metazocme « +)- and (-)-SKF 10,(47) were glfis from Dr L. Iver
sen (Merck, Sharp & Dohme, Harlow, U K.) and from Dr K H. 
Ihamandas (Queen's Umverslty, Kmgston, Ont.), respecuvely. Other 
chenu cals were of reagent grade from regular commercial sources 

M~rhods 
DISsOClated cell cultures were prepared from antenor ventral 

mesencephahc tissue of gestation day-15 Sprague-Dawley rat 
embryos, as prevlOusly descnbed (Mount ct al. 1989b). Cultures 
were grown m Dulbccco's modlfied Eagle's medIUm, supplemented 
wlth 10% v/v fetal calf serum and 20 mM KCI 

After 6 days m culrure, cells were nnsed Wlth Krebs-Rmger
HEPES buffer (KRH, pH 74 composed of the followmg (mM) 
NaCI, 125; KCI, 4.8; HEPES, 25; NaOH, 5; MgSO.. 1 2, 
KH2P04, 1.2: o-glucose. 5 6, CaCI2, 2.2; pargyline, 0 1; ascorbate. 
1 O.) and loaded wlth [JHIDA (50 nM) m a 20-mm mcubatJon at 
37°C, ln the presence of deslpranune (50I'M). Uptalce of [3HIDA 
into cultures has prevlously becn shown to be predommantIy lOto 
dopammergic neurons, smce It was blocked by a DA uptalce mhlbJtor 

(S "M benztropme), wu only lIWJ1nally attenuated by a noradrena
hne uptake u1lllbnor (5 p.M deslpramtne), and wu unaffccled by a 
serotomn uptake mhlbnor (1 !lM OuoxclIne) (Moum et al. 1989b). 
ACter PH]DA loadmg. cach culture was nnsed four tunes Wlth 
KRH KRH buffer from a 5-mm IJlQlbauon (spontaneous release 
penod). followed nnmedtately by 1 5-nun mcubauon m the presence 
of the test compound (sumulated relcase penod). -.-ere collected. and 
13HIDA relcase was quanlltated by mcasuring racboaCllvlty an cach 
ahquOl ofbuffercollected. In carher work. more !han 90% of the cell 
content of lH, assayed JUSI pnor to the lime al whlch release was 
nonnally testcd, was deternuned by HPLC to be PHIDA (Mount 
et al. 1989b). Followmg relcase IncubatiOns. radloaCllvlty remammg 
ln the cells was extracled by 30 mm JOcuballon wnh acJdlfied ethanol 
(95% elhanol - 5% 0.1 M HCI). 

When exammmg the dependence of test compound-cvoked 
[lH1DA releasc on extracellular ea2+. modlfied KRH (0 Ca2+) was 
used for all noses and mcubatlons aCter [3H]DA loadmg. Whcn 
antagoOlSts were tested. cells were exposed to the antagonlsts dunng 
the spontancous relcase InCUballOn as weil as dunng exposure 10 the 
test compound. For data presentation. spontaneous [lH]DA relcase 
(typlcally 4-6% of mtracellular [3H]DA stores) was subtracted 
from relcase sllmulaled by the lest compound. The nel evoked 
PHIDA releasc was expressed as a percent of the total [lHIDA 
uptake Into eells. StatlStlCal analyses Involved unpalred HeSl$ or one
way analYSls of vanance and post hoc Newman - Keuls lest for mul
upie compansons. 

Results 

At concentrations ~ 100 l'M, PCP receptor ligands (inclld
ing IIIIK-801; PCP itself; and TCP, a thlenyl-substltuted PCP 
analog) and the sigma hgand DTG (Weber et al. 1986) evoked 
dose-dependent [3H]DA release (Fig. 1). TCP evoked 
[3H]DA releasc wlth greater efficacy than did PCP or 
MK-801 (Fig. 1) and was therefore used as a prototypic PCP 
ligand to charactenze the pharmacologlcal specificlty of PCP
evnked [3H]DA release. 

To detemune whether the [3H]DA-releasmg effect of PCP
like compounds rnlght be mediated by blockade of the NMDA 
receptor, the effect of a competitive NMDA-receptor antago
mst (D,L-APV, Evans et al. 1982; Davles and WatkIns 1982) 
was also assessed. However. D,L-APV (100 ILM - 3 mM) 
failed to alter spontaneous [3H1DA release (Table 1). 

To mdlcate whether effects ofTCP nught mvolve an Interac
tion Wlth the [3H]DA uptake Site, rather than stimulatIon of 
release, actlvlty of the pote nt DA uptake Inhlbuor GBR 12909 
(Helldula and Manzmo 1984) was exanuned GBR 12909 
(100 l'M - 1 mM) had no effects on spontaneous [3H]DA 
release (Table 1) or on release evoked by TCP (Table 2). 

It was reasoned that direct bloc kIng actions of TCP at one 
or more Ion channels mlght lead to the [3H]DA release. How
ever, [3H]DA release evoked by TCP was not reduced when 
Ca2+ was onutted frorn the KRH buffer (Table 2). AIso, both 
spontaneous (Table 1) and TCP-evok~d [3H]DA release 
(Table 2) were unaffected by 2,M tetrodotoxm (TIX), a con
centration of the potent voltage-sensitive Na + -channel Inhlbl
tor previously found to completely inhlbit releasc evoked by 
10 l'M veratndine (Mount et al. 1989b). At concentrations of 
1 and 3 mM, the K+ channel blocker 4-ammopyndme (4-AP, 
Bowman and Savage 1981; Glover 1982) sumulated [3H]DA 
release from cell cultures (Fig. 1). This result suggests that 
K + channel blockade rnay mdeed lead to mcreased [3H]DA 
release. 

Dexoxadrol has been reported to be more potent than Its 
stereolsomer levoxadrol at the PCP receptor (e.g., Jacobson et 
al. 1987; ffrench-Mullen and Rogawski 1989) and as a K+ 
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Flo. 1. Effects of PCP, MK-801, DTG, TCP, and 4-AP on (3H)DA release. Spontaneous [lH)DA release has becn subtracted from release 

evokcd by the test compound. The resultant sumulated rclease 15 expressed as a pcrcentage of total [lH)DA uptake mlo cells Results are the 
means ± SEM of 4-16 culrurcs. *p < 0.05 versus spontaneous ('H)DA release. 

TABLE 1. Effects of D,L-APV, TTX, and GBR 
12909 on (3H)DA release 

Test compound and 
concentration 

D,L-APV 
100 "M 
1 mM 
3 mM 

TTX 
2 "M 

GBR 12909 
10 "M 
100 "M 
1 mM 

Sumulated !'H]DA release 
(% Intracellular stores) 

-0.1±O.2 
-0.2±0.2 
-0.7±0.2 

0.0±0.1 

-0.6±O.2 
-0.5±0.3 
o 5±0.2 

NOTE SponWleOUS tlHIDA release bas been sublncled from 
eHIDA releue cvoked by the lesl compound The multanl 
sumul.ted release \S exprmed as a perccnllge of Iotal tlHIDA 
uptake tnlO cells None of the lesl compounds sumuialed ['HI DA 
relcuc thal wu sl~ficantly d.fferenr from sponWleOUS releue 
(p > 0 05) Each yalue IS the mean :!: SEM of live 10 sIX 
cullllres 

channel blocker (Sorensen and Blaustein 1988; ffrench-Mullen 
and RogawsJo 1989). However, no differences were observed 
between the [3H]DA-releasmg effects of dexoxadrol and 
levoxadrol (FIg 2). Ligand blOding affi01ty at both pep and 
sigma SItes is also charactenzed by marked stereoselecuvlty 
for (+)-SKF 10,047 over (-)-SKF 10,047 (Contreras et al. 
1988; Itzhak 1988). However, the enantiomers were equally 
effectlve \0 stimulatlOg [3H]DA release (Table 3). Sînce (-). 
SKF 10,047 may actlvate mu or kappa OpiOld rece;)tors, 
effccts of SKF 10,047 enantlomers were also tested 10 the 
presence of the oplold receptor antagorust naloxone. No 
differences were observed between effects of the enantlOmers 
in the presence of 100 l'M naloxone (Table 3). 

Discussion 
The princIpal findmg of thls study is that hlgh concentra

tIOns (0:: 100 l'M) of PCP and PCP-like compounds evoke 

dose-dependent [3H]DA release from mesencephallc cell cul
tures. At lower concentrations, it IS weil known that pep IS 
a potent inhibltor of DA release surnulated by the excltatory 
amlno aCld NMDA from tissue slices (Snell and Johnson 1986; 
Jones et al. 1987) and mtact bralO (Caner et al. 1988). AIso, 
we have prevlously shown that low concentrations (1 -10 "M) 
of PCP and MK-801 antagoDlze Ca2+-dependent release of 
[lHlDA from dlssoclated prtmary mesencephalic cell cultures 
evoked by NMDA (100~) (Mount et al. 1990). The possi
bility that higher concentrations of these compounds mlght 
cause release thr;ugh effects at the same receptor 
(NMDA-peP receptor complex) was assessed. However, 
even hlgh concentrations of the competitive NMDA antagontst 
D,L-APV (100 l'M - 3 mM) fa lied to have any effect on spon
taneous [lH1DA release. These data mdlcate that NMDA 
receptor blockade cannot underly the [3H]DA-releasmg 
cffects of PeP. In thlS respect, results m cell culture. resemble 
the failure of competltlw: NMDA antagonlsts to e\oke DA 
release from mtact bram (Rao et al. 1989; Wood and Rao 
1989). 

The dioxadrol opucal lsomers dexoxadrol and levoxadrol 
were equally effective m evoJong [lH]DA release from the 
cell cultures. These results distlOgUlsh PCP-evoked [3H]DA 
release ln cell cultures from the reported stereoselecttve 
effects of the compounds on me-soconical DA turnover ln 

intact bralO (Wood and Rao 1989) and [lH]DA release from 
striatal slices (Snell et al. 1984). These observations also dlffer 
from the stereoselective blockade by dexoxadrol of the 
NMDA receptor lonophore (ffrench-Mullen and RogawskJ 
1989). It thus appears unlikely that the [lH]DA-releasing 
effect of PeP ln mesencephalic cell cultures was Iinked to 
effects at the PCP - NMDA receptor complelt. 

To test whether PCP-like compounds evoked [3H]DA 
release through actions at the sIgma Sile, effects of DTG, a 
potent sigma ligand (Weber et al. 1986), were assessed. DTO 
stimulated (lH10A release with a potency and efficacy com
parable Wlth that of MK-801, PCP, and TCP. ThIs findmg was 
unexpected, stnce DA release from the mtact rat bram (Wood 
and Rao 1989) has prevlously been fC'und to be msensltlve ta 
DTG Other sigma ligands have also been found inactIve. For 
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TAlLE 2. Effec;ts of cxtracellular calcium removal and ofTTX and GBR 12909 on TCP
evoked [lH]DA release 

Test compounds and 
concentrabon 

Tep (1 mM) 
Tep (1 mM) ln 0 Cal+ KRH 
Tep (l mM) + TrX (2 ".M) 
Tep (1 mM) + GBR 12909 (100 "M) 
Tep (1 mM) + GBR 12909 (1 mM) 

Sumulated [lHJOA relcase 
(% mtracellular [lH]DA stores) 

6.2±04 
64±O.3· 
66±O.6" 
5 7±04· 
5.3±0.6· 

Non CeU culNres wm: Ioeded wlIII eH)DA ln standard Kre~-Ibnpr-HEPES buffer IKRH) 12 2 mM 
Cal <) SponWleOUS release and release IR !he presence of the lesl çompound were çollected ellller ln srandard 
KRH (+Ca:·). In Cal + -fm: KIUI 10 Cal"). or 1ft standard KRH ln the presençe of rrx 12I&MI or OBR 12909 
(100 "M or 1 mM) Spomueous l'HIDA release ha! been sublraçled from release e~oked bv the test çompound 
The resullUll sumulaled rel_ " expressed u a perœntage of lotal 13HIDA uprake .nlo çells Eac:h value IS the 
mean :t SEM of al leul 5" culNres 

"No dlfferençe from l'H)DA relcuc evoked by 1 mM TCP (m "'Cal
" KRH) 

Cil 50 
Il DEXOXADR:lL • w .. 

w a: [J LEVOXADROL CI) 0 cr: ~ 40 w (/) 
..J 
W < a: 0 

< '"î 30 0 ~ ......... 
J: a: ... « ........... 
0 

..j 
:;) 20 w ..j 

~ ..J 
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..J tJ 
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~ 
.. - 0 

o 01 0 1 1 0 3.0 

[TEST COMPOUND] (mM) 

FIG. 2. Effects of the SlereOlsomenc dloxadrol compounds. dexox
adrol, and levoxadrol on [lH1DA release Spontaneous [JH]DA 
release bas been subtracted from dloxadrol-evoked release The 
resultant sumulated release IS expre3sed as a percentage of total 
[JH1DA uptake mto cells Results are the means ± SEM of five to 
SIX cultures. *p < 0 05 versus spontaneous [JH)OA release. 

example, nmcazole had no effect on DA release (Wood and 
Rao 1989), pentazocme fatled to mtnuc the PCP-mduced 
increase ln finng rate of AIO neurons (French and CecI 1989), 
and halopendol dld not affect MK-801-tnduced speedtng of 
AIO neurons (French and CecI 1989). -

The role of the PCP receptor and sigma site may be assessed 
by a companson between effects of the benzomorphan enan
tiomers (+ )-SKF 10,047 and (-)-SKF 10,047. Both sites 
have high affimty for the (+ )-enantlOmer relative to the ( - )
compound (Contreras et al. 1988; !tzhak 1988). However, 
SKF 10,047 enantiomers showed no selectivlty m thelf effects 
on [3H]DA release from cell cultures. Mu and kappa OpiO Id 
receptors have a reversed stereoselectlvlty for (- )-SKF 
10,047 over (+ )-SKF 10,047 (Zulan et al. 1984; Mattln et al. 
1984). Thus, actIons of the (- )-enantlomer of SKF 10,047 at 
naloxone-senSltlve oploid receptors mtght mask stereoselec
tlve mterdCtlon of the (+ )-Isomer at the sigma site. An 
unmasklng of stereoselectlve sigma responses to benzomor
phans ln the presence of naloxone was receptly descnbed for 
Inhibition of the serotonm-mduced tWltch responses ln gUlOea 

TABLE 3 Effects of ( + )-SKF 10,047 and of (-)-SKF 10,047 on 
(lHJDA release 

Test compound 
and concentrauon 

( + )-SKF 10,047 (30 "M) 
(+)-SKF 10047 (100 "M) 
(+)-SKF 10,047 (300~) 
(+)-SKF 10,047 (1 mM) 

(- )-SKF 10,047 (30 /LM) 
(- )-SKF 10,047 (100 "M) 
(- )-SKF 10,047 (300 "M) 
(-)-SKF 10,047 (l mM) 

Sumulated [JH]DA release 
('JI', mtracellular stores) 

o naloxone 100 ~ naloxonc 

-03±0.3 
o 9±0.2" 
2 9±0.3" 
6.2±0 4" 

o 1±0.2· 
0.8±0.3-
3.0+0.1-
64+0.3-

00±O.2' 
1.2±O.3 .... 
3.0±O.2"" 
61±O.2 .... 

o 2±O.2bc 

10±O.2abc 

3.1 ±O.2aJx-
6. HO.4aJx-

NOT! Cells were exJlllS«\ 10 the optOId recepcor llIIaJOlUSf lIIIoUllle (100 pM) 
dunng Ihe spOluaneous Incubalton and mlhe praence of UldIClIed concenlflllOns 
of the enanuomers (+ )-SKF 10.047 or (- )-SICF 10.047 SponIIlIeOUS 13HIOA 
release bu becn subrraçted from SKF 10.047 snmulated release EaclI value 15 the 
mun :t SEM of five 10 Sl~ culNres 

'p < 0 OS versus spontanet. ... , eHIDA rel_ 
bNo dlfferenl from [3HIDA 1\:1eue evoked by the corresponduta c:onc:enuauon 

of (+ )-SKF 10.047 
(No d.fferenl from tlHloA release evoked by the conespondtnl conœnlranon 

of (+)- or (- )-SKF 10.047 ln 0 nal01lOllC 

plg ileum (Campbell et al. 1989). In the present study, when 
effects of the enanuomers were tested ID the presence of 
100 /LM naloxone, no stereoselectlvlty was detected for (+)
SKF 10,047 evoked [3H]DA release. Thus, effects of (-)
SKF 10,047 on mu or kaopa oplOid receptors cannot account 
for the lack of stereoseleCtlVlty. The lack of stereoselectlvlty 
for (+ )·SKF 10,047 indlcates that the [3H]DA-releasing 
effects of both PCP and Sigma lIgands were mediated nelther 
at the typlcal PCP receptor nor al the Sigma site. 

The hlgh concentrations of DTG and PCP-Iike compounds 
requlred to evoke [3H]DA release from cell cultures suggests 
that the responses may be medlated by anaesthetlc actions of 
the drugs. Indeed, at concentratlons ~ 100 pM, PeP, DTG, 
and the sigma ligand 3-(3-hydroxyphenyl)-N-(l-propyl)plpen
dine « + )-3-PPP) all caused mcreases ln membrane resistance 
and action potentlal duratlOn and a reductlon in splke helght 
In CAl hlppocampal pyranudal sllces (MaJouf et al. 1988). 
Such anaesthetlc effects (Catterall1987) may be explained by 
known mteractlons of PeP and PeP-like compounds wlth 
vanous Ion channels. The general sequence of efficlency of 
PCP on these channels IS K+ channel> Na+ channel> 

-----_.---------
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Ca2 + -dependent K + channel ~ Ca2 + channel (Lazdunski 
et al. 1983). 

In several preparations, PCP has been found to block K + 
channels (Albuquerque et al. 1981; Tourneur et al. 1982; Laz
dunski ct al. 1983; Blaustein and Ickowlcz 1983; Aguayo and 
Albuquerque 1987). Blockade of the K+ channel delays 
repolanzauon, resulung ln a prolongation of the action poten
tiat. ThIs wou Id be expected to cause an enhancement of trans
mitter release. Nanomolar concentratIOns of PCP were 
reported to mhlblt K + channels m rat bram synaptosomes 
(Blaustem and Ickowlcz 1983). However, much hlgher con
centrations of PCP were requlred to block the slowly actlvat
mg outward K+ current (10-100 !LM) or the rapldly 
acuvatmg and mactlvating voltage-dependent K + current 
(50-100 !lM) m cultured hlppocampal neurons (ffrench
Mullen et al. 1988), and ln cultures of Spinal neurons, K+ 
channel blockade was only observed at PCP concentrations 
>200 !LM (Aguayo and Albuquerque 1987). ThIs IS the range 
of PCP concentrations found to evoke [3H]DA release ln the 
present study. Sunilarly, the K + channel blocker 4-AP 
evoked [3H]DA release from the mesencephallc cell cultures 
at concentrations (1-3 mM) reported to cause blockade of 
the translent fast-activatmg and mactlvatlng K + channel 
(Rogawskl et al. 1988). 

Although lt has been reported that voltage-gated K'" chan
nels are blocked IOtereoselectlvely by dexoxadrol (Sorensen 
and Blaustem 1988: ffrench-Mullen and Rogawskl 1989), 
there is also eVldence that dexoxadrol and levoxadrol may he 
equally effective blockers of K'" channels m certam cell cul
ture systems (Rogawskl et al. 1988). Thus, the observed lack 
of stereoseleCtlVlty of the dioxadrol stereOlSO'llers m the 
present study rules out activatIOn of the NMDA - PCP recep
tor complex, but 1t does not preclude the POSSlblhty that block
ade of K+ channels underlies the responses. It IS slgmficant 
that PCP has becn reported to release DA from stnatal shces 
(Viclcroy and Johnson 1982) or synaptosomes (RaJten et al. 
1979) 10 enher the absence or presence of extracellular K+ 
These findmgs IOdlcate that whJ1e K + channel blockade may 
be an Important mechanlsm of action for PCP-hke com
pounds, other mechamsms must also be consldered. 

DepolanzatlOn-mduced catecholamme release from central 
nerve endmgs IS Ca2'" dependent (Baldessanm and Kopm 
1967: Blaustem 1975; Cotman et al. 1976) However, similar 
to results reported for PCP-induced [3H]DA release from stn
atal shces (Vlckroy and Johnson 1982), removmg Ca2'" from 
the extemal medium did not affect the [3H]DA release evoked 
from cell cultures by TCP. This observation mdlcates that the 
mecharusm of act.Jon for Tep involves nelther classlcal stlmu
latton-secretton couphng nor blockade of CaH-dependent 
K'" channels or Ca2+ channels. 

PCP can block Na+ channels in vanous systems (Allaoua 
and Chlcheportlche 1989), caus10g a reduciIOn m splke amph
tude followmg depolarization. However, m the mesencephalic 
cells, when voltage-regulated Na + channels were blocked by 
2 !LM TIX, spontaneous [3H]DA release and release sttmu
lated by 1 mM TCP were unaffected. Thus, effects of TCP on 
[lH]DA release were not related to Na + channel blockade. 

Mechamsms other than Ion channel blockade mlght aIso 
play a role, particu1arly ln the hlgh concentration effects of 
PCP on mesencephahc cultures. For example, PCP-like com
pounds inhlblt [lH]DA uptake in synaptosomes (Lazdunski 
et al. 1983: Vignon and Lazdunskt 1984: Johnson and Snell 

1985; Vignon et al. 1988) and pnmary cultures of dissoclated 
monoanunergJc neurons (Marher et al. 1987), Wlth IC5()S 
ranglDg from 0.5 to 100 !LM. To test the POSSlblhty that appar
ent [lH)DA release evoked by PCP and PCP-Iike compounds 
were caused by mhlblUon of [3H]DA uptake. we assessed the 
effects of the selectJve Inhlbltor of the neuronal DA uptake site 
(GBR 12909) (Heddola and Manzmo 1984) on [lH]DA 
release. ThIS compound failed to alter spontaneous [3H]DA 
release, or release sttmulated by 1 mM TCP. over a broad 
range of concentrations (10 nM - 1 mM). Th:'s, by Itself. 
Inhlblllon of the DA uptake camer cannot account for effects 
of Tep (or PCP) m cultures. Further, aIthough MK-80l has 
been reported to he 250-fold less potent than PCP as an mhlbi
tor of [lH]DA uptake lOto stnatal synaptosomes (Snell et al. 
1988), the two compounds had sllrular potency m evokmg 
[3H]DA release from the cell cultures. ThIs findmg also 
argues agams! an action at the DA uptake site. 

The ampbetamme-hke class of stimulants can mdu,ce DA 
release from tlssue shces by a counter-transport process 
(reversai of the DA uptake camer). ThIs amphetamme-evoked 
release can be blocked by the DA uptake blocker nomlfensme 
(Vlckroy and Johnson 1982). However, a slmtlar mechamsm 
may not sausfactonly explam DA-releas1Og effects of the 
PCP-like compounds, s10ce PCP-mduced DA release from 
stnatal slices was not blocked by nomlfensme (Vlckroy and 
JohnM>n 1982). In the mesencephallc cell cultures, the DA 
uptake blocker GBR 12909 also falled to black TCP-evoked 
[lH]DA release. Thus. It IS unbkely that DA-releasmg effects 
of the PCP-like compounds are medlated by a counter
transpon mcchanism. 

From prevlous reports, It has not been c1ear whether the 
DA-releasmg effect of PCP-ltke compounds m studles on 
mtact bratn was related to a dIrect effect of the ligands on the 
dopammerglc neuron or to activation of a pathway afferent to 
the DA-releasmg cell The mesencephaIlc cultures provide a 
model for assessmg dIrect effeets of compounds on dopa
mlnerglc neurons. We have prevlOusly shown that low con
centrations (1-10 /lM) of PCP and MK-801 mhlblt 
NMDA-evoked [3H]DA release (Mount et al. 1990); 10 the 
present srudy, low concentrations of the se PCP-hke drugs had 
no effeet on spontaneous PH]DA release from cell cultures. 
Higher (~loo "M). anaesthetlc concentrations of PCP-hke 
drugs caused [3H]DA release from the cells This effect on 
spontaneous release was not lnhibned by TIX and was there
fore hkely medlated by a direct action on the dopaminerglc 
neurons themselves Although the neurochemlcal mechanlsm 
underlymg PCP-mduced PH]DA release from cell cultures 
rerruuns unclear, 115 pharrnacologlcal prome does not resemble 
known effects of PCP at the PCP receptor or sigma bmdmg 
sIte, DA uptaJce sUes or voltage-regulated Na ... , Ca2+, or 
Ca2 + -actJvatcd K + channels. At least part of the actions of 
these compounds m mesencephallc cell cultures may mvolve 
blockade of voltage-regulated K+ channels. The relatlvely 
large concentrations reqUlred to evoke the release m cell cul
ture and the pharmacologlcal prome of thls release (I.e., 
actlvity of DTG, lack of stereoselecuvlty for dlOxadrol enan
tlomers. ITX msensltlvlty) differ from the charactenstlcs of 
the potent DA-releasmg effec15 of PCP observed m the mtact 
rat bram (Deutch et al. 1987: French and CecI 1989; Rao 
et al. 1989: Wood and Rao 1989). This would suggest thnt 
polysynaptlc mechanlsms, rather than direct effec[s of PCP on 
dopamlllerglc neurons, may be responslble for PCP modula-
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tion of dopal1'linerglc transmission in the Intact brain. 
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SUMMARY 

In the presence of 1.2 mM M92+, glycine (30-100 ~) inhibited 

[3H]dopamine ([3H]DA) release stimulated by N-methyl-D-aspartate (NMOA), 

from fetal rat mesencephalic cell cultures. Strychnine (1 pM) blocked 

the inhibitory effect of 100 pM glycine, indicating an action via 

strychnine-sensitive inhibitory glycine receptors. A higher 

concentration of strychnine (100 ~) by itself inhibited NMDA-evoked 

[3H]OA release in the presence or absence of Mg2+. Spontaneous [3H]OA 

re1ease and [3H]DA release stimulated by kainate and qui squal ate were 

unaffected by glycine (~ 100 pM) or strychnine (~ 100 pM), indicating 

that glycine and strychnine modu1atory effects are on1y associated with 

the NMOA receptor subtype. [3H10A release evoked by K+ (56 mM) was 

unaffected by glycine (~ 100 pM), but was attenuated by a high 

concentration of strychnine (100 ~M). 

In the absence of exogenous Mg2+, glycine (30-100 ~M) potentiated 

NMOA-evoked [3H10A re1ease by a strychnine-insensitive mechanism. A 

selective antagonist of the NMOA-associated glycine receptor, 7-

ch1orokynurenate (10 pM), attenuated NMOA-evoked [3H10A release in the 

absence of Mg2+. The effect of la pM 7-chlorokynurenate was overcome by 

1 ~ glycine. Also, when tested in the presence of 1.2 mM Mg 2+ and 1 ~M 

strychnine, 100 ~ 7-chlorokynurenate inhibited NMOA-evoked [3H]DA 

release and this antagonism was overcome by 30 to 100 ~ glycine. 

These results indicate that two distinct glycine receptors 

modulate NMOA-stimulated [3H]OA-release from mesencephalic ce1ls in 

culture. Manipulation of extracellular Mg2+ permits the differentiation 

of a strychnine-sensitive glycine response (inhibition of NMOA-evoked 



( 

( 

( 

102 

[3H1DA releas~) from a strychnine-insensitive glycine responsa 

(potentiation of NMDA-evoked [3H]DA release). It is suggested that 

vo1tage-dependent Mg2+ b10ckade of the NMDA response may al10w for the 

expression of these opposing effects of glycine. 

INTRODUCTION 

The N-methyl-D-aspartate (NMDA) receptor is under the control of 

various modu1ators, including the divalent cation, Mg2+, and the amine 

acid, glycine. Activity at the receptor is subject to voltage-dependent 

inhibition by low millimolar concentrations of Mg2+ (1-4). Thus, the 

blockade of NMDA responses may be alleviated in partially depolarized 

neurons (5). Glycine acts at a strychnine-insensitive site 

al10sterically associated with the NMDA receptor to potentiate NMDA 

receptor-mediated responses (6, a1so reviewed in 7) 

NMDA receptors have been found to mediate release of dopamine (DA) 

or [3H]DA from rat brain slices of substantia nigra (8,9), striatum 

(10,8,11-14) and nucleus accumbens (8,15), from cultured cells of fetal 

rat ventral mesencephalon (16) and in trans-striatal dialysis 

experiments (17). In striatal slices, NMDA receptor activation resulted 

in DA release that was consistent1y inhibited by Mg2+ (10,8,11-13). 

However, exogenous glycine failed to potentiate NMDA-evoked release of 

[3H]DA (18) or endogenous DA (14). Despite this observation, 

kynurenate, an agent that blocks NMDA responses through competitive 

inhibition of glycine binding at the strychnine-insensitive glycine site 
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(19·21) did antagon;ze NMDA~st;mulated [3H1DA re1ease from the slices 

(18). It;s therefore plausible that in the absence of exogenous 

glycine and kynurenate, a potentiating effect of glycine on NMOA

stimulated [3H]OA release is produced by endogenous glycine, present in 

the striatal slice at levels sufficient to maximally saturate this 

glycine binding site. 

Dopaminergic transmission may also be modulated by the actions of 

glycine at an inhibitory (hyperpo1arizing) glycine ,oeceptor, selectively 

blocked by 1 to 10 ~M strychnine (22,23). Strychnine-sensitive glycine 

receptors have been demonstrated in brain regions enriched in 

dopaminergic cell bodies and nerve terminals (24-27) and have been 

implicated in inhibition of DA neuron firing in the substantia nigra 

zona compacta (28,29) and the modulation of DA release from striatum 

(30,10,31, but see 14), substantia nigra (32,9) and ventral tegmentum 

(33). 

We previously reported (16) that NMDA, quisqualate and kaïnate 

each evoked Ca2+-dependent release of [3H]DA from dissociated cell 

cultures of fetal rat mesencephalon. The pattern of antagonist 

selectivity and ionic sensitivity of release stimulated by NMDA, 

quisqualate and kainate suggested that the respo.lses were mediated by 

distinct NMOA and non-NMDA excitatory amine acid (EAA) receptors. 

In this study, we tested effects of glycine on spontaneous and 

EAA-evoked [3H]DA release From mesencephalic cell cultures. We show 

that either inhibitory or potentiating effects of glycine on NMDA-evoked 

[3H1DA release may be demonstrated through manipulation of extracellular 

Mg2+ concentrations. We suggest that it is the unique property of the 
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NMOA receptor to exhibit voltage-dependent Mg2+ blockade that allows 

glycine to produce these opposing effects on the NMOA response. 

MATERIALS AND METHODS 

Materials 

104 

3,4-[8-3H(N)]Dihydroxyphenylethylamine ([3H]DA, 20 Ci/mmol) was 

purchased from New England Nuclear (Boston, MA, U.S.A.). N-methyl-D

aspartate (NMOA), quisqualate, kainate, desipramine hydrochloride and 

pargyline hydrochloride were obtained from Sigma Chemical Co. (St. 

Louis, MO, U.S.A.). Glycine, strychnine phosphate and 7-

chlorokynurenate came from Fisher Scientific (Fair Lawn, New Jersey), 

the New York Quinine Co. (New York, N.Y.) and Research Biochemicals Inc. 

(Natick, MA), respectively. Other chemicals were reagent grade from 

regular commercial sources. 

Methods 

Dissociated cell cultures were prepared from anterior ventral 

mesencephalic tissue of Sprague-Dawley rat fetuses (gestation day 15), 

as previously described (34). Cell cultures were grown in 24-well 

Multiwell plates (fetal tissue from a single dam was divided between 24 

to 36 culture wells) in 0.5 ml Dulbecco's modified Eagle's medium, 

supplemented with 10% v/v fetal calf serum and 20 mM KC1. 
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After 6-7 days in culture, cells were rinsed with Krebs-Ringer

HEPES buffer (KRH: pH 7.4 composed of (mM): NaCl, 125; KC1, 4.8; HEPES, 

25; NaOH, 5; MgS04, 1.2; KH2P04, 1.2; O-glucose, 5.6; CaC12, 2.2; 

pargyline, 0.1; ascorbate, I.O.) and loaded with [3H]OA (50 nM, 20 min 

incubation), in the presence of desipramine (50 pM). After [3H]DA 

loading, each well was rinsed 4 timas with KRH. KRH buffer from a 5 min 

incubation (spontaneous release period), followed immediately by a 5 min 

incubation in the presence of an EAA agonist (stimulated release 

period), were collected, and [3H]DA release was quantitated by measuring 

radioactivity in each aliquot of buffer colle~ted. In earlier work, 

more than 95% of the radioactivity detected in buffer collected after 

spontaneous and glutamate-stimulated release periods was determined by 

HPlC to be [3H1DA (34). Also, more than 90% of the total cel1 content 

of tritiat(~d species, assayed invnediately before release collection 

periods, was found to be [31110A. Following release incubations, 

radioactivity remaining in the cells was extracted by 30 min incubation 

with acidified ethanol (95% ethanol/5% 0.1 M HC1,. When antagonists 

were tested, cel1s were exposed to these during the spontaneous re1ease 

incubation as well as during exposure to the agoni st. In expe~iments 

performed in the absence of Mg2+, MgS04 was omitted from the KRH buffer. 

For data presentation, spontaneous [3H]DA release (typica11y 3-5% 

of total intracellular [3H]DA stores) was subtracted From release 

stirnulated by the EAA agoni st. The net release evoked by the agonist 

was expressed as a % of the total [3H]DA uptake into cells. Reported 

values are means of at least six determinations {six cel1 culture wells 

from fetal tissue of four or more pregnant dams}. Statis~ically 

significant differences between means were determined by Student's t-
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test for unpaired observations, or by one-way analysis of variance and 

post-hoc Newman-Keuls test for multiple comparisons, as appropriate. 

The accepted level of statistical significance was a-O.OS. 

RESULTS 

Effects of glycine on EAA- and K+-evoked [3H]DA release 1n the presence 

of 1.2 mM Mg2+ 

As we have previously reported (34,16), NMOA (100 pM) (Fig. 1), 

qUisqualate (la pM), kaïnate (100 pM) and K+ (56 mM) (Table 1) 

stimulated [3HlOA release from mesencephalic cell cultures. In the 

presence of 1.2 mM Mg2+, exogenous glycine (30-100 pM) selectively 

blocked the NMOA response (Fig. 1) without affecting spontaneous [3HlDA 

release, or [3HlOA release stimulated by quisqualate, kainate, or K+ 

(Table 1). Strychnine (0.1 to 1 pM) induced a concentration-dependent 

blockade of this inhibitory effect of glycine (Fig. 2A). 

Control experiments showed that in the absence of exogenous 

glycine, the NMOA response was unaffected by 1 or la pM strychnine, but 

was blocked by 100 pM strychnine (Table 2). This confirms that 1 pM is 

art appropriate concentration of strychnine to test strychnine

sensitivity of glycine's inhibitory effect on the NMOA response, as in 

Fig. 2A. Quisqualate- and kainate-evoked [3H]OA release were unaffected 

by strychnine (1 ~M [data not shownl to 100 pM} (Table 2). K+-induced 

[3H]DA release was unaffected by 1 pM strychnine (data not shown), but 

was partially attenuated by 100 pM strychnine (Table 2). 
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Il 

Il 
a NMDA (100 J.l.M) + 1.2 mM Mg2+ 

• . NMDA (100 J.l.M) + 0 Mg2+ 

\1 
. 1 1 10 100 

[ GLYCINE] (J.l.M) 

Effect of glycine on ~3H]DA release evoked by NMOA, in the 
presence of 1.2 mM Mg + and under nom; na 11 y Mg2+ - free 
conditions. Cells were exposed to glycine (0.1-100 l'M) during 
the spontaneous i ncubat i on and in the presence of NMOA (100 
~) • Spontaneous [3H]OA rel ease has been subtracted from 
[3H]DA re1ease stimulated by NMOA. Results are the means ± SEM 
from six to twelve cultures. 
'If p<.05, compared ta control NMOA-evoked [3H1DA release. 
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TABLE 1 

Effect of glycine on spontaneous [3H]DA release and on [3H]DA release 

evoked by quisqualate, ka1nate and K+ 

Spontaneous [3H]DA release and release in the presence of glycine, 

quisqual ate, kainate or K+ were collected in standard KRH, or in KRH 

containing 100 pM glycine. Spontaneous [3H]DA release has been 

subtracted from release evoked by the test compound. The resultant 

stimul ated rel ease 15 expressed as a percent age of total [3H1DA uptake 

into cells. Each value is the mean ± SEM from six to eleven cultures. 

Test compounds 

Glycine (100 pM) 

Quisqual ate (10 pM) 

Qui squa l ate (10 pM) + glycine (100 l'M) 

Kainate (100 l'M) 

Kainate (100 pM) + glycine (100 1lM) 

K+ (56 mM) 

K+ (56 mM) + glycine (100 ",M) 

Stimulated [3H1DA release 

(% intracellular [3H]DA stores) 

-0.15 ± 0.3a 

4.3 ± 0.2 

b 3.8 ± 0.3 

11.7 ± 0.9 

b 11.7 ± 1.0 

26.8 ± 0.9 

b 28.8 ± 1.6 

a No di fferent from spontaneous [3H1DA release 
b No different from [3H]DA release evoked by the test compound ln the 

absence of glycine 
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Release stimulated by NMOA in the presence of 1.2 mM Mg2+ was 

antagonized by 100 l'H 7-chlorokynurenate, a selective antagonist of the 

glycine binding site associated with the NMOA receptor (35,36) (Fig. 

28). Exogenous glycine reversed the inhibition of NMOA-evaked [3H10A 

release by 7-chlarokynurenate, wh en the effect of 30 ta 100 pM glycine 

was assessed in the presence of 1 ~ strychnine (Fig. 2B). 

Effect of glycine on NMOA-evolced [3H10A release in the absence of M92+ 

When tested in the absence of Mg 2+, rather than being i nhibi ted by 

glycine, the NMOA response was potentiated by 30-100 pM glycine (Fig. 

1). [As wehave previouslyfound (16), removal of Mg2+, by itself 

reduced the control NMOA res~onse (compare control NMOA-stimulated 

[3H10A release in the presence and absence of added Mg2+ in Fig. 1)]. 

Strychnine (1 "M) failed ta alter the patentiating effect of 100 ILM 

glycine on NMOA-stimul ated [3H]OA rel ease in the absence of Mg2+ (Fig. 

3A). As observed in the presence of Mg2+, a higher concentration of 

strychnine (100 pM), when tested by itself, also attenuated NMOA-evoked 

[3H10A release in the absence of Mg2+ (Fig. 3A). 

In the absence of bath exogenous Mg2+ and strychnine, 10 l'M 7-

chlorokynurenate attenuated the [3H]OA release evoked by NMOA (Fig. 38). 

This inhibition was overcome by 1 pM glycine. 
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Fig. 2. Effect of glycine +/- strychnin~ on [3H]DA release evoked by 
NMOA (A) and effect of 7-chlorokynurenate (7-Cl-KYN) (+ 
strychnine) on the potentiation by endogenous glycine of the 
NMOA response (8), in the presence of 1.2 mM Mg2+. Ta assess 
the inhibitory effect of glycine on NMDA-evoked [3H]DA release, 
cells were exposed to glycine (100 pM) +/- strychnine (0.1 or 1 
pM) during the spontaneous incubation and in the presence of 
NMDA (100 #M). To assess competitive inhibitory effects of 7-
Cl-KYN on the potentiation of NMDA-evoked [3H]DA release by 
endogcnous glycine, cells were exposed to strychnine (1 pM) and 
7-Cl-KYN (100 pM) +/- glycine (30 or 100 pM) during the 
spontaneous incubation and in the presence of NMOA (100 pM). 
Spontaneous [3H]DA release has been subtracted from [3H]OA 
release stimulated by NMDA. Results are the means ± SEM from 
ni ne to twenty one cul tures. 
* p<. 05, compared tD contra 7 NMD4-evoked [3H1DA re7ease. 

--_. - -------



& 

o 

-

-

111 

TABLE 2 

Effect of strychnine on spontaneous [3H]DA release and [3H]DA release 

evoked by NMDA, quisqualate t kainate and K+ 

Spontaneous [3H]DA release and release in the presence of strychnine (1 

or 100 ~M), NMOA, quisqualate, kainate or K+ were collected in standard 

KRH, or in KRH containing the indicated concentration of strychnine. 

Spontaneous [3H]DA release has been subtracted from release evoked by 

the test compound. The resultant stimulated release is expressed as a 

percentage of total [3H]DA uptake into cells. Each value is the mean ± 

SEM from six to twelve cultures. 

Test compounds 

strychnine (1 ~M) 

strychnine (100 ~M) 

NMDA (100 ~M) 
NMDA (100 ~M) + strychnine (1 ~M) 

NMDA (100 ~M) + strychnine (la ~M) 
NMDA (100 ~M) + strychnine (100 ~M) 

Quisqualate (10 ~M) 

Stimulated [3H1DA release 
(% intracellular [3H1DA stores) 

-0.3 ± O.4a 

1.0 ± 0.5 

7.S±O.8 

8.0 ± 1.3 

5.8 ± 0.9 

0.8 ± O.2a,b 

Quisqualate (la ~M) + strychnine (100 ~) 
4.3 ± 0.2 

4.3 ± 0.2 

Kainate (100 ~M) 

Kainate (100 ~11) + strychnine (100 l'M) 

K+ (56 mM) 
K+ (56 mM) + strychnine (100 l'M) 

a No different from spontaneous [3H]OA release. 

11.7 ± 0.9 

10.6±0.7 

26.4 ± 0.7 
b 18.9 ± 0.9 

b p<.OS versus [3H]OA release stimulated by the test compound in the 
absence of strychnine. 

--- - ~----~~-----------
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Fig. 3. Effect of glycine +/- strychnine on [3H]DA release evoked by 
NMOA (A) and effect of 7-chlorokynurenate (7-Cl-KYN) on the 
potentiation by endogenous glycine of the NMDA response (B), 
under nominally Mg2+-free conditions. To assess the 
potentiating effect of glycine on NMDA-evoked [3H]DA release, 
cells were exposed to glycine (100 ~M) +/- strychnine (1 or 100 
~M) during the spontaneous incubation and in the presence of 
NMOA (100 ~M). To assess competitive effects of 7-Cl-KYN on 
the potentiation of NMOA-evoked [3H]DA release by exogenous , 
glycine, cells were exposed to 7-Cl-KYN (la ~M) +/- glycine (1 
~M) during the spontaneous incubation and in the presence of 
NMOA (100 ~). $pontaneous [3H]OA release has been subtracted 
from [3H]DA release stimulated by NMOA. Results are the means 
+ SEM fram nine ta twelve cultures. 
'* p<.05, compared ta control NMDA-evoked [3HJDA release. 
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t1II 



113 

DISCUSSION 

Results from this study indicate that two distinct glycine 

receptors may modulate NMOA-stimulated [3H1DA release from fetal rat 

mesencephalic cells in culture. Manipulation of extracellular Mg2+ 

permitted the differentiation of a strychnine-sensitive glycine response 

(inhibition of NMOA-evoked [3H10A release) from a strychnine-insensitive 

glycine response (potentiation of NMOA-evoked [3H]OA release). By 

itself, glycine did not affect spontaneous [3H]OA release. 

In the presence of Mg2+, the antagonism of NMOA-stimulated [3H]OA 

release by 100 pM glycine was probably mediated by the classical 

inhibitory glycine receptor, as the effect of glycine was blocked in a 

concentration-dependent manner by low concentrations of strychnine (0.1 

or 1 pM). The inhibitory effect of 100 pM glycine was selective for the 

release evoked by NMOA. It was not observed for quisqualate-, kainate

or K+-stimulated [3H10A release. This observation suggests that the 

NMOA response may be selectively sensitive ta hyperpolarizing effects of 

inhibitory glycine receptor activation on membrane potential. A less 

likely possibility is that glycine might interact with the NMOA receptor 

itself to produce the observed inhibition. 

To determine which of the se mechanisms might explain the 

selectivity for NMOA responses, effects of glycine were compared in the 

presence and absence of Mg2+. Extracellular Mg2+ was manipulated 

because activity at the NMOA receptor 1s characteristically inhibited by 

low millimolar concentrations of Mg2+, in a voltage-dependent manner (1-

4). We have previously shown (16), and confirm in the present study, 

that under our culture conditions, NMOA-evoked [3H]OA release ;s not 
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inhib1ted by Mg2+ (1.2 mM) (but 1s actually enhanced relative to NMDA

evoked [3H]DA re1ease in the absence of Mg2+). However, when ongoin9 

e1ectrica1 activity in the cultures 1s dampened by lidocaine or 

tetrodotoxin, the NMDA response does become Mg2+-sensitive (16). An 

explanation for the enhancement of the NMDA response in the presence of 

1.2 mM Hg2+ (and absence of tetrodotoxin or lidocaine) remains e1usive, 

but specu1atively, may be re1ated to the maturational state of cell 

cultures as described for cortical ce11 cultures by Frandsen et al. (37) 

or to protection by Mg2+ against receptor desensitization induced by 

tonic stimulation of NMDA receptors. The critical observation with 

respect to the present study is that the NMDA receptor modu1ating [3H1DA 

release is sensitive to the blocking effect of Hg 2+, but that tonic 

depolarization of the ce11 cultures overcomes Hg2+ blockade of the NMOA 

response. 

When tested in the absence of Hg2+, glycine fai1ed to inhibit the 

NHDA response. This observation indicates that the inhibition by 

glycine (in the presence of Hg2+) was probab1y not mediated by a direct 

interaction of glycine with the NMOA receptor. Rather, it is consistent 

with the suggestion that when 1.2 mM Mg2+ is present, glycine 

hyperpolarizes NMDA-responsive neurons through activation of strychnine

sensitive glycine receptors, a1lowing M92+ b10ckade of the NMDA 

response. It appears that if the mechanism by which Mg2+ b10cks the 

NMDA response is eliminated (e.g. by doing the experiment in 0 Mg2+) , 

inhibitory effects of glycine on the NMOA response are 10st. In the 

intact brain, it i5 possible that convergent depolarizing inputs onto 

NMDA-responsive neurons may, under certain conditions, sufficiently 

counteract the hyperpolarizing effects of glycine 50 that the voltage-
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dependent Mg2+ blockade, and hence the inhibitory effects of glycine, 

May be overcome. With alleviation of the Mg2+ blockade, the action of 

glycine at the strychnine-insensitive site would become evident. Thus, 

in the presence of glycine, the NMDA response May vary from a completely 

inhibited response to a glycine-potentiated response, depending on the 

presence or absence of other depolarizing inputs that May modulate the 

Mg2+ b 1 ockade • 

In the absence of Mg2+, glycine did not inhibit, but enhanced 

NMOA-evoked [3H]OA release, through a strychnine-insensitive mechanism. 

This suggests th~t the NMOA receptor stimulating (3H1DA release is 

associated with a strychnine-insensitive glycine site, capable of 

potentiating the NMOA response. Consistent with this notion and as 

previous1y reported in a simi1ar experiment that tested the effect of 

kynurenate on NMOA-stimu1ated [3H10A release from striata1 slir.es (18), 

we observed that 7-ch1orokynurenate antagonized NMOA-evoked [3H]OA 

re1ease, in the absence of exogenous glycine, and that the 7-

chlorokynurenate antagonism was reversed by addition of glycine (both in 

the presence and absence of 1.2 mM Mg2+). It has been proposed that the 

potentiating action of glycine at the strychnine-insensitive al10steric 

site on the NMOA receptor May be an abso1ute requirement for NMOA 

receptor activation (38,39). Thus, in the absence of exogenous glycine, 

7-ch1orokynurenate presumab1y inhib1ts NMOA-evoked [3H1DA re1ease by 

antagonizing the action of endogenous1y re1eased glycine at this site. 

Both spontaneous and EAA-evJked re1ease of endogenous glycine have been 

observed from primary cultures of striata1 neurons (40). It is 

conceivable that mesencepha1ic cells a1so re1ease glycine at 1eve1s 

sufficient to al10w NMOA receptor-mediated [3H]OA release and b10ckade 
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potent agonist at the NMDA receptor-associated site than at the 

strychnine-sensitive glycine receptor, in this system. These results 
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suggest that the tonie effect of glycine in this system is ta 'potentiate' ,,((., 

the NMOA response. Stimulation of glycine release may be required to 

e1ieit the strychnine-sensitive effect of glycine-induced inhibition of 

the NMDA response. This hypothesis may explain the failure of 

strychnine alone to potentiate NMDA-evoked [3H]DA release in the 

presence or absence of exogenous Mg2+. 

Strychnine by itse1f inhibited the NMDA-evoked [3H1DA release from 

ce11 cultures, at a concentration of strychnine (100 pM) much higher 

than that needed to block the strychnine-sensitive glycine receptor (1 

pM). Araneda and Bustos (9) have recent1y reported that NMDA-evoked 

[3H]DA re1ease from substantia nigra slices was both attenuated by la pM 

strychnine and tetrodotoxinftsensitive. They suggested, on this basis, 

that the DA releasing effect of NMDA in the substantia nigra may be 

mediated via a trans-synaptic mechanism involving glycinergic neurons. 

However, in mesencephalic cel1 cultures, we have shown that NMDA-induced 

[3H1DA re1ease is not tetrodotoxin-sensitive when tested in the absence 

of exogenous Mg2+ (16). Thus, in the present study, strychnine 

sensitivity of NMDA-evoked [3H]DA release probably does not indicate 

involvement of glycinergic interneurons, but may instead be related to 

the vo1tage-dependent b10ckade of NMDA-activated cationic channels 

produced by higher concentrations (20 to 60 pM) of strychnine (41). The 

inhibition of K+-stimulated [3H1DA re1ease by 100 pM strychnine 

indicates that while high concentrations of strychnine may not interact 
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w1th other EAA receptor subtypes, they do not interact selectively with 

the NMDA receptor. 

In summary, the present data indicate that both strychnine

sensitive and strychnine-insensitive glycine receptors are present on 

rat mesencephalic ce1ls in culture. Strychnine-sensitive glycine 

receptors inhibit NMDA-stimulated [3H]OA release, while strychnine

insensitive glycine receptors potentiate NMOA-evoked [3H]DA release. It 

has previously been observed that the ability for Mg2+ to produce a 

vo1tage-dependent b10ckade of the NMOA receptor a110ws the NMDA receptor 

ta act as an "input-sensitive amplifier of excitatory synaptic 

responses" (i.e. a small depolarizing input may a11eviate the Mg2+ 

b10ckade so as to permit activation of an NMOA response) (42). We 

suggest that in a system regulated by bath inhibitory and potentiating 

glyc;ne receptors, the dual influence of glycine could a1low for even 

further input-sensitive amplification of the NMOA response. 
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8. GENERAL DISCUSSION 

Experiments in this thesis delOnstrate EAA-regulation of DA 

release in a dissociated DA cell culture system. Prototypic EAA 

agonists, NHOA, quisqualate and kainate, as well as the naturally 

occurring EAAs glutamate, aspartate, HCA, HCSA, CA and CSA stimulated 

Ca2+-dependent [3H10A release through actions at multiple EAA receptor 

subtypes. Pharmacologica1 characteristics of these receptors were found 

comparable to those observed in other in vitro and in vivo studies on 

neural tissue. Differences in the in vitro ontogenie profile (see 

Appendix A) and antagonist-sensitivity of responses to NMOA, quisqualate 

and kainate favour the conclusion that distinct receptors for each 

agonist are present. 

Aspartate induced [3H10A re1ease exc1usively through its actions 

at the NHOA receptor. However, glutamate and the su1fur-containing EAAs 

had mixed agonist effects. Each of these compounds activated NMOA 

receptors at 10w EAA concentrations. Non-NMOA receptors were recruited 

by higher concentrations. The results of this study are entire1y 

consistent with a recent ana1ysis of dose response curves for activation 

of EAA receptor subtypes on mouse cultured hippocampal neurons by these 

agonists (Patneau and Mayer 1990). 

The observation that [3H10A release stimulated by each of the 

prototypic EAA agonists (inc1uding NHOA, when tr~ted under nomina11y 

Mg2+-free conditions) was TTX-insensitive is strong evidence for a 

localization of NMOA and non-NMOA receptors direct1y on the [3H]OA 

releasing ce11s. Surprising1y, NMOA-evoked [3H10A re1eas~ was TTX

sensitive when the test was made in the presence of 1.2 mM Mg2+. 
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Together, these findings suggest a ro1e for ttegenerative Na+ action 

potentials 1n depnlarizing the DA-releasing cell to relieve NMOA 

receptor b10ckade by Mg2+. They a1so suggest that a residua1 presence 

of Mg2+ in tissue 51ice preparations might explain differences between 

in vitro studies on the TTX-sensitivity of NMOA responses. 

A more physiological1y relevant examp1e of the ro1e played by Mg2+ 

in regu1ating the NMOA response was revea1ed when NMOA-evoked [3H10A 

re1ease was tested in the presence of exogenous glycine. Although 

glycine did not affect spontaneous, quisqua1ate, kaïnate or K+-evoked 

[3Hl0A release, it either inhibited (through a strychnine-sensitive 

glycine receptor) or potentiated (through allosteric interaction with 

the NMOA receptor) NMOA-evoked [3Hl0A release, depending upon the 

extrace11ular Hg2+ concentration. The most parsimonious exp1anation for 

these data would be that in the presence of 1.2 mM Mg2+, glycine 

hyperpolarized neurons sufficient1y ta ensure voltage-dependent blockade 

of the NMOA receptor by Mg2+. Under nomina1ly Mg2+.free conditions, the 

NMOA receptor cou1d no longer be blocked by Mg2+, so only the 

patentiating effect of glycine at the NMOA receptor was observed. 

like other NMDA responses reported in the lïterature, NMOA-evoked 

[3H10A release was inhibited by a low mi1limolar concentration of Mg2+. 

Hawever, it required the presence of an agent that blacks action 

potentia1s (e.g. TTX or 1idocaine) to reveal this property. A puzzling 

aspect of NMDA-evoked [lH1DA release from the mesencephalic cell 

cultures is that in the absence of TTX, the response measured in the 

presence of 1.2 mM Mg2+ was greater th an release in the absente of 

exogenous Hg2+. The reason for this potentiation of the NMOA response 

is unclear. Frandsen et al. (1989) have observed that after four days 
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in vitro, 10 pM glutamate-elicited 45C.2+ uptake was enhanced in 0.5 mM 

Mg2+ relative to uptake in 0.1 mM Mg2+, in immature neurons from rat 

cerebral cortex (Frandsen et al. 1989a). They found that Mg2+ inhibited 

NMDA responses in more mature (8 to 14 days in vitro) cultured neurons 

(Drejer et al. 1987; frandsen et al. 1989b). In the mesencepha1ic ce11 

cultures, no such maturationa1 change in the sensitivity of NMDA 

responses to the blocking action of Mg2+ (in the absence of TTX or 

lidocaine) has been observed over the first 10 days in culture 

(unpublished observations). The possibility of subsequent changes in 

the NMDA response remains to be studied. To address this issue, it will 

be necessary to adopt long-term culture conditions (see section 8.2.2). 

Finally, the present studies demonstrated that high concentrations 

(~100 pM) of PCP and related compounds evoked [3H]DA release from 

cultures by a TTX-sensitive mechanism, independent of actions at the pep 

receptor, sigma binding site, dopamine uptake system, Ca2+ or Na+ ion 

channels. The functiona1 signifieanee of this finding is unclear and an 

understanding of exactly how PCP and MK-801 stimulate [3H]DA release 

from cell cultures remains elusive. However, the data in this thesis do 

not pree1ude blockade of K+ channels (causing a delay in repolarization 

and hence prolongation of the action potential) as a contributing 

mechanism and the relative potencies of pep and 4-AP in stimu1ating 

[3H1DA release corresponds to their potencies as K+ channel-blocking 

drugs. The pharmacologica1 profile of PCP-induced [3H]DA re1ease from 

the cultures differs from moderate dose effects of PCP and its analogs 

on DA release ex vivo (Rao et al. 1988,1989,1990; Wood and Rao 1989) and 

on firing rate of AI0 dopaminergic neurons in vivo (French 1989; French 

and Ceci 1989). PCP-evoked [3H]DA release from ce11 cultures does not 
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model the se effects in the intact brain. Our results suggest that the 

latter 1ike1y invo1ve po1ysynaptic mechanisms, rather than direct 

actions of the compounds on dopaminergic neurons. 

Sulzer and Rayport (1989) have also examined the effect of PCP on 

mesencepha1ic ce11 cultures. These authors hypothesized that PCP, 

amphetamine, and severa1 other weak bases might enter the ce11 by 

diffusion and alter the equi1ibri~m between vesicu1ar and nonvesicular 

DA pools so as to favor its outward diffusion from vesic1es. This wou1d 

increase the pool of free intraneurona1 DA accessible to diffusion from 

the ce11. They noted that uptake of monoamine transmitters into 

synaptic vesic1es is driven by an interior acidic pH gradient and they 

observed neutra1ization of granule transmembrane proton gradients and 

time-dependent a1ka1inization of acidic intrace11u1ar compartments in 

the presence of PCP. 

This exp1anation is not fu11y satisfactory. Entry of stimulants 

into the ce11 by diffusion does cause increased free DA concentrations. 

However, subsequent diffusion of free intraneurona1 DA out of the ce11 

requires operation of the DA uptake carrier (in a reverse direction). 

Under conditions of carrier blockade, no increase in DA eff1ux is seen 

(Fisher and Cho 1979; present study). The high concentrations of PCP 

studied by Su1zer and Rayport (1989) and in this thesis are much higher 

than those required to block the DA uptake carrier (i.e. 1C50 2.4 ~M; 

Boyd and Schwarz 1989). Also [3H1DA re1ease evoked by PCP ana10g, TCP 

was not affected by the potent DA uptake inhibitor, GBR 12909. Final1y, 

high concentrations of GBR 12909 and na10xone, though weak1y basic, did 

not share the [3H]DA-re1easing property of MK-801 and PCP. 
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The findings summarized above indicate that EAA-stlmu1ated [3H1DA 

re1ease provides a functional measure of EAA receptor function as well 

as an in vitro mode1 of EAA-DA interactions. The broader significanee 

of specifie resu1ts and some planned experiments with the mesencephalic 

cell culture model are diseussed below. 

8.1 Relevante of the present work 

It is potentially hazardous to extrapolate from results in fetal 

rat eel1 culture to the in vivo mature brain. It raises further 

diffieu1ties when an extrapolation is made to the human. However, the 

findings of the present study, in conjunction with the reports outlined 

in the introduction to this thesis (section 1.4.5 "Synaptie loea1ization 

of EAA receptors"), reinforce behavioral indications that EAAs have 

stimu1atory effects on DA systems (section 1.4.3 "Behavioral effects of 

EAAs on dopamine systems"). It is a1so like1y that several EAA receptor 

subtypes mediate these effects and that the receptors are located, at 

1east part1y, on the DA neurons themse1ves. 

A direct action of EAAs on DA neurons complicates the schematic 

organization of EAA-DA interactions recently hypothesized by Carlsson 

and Carlsson (1990). These authors have suggested, mainly on the basis 

of behavioral and psychotomimetic effert.s of uncompetitive NMDA receptor 

antagonists, that effects of EAAs at the 1evel of DA cell bodies and 

within striatum are mediated indirectly through EAA receptors on 

GABAergic inhibitory interneurons. They proposed that GABAergic 

interneurons in the SN inhibit firing of DA neurons, while GABAergic 

interneurons in the striatum are in turn inhibited by the DA afferehts 
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from SN. Accordlng to thelr model, the net effect of EAA agonlsts ls to 

decrease DA transmission. They have suggested, part1y on the basis of 

these neural re1ationships, that EAA agonists could have therapeutic 

potential in the treatment of schizophrenia (Carlsson and Carlsson 

1989a, 1990). The actua1 mechanistlc link (lf any) between 

schizophrenia and disturbances of EAA-DA transmission remains a matter 

of speculation. However, there do appear to be major problems with a 

strategy that proposes the use of EAA agonists in schizophrenia. First, 

Carlsson and Carlsson (1990) argue that DA neurons do not receive EAA 

innervation (but a substantial body of evidence suggests that they do: 

see sections 1.4.1 to 1.4.5) and that any EAA receptors which May be 

present on DA neurons are not tonica11y stimu1ated under physio10gica1 

conditions. Even if the latter assumption were justified, activation of 

any such extraneous receptors by an exogenous EAA agonist May be 

expected to depo1arize the DA neuron and cause enhanced DA turnover. 

Second, the ubiquitous distribution of EAA receptors in the CNS makes it 

difficult to envisage how sper.ific GABAergic neurons wou1d be targeted. 

Third, a pro10nged exposure of neurons to EAAs (or glycine) May be 

expected to have serious neurotoxic consequences. 

The pharmacologica1 profile of PCP-induced DA release in situ 

(e.g. Gratton et al. 1987; Deutch et al. 1987; Wood and Rao 1989; Rao et 

al. 1989, 1990) was not observed in ce11 cultures. However, at high 

concentrations (~lOO ~) PCP and MK-801 induced [3H]DA release by a 

mechanism (most 1ikely b10ckade of K+ channels, resulting in a delay of 

repo1arization) that May have toxicological relevance in chronic users. 

PCP can be remarkably persistent in the body (it has been detected in 

the urine of chronic U5ers up ta 30 days after the 1a5t exposure) and 
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high brain concentrations may be achieved after repeated administrations 

(see review by Gallant and Mallott 1983). This property would limit the 

potential of therapy with PCP-related compounds in excitotoxic disorders 

that might benefit from prolonged EAA antagonist therapy. If K+ channel 

blockade is achieved, continued drug exposure might conceivably 

exacerbate rather than protect against excitotoxic neuronal in jury, as 

has been recently seen with MK-801 (McDonald et al. 1990). 

Beyond questions of clinical relevance, the results from t~is 

thesis provide insights into fundamental issues concerning the 

regulation of EAA receptor activation. For example, the dual 

potentiating and inhibitory influence of glycine on NMDA-evoked [3H]DA 

release may be important in regulating both synaptic specificity and 

neuronal plasticity. The voltage-dependent blockade of the NMDA 

receptor induced by physiological concentrations of Mg2+ allows the 

receptor to act as an "input-sensitive amplifier of excitatory synaptic 

responses" (Young and Fagg 1990) (i.e. a small depolarizing input can be 

magnified to elicit a large NMDA response through alleviation of the 

Mg2+ blockade). Both input-sensitivity and amplification of the NMDA 

responses of dopaminergic cells may be further enhanced by a convergent 

glycinergic innervation of the neurone Thus, glycine may serve an 

important role in regulating the specificity of afferent fibre-DA neuron 

innervation in the ventral mesencephalic area, where neurons in tightly

packed nuclei maintain discrete projections to collectively vast 

terminal field regions. The presence of inhibitory glycine receptors on 

DA neurons could reduce the likelihood of inappropriate neuronal firing 

in response to a depolarizing trigger directed at adjacent neurons (e.g. 

firing induced by diffusion of a neurotransmitter or spreading 
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depo1arization); the hyperpo1arization produced by glycine wou1d 

preserve the Mg2+ b10ckade of the NHDA response. Converse1y, in the 

specifica11y targeted neuron (that receives sufficient depo1arization to 

a11eviate the Mg2+ b10ckade), the action of glycine at the NHDA receptor 

wou1d serve to boost activation of the neuron through a potentiation of 

the response to tonica11y present or re1eased EAA. An NMOA receptor 

conductance is e1icited on1y when presynaptic activity (resu1ting in a 

postsynaptic depo1arization) coincides with postsynaptic NHDA receptor 

activation. Thus, regu1ation of glycine re1ease may present a locus for 

the control of activity-dependent neuronal p1asticity (e.g. in long-term 

potentiation of synaptic activity, certain types of learn;ng, or 

synaptic pruning during the development of neuronal circuitry in the 

neonate [see McDonald and Johnston (1990) for a recent discussion of the 

role of NMDA receptors in the se processes]), particularly in DA neurons. 

Finally, the demonstration of [3H]DA-releasing effects uf HCSA, 

CSA and CA suggests that these EAAs, found to be naturally occurring in 

the ventral mesencephalic region as well as in brain areas innervated by 

dopaminergic projections, may, like glutamate, aspartate and HCA, be 

important endogenous regu1ators of DA turnover in vivo. This finding 

has obvious re1evance in the identification of transmitter candidates at 

excitatory synapses throughout the brain. 

8.2 Future perspectives 

The mesencephalic cell culture model has been shown useful for 

examining acute effects of EAAs on dopaminergic transmission and may 

conceivably be used to study the effects of other putative 
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neurotransmitters and neuromodulators on DA re1ease and/or EAA receptor 

function. For example, the characterization of EAA-regulated [3H]DA 

release undertaken in the present work provided this laboratory with a 

functional system in which to investigate a possible role for protein 

kinase C as a modulator of NMDA responses (Chaudieu et al. 1990). Other 

uses of the mesencephalic cell culture model to study acute and chronic 

regulation of DA release and/or EAA receptor function are illustrated by 

the following examples, currently being studied by the author: 

8.2.1 Acute modulation of DA release 

8.2.1.1 Effects of neuropeptide Y (NP Y) and peptide YY (PYY) on 

spontaneous and fAA-evoked [3H1DA release 

Our laboratory is currently using mesencephalic cell cultures to 

examine potential effects of neuropeptlde Y (NPY) and peptide YY (PYY) 

on spontaneous and EAA-evoked DA release. There are conflicting reports 

that intrastriatal NPY or PYY injection augments striatal DA turnover 

(Beal et al. 1989), while intraventricu1ar injection decreases DA 

turnover in striatum (Vallejo et al. 1987). Others have found 

stimulatory effects on DA release from hippocampus, but not from 

striatum, nucleus accumbens or SN (Drumheller et al. in press). In 

addition, intriguing recent reports suggest that NPY and PYY might be 

potent endogenous ligands for PCP and sigma binding sites {Roman et al. 

1990; Monnett et al. 1990}. Our experiments have tested the hypothesis 

that NPY and PYY have functionally significant effects on DA release 

through interactions at the PCP site within the NMDA/PCP receptor 

complexe Preiiminary results indicate that NPY does not affect 
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spontaneous [3H1DA re1ease, but that high concentrations (~1 ~) of both 

NPY and PYY attenuate NMDA and kainate receptor activation (Mount et al. 

1990). Current efforts are directed at e1ucidating the specificity of 

this effect of NPY, through the use of other peptides, inc1uding NPY 

fragments with varying degrees of se1ectivity for NPY receptor subtypes. 

8.2.2 Long-term modulation of DA release 

The mesencepha1ic cell cultures also present an excellent in vitro 

system for investigating the molecular basls of neuronal sensitization 

and other consequences of chronic drug exposure on the function of DA 

neurons. However, in order to maintain neurons for a prolonged period 

of t~me (up to several weeks) modification of the culture techniques 

used in the present work is required. 

To enhance 10ng-term survival of cultures, it is necessary to 

limit the proliferation of g11a and thereby increase the proportion of 

DA neurons relative to other cell types. In some studies, cel1 cultures 

have been grown in the presence of cytosine arabinoside, an antimitotic 

and cancer chemotherapeut1c drug that competitively inhibits the 

incorporation of 2'-deoxycytidine into DNA (di Porzio et al. 1980; 

Barochovsky and Bradford 1985, 1987a,b). The object of cytosine 

arabinoside treatment is to selectively kill non-neuronal elements that 

are still pro1iferating such as fibrob1asts and glial ce11s, so that 

they do not overrun cultures. However, cytosine arabinoside May also be 

toxic to post-mitotic neurons (Oorschot and Jones 1986; Smith and Orr 

1987; Wallace and Johnson 1989; Martin et al. 1990). An alternative 
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antimitot;c treatment of S-flurodeoxyur;dine + uridine has the advantage 

of not killing neurons (Wallace and Johnson 1989). 

A~other means of reducing glial proliferation is to grow cultures 

in serum-free conditions. Eliminating serum from the incubating medium 

demands precise characterization and replacement of the nutrients and 

trophic factors required for neuronal survival (Dal Toso et al. 1988). 

While serum-free conditions prolong the survival of neuronal cultures, 

the inclusion of fetal calf serum has been shown to produce functionally 

more mature cultures (Ahmed et al. 1983). 

8.2.2.1 Sensitization in dopaminergic neurons: The deve70pment of 

a cell culture model for an enduring hyperdopaminergic 

state 

In both rats and humans, repeated exposure to amphetamine has been 

shown to cause a sens;tized behavioral response and progressive increase 

in DA turnover (measured in rats) in response to a test dose of 

amphetamine (reviewed by Robinson and Becker 1986). Because of 

behavioral and neurochemical parallels between behavioral sensitization 

(also clinically known as amphetamine-psychosis) and paranoid 

schizophrenia, there is great interest in elucidating the molecular 

mechanism(s) underlying these persistent functional changes. In 

addition, other stimuli that directly or indirectly activate 

nigrostriatal and/or mesocorticolimbic DA systems (e.g. neurotensin, 

opiate agonists and stress) also induce behavioral sensitization 

(reviewed by Kalivas et al. 1989a) and reports of cross-sensitization 

between stimuli raises the intriguing possibility of a common mechanism 
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After appropriate modifications of culture techniques so as to 

permit the purification and long-term survival (>14 days) of 

mesencephalic neurons (as described above), it is conceivable that 

[3H]DA turnover in cultures chronically treated with sensitizing stimuli 

May provide a simple in vitro model of this pel~sistent hyperdopaminergic 

state. With such a model, the postulated involvement of specifie 

neurochemical mechanisms (e.g. changes in DA receptor density, or 

increased calmodulin-dependent protein ki"ase activity) could be 

conveniently examined. 
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9. SUNHARY OF CONTRIBUTIONS TO THE LITE~.TURE 

ln this thesis, mesencepha11c cell cultures were used to study EAA 

receptor-mediated acute regulation of dopam1nerg1c transmission. 

Previous work with dissociated mesencephalic cell cultures has shown the 

cells capable of DA synthesis, upt~~e and re1ease in response to high 

concentrations of K+ or veratridine. The ex~eriments reported here 

contribute to establishing a model of DA neuronal function that might be 

used to investigate effects of a wide number of transmitters, 

neuromodulators and second messengers that are suspected to alter 

dopaminergic transmission under precisely contro1led experimenta1 

conditions. The present work may a1so lead to an appropriate model for 

the neurochemical in vitro examination of long-term changes in DA 

transmission (e.g. in behaviora1 sensitization, a syndrome that 

resembles certain types of schizophrenia). 

The novel f1ndings of th1s thesis that contribute most to the 

characterization of EAA-DA interactions in cell cultures and/or to EAA 

receptor lunctton are listed be10w. 

1. Glutamate-stimu1ated [3H]DA release from cell cultures was found to 

resemble glutamate-evoked DA or [3H1DA re1ease in vivo or from 

tissue slices in that it was: 

a. Concentration-dependent. 

b. Ca2+-dependent. 

b. inhibited by an EAA receptor antagoniste 

c. TTX-insensitive. 
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These studies provide evidence that EAA receptors regulating DA 

release are present directly on the [3H1DA-accumulating cells. The 

response was not due to an acute excitotoxic mechanism whereby 

glutamate exposure might result in the osmotic lysis of these ce11s. 

2. A detailed pharmacological characterization of [3H]DA re1ease evoked 

by the prototypic EAA reteptor agonists (NMOA, quisqualate and 

kainate) was presented. These studies revealed that, 

a. multiple EAA receptcr subtypes mediate the [3H]OA releasing 
effects of EAAs. The pharmacological characteristics of 
responses to NMOA, quisqualate, and kainate (shape of 
concentration-response curves, sensitivities to EAA receptor 
antagonists, and to manipulations of extrace1lular ion 
concentr~tions) and the ontogenie profile of responses over 12 
days in vitro (Appendix A) indica~ed that each of NMOA, 
qUisqualate and kainate induced [ H]DA release by a distinct 
EAA receptor subtype. 

b. different effects of TTX (or lidocaine) on NMOA-evoked [3H]OA 
release were obtained in the prese~ce or absence of 
physiological concentrations of Mg +. The Most parsi~onious 
explanation for these data is that when NMOA-e~oked [ H]OA 
release i~ tested in the presence of 1.2 mM Mg +, a 
regenerative Na+ action potential is required to depola2ize 
the DA-releasing cell sufficiently 50 as to overcome Mg + 
blockade of the NMOA receptor. TTX blocks the activation of 
voltage-sensitive Na+ channels 50 that Mgl+ blockade cannot be 
relieved and hence, the NMOA response is prevented. In the 
absence of exogenous Mg2

2
+, the NMDA response was unaffected by 

TTX, since remaining Mg + concentrations were not sufficient 
to block the NMDA receptor. It was suggested that these 
results may, in part, explain differences between other 
reports in the literature on the TTX-sensitivity of NMOA 
responses (see section 1.4.5). 

3. This thesis presents characterization of EAA receptor subtype 

involvement in a functiona1 response (neurotransmitter re1ease) for 

sulfur-containing EAAs (HCA, HCSA, CA and CSA) over a range of 

physiologica1ly relevant concentrations. These data have been 
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a. c~ncentrat; on-response rehtionships and Ca2+ -dependence of 
[ H1DA rel ease evoked by HCA, HCSA, CSA and CA (i n the case of 
HCA and CA, effects of single high concentrations had been 
previously studied in ti ssue sl ice experiments). 

b. that aspartate st ilRU1ated [3H1DA re1ease exc1 us ively through 
act i vat i on of the NMDA receptor. G1 utama te, HCA, HCSA, CA, 
and CSA had mixed agoni st effects. Lower concentrat 1 ons of 
these EAAs induced responses that were blocked by an NMDA 
receptor- select ive antagonist. Higher concentrations 
interacted preferentially with non-NMDA receptors. 

Results from this study are entirely consistent with a subsequent 

electrophysio1og;cal ana1ysis of receptor subtype invo1vement in 

responses evoked by these EAAs (Patneau and Mayer 1990). 

4. PCP and re1ated compounds both potently b10cked NMDA-evoked [3H1DA 

release and, at higher concentrations, stimulated DA release, as has 

been observed in other studies, both in vitro and in vivo. Studies 

reported in thi s thesi s examined severa1 hypothesized mechan; sms for 

the PCP-; nduced enhancement of DA turnover. Blockade of DA 

reuptake, a proposed mechanism for PCP-enhanced DA turnover in 

recent work w1th tissue sUces (Buxton et al. 1989), was not a 

factor in releasing effect seen in the ce11 culture model. 

Similarly, PCP fai1ed to affect DA release by an "NMOA-uncoup1ed pep 

receptor" as suggested on the basis of in vivo studi es of 

mesocort;colimb;c DA turnover (Rao et al. 1989, 1990; Wood and Rao 

1990; Wood et al. 1990). It was concluded that high concentrations 

of PCP-l ;ke compounds (~ 100 pM) may cause TTX-insensitive DA 

re1ease due to their K+ channel-b1ocking actions. Resu1ts of the 
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present work suggest that in situ effects of ~CP on DA turnover are 

probably not due to direct effects of pep on the DA-releasing cell s 

themse 1 ves . 

5. Glycine eUher potentiated or inhibited NMDA-stimulated [3H1DA 

release, depending on the extracellular Mg2+ concentration. 

Specifically, 

a. glycine reduced NMDA-evoked [3H1DA release, through a 
strychnine-sens;tive m~chanism, when the test was made in the 
presence of 1.2. mM Mg +. 

b. NMDA-evoked [3H]DA release was al 50 reduced by 7-
chlorokynurenate, a selective antagonist of the strychnine
insensitive glyci ne site. This antagoni sm was overcome by the 
addition of excess glycine, in the presence of strychnine. 
Thi s observation suggested that glycine simultaneously has 
both potentiating and inhibitory effects on DA-releasing 
cells . 

c. in the absence of exogenous Mg2+, the addition of glycine 
resulted

3 
in potentiation {strychnine-insensitiv~l of NMOA

evoked [ Hl DA rel ease. However, when 1. 2 ntt Mg was present, 
the inhibitory effect of added glycine predominated. 

These data illustrate the functional implications of interactive 

effects of neurotransmi tters and neuromodulators on DA transmi S5 i on. 

More particularly, they demonstrate the input-sensitivity of NMDA 

receptor act;vat ion. 
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APPENDIX A: 

FUNCTIONAL ONTOGENY OF EAA RECEPTORS IN MESENCEPHALIC CELL 

CULTURES 

In experiments of section 4, the pharmacological profiles of 

[3H]DA release evoked by NMDA (100 pM), quisqualate (10 ~M) and kainate 

(100 ~M) were found to differ substantlally from one another. Only 

NMOA-evoked release was sensitive to blockade by the NMDA receptor 

antagonists CPP, PCP, MK-801 and Mg2+ (in the presence of TTX). NMOA

evoked [3H]OA ralease was also more potently blocked by APV and 

kynrenate than was the release induced by quisqualate or kainate. 

Kainate-stimulated [3H1DA release was distinguished from the quisqualate 

response by a greater sensitivity to antagon~sm by kynurenate. In 

addition, GAMS blocked kainate-evoked [3H]OA release but was without 

effect against bath quisqualate and NMDA responses. Finally, under 

nominally Cl--free conditions, quisqualate-stimulated [3H]DA release was 

enhanced while bath NMDA and kainate responses were attenuated. 

Together, the evidence summarized above suggests that distinct 

receptors mediate the [3H]OA release induced by NMOA, quisqualate and 

kainate. However, it remains possible in the case of quisqualate and 

~ainate responses that differences in the relative position of the 

tested EAA agonist concentrations on their respective concentration

response curves may have contributea to the observed patterns of 

antagonist selectivity. To further t~st the notion that NMDA-, 

quisqualate- and kainate-stimulated [3H10A releas~ involved three 
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distinct EAA receptor mechanisms, the in vitro development of 

rp.sponsiveness to EAAs was tracked over a 12 day period in culture. 
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ln Fig. 1, different patterns of development are evident for 

functional responses ta NMDA, quisqualate and kainate over days 2-12 in 
1 

culture. QUisqualate-evoked [3H1DA release was present from days 2-12. 

Kaïnate responses appeared early, peaked at 4 days in vitro and 

subsequently declined, while NMDA responses were late appearing (6 days 

in vitro). The development of the response to 100 pM glutamate most 

closely resembled that of kainate. 

These results indicate that responses to EAAs develop as early as 

day 2 in culture. This finding is consistent with suggestions that EAAs 

may play a role in the early stages of neural development (see review by 

McDonald and Johnston 1990). Resp~nses to quisqualate, NMDA and kaïnate 

develop on different days in culture. This provides strong support for 

the notion that separate receptors med1ate the actions of these three 

agonists on [3H1DA release. The developmental profiie of glutamate

evoked [3H]DA release suggests that this concentration of glutamate may 

interact predominantly with the kainate receptor. The decline of EAA

evoked [3H]D~ release after la days in culture likely reflects the glial 

proliferation and drop in neuronal surviva1 , reported in studies of DA 

cells grown under similar culture conditions (Barochovsky and Bradford 

1987). Glial cells are capable of high affinity [3H]DA uptake (Pelton 

et al. 1981, Barochovsky and Bradford 1987) but do not release 

accumulated [3H1DA in response to depolarizing stimuli (Barochovsk'y and 

Bradford 1987). 
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IZJ 4 d.i.v. 
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GLU (100 J.lM) QUIS (1 a ~M) NMOA ('00 J.lM) KAIN (100 /lM) 

Fig. 1 Ontogenie development of [3H]OA release stimulated by 100 J.lM 

NMOA, 10 /lM quisqualate, 100 J.LM kainate and 100 #lM glutamate, 

over 12 days in cul ture. Results are means from 10-20 cultures_ 

G 
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( APPENDIX B: 

1 

LIST OF ABBREVIATIONS 

ACPD trans-l-aminocyclopentane~l ,3-dicarboxylate 

AMPA o-amino-3~hydroxy-5·methyl-4- i soxazol epropion1c; aci d 

a-mpt o-methyl-p-tyrosine 

4-AP 4 - ami nopyridi ne 

APB 2 -ami no-4-phosphonobutyrate 

APV 0, L-2- ami no-S-phosphonovalerate 

APH D, l-2-amino-7 -phosphonoheptanoate 

Asp L-aspartate (in section 5 only) 

AlP adenosine triphosphate 

Bmax maximum number of ligand binding sites 

(:' CA L-cysteate 

CNQX 6-cyano-7 -nitroquinoxa l ine-2,3-dione 

CNS centra l nervous system 

COMl catechol-O-methyl transferase 

Cpp 3- {2-carboxypiperazine-4-yl )propyl-1-phosphonate 

CSA L-cysteine sul fi nate 

DA di hydroxyphenyl ethyl ami ne (dopami ne) 

DMEM Dul becco' s moji fi ed Eagl e' s med i um 

DNQX 6,7 -dinitroquinoxalinedi one 

DOPAC 3, 4-di hydroxyphenylacet i c acid 

DTG 1,3-di(2-tolyl)guanidine 

EAA excitatory amine acid 

GABA 'Y-aminobutyric acid 

C GP.MS 'Y-D~glutam'ylaminomethyl-sulfonic acid 
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0 GBR 12909 1 ~[2~[Bjs(4~f1 uorophenyl )methoxy]ethyl] -4- [3-
pheny1propyl] piperazine dihydorchloride 

GDEE glutalllate diethyl ester 

Gl u l-glutamate (in section 5 only) 

HA-966 3-amino-l-hydroxy-2-pyrrol idone 

HCA l-homocysteate 

HCSA l-homocystei ne sulfinate 

HPLC hi gh performance 1 i qu i d chroma tography 

5-HT serotonin 

HVA homovanillic acid 

1P3 1,4, S-tri sphosphate 

KAIN kainate (used in section 4 on1y) 

Km Michael i s-Menten constant 

... KRH Krebs-Ri nger-HEPES buffer 
~, .. KYN kynureni c acid (al so 4-hydroxyquino1 i ne-2-carboxyl i c 

acid)(in section 40n1y) 

LAAD l-aromat ic ami no acid decarboxylase 

LDH 1 actate dehydrogenase 

L-DOPA l-dihydroxyphenylacetic acid 

MAO monoami ne oxidase 

MK-801 (+) -S-methyl-lO, Il-di hydro-5H-
dibenzo[a,d]cyc1 ohepten-5, 10- i mine hydrogen ma leate 
(also dizocilpine) 

MPTP I-methyl-4-phenyl pyri d i ni um 

3-MT 3 -metftoxytyrami ne 

NA noradrenaline (in section 3 on1y) 

NMDA N-methy1-D-aspartate 

NPY neuropept i de Y 

• 6-0HDA 6-hydroxydopami ne .. 
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pep 

PDA 

PK 26124 

PVV 

QUIS 

SEM 

SKF 10,047 

SN 

Tep 

TH 

TTX 

Vmax 

VTA 
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phencyc 1 ; d i ne 

cis-2,3-piperidine dicarboxylic acid (a1so cis-PDA 
ln section 3) 

2-amino-6-trifluoromethoxybenzothiazo1 e 

peptide YY 

qUisqua1ate (used in section 4 on1y) 

standard error of the mean 

N-a11ylnormetazocine 

substantia nigra (in section 1 on1y) 

N- [1- (2-thi enyl) -cyclohexyl ]pi peridine 

tyrosine hydroxy1 ase 

tetrodatoxi n 

maximum rate of enzyme activity 

ventral tegmental area 
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APPENDIX C: 

LETTERS OF PERMISSION TO REPRODUCE PUBLISHED MATERIAL 
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