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can result from 
mine in the striatum 
process of release, 

cell firing. Indeed, a close relationship 
between DA release and electrical stimulations of 
axons was clearly established using amperometrical tech- 
niques, with a locally-implanted carbon-fibre electrode, or 
dialysis techniques [ I2,17,47]. The extracellular DA con- 
centration in the caudate nucleus could however be also 
relevant to something other than the electrical activity of 
dopaminergic cells. An increased DA release was even 
observed in the striatum under experimental conditions 
decreasing cell firing in the substantia nigra [43]. Since the 
first proposal by Raiteri et al. [41] that DA could be 
released by a calcium-independent and carrier-mediated 
process, numerous reports have claimed that the firing-de- 
pendent DA release does not explain all the reported 
alterations of the extracellular DA concentration and that 
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A release in the striatum 
ainly because their respec 

cellular DA was difficult to establish. In an attempt to 
discriminate between these two mechanisms of release we 
measured, in vivo, the extracellular DA by the use of a 
push-pull cannula during the superfusion of substances 
known to alter the amine release. Simultaneously, during 
these treatments and using differential pulse amperometry 
(DPA), we evaluated the ability for the DA terminals to 
release DA in response to axonal stimulations. 

An application of cadmium ions was first teste 
validate the method. Indeed only the evoked DA relea 
known to be dependent on the calcium influx. 
tional treatments, reported to preferentially affect 
cium-independent DA release were also tested: 
[26,34] and amphetamine [24,35]. The effect 
treatments were observed on both the basaI extraceIIuIar 



DA and the stimulation-ovoked DA release. 
these treatments already proposed to be specific of one or 
the other of the two DA-releasing mechanisms, we at- 
tempted to differentiate them. 

2. Material and metho 

Wistar male rats weighing about 300 g (Iffa Credo, 
France) were used in this study. Anaesthesia was induced 
by i.p. injection of chiorai hydrate (400 mg/kg) and 
maintained by continuous i.p. perfusion with the same 
substance (50 mg/mi, 1 ml per hour). The animals were 
implanted simultaneously with (i) a push-pull cannula in 
the head of the caudate nucleus, (ii) a carbon fibre eiec- 
trode in close proximity of the cannula tip and (iii) a 
bipolar electrode in the medial forebrain bundle (MFB, 
Fig. 1). The stereotaxic contention was reaiised with a 
David Kopf stand, the coordinates being from the Atlas of 
Albe-Fessard et al. [l]. The following substances were 
used: NMDA and GRR12909 (RBI, USA), suipiride and 
bicuculiine (Sigma, France), kainate (Tocris Neuramin, 
UK) and amphetamine (Cooper, France). 

2.1. S~~perfirsiort procedure 

The alterations of the basal extracellular DA were evai- 
uated using a local superfusion with a push-pull cannula. 
Rats were implanted with a push-pull cannula lowered 
vertically in the head of the caudate nucleus (A: 8.2; L: 3; 
H: 6.5 in mm). The cannuia was supplied (12 pl/min) 
with an artificial cerebrospinal fluid the composition of 

Fig. 1. Diagram of the experimental design allowing simultaneous detec- 
tion of the two types of Dri releasing process. A push-pull cannula was 
implanted verticnlly in the cauaats nucleus of anesthetized rats and 
supplied with an artificial cerebrospinal fluid in which dopamine was 
detected by electrochemical detection after HPLC analysis. A ca?tlon 
fibre electrode was lowered following an oblique axis to obtain a distance 
of about 300 pm between the tips of the two probes. Differential pulse 
am;arometry allowed the detection of the DA released during stimulation 
of Chc ascending dopamine fibres with a stimulatory electrode implanted 
in the lateral hypothamus. 

which has already be 
were collected every 

the first hour the perfusion 
collected samples were anal 

samples collected during t 
ered as representative of t 
centration (100%). 

2.2. Amperometrical procedures 

to axcnal stimulation was evaluated by 
amperometry. Carbon-fibre electrodes w 

[18]. Prior to their implant;t 
were calibrated in vitro in a 
saline solution co 
bit acid. The valu 

on-fibre electrodes 

was carefully removed under binocular lens. The carbon- 
fibre electrode was implatlted following a~1 oblique axis 
with a vie*,* ?il I,, vii& *es close as possible to the tip of the 
push-pull cannula (from 0.2 to 0.5 mm) and lowered 
between 3.0 and 3.5 mm from the cortical surface. The 
Ag/AgCl reference was a silver wire (0.5 mm) coated 
with AgCl by electrolytic treatment and maintained in 
contact with the skull by means of a liquid junction. The 
bar ear was used as auxiliary electrode, After the electrode 
had been implanted in the striatum, differential pulse am- 
perometry DPA was used as described by Gonon [16] with 
the carbon-fibre set to the potential previously determined 
by DNPV (about 80 mV). The differential oxidation cur- 
rent was monitored every second. 

In addition, a bipolar electrode was implanted in the 
MFB containing the DA ascending fibres (coordinates: A: 
5; L: 1.3; Ht :2). Every 4 min, MFB was stimulated for 20 
s by 20 bursts (one per second) of 25 positive square 
pulses, 0.5 ms each, with 25 ms interpulse (40 Hz theoreti- 
cal frequency). Each burst was triggered 300 ms after the 
DPA measurement. 

All the pharmacological treatments were applied by 
addition to the fluid supplying the cannuia. Glutamate 
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Fig. 2. Top: collected DA in successive 20 min fractions. The values (20-40 pg) of the three first fractions col!,~~ ad were averaged and used to deter 

the spontaneous release (100%). All fractions were then recalculated as a percentage of this mean and averaged ( f S&M.) with the corresponding fraction 
of six other animals. Bottom: amperometric signal (sampling = 1 s), obtained on a single animal, from the carbon-fibrc electrode before and during the 
successive 20 s stimulations every 4 min. Each stimulatory pulse train applied to the MFB induced an increase of the oxidation peak restricted to the 
stimulatory period (the evoked DA release). Due to the long duration of the superfusatcs collection (20 min), the MFB stimulation remained without effect 
on the amount of DA collected by the means of the cannula. 
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Fig. 3. Effect of a local persistent superfusion with 100 PM cadmium ions, in the presence of a no ma1 concentration of calcium. on the spontaneous and 
the stimulation-evoked DA release. Cadmium treatment increased the DA collected through the cannula (left) but reduced the stimulation-evoke 
release (right). The control values (100%) are the mean of the values obtained during the pretreatment period. Each value is the mean ) S.E 
corresponding measures obtained from 6 control and 6 treated animals. * P < 0.05. 
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Fig. 4, Load applications (20 min) of 1 mM NMDA and 0.1 mM kainate increase the amount of DA collected through the cannula CDA release) but 
decrease the stimulation-evoked DA release (evoked DA release). Left: amounts of DA collected through the cannula during a local application of 1 mM 
NMDA (UP) and 0.1 mM kainate (down). Right: decreased amplitude of amperometric signal evoked by the MFB stimulation during the same treatments. 
n = 6, P < 0.05. 
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Fig. 6. Blockade of the effect of cadmium and NMDA by a co-superfusion of GBR 12909 (0.5 gM). Experimental design and presentation of results are 
the same as in Fig. 3. n = 6, P < 0.05. 
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Fig. 7. Amphetamine (1 PM) added to superfusing fluid for 20 min increased both the spontaneous (left) and the stimulation. 
Experimental conditions and presentation of results are as described in Figs. 2, 3 and 4. n = 5, * P < 0.05. 
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of DA collected was enhanced (250%) and the 
stimulation-evoked DA release was increased (300%). With 
this dose of amphetamine, the parameters measured re- 
turned to the control values soon after the cessation of the 
treatment. 

In the present study, it was observed that local treat- 
ments within the rat striatum including NMDA, kainate, 
cadmium and amphetamine, can affect in different ways 
the stimulation-evoked DA release as observed by WA, 
and the basal extracellular DA collected through a push- 
pull cannula. These discrepancies suggest that, in the 
experimental conditions used? superfusion and DPA were 
relevant to different molecuka. mechanisms evoked by the 
pharmacological treatments. In a recent study [32] it was 
evidenced that calcium dependency is not a valid criterion 
to discriminate between the various mechanisms releasing 
DA. Indeed, other steps of the DA metabolism (synthesis, 
storage) are dependent on the availability of calcium ions 

reatly interfere with DA release. 

4.1. Eooked DA release 

It is not surprising that cadmium, an agent blocking 
calcium channels, interrupted the firing-dependent DA re- 
lease and many authors reported such an effect of cad- 
mium on the DA release evoked by various agents [3,5]. 
When locally applied, 1 mM NMDA also blocked the 
evoked DA release. This effect, already reported by others 
[13], was presumably due to a direct action of NMDA or 
kainate on DA terminals. Indeed, an indirect effect of GL rl J 
agonists through extracellular DA or GABA could not 
explain our results, since neither sulpiride nor bicuculline 
was able to counteract this NMDA effect. The mechanism 

(right). 

of this reversible action of N DA could be similar to the 
‘depolarization block’ observed at the cell 
In contrast to GLU agonists and cadmium 
appeared to activate the evoked DA release. 
was already described as potentiating th 
dent DA release [17,46,49]. However, that 
really increases the evoked DA release is u 
the action of amphetamine was often descri 
dent of calcium ions. Moreover, it was shown t 
striatal slices, amphetamine inhibits electrically 
[3H]DA release [25]. The slight increase w 
could thus be also due to a wel -known inhibition of the 
DA reuptake [ 15,22]. 

4.2. Extraceliular DA 

In contrast to the effects observed on the evoked DA 
release, the extracellular DA was largely enhanced during 
the application of cadmium, NMDA, kainate and am- 
phetamine. The increased extracellular DA during the first 
hour of cadmium application is not simple to explain. 
However, in the literature also the effect of cadmium is 
controversial, since either a reduction [Sl] or no change [5] 
in basal extracellular DA was reported after cadmium 
application. Furthermore, the same uncertainty about the 
cadmium action comes from observations on other trans- 
mittory systems [21,36,38]. The biphasic effect we ob- 
served (a decrease following an increase) could explain 
these conflicting results. Any way, the ability of GBR12909 
to block the effect of cadmium suggests that the DA 
carrier protein may be involved. The present effect of 
cadmium is to some extent paradoxical, since a superfu- 
sion with a calcium-free medium is well known to reduce 
the basal extracellular DA [28,32,39,50]. This ambiguity 
was addressed in a recent study [32] in which a dramatic 
reduction of the DA synthesis was observed that could be 
responsible for the reduced release. In addition, cadmium 



can indicate a reduced cytosolic DA pool from which 
DOPAC is directly coming [45,52]. It can thus be proposed 
that NMDA, kainate and cadmium activate the carrier-de- 
pendent DA release directly, probably through an alter- 
ation of the sodium gradient rather than through an over- 
loading of the terminal with DA resulting from a vesicular 
displacement of the amine or an increased synthesis. At the 
dose we used (1 PM), amphetamine activated the DOPAC 
efflux 1301, indicating that under these conditions the 
monoamine oxidase was not inhibited and suggesting an 
increase of the cytosolic DA. Furthermore, amphetamine is 
known to enhance the DA synthesis [9,14] and was pro- 
posed to displace the stored DA from the vesicles [4,11]. 
The enhanced carrier-mediated release can thus be ex- 
plained by the means of an overloading of DA terminal 
with the amine. 

dopamine release arc accompanied by seductions in the rciease of 
their intraneuronal metabolites from the rat anterior hypothalamus, 
Naunyn-Sctttiedeberg ‘s Arch. Pharmacol., 339 (1989) 54-59. 
Carboni, E., Impercto, A., I’ewzani, L. and Di chiara, C., Am- 

phetamine, cocaine, phencyclidinc and nomifensine increase extra- 
cellular dopamine concentrations preferentially in the nucleus ac- 
cumbens of freely moving rats, Neuroscience, 28 (1989) 653-661. 
Carrozza, D.P., Ferraro, T.N., Golden. G.T., Reyes, P.F. and Hare, 
T.A., Partial characterization of kainic acid-induced striatal dopaminc 
release using in vivo microdialysis, Braitl Res., 543 (1991) 69-76. 
Chergui, K., Charl@ty, P.J., Akaoka, H., Saunier, C.F., Brunet, J-L., 
Buda, M., Svensson, T.H. and Chouvet, G., Tonic activation of 
NMDA receptors causes spontaneous burst discharge of rat midbrain 
dopamine neurons in vivo, Eur. .I. Neurosci., 5 (1993) 137-144. 
Chetty, C.S., Cooper, A., McNeil, 6. and Rajanna, B., The effects of 
cadmium in vitro on adenosine triphosphatase system and protection 
by thiol reagents in rat brain microsomes, Arch. Emiron. Conlmt. 
Toxicol., 22 (1992) 456-458. 
Chowdhury, M. and Fillenz, M., Presynaptic adenosine A2 and 
N-methybaapartate receptors regulate dopamine synthesis in rat 
striatal synaptosomes, .I. Newochetn., 56 ( 1991) 1783- 1788. 



[9] Demarcst, K,T., Lawson-Wcndling, K.L. and Moore, K.E., D- 
Amphetamine and a-butyrolactone alteration of dopamine synthesis 
in the terminals of nigrostriatal and mesolimbic neurons, Biocktn. 
P/tarmac& 32 (1983) 691-697. 

[lo] Desce, J.M., Godeheu, G., Galli, T., Glowinski, J. and ChCramy, A.. 
Opposite presynaptic regulation by glutamate through NMDA recep- 
tors of dopamine synthesis and release in rat striatal synaptosomes, 
Brain Res., 640 (1994) 205-214. 

[ll] Enna, S.J., Dorris, R.L. and Shore, P.A., Specific inhibition by 
cu-methyltyrosine of amphetamine-induced amine release from brain, 
J. Pharmacol. Exp. Ther., 184 (1973) 576-582. 

[12] Ewing, A.G., Bigelow, J.C. and Wightman, R.M., Direct in viva 
monitoring of dopamine released from two striatal compartments in 
the rat, Science, 221 (1983) 169-171. 

[13] Fomi, C., Dusticier N. and Nieoullon, A., Further contribution to the 
study of corticostriatal glutamatergic and nigrostriatal dopaminergic 
interactions within the striatal network: an in vivo voltammetric 
investigation, Amino Acids, 3 (1992) 53-68. 

[14] Fung, Y.K. and Uretsky, N.J., The importance of calcium in the 
amphetamine-induced stimulation of dopamine synthesis of mouse 
striata in vivo, J. Pharmacof. Exp. Ther., 223 (1982) 477-482. 

[15] Glowinski, J., AKelrod, S. and Iversen, L.L., Regional studies of 
catecholamines in the rat brain. IV. Effect of drugs on the disposi- 
tion and metabolism of ‘H-norepinephrine and 3H-dopamine, J. 
Pharmacol. Exp. Ther., 153 (1966) 30-41. 

[16] Gonon, F., Nonlinear relationship between impulse flow and 
dopamine released by rat midbrain dopaminergic neurons as studied 
by in vivo electrochemistry, Neuroscience, 24 (1988) 19-28. 

[17] Gonon, F. and Buda, M., Regulation of dopamine release by impulse 
flow and by autoreceptors as studied by in vivo voltammetry in the 
rat striatum, Neuroscience, 14 (1985) 765-774. 

[18] Gonon, F,, Navarre, F. snd Buda, M., In vivo monitoring of 
dopamine release in the rat brain with differential normal pulse 
voltammetry, Anal. Chem., 56 (1984) 573-575. 

[19] Grace, A.A., Phasic versus tonic dapamine release and the modula- 
tion of dopaminc system rcsponsitivity: a hypothesis for the etiology 
of schizophrenia, Neuroscience, 41 (1991) l-24, 

1201 Grace, A,A. and Bunncy, B,S., The control of firing pattern in nigrnl 
dopaminc neurons: single spike firing, J, Neurosci., 4 (1984) 2866- 
2876. 

1211 Guan, Y-Y., Quastcl, D.M.J. and Saint, D.A,, Multiple actions of 
cadmium on transmitter release at the mouse neuromuscular junc- 
tion, ca& J. P/~y&l. Pharmucol,, 65 (1987) 2131-2136. 

[%21 Heikkila, G., Orlansky, H., Mytilineau, C, and Cohen, G., Am- 
phetamine: evaluation of d- and I-isomers as releasing agents and 
uptake inhibitors for [ 3H]dopamine and [’ Hlnorepinephrine in slices 
Of rat neostriatum and cerebral cortex, J. Pharmacof. Exp, Ther., 
194 (1975) 47-56. 

[23] Hunt?., Raynaud, J.P., Leven, M. and Schacht, U., Dopamine 
uptake inhibitors and releasing agents differentiated by the use of 
synaptosomes and field-stimulated brain slices in vitro, Biochem. 
Pharmucol., 28 (1979) 2011-2016. 

1241 Hurd, Y.L. and Ungerstedt, U., Influence of a carrier transport 
process on in viva release and metabolism of dopamine: dependence 
on extracellular NaC, Life Sci., 45 (1989) 283-293, 

1251 Qmal, LA., Arbilla, S., Galzin, A.M. and Langer, S.Z., em- 
phetamine inhibits the electrically evoked release of [ ‘H]dapamine 
ftQm SiiCes of the rabbit caudate, J. Pharmacol. Exp. Ther., 227 
(1983) 446-458. 

IN Keek KJL Zigmond, M.J. and Abercrombie, E.D., Extracellular 
dopamine in striatum: influence of nerve impulse activity in medial 
forebrain bundle and local glutamatergic input, Neuroscience, 47 
(1992) 325-332. 

[27] Lange& S.Z. and Arbilla, S., The amphetamine paradox in dOpamin- 
ergic neUrOtranSmiSSiOn, Trends Pharmacol. Sci., Sept (1984) 387- 
390. 

W3I task S.V., Woodward, J.J. an+ Wilcox, R.E., Correlation of rates 

of calcium entry and endogenous dopamine release in ouse striatai 
synaptosomes, Brain Rex, 325 ( 1 Q85) 99- I OS. 

[29] Levi, G. and Raiteri, M., Carrier-mediated release of neurotrans- 
mitters. Trends Neural. Sci., 16 (1993) 415-419. 

[30] Leviel, V. and Guibert, B., Involvement of intraterminal dopamine 
compartments in the amine release in the cat striatum, Nertrusci. 
Left., 76 (1987) 197-202. 

[31] Leviel, V., Gobert, A. and Guibert, B., The glutamate-mediate 
release of dopamine in the rat striatum: further characterization of 
the dual excitatory-inhibitory function, Neuroscience, 39 (1990) 
305-3 12. 

[32] Leviel, V., Olivier, V. and Guibert, B., The role of calcium ions 
dopamine synthesis and dopamine release. In Percheron et al. (Eds. 
The Basal Ganglia IV, Plenum Press, New York, 1994. 

[33] Liang, N.Y. and Rutledge, C.O., Evidence for carrier-mediated 
efflux of dopamine from corpus striatum, Biochem. P/~ar~9za~o~., 31 
(15) (1982) 2479-2484. 

[34] Lonart , igh glutamate coi~cc~t~at~~~~s 
evoke Cal+ -independent dopamine release fro 
possible role of revLr; e dopamine transport, J. Pharmacol. b-p. 
Ther., 256 (3) (1991) 1132-1138. 

[35] Miller, H. and Shore, P., Effects of amphetamine and anfonelic acid 
on the disposition of striatal newly synthesized dopamine. Eur. J. 
Phartn., 78 (1982) 33-34. 

[36] Molgo, J., Pdcot-Dechavassine, M. and Thesleff, S., Effects of 
cadmium on quanta1 transmitter release and ultrastructure of frog 
motor nerve endings, J. Neural. Transm., 77 (1989) 79-91. 

[37] Nieoullon, A., Cheramy, A. and Glowinski, J., An adaptation of t 
push-pull cannula method to st the in vivo release of 
[ 3 H]dopamine synthesized from [ 3 tyrosine in the cat caudate 
nucleus effects of various physical and pharmacological treatments, 
J. Neurochem., 28 (1977) 819-828. 

[38] NZshimura, M., Tsutsui. I,, Yagasak, 0.1. and Yanagiya, i., Trans- 
mitter release at the mouse neuromuscular junction stimulated by 
cadmium ions, Arch. !nf. Pharmacodyn., 271 (1984) 106-121, 

[39] Okada, M., Mine, K. and Fujiwara, M., Differential calcium dcpcn- 
dencc between the release of cndogenous dopamine and noradrena- 
lint from rat brain synaptosomcs, .I. Nc)Nruc/terlt., 54 (1990) 1947- 
1‘152. 

[4O] Parker, E.M. and Cubeddu, L.X,, Effects of d-amphctaminc and 
dopaminc synthesis inhibitors on dopamine imd acetylcholinc neuro- 
transmission in the striatum - II. Rclcase in the presence of vesicu- 
lar transmitter stores, J. Pharmacol. Exp. Ther., 237 (1986) 193-203. 

[41] Raiteri, M., Cerrito, F., Cervoni, A.M. and Levi, G., Dopaminc can 

be released by two mechanisms differentially affected by the 
dopaminc transport inhibitor nomifensive, J. Pharmacof. Exp. Ther., 
208 (1979) 195-208. 

1421 Rajanna, B., Hobson, M., Harris, L., Ware, L. and Chetty, C.S., 
Effects of cadmium and mercury on Na“-K+ ATPase and uptake of 
‘H-dopamine in rat brain synaptosomes, Arch. Int. Physiol. 
Biochem., 98 (1990) 291-296. 

1431 Romo, R., ChCramy, A., Godehcu, G. and Glowinski, J., In vivo 
presynaptic control of dopamine release in the cat caudate nucleus - 
1. Opposite changes in neuronal activity and release evoked from 
thalamic motor nuclei, Neuroscience, 19 ( 1986) 1067- 1079. 

[44] Schwan, R.D., Uretsky, N.J. and Bianchine, J.R., The relationship 
between the stimulation of dopamine synthesis and release produced 
by amphetamine and high potassium in striatal slices, J. Neurochem., 
35 (1980) 1120-1127. 

[45] Soares-Da-Silva, P. and Garrett, M.C., A kinetic study of the rate of 
formation of opamine, 3,4-dihydroxyphenylacetic acid (DOPAC) 
and homovanillic acid (HVA) in the brain of the rat: implication for 
the origin of DOPAC, Neuropharmacology, 29 (1990) 869-874. 

1461 Suaud-Chagny, M.F., Brun, P., Buda, M. and Gonon, F., Fast in 
viva monitoring of the electrically-evoked dopamine release by 
differential pulse amperometry with untreated carbon fibre elec- 
trodes, J. Neurosci. Meth., 45 (1992) 183-190. 




