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Abstract

It is well established that midbrain dopamine neurons innervating the striatum, release their neurotransmitter through an
exocytotic process triggered by the neural ®ring and involving a transient calcium entry in the terminals. Long ago, it had been
proposed, however, that another mechanism of release could co-exist with classical exocytosis, involving the reverse-transport of

the cytosolic amine by the carrier, ordinarily responsible for uptake function. This atypical mode of release could be evoked
directly at the preterminal level by multiple environmental endogenous factors involving transient alterations of the sodium
gradient. It cannot be excluded that this mode of release participates in the ®ring-induced release. In contrast with the classical

exocytosis of a preformed DA pool, the reverse-transport of DA requires simultaneous alterations of intraterminal amine
metabolism including synthesis and displacement from storage compartment. The concept of a reverse-transport of dopamine is
coming from the observations that releasing substances, such as amphetamine-related molecules, actually induce this type of
transport. A large set of arguments advocates that reverse-transport plays a role in the maintenance of basal extracellular DA

concentration in striatum. It was also often evoked in physiopathological situations including ischemia, neurodegenerative
processes, etc. The most recent studies suggest that this release could occur mainly outside the synapses, and thus could constitute
a major feature in the paracrine transmission, sometimes evoked for DA. 7 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A long time ago, it was proposed that neurons com-
municate using chemical messengers, called neurotrans-
mitters, which are released by emitting neurons, and
recognized by receiving neurons through speci®c recep-
tors. Neurotransmitter emission thus constitutes a key
step in interneuronal communications and the nature
of the released substances as well as the regulatory
mechanisms of this release have been extensively stu-
died during the last decades. Several possible mechan-
isms were evoked for the release of neurotransmitters
in the central nervous system. The manner in which
neurons extrude neurotransmitters remains the subject
of controversial debate and it is likely that various
molecular processes act simultaneously. The most com-
monly admitted process to date, in the central nervous
system, is based on the exocytosis of vesicles contain-
ing stored neurotransmittory molecules. This phenom-
enon occurs in the active zone of a morphologically
well-described apparatus called the synapse. It is a
consequence of a massive Ca2+ inward ¯ux into the
end-terminal in response to a transient inversion of the
membrane potential. Several released neurotransmit-
tory molecules have been identi®ed and numerous stu-
dies have been devoted to their metabolism inside and
outside the terminals. This has led to the observation
that neural cells are not only able to release signaling
molecules but also possess the ability to re-uptake
them from extracellular space. Several models have

been proposed for this transport, with most of them
based on an exchange-di�usion between extra- and
intra-terminal space (Stein, 1967; Bogdanski and Bro-
die, 1969; Paton, 1973a).

For the neurons using catecholamines as neurotrans-
mitters, in both the central and peripheral nervous sys-
tems, an active-transport uptaking dopamine (DA) or
norepinephrine (NE) was identi®ed a long time ago.
The kinetic parameters of this active transport were
extensively studied using various methods and several
potentially inhibiting substances were characterized
(Glowinski et al., 1966; Fuxe and Ungerstedt, 1968). A
protein, embedded in the cytoplasmic membrane and
responsible for this transport, was later isolated and
referred to DAT for DA and NET for NE. Only
recently has the messenger RNA responsible for its
synthesis been cloned and the amino acid sequence of
the protein determined (Shimada et al., 1991; Amara
and Kuhar, 1993; Giros and Caron, 1993).

2. Taking an object lesson from amphetamine action

Using pharmacological tools releasing DA or NE,
the concept emerged progressively that the active
transport could be bidirectional and able to release
molecules by the same exchange-di�usion process as
that involved in the uptaking function. Thus, the con-
cept of reverse transport (RT) was ®rst evoked in the
molecular mechanisms of releasing agents such as am-
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phetamine, tyramine, etc. Only later was it considered
as a possible mode of release responsible for DA or
NE over¯ow, even in the absence of any exogenous
releasing substances. The function of RT in basal
neural activity remains todate unclear, but its mechan-
ism of action and its regulatory process have been
extensively studied.

The mechanism by which amphetamine and other
DA/NE-releasing agents involve RT follows several
steps (Fig. 1), identi®ed during the last 20 years. First,
the releasing molecules enter the terminal buttons,
uptaken or not by the carrier itself. Second, the con-
centration of neurotransmitters rises in the terminal
cytosol. As discussed below, this rise results from mul-
tiple origins. Third, transmitter molecules are trans-
ported outside the cell most likely through an
exchange-di�usion process. The exchange-di�usion
processes have been extensively studied and various
mathematical models were proposed over the course of
the last three decades (Thoenen et al., 1969; Chubb et
al., 1972; Ziance et al., 1972; Ziance and Rutledge,
1972; Stein, 1990 for a review; Wheeler et al., 1993).

2.1. The ®rst step (accumulation)

Several DA releasing substances such as amphet-
amine, have been shown to accumulate in the DA-
terminals. Amphetamine accumulation was observed,
on synaptosomal preparations, to be inhibited by
agents which also inhibit the uptake of DA (Azzaro et
al., 1974; Arnold et al., 1977). Various sympathomi-
metic amines (tyramine, amphetamine, parahydrox-
yamphetamine, etc.) are substrates for uptake into
neuron terminals and are able to competitively inhibit
DA transport (Ross and Renyi, 1964; Horn, 1973). It

was also observed that when this occurs, transport of
tyramine and amphetamine is Na+-dependent
(BoÈ nisch, 1986) and that the potentials of amphet-
amine-like drugs to release cytoplasmic [3H]DA is well
correlated with the IC50 values of these agents in inhi-
biting DA uptake (Parker and Cubeddu, 1988).

A large set of substances can compete with DA for
uptake, but only a few of them possess the releasing
activity. Thus, benztropine, nomifensine, methyl pheni-
date seem to be uptake blockers only (Hunt et al.,
1974; Bauman and Maitre, 1976; Hunt et al., 1979;
Miller and Shore, 1982; Bonnet et al., 1984). Many of
these uptake blocker substances are blocking agents of
the amphetamine e�ect as visualized in vivo with
microdialysis techniques (Butcher et al., 1988; Hurd
and Ungerstedt, 1989a; Arbuthnott et al., 1990). It was
shown that synaptosomal sequestration of [3H]methy-
lenedioxyamphetamine and [3H]amphetamine is inhib-
ited by permeant cations (Na+, K+), is saturable and
temperature sensitive (Zaczek et al., 1990). High and
low a�nity sites have been characterized, with Kd of
295 nM and 45 mM, respectively. This con®rmed the
presence of an active transport for these substances.

Ross and Renyi (1966) had also found that [3H]am-
phetamine is incorporated into mouse brain cortical
slices. However, they had failed to inhibit this incor-
poration with cocaine or reserpine known to block
cytoplasmic and vesicular DA uptake, respectively.
Thus, it was also believed that amphetamine could
enter terminals by free di�usion (Fischer and Cho,
1976, 1979) and did not need DA carrier protein. For
Zaczek et al. (1990), the rapid in¯ux of amphetamine
observed ®t badly with a carrier mediated process. In
addition, they proposed that intraterminal sequestra-
tion involves an acetylated acidic aminoacid or a pep-
tide. A major problem in studying the transport and
sequestration of amphetamine-related substances is
due to the double gate constituted by the plasma mem-
brane and the vesicle membrane. The plasma mem-
brane does not determine a pH gradient, while the
vesicular matrix does not exceed pH 5. Thus, internal-
ization could involve two di�erent mechanisms, one
for cytosolic accumulation and the other for vesicular
sequestration (Zaczek et al., 1991). Our understanding
of the mechanism by which these drugs enter the term-
inals remains incomplete, but at least part of them or
even the whole, enter the cell terminals using the DA
speci®c carrier, following the experimental conditions.

2.2. Second step (increasing cytosolic DA)

The origin of the amine released by amphetamines
and other releasing agents is now better understood.
Indeed, if the mechanism by which amphetamines
released DA involves DAT, which is located on the
cytoplasmic membrane, DA e�ux elicited by amphet-

Fig. 1. The reverse transport of dopamine (DA-RT), when evoked

by a releasing substance (Rs), is based on three successive steps.

First, the Rs enters the terminal by the DA-uptake carrier or not.

When using the DA-carrier, ions are co-transported. Second, Rs

induces a rise in cytosolic DA acting on the DA synthesis, the DA

catabolism and/or the DA stores. Third, the cytosolic accumulated

DA is co-transported with ions outside the terminal.
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amine should derive from a presumably cytoplasmic
compartment. Firstly, one must consider the nature of
the terminal compartment involved in the amphet-
amine action. Amphetamine likely releases DA from a
single cytoplasmic pool since the amphetamine e�ect is
insensitive to reserpine (Liang and Rutledge, 1982;
Niddam et al., 1985; Parker and Cubeddu, 1988). The
cytoplasmic compartment is maintained by a continu-
ous DA synthesis and replenished by the displacement
from the vesicular stores constituting the endogenous
DA. It is now well established that the main catabolic
enzyme in DA metabolism, the mono-amino-oxydase
(MAO), is located intraterminally, associated with
mitochondrial crests and gives origin to the dihydroxy-
phenyl-acetic acid (DOPAC). Until now, there was no
evidence of an active mechanism for DOPAC e�ux.
Finally, the natural uptake of DA through DAT also
participates in replenishing the cytosolic DA compart-
ment. Endogenous DA, located mainly in a vesicular
compartment, appears to be less sensitive to amphet-
amine than cytosolic DA. It can thus be concluded
that DA is present in the terminal, separated in two
di�erent compartments (see below), and that amphet-
amine acts preferentially on the cytoplasmic pool (Par-
ker and Cubeddu, 1986b; Arbuthnott et al., 1990). We
directly observed this phenomenon in vivo (Leviel and
Guibert, 1987). During continuous superfusion of the
cat caudate nucleus with [3H]tyrosine, the neosynthe-
sized [3H]DA was ®rst released by amphetamine, the
unlabeled stored amine being only secondarily
released. As we will see below, the amount of cytosolic
DA is likely very small and a central point of the am-
phetamine-like drug e�ect is the process by which the
substances are able to induce the intraterminal rise in
cytoplasmic DA.

2.2.1. Reducing DA catabolism
The work of Miller and Shore (1982) revealed that

amphetamine could enhance the cytoplasmic amine
compartment by reducing the MAO action on neo-
synthesized DA. The inhibitory action on MAO
(IMAO) of the amphetamine was long time reported
(Rutledge, 1970; Miller et al., 1980). However, it was
also observed that the dose reducing the DOPAC
e�ux was higher than that producing DA release
(Leviel and Guibert, 1987; Butcher et al., 1988). Thus,
the IMAO e�ect of amphetamine is likely only comp-
lementary of its releasing action.

2.2.2. Displacing DA from intraterminal stores
The idea that amphetamine displaces DA from

intraterminal stores arises from the observation that
amphetamine did not act in synergy with a K+ appli-
cation or an electrical stimulation (Kamal et al., 1981;
Langer and Arbilla, 1984). The consequence of an
uptake blockade is that it prolongs the extracellular

DA half-life and thus increases the extracellular DA
concentration. In contrast, amphetamine reduced the
amplitude of DA over¯ow induced by K+ or electrical
stimulation (Kuhr et al., 1985). That led Kamal et al.
(1983) to propose the hypothesis of an intraterminal
transfer of DA by amphetamine from an electrically
releasable pool (likely the vesicular one) to a compart-
ment only releasable by amphetamine and related sub-
stances (likely the cytoplasmic one).

Displacement from vesicular stores may involve the
vesicular transport mechanism and Fairbrother et al.
(1990) reported a reduction of the tyramine e�ect by
reserpine, a substance inhibiting the vesicular DA
transport. However, amphetamine action was weak or
not a�ected at all by reserpine or tetrabenazine (an
other inhibitor of the vesicular DA transport). The
mechanism of e�ux and the role of the transporter are
thus still unclear. Erecinska et al. (1987) reported a
strong homology between the amphetamine and
NH4Cl actions on the DA release. They proposed that
NH4Cl collapsed the transvesicular pH gradient re-
sponsible for the amine leakage into the cytosol. Later,
it was proposed that a weak base model could explain
the amphetamine action (Sulzer and Rayport, 1990;
Rudnick and Wall, 1992; Sulzer et al., 1993, 1995).
Indeed, it was already known that a vesicular pH gra-
dient is required for monoamine accumulation (John-
son, 1988; Henry et al., 1998). Weak bases and
amphetamine could abolish the intracellular pH gradi-
ent, causing a huge increase of cytosolic DA and giv-
ing rise to the DA over¯ow (Schuldiner et al., 1993).
The same mechanism was also evoked to explain the
releasing action of 3,4-methylendioxy-methamphet-
amine (``ectasy''), and fen¯uramine on serotonin (5HT,
Rudnick and Wall, 1992).

2.2.3. Increasing DA synthesis
Increased DA synthesis after amphetamine treat-

ment was often reported (Uretsky and Snodgrass,
1977; Uretsky et al., 1979; Niddam et al., 1985). For
Kuczenski (1975), however, this e�ect was dose-depen-
dent and more complex, in that low doses induced an
increased synthesis and, in contrast, high doses
decreased tyrosine hydroxylase (TH) activity. As it will
be discussed below, DA could act as an end-product
TH inhibitor, thus explaining this dual e�ect.

2.3. The mechanism of release

Fischer and Cho (1979) proposed that amphet-
amine-like substances produced a chemical release of
DA by an exchange-di�usion taking place at the bind-
ing site of the uptake carrier. They observed that this
exchange is temperature-dependent, saturable, Na+-
dependent, stereoselective, and cocaine-sensitive. Rai-
teri et al. (1979) tested amphetamine, octopamine and
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b-phenylethylamine as DA-releasing substances and
observed the same blockade with another uptake in-
hibitor, nomifensine. Using in vivo or in vitro exper-
iments as well, many studies conducted during the last
15 years have con®rmed the role played by DAT in
the releasing mechanism (Butcher et al., 1988). Thus,
Nash and Brodkin (1991) reported that methylene-
dioxymethamphetamine released DA through a carrier
mediated process blocked by mazindol and GBR12909
(two uptake blockers) and also activated by 5HT but
insensitive to ketanserin (5HT2 antagonist). The ®nd-
ing by Giros et al. (1996) that mice lacking the DA
carrier protein due to disruption of the transporter
gene are insensitive to amphetamine, thus unable to
increase extracellular DA, is the most recent and direct
demonstration of the involvement of DAT in the am-
phetamine releasing e�ect.

Thus, it may be said that a general agreement exists
about the fact that amphetamine-like substances
release DA, at least partly, by inducing DA-RT from
a cytosolic DA compartment, even if the molecular
mechanisms involved are not completely understood.

3. From an amphetamine-induced mechanism to a
physiological mechanism of release

A monoamine e�ux via a carrier mediated process
was proposed in the early seventies by Paton (1973a,
1973b) in studies involving the rabbit atria. In line
with observations reported in the preceding paragraph,
Paton observed ®rst that the ability of NE, metarami-
nol and tyramine to increase pre-loaded [3H]NE e�ux
was consistent with an exchange-di�usion model pre-
viously described (Stein, 1967). Secondly, it was
observed that ouabain and K+ omission in the super-
fusing medium increased [3H]e�ux likely by inhibiting
the coupled Na+±K+ pump. This phenomenon was
inhibited by cocaine and desipramine (inhibitors of NE
uptake carrier) and sensitive to temperature. Thus the
mechanism of the evoked NE e�ux appeared to be
compatible with the Na+ gradient model, an hypoth-
esis proposed by Bogdanski and Brodie (1969).

Using the same strategy but conducted on synapto-
somal preparations, the mechanisms responsible for
NE and g-aminobutyric acid (GABA) release were
analysed by Levi et al. (1976) and Raiteri et al. (1977)
with similar conclusions concerning the two neuro-
transmitters, which were reviewed later (Raiteri and
Levi, 1978). Raiteri et al. (1979) also observed, as
others, that nomifensine had no e�ect on the spon-
taneous release of [3H]DA from synaptosomes pre-
pared from rat striatum (Hunt et al., 1974; Schacht et
al., 1977). However, the increased release of [3H]DA
produced by superfusion with a Na+-free medium,
was almost completely prevented by nomifensine. As

in the earlier work of Paton (1973a), inhibition of
Na+±K+ ATPase with ouabain and superfusion with
free K+ also produced and increased [3H]DA release,
blocked by nomifensine. A major point of these works
was the inability of carrier inhibition to reduce the
spontaneous release of [3H]DA from synaptosomes.
This suggests that this mode of release is involved in a
transient process and not in a simple continuous leak-
age. It was initially proposed that depolarization-
induced DA release could be independent of the DA
transport (Raiteri et al., 1979), however the recent
model described by Wheeler et al. (1993) is consistent
with the participation of the transporter in depolariz-
ation induced release (see below).

It was from these original works that numerous in-
vestigators developed studies giving evidence of a car-
rier-mediated e�ux of DA from the striatum DA
terminals (Levi and Raiteri, 1993). These works used
various techniques, including experimental Na+±K+±
ATPase inhibition with ouabain and experimentally-
induced alterations of intracellular Na+. Saturability,
temperature dependence, and uptake inhibition were
also tested. Synaptosomal preparations were the most
commonly used as experimental models but striatal
slices and in vivo experiments were also used.

From striatal slices treated with pargyline (IMAO)
and reserpine, Liang and Rutledge (1982) observed an
increased release of preloaded [3H]DA after ouabain.
This e�ect was dose-dependent. Reducing ATP pro-
duction with cytochrome-oxydase inhibitor (sodium
cyanide), oxidative-phophorylation inhibitor (2,4-dini-
trophenol) and glycolysis inhibitor (iodoacetic acid)
also increased [3H]DA e�ux, and these e�ects were
signi®cantly reduced by 10ÿ5 M benztropine (inhibitor
of DA uptake). The antagonistic e�ect of nomifensine
on ouabain-evoked DA e�ux was also observed in the
cerebro-spinal ¯uid of anesthetized rat by Elghozi et
al. (1983). In addition, Sweadner (1985) reported that
the releasing e�ect of ouabain is independent of extra-
cellular Ca2+ and is blocked by tetrodotoxin (Na+-
channel blocker) con®rming the importance of a rise in
the concentration of intracellular Na+. This was
further investigated by BoÈ nisch (1986) for norepi-
nephrine on the rat vas deferens. He proposed that an
intraterminal Na+ inward ¯ux could lead to an
increased availability of the carrier sites on the inner
axonal membrane. An increase in the Na+ concen-
tration could also increase the a�nity of NE for the
carrier and thus amplify the outward movement of
amine. Using in vivo microdialysis on anesthetized
rats, Hurd and Ungerstedt (1989c) did the inverse ex-
periment, lowering the extracellular Na+ concen-
tration. This also led to the inversion of sodium
gradient and resulted in an increased DA over¯ow.
The excessive e�ux of DA, induced by the low extra-
cellular sodium was markedly reduced by pretreatment
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with Lu 19-005 and nomifensine, potent inhibitors of
DA transport (Hurd and Ungerstedt, 1989c).

The e�ect of ouabain was also observed in micro-
dialysis studies (on conscious rats) but with more com-
plex conclusions (Sirinathsinghji et al., 1988; Westerink
et al., 1989). First, at low concentrations (1±100 mM),
the ouabain-evoked DA release appeared to be sensi-
tive to TTX and Mg2+ (blockers of Na+ and Ca2+

channels, respectively). Secondly, in contrast, higher
ouabain concentrations lead to calcium-independent
e�ux. This could be due to the involvement of a car-
rier mediated e�ux by high doses of ouabain, but in
this study the authors did not mention any e�ect of
the uptake inhibitors.

Observation of nonexocytotic release of NE was
also reported from studies on the in vitro superfused
guinea pig or rat hearts (BoÈ nisch et al., 1983; SchoÈ mig
et al., 1987, 1988). These researchers proposed that an
increase of the intraneuronal sodium concentration by
veratridine (blocked by TTX) could result in a nonexo-
cytotic release of NE, which is insensitive to extracellu-
lar calcium but inhibited by uptake carrier blockers
(Haass et al., 1989).

Low extracellular chloride produced an increase of
the spontaneous DA e�ux on incubated rabbit striatal
slices (Diliberto et al., 1987, 1989). The question was
to determine whether this e�ect involved the exocytotic
process or not. On striatal slices depleted of DA stores
with reserpine, low Clÿ still produced a DA e�ux,
which was insensitive to TTX. This suggested that a
depolarization-evoked-release was not involved (Dili-
berto et al., 1989). In contrast with what was observed
during alterations of the Na+ extracellular concen-
tration, the uptake inhibitors enhanced the low-Clÿ-
induced DA e�ux. It was thus concluded that in the
absence of Clÿ the DA natural uptake is substantially
reduced and increased the carrier-mediated release. It
will be seen below that factors regulating uptake often
in¯uence in opposite ways the carrier-mediated release.

Still working on striatal synaptosomes, it was
observed that the outward movement of DA and NE
induced by veratridine (a Na+ ionophore) was inde-
pendent of the extracellular Ca2+ concentration
(Okada et al., 1990). Increased by the presence of
EGTA (a calcium chelator) during the superfusion
with a Ca2+±Mg2+-free medium, the release of both
DA and NE was considered to result from the in¯ux
of Na+ through the Ca2+ channels in the absence of
divalent cation. The relation between the extracellular
Ca2+ concentration and the carrier-mediated DA
release appears to be rather complex, since we
observed in our laboratory an increased release of DA
in vivo in the presence of the Ca2+ channel blocker
cadmium (Leviel et al., 1994). This was later con®rmed
to be sensitive to the uptake blocker GBR12909 (Oli-
vier et al., 1995). It is unlikely that this e�ect is the

consequence of a Na+ inwarding ¯ux through Ca2+

channels. A more likely explanation is that the Cd2+

ions would have produced a Na+±K+±ATPase inhi-
bition (Rajanna et al., 1990; Chetty et al., 1992)
increasing the intracellular Na+ concentration. In the
experiments reported by Olivier et al. (1995), both the
electrically-evoked DA release and the carrier-mediated
DA release were observed simultaneously in vivo. As
discussed below, the complexity of the Ca2+ action on
DA ¯ow comes from the involvement of this ion in
multiple terminal metabolisms.

A common point to all of these studies is the fact
that increased intraterminal concentration of Na+

results in an outward ¯ux of DA and NE from cat-
echolaminergic terminals. This outward movement,
being highly sensitive to uptake inhibitors and present-
ing characteristics of an active transport (saturability,
temperature dependence, etc.), likely involves the car-
rier protein also responsible for the uptake mechanism.
The temperature depence was used recently by Vizi
(1998) to propose a simple model on superfused slices
preparations to separate the two types of releases. Sev-
eral points will need to be considered about the car-
rier-mediated catecholamine release in the following
paragraphs. First, amine can only be released from a
cytoplasmic pool, thus the mechanisms contributing to
state the cytoplasmic DA concentration are potentially
modulators of this mode of release as was the case for
the amphetamine action.

4. Biology of intraterminal DA

Whatever the trigger involved in amphetamines or
Na+ action, the presence of a cytosolic DA compart-
ment is dependent on the DA-RT concept. Several stu-
dies were devoted to understand the biology of this
DA compartment, since in contrast with vesicularisa-
tion of the amine, it does not constitute an actual way
of storage but only a step in the catecholamine meta-
bolic pathway.

A major point to consider in intraterminal mono-
amine metabolism is that molecules synthesized ®rst
are also the ®rst to be released. Originally, it was pro-
posed that catecholamines could be stored in more
than one storage pool (Glowinski et al., 1965; Sedvall
et al., 1968). It has been con®rmed that newly syn-
thesized DA is preferentially released from DA neur-
ons (Besson et al., 1969, 1973, 1974; Kapatos and
Zigmond, 1977) as occuring in peripheral noradren-
ergic neurons (Kopin et al., 1968). This came from in
vitro and in vivo experiments as well. As proposed by
Glowinski (1975), a majority of DA molecules could
be stored in vesicles constituting two di�erent pools:
one with the newly synthesized amine, available for an
immediate release and another one constituted of older
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synthesized amine, not immediately available for
release. The newly synthesized amine does not seems
to exceed about 20% of the total intraterminal amine.
The replenishement of the newly synthesized amine
compartment after release is questionable. Vesicles
containing older synthesized DA could be used for an
ulterior release. However, this implies a transfer of ves-
icles from a storage region in the terminal to an active
zone of synapses; this is di�cult to imagine when con-
sidering the relationship between vesicles and cytosque-
leton (Walker and Agoston, 1987; Maley et al., 1990;
Gotow et al., 1991). More likely, old synthesized DA
could be released into the cytoplasm and integrated in
the neosynthesized pool (Michael et al., 1987; Leviel et
al., 1989).

The preferential release of newly synthesized mol-
ecules is not in contradiction with the DA-RT theory.
Indeed, as already mentioned, the amphetamine e�ect
(Chiueh and Moore, 1975) and generally the conse-
quences of Na+ gradient alterations both mainly a�ect
cytosolic neosynthesized DA. However, the presence of
di�erent mechanisms of release requiring di�erent
intraterminal pools of neurotransmitter raises the level
of complexity because exocytosis necessitates the pre-
sence of granular DA, when DA-RT should involve
cytoplasmic molecules. Thus, the so called releasable
compartement likely have to be further subdivided into
both a cytoplasmic and a vesicular part. Two main
enzymes are responsible for DA synthesis in DA term-
inals, TH (the rate limiting enzyme) and the DOPA
decarboxylase. They are both soluble enzymes, thus
they lead to a primary cytosolic DA pool. This cytoso-
lic DA is likely secondary vesicularized. Primary cyto-
solic DA and vesicles containing neosynthesized DA
are likely constituting the releasable amine. The
amount of each of those and their respective turn-over
rates (probably very di�erent) remain, however,
unclear and it can be expected that cytosolic DA be
submitted to very rapid variations as will be discussed
below.

Several studies con®rm the presence of two releasa-
ble DA compartments. We already mentioned the
absence of synergy between amphetamine action and a
local K+ application (Kamal et al., 1981; Langer and
Arbilla, 1984). In addition, low doses of amphetamine
seem able to activate TH, the enzyme responsible for
DA synthesis, while high doses, in contrast, produced
an inhibition of the DA synthesis (Kuczenski, 1975;
Roberts and Patrick, 1979). This observation is in line
with the presence of two DA pools, one of these inter-
acting with TH thus having a cytosolic location. It is
known that DA can act as an end product inhibitor
on TH inside the DA terminal. Thus, drugs blocking
vesicular DA uptake (reserpine or tetrabenazine)
should induce an increase of the DA concentration of
a cytoplasmic pool, in turn inhibiting TH. This was

indeed observed in vivo (Leviel et al., 1989) and likely
constitutes a regulatory process of the synthesis but
not the only one exclusively. Similar conclusions were
reached by McMillen et al. (1980) considering that d-
amphetamine e�ects are inhibited by pretreatment with
a-mpt but not by reserpine. This suggested the exist-
ence of a cytosolic amphetamine-sensitive DA pool.
The cytosolic DA compartment was later studied in
the vas-deferens noradrenergic innervation, by Stute
and Trendelenburg (1984) who proposed that sodium
entrance could be responsible for the increase in a net
leakage of NE from the storage vesicles. Properties of
the cytoplasmic DA pool were further studied in the
following years (Schoemaker and Nickolson, 1983;
Herdon et al., 1985; Michael et al., 1987; Arbuthnott
et al., 1990).

From these studies and after the model proposed by
Glowinski (1975), some models later subdivided the
releasable DA pool. Basically, the DA synthesis could
lead to a cytoplasmic DA submitted to the RT follow-
ing particular and transient conditions. This compart-
ment is where DA metabolite, DOPAC, is formed by
the action of intraterminal MAO and where DA can
be vesicularized. There is general agreement that two
di�erent granular compartments exist, one with a fast
turn over and being preferentially released by depolar-
ization and the other with a slow turn over rate, often
considered as an inactive form of stored DA (Grop-
petti et al., 1977; McMillen et al., 1980; Nicolaysen
and Justice, 1988; Leviel et al., 1989). Some discrepan-
cies between the models proposed in the literature are
mainly concerned with the functionnal relationships of
the de®ned compartments but all of the models place
the cytosolic DA compartment in a pivotal role distri-
buting neosynthesized DA into vesicular storage, DA-
RT or enzymatic catabolism (Fig. 2).

The concentration of cytosolic DA is likely very

Fig. 2. The di�erent steps in the intraterminal DA metabolism are

organized around the cytoplasmic DA with a very fast turn over rate

and a very low basal amount. Three functions produce cytoplasmic

DA, the synthesis, the uptake and the displacement of intraterminal

stores. Cytosolic DA can be catabolized by MAO in DOPAC,

released by DAT or by exocytosis after vesicularization. DA can also

be stored in a compartment with a slow turn-over rate.
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small as evidenced by attempts to directly measure it.
Using a voltammetric electrode with a tip diameter of
2±12 mm, or capillary electrophoresis, on the large DA
neurons of the left pedal ganglion of Planorbis corneus,
the cytoplasmic DA has been found to be in the
micromolar range (Chien et al., 1990; Ole®rowicz and
Ewing, 1990). This value is higher than the Km found
in general for the uptake carrier (about 0.2 mM) but
lower than the inhibitory constant (30 mM) of DA for
TH reported by Pasqualini et al. (1994). Cytosolic DA
pool appears to be submitted to a rapid turn over, and
not in equilibrium with other compartments of intra-
terminal DA. Cytosolic DA cannot be considered as a
storage compartment but only a step in the DA metab-
olism. Thus, substantial release of DA by RT necessi-
tates a simultaneous activation of an exchange-
di�usion process and a sudden rise in the cytosolic
DA. Blockade of catabolism, increased synthesis and
displacement of DA from stores are likely obligatory
companion-processes to the exchange-di�usion.

5. Reverse transport regulation

Some steps may be targets for regulatory processes
of DA-RT: the DA concentration inside the terminal,
the translocating activity and the number of sites. The
displacement from DA from the intraterminal stores
has already been evoked. We would ®rst evoke the
possible role of an activated synthesis. After that, var-
ious factors altering uptake process will be reviewed
and their possible involvement in DA-RT. Particular
attention will be given to regulatory function of gluta-
mate (GLU).

5.1. The DA synthesis

We have already taken a lesson from the mechanism
of the action of amphetamine and amphetamine-like
drugs. In 1975, Chiueh and Moore (1975) considered
that the sustained release of DA by amphetamine
appears to be dependent on an activated synthesis. In
the same year, Kuczenski (1975) observed an increased
rate of DA synthesis after amphetamine treatment.
For these authors, this increase was mainly a conse-
quence of the release induced by the drug. However,
for Uretsky and Snodgrass (1977), the synthesis
induced by amphetamine was not only considered to
be compensatory of the release. In the following years,
more and more arguments supported the concept that
amphetamine is able to increase DA synthesis not as a
consequence of the increased release. This came about
mainly from the observation that Ca2+ is necessary
for the amphetamine action on DA synthesis in con-
trast with that observed with the amphetamine action
on the DA release (Schwartz et al., 1980; Fung and

Uretsky, 1982; Philips and Robson, 1983). In more
recent years, some reports have been concerned with
the dissociation between the mechanisms controlling
synthesis and those controlling release. An increased
synthesis could thus be observed in the absence of an
increased release (Commissiong et al., 1990; Leviel et
al., 1990, 1991; Desce et al., 1993; Pasqualini et al.,
1994). Since the amphetamine-evoked DA release
appears to be more sensitive to the synthesis than to
the presence of intraterminal stores (Parker and
Cubeddu, 1986a, 1986b), it could be that the synthesis
activity constitutes a regulatory mechanism of the DA-
RT. That could explain the Ca2+ dependence of the
amphetamine releasing action reported by Hurd and
Ungerstedt (1989b). Various factors a�ect DA syn-
thesis and thus constitute indirect regulatory agents of
the DA-RT, these include the GLU, the calcium ions
and intra and extraterminal DA.

5.1.1. Intraterminal DA
As mentioned previously, DA constitutes an end

product inhibitor of TH in the DA terminals (Nagatsu
et al., 1964; Udenfriend et al., 1965; Ikeda et al.,
1966). The constant of inhibition (Ki) of DA for TH
was calculated to be 30 mM. In a series of reports it
was shown that a consequence of TH activation (by
PKc, PKa and calcium calmodulin-dependent phos-
phorylations), was an increase of the KiDA (Pasqualini
et al., 1993, 1994, 1995). The increase in KiDA means
that the cytosolic concentration necessary to inhibit
the enzymatic TH activity increases and that the basal
intraterminal DA concentration can be tonically
enhanced. A tonically increased DA concentration
should lead to an increased amount of DA released by
RT when and only when, it is transiently activated.

5.1.2. Extraterminal DA
TH is under tight autoinhibition by extracellular

DA. In the neostriatum, autoreceptors are known to
have pronounced in¯uences on DA synthesis (Now-
ycky and Roth, 1978; see for a review Wolf and Roth,
1987).

5.1.3. The calcium ions
A particular mention must be given to the role of

calcium. The DA-RT is clearly independent of Ca2+

¯uxes, in contrast with the DA synthesis, clearly
dependent on Ca2+ ions. A large number of studies
have pointed out the role of Ca2+ in the TH activity
in vitro. In a recent study realized in vivo, a set of
arguments were raised, in line with a Ca2+ dependence
of the synthesis with indirect consequences on the car-
rier mediated release (Leviel et al., 1994; Olivier et al.,
1999). On one side, it was evidenced that increased
Ca2+ in¯ux (by the presence of a calcium ionophore)
activates the TH enzyme activity, which can be visual-
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ized by increased neosynthesized DA in terminals. On
the other side, it was proposed that this increase in the
intraterminal DA pool could favour DA-RT rather
than exocytosis. This led to the conclusion that DA-
RT is well dependent on Ca2+ entry (even if indirectly)
or of an intraterminal mobilization of the Ca2+ pools.

The case of GLU is of particular interest, since the
releasing action of GLU is likely to involve DA-RT
(see below). Moghadam et al. (1990) proposed that the
stimulatory e�ect of GLU on DA release may be due
to an activation of DA synthesis rather than release.
This was also proposed by Leviel et al. (1990, 1991)
and later con®rmed by others (Desce et al., 1992; Fil-
lenz, 1993; Castro et al., 1996).

5.1.4. Can an increased synthesis induce an activated
DA-RT?

Alterations in DA synthesis were generally expected
to occur after treatments which lead to DA release.
Our laboratory has simultaneously monitored the
release of both neosynthesized and endogenous DA
during in vivo push±pull superfusion experiments.
Neosynthesized amine was evaluated by measuring the
neoformed [3H]DA during a continuous labeling of the
tissues with [3H]TYR. The total DA released was also
measured using electrochemical detection after HPLC
analysis. The ratio between these two parameters (the
speci®c activity of the released amine, DAsa) could
give a continuous index of the activity of the DA syn-
thesis in vivo. For the ®rst time with this method, it
was con®rmed directly that electrically-evoked neur-
onal ®ring evoked the release of previously stored
amine as evidenced by a lowered DAsa (Leviel et al.,
1991). In contrast, a local application of GLU
increased DA release but simultaneously increased
DAsa, giving evidence that a preferential release of
neosynthesized amine existed. Amphetamine, like
GLU, initially acts on the neosynthesized amine,
increasing DAas (Leviel and Guibert, 1987). Some
other treatments previously considered to be able to
increase the DA release were clearly more e�cient on
the DA synthesis than on the release (Leviel et al.,
1989; Gobert et al., 1992; Pasqualini et al., 1995).
These observations led us to propose that intraterm-
inal DA concentration may be the target of presyn-
aptic regulations in the caudate nucleus leading in ®ne
to a modulation of the amount of DA releasable by
DA-RT (Olivier et al., 1999).

To conclude about the possible role of DA synthesis
in regulating DA-RT, it is ascertained now that phar-
macological treatments or any factor enhancing DA-
RT also produces increase of the DA synthesis. That
does not mean that an increased synthesis is an
unequivocal index of DA-RT. Indeed, K+ depolariz-
ation (Soares da Silva and Garret, 1990) as well as ®r-
ing interruption (Roth et al., 1976) were described as

able to increase DA synthesis. However, in the case of
DA-RT, in contrast with exocytotic release, it can be
hypothesized that increased DA synthesis is a necess-
ary step for DA-RT. Two arguments can be proposed.
First, the amount of cytosolic DA, as already men-
tioned, is likely to be very reduced and second, as was
observed recently, the carrier protein exists mainly in
extrasynaptic locations (Nirenberg et al., 1996; Hersch
et al., 1997). Thus, DA-RT likely represents a nonsy-
naptic DA release (see below). If this is true, this hy-
pothesis implies that amounts of amine that have been
released to alter extracellular DA concentration (an
open medium) are much more important than in
synapses (a con®ned medium), making the synthesis of
new molecules necessary.

5.2. The DA transport

Since DA-RT uses the same translocating system as
for uptake, virtually every factor in¯uencing uptake is
also potentially a regulator of the DA-RT. The large
di�erence between extracellular and intracellular
media, however, indicates that an increased uptake is
not necessarily linked to an increased DA-RT. As we
shall see, the two functions appear to be regulated in
opposite directions.

Side by side with classical in vitro methods, in vivo
regulation of DA uptake was often investigated by
measuring the clearance of DA in the extracellular
space. Some authors introduced a pulse of DA
through an implanted micropipette and monitored the
disappearance of this extrinsic substance (Stamford et
al., 1984; Luthman et al., 1993; David et al., 1998).
Others used an electric stimulation of the DA ®bers
(Wightman et al., 1988; Wightman and Zimmerman,
1990; Suaud-Chagny et al., 1995) and monitored the
time needed to return to the basal level. These voltam-
metric methods allowed a detailed analysis of the con-
sequences of alterations in DA uptake. However, they
are sometimes hard to interpret, due to the multiple
factors which can interact with extracellular DA clear-
ance including nonsynaptic uptake, glial uptake, tissue
di�usion, etc. We have already mentioned the sensi-
tivity of exchange-di�usion to temperature and Na+

gradient. In addition, certain endogenous factors and
hormones were also involved in the regulation of DA
transport.

5.2.1. DA and DA receptors
Substrate concentration can a�ect the potency of a

carrier. Recently, Zahniser et al. (1999) reported that
the transport velocity of DA carrier and thus DA
clearance is regulated by the extracellular DA concen-
tration. This phenomenon was described long ago by
Stein (1990) and called the facilitated transfer. This
may explain the non-linearity of the transport when
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the amount of the substrate increases. From biochemi-
cal studies after chronic treatments with uptake block-
ers, it seems that the DA carrier is not regulated in the
same way as receptors, and not subjected to upregula-
tion and supersensitization by treatments with antag-
onists (Kula and Baldessarini, 1991). Some authors
have shown that the DA receptor of D2 type (DA-D2)
mediates a decrease in the rate of DA uptake (Cass
and Gerhardt, 1994; Meiergerd et al., 1993; Parsons et
al., 1993). For others, the uptake kinetics parameters
remained unchanged by the presence of metoclopra-
mide and sulpiride (May and Wightman, 1989) or
were increased after chronic deprenyl (Wiener et al.,
1989). Using genetically engineered mice devoid of
DA-D2, Dickinson et al. (1999) observed a reduction
in DA clearance not related with a reduction in DAT
expression. This is consistent with the idea that DA-
D2 could modulate the activity of the DA carrier.

The case of DA-RT is more complex. Some authors
reported that the releasing action of amphetamine is
modi®ed by the presence of DA-D2 agonists or antag-
onists (Wieczorek and Kruk, 1994), while other have
reported the opposite (Kamal et al., 1981; Kuczenski
et al., 1990). Vizi reported that idazoxan, a pure a2
blocking agent, failed to enhance DA release evoked
by 1-phenylephrine which was proved to be Ca2+

independent (Vizi et al., 1986). The question of a DA-
D2 regulated DA-RT and uptake has not been com-
pletely resolved yet.

5.2.2. Serotonin (5HT)
5HT and DA are closely related neurotransmitters

in the central nervous system. Clearly, an increased
extracellular level of 5HT in the striatum leads to an
increased DA. The 5HT re-uptake blockers, including
alaproclate (Yadid et al., 1994), ¯uoxetine (Sill et al.,
1999) and fen¯uramine (de Deurwaerdere et al., 1995),
all enhance extracellular DA. There is no clear consen-
sus about the mechanism by which 5HT releases DA.
Nearly all the 5HT receptor types were evoked in med-
iating the action of 5HT on the DA release (Benloucif
et al., 1993; Bonhomme et al., 1995; di Giovanni et al.,
1999; Matsumoto et al., 1999; Ng et al., 1999; Lucas et
al., 2000). The e�ect of 5HT on basal DA over¯ow
was not altered by the serotonin antagonist, methyser-
gide, or the serotonin re-uptake blocker, chlorimipra-
mine, but was reversed by the DA re-uptake carrier
inhibitors, nomifensine and benztropine. In addition,
5HT does not modulate K+-induced release of DA in
the nucleus accumbens or striatum (Nurse et al., 1988).
Using phenylbiguanide (PBG), a 5HT type 3 receptor
agonist, it was observed that the PBG-evoked DA out-
¯ow from striatal slices can be inhibited by nomifen-
sine, is insensitive to reserpine and does not require
the presence of Ca2+ ions in the superfusing medium
(Nurse et al., 1988; Schmidt and Black, 1989; Benuck

and Reith, 1992). It was thus concluded by these
authors that PBG could promote the e�ux of DA by
a carrier dependent mechanism. The possibility that
5HT enhances DA e�ux by a process of exchange-dif-
fusion was also proposed by Yi et al. (1991) but they
considered that 5HT could act as amphetamine or tyr-
amine by entering the DA terminals. This was con-
®rmed latter by Jacocks and Cox (1992) and Crespi et
al. (1997).

5.2.3. Glutamate
DA uptake velocity was found to be increased by

the agonist NMDA (Welch and Justice, 1996) and this
e�ect was antagonized by AP5 (NMDA antagonist).
The same activation was obtained with kainic acid.
These e�ects were proposed to be receptor-mediated,
direct and independent of action potentials. NMDA,
however, also causes arachidonic and nitric oxide
release which inhibit DA uptake in striatal synapto-
somes (Lonart and Johnson, 1994; Pogun et al., 1994;
L'hirondel et al., 1995). This could explain the re-
duction of DA uptake by NMDA, also reported by
Lin and Chai (1998). Finally, NMDA facilitates an
inward calcium movement that in turn could activate
the PKc enzyme and it was observed that PKc activa-
tors decrease the DA transport in the COS cells
(Kitayama et al., 1994).

Considering that the corticostriatal pathway is likely
to be glutamatergic in nature (at least in part), the re-
lationship between a�erent GLU path to the striatum
and the local DA release is of primary interest and has
been extensively studied. DA release can be elicited in
the striatum by GLU or GLU agonist and this e�ect
is clearly independent of DA neuron ®ring. The role of
GLU in DA release was reviewed by Grace (1991). It
is likely that GLU could interfere with DA mainly
through NMDA receptors located on the DA term-
inals, even if kainate and/or quisqualate receptors were
also evoked. The way in which GLU increases extra-
cellular DA could be a reduction of the DA uptake.

Recently, some observations showed that simul-
taneously GLU may promote DA-RT. Extensive stu-
dies were devoted to the regulation of DA release by
excitatory amino acids and particularly GLU (Gior-
guie� et al., 1977; Roberts and Shari�, 1978; Roberts
and Anderson, 1979; Clow and Jhamandas, 1989).
Early observations revealed that this e�ect of GLU
was insensitive to TTX and thus unrelated to the de-
polarization-induced ®ring. This was recently con-
®rmed by Keefe et al. (1993) who observed that
NMDA applied directly in the striatum of unanesthe-
sized rats produced a signi®cant elevation in extracellu-
lar DA during the blockade of impulse activity in DA
neurons with TTX. For these authors, the GLU does
not tonically regulate the extracellular concentration of
DA in resting conditions (Keefe et al., 1992). This con-

V. Leviel / Neurochemistry International 38 (2001) 83±10692



trasted with our proposal of a tonic inhibition of the
DA synthesis in the striatum through the glutamater-
gic cortico striatal pathway (Leviel et al., 1990) coming
from the observation of an increased e�ux of [3H]DA
during cortical xylocaine application. It should be
noted, however, that this treatment did not signi®-
cantly a�ect the basal DA release leading us to pro-
pose a dual potency of GLU, a tonic inhibition on the
DA synthesis (direct or indirect) associated with a pha-
sic ability to induce release (direct). Indeed, it has been
proposed that the primary in¯uence of GLU is not on
the DA release but on the DA synthesis (Leviel et al.,
1990) and an activation of the TH, independent of the
mechanism of release, was also observed after GLU
applications (Desce et al., 1993; Castro et al., 1996).

Lonart and Zigmond (1991) suggested that one com-
ponent of the action of GLU on DA release could
involve its uptake into DA terminals as proposed for
GABA by Bonanno and Raiteri (1987). It seems likely
that Na+ co-transported with GLU acts to depolarize
the terminal (McMahon et al., 1989) promoting the
DA-RT. The DA release under these conditions is
both Ca2+ independent and blocked by nomifensine
(Lonart and Zigmond, 1990). The dual e�ect of GLU
through NMDA and Kainate receptors was studied by
Olivier et al. (1995). It appeared from these exper-
iments that NMDA and kainate induce a blockade of
the ability of DA terminal to release DA by a ®ring-
dependent process. In contrast, extracellular DA was
enhanced by the presence of these two substances, an
e�ect blocked by systemic injection of GBR12909.
These results were substantially con®rmed one year
later with a di�erent method by Iravani and Kruk
(1996).

5.2.4. Ascorbic acid
This endogenous substance was often considered a

modulator of the DA uptake (Sershen et al., 1987;
Debler et al., 1988; Berman et al., 1996). In a study of
the DA-RT on mouse striatal synaptosomes, it was
revealed that external ascorbic acid enhanced the e�ux
of preloaded [3H]DA (Debler et al., 1991). Since
ascorbic acid does not appear to be a substrate for the
carrier, it may be more likely a modulator of the car-
rier translocation, promoting the conformation of the
binding site oriented toward the side with the lowest
ascorbic acid concentration (Debler et al., 1991).

5.2.5. Oestradiol
It has been known for a long time that steroid hor-

mones a�ect the DA system (Barber et al., 1976;
Ramirez et al., 1985). Oestradiol was reported to a�ect
receptors coupled to adenylate cyclase (Maus et al.,
1990) and the DA synthesis (Pasqualini et al., 1995).
Recently, an inhibition of the DA transport was also
reported (Disshon et al., 1998). The action of estradiol

on DA-RT remains thus questionable but this sub-
stance is a good candidate as DA-RT modulator.

5.2.6. Ethanol
From the various pharmacological situations inter-

fering with DAT, the case of ethanol is interesting
enough. The e�ects of ethanol on the DA transmission
remains controversial (Lynch and Littleton, 1983;
Snape and Engel, 1988; Blanchard et al., 1993; Lin
and Chai, 1995). Using in vivo voltammetry, Lin and
Chai (1995) observed that local pressure ejection of
ethanol in the rat striatum did not elicit signi®cant
changes in spontaneous DA release. However, this
treatment augmented the time course of NMDA
evoked DA release as did nomifensine. These results
have been con®rmed by others (Woodward and Gon-
zales, 1990; Brown et al., 1992) as the fact that the
rate of DA clearance was reduced after ethanol treat-
ment (Daoust et al., 1986; Smolen et al., 1984). These
data demonstrate that ethanol simultaneously inhibits
NMDA evoked DA uptake, suggesting a role for etha-
nol on the translocation of the carrier. Recently, using
in vivo voltammetry on urethane anesthetized rats, it
was observed that local ethanol application in the
striatum reduced the potassium evoked DA over¯ow,
when, in contrast, the same treatment remained inef-
fective on the tyramine induced DA over¯ow (Wang et
al., 1997). The reduction in the e�ect of potassium for
these authors is relevant to an activated DA clearance
through a facilitated DA uptake by ethanol. These
controversial observations show, however, that the
uptake function of the DA transport may be regulated
di�erently from the releasing function.

5.2.7. Voltage dependency
A voltage dependence of the DA uptake was directly

observed by Zahniser et al. (1998), using a patch
clamp technique on xenopus oocytes expressing the
cloned human DAT. Several substances responsible for
membrane depolarization (KCl, veratridine, ouabain)
also induced a reduction of the DA uptake, but the
method used by Zahniser and coworkers allowed a
direct correlation of membrane potential and DA
uptake velocity. Clearly, hyperpolarization increased
the uptake velocity and depolarization reduced it.

The DAT exists in various forms including a low
and an a high a�nity state for DA and cocaine-like
substances (Calligaro and Eldefrawi, 1988; Boja et al.,
1992a). It has been demonstrated that the a�nity of
the DAT is consistent with its charge-states (Gracz
and Madras, 1995). Furthermore, clear indications
reveal that DA distinguishes high and low a�nity
components for at least two charge states. Thus, it was
proposed that the process involved in altering the
charges of the carrier may induce conformational
changes. One cannot actually ascertain whether the
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high and low a�nity states represent separate sites on
di�erent protein populations or independent sites on a
single molecule (Gracz and Madras, 1995; Boja et al.,
1992b). The voltage dependence of DAT means that
DA-RT cannot be di�erentiated from exocytosis by
any ®ring dependence. The model validated by
Wheeler et al. (1993) showed a possible reversal of the
direction of operation consistent with the participation
of the transporter in depolarization induced release.
DA-RT can likely participate in a ®ring independent
mode of release, as it will be reported in the e�ect of
GLU for instance, but it can also participate in the de-
polarization induced release.

These recent results, based on the direct observation
of the coupling between polarity/translocation, are
consistent with the numerous proposals which already
show that DA-RT could be triggered by an inversion
of the membrane polarity and coming from pharmaco-
logical studies.

6. Reverse transport and other atypical releasing
mechanisms

Various types of neuronal communications have
been proposed to occur in the central nervous system.
Particularly, authors have suggested the existence of
nonsynaptic relations between neurons. For some of
them, this involved a particular mechanism of release
but others have only considered the ability of the
released DA to di�use in the extracellular space until
reaching distant targets. The former could be relevant
to the DA-RT, while the others can also be based on a
leakage of DA from more classical synapses.

6.1. Dendritic release

The way by which DA can be released from den-
drites of DA neurons remains a puzzling problem.
The dendrites of nigro striatal DA neurons are
located in both the pars compacta (short dendrites)
and pars reticulata (long radiating dendrites) of the
substantia nigra (SN). DA molecules are present in
the whole dendritic arborescence of DA neurons
(BjoÈ rklund and Lindvall, 1975). Evidence of DA
release from these dendrites is abundant and come
from numerous in vitro and in vivo experiments.
The presence of DA sensitive adenylate cyclase was
observed (Premont et al., 1976; Phillipson and
Horn, 1976; Kebabian and Saavedra, 1976) and the
existence of an auto-inhibition of DA neurons was
reported (Bunney et al., 1973; Groves et al., 1975).
A DA sensitivity of nonDA neurons was also
found (Ru�eux and Schultz, 1980). An extensive
series of experiments were conducted, assessing a
spontaneous and evoked DA release in this region

(Nieoullon et al., 1977; Leviel et al., 1979; CheÂ ramy
et al., 1981). The dendritic DA release was further
investigated in vivo and in vitro during the follow-
ing two decades (Elverfors and Nissbrandt, 1991;
Santiago and Westerink, 1991; Kalivas and Du�y,
1991; Heeringa and Abercrombie, 1995; Cragg et
al., 1997, 1998) using di�erent techniques including
microdialysis and voltammetry.

The localization of DA storage in the dendrites
of DA was investigated because dendrites lack
characterized synaptic junctions with vesicular ac-
cumulation as terminals. The absence of a DA ves-
icular compartment in the nigral dendrites was ®rst
emphasized by Sotelo (1971). This was later con-
®rmed by many authors (Pickel et al., 1977; Cuello
and Iversen, 1978; Wassef et al., 1981). It appeared
thus that DA was more likely stored in smooth
endoplasmic reticulum (Groves and Linder, 1983;
Elverfors and Nissbrandt, 1991; Chan et al., 1995).
The size of the releasable compartment of DA was
also questioned since the number of vesicles avail-
able for an exocytotic release is clearly limited (Nir-
enberg et al., 1996) and indeed a pharmacological
approach using amphetamine led to the same con-
clusion (Heeringa and Abercrombie, 1995). This was
consistent with the observation that dendritic DA
release is particularly sensitive to any blockade of
the synthesis (Nissbrandt et al., 1985).

Midbrain DA neurons present a rich DAT-immu-
noreactivity (Giros and Caron, 1993; Shimada et al.,
1991; Ciliax et al., 1995) and numerous DAT binding
sites (Donnan et al., 1991; Mennicken et al., 1992). In
the SN, DAT appears to be located into dendrites of
DA neurons. and found in smooth endoplasmic reticu-
lum (Ciliax et al., 1994; Hersch et al., 1997; Nirenberg
et al., 1996).

The relation between DA release and spike-evoked
depolarization was di�cult to establish (Green®eld,
1985). The mechanism by which DA is released from
dendrites has long been a subject of debate arising
from the observation that dendritic release of DA was
K+ and Ca2+ dependent (Ge�en et al., 1976; Santiago
and Westerink, 1991) but enhanced by TTX (CheÂ ramy
et al., 1981). This last observation was however coun-
teracted by the observation of Santiago and Westerink
(1991), using microdialysis on conscious rat. They
found that the spontaneous nigral DA release was
completely interrupted during local superfusion with
TTX. Numerous hypotheses about particular conduc-
tance properties of dendrites were advanced (Llinas et
al., 1984; Llinas, 1988; Stuart and Sakmann, 1994)
that proposed that DA release from nigral dendrites
could be spike-dependent (HaÈ usser et al., 1995; Rice et
al., 1997). Due to the particular biophysical properties
of neural dendrites and the atypical DA storage, it is
di�cult to ascertain that DA-RT is involved in the
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dendritic release, however, more than one mechanism
of release are likely involved (Groves and Linder,
1983; Nirenberg et al., 1996) and DA-RT was also
proposed to occur in this region (Kalivas and Du�y,
1991; Atwell et al., 1993; Nirenberg et al., 1996).

6.2. Paracrine and/or nonsynaptic DA neurotransmission

The communication between neurons is a subject of
old debate in the neurobiological literature (Del Cas-
tillo and Katz, 1956; Hubbard, 1970) and the concept
that there exists another mode of interneuronal com-
munication besides the neuron-to-neuron synaptic trans-
mission has been amply commented on and reviewed
(Cuello, 1983; Vizi, 1980, 1984; Agnati et al., 1986;
Vizi and Labos, 1991; Fuxe and Agnati, 1991; Bach-
Y-Rita, 1993; Descarries et al., 1996; Barbour and
HaÈ usser, 1997; Vizi and Kiss, 1998). The general term
of Paracrine neurotransmission can be used to describe
this mode of communication in which one neuron, or
a group of neurons, sends a chemical signal to another
group of neurons, by di�usion through extracellular
space. The notion of a nonexocytotic release is more
restricted to the mechanism by which given neurons
extrude the neurotransmitter without regard to desti-
nation (Tauc, 1982; Uvnas and Aborg, 1984; Cooper
and Meyer, 1984; Vizi, 1984; Grace, 1991; Adam-Vizi,
1992; Bernath, 1992; Atwell et al., 1993). Theoretically
a nonexocytotic release (as DA-RT for instance) could
occur inside or outside the synapses as well and para-
crine transmission may or may not have its origin in a
synaptic release. Thus, it was recently proposed that
the so called Volume Transmission could be of synaptic
origin (Zoli et al., 1998).

The concept of a nonsynaptic DA release in the neo-
striatum is based on observations at an electron micro-
scopic level of the nigrostriatal DA terminals. From
initial studies, neostriatal DA buttons seemed to make
asymmetrical synaptic contacts with dendritic spines,
suggesting the presence of excitatory synapses with
spiny type I neurons of the striatum (see Groves
(1983) for a review). Other electron microscopic studies
on the other hand reported the presence of symmetri-
cal synapses (Descarries et al., 1980; Pickel et al.,
1981). Using polyclonal antibodies, however, it was
later observed that the frequency of characterized
synapses on identi®ed DA terminals was only in the
range of 30±40%. This was in line with previous obser-
vations about the rather sparse synaptic contacts
between DA terminals and striatal neurons (Tennyson
et al., 1974; Arluison et al., 1978a, 1978b) and enlarged
the idea that monoaminergic neurons could release
biogenic amines from nonsynaptic varicosities (Descar-
ries et al., 1975; Dismukes, 1977; Beaudet and Descar-
ries, 1978). These data suggested a dual mode of

operation for the nigrostriatal DA system, synaptic as
well as nonsynaptic. (Descarries et al., 1996).

It is likely that DA transporter plays a major role in
nonsynaptic release of DA (Vizi, 2000), however it
cannot be ascertained whether nonsynaptic DA release
in striatum strikingly involves DA-RT or not. Indeed,
DA-RT involves DAT protein and recent works using
electron microscopy clearly localized DAT outside the
DA synapses and all along the DA ®bers (Nirenberg
et al., 1996; Hersch et al., 1997). The absence of carrier
proteins in active synaptic zones observed by using
anatomical methods con®rmed the remark of Garris et
al. (1994) that ``dopamine e�ux from the synaptic cleft
is not restricted by binding to intrasynaptic proteins on
the time scale of the measurements (50±100 ms)''. Thus
it is likely that DA-RT regulates the extracellular and
nonsynaptic DA concentration. The presence of di�er-
ent mechanisms in regulating extracellular and intra-
synaptic DA concentration have been already analyzed
in details (Grace, 1991).

7. Physiopathological incidences of DA-RT

Since DA-RT functions in normal animals is di�cult
to de®ne, its role in physiopathological situations has
often been evoked. Of note, alterations in carrier
potency during ischemia, and neurodegenerative situ-
ations were studied.

7.1. Ischemia

The striatum is one of the most sensitive areas to
ischemia (Pulsinelli, 1985). The intrinsic medium-sized
spiny neurons are seriously damaged after forebrain
ischemia (Benfenati et al., 1989; Nemeth et al., 1991).
There is a general agreement in the literature about
the role of the massive release of GLU and DA in the
pathogenesis of ischemia. It is of particular interest
that nigrostriatal DA lesions, DA synthesis inhibition
or DA protection with antioxydants attenuated the
ischemic cell damage (Globus et al., 1988; Marie et al.,
1992; Hoyt et al., 1997; Stamford et al., 1999) which
suggests that DA could contribute to the striatal
injury. The possible pathological role of DA in stria-
tum was already evoked in other physiopathological
situations such as Parkinson's disease for example
(Maker et al., 1986; Zigmond and Stricker, 1988; Fil-
loux and Townsend, 1993; Hastings et al., 1996). On
perfused isolated rat hearts, the noradrenergic neurons
release the neurotransmitter in response to a global
ischemia (SchoÈ mig et al., 1984; Carlsson et al., 1987;
Du et al., 1998). A maximal e�ux was further
observed during the ®rst minutes of reperfusion. These
e�ects were not sensitive to the absence of calcium
ions or verapamil (calcium channel blocker). In con-
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trast, various NE uptake blockers markedly reduced
the ischemia induced release of [3H]NE. Most of these
authors concluded that the release was partly mediated
via a carrier mediated process.

An increased extracellular DA in striatum was long
ago observed after experimental ischemia (Kogure et
al., 1975; Lavyne et al., 1975). As observed in rat
heart, excess DA release induced during ischemia
appears as biphasic (Ahn et al., 1991) with a rapid
release during early ischemia and a massive secondary
DA release during reperfusion.

It must be noted that the mechanism by which ische-
mia induces DA release is still unclear. Indeed, ische-
mia leads to both hypoxia and hypoglycemia and if
hypoxia increases the stimulation evoked DA release
without e�ect on the resting DA release, hypoglycemia
is more concerned with the DA resting release (Pas-
tuszko et al., 1982; Milusheva et al., 1992). The role of
nitric oxide (NO) was investigated and some authors
concluded a NO-modulated DA release (Kahn et al.,
1995) when others suggested that the basal level of NO
is not involved in DA release during ischemia (Spatz et
al., 1995). Studies using lactate, malonate and NMDA
receptor blockers led to the conclusion that oxygen
free radicals play a role in the extracellular release of
DA but also glutamatergic mechanisms (Remblier et
al., 1998, 1999a; Ferger et al., 1999). More in line with
the present review are the attempts to characterize the
mecanism of release per se during experimental ische-
mia. On rat striatal slices, it was observed that the DA
release, induced by combination of hypoxia and hypo-
glycemia was impaired by Ca2+ withdrawal and tetro-
dotoxin, arguing for an exocytotic process (Milusheva
et al., 1992). The voltage-dependent calcium channels
were also involved in the mechanism of DA release
induced by ischemia (Ooboshi et al., 1992; Werling et
al., 1994). In contrast, the enhancement of DA release
by high frequency stimulation and high K+ appli-
cation was observed to be impaired in rats exposed to
short time ischemia (Inoue et al., 1995). In addition
the process involved during ischemia appears as tem-
perature-dependent (Vizi, 1998; Toner and Stamford,
1999). It was observed on rats synaptosomes by Santos
et al. (1996), that anoxia and ischemia induced release
of DA correlated well with ATP depletion. They con-
cluded that the decrease in Na+ and K+ gradients
resulting from this loss in energetic disposibility could
promote an already evoked process, the reversal of the
DAT. These conclusions recall those of Liang and
Rutledge (1982), already mentioned and were also
reached by other authors (Milusheva et al., 1996;
Buyukuysal and Mete, 1999). These controversial
results could be reconciled by the studies of Kim et al.
(1995) and Remblier et al. (1999b). These authors pro-
posed that ischemia induced DA release results from a
dual mechanism dependent or not on the Ca2+ ions.

The ®rst observed simultaneously on superfused stria-
tal slices that during an ischaemic period, the induced
release of DA could be attenuated by TTX, verapamil,
omega-conotoxin (in line with an exocytotic release)
but also nomifensin (more in line with DA-RT). It was
observed by the second that striatal lactic acid per-
fusion produces a biphasic increase in extracellular DA
(Remblier et al., 1998) and more recently that the ®rst
increase could be attributed to DA-RT while the sec-
ond could more likely be due to the release of vesicular
DA by exocytosis.

Studies are needed to clarify the mechanisms leading
hypoxia and hypoglycemia to increase extracellular
DA but it appears today that both exocytosis and DA-
RT are likely involved.

7.2. Weaver mutant mice

This type of mouse has a genetically determined
defect in the nigrostriatal dopaminergic system. The
resting DA release of these mice was increased and the
striatal tissue content enhanced by >75% when com-
pared to the control (Simon et al., 1991). The frac-
tional release of DA (i.e. the ratio between the released
DA and the tissue amine) was increased. Comparing
mice that exhibited either or no mutated genotype, it
was observed on superfused striatal slices that a pot-
assium pulse resulted in a DA over¯ow of the same
amplitude on the two types of animals. In contrast,
amphetamine e�ects were enhanced on the mutated
mice in spite of the fact that the uptake process
appeared strongly reduced (Ro�er-Tarlov et al., 1990).
The DA release attributable to the DA-RT has been
studied on weaver mutant mice (Richter et al., 1995),
and reported to be increased (Simon et al., 1991).

7.3. Partial lesions

For a long time, it has been well known that DA
turn over is increased after nigrostriatal lesions (Agid
et al., 1973; Hefti et al., 1980; Zigmond and Stricker,
1988 for a review) and that even if as little as about
10±20% of DA neurons are preserved in the SN pars
compacta, the DA function remains almost unmodi®ed
(Robinson and Whishaw, 1988; Zhang et al., 1988;
Altar and Marien, 1989). The ®rst question was there-
fore to determine if the remaining neurons are acti-
vated or if the pattern of their activity is profoundly
changed. Electrophysiological studies, have established
that changes in DA neurons activity only occurs after
a drastic lesion exceeding 80% (Hollerman and Grace,
1990). However, many authors reported that extra-
cellular DA was maintained or increased in the stria-
tum of rat with partial nigral lesions (Robinson and
Whishaw, 1988; Zhang et al., 1988; Altar and Marien,
1989; Zigmond et al., 1990; Sarre et al., 1992; Espino
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et al., 1995). It then became apparent that extracellular
DA concentration was unrelated to a sustained acti-
vation of the spared DA nigral neurons.

Several authors have proposed that the amount of
DA released per pulse could be increased (Stachowiak
et al., 1987; Snyder et al., 1990) while others have spo-
ken about a reduction of the amount of DA released
per pulse (Wang et al., 1994; Garris et al., 1997). This
question remains unsolved.

The extracellular DA concentration maintained in
spite of the reduced number of DA terminals could
involve a reduced uptake. A general agreement was
found for a reduction of the uptake sites density after
partial lesions (Earl et al., 1998; Cass et al., 1995; Ger-
hart et al., 1996). However, the density of DA uptake
sites (evidenced by immunoautoradiography with
radioactive inhibitors) is considered as an index of the
DA denervation and the number of uptake sites per
terminal has never been shown to be reduced. The a�-
nity of DAT has been also questioned and Maloteaux
et al. (1988) reported that it remained unchanged on
parkinsonian patients.

As previously mentioned, GLU is likely able to
reduce the DA uptake through NMDA receptors (Lin
and Chai, 1998). In addition, we have also reported in
the present review that GLU could induce DA release
most likely through DA-RT. Thus, the role of corti-
costriatal glutamatergic pathway has to be questioned
in the situations of partial lesions of the subtantia
nigra or parkinsonian degenerescence. It can ®rst be
noted that an increased level of GLU in CSF of par-
kinsonian patients was reported (Iwasaki et al., 1992).
In addition, an increased density of the NMDA recep-
tors was observed in the striatum of parkinsonian
patients and of lesioned rats (Weihmuller et al., 1992;
Samuel et al., 1990; Wullner et al., 1994). Increased
expression of NMDA receptors subunit of the NR2A
type has also been reported after partial nigral lesions
on the rat (Ulas and Cotman, 1996) which lead to
modi®ed activity of the NMDA receptors (Richard
and Bennett, 1995; Standaert et al., 1996). In ad-
dition, Oh et al. (1998) proposed that the nigrostriatal
DA lesion was responsible for an increased phos-
phorylation of the NR2A and NR2B subunits which
could lead to an increased a�nity of NMDA recep-
tors. Finally, Meshul et al. (1999), observed morpho-
logical modi®cations of striatal synapses after partial
lesions of DA tractus. An increased number of asym-
metric synapses was associated with an increased
extracellular concentration of GLU. All these obser-
vations are consistent with a possible involvement of
the cortico striatal glutamatergic path in a reduction
of DA uptake and an increased DA release in the
striatum.

From these physiopathological observations, it
appears that DA-RT can be submitted to long term

alterations. This could lead to a sustained extracellular
DA even with a reduced or unchanged ®ring depen-
dent DA release.

8. Conclusions

From the present, and unfortunately non-exhaustive,
review of the literature, it can be said that DA neuro-
transmission and possibly also NE neurotransmission
are not simply carried out through an exocytotic pro-
cess occuring in synaptic junctions. To summarize
these studies, a concept is arising, which advocates the
ability of nigro-striatal DA neurons to simultaneously
perform both a neuron-to-neuron transfer of infor-
mation, and a paracrine environmental modulation of
the striatal medium. The physiological signi®cance of
DA-RT, however, needs to be questioned.

8.1. Physiological signi®cance

This question should likely be considered in the light
of the diversity of the functions attributed to nigro-
striatal DA innervation. DA, like other monoamines,
is often considered a neuromodulator more than a
neurotransmitter. Its most often evoked function in
striatum is a ®ltering of the a�erent cortico-striatal
(glutamatergic) path on the GABAergic neurons con-
stituting the e�erent system of striatum. The large
extension of the DA terminals ®eld when compared to
the restricted number of originating cells in midbrain,
also supports this concept of a rather di�use and gen-
eral regulatory process. Finally, the late survey of clini-
cal symptoms in Parkinson's disease when at least 40±
50% of DA neurons have degenerated in the SN,
could lead to minimize the role of the neuronal con-
nections in the motor control realized by dopaminergic
innervation of the striatum.

The anatomical and electrophysiological approaches
of the midbrain dopaminergic pathways innervating
the striatum argues against this simplistic view. Indeed,
the nigro-striatal pathway appears to be rather strictly
organized and a precise somatotopy of the neurons
making this pathway is now established (Maurin et al.,
1999). In addition, this anatomical organization seems
to correspond well to the various functionalities recog-
nized for the extrapyramidal system (Alexander and
Crutcher, 1990). Electrophysiological analysis of the
activity of DA neurons during behavioral test have
also demonstrated that these neurons are activated by
very speci®c situations (Schultz, 1986; Mirenowicz and
Schultz, 1996). Finally, the importance of neuronal
connections in the occurrence of motor symptoms in
Parkinson's disease could have been underestimated in
humans since motor dysfunctions were reported to
occur on MPTP chronically treated monkeys as early
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as in the ®rsts weeks of the treatment (Hantraye et al.,
1990). It could be that in humans non-extrapyramidal
compensation could occur.

From these considerations DA modulation could
operate in the following two ways in the striatum: a
di�use and long lasting action on the terminal environ-
ment, likely realized in part by the DA-RT regulated
by preterminal a�erences and a more targeted in¯u-
ence involving synaptic contacts.
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