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Abstract Neurotransporters are high-affinity transpoR®D Parkinson’s diseaselBZOHDihydrotetrabenazine -
proteins located in the plasma membrane of both presy&ChTVesicular ACh transporteN/MT Vesicular

aptic nerve and glial cells that mediate the removal mfbnoamine transport::r

neurotransmitters from the synaptic cleft or represent in-

tracellular transport systems that concentrate neurotrans-

mitters in synaptic vesicles. They comprise three sultroduction

groups, N&/Cl—- or Na/K+-dependent cell surface trans-

porters and Hdependent transporters associated witligh-affinity transport proteins (neurotransporters) lo-
synaptic vesicles. The new insights into neurotransporggfed in the plasma membrane of both presynaptic nerve
diversity provide the means for novel approaches ad glial cells mediate the removal of the neurotransmit-
studying neurotransmitter uptake processes at the moteefrom the synaptic cleft, thereby terminating its action
ular level, such as substrate translocation, antagomistpre- and postsynaptic receptors and fine-tuning the
binding, and regulation of gene expression, intracellul@éimporal aspects of neuronal communication. Intracellu-
trafficking, and posttranslational modification. Moretar transport systems facilitate the reaccumulation of
over, modeling neurotransporter-related disorders amsurotransmitters in synaptic vesicles for additional cy-
therapeutic strategies in genetically engineered animellss of release. At both plasma and vesicular membranes
are now feasible research strategies. Through an imaurotransmitter influx is coupled directly to transmem-
proved understanding of the modulation of neurotransgane ion gradients that provide the energy for transport
porter function in the brain it may be possible to identiygainst a concentration gradient. On the basis of their
the molecular factors underlying the etiopathogenesi®lecular structures, subcellular distributions, and phar-
and pathophysiology of neurodegenerative disordefisacological properties neurotransporters have been di-
Due to their specificity for distinct neuronal systemgded into three main subgroups, al—- or Na/K+*-de-
neurotransporters and their genes are potential targetstndent cell surface transporters (e.g., serotonin, dopa-

novel therapeutic strategies. mine, or glutamate transporters) andd¢pendent trans-
_ _ porters associated with synaptic vesicles (e.g., vesicular
Key words Neurotransmitter uptake mechanisms - monoamine and acetylcholine transporters; Fig. 1). The

Neurotransporters - Serotonin transporter - Molecular new insights into neurotransporter diversity provide the
structure - Genomic organization - Candidate genes - means for novel approaches of studying neurotransmitter

Neurotoxins - Neurodegenerative disorders uptake processes at the molecular level. Current research
o _ strategies are focusing on functional mechanisms of sub-
Abbreviations ChATCholine acetyltransferas€€RE strate translocation and inhibitor binding, molecular reg-

CAMP response elemenDAT Dopamine transporter - ulation of neurotransporter gene expression, and post-
GABAy-Aminobutyric acid GIuT Glutamate transporter - translational modification of the neurotransporter pro-
5-HT 5-Hydroxytryptamine 5-HTTS5-HT transporter - tein. Important information will also be derived from the
ILPR Insulin gene linked polymorphic regioMDMA analysis of genomic regulatory elements, modeling neu-

3,4-Methylenedioxymethamphetamine - rotransporter-related disorders, and novel therapeutic
MPP* 1-Methyl-4-phenylpyridine ion - o strategies in genetically engineered animals. Through an
MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine - improved understanding of the modulation of neuro-
K.P. Lesch []) - A. Heils - P. Riederer transporters function in the brain it may be possible to
Department of Psychiatry, University of Wiirzburg, identify the molecular factors underlying the etiopatho-

Fiichsleinstrasse 15, D-97080 Wiirzburg, Gerr »any genesis of neurodegenerative disorders. This review fo-
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Fig. 1 Structural diversity and ion dependency of neurotransmit=_ ;
ter uptake proteins (neurotransporters) [56]. High-affinity neurS8odium/chloride-dependent transporters
transporters located in the plasma membrane of both presynaptic

nerve and glial cells mediate the removal of the neurotransmit}grﬂurry of recent cloning endeavors has led to the mo-
from the synaptic cleft, thereby terminating its action at pre- apd

postsynaptic receptors and fine-tuning the temporal aspects'&fular characterization of a large number of /Bé&-de-
neuronal communication. Intracellular transport systems facilitgé€ndent transporters, including the transporters for the

the reaccumulation of neurotransmitters in synaptic vesicles fsiogenic amines (norepinephrine, dopamine, and seroto-

additional cycles of release. At both plasma and vesicular meqin) v-aminobutvric acid (GABA). alvcine. proline. tau-
branes, neurotransmitter influx is coupled directly to transme )Y y ( ), aly P !

brane ion gradients that provide the energy for transport againﬁr}f' betaine, choline, and several orphan carriers (for re-
concentration gradient. On the basis of their molecular structuréi€w see [1, 68, 82, 81]). Moreover, several subtypes of
subcellular distributions, and pharmacological properties, neuthe GABA [16, 38, 63] and glycine transporter [39, 64,
ﬁiﬂ/ﬁoﬁiﬁen@rﬁ [kéegen nd(;\r/édp(?geplmﬁ)nethfggpaf;‘qar']g Sslg)r%igugﬂ-] have been identified. Although some variations exist,
- 9., [ ine, ine, co : — :
GABA (four subtypes), glycine, proline, taurine, and several r(;trﬂe. structure of prOte.mS in this gene family is best d(?
phan transporters], N&C*-dependent cell surface transporter§Cribed by a model with 12 transmembrane segments, in-
(glutamate/aspartate transporter, at least four subtypes)add-H tracellular amino and carboxyl termini, and an extended
pendent transporters associated with synaptic vesicles (e.g., vesigracellular loop with several potential glycosylation
ular monoamine and acetylcholine transpor ars) sites between transmembrane segments Il and IV
Fig. 2). This loop is most divergent among family mem-
g p g g Yy

) bers and may therefore participate in substrate recogni-
cuses on the molecular biology and pharmacology jn and inhibitor binding. On the basis of their remark-

neurotransporters and in particular their relevance ¥je amino acid identity of 69-80% and their properties
excitotoxicity and neurodegeneration. While the majorigyg targets of tri- and heterocyclic antidepressants as well
of cloned neurotransporters correspond to known, fungs amphetamine, cocaine, and their analogs, the carriers
tionally identified subfamilies, novel transporter Sy the biogenic amines serotonin, dopamine, and norepi-
quences that had escaped detection by radioligand bighhrine constitute a subfamily. Several neurotransmitter
ing have emerged. In all cases molecular biology is P¥Pansporters (e.g., serotonin, dopamine, GABA, and glu-

viding a more complete picture of the unexpectedly larggnate transporter) are electrogenic and possess several
number of neurotransporters, their distribution, substrgfgexpected ion channel-like properties.

specificity, drug-binding profiles, molecular structure,

and gene organization. In addition to defining uptake

mechanisms as candidate genes for neurodegeneraiiygtonin transporter

disorders, this review specifically emphasizes those neu-

rotransporters that are potential targets for novel drug fiéaod, cognition, and motor functions as well as circadi-

velopment. an and neuroendocrine rhythms including food intake,
sleep, and reproductive activity are modulated by the
midbrain raphe serotonin (5-hydroxytryptamine, 5-HT)
system. The 5-HT transporter (5-HTT) plays a central
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Fig. 2 Hypothetical functional domains of N&l—-dependent Fig. 3 Hypothetical quarternary structure of the serotonin trans-
neurotransporte:s porter 6-HTT). The section is across two or four subunits that
form the 5-HTT. The complex forms a cavity that extents across
the bilayer, and the catalytic domain is at the center of the cavity.
. L ) . .Each subunit contributes one transport site to the complex. Subunit
role in the termination of serotonergic neurotransmissi@fs shown in an el state while subunit 2 is in an e2 state binding

by Nar-driven uptake of 5-HT into the presynaptic newxtracellular 5-HT. When subunit 2 translocates bound 5-HT
on andis egaidett as an il e o acton o A e s o vrks. e Sebcuns o Lo st
pressant drugs [14] and Several neurotoxic agent_s. In ﬁ; be stabilize% by an extracellular, internal disulfide bridge.
est in the mechanism of environmental factor-, diseas@dapted from [107];
and therapy-induced modification of 5-HTT function and
its impact on early brain development, event-related syn-
aptic plasticity, and neurodegeneration is widespread amdl disorders such as depression, bipolar, anxiety, obses-
intensifying [14, 56, 101]. sive-compulsive, schizophrenic, and neurodegenerative
Autoradiographic studies usingH]cyanoimipramine disorders, substance abuse, and eating disorders [29, 47,
and PH]citalopram have demonstrated highest densitié8, 73, 76, 96, 97].
of 5-HTT on serotonergic cell bodies in the midbrain Paralleling the recognition of these clinical links, re-
raphe complex and in its projection areas including cosiearch has increasingly focused on the structure and
cal areas, entorhinal cortex, @Aegion of the hippocam- function of the human 5-HTT. Cloning of the rat and hu-
pus, amygdala, substantia nigra, caudate putamen, @iah 5-HTT [13, 44, 57, 67, 80] has identified a protein
hypothalamus [19, 24, 43]. While in adult life 5-HTT exwith 12 putative transmembrane domains, and studies
pression appears to be restricted to raphe neurons, itugsg site-directed mutagenesis and deletion mutants in-
been detected in the cingulate cortex and thalamus diicate that an aspartate residue and possibly a serine
ing postnatal development of the brain (B. Hoffman, pestuster in transmembrane | and VII, respectively, partici-
sonal communication), and astrocytes may participatepiaite in substrate translocation and competitive antagonist
the 5-HT clearance [25]. Tricyclic antidepressants subimding (Fig. 2). Evidence from studies with deletion
as imipramine and the selective 5-HT uptake inhibitomsutants and from computational analyses indicate that 5-
fluoxetine, paroxetine, citalopram, and sertraline occupi T function may depend on the formation of quarter-
several pharmacologically distinct sites overlapping m@dry structures, such as dimers and tetramers (Fig. 3).
least partially the substrate binding site [88] and aBeveral conducting states have been reported for 5-HTT:
widely used in the treatment of depression, anxiety, if&) during gating a transport-associated current caused
pulse control disorders, and substance abuse includiyga flux of ions which are not involved in the transport
alcoholism [55, 56]. Neurotoxins, including the amphelbut can pass through the channel, (b) a transient current
amine derivatives 3,4-methylenedioxymethamphetamitmggered by extreme negative potentials, and (c) a leak-
(MDMA, “ecstasy”) and nonstimulant fenfluramine [62]age current [66]. 5-HTT function is acutely modulated
and the novel 1-methyl-4-phenyl-1,2,3,6-tetrahydropytdy posttranslational modification including phosporyla-
dine (MPTP) analog'2NH,-MPTP [2], are concentratedtion/dephosporylation through protein kinase C and cal-
in serotonergic neurons by this transporter. Twin studi@®dulin-dependent protein kinase A as well as via nitric
have suggested that 5-HT uptake is genetically canxide and cGMP [46, 71]. Several intracellular signal
trolled [70], and dysregulation of 5-HTT function hatansduction pathways converge on the transcriptional
been reported in a variety of complex behavioral traapparatus of the 5-HTT gene and expression is regulated
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Fig. 4 Genomic organization of the murine and human serotorr'y@)rter vector and transiently expressed in JAR human

transporter §-HTT). Positions of exons (I-XIVblack boxescod- 15cental choriocarcinoma cells, displayed both constitu-
ing regionshatched boxesoncoding regions) and translation ini-. d forskolin/chol in ind d L
tiation site ATG) are indicated. Comparison of cDNA and genonf!V€ and forskolin/cholera toxin induced promoter activi-

ic sequences indicate that the mouse signal for mRNA cledy-(Fig. 6). Functional promoter mapping revealed a neg-
age/polyadenylation is a natural variant which occurs in 12% afive attenuating element and several positive elements.

the known genes and exhibits 75-80% as much activity as thg,dies with deletional mutants also indicated that core

classical cleavage/polyadenylation signAIATAAA. The proxi- : .
mal polyadenylation signal-like motif in the human gene is cop-romOter sequences are contained within approx. 100 bp

siderably divergent, which is likely to lead to cell-specific alte©f the transcription start site and that regulation of
nate usage of additional polyadenylation sites resulting in multig&MP- and protein kinase C inducible promoter activity

mMRNA species in huma's depends on multipleis-acting elements including two
AP1 binding sites and a single CRE-like element. The
by cAMP, protein kinase C, and tyrosine kinase depdimdings suggest that (a) the 5-HTT gene promoter is ac-
dent mechanisms [21, 41, 81, 100]. tive in human JAR cells but inactive in 5-HTT deficient
The primary structure of the human platelet 5-HT upuman SK-N-SH neuroblastoma and Hela cells, (b) the
take site is identical with that of human brain 5-HTT andformation contained within 1.4 kb of-Hanking se-
thus confirms the human platelet 5-HT uptake site agj@ence is sufficient to confer its cell-specific expression,
peripheral model of the brain 5-HTT in molecular phafe) the promoter responds to cAMP induction, and (d)
macological and neurobiological research [59]. In sugive expression of the 5-HTT gene is regulated by a com-
port of this concept the presence of the brain vesicub@nation of positive and negatiwis-acting elements op-
monoamine transporter in human platelets has also berating through a basal promoter unit defined by a
demonstrated [58]. The human 5-HTT gene has beBXTA-like motif.
mapped to the chromosome 17q11.2 and is composed of he negative attenuating element, a tandemly repeat-
14 exons spanning approx. 35 kb (Fig. 4) [60]. Compadd sequence associated with the transcriptional apparatus
son of the human and murine 5-HTT genes revealofahe human 5-HTT gene, displays a complex secondary
striking conservation of both the exon/intron organizatructure (G4-DNA) [92], represses promoter activity in
tion and the 5flanking regulatory sequences [9]. Whilenonserotonergic neuronal cells, and contains positive
only a single mRNA species occurs in rats and mice, tiegulatory components (Fig. 5). A systematic search for
most proximal signal for polyadenylation in the humdength variations of this 20- to 23-bp repeat element re-
gene appears to be highly degenerate in comparisorvdaled a common polymorphism of this repetitive ele-
the rat and murine motif (Fig. 4). This polyadenylatioment and provides evidence for allele-dependent differ-
signal-like motif may lead to alternate usage of additioantial 5-HTT promoter activity. This 5-HTT gene linked
al polyadenylation sites resulting in multiple mRNA spgolymorphic region (5-HTTLPR) is generated by a dele-
cies in humans [4, 80]. A TATA-like motif and severaion with an overall length of 44 bp, involves repeat unit
potential binding sites for transcription factors including-8, and is located close to a “hot spot” for deletion mu-
AP1, AP2, SP1, and a cAMP response element (CREgenesis [22]. The frequency of the variant short allele
like motif are present in the'-“Banking region (Fig. 5). in a white population was approx. 39%, with an observed
The role of these transcription factor motifs in the regheterozygosity of about 52%. In vitro functional studies
lation of 5-HTT gene expression has been studied dfythe native 5-HTT promoter containing a long and a
transfection studies using reporter gene fusion construsitert 5-HTTLPR in a human placental choriocarcinoma
of 5-HTT 5-flanking sequences [41]. An approx. 1.4-kbell line (JAR) indicated that this polymorphism may
fragment, which had been ligated into a luciferase mmntribute to interindividual differences in 5-HTT ex-
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pression and regulation. Comparison of the polymorpHic 100 1
alleles revealed that the basal activity of the long variant ol
is significantly higher than the 5-HTT gene promoter “basal 10 | 50 | 100 basal 05 1 15 2

with the deletion [42]. Cyclic AMP and protein kinase C

dependent mechanisms induce transcriptional activity in
both variants of the 5-HTT promoter, but the dose-dgg. 6 Cyclic AMP (A) and protein kinase C induce8)(tran-
pendent increase following induction with forskolin ogcriptional activity of the longl) and short§) 5-HTT gene pro-

_ ; . oter 6-HTTPR, L vs. S: **P<0.01, one-way ANOVA followed
the phorbol ester phorbol 13-myristate 12-acetate E%/ot tests) [42]. Human JAR placental choriocarcinoma cells were

mains proportionally smaller in the allele with the del@znstected with g of the long and short h5-HTTIRC + con-
tion (Fig. 6). struct followed by treatment with forskolin (10-1i) or pho-
Studies with the 5-HTTLPR containing promoter sugbol 13-myristate 12-acetat®A, 0.5-2uM). Results represent

gest that basal and induced human 5-HTT gene trHl§ans +SD for triplicate measureme:ts

scription is differentially modulated by allelic variants of

the 5-HTT gene promoter, and that the 5-HTTLPR’s dif-

ferential silencing and/or activating action may be attribens for manifold 5-HTT regulated physiological func-
utable to a complex interaction with other 5-HTT prdions such as mood, cognition, food intake, and sleep.
moter regulatory elements. Considering that the Beth the 5-HTTLPR and the ILPR contain a tandemly
HTTLPR and the previously reported insulin gene linkedpeated GC-rich sequence unique for primates/humans,
polymorphic region (ILPR) share several structural afiidkm a G string dependent tetrastrand structure (G4-
functional characteristics, the findings may have implicBNA), are located in close proximity to the basal pro-

Forskolin (uM) PMA (uM)
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Fig. 7 Neurotransporters and putative mechanisms of 1-methylvariants [1, 26, 61]. Taken together, the characterization
phenylpyridinium ion KMPP*) and amphetamine neurotoxicity.qof the 5-HTT 5flanking sequence has identified a gene

MPP*, the neurotoxic metabolite of MPTP, enters neurons throu ; p ; }
the dopamine transporter. In pathological conditions, dysfuncti :gulatory unit specific for serotonergic neurons. The fu

al transport process may contribute to an increased susceptib®#@n of this 5-HTT gene regulatory u'nit to similar or un-
to exogenous MPRlike neurotoxins. This vulnerability to neuro-related genes may aid their expression in a specific neu-

toxins may be further aggravated by an impaired capacity of ffgnal system and open the way to novel therapeutic strat-
brain vesicular monoamine transport&MT), which plays a cen-

; . . . . ies.
tral role in the sequestration of cytoplasmic toxins and thus in frd . . . . S
limitation of mitochondrial damage. Amphetamines and their While tri- and heterocyclic antidepressants inhibit
highly lipophilic, neurotoxic analogs, such as MDMA (“ecstasy”ynonoamine uptake, several agents increase monoaminer-
are either substrates of serotonin and dopamine transporters oigg@-transmission by facilitating nonexocytic transporter-

ter nerve terminal by diffusion, displace the biogenic amine fromediated monamine release. Amphetamines and their
its storage vesicle, and ultimately induce 5-HT efflux by a carrier- ;

dependent process. Although the dopamine-releasing action@hly lipophilic analogs, such as MDMA, are either
MDMA is likely to be related to the mechanism of reinforcemengubstrates of 5-HT and dopamine transporters or enter

it is also a potent releaser of 5-HT, and long-term administratinerve terminal by diffusion, displace the biogenic amine
results in toxic degeneration of serotonergic terminals. MDMA-ifrom its storage vesicle, and ultimately enhance carrier-
duced 5-HT release and neurotoxicity can be prevented by tri- gm y : ~
heterocyclic uptake inhibitors M d!ated release [62_, 87, 90] (Flg: 7)_. Although the do
pamine-releasing action of MDMA is likely to be related
to the mechanism of reinforcement, it is also a potent re-

moter, repress transcriptional activity in a tissue-specifg@Ser of 5-HT, and long-term administration results in
mode, and carry activating response elements [8, 9, 531/ degeneration of serotonergic terminals. MDMA-in-
(K.P.L. et al. manuscript in preparation). In additiofiuted S-HT release and neurotoxicity can be prevented
there are several lines of evidence that the ILPR is a #D%_—f”’ and heterocyclic uptake inhibitors. In analogy, the
ceptibility locus for type 1 diabetes [10]. Since differer®” T releasing effect of the anorectic drug fenfluramine

tial transcriptional activity of 5-HTT promoter variantdS Plocked by clomipramine or fluoxetine. Targeted dis-

may contribute to quantitative traits, identification of a[ﬁptit:)nhof the I5-H('jl"[)_ge?]e In m||ce wil evgﬂtclﬁlﬁfc,ﬁgfm
lelic variation in 5-HTT expression and the combined ef}€ Penavioral and biochemical consequ

idence for the 5-HTTLPR's complex transcriptionaﬂnd other psychostimulants/neurotoxins as well as its rel-

function provide the first step toward better understarid/¢Nc€ for CNS de/regeneration and neural plasticity.

ing of the molecular basis for the previously reported ge-

netic control of 5-HTT function and its potential r‘?le%opamine transporter

vance for complex traits and disease. The hypothesis tha

genetic control of and disease-related alteration in Esllowing exocytic release into the synaptic cleft, the ac-
HTT function are more likely to be related to differentialon of dopamine at its receptors is terminated by neuro-
regulation of 5-HTT expression than to amino acid subal uptake via a N&Cl—-dependent transporter. Various
stitutions is further supported by preliminary results indharmacological, structural, and functional aspects of the
cating pronounced allelic variability in glucocorticoidedopamine transporter (DAT) have recently been dis-
induced derepression of 5-HTT promoter activity (K.P.lcussed in detail [5, 15, 35]. Although DAT is associated
and A.H., unpublished results) and the fact that mutatipredominantly with dopaminergic neurons, it is also ex-
screening of 5-HTT gene exons in the general populatijgessed in platelets and several neuroblastoma cell lines
and samples of patients with affective spectrum and @Keutsilieri et al., unpublished results). After its retrieval
sessive-compulsive disorders detected only rare codidwpamine is either repackaged into synaptic vesicles or
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metabolized by mitochondria-associated monoamine @ffinities for the norepinephrine transporter, their interac-
idase. Vesicular dopamine uptake (via the vesiculion with DAT is stereoselective. This stereoselective
monoamine transporter) is unique with regard to its ignoperty at biogenic amine transporters is likely to be in-
and energy requirements, substrate specificity, and kingilved in their psychotomimetic actions. Recent work
ic properties (see also section on proton-dependent trandicates that there is a plasmalemmal component and a
porters). cDNAs for DAT have been cloned from both raesicular component in the dopamine-releasing action of
and man. Molecular studies have shown that the DATaimphetamines, while the releasing action of cocaine de-
an 80-kDa glycoprotein with multiple forms defined bpends on the existence of a vesicular pool of the neuro-
different carbohydrate side chains in different brain dgransmitter and seems to be linked to inhibition of the
eas. The sequence of the human DAT cDNA predictplasmalemmal DAT [78]. Interestingly, targeted disrup-
hydrophobic 620 amino acid protein, and several fd#@on of the DAT gene in mice results in behavioral and
tures of the deduced amino acid sequence and secontaghemical hyperdopaminergic functions and failure to
structure are shared by other gene family members li@spond to psychostimulants [37].
cluding 5-HTT, norepinephrine, and GABA transporter Abnormalities in DAT function have been postulated
[35, 101]. The amino and carboxyl termini reside in tHer a variety of neurodegenerative disorders. Postmortem
cytoplasm, and following transmembrane segment #ifudies indicate that3fijcocaine and 3H]JGBR-12935
these transporters contain an extended extracellular lbopding are decreased in Parkinson's disease (PD).
with multiple glycosylation sites and multiple intracelluHemisphere-to-hemisphere differences in the binding of
lar sites for serine and threonine phosphorylatigfClnomifensine in the striatum and accumulation of
(Fig. 1). It has recently been reported that differentigfF]fluorodopa in the putamen has been confirmed by
glycosylation of the DAT occurs during postnatal devgbositron emission tomography studies and loss of striatal
opment and aging [74]. While the glycosylation status P£3]3-CIT binding by single-photon emission tomogra-
a transporter protein appears to be relevant to folding siay [15, 17, 45]. Neurodegeneration of the nigrostriatal
bility, transport, and possibly ligand recognition, postiopaminergic system induced by the 1-methyl-4-phenyl-
translational modification such as phosphorylation of tipgridine ion (MPP), the neurotoxic metabolite of
amino-terminal tail is linked to acute hormone-depeMPTP, has implicated DAT in the etiology some forms
dent regulation of transport activity [21, 23, 33, 46, 7&f PD (Fig. 7). Since MPPenters neurons through the
81, 100]. Studies utilizing chimeric 5-HTT, norepinepHdAT, a dysfunctional transport process may contribute to
rine transporter, and DAT have revealed that the amimm increased susceptibility to exogenous M neu-
terminal transmembrane domains including an aspartadoxins. This vulnerability to neurotoxins may be fur-
residue in the first transmembrane segment appear tdHee aggravated by an impaired capacity of the brain ve-
involved in the uptake mechanism and ion dependencsjaular monoamine transporter (VMT), which plays a
cluster of serine residues in the transmembrane segmeatdral role in the sequestration of cytoplasmic toxins
VI-VIII define antagonist and neurotoxin binding, andnd thus in the limitation of mitochondrial damage. With
the remaining carboxyl-terminal region likely determinesging even modest reductions of vesicular uptake would
stereoselectivity and high-affinity sites for the respectiaecumulate MPRIlike toxins in the cytoplasmic pool
substrate [14, 52, 36] (Fig. 7). Moreover, cysteines amd cause neuronal cell death. In this regard it is of inter-
DAT's second extracellular loop may provide sulfide resst to note that in humans there is evidence for progres-
idues crucial to full transporter expression, possibéjon of MPP-induced dopaminergic lesions, thus indi-
through interference with membrane insertion or formeating that transient exposure to a toxin may cause a pro-
tion of quarternary structures [11, 105]. The DAT protetracted decline in nigrostriatal dopaminergic function
also contains a potential degenerate leucine zipper motdre rapid than in normal aging and similar to PD [103].
and thus could oligomerize to a tetrameric assemblyWhile the status of VMT expression in PD remains to be
identical units (Fig. 3) [72]. Isolation and characterizaavestigated, an age-related drastic and sudden onset re-
tion of the human and murine DAT genes has allowddction of DAT mRNA which is contrasted by a more
elucidation of similarities between each and other megradual decline in DAT protein has been described post-
bers of this transporter gene family. Sequences upstrgaortem in human substantia nigra [5]. Functional and
of the transcriptional start sites contain GC-rich, TATAstructural analyses of DAT (and possibly VMT) using in
less, and CAAT-less regions with remarkable conserwdtro and in vivo strategies, such as expression in cul-
tion between human and murine gene flanking regiomisted cells and neuroimaging with single-photon emis-
These sequence elements are likely to contribute ston tomography and positron emission tomography, are
DAT's dopaminergic cell-specific expression [27]. likely to enhance our understanding of MRTeurotoxic-
Preferential dopamine uptake inhibitory and releasiity and the role of DAT in the progression of PD.
action at the DAT (in addition to its interaction with nor- Disorders of the schizophrenic spectrum are thought
epinephrine and 5-HTTs) by cocaine and its analogs io-be associated with an aberrant dopaminergic (and glu-
duces multiple neurochemical and behavioral effects thatatergic) neurotransmission. Cocaine and amphet-
are thought to represent the molecular basis of reinforeemine act as psychostimulants or psychotomimetics.
ment, sensitization, and addictive behavior. In contraBgoth amphetamine-evoked psychotic symtomatology in
although amphetamine stereoisomers have consideratbi@erable individuals or patients with a preexisting psy-
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chotic illness and cocaine-induced kindling and arousaicelerated by a pH gradient and competed for by amine
are believed to result from their effects on the mesolisubstrates (Fig. 1). MPPand tetrabenazine, the other
bic dopamine system, which has been implicated in thetotypical inhibitors of the VMT, compete poorly with
integrative process of perception, cognition, and enmeserpine binding, indicating that they interact at differ-
tion. While changes in the kinetics or inhibitor bindingnt sites [89]. Nevertheless, transport of NMP®hich
of 5-HTT have been reported in disorders of the schiztepends on a pH gradient, is potently inhibited by both
phrenic spectrum [47], studies on DAT have produceekerpine and tetrabenazine (Fig. 7). Interestingly, tetrab-
conflicting findings [40, 75]. Moreover, no evidence foenazine which is being used to treat movement disorders
a linkage of the DAT gene with schizophrenic disordeirscluding tics and dystonias depletes central amines
in multigenerational pedigrees has been found [18]. Riore effectively than peripheral aminedl(]Tetrab-
nally, an increase in DAT sites has been reported énazine has been useful in the in vivo imaging of the
Gilles de la Tourette’s syndrome, and a deficient DAT-r&MT in human brain with positron emission tomogra-
lated uptake has been proposed to play a role in commiy [51].
sive self-mutilating behavior, as observed in Lesch-Ny- Cloning and sequencing of cDNAs encoding VMTs
han syndrome. from rat brain, adrenal medulla, and basophilic leukemia
cells have identified two distinct but related proteins
(521 and 515 amino acids) with 12 putative transmem-
Proton-dependent vesicular transporters brane segments and a large luminal loop located between
the first two transmembrane domains which are likely to
Vesicular transporters constitute a distinct gene family mdrticipate in ion/substrate translocation and antagonist
carriers that accumulate cytoplasmic biogenic amibeding [30, 65, 85]. The VMTs show a remote sequence
neurotransmitters or neurotoxins (serotonin, catechosdmilarity with several bacterial drug resistance genes
mines, histamine, amphetamines, MPRBnd acetylcho- and have been shown to suppress the neurotoxic effects
line by ATPase-dependent and+Hriven uptake into of MPP* by subcellular compartmentalization. Sequence
storage vesicles of presynaptic neurons and platelets [#i8ergence between the central and peripheral VMT may
85]. Vesicular transport is inhibited by drugs such as mday a central role in the differential neurotoxic effects of
serpine and tetrabenazine (for the amines) and vesamMBP* in brain and adrenal medulla [77]. Recently a
(for acetylcholine) that are distinct from agents that a¢MT cDNA was isolated from human midbrain and its
on plasma membrane transporters (Fig. 1). expression confirmed in human platelets [58]. Although
the human brain VMT is 90.7% homologous to the rat

Monoamine transporters Fig. 8 Topology of the human brain/platelet vesicular monoamine
transporter t{VMT). Circles individual amino acidshlack/shaded
The potent antihypertensive drug reserpine prevents thigles, gapsamino acids differing from the rat brain VM@pen

ransport of biogenic amines into synapic vesices af1Ss RS JHeomalon Seark hocspoenta Fes,
chromaffin granules, thus depleting amine stores. HO&Vﬁase C. An extensive sequence divergence occurs in the large lu-

ever, its clinical utility is limited because reserpine alsfinal loop located between the first two transmembrane domains.
causes side effects that resemble depression. Altholiggis region differs in 23 of 86 amino acids (26.7%) and contains
the psychobiology of depressive illness is extreméljee additional, two positively and one negatively, charged amino

. . : ids. Compared to the rat VMT cDNA, these structural changes
complex, this observation provided the framework f sult in a reduced overall amino acid identity of 64.0% in the

the archetypal amine hypothesis of affective disordgirge luminal loop of the human VMT, although four putative gly-
Reserpine acts by binding irreversibly to VMT which isosylation sites are consen:ed
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protein, extensive sequence divergence occurs in than in adult animals. This change may reflect a func-
large luminal loop located between the first two trandenal adaptation of the partially diminished population
membrane domains (Fig. 8). This region of the polypept dopaminergic neurons during aging. Similarly, the
tide differs in 23 out of 86 amino acids (26.7%) and copattern of distribution of TBZOH binding also heteroge-
tains three additional, two positively and one negativehgous in the human striatum, with higher binding levels
charged amino acids. Compared to the rat VMT cDN#&, the “matrix” than in the “striosome” compartment
these structural changes result in a reduced overall [&8]. A severe decrease in TBZOH binding was observed
mology of 64.0% in the large luminal loop of the humain all parts of the striatum in PD brains. The data corrob-
VMT, although four putative glycosylation sites are comrate the deficiency in striatal dopaminergic transmission
served. Analysis of the coding sequence flanking thad suggest that dopaminergic terminals in PD brains
large luminal loop has detected 12 out of 16 conservathave disappeared and/or no longer contain synaptic vesi-
amino acid substitutions with an overall homology @les. In Alzheimer's disease, TBZOH binding is signifi-
96.3%. cantly reduced in the ventral striatum and not in the cau-
Fibroblasts transfected with a cDNA clone encodirdate nucleus and putamen. The specific decrease in VMT
the VMT expressed in rat adrenal chromaffin cells colevels in the ventral striatum confirm that this nucleus is
fers resistance to MPH30]. Although the peripheral a target area in Alzheimer’s disease.
VMT is highly homologous to the VMT expressed in rat Finally, VMT abnormalities affecting monoamine
brain, considerable sequence divergence occurs in tia@sporter system function may contribute to the patho-
large luminal loop flanked by first two transmembrargenesis of affective disorders [60] and other neuropsy-
segments and, to a lesser extent, in the amino-termictahtric disorders in which these systems have been im-
region. Since the large extracellular loop of+Mapen- plicated.
dent plasma membrane transporters and possibly the
large luminal loop of Hdriven vesicular transporters
may play a central role in both intracellular transportécetylcholine transporter
protein trafficking and in ion and/or substrate recogni-
tion, sequence divergence in this segment of the VNCholinergic neurotransmission is fine-tuned by dissocia-
expressed in rat brain and adrenal medulla may undetili@ of acetylcholine (ACh) from nicotinic and muscarin-
the tissue-specific differences in MP®@Xxicity (Fig. 7). ic ACh receptors followed by its enzymatic hydrolysis
The extensive sequence divergence in the large lumiaatl uptake of choline into the presynaptic terminal. Cho-
loop of the VMT between the rat and human brain mége uptake represents a rate-limiting step in ACh synthe-
represent a possible molecular basis for the substardialand is competitively inhibited by the prototypic inhib-
species differences in the susceptibility to MBEBmon- itor hemicholinium-3. Although a recently reported nov-
strated among humans, nonhuman primates, and rodehtsansporter cDNA displayed choline uptake following
[34]. The extraordinary extent of variation across speciesctional expression, uptake was not blocked by hem-
reflecting the process of evolution may indicate that thcholinium-3, the carrier failed to be associated with cho-
region of the gene is susceptible to mutations and niiaergic neurons, and alternate substrates may be trans-
have implications for the pathogenesis of idiopathic PPorted [68, 104]. Other Nadependent high-affinity cho-
Structural alterations and/or abnormalities in gene die transport proteins located on the nerve terminal are
pression arising as a consequence of an accumulatiothefefore likely to be cloned and characterized in the
somatic mutations could result in a decreased capacityneér future.
the brain VMT to remove neurotoxins or regulate cyto- In contrast to the controversy regarding putative cho-
plasmic dopamine selectively taken up into nigrostrialale transporters, identification and structural character-
dopaminergic neurons by DAT [99]. Dysfunctional VMTization of the vesicular ACh carrier has progressed re-
may not be able to limit the mitochondrial damage of pmarkably. Vesamicol disrupts cholinergic neurotransmis-
tative exogenous and endogenous toxins, thus leadingitm by inhibiting vesicular accumulation of ACh. Since
degeneration of dopaminergic neurons and clinical RBsamicol binds to a single population of uptake sites
(see “Dopamine transporter”). Recently the heterogeltleat are present only on synaptic vesicles associated with
ous distribution of the VMT, labeled witl¥H]dihydro- cholinergic neurons, it has assisted the cloning of the ve-
tetrabenazine (TBZOH) and DAT, labeled witlsicular ACh transporter (VAChT) [7, 31, 82, 102]. The
[3BH]GBR12783, was studied in the rat striatum [54]. Thiistribution of the VAChT in both the central and periph-
ratio TBZOH/GBR12783 was higher in the anterior pagral cholinergic neuronal system is associated with cho-
of the striatum than in the caudal part. VMT and DAInhe acetyltransferase (ChAT), the enzyme required for
were more abundant in the lateral regions than in the A&h biosynthesis. Intriguingly, the sequence of the hu-
gions situated near the midline. In the caudal striatuman VAChT cDNA is intron-less and contained within
the ventral part was richer in VMT than the dorsal pathe first intron of the ChAT gene. In cultured sympathet-
In aged rats (30 months) a significant decrease in theneurons induction of ChAT gene expression with the
density of both transporters was noticed in the middibolinergic differentiation factor/leukemia inhibitory fac-
part of the striatum. In the anterior part of the striatutar or retinoic acid also increases VAChT mRNA, which
the ratio TBZOH/GBR12783 was higher in aged rais consistent with the existence of a coregulatory mecha-
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nism for the embedded ChAT and VAChT genes [12].
Transcription of genes from the same or contiguous pro-
moter/enhancer unit is a novel regulatory mechanism for
coordinate expression of two proteins in a specific cell
system. This coordinate regulation may play a central
role in cholinergic system development and functional
loss of the central cholinergic tone in dementias of the
Alzheimer type.

Sodium- and potassium-dependent excitatory
amino acid transporters

The joint action of neuronal and glial high-affinity exita-
tory amino acid transporters plays a critical role in the
termination of glutamatergic neurotransmission and th
maintenance of extracellular glutamate concentration
below a neurotoxic level. Several distinct cDNAs encod-
ing structurally related glutamate/aspartate (EAACL1, C
GLT1, GLAST) have now been identified and character- .

. 9 Hypothetical topology of glutamate transporters. Several

ized in rat brain, although the precise transmembrane {3 ;
T : tinct cONAs encoding structurally related glutamate transporter
pology remains controversial [30, 48, 49, 79, 9 J Y g n

) | ve been identified and characterized, but the precise transmem-
(Figs. 1, 9). Expression of EAAC1 appears to be cawrane topology of the C-terminus remains controve rsial

fined to the somatodendritic section of neurons in the
neocortex, hippocampus, and basal ganglia. GLASTfigction of the hydroxy group of the highly conserved
found on certain neurons and astroglia in cerebellar PWr-405 and the positively charged Arg-479 in the bind-
kinje cell layer, and GLT1 is thought to be primarily glighg of the negatively charged acidic neurotransmitter
in origin with ubiquitous distribution in the neocortexglutamate [20].
hippocampus, and entorhinal cortex [84]. A distinct glu- It has recently been reported that the overall proper-
tamate transporter (GIuT) located on presynaptic nefiss of a vesicular GluT in microvesicles of the bovine
terminals has not yet been identified. Recently six hpineal gland match those of the synaptic vesicle GIuT:
man homologs of GIuT cDNAs (EAAT1-5) have bee(n) the major driving force of the glutamate uptake is the
cloned from motor cortex [3] (J.L. Arriza, personal conmembrane potential, (b) Qlegulates the glutamate up-
munication). Although differences in tissue distributionake, probably via anion-binding site(s) on the trans-
between species have been demonstrated, the amino geiter, and (c) the transporter shows strict substrate speci-
sequence homologies of EAAT1, EAAT2, and EAATHcity. It is concluded that the vesicular GluT may be
compared to GLAST, GLT1, and EAAC1 are quite r&imilar if not identical to the neuronal counterpart.
markable. Expression studies with the gene products demon-
The transport activity encoded by the human EAAT4trate that glutamate transport is an electrogenic process
which is expressed predominantly in the cerebellum, hasl depends characteristically on both extracellular Na
high apparent affinity for-aspartate and-glutamate, and intracellular K (Fig. 1). During each transport cycle
and has a pharmacological profile consistent with prewi-proton-accepting and thus pH-changing anion(@H
ously described cerebellar GIuT activities. IntriguinglyiCO,-) is also countertransported. This indicates that
at transiently expressed EAAT4aspartate and-gluta- the uptake of a glutamate molecule is escorted by the co-
mate elicit a current predominantly carried by chlorideansport of two Naand by the countertransport of one
ions. Thus EAAT4 combines the uptake of neurotrang* and one anion, such as ©dr HCO,~. Hence the
mitter with a mechanism for increasing chloride permgiutamate uptake process evokes a depolarizing positive
ability, both of which could regulate excitatory neurdnward current leading to intracellular acidification and
transmission [32]. extracellular alkalinization. Although there is evidence
The neutral amino acid carrier ASCT1 (transports akiat this electrogenic uptake is participating in the depo-
nine, serine, and cysteine) is structurally closely relategizing action of glutamate, the functional consequences
to this transporter family, although transmembrane trarg-the transporter-mediated depolarization and the intra-
port of neutral amino acids is expected to differ in itd extracellular pH changes are not fully understood.
binding site from that of the acidic excitatory amino agatriguingly, nonvesicular calcium-independent release
ids glutamate and aspartate. Three positively charggdglutamate may be induced by reversing the transport
amino acid residues, Arg-122, Arg-280, Arg-479, arngstocess through an extracellular increase tnoKa de-
one polar Tyr-405 are conserved in all GluTs but are iease in Naconcentrations.
placed by apolar amino acid residues in the ASCT1 se-The electrochemical environment of glutamate trans-
quence. Interestingly, recent work suggests a pivogart may have important implications for a variety of
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schizophrenic spectrum [83, 86, 91, 93]. Aberrant GIuT

function in these conditions would increase synaptic glu-

tamate which would subsequently initiate a cascade of
events leading to neuronal death. Whether abnormalities
in glutamate uptake are related to the pathogenesis of
these disorders or result from as yet unknown neurode-
generative processes is controversial.

An inborn error of glutamate transport may cause di-
carboxylic aminoaciduria, which is characterized by in-
creased renal excretion of glutamate/aspartate and may
also be associated with neurological abnormalities and
mental retardation [95]. Finally, glutamate transport in-
hibiting properties of agents such &--oxalyl-a,3-di-

aminopropionic acid (ODAP) and kainic acid may sig-

K* GIuT — nificantly contribute to their neurotoxicity. The former is

Gmtamale* - o Glutamate  the excitotoxin implicated in lathyrism, a degenerative
2Na disorder associated with spastic paraplegia.
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There has been considerable progress in the molecular

Fig. 10 Reversal of neuronal and glial glutamate transport | ot : i
pathological conditions. Glutamate, a potent excitotoxin, is i#haracterlzatlon of multiple neurotransporters. New in

creased to neurotoxic levels in anoxic, hypoglycemic, and iscights into transporter diversity provide the means for
emic states. Following epileptic seizures or stroke, an extracellutapre targeted approaches of studying uptake processes
increase of K and reduction of Namay favor transport reversalat the molecular level. Future research strategies will fo-
and glutamate release, which in turn would prolong NMDA and,s on molecular mechanisms of substrate translocation
non-NMDA receptor-mediated responses and cause acute ang’ - A . o
and antagonist binding and on posttranslational modifi-
cation and functional regulation of the neurotransporter
protein. Exciting information will also be derived from
neuropathological processes (Fig. 10). Glutamate is a gt analysis of genomic regulatory elements and from
tent excitotoxin, and in vitro and in vivo observations inmodeling neurotransporter-related disorders in transgen-
dicate that extracellular glutamate is increased to neu@animals by targeted gene knock out. Technologies that
toxic levels in anoxic, hypoglycemic, and ischemic coadlow the addition, alteration, or elimination of individu-
ditions. An extracellular increase oftKnd reduction of al genes from the genome to create transgenic animals
Na* following epileptic seizures or stroke may favoare getting increasingly refined. There are clear advanta-
transport reversal and glutamate release [62]. Glutamgés of having a transgenic animal model of a human dis-
released in vivo is likely to derive from both neurons amdise. These animals often serve as the first unequivocal
astrocytes. During ischemia and concurrent anoxia/hypeeof that a particular gene participates in the pathologi-
glycemia the K-evoked release of aspartate is increasedl changes that occur with disease. They can also pro-
only in cultured neurons, while the spontaneous releagdge a system suitable for dissection of the successive
(=leakage) of glutamate and aspartate is enhanced inexents that lead to the disease state and can provide a
trocytes but not in neurons. In line with these findingsistom-designed whole animal system to test potential
microdialysis studies have demonstrated that inhibititherapies and to treat and eventually cure the disease. In
of glutamate uptake prolongs NMDA receptor-mediatébis line of thinking the fusion of transporter promot-
responses and causes acute and chronic neuronal ezéthhancer units to similar or unrelated genes could aid
death. In addition to the blockade of NMDA receptorteir expression in a specific neuronal system and open
the stimulation and/or the protection of the uptake sybe way to various approaches of gene therapy. Trans-
tems for glutamate could be of help in preventing neuigenic strategies are therefore expected to be instrumental
toxic damage [106]. in providing new insights into mechanisms of neuro-
The interrelationship of defective excitatory amintansporter dysfunction at the gene regulatory, neuro-
acid transporter function and excitotoxic glutamate cothemical, and anatomical level during various stages of
centrations in the synaptic cleft is also indicative dfevelopment. In addition, they may offer exciting possi-
transporter dysfunction in neurodegenerative disordéibties for generating animal models for distinct neuro-
that are associated with a disrupted glutamate turnowgenerative disorders. An improved understanding of
There is evidence that GluT function and/or concentithe modulation of neurotransporters function in the brain
tions are altered in distinct brain areas of patients witlay make it possible to identify the molecular factors
Alzheimer's disease, PD, Huntington's disease, amyottgiderlying both the predisposition to and the pathogene-
phic lateral sclerosis, and psychiatric disorders of this of neurodegenerative disorders. Due to their specifici-

chronic neuronal cell death
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ty for distinct neuronal systems neurotransporters ahf Bricke T, Kornhuber J, Angelberger P, Asenbaum S, Frassine
their genes are potential targets for novel therapeuticH: Podreka I (1993) SPECT imaging of dopamine and seroto-

nin transporters with (I-123) beta-CIT binding kinetics in the

strategies. human brain. J Neural Transm 94:137-146
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