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The synaptic actions of most neurotransmitters are inactivated by reuptake into the nerve terminals
from which they are released, or by uptake into adjacent cells. A family of more than 20 transporter
proteins is involved. In addition to the plasma membrane transporters, vesicular transporters in the
membranes of neurotransmitter storage vesicles are responsible for maintaining vesicle stores and
facilitating exocytotic neurotransmitter release. The cell membrane monoamine transporters are
important targets for CNS drugs. The transporters for noradrenaline and serotonin are key targets for
antidepressant drugs. Both noradrenaline-selective and serotonin-selective reuptake inhibitors are
effective against major depression and a range of other psychiatric illnesses. As the newer drugs are
safer in overdose than the first-generation tricyclic antidepressants, their use has greatly expanded.
The dopamine transporter (DAT) is a key target for amphetamine and methylphenidate, used in the
treatment of attention deficit hyperactivity disorder. Psychostimulant drugs of abuse (amphetamines
and cocaine) also target DAT. The amino-acid neurotransmitters are inactivated by other families
of neurotransmitter transporters, mainly located on astrocytes and other non-neural cells. Although
there are many different transporters involved (four for GABA; two for glycine/D-serine; five for
L-glutamate), pharmacology is less well developed in this area. So far, only one new amino-acid
transporter-related drug has become available: the GABA uptake inhibitor tiagabine as a novel
antiepileptic agent.
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Discovery

Most neurotransmitters are inactivated by uptake of the

released chemical into the nerve terminal from which it had

been released or into adjacent cells – a process mediated by a

family of transporter molecules. This concept is only some

40 years old. Prior to this, it was generally assumed that the

inactivation of neurotransmitters after their release from

nerves was likely to involve rapid enzymatic breakdown, as

seen with acetylcholinesterase. The degradation of mono-

amines by the enzyme monoamine oxidase was known early

on, and in the 1950s, a second enzyme catechol-O-methyl

transferase (COMT) was discovered and was thought to play

a key role in inactivating noradrenaline and other catechol-

amines.

When tritium-labelled radioactive catecholamines of high

specific activity became available in the late 1950s, experiments

could be performed for the first time using quantities of

monoamine small enough to mimic the very low concentra-

tions of adrenaline or noradrenaline normally encountered in

body fluids. The first experiments performed in the Axelrod

laboratory at the National Institutes of Health with [3H]-

adrenaline and later with [3H]-noradrenaline yielded an

unexpected result. Although in laboratory animals most of

the injected dose of labelled catecholamine was rapidly

metabolized (mainly by COMT), a substantial proportion of

the injected monoamine (30–40%) was removed from the

circulation by a rapid uptake into tissues, where it remained

for some time unchanged. A key observation was that the

uptake of [3H]-noradrenaline into the heart was virtually

eliminated in animals in which the sympathetic innervation

had been destroyed by surgical removal of the superior cervical

ganglion (Hertting et al., 1961). This led Hertting & Axelrod

(1961) to propose that the reuptake of noradrenaline by the

same nerves from which it had been released might represent

a novel mechanism for inactivating this neurotransmitter

(Figure 1).

The discovery of noradrenaline uptake was followed by the

finding that similar but distinct transporters were involved in

the inactivation of serotonin and dopamine, and that similar

mechanisms existed for the inactivation of the amino-acid

neurotransmitters GABA, glycine and L-glutamate (Iversen,

1971; Masson et al., 1999; Shigeri et al., 2004) (Figure 1).

Research interest has focused on these mechanisms, including

in recent years the identification and cloning of the genes

encoding the transporter proteins involved and the develop-

ment of knockout strains of genetically engineered mice

lacking one or other of these gene products. The family of

neurotransmitter transporters has turned out to be far more

extensive than previously imagined, with more than 20

different members (Masson et al., 1999) (Table 1), and several

have provided rich targets for CNS drug discovery.*Author for correspondence; E-mail: les.iversen@pharm.ox.ac.uk
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Monoamine transporters

The noradrenaline transporter (NET) was cloned by Pachol-

czyk et al. (1991) and this soon lead to the discovery of other

related members of the monoamine transporter gene family.

Separate transporters exist for serotonin (SERT) and

dopamine (DAT) (Masson et al., 1999). The monoamine trans-

porters are dependent on sodium and chloride ions for their

function. They use the electrochemical gradient of sodium

between the outside and inside surfaces of the cell membrane

to provide the thermodynamic energy required to pump

neurotransmitters from low concentrations outside the cell to

the much higher concentrations inside the cell. Chloride ions

accompany the entry of neurotransmitter and sodium, and

there is a net movement of positively charged ions into the cell,

although not in sufficient amounts to appreciably alter the

resting membrane potential of the cell.

The vesicular neurotransmitter transporters represent

another family whose function is to maintain the very high

concentrations of monoamine and amino-acid neurotransmit-

ters in storage vesicles. They use the proton gradient that exists

across the vesicular membrane as the motive force. The

vesicular monoamine transporters (VMAT) recognize seroto-

nin, dopamine, noradrenaline, adrenaline and histamine.

Figure 1 The role of neurotransmitter transporters at the synapse. PNT¼ plasma membrane neurotransmitter transporter;
VNT¼ vesicular neurotransmitter transporter. Redrawn from Masson et al. (1999).

Table 1 Neurotransmitter transporters

Substrate Subtypes Name

Noradrenalline NET
Dopamine DAT
Serotonin SERT
GABA Four GAT1–GAT4
GABA/betaine BGT-1
Glycine Two GLYT1 and GLYT2
Taurine RB16a
Proline PROT
L-Glutamate Five EAAT1–EAAT5
Vesicular monoamine Two VMAT-1–VMAT-2
Vesicular acetylcholine VAChT
Vesicular GABA/glycine VGAT
Vesicular glutamate Three VGLUT1–VGLUT3
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VMAT-1 is present chiefly in amine-containing endocrine

and paracrine cells in peripheral organs, while VMAT-2 is

the predominant form found in monaminergic neurons in the

CNS. It is also expressed in the histamine-containing cells

of the stomach, and in the adrenal medulla and in blood cells.

The Naþ /Clþ -dependent transporters and the vesicular

transporters are membrane proteins consisting of a single

polypeptide chain of 500–600 amino acid residues, with 12

a-helical membrane-spanning domain (Kavanaugh, 1998). The
molecular mechanisms underlying the function of the neuro-

transmitter transporters remain unclear. Unlike flux through

an open ion channel, there must be a gating cycle every time

solute is transported, but the exact molecular details of this are

not understood.

Drugs as inhibitors of monoamine transporters

By far the most important CNS drugs that target the

noradrenaline and serotonin neurotransmitter transporters

(NET and SERT, respectively) are the tricyclic antidepressants

and their modern counterparts. The discovery that imipramine

potently inhibited the uptake of noradrenaline in sympathetic

nerves (Axelrod et al., 1961), and the finding that this also

applied in the brain (Glowinski & Axelrod, 1964) led to the

first understanding of the mechanism of action of the tricyclic

antidepressants. Following the discovery of the serotonin

uptake system in brain, it soon became apparent that the

classical tricyclic drugs imipramine and amitriptyline were

potent as inhibitors of both noradrenaline and serotonin

uptake (Table 2). This reinforced the monoamine hypothesis of

depression as a monoamine deficiency state, and stimulated

much further research in the pharmaceutical industry to

discover new inhibitors of monoamine uptake. The debate as

to whether inhibition of noradrenaline or serotonin was the

most important in conferring antidepressant efficacy has

swung one way and the other over the past 40 years, and

there is no definitive answer to this question. An early effort to

improve the selectivity of antidepressants was made in the

1970s by scientists at the CIBA-GEIGY Company in Switzer-

land (now Novartis), who developed the selective noradrena-

line uptake inhibitor maprotiline (Table 2) (Waldmeier, 1996).

This proved to be clinically effective as an antidepressant, but

it was not a great success commercially and had few clear

advantages over the classical TCAs. This idea was also swept

away by the wave of enthusiasm for serotonin-selective

reuptake inhibitors (SSRIs) in the 1990s. The first compound

of this type was zimeledine, launched by Astra in Europe in the

1980s, but it had to be withdrawn because of serious adverse

side effects (Carlsson, 2001). The real success of SSRIs started

with fluoxetine (‘Prozacs’), although this compound had

languished on the shelf for many years before being developed

as an antidepressant (Wong et al., 1995). It was followed by

several other SSRIs, several of which met with considerable

commercial success. Although the SSRIs were no more

efficacious than the first-generation tricyclic antidepressants,

and did not act any faster, they were considerably safer in

overdose and could be used more safely. Table 2 summarizes

the affinities of currently used antidepressants on cloned

human monoamine transporters expressed in tissue culture cell

lines (Tatsumi et al., 1997). The availability of the human

transporter proteins for screening represents a considerable

advance. Although there are many published accounts of the

effects of antidepressants on monoamine transporter mechan-

Table 2 Antidepressants – inhibition of human serotonin (SERT), norepinephrine (NET) and dopamine (DAT)
transporters

Generic name Human SERT Kd (nM) Human NET Kd (nM) Human DAT Kd (nM) Selectivity-SERT vs NET

Amitriptyline 4.3 35 3250 8
Amoxepine 58 16 4310 0.3
Bupropion 9100 52,000 520 5.7
Citalopram 1.2 4070 28,100 3500

Clomipramine 0.3 38 2190 130
Desipramine 17.6 0.8 3190 0.05
Dothiepin 8.6 46 5310 5.3
Doxepine 68 29.5 12,100 0.4
Fluoxetine 0.8 240 3600 300

Fluvoxamine 2.2 1300 9200 580

Imipramine 1.4 37 8500 27
Lofepramine 70 5.4 18,000 0.08
Maprotiline 5800 11.1 1000 0.002

Mirtazapine 4100,000 4600 4100,000 F
Nefazodone 200 360 360 1.8
Nortriptyline 18 4.4 1140 0.24
Paroxetine .13 40 490 300

Protriptyline 19.6 1.4 2100 0.07
Reboxetine* 129 1.1 F 0.008

Sertraline 0.29 420 25 1400

Trazodone 160 8500 7400 53
Trimipramine 149 2450 780 16
Venlafaxine 8.9 1060 9300 120

Data from Tatsumi et al. (1997) and *Wong et al. (2000). The results are equilibrium dissociation constants (Kd) in nM, using [3H]-
imipramine binding to human SERT, [3H]-nisoxetine binding to human noradrenaline transporter, and 3H-WIN35428 binding to human
dopamine transporter (Tatsumi et al., 1997), or for reboxetine *(Wong et al., 2000) [3H]-citalopram binding to human SERT and
[3H]-nisoxetine binding to the human NET. The most selective drugs are highlighted in bold in the right hand column.
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isms, most of these employed animal tissues and there are few

reported studies in which a large number of drugs were tested

under the same experimental protocols.

Ironically, some of the most recently introduced antidepres-

sants hark back to the less-selective compounds of the earlier

era. Thus, duloxetine (Kirwin & Goren, 2004) and venlafaxine

(Mendlewicz, 1995) are described as drugs that combine both

noradrenaline and serotonin reuptake inhibition, although

in vitro binding data show that venlafaxine binds with more

than 100 times higher affinity to human SERT than to NET

(Table 2). Reboxetine is the first antidepressant drug since

maprotiline in a new class of NET-selective inhibitors (Hajos

et al., 2004). Reboxetine is reported to be as effective as the

SSRIs or older tricylics, but is not associated with sexual

dysfunction, a common side effect of the SSRIs. It is claimed

to be more effective than fluoxetine in improving the social

adjustment of depressed patients.

The monoamine uptake inhibitors have proved very

effective in the treatment not only of major depression but

also for a series of other psychiatric illnesses. The SSRIs

expanded the approved indications for the use of these drugs

to include obsessive compulsive disorder, bulimia nervosa,

panic disorder, post-traumatic stress syndrome, premenstrual

tension and social anxiety syndrome (Iversen & Glennon,

2003). They have also proved hugely successful commercially,

with worldwide sales in excess of $17 billion in 2003.

What are we to make of these twists and turns in the history

of the development of monoamine uptake inhibitors as

antidepressants? How can drugs that are selective noadrenaline

reuptake inhibitors be equally effective as those that selectively

target serotonin reuptake? In practice, it is difficult to know

how selective the monoamine uptake inhibitors are in vivo.

None of the antidepressants is completely selective for NET

or SERT. The SSRIs have some affinity for NET and some

(e.g. paroxetine) are quite potent inhibitors of NET. In some

cases, the formation of active metabolites alters the drug

selectivity profile. Thus, the nonselective compound imipra-

mine and the partially NET-selective compound lofepramine

are extensively metabolized to desipramine, a highly potent

and selective NE reuptake inhibitor. Similarly, whereas

amitriptyline has little selectivity for NET or SERT, the

metabolite nortriptyline is a selective NET inhibitor. It seems

likely that both NET-selective agents and SSRIs exert their

effects through some common final pathway in the brain.

Perhaps the SSRIs act indirectly to modulate noradrenergic

function (Gorman & Sullivan, 2000; Svensson, 2000). Experi-

mental data from animal experiments using microdialysis

probes showed increased levels of extracellular norepinephrine

in rat hippocampus after chronic treatment with paroxetine

(Svensson, 2000). The original monoamine hypothesis of

depression as formulated by Schildkraut (1965) stated:

Some, if not all, depressions are associated with an

absolute or relative deficiency of catecholamines,

particularly norepinephrine, at functionally important

adrenergic receptor sites in the brain. Elation conversely

may be associated with an excess of such amines.

European opinion currently seems to be swinging back in

support of the view that an upregulation of noradrenergic

function may be the key element underlying the efficacy of

antidepressant drugs (Gorman & Sullivan, 2000; Svensson,

2000), but most American psychiatrists continue to emphasise

the importance of serotonin.

The molecular mechanisms in the brain that are triggered

by the antidepressants, however, remain obscure (Iversen &

Glennon, 2003). The fact that all drugs require a period of

several weeks before they become fully effective suggest that

they modify gene expression in the brain and that the resulting

altered biochemical state takes a long time to become

stabilized. Many theories have been proposed, including

alterations in the expression of alpha and beta-adrenergic

receptors, changes in transcription factors and/or neurotrophic

factors, and even morphological alterations in the connectivity

of monoaminergic nerves and the promotion of new nerve cell

formation (Iversen & Glennon, 2003).

Inhibitors of monoamine uptake have found other medical

uses. The amphetamines act by promoting the release of

dopamine in the brain by virtue of their high affinity for the

dopamine transporter. They enter dopaminergic neurones

and displace endogenous dopamine by a combination of

a depletion of vesicular stores and counter transport of

dopamine outwards via the transporter (Rothman & Baumann,

2003). Amphetamine itself and the related drug methylpheni-

date (‘Ritalins’) have found increasing use in the treatment of

children with attention deficit hyperactivity disorder (ADHD).

A noradrenaline-selective NET inhibitor, atomoxetine, has also

been introduced recently for the treatment of ADHD. The older

antidepressant, bupropion, acts as a weak inhibitor of nor-

adrenaline and dopamine uptake, with little effect on serotonin

uptake, but it and some of its metabolites may indirectly activate

noradrenergic mechanisms. The compound had little success

as an antidepressant, but has been approved in the U.S.A.

and Europe as an aid to smoking cessation (Hurt et al., 1999).

Apart from their medical uses monoamine transporters are

also important targets for drugs of abuse. The dopamine

transporter (DAT) is the key site of action for the psychos-

timulant amphetamines and for cocaine. Mice that are

genetically engineered to knock out the expression of the

DAT gene are profoundly hyperactive and fail to show any

further stimulation of activity in response to cocaine or

D-amphetamine (Giros et al., 1996). Such animals, nevertheless,

will continue to self-administer cocaine (Rocha et al., 1998),

suggesting that the rewarding properties of the drug cannot be

explained entirely by its ability to inhibit DAT. Cocaine is also

a potent inhibitor of both serotonin and noradrenaline

reuptake. A corollary of the understanding that cocaine owes

important parts of its overall CNS profile to mechanisms other

than inhibition of DAT is that more selective inhibitors of

dopamine reuptake might be useful and free of dependence

liability. One such compound, brasofensine, has been pro-

posed for the treatment of Parkinson’s disease (Graul &

Castaner, 1999). Other selective DAT inhibitors may be used

for the treatment of the withdrawal phase of CNS drug abuse.

A different monoamine transporter, known originally as

Uptake2 (Iversen, 1965; 1971) is present in several peripheral

tissues and in the brain. It is not dependent on Naþ or Cl�, has

a low affinity for substrates and a high capacity. It is sensitive

to inhibition by O-methylated catecholamine metabolites

and by steroids (Iversen, 1971). Uptake2 has been cloned in

animals, where it is termed ‘organic cation transporter 30 and
in man where it is named ‘extraneuronal monoamine

transporter’ (Martel & Azevedo, 2003). This uptake system
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may represent a second line of defence that inactivates

monoamines, which have escaped neuronal uptake, and thus

prevents uncontrolled spread of the signal. Schildkraut &

Mooney (2004) have suggested that inhibitors of this

transporter might represent faster acting antidepressants.

The neurotransmitter transporter family has provided many

valuable targets for psychopharmacology. There is every prospect

that this will continue. It might seem that the monoamine

transporters had already been fully exploited, but the re-

emergence of NET-specific antidepressants and the possible

applications of selective inhibitors of DAT suggest that there may

still be room for innovation even in such a crowded field.

Transporters for amino-acid neurotransmitters
GABA

The existence of a high-affinity uptake of exogenous GABA

by slices of rat cerebral cortex was demonstrated more than

30 years ago (Iversen & Neal, 1968). Iversen & Snyder (1968)

subsequently showed that radiolabelled GABA was taken up

into a distinct subpopulation of synaptosomes that could be

separated physically from those accumulating catecholamines

by density-gradient centrifugation, and Bloom & Iversen

(1971) used electron microscopic autoradiography to show

that exogenous GABA was taken up by a distinct subpopula-

tion of nerve endings in slices of rat cerebral cortex.

It was immediately apparent that GABA uptake represented

an interesting drug-discovery target, as the catecholamine and

serotonin reuptake systems were already known to be key

targets for antidepressants. However, this idea was not to see

fruition for another 30 years. The medicinal chemistry of

inhibitors of GABA uptake was pioneered by Krogsgaard

Larsen et al. (1987), and tiagabine was developed by Lundbeck

as the first GABA uptake inhibitor to be marketed as a novel

antiepileptic (Schachter, 1999). It is interesting to see that

tiagabine, launched initially for use in epilepsy, is now being

investigated for other possible indications, in the treatment of

psychosis, generalized anxiety, sleep in the elderly and drug

addiction (Iversen, 2004).

There are at least three different GABA transporters, located

in both neurons and glial cells (Masson et al., 1999). The one

targeted by tiagabine (GAT1) is neuronal, while the others are

on glia and other non-neural cells. There must be a rich scope

for the future development of selective inhibitors of these other

sites of GABA uptake – yielding new pharmacological tools of

as yet unknown profiles or utility (Iversen, 2004).

Glycine/D-serine

Glycine plays a dual role in CNS neurotransmission. In the

spinal cord and brainstem, it is released as an inhibitory

neurotransmitter, but in all regions of the CNS, it also acts as

a potent coagonist with L-glutamate at glutamate receptors

of the NMDA subtype. Two specific transporters for glycine

exist, GLYT1 and GLYT2, and in addition glycine is

transported by the System A-family of ‘small neutral amino

acid’ (SNAT) transporters, which are expressed in both neurons

and glial cells and transport a range of other amino acids

(Schousboe et al., 2004). GLYT1 and SNAT predominate in

the forebrain, and are thus likely to be associated with the role

of glycine as a coagonist at NMDA receptors, whereas GLYT2

sites are colocalized with strychnine-sensitive glycinergic

mechanisms in the spinal cord and hindbrain. D-Serine is also

a potent coagonist with L-glutamate at NMDA receptors, and

some reports have suggested that a specific transporter may

also exist to regulate its function in CNS (Javitt et al., 2002).

Boosting the availability of glycine or D-serine at the

NMDA receptor is of pharmacological interest mainly because

of the ‘glutamate hypothesis’ of schizophrenia, which states

that the psychotic symptoms of the illness may be associated

with glutamate underactivity, particularly at NMDA receptors

(Javitt, 2004). Sarcosine is a naturally occurring inhibitor of

GLYT1, and preliminary clinical trial results suggest that it

may benefit schizophrenic patients when added to existing

antipsychotic drug treatment (Tsai et al., 2004). Selective

GLYT1 and GLY2 inhibitors are also under development

(Bradaia et al., 2004).

L-Glutamate

L-Glutamate is the most widely used fast excitatory neuro-

transmitter in mammalian CNS. In view of its ubiquitous

function, it is not surprising that many different categories of

receptors and receptor subtypes are targets for the amino-acid,

and that many different transporter mechanisms are involved

in glutamatergic neurotransmission. There are five transpor-

ters in the excitatory amino acid family (Shigeri et al., 2004).

They differ from the monoamine transporters in requiring

both sodium and potassium ions for their function, but are not

chloride-dependent. Like the monoamine transporters they are

membrane proteins of 500–600 amino-acid residues with six to

10 membrane spanning domains. The transporters have an

uneven distribution in CNS. EAAT1 and EAAT2 together

account for the majority of the glutamate transport capacity

in the brain, and they are almost exclusively expressed

in astroglial cells. EAAT1 is preferentially expressed in the

cerebellum, whereas EAAT2 is more prevalent in the

forebrain. EAAT3 is expressed mainly in neurons, as are

EAAT4 (in cerebellar Purkinje cells), while EAAT5 is found

in non-neural retinal Müller cells (Schousboe et al., 2004).

Recent molecular biological analysis has revealed the

unexpected finding that several of the genes associated with

the function of L-glutamate as a neurotransmitter in the CNS

are also expressed in a variety of peripheral tissues, in which it

is thought that L-glutamate may play a role as an autocrine or

paracrine signal molecule. These include bone, testis, pancreas

and the adrenal, pituitary and pineal glands (Hinoi et al.,

2004). Among the genes expressed in these tissues are some of

the members of the glutamate transporter family, especially

EAAT1 (Hinoi et al., 2004).

After release at excitatory synapses, the actions of

L-glutamate are terminated by the concerted action of receptor

desensitization and removal by the extremely active astroglial

glutamate transporters. An efficient and rapid removal of

L-glutamate from the synapse is essential not only to prevent

the spread of excitation but also to limit the potential

excitotoxic effects that excess L-glutamate can have when

glutamate receptors of the NMDA subtype are overactivated

(Schousboe et al., 2004). Some forms of neurodegenerative

disease may be associated with a dysfunction of astroglial

glutamate transport (Gegelashvili et al., 2001).
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Three subtypes of vesicular glutamate transporters

(VGLUT1–3) have been identified. They are membrane

proteins of around 600 amino-acid residues, with eight to 10

transmembrane domains; like the monoamine vesicular

transporters, they rely on a proton gradient to capture and

retain L-glutamate (Shigeri et al., 2004). The presence of the

vesicular transporters is essential for the rapid exocytotic

release of glutamate from nerve terminals. The vesicular

transporters are differentially expressed in different brain

regions, thus helping to define subsets of excitatory neurons.

VGLUT1 and VGLUT2 are expressed only in excitatory

neurons, whereas VGLUT3 is also expressed neurons releasing

other neurotransmitters – suggesting a different role of

glutamate in such cells (Fremeau et al., 2004).

So far, there has been little pharmacological development

around the glutamate transporters. Since understanding of

the relative roles played by the various transporters is still

incomplete, it is difficult to predict which might form attractive

targets for drug discovery (Javitt, 2004). There is also the

potential hazard that blocking the removal of L-glutamate

from the synaptic space could encourage seizure activity or

facilitate excitotoxic damage. Nevertheless, some progress has

been made in exploring various medicinal chemical approaches

to the design of both cell membrane and vesicular glutamate

transporters (Shigeri et al., 2004). There has been some

progress in identifying subtype selective inhibitors. The

compound threo-3-methylglutamic acid was reported to

inhibit the EAAT2 but not the EAAT1 transporter in vitro

(Eliasof et al., 2001), and the compound WAY-855 was also

reported to be a selective inhibitor of EAAT2 (Dunlop et al.,

2003). Selective nonsubstrate inhibitors capable of penetrating

the blood–brain barrier are needed, however, to determine the

pharmacological potential of inhibitors of the excitatory

amino-acid transports family.
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