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Growth, proliferation and normal functioning of
living cells, prokaryotes as well as eukaryotes,
depend upon small molecules that are taken from
extracellular fluids. Compounds, such as sugars,
certain drugs, ions, amino acids, or other precursors
for large molecules, often cross the cell membrane
with the aid of membrane-associated glycoproteins,
known as transporters. Vast information is available
concerning the structure of these transporters [1-5].
Interestingly, transporters of different molecules, or
of the same molecule but in different animal species,
may possess similar structural features, €.g. human
intestinal Na*/gluccse and Escherichia coli Na*/
proline cotransporters share a significant degree of
sequence similarity [6]. Information about the
molecular properties of transporters also has been
useful for identifying abnormal expression of these
proteins in certain pathological conditions, e.g.
underexpression of one type of glucose transporter
was observed in noninsulin-dependent diabetes [7].
In another case, the autosomal recessive disease
glucose/galactose malabsorption (GGM) was associ-
ated with a defect in the Na*/glucose cotransporter
[81. The major role of the transporter P-glycoprotein
[1-3] in multidrug resistance is another example of
the medical significance of these proteins.
Although the knowledge about transporters of
sugars, amino acids and similar small molecules is
well developed, until recently the transport of
neurotransmitters in the mammalian nervous system
was studied mainly at the pharmacological and
biochemical levels. Thus, uptake studies with
synaptosomal preparations [9,10], and binding
experiments with ligands selective for serotonin [11-
13}, noradrenaline [14], and dopamine [15-17] were
usefulininvestigating the selectivity, ion dependence,
and neurochemical characteristics of these trans-
porters. Since the isolation of the complementary
DNA of the y-amincbutyric acid (GABA) and the
noradrenaline [18-20] transporters in 1990, we have
been witnessing an enhanced development in the
field of neurotransmitter transporters (neuro-
transporters). Within 3 years, the cDNAs coding for
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dopamine [21-25], serotonin (5-HT) [26-29], glycine
[30-33], glutamate [34-36] and other plasma
membrane transporters were isolated [37-39]. In
parallel, a subfamily of vesicular transporters that
are involved in uptake of amino acids or amines
from the cytoplasm, or in drug transport (see below),
have been identified [40—42]; see also [43] for a
review. In certain cases, e.g. GABA and glutamate,
different cDNAs encode for proteins that transport
the same neurotransmitter [18, 34-36, 44—48]. Mul-
tiplicity in other neurotransporters, as in receptors,
glucose transporters [6-8], or P-glycoprotein [1-3],
is therefore very likely. The regulation and functional
abnormalities in neurotransporters can now be
analyzed at the molecular level, and this may shed
light on potential pathological and behavioral
disorders related to imperfect transport of neuro-
transmitters in the central nervous system.

STRUCTURE-FUNCTION CONSIDERATIONS OF PLASMA
MEMBRANE NEUROTRANSPORTERS

Three major subfamilies of neurotransmitter
transporters have been recognized thus far: (a)
monoamine plasma membrane transporters that
selectively remove noradrenaline, dopamine or
serotonin from the synaptic cleft, (b) amino acid
neurotransporters, which include the subgroups of
GABA, glutamate, proline and glycine, and (c) the
intracellular synaptic vesicle transporters. Several
reports about the structural homologies, as well as
differences between various members of these
groups, were published recently [37-39, 42, 43], and,
therefore, will not be repeated here. It is worth
mentioning that the three groups share similar
molecular features, including twelve putative
transmembrane domains, 2-4 glycoslyation sites
clustered in one non-membrane loop, and several
consensus amino acid sequences that possess serine
or threonine phosphorylation sites (see later). The
amino acid sequence identity is higher within the
three subfamilies than between them. The sequence
homology among the monoamine transporter
subfamily, for example, ts 45-50% considering the
entire protein, and about 70% when only conserved,
mainly transmembrane regions are compared. The
sequence conservation is even stronger between
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different species of the same transporter; hSERT
and rSERT* have 92% identical amino acids [28],
with differences largely restricted to the N-terminal
chain. These observations, therefore, support the
notion that a few (if not one) common parent genes
are the source of various neurotransporters.

NEUROTRANSPORTERS AS A BACKDOOR TO ENTER
NEURONS: NEUROTOXIC IMPLICATIONS

Though selective for their respective neuro-
transmitters, monoamine plasma membrane trans-
porters can also transport synthetic or natural
analogues of the neurotransmitter. This imperfect
selectivity implies that such compounds may “abuse”
the transporter in order to enter the cell. Should
such molecules interact with vital intracellular
structures, their penetration into the neuron might
have significant consequences. Two examples of such
poor selectivity, and the resulting physiological and
neurotoxic implications, will be discussed in some
detail.

In spite of the vast research effort, and the progress
made during the last decade, the mechanisms
underlying the death of dopaminergic neurons in
Parkinson’s disease [49-52], or upon aging [53-57],
are still enigmatic. Whether neurotransporters play
a role in this cell death will be discussed herein.
Early studies have indicated that, when injected
into the brain, 6-OHDA is neurotoxic to cat-
echolaminergic neurons, and this effect can be
blocked by catecholamine uptake inhibitors [58-61].
Thus, dopaminergic and noradrenergic cells take up
6-OHDA via the plasma membrane transporters.
The damaging interaction of this, and possibly other
dopamine derivatives such as 2-hydroxydopamine
and 4-hydroxydopamine [62], with mitochondrial
structures participating in ecnergy metabolism
depends, therefore, on active dopamine trans-
porters. This notion that neurotoxic agents can
selectively enter certain neurons via the plasma
membrane transporter was further established
recently, with MPTP [63-66]. It is now ascertained
that MPTP is taken up by glial cells, oxidized
to MPP*, released, and then transported to
dopaminergic neurons, with the aid of the dopamine
transporters ([67] and references included). The
selective neurotoxicity of MPTP to dopaminergic
neurons is, therefore, determined by dopamine
transporters.

A second example of cell-selective neurotoxin
penetration via a plasma membrane transporter is
the group of amphetamine derivatives [68]. Studied
extensively by Rudnick and Wall [69] and Molliver
and associates [70], drugs such as MDMA (“‘ecstasy””)
and PCA (p-chioroamphetamine) enter serotonergic
neurons in a relatively selective fashion {69, 70]. This
involves direct binding to the plasma membrane

* Abbreviations: hSERT and rSERT, human and rat
serotonin transporters; MDMA, 3,4-methylenedioxy-
methamphetamine (“ecstasy”); DAT, dopamine trans-
porter; pCMV-rSERT-1, a new pCMV vector expressing
rSERT; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine; TPA, phorbol 12-myristate 13-acetate; and 6-
OHDA, 6-hydroxydopamine.
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serotonin transporter, enhancement of serotonin
efflux, and intracellular interaction with vesicular
monoamine transporters [38,69,70]. Similarly,
noradrenaline plasma membrane {ransporters are
involved with the neurotoxic activity of DSP-4 to
noradrenergic neurons [71]. Several less-studied
neurotoxins, such as tyramine and amiflamine, are
also suspected substrates of transporters [72].
Interestingly, both DSP-4 and amphetamine deriva-
tives are neurotoxic to a subgroup of noradrenergic
[71] or serotonergic [70] neurons, respectively. This
may result from heterogeneity in either the
transporters interacting with them or in intracellular
target components such as monoamine oxidases or
vesicular transporters. Experiments by Edwards [42]
and Schuldiner [43] have shown that vesicular
transporters can sequester toxic agents (such as
MPP*), and thus prevent harmful interaction with
intracellular targets, such as mitochondria. Overali,
it is clear that plasma membrane transporters may
be considered as a “backdoor” for neurotoxic agents
to enter neurons in a relatively selective fashion [72].

ROLE OF PROTEIN KINASES AND STEROID HORMONES IN
CONTROLLING THE ACTIVITY OF NEUROTRANSPORTERS

The amino acid sequences of the cloned
neurotransporters have indicated that these gly-
coproteins possess consensus sites for protein kinase
A, proteinkinase C, and Ca**-calmodulin-dependent
protein kinase ({37-39] and references included). In
a recent detailed study, Kanner and associates {73]
examined the role of protein kinase C in
phosphorylation of glutamate transporters. Purified
pig brain and recombinant rat brain glutamate
transporters were analyzed upon treatment with
TPA. This report shows that a single amino acid,
serine-113, located in the intracellular N-terminal
chain of the transporter, plays a major role in
controlling the activity of a neurotransporter [73].

Experiments with endothelial {74], placental [75-
77], and pheochromocytoma [76] cells, platelets [78],
and basophilic leukemia cells [79] observed that both
cyclic AMP and phorbol esters (such as TPA) control
the expression of serotonin transporters. Further
support for this notion was obtained in a recent set
of experiments in our laboratory.} It was found that
in addition to the short-term effect of TPA, which
is inhibitory in the systems mentioned above
[74,78,79], TPA can also increase serotonin
transport. Long-term treatment of the human
placental JAR cells, which express the transporter
constitutively, has a profound stimulatory effect on
serotonin uptake. Interestingly, a subtle increase in
uptake was also observed after a short (30 min)
treatment of COS-7 cells, which were transiently
transfected with a pCMV vector (pCMV-rSERT-1)
expressing the rat serotonin cDNA{. This immediate
increase in serotonin uptake in the transfected cells
may involve a direct effect on the transporter protein,
whereas in the case of the slow response of JAR
cells (which takes 24-72hr), TPA may affect the
expression or biosynthesis of the transporter. Indeed,

T Dus L, Ratovitski T, Tauber M, Pantaleoni G and
Simantov R, Manuscript submitted for publication.
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in JAR cells, TPA increased both the V,, of
serotonin uptake and the amount of the transporter
protein, which was detected with newly prepared
antibodies.* It is likely that this long exposure to
TPA induces down-regulation of the protein kinase
C, as often observed in other systems. On the other
hand, immediate changes in serotonin transport
upon TPA treatrnent ([74,78,79], and in the
transfected COS-7 cells) could reflect phos-
phorylation of the transporter, changes in its
compartmentation, or alterations in the sodium
gradient driving the uptake. These possibilities, or
an enhanced release of endogenous serotonin that
may affect the uptake rate, cannot be excluded at
this stage. The recent studies with transfected COS-
7 cells indicate, therefore, that immediate changes
in transport efficacy can be analyzed, even when
genomic regulatory elements that control the
expression of the transporter are inactive.

GENE REGULATION: FOSSIBLE INVOLVEMENT OF EARLY-
RESPONSE REGULATORY GENES

Regarding the role of protein kinase A in
controlling the serotonin transporter, cyclic AMP
and cholera toxin also increase serotonin uptake in
JAR cells [75-77]. This effect is much slower than
the induction of cyclic AMP synthesis, which peaks
within 2hr [76,77]. It has been suggested,
therefore, that cyclic AMP stimulation may increase
biosynthesis of the transporter, possibly at the
translational or transcriptional levels. Indeed,
cholera toxin increases the mRNA level of the
transporter and the apparent number of transporter
molecules [77].

PC12 pheochromocytoma cells, or transgenic
mouse L-M fibroblasts containing an 11 kb piece of
genomic DNA coding for the serotonin transporter,
have different responses than JAR cells to cholera
toxin [76]. Yet, serotonin uptake was not affected
by cholera toxin in COS-7 cells transfected with
pCMV-rSERT-1.* One may hypothesize, therefore,
that TPA and cholera toxin activate different
regulatory pathways. Yet, we have found that the
long-term stimulatory effects of cholera toxin and
TPA in JAR cells were not additive, suggesting that
the two agents may activate some common systems.
As the long-term effects of cholera toxin and TPA
coincide with increased mRNA or protein level,
respectively, it will be of intefest to test whether
early-response regulatory genes, such as the AP-1
complex of Juanos, participate in the control
of serotonin transport. In various experimental
conditions, TPA activates AP-1 ([80] and references
included) and NFxB (81, 82] regulatory genes. It is
also known that c-fos and Jun-B respond to cyclic
AMP activation [83, 84]. Recently, it has been found
that TPA, as in many other cells, activates the c-fos
in JAR cells (T. Ratovitski and R. Simantov,
unpublished resuits).

In line with the possibility that regulatory early-
response genes control the expression of the
serotonin transporter, and the previous reports about
functional antagonism between AP-1 factors and the
glucocorticoid receptor [85, 86], Dus et al. found
that in placental JAR cells dexamethasone decreased
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serotonin transport.* Overall, these recent findings
suggest that the serotonin transporter, in these and
possibly other cells as well, may represent another
case of cross-talk between AP-1 and glucocorticoid
transcription pathways. The interaction between
glucocorticoid hormones and the serotonergic
system is apparently even more complicated, as
antidepressant transporter blockers stimulate the
activity of the glucocorticoid receptor gene promoter
[87].

USING THE ANTISENSE KNOCKOUT
RESTRAIN TRANSPORT

APPROACH TO

The availability of many transport inhibitors
(natural or synthetic) enables the widespread use of
these agents for medical purposes. It is clear,
however, that many of the uptake blockers are not
selective for a single transporter. Thus, cocaine
interacts withdopamine, serotonin and noradrenaline
transporters. Likewise, tricyclic antidepressants are
not selective for noradrenaline or other amine
transporters. Moreover, abuse of compounds
interacting with neurotransporters, cocaine and
amphetamine-derivatives, in particular, is well
known. It seems essential, therefore, to design
molecules that will selectively inhibit a single type
of neurotransporter, and will not be easily available
for abuse.

During the last decade or so, antisense oli-
gonucleotides and cDNAs have been used to restrain
the activity of various genes, and it is apparent that
this approach has wide-range pharmacological and
medical applications [88, 89]. The advantage of these
molecules, as highly selective inhibitors, is especially
important in the case of neurotransporters, as
discussed above. We have found recently that this
approach can be applied to partially restrain the
activityofthe DAT. 1 Cultured human neuroblastoma
cells that possess dopamine transporters have been
used to test the activity of a newly prepared vector,
named pcDAT-A, that expresses the entire rat
dopamine transporter rDAT-1 in the reverse
orientation (Scheme 1). Three synthetic 18-mer
antisense phosphorothioate-oligonucleotides, cor-
responding to different portions of DAT-1 (Scheme
1), were tested as well. The pcDAT-A vector, and
one of the three oligonucleotides, OLIGO-3 (anti-
sense to the 5’-region coding the third transmembrane
domain), blocked [?H}dopamine uptake, and were
also effective in partially blocking dopamine
toxicity.t Furthermore, OLIGO-3 also blocked 6-
OHDA neurotoxicity in these cultured cells. Though
the stability of these antisense nucleic acids has yet
to be improved, this approach should provide a
useful way to block transport of neurotransmitters
in vivo in a highly selective fashion.

FUTURE PROSPECTS

The entire implication of the vast development in

* Dus L, Ratovitski T, Tauber M, Pantaleoni G and
Simantov R, Manuscript submitted for publication.

+ Simantov R, Blinder H, Ratovitski T, Porat S, Tauber
M and Gabbay M, Manuscript submitted for publication.
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pcDAT-A coding the
entire DAT-| sequence
in the antisense orientation

wa A

18-mer antisense
phosphorothicate-oligonucleotide

DAT-| schematic structure, a3
with 12 domains ([_]) T

coding the transmembrane
sequence

Scheme 1. Schematic representation of the antisense nucleic acids used to inhibit dopamine transport
and neurotoxicity in human neuroblastoma cells.

this field regarding the control of neurotransporters
in the brain, under physiological, pharmacological
or possibly drug-abuse conditions, is yet premature
to predict. It is likely that endogenous inducers,
hormones, neurotransmitters, or other factors that
control protein kinases (of the A, C or other types)
can modulate the activity of neurotransmitter
transport and the synaptic level of the neuro-
transmitter. Suchendogenous compounds, therefore,
may play an important role in the normal
neurotransmission, as well as in pathological
conditions. For example, early neuroendocrine
studies have shown that the ACTH-CRH-cortisol
axis and steroid sex hormones play a role in
depressive behavior [90-92], and that depression is
gender-linked [93, 94]. Furthermore, an early report
showed that uptake of serotonin, but not dopamine,
was suppressed upon treatment with progesterone
[95]. Further studies are certainly required to
determine whether the finding that dexamethasone
modulates the expression of the serotonin trans-
porter* is related to these early studies.

Other important issues that also need further
analysis are discussed briefly below:

(a) The functional significance of multiple forms
of a neurotransporter is yet unclear. The molecular
basis for this could be multiple genes [34-
36, 44-48], posttranslational modifications [30], or
glycosylation [96,97]. There are pharmacological
data confirming that multiple transporters may exist
in other cases as well, suggesting that less abundant
transporters are likely to be isolated in the future.
Different transporters of the same neurotransmitter
may be localized in various cell types. Thus, the
GABA transporter GAT-1 was observed mainly in
ghal cells, whereas a f-alanine-sensitive GABA
transporter is more abundant in neuronal cells [44].
One cannot also exclude the possibility that
multiplicity in neurotransporters may reflect selective
cross-talk with other neurochemical pathways. We
have observed recently, for example, that glutamate
has a different influence on transport of dopamine
in two different neuronal cultures (R. Simantov and
M. Tauber, manuscript in preparation). Studies with
transgenic cells and animals should be useful to shed

* Dus L, Ratovitski T, Tauber M, Pantaleoni G and
Simantov R, Manuscript submitted for publication.

light on such issues, as was observed with MDR-
transgenic mice [98].

(b) Compartmentation of the plasma membrane
glucose transporter in various intracellular structures
and the role of other membrane-associated proteins,
such as Ras, have been studied extensively [99, 100].
Whether neurotransporters are similarly dynamic,
and move from one intracellular compartment to
another, the mechanisms that may be involved in
this translocation, and the functional significance
of recompartmentation, are yet to be studied.
Differential compartmentation of the transporter in
the cell may have an additional facet; transporters
of monoamines, for example, are not restricted to
the neuronal terminals, as an efficient uptake can
be detected in brain regions containing the cell
bodies. The implications of such compartmentation
of transporters and the role of presynaptic receptors
in controlling neurotransmitter release and uptake
were studied, in some detail, in the case of serotonin
[101-103). Whether intracellular or cell-cell inter-
actions modulate the localization of neuro-
transporters is, therefore, a subject of prime
importance.

(¢) Reverse-transport of neurotransmitters plays
an important role in neurotransmitter release under
experimental conditions [104], as well as in vivo (see
Ref. 105 for a review). It is established that this
cytoplasmic release depends upon the concentration
of the neurotransmitter in the cytoplasm and/or on
the magnitude of the Na* gradient. Additionally,
the presence of transported analogues outside the
neuron affects reverse-transport. No data are
available, however, regarding the possibility that
reverse-transport may change following molecular
alterations in the protein, such as phosphorylation.

(d) Unraveling the role of neurotransporters under
pathological conditions could certainly be a major
outcome of the recent developments in this field. It
has already been found that amyotrophic lateral
sclerosis (ALS) is associated with decreased
glutamate uptake in the brain and spinal cord [106],
and that aging is accompanied by a robust decrease
in the expression of dopamine transporters [57]. The
interaction of abused drugs, such as cocaine
and amphetamine-derivatives, with dopamine and
serotonin transporters, respectively, is also well
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established. It is assumed that molecular dissection
of the transporter’s elements involved in transport
of the neurotransmitter, or binding of blockers, as
has been initiated with the dopamine transporter
[107, 108], should contribute to the development of
selective and possibly not addictive drugs. The
involvement of other neurotransporters in patho-
logical conditions, and the possibility that abnormal
transport of catecholamine neurotransmitters con-
tributes to drug abuse, can be studied now at the
molecular and genetic levels.
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