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Preface to the Series

Medicinal chemistry isbothscienceandart.Thescienceofmedicinal chemistry
offers mankind one of its best hopes for improving the quality of life. The art
of medicinal chemistry continues to challenge its practitioners with the need
for both intuition and experience to discover new drugs. Hence sharing the
experience of drug discovery is uniquely beneficial to the field of medicinal
chemistry.

The series Topics in Medicinal Chemistry is designed to help both novice
and experienced medicinal chemists share insights from the drug discovery
process. For the novice, the introductory chapter to each volume provides
background and valuable perspective on a field of medicinal chemistry not
available elsewhere. Succeeding chapters then provide examples of successful
drug discovery efforts that describe the most up-to-date work from this field.

The editors have chosen topics from both important therapeutic areas and
from work that advances the discipline of medicinal chemistry. For exam-
ple, cancer, metabolic syndrome and Alzheimer’s disease are fields in which
academia and industry are heavily invested to discover new drugs because of
their considerable unmet medical need. The editors have therefore prioritized
covering new developments in medicinal chemistry in these fields. In addition,
important advances in the discipline, such as fragment-based drug design and
other aspects of new lead-seeking approaches, are also planned for early vol-
umes in this series. Each volume thus offers a unique opportunity to capture
the most up-to-date perspective in an area of medicinal chemistry.

Dr. Peter R. Bernstein
Prof. Dr. Armin Buschauer

Prof. Dr. Gunda J. Georg
Dr. John Lowe

Dr. Hans Ulrich Stilz



Preface to Volume 4

Transporters are proteins which span the plasma membrane and regulate the
traffic of small molecules in and out of the cell. Transporters play a particularly
important role in chemical signalling between neurons in the CNS, where
they act to control the concentration of neurotransmitters in the synapse.
The majority of transporters which are actively being pursued as targets for
drug discovery are CNS located and this reflects the history of the field which
began with the tricyclic antidepressants (TCAs) over half a century ago. The
use of transporter inhibition to regulate the synaptic concentrations of key
neurotransmitters is an established approach in the discovery of psychiatric
medications. This volume reviews advances in the field of transporters as
targets for drug discovery in the last 10 years. The volume will be of interest to
scientists engaged in drug research in the pharmaceutical industry, biotech and
academia. Following an overview chapter, seven chapters written by leading
experts in their area reflect a range of topics pertinent to the transporter field.
General topics include recent advances in the structural biology of transporters
and its impact on potential structure-based drug design and the design of
ligands for Positron Emission Tomography and the importance of molecular
imaging in understanding early clinical data. Medicinal chemistry approaches
are described outlining the discovery of selective serotonin, noradrenaline and
dopamine reuptake inhibitors, current efforts towards the discovery of mixed
re-uptake inhibitors with varied “flavours” of monoamine inhibition, advances
in the development of inhibitors for the glycine transporter and the discovery
of subtype selective EAAT inhibitors. In addition to being an interesting read,
the reader will receive a critical overview of progress made in this rapidly
developing field.

January 2009 Matilda Bingham
Susan Napier
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1
Introduction

Transporters are proteins that span the plasma membrane and regulate the
traffic of small molecules in and out of the cell. They play a particularly
important role in chemical signalling between neurons in the CNS, where
they act to control the concentration of neurotransmitters in the synapse.
In most systems the termination of chemical transmission is achieved by
rapid uptake of the transmitter molecule from the synapse by transporters
located on the synaptic terminal or surrounding glial cells. Another key role
for transporters is in excluding undesirable xenobiotics from the cell, whilst
allowing key molecules required for the cell life cycle to enter. It is increas-
ingly recognised that these efflux or uptake transporters respectively, play
an important role in the disposition of many marketed drugs, and whilst
the field of drug transport is yet to attain the level of maturity of drug
metabolism, it is certain to be of increasing importance in future drug discov-
ery programmes.

2
Transporter Classification

Transporters can be classed into two main families; the ATP binding cas-
sette (ABC) family, and the solute carrier (SLC) family. The SLC family is
a very broad categorisation which encompasses, amongst others, three im-
portant families of transporters for organic molecules; the major facilitator
superfamily (MFS) and two neurotransmitter transporter families, the neuro-
transmitter; sodium symporter (NSS, or SLC6) and the dicarboxylate/amino
acid:cation (Na+ or H+) symporter (DAACS, or SLC1) family.

2.1
The ATP Binding Cassette Family

The ATP binding cassette (ABC) family use a primary active transport mech-
anism to transport the substrate across the membrane [1, 2]. As the name
suggests, the free energy stored in the phosphate bonds of ATP is harnessed
directly to move substances through the membrane against a concentration
gradient from a lower to a higher concentration. Perhaps the best known ex-
ample of this class is the efflux transporter P-glycoprotein or P-gp, also known
as MDR1 and ABCB1. This protein was identified because of its overexpres-
sion in cultured tumor cells associated with acquired resistance to multiple
anticancer agents [3]. It has since been recognised that this transporter is
expressed in many normal tissues including the gastrointestinal tract and
blood–brain barrier and plays a key role in limiting the absorption and CNS
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penetration of several marketed drugs [4]. Interaction with P-gp can also
have significant consequences in terms of drug–drug interactions [5]. Test-
ing for P-gp inhibition in cell-based systems is now a routine in vitro screen
incorporated into early phase drug discovery programmes. Following the dis-
covery of P-gp a number of other transporters from the ABC family have
also been shown to have important roles in the disposition of drugs includ-
ing MRP2 (ABCC2) [6], SPGP (BSEP, ABCB11) [7], and BCRP (ABCG2) [8, 9].
Two transporter families from the SLC group, the organic anion transporting
polypeptide (OATP or SLC21, SLCO and SLC22) family [10], and the organic
cation transporter (OCT, or SLC22) family [11], are also important in the up-
take of drugs into the brain and systemic circulation.

2.2
The Solute Carrier Family

2.2.1
The Major Facilitator Superfamily

The major facilitator superfamily (MFS) is the largest group of transporters
containing over 15, 000 sequenced members to date [12]. This family is ubiq-
uitous in both eukaryotes and prokaryotes and accepts an enormous diversity
of substrates including sugars, sugar phosphates, polyols, nucleosides, amino
acids, neurotransmitters, and peptides amongst many others. The MFS pro-
teins operate by “facilitating” the diffusion of a solute from a higher to a lower
electrochemical potential, via specific binding between the solute and the
transporter. The substrate of interest is therefore transported by one of three
mechanisms: (a) uniport where the substrate is the “solute” and is energised
solely by its own concentration gradient, (b) symport where the substrate is
translocated in the same direction as the solute, and (c) antiport wherein the
substrate is transported in the opposite direction to the solute. This facili-
tated diffusion therefore does not require a supply of energy. The potential
of these proteins as targets for drug discovery is beginning to be realised; for
example several companies are currently pursuing clinical trials on inhibitors
of the glucose transporter SGLT-2 for the treatment of non-insulin dependent
diabetes [13].

2.2.2
The Neurotransmitter: Sodium Symporter Family

The neurotransmitter: sodium symporter (NSS) family is arguably the best
exploited in terms of targets for drug discovery. Many marketed drugs act
on NSS transporters including blockbusters such as fluoxetine 1 (Prozac),
sertraline 2 (Zoloft), paroxetine 3 (Paxil), buproprion 4 (Wellbutrin) and
venlafaxine 5 (Effexor), as well as the newer duloxetine 6 (Cymbalta) and
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Fig. 1

a number of psychostimulant drugs of abuse such as cocaine 7, and am-
phetamine 8 (Fig. 1) . The NSS family plays a particularly important role in
neurotransmitter signalling in the CNS and hence NSS transporter inhibition
has found widespread application in psychiatry. The NSS family of trans-
porters, which includes SERT, NET, DAT, GAT and GlyT therefore forms the
focus for this volume.

The NSS transporters use a secondary active transport mechanism to
translocate the substrate across the membrane; in an analogous fashion to the
ABC family, the energy stored in ATP phosphate bonds is harnessed to drive
an ion, eg. H+ or Na+, down a concentration gradient. At the same time the
substrate is transported against its concentration gradient. The process can
be termed symport or antiport as the substrate is transported in the same
direction, or the opposite direction to the ion current, respectively.
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2.2.3
The Dicarboxylate/Amino Acid:Cation (Na+ or H+) Symporter (DAACS) Family

The most prominent members of this family are the sodium-dependent exci-
tatory amino acid transporters EAATs which have been implicated in a num-
ber of neurodegenerative and neuropsychiatric disorders. The EAATs use
a secondary active transport mechanism in which the transport of the ex-
citatory amino acid glutamate across the membrane is accompanied by the
transport of three sodium ions and a proton.

3
NSS Transporter Assays

The two most common methods for evaluating transporter inhibitors in
vitro are equilibrium binding assays and functional reuptake assays, reported
as Kis or IC50s. It is this data which is most commonly used in medici-
nal chemistry programmes to compare compounds of interest and to select
compounds for progression to later stage drug development. The classic
methods for both approaches use a radiolabelled compound; either a ra-
diolabelled transporter inhibitor for the binding assay, or a radiolabelled
neurotransmitter for measuring the reuptake inhibition. Both binding and
functional assays can be carried out in either cultured cell systems (where
available) or in native tissue such as rat synaptosomes. Care needs to be
taken in extrapolating data from these assays, it is not uncommon to ob-
serve potency differences between binding and functional assays and between
overexpressing systems and native preparations. This is of particular im-
portance when a mixed inhibitor profile is desired, as is increasingly the
case in the monoamine transporter field (vide infra Chen et al. and Whit-
lock et al.). The situation is further complicated by the fact that there is
significant “cross talk” between neurotransmitter neurons in the brain such
that a given inhibitor profile in vitro may not correlate with the expected
profile in vivo. In vivo neurochemistry studies are usually required to con-
firm the inhibition of the desired neurotransmitter/s in a suitable animal
model.

More recently, there has been progress in developing fluorescence-based
functional uptake assays, notably for the monoamine transporters [14–16]
GlyT [17, 18] and the EAATs [19]. This allows for the possibility of large scale
high-throughput screening (HTS) campaigns. The costs associated with the
use and disposal of radiolabelled compounds make the classical binding and
functional assays less amenable to HTS, and hence the development of viable
fluorescent substrates for other transporters is eagerly anticipated.

More detailed pharmacology of transporter inhibitors can be evaluated in
functional assays to look at whether the compound is a substrate, or inhibitor,
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a reversible or non-reversible binder and to investigate inhibition kinetics.
However, these assays are not routinely carried out and are typically reserved
for compounds that have been selected as potential drug candidates.

4
Transporters and Structure-Based Drug Design (SBDD)

Obtaining suitable crystals for X-ray structure determination is a problem
common to all classes of integral membrane proteins, and transporters are
no exception. The central portion of the transporter which is embedded
in the plasma membrane usually exists as a bundle of α-helices which has
evolved to be stabilised by a lipid environment, conversely, the extracellular
and intracellular loops which link the α-helices are hydrophilic in charac-
ter. This environment is very difficult to replicate in suitable crystallisation
conditions, and as a result it has only been in the last decade that the first
high-resolution X-ray crystal structures have started to emerge. Recently, rep-
resentative transporters from each of the categories have been successfully
crystallised to afford high-resolution 3D structures; three from the MFS fam-
ily LacY [20], EMrD [21] and GlpT [22], the ABC importers MetNI [23],
BtuCD [24, 25], HI1470/71 [26], ModBC [27], and MalFGK [28] and exporters
Sav1866 [29] and MsbA [30], and two high-resolution X-ray structures from
the neurotransmitter family, the NSS transporter LeuT [31] and the DAACs
family archaeal glutamate transporter homologue from Pyrococcus horikoshii
GltPh [32].

The availability of these structures has the potential to revolutionise our
understanding of the complex kinetics and mechanisms involved in the se-
lective recognition and transport of molecules across the plasma membrane.
The potential impact of the publication of these structures on SBDD is also
significant. The implications and additional potential for homology model-
ing, NMR studies and electron microscopy are discussed in detail by Sylte
et al. (vide infra).

Of particular interest, given the focus herein on the NSS transporters,
is recent work from Gouaux et al. They identified the tricyclic antidepres-
sant (TCA) clomipramine (Fig. 2) as a weak ∼ 2 µM non-competitive in-
hibitor of LeuT, and were able to obtain high-resolution crystal structures
of clomipramine in complex with LeuT, the Leu substrate, and a sodium
ion [33]. The 3D structure of LeuT, thought to share a common architec-
ture with other NSS transporters, consists of 12 α-helical transmembrane
domains, with TMs 1–5 and 6–10 related to each other by a pseudo 2-fold
axis in the membrane plane (Fig. 2). The Leucine and sodium ions are bound
in the centre of the protein, half way across the membrane bilayer [31]. The
clomipramine bound structure shows the clomipramine positioned at the ex-
tracellular side of the transporter, just above the substrate binding pocket.
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Fig. 2 a Structure of Clomipramine

Fig. 2 b The LeuTAa topology reported by Gouaux et al. [23], as determined by X-ray crys-
tallography. TM1–TM5 and TM6–TM10 are related by a pseudo-two-fold axis located in
the plane of the membrane. The leucine substrate is represented by a magenta triangle
and the 2 sodium ions as blue circles

Given that clomipramine is known to inhibit SERT and NET in humans,
this clomipramine-bound structure has the potential to further our under-
standing of the structural basis of inhibition at the monoamine transporters.
However, it is important to note that the sequences of SERT and NET are sig-
nificantly different from LeuT, and recent data on SERT [34] and NET [35]
suggest that the TCAs may bind in a region closer to the substrate binding
pocket.

A contemporaneous study by Wang and Reith et al. reported the crystal
structure of LeuT in complex with the leucine substrate and the antide-
pressant desipramine [36]. They also reported gain-of-function mutagenesis
experiments on hSERT and hDAT which suggested that the binding mode
observed in the LeuT-desipramine structure is conserved in the monoamine
transporters.
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5
Transporters as Targets for Drug Discovery

This volume focusses on transporters as targets for drug discovery. A diverse
range of topics are covered; from recent advances in the structural biology of
transporters and its impact on potential structure-based drug design (Sylte
et al.), through a case study of medicinal chemistry drug design (Newman
et al.), to the design of PET ligands and their importance in understanding
early clinical trial data (Antoni et al.).

The monoamine transporters are the most established drug targets, and
as such there are many excellent reviews covering the launched antidepres-
sant selective serotonin uptake inhibitors (SSRIs), selective serotonin and
noradrenaline reuptake inhibitors (SNRIs) and TCAs [37]. In this volume we
focus rather on more recent developments in the search for second gener-
ation monoamine reuptake inhibitors which address the deficits in current
marketed drugs. The SSRIs have a good side effect profile however, as antide-
pressants they suffer from a slow onset of action and significantly, 30–40% of
patients do not respond satisfactorily to them. Conversely, although the TCAs
are effective antidepressants they have poor selectivity over muscarinic, his-
taminic and adrenergic receptors, resulting in cardiovascular, anticholinergic
and sedative side effects.

Whitlock et al. describe progress in the discovery of SSRIs, noradrenaline
reuptake inhibitors (NRIs), and SNRIs from 2000 to the present day. Whilst
Chen et al. focus on recent developments in the search for triple SERT, NET
and DAT reuptake inhibitors. The interest in these areas stems not only from
the potential for improved antidepressant efficacy and side effect profiles,
as has been proposed for the triple reuptake inhibitors [38], but the recog-
nition that by tweaking the transporter profile potential therapies for other
diseases associated with neurotransmitter imbalance can be developed. For
example, although duloxetine 6 (Fig. 1), a dual SNRI, was initially launched
in 2004 for the treatment of major depressive disorder (MDD) [39], since 2004
additional approvals have been granted for pain associated with diabetic neu-
ropathy [40] and fibromyalgia [41], for stress urinary incontinence [42] and
generalised anxiety disorder [43]. NRIs have been licensed for the treatment
of attention deficit hyperactivity disorder (ADHD), as well as being of interest
for the treatment of neuropathic pain. The continuing increase in the number
of patents being filed for monoamine reuptake inhibitors reflects the ongoing
interest in these transporters as targets for drug discovery.

The monoamine reuptake transporters, and DAT in particular, are also
responsible for the stimulant properties of several drugs of abuse such as co-
caine and amphetamine. The mechanisms underlying the abuse potential of
these drugs remain the subject of debate. The dopamine transporter (DAT)
hypothesis of cocaine’s behavioral effects was first proposed by Ritz et al. [44]
following their observation that there was a positive correlation between the
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binding affinity at DAT and the potency for self-administration of a variety
of monoamine uptake inhibitors. Many studies have subsequently supported
the DAT hypothesis, however it is becoming more evident that the elegant
simplicity of this hypothesis may hide a more complex reality. For example,
DAT knockout mice still exhibit place preference and self-administration of
cocaine [45, 46]. The interdependency of the monoamine neurotransmission
systems and the fact that cocaine also inhibits SERT and NET further com-
plicate interpretation of the in vivo data. Finally, there are non-cocaine based
DAT inhibitors which are used clinically which do not show abuse potential
and it is one class of these inhibitors, the benztropines (Fig. 3), which forms
the subject of a case study in drug discovery by Newman et al. In their chapter
they review the current state-of-the-art in our understanding of the mechan-
isms underlying the abuse potential of this class of drugs.

It is remarkable that despite nearly half a century of use of monoamine re-
uptake inhibitors our understanding of their mode of action, cocaine being
a case in point, is still limited. Despite advances in our knowledge of the neu-
rotransmitter systems at the molecular level, translating this information into
predictions for the effect of a given compound in man is still fraught with
problems. It is not possible to develop a true animal model for a disease such
as MDD since it is questionable whether animals can suffer from a similar ill-
ness and we cannot ask the animal for a subjective opinion as to how it feels!
This is a problem common to all psychiatric illnesses and hence the chal-
lenges associated with developing suitable animal models mean that it is often
not until late stage clinical trials that the hypotheses for the therapeutic ben-
efit of reuptake inhibition can be tested. The cost of a compound failing late
in clinical development is significant and companies are increasingly look-
ing to incorporate imaging techniques into early clinical trials for CNS drugs
to limit late stage attrition rates. In their review Antoni et al. introduce the
PET imaging technique and discuss the current state-of-the-art with respect
to imaging the transporters. They cover not only the neurotransmitter trans-

Fig. 3
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porters but also the ABC transporters, the glucose transporter GLUT and the
vesicular monoamine transporter-2. PET imaging cannot increase the likeli-
hood of a compound succeeding in the clinic, but rather allows companies
to make faster decisions to stop the development of ineffective compounds.
PET imaging can be used to relate drug pharmacokinetics in plasma to re-
ceptor occupancy, and subsequently to relate this to clinical efficacy. In the
absence of the receptor occupancy information from imaging studies it is dif-
ficult to assess whether a lack of clinical efficacy is due to insufficient drug at
the desired site of action or due to failure of the mechanistic hypothesis. The
translatability of this non-invasive technique provides a link with PET imag-
ing in animal models, thus allowing preclinical evaluation and ranking of new
chemical entities to select the most promising to progress into the clinic.

Although there are PET tracers available, there is still much work to be
done to identify “ideal” PET ligands for the transporters suitable for use in
the clinic. As highlighted by Antoni et al. in their review, “the stringent cri-
teria required for a suitable PET tracer mean that the process of identifying
a suitable PET ligand presents as many challenges as the discovery of a new
drug”.

In addition to regulating monoaminergic chemical transmission, trans-
porters also play a role in controlling synaptic concentrations of amino acid
neurotransmitters. Two such transporters for the CNS active amino acid
glycine, GlyT1 and GlyT2 from the NSS family were identified in the early
1990s [47–49]. Since that time there has been significant interest in GlyT1
inhibition as a therapy for schizophrenia with the proposed additional ben-
efit of improved cognition. Although there is substantial pharmacological
evidence to support this therapeutic hypothesis, clinical proof of concept is
yet to be determined. However, a number of interesting compounds have
now progressed to clinical trials and hence the validity of GlyT1 as a target
for schizophrenia, as well as differentiation between the different structural
classes of inhibitors, is likely to be clarified in the next decade. In their review
Walker et al. (vide infra) review the current medicinal chemistry landscape
for the glycine transporters and report progress towards the identification of
subtype selective GlyT inhibitors. Particular emphasis is given to develop-
ments in the last 2 years towards the identification of non-amino acid based
inhibitors.

A volume on neurotransmitter transporters would not be complete with-
out inclusion of the EAATs. Glutamate is now recognised as the primary ex-
citatory neurotransmitter in the CNS where glutamate synapses mediate the
majority of fast excitatory neurotransmission. The glutamatergic synapses
are essential for normal development and are involved in synaptic plastic-
ity, learning and memory. Attention has tended to focus on the ionotrophic
and metabotrophic glutamate receptors (iGluRs and mGluRs, respectively)
as targets for therapy however, the EAATs also play an important physio-
logical role in glutamate neurotransmission by clearing glutamate from the
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synapse. Bridges et al. describe recent research towards the development of
subtype selective EAAT inhibitors and subsequent attempts to better under-
stand the contributions of the different EAAT transporters. The studies to
date highlight the neuroprotective role of the EAATs and point towards the
use of compounds which enhance glutamate uptake for therapy. The feasibil-
ity of this as an approach is yet to be determined, since there is little precedent
for developing agents which act as positive modulators of the transporters.

6
Summary

The majority of transporters that are actively being pursued as targets for
drug discovery are CNS located, and this probably reflects the history of
the field which began with the TCAs over half a century ago. The use of
transporter inhibition to regulate the synaptic concentrations of key neu-
rotransmitters is an established approach in the discovery of psychiatric
medications and the continued interest in the area is manifest in current ef-
forts towards the discovery of mixed reuptake inhibitors with varied ‘flavours’
of monoamine inhibition. As highlighted by Whitlock et al. in their review
of SNRIs, targeting multiple receptors poses significant challenges for the
medicinal chemist and also complicates the biological evaluation of these
novel ligands. Advances in PET ligand development (Antoni et al.), may help
differentiate these second generation antidepressants in the clinic, especially
if a suitable NET ligand is identified in the near future.

Until recently, discovery of new inhibitors has typically been through
screening compounds prioritised via a pharmacophore-rational design based
approach. However, advances in assay technologies such as the development
of fluorescence-based reuptake assays, and the recently published X-ray crys-
tal structures of transporters suggest that the impact of HTS and SBDD may
change the way that medicinal chemists approach the discovery of transporter
inhibitors in the future.
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Abstract Current therapeutic drugs act on four main types of molecular targets: en-
zymes, receptors, ion channels and transporters, among which a major part (60–70%)
are membrane proteins. This review discusses the molecular structures and potential im-
pact of membrane transporter proteins on new drug discovery. The three-dimensional
(3D) molecular structure of a protein contains information about the active site and
possible ligand binding, and about evolutionary relationships within the protein family.
Transporters have a recognition site for a particular substrate, which may be used as
a target for drugs inhibiting the transporter or acting as a false substrate. Three groups
of transporters have particular interest as drug targets: the major facilitator superfam-
ily, which includes almost 4000 different proteins transporting sugars, polyols, drugs,
neurotransmitters, metabolites, amino acids, peptides, organic and inorganic anions and
many other substrates; the ATP-binding cassette superfamily, which plays an important
role in multidrug resistance in cancer chemotherapy; and the neurotransmitter:sodium
symporter family, which includes the molecular targets for some of the most widely
used psychotropic drugs. Recent technical advances have increased the number of known
3D structures of membrane transporters, and demonstrated that they form a divergent
group of proteins with large conformational flexibility which facilitates transport of the
substrate.

Keywords Three-dimensional structure · Drug discovery · Drug targets ·

Membrane proteins · Transporters

Abbreviations

ABC ATP-binding cassette
ATP Adenosine triphosphate
cGMP Cyclic guanosine monophosphate
CNS Central nervous system
2D Two dimensional
3D Three dimensional
DAACS Dicarboxylate/amino acid:cation symporter
DAT Dopamine transporter
DHA1 Drug:H+ antiporter-1
DMT Drug/metabolite transporter
DNA Deoxyribonucleic acid
EAAT Excitatory amino acid transporter
E-MeP European Membrane Protein Consortium
EU European Union
GABA Gamma-aminobutyric acid
GAT GABA transporter
GLUT Glucose transporter
HAE Hydrophobe/amphiphile efflux
HIV Human immunodeficiency virus
5-HT 5-Hydroxytryptamine (serotonin)
MFS Major facilitator superfamily
MS Mass spectrometry
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NARI Noradrenaline reuptake inhibitor
NBD Nucleotide binding domain
NET Noradrenaline transporter
NMR Nuclear magnetic resonance
NSS Neurotransmitter:sodium symporter
OAT Organic anion transporter
PDB Protein data bank
PEPT Dipeptide transporter
PEPT1 H+/dipeptide symporter
PfHT Parasite-encoded facilitative hexose transporter
RMSD Root mean square difference
RNA Ribonucleic acid
RND Resistance-nodulation-cell division
SERT Serotonin transporter
SMR Small multidrug resistance
SSRI Selective serotonin reuptake inhibitor
TC Transporter classification
TCDB Transport classification database
TMD Trans-membrane domain
TMH Trans-membrane helix
VMAT Vesicular monoamine transporter

1
Introduction

A number of consortia bringing together researchers from academic re-
search institutions and companies have been established to determine the
three-dimensional (3D) structures of proteins, rapidly and cost-effectively
using modern methodologies [1]. At the end of April 2007, the number of
entities in the PDB database (http://www.rcsb.org/pdb/) was greater than
42 000. The number of entities in the PDB database increased by more than
5000 during 2006, which is equivalent to the total number of entities in the
database 10 years ago. Genome sequencing together with significant advances
in process automation and informatics have aided the development of high-
throughput X-ray crystallography, and are the main reasons for the large
increase in the number of available 3D structures.

Atomic-resolution 3D structures provide important knowledge on biolog-
ically active molecules. The molecular structure of a protein contains infor-
mation about the active site architecture, possible ligand or antigen binding
sites, and evolutionary relationships within the protein family, and may serve
as a basis for designing protein engineering experiments. The shape and
electrostatic properties obtained from the molecular structure are also im-
portant for predicting possible interaction partners involved in regulation
and complexation. Knowledge of the 3D structures of drug-target complexes
defines the topography of the complementary surface between the drug target
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and the ligands, and provides the possibility of virtual screening experi-
ments searching for possible new molecules binding to the target [2] and for
structure-aided drug design [3].

When detailed structural data for the target protein are available, com-
puter programs can be used for ligand docking and virtual screening of
compound libraries, and to predict protein–ligand binding affinities in the
search for possible lead compounds. The obtained information can help the
synthetic chemist to optimize compounds by including chemical groups that
can form better interactions with the target, resulting in improved potency
and selectivity [4]. At the moment there are several drugs on the market
originating from a structure-based design approach. Examples include the
HIV drugs Agenerase and Viracept developed using the X-ray crystal struc-
ture of HIV proteinase [5, 6], development of the flu drug Zanamivir based
on the X-ray structure of neuraminidase [7], and the angiotensin-converting
enzyme inhibitors [8, 9]. Direct structural determination by experimental
methods like NMR spectroscopy and X-ray crystallography, and indirect
structural knowledge obtained by different biophysical and molecular biol-
ogy studies, together with bioinformatics and computational chemistry are
of pivotal importance in the discovery and development of biologically active
molecules, and of more effective and safer drugs.

During the last few years progress in genome sequencing has provided,
and still provides, important information about the genetic map of differ-
ent organisms. Modern technologies, such as microarray technology and 2D
electrophoresis/mass spectrometry (MS), have provided insight into regula-
tory mechanisms at the DNA, RNA and protein levels. In the post-genomic
era, focus will be on understanding the cellular machinery for regulation
and communication, and how proteins and other gene products cooperate
on a detailed atomic level. Such information provides insight into biologi-
cal mechanisms and disease processes, and is important for the discovery
and development of new drugs. However, knowledge of the detailed 3D struc-
ture of molecules involved in cellular communication will also be important
in order to understand the cellular machinery. Structural information about
central macromolecules and their regulation and interaction partners will
most probably contribute to the discovery of new targets for therapeutic
intervention, and may also give new insight into how drug targets can be
therapeutically exploited. The drugs of the future may not only be tradi-
tional ligands functioning as an agonist, antagonist, substrate or inhibitor,
but also act as scaffolding ligands by promoting protein–protein association,
by preventing protein–protein association, or by enhancing or preventing
degradation, internalization, etc. Future drugs may even be able to interfere
with the specific signalling pathway(s) of a receptor without interfering with
the other pathway(s) of the same receptor. Structural biology techniques, in-
cluding theoretical calculations, and 3D structural information may therefore
become even more important in the future.
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Membrane transporter proteins are crucial co-players in cellular processes,
and are known molecular components of many disease processes. The mem-
brane transporter proteins are targeted by several presently used drugs, and
have a large potential as targets for new drug development. In this review we
discuss the current structural knowledge of membrane transporter proteins
and its impact on new drug discovery.

2
Membrane Protein Structures

The protein targets for drug action on mammalian cells can broadly be di-
vided into four main types: receptors, enzymes, ion channels and transporters.
Integral membrane proteins are involved in a variety of processes governing
cellular functions, and provide a plethora of molecular targets for pharmaco-
logical intervention. A large number (60–70%) of the presently known drug
targets are proteins embedded in a cellular membrane, and membrane proteins
are among the most interesting macromolecules to study by structural biology
techniques. High-resolution structural information about proteins embedded
in a cellular membrane is of pivotal importance for developing new drugs
with therapeutic potential, but is also important for the understanding of the
molecular mechanisms of cellular communication and function.

During the last few years, several international structural genomics net-
works have been established focusing on whole genomes [10], and some net-
works are focusing uniquely on membrane proteins. One of these networks is
the EU-funded E-MeP consortium (http://www.ebi.ac.uk/e-mep/) that was es-
tablished in 2005 with the goal of developing novel technologies to facilitate
the purification and crystallization of membrane proteins. Currently around
20 European laboratories are members of the consortium, while additional
laboratories are associate members. E-MeP is exploring several expression
systems for 100 different prokaryotic and 200 different eukaryotic membrane
proteins.

Crystallization and structure determination of membrane proteins are still
not straightforward processes, and current knowledge of the detailed 3D
structures of membrane proteins is limited. Out of the more than 42 000 enti-
ties deposited in the PDB database, only around 0.3% are unique structures of
membrane proteins, although membrane proteins are estimated to represent
approximately one third of the proteins coded for in the human and other
genomes [11, 12]. Some of the most important questions in the fields of bi-
ology, chemistry and medicine remain unsolved as a result of the currently
limited understanding of the structure, behaviour and molecular interactions
of membrane proteins.

Integral membrane proteins of known 3D structure basically have two
different types of architecture: α-helical bundles or β-barrels. Up to now,
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eukaryotic plasma and reticulum membrane proteins have been shown to
be α-helical, while the β-barrel membrane proteins are mainly found in the
outer membrane of Gram-negative bacteria and in mitochondria and chloro-
plast membranes [13]. The helix bundle proteins contain quite long trans-
membrane hydrophobic α-helices that are packed together into bundles with
relatively complicated structure, while the β-barrel proteins are large pro-
teins consisting of anti-parallel β-sheets that fold into a barrel closed by the
first and last strands of the sheet [14, 15]. In amino acid sequences of pro-
teins with unknown 3D structure and function, the long hydrophobic trans-
membrane α-helices are easier to recognize in the sequence than the less
hydrophobic trans-membrane β-strands. Bioinformatics studies are therefore
generally easier to perform for α-helical bundle trans-membrane proteins
than for β-barrel trans-membrane proteins, and have produced much more
information about α-helical bundle proteins. Since the 3D structure of inte-
gral membrane proteins is not easily determined experimentally, prediction
of the secondary structure from the amino acid sequence is important for an-
notating protein sequences to membrane protein families. This, together with
recognition of structural motifs by bioinformatics, provides structural infor-
mation of value for determining the function and predicting the 3D structure
of trans-membrane proteins [16–18].

3
Membrane Transporter Proteins

Ions and small organic molecules are often too polar to penetrate the cellular
membrane on their own, and require a transport protein. Trans-membrane
solute transporters may be divided into channels that function as selective
pores opening in response to a chemical or electrophysiological stimulus, thus
allowing movement of a solute down an electrochemical gradient, and ac-
tive carrier proteins which use an energy-producing process to translocate
a substrate against a concentration gradient [19].

Transporter proteins have a recognition site making them specific for
a particular solute. The human genome contains many different transporters,
including those responsible for the transport of glucose and amino acids into
cells, transport of ions and organic molecules by the renal tubules, transport
of Ca2+ and Na+ out of cells, uptake of neurotransmitters and neurotransmit-
ter precursors into nerve terminals and vesicles, and transporters involved in
multidrug resistance. Drugs may exert their effect by binding to transporters
and either inhibiting transport of the solute or functioning as a false substrate
for the transport process.

Examples of such drugs include the antidepressant drugs that inhibit the
neuronal transporters for noradrenaline and serotonin [20, 21], probenecid
which inhibits the weak acid transporter protein in the renal tubule [22], loop
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diuretics inhibiting the Na+/K+/2Cl– co-transporter of the loop of Henle [23],
and the irreversible inhibitor of the H+/K+ ATPase (proton pump) of the
gastric mucosa, omeprazole [24]. The lack of atomic-resolution 3D struc-
tures of membrane transporter proteins limits the design of new ligands
interfering with the structure and function of the transporter. Only a few
membrane transporter proteins from bacterial species have been crystallized
and examined by X-ray diffraction experiments [25]. This makes molecular
modelling by biocomputing an interesting methodological alternative, and
in many cases the only method available for structural studies of membrane
transporter proteins. However, such methods depend on a combination of
computational techniques and experimental structural information to guide
the molecular modelling process.

3.1
Classification of Membrane Transport Proteins

According to the classification approved by the transporter nomenclature
panel of the International Union of Biochemistry and Molecular Biology [19],
transporters belong to six categories:

1. Channels and pores
2. Electrochemical potential-driven transporters (secondary and tertiary

transporters)
3. Primary active transporters
4. Group translocators
8. Accessory factors involved in transport
9. Incompletely characterized transport proteins

Categories 2, 3 and 4 are carriers. In contrast to most channels, carriers
exhibit stereospecific substrate specificities, and their rates of transport are
several orders of magnitude lower than those of other channels [19]. Mam-
malian species have carriers for peptides, nucleosides, sugars, bile acids,
amino acids, organic anions, organic cations, vitamins, fatty acids, bicarbon-
ate, phosphates and neurotransmitters. Numerous transporters of interest as
drug targets belong to subclasses 2A (porters) and 3A (diphosphate bond
hydrolysis-driven transporters).

Porters are either uniporters, symporters or antiporters. Uniporters are fa-
cilitated diffusion carriers that transport single molecules, symporters trans-
port two or more molecules in the same direction, while antiporters transport
two or more molecules in opposite directions [19].

Carrier mechanisms are distinguished by the source of energy used to ac-
tivate the transporter, which may be either one of two:

• Facilitated diffusion
• Active transport
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3.1.1
Facilitated Diffusion

Facilitated diffusion is accelerated by specific binding between the solute and
the transporter. The solute flows from a higher to a lower electrochemical po-
tential, so-called passive transport, via a uniporter, and facilitated diffusion
therefore does not require a supply of energy. Examples of uniporters, or
facilitated diffusion transporters, are glucose transporters (GLUTs), as in-
dicated in Fig. 1, and the parasite-encoded facilitative hexose transporter
(PfHT) of the major facilitator superfamily (MFS). Examples of GLUTs are
GLUT1 and GLUT2. GLUT1 is expressed in highest concentrations in ery-
throcytes and in endothelial cells of barrier tissues, such as the blood–brain
barrier. GLUT2 is expressed in liver cells, pancreatic beta-cells, renal tubular
cells and intestinal epithelial cells that transport glucose. GLUT1 is responsi-
ble for the basal glucose uptake required to maintain respiration in all cells,
and GLUT1 levels are decreased by increased glucose levels and increased
by decreased glucose levels. PfHT is used by the malaria parasite to absorb
glucose, which it needs to grow and multiply in red blood cells.

Fig. 1 Facilitated diffusion of glucose through GLUT down the concentration gradient

3.1.2
Active Transport Mechanisms

Active transport uses the free energy stored in the high-energy phosphate
bonds of adenosine triphosphate (ATP) as energy source to activate the trans-
porter. There are three types of active transport mechanisms: primary active
transport, secondary active transport and tertiary active transport.

Primary active transporters (Fig. 2) use the energy from ATP directly.
They exhibit ATPase activity to cleave ATP’s terminal phosphate, and move
substances from regions of low concentration to regions of high concentra-
tion. The ATP-binding cassette (ABC) transporters are primary active trans-
porters comprising a family of structurally related membrane proteins that
share a common intracellular structural motif in the domain that binds and
hydrolyses ATP. ABC transporters are molecular pumps that regulate the
movement of diverse molecules across cellular membranes and represent an
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Fig. 2 Primary active transport of drug via P-glycoprotein. The energy from ATP is used
to expel the drug out of the cell

important class of targets for discovery of novel small-molecule drugs for
treatment of a broad range of human diseases. ABC transporters have both
trans-membrane domains (TMDs) and nucleotide binding domains (NBDs).
The domain arrangement of these transporters is generally TMD-NBD-
TMD-NBD, but domain arrangements such as TMD-TMD-NBD-TMD-NBD,
NBD-TMD-NBD-TMD, TMD-NBD and NBD-TMD have also been demon-
strated [26, 27]. ABC transporters can be either exporters or importers.
A well-characterized ABC exporter is P-glycoprotein, or ABCB1, which is
widely distributed in normal cells, such as liver cells, renal proximal tubular
cells, cells lining the intestine and the capillary endothelial cells of the blood–
brain barrier. P-glycoprotein has broad substrate specificity and may have
evolved as a defence mechanism against toxic substances. It actively pumps
chemotherapeutic agents out of cancer cells, resulting in multidrug resistance
to such drugs (Fig. 2).

Secondary active transporters (Fig. 3) use the energy from a concentration
gradient previously established by a primary active transport process. Thus,
secondary active transport indirectly uses the energy derived from the hydro-
lysis of ATP. The driving force of secondary active transport is an ion, for
instance H+ or Na+, transported down its concentration gradient. Simultan-
eously, a substrate is transported against its concentration gradient.

There are two types of secondary active transport processes: antiport and
symport. In antiport, the driving force ion and the substrate are transported

Fig. 3 Secondary active transport. The energy established by the Na+ gradient is used to
transport serotonin against its concentration gradient
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in opposite directions, while in symport, they are transported in the same
direction. Examples of secondary transporters are the H+/dipeptide sym-
porter (PEPT1) mainly involved in absorption of di- and tripeptides across
plasma membranes in the small intestine and kidney proximal tubules, and
central nervous system (CNS) transporters such as the serotonin (5-HT)
transporter (SERT), noradrenaline transporter (NET), dopamine transporter
(DAT), GABA transporter (GAT) and excitatory amino acid (glutamate) trans-
porter (EAAT). By pumping neurotransmitters back into presynaptic nerve
terminals, these CNS transporters play central roles in maintaining the home-
ostasis of neutrotransmitter levels in neuronal synapses.

Tertiary active transporters like the organic anion transporters (OATs).
Tertiary active transporters utilize a gradient generated by secondary active
transport. OATs use the outwardly directed dicarboxylate gradient to move
(exchange) the organic substrate into the cell. The dicarboxylate gradient
is generated by the sodium dicarboxylate co-transporter (secondary active
transporter) which is using the inwardly directed sodium gradient initially
generated by the Na+/K+-ATPase (primary active transporter) [28].

4
Structure Determination of Membrane Proteins

Although structural determination of membrane proteins is not a trivial task,
improvements in membrane protein molecular biology and biochemistry,
technical advances in structural data collection, notably using synchrotron
X-ray beamlines, and the availability of several sequenced genomes have con-
tributed to progress in the number of trans-membrane proteins determined
by X-ray crystallography [29–31]. The difficulties in experimental structure
determination of trans-membrane proteins arise from their amphiphilic na-
ture. The hydrophilic surfaces are exposed to the aqueous medium, while the
hydrophobic surfaces interact with non-polar alkyl chains of phospholipids.
The amphiphilic nature makes it difficult to obtain stable and homogeneous
protein preparations, and during crystallization, crystal contacts are formed
between hydrophilic and hydrophobic surfaces.

Key issues that need to be considered before the structure of a trans-
membrane drug target can be determined are [10]:

• How to produce a sufficient amount of the membrane protein.
• How to solubilize and purify the membrane protein without destroying

the active 3D conformation of the protein. For membrane transporter pro-
teins this is not trivial, due to the hydrophobic nature of the membrane-
spanning region of the protein.

• How to crystallize the membrane transport protein, and what can be done
in order to study the 3D membrane protein structure in solution.
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4.1
Expression and Purification of Membrane Proteins

In order to determine a protein structure at high resolution, at least milligram
quantities of the protein are required. In spite of recombinant protein pro-
duction techniques and a variety of available expression systems, it has been
difficult to provide membrane proteins in a quantity and quality for X-ray
crystallographic structure determination. Membrane proteins are often ex-
pressed in low abundance in native tissues, and it is therefore necessary to
produce the proteins in heterologous expression systems. However, heterol-
ogous membrane protein expression may produce toxic effects on host cells,
contributing to poor stability and low yields [1]. This problem can be reduced
by introducing deletions and mutations into the proteins and by generat-
ing fusion constructs. It is also important to use an expression system that
does not significantly affect the activity of the mammalian membrane pro-
tein, compared with the activity in the native tissue [10]. Prokaryotes may
lack many post-translational modification systems of importance for the na-
tive activity of the membrane protein. Many different types of recombinant
expression systems have been tested for membrane proteins.

The most widely used system for recombinant protein expression of trans-
membrane proteins has been Escherichia coli, due to the simple and inexpen-
sive scale-up [32], which has so far also been the most successful approach.
The expression has been directed to the bacterial membrane or inclusion
bodies. Suitable expression vectors are available, and proteins can be labelled
metabolically with heavy-atom-labelled amino acids for X-ray crystallogra-
phy or with stable isotopes for NMR spectroscopy [33]. In addition to E. coli,
other bacteria have also been tested for membrane protein expression, but
have usually given lower yields [34].

Different yeast strains have been used for recombinant expression of
a number of trans-membrane proteins [10]. Insect cells have a close re-
semblance to mammalian cells and have been used for membrane protein
expression [10, 35]. Expression in mammalian cells has also been performed,
resulting in both transient and stable expression. A general drawback with
the use of mammalian cell lines has been that it has given quite low yields
compared with bacterial expression systems, and it also involves a more time-
consuming procedure [36]. Expression in COS cells and HEK293 cells has
successfully been done for membrane transporter proteins including the glu-
tamate transporter [37, 38].

After expression, the protein is solubilized and separated from the lipid
components by the use of detergents. This process very often requires an
intensive screening process, since different detergents have to be used for dif-
ferent trans-membrane proteins [10]. After solubilization, the recombinant
protein is often purified by affinity chromography methods, after insertion of
histidine tags into the N- or C-terminal of the protein.
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4.2
Structure Determination of Membrane Proteins

The methods used to determine high-resolution atomic structures of proteins
are nuclear magnetic resonance (NMR) spectroscopy and X-ray crystallogra-
phy. Structural determination by X-ray crystallography is so far the method
with largest success for trans-membrane proteins. X-ray crystallography and
NMR have complementary features in elucidating the structure–functional
relationships of proteins and protein–ligand complexes. If a protein forms
suitable crystals, X-ray crystallography may represent a convenient and rapid
approach, while NMR spectroscopy may have advantages when the struc-
ture is partly distorted, exists in several stable conformations in solution or
does not crystallize. Solution and solid-phase NMR are also alternatives for
structure determination, especially for smaller proteins, but also for protein
domains where the electron density is not observed by X-ray crystallogra-
phy. This is exemplified by the solution NMR structure of the periplasmic
signalling domains of the TonB-dependent outer membrane transporter FecA
from E. coli [39]. Electron cryomicroscopy also contributes valuable struc-
tural information about membrane proteins, although at much lower reso-
lution than that obtained by X-ray crystallography [40].

Since structure determination of membrane proteins by experimental
methods has so far proven very challenging, structure prediction by ho-
mology modelling [25] using modern bioinformatics techniques may rep-
resent an alternative, and very often the only alternative, to obtain insight
into the atomic structure of membrane transporters and other membrane
proteins.

4.2.1
X-Ray Crystallography

The use of advanced protein expression and purification procedures, crys-
tallization robots and powerful synchrotron radiation sources has enabled
high-throughput structure determination using X-ray crystallographic tech-
niques. Crystallization techniques and structure determination have become
“high-throughput” for several protein families, but for membrane proteins
including transporter proteins, the available crystallization and structure so-
lution methods are not regarded as high throughput.

A high-resolution X-ray crystallographic structure provides structural in-
formation at an atomic level and is a powerful method for studying the
structure of drug targets and their ligands. X-ray crystal structures represent
time and space averages of all atoms present within the protein molecule, and
may also provide information about the structural movements of the protein.
The process of X-ray structure determination of trans-membrane proteins
has different steps including crystallization of the purified membrane pro-
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tein, measurements of crystal diffractions, calculation of electron density and
model building [1, 10].

A major challenge of X-ray crystallography of trans-membrane proteins
is to obtain suitable 3D crystals. Homogeneity and stability at high pro-
tein concentrations are important to obtain good results. Different strategies
have been used for producing suitable crystals. These strategies include the
use of detergents that replace the native membrane lipids and form mixed
detergent–membrane protein micelles, crystallization using vapour diffusion,
and crystallization using lipid cubic phases and bicelles [29]. The rationale
behind the methods using cubic phases [41–43] or bicelles [44, 45] is that the
solubilized membrane protein is inserted into a native-like environment that
is believed to improve the chances of crystallization.

4.2.2
NMR Spectroscopy

NMR spectroscopy investigates transition between spin states of magneti-
cally active nuclei in a magnetic field. Determination of the solution struc-
ture of trans-membrane proteins by NMR requires that well-resolved 2D
1H/15N chemical shift correlation spectra can be obtained. For helical trans-
membrane proteins, spectral resolution is complicated by the limited amide
1H chemical shift dispersion in α-helixes and the slow correlation time for
many micelle-bound proteins [46].

In general, NMR methods have advanced to the point where small to
medium sized protein domain structures can be determined in a quite
routine manner, and solution NMR spectroscopy has emerged as an em-
inent tool in studies of protein structure [47] and intermolecular interac-
tions [48]. Of about 42 000 entities (April 2007) deposited in the PDB database
(http://www.rcsb.org/pdb/), about 15% were determined by NMR techniques.
NMR spectroscopy of proteins contributes with important information about
the kinetics, thermodynamics, conformational equilibria, molecular motions
and ligand binding equilibria of the protein, since the signals observed in so-
lution by NMR show the chemical properties of atomic nuclei, including the
their relative motions [49].

If over-expressed proteins are inserted efficiently into membranes, they
might also be studied by solid-state NMR spectroscopy without prior dis-
sociation. When this method can handle larger proteins, the method holds
promise for 3D structure determination of membrane proteins [50, 51].

4.2.3
Electron Microscopy

The basic idea of electron microscopic 3D structure determination is to pro-
duce 2D projection images (2D crystals) from a 3D object. These 2D projec-
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tion images can then be used to reconstruct the 3D structure of the original
object by applying back-projection algorithms [1]. The method can be used
to study large macromolecular machines like the ribosome or spliceosome
which undergo massive structural rearrangements [40]. A number of mem-
brane proteins have been reconstituted to form 2D crystals. The quality of
the diffraction in the best direction of optimum crystals typically ranges from
about 6–7 Å resolution up to 3 Å. At around 6 Å resolution trans-membrane
α-helices can be revealed [52], while at 3 Å the protein backbone and larger
side chains can be modelled.

4.2.4
Three-Dimensional Structure Prediction

Comparative modelling or homology modelling can be used to generate 3D
structural models of proteins with unknown structure [53]. In homology
modelling or comparative modelling, molecular modelling techniques are
used to construct 3D models of the protein of interest (the target protein)
using structural information from a protein with known 3D structure (the
template protein), based on a postulated structural conservation between the
template and target proteins. The homology modelling approach is based on
the observation that the 3D structure of homologous proteins is more con-
served than the amino acid sequence. Combined with structural information
from molecular biology studies (e.g. site-directed mutagenesis experiments)
and ligand binding studies, homology modelling provides indirect structural
knowledge about the target protein and its interactions with drugs and other
interaction partners.

When the structural similarities between the target and the template pro-
tein are high, the homology modelling approach may give structural models
of sufficient accuracy for virtual screening of compound libraries and target-
based ligand design. The accuracy of a model constructed by homology
modelling depends on the conservation of secondary structure between the
template and the target [54]. Sequence similarities larger than 50% between
the template and the target are assumed to produce quite accurate structural
models. Sequence similarities of 50% are expected to give a root mean square
difference (RMSD) of about 1 Å between the backbone atoms of the template
structure and the model. However, even at an overall sequence identity of
<20% between the template and the target, the active sites and the secondary
structure elements necessary for building the protein scaffold may have very
similar geometries [55].

Several automatic homology modelling methods are available on the in-
ternet [56–58]. Such automatic modelling methods may provide models of
high accuracy when the structural conservation between the template and
the target is high. The most important single determinant for the quality
of the homology-based model is the accuracy of the amino acid sequence
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alignment between the template and the target [54]. For membrane trans-
porters, the sequence identity between a bacterial template and a modelled
mammalian membrane transporter is often low, and the alignment often
has to be manually adjusted based on experimental observations, particu-
larly from site-directed mutagenesis experiments [59]. The interpretation of
site-directed mutagenesis results is therefore very important in the process
of modelling membrane proteins. Models with low sequence similarity to
the template structure are valuable working tools for generating hypotheses
about the structure and function of the target protein, for designing new ex-
perimental studies, and along with structural information would contribute
value to ligand design.

5
Transporters of Known 3D Structure

Three-dimensional crystal structures of several bacterial transporters for or-
ganic molecules have been determined by X-ray crystallography at atomic
resolution, as shown in Table 1.

5.1
The Major Facilitator Superfamily

The major facilitator superfamily (MFS) includes almost 4000 different
transporter proteins. The MFS family members transport diverse substrates
including sugars, polyols, drugs, neurotransmitters, Krebs cycle metabo-
lites, phosphorylated glycolytic intermediates, amino acids, peptides, or-
ganic and inorganic anions and many more (http://www.tcdb.org/) [60–63].
These transporters function by uniport, symport or antiport mechan-
isms, and may possess either 12 [64], 14 [65] or 24 [66] trans-membrane
helices (TMHs), with a common evolutionary ancestor [67]. Examples
of human MFS transporters are glucose uniporters (GLUTs), the vesicu-
lar monoamine transporter 1 and 2 (VMAT1 and VMAT2), the thyroid
hormone transporter (MCT8) and the organic anion transporter (OAT)
family.

The 3D structures of three E. coli transporter proteins of the MFS fam-
ily have been determined by X-ray crystallography at atomic resolution:
EmrD [68] (Fig. 4a), GlpT [69] and LacY [70] (Fig. 4b), at 3.5, 3.3 and 3.5 Å,
respectively. These structures indicate that MFS proteins with 12 TMHs share
a common architecture of the membrane spanning region, organized in sym-
metrical N- and C-terminal domains each of six TMHs, with overall struc-
tural topologies resembling each other. TMHs 3, 6, 9 and 12 are facing away
from the interior of the transporters [68–70] (Fig. 4). The orientations of
the TMHs of EmrD are different from those of GlpT and LacY, presumably
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Fig. 4 Backbone Cα trace of the X-ray crystallographic structure of EmrD (a) [68] (PDB
code 2GFP) and LacY (b) [70] (PDB code 1PV6), viewed in the membrane plane (cyto-
plasm downwards). Colour coding of the structures: blue via white to red from N-terminal
to C-terminal

because GlpT and LacY are facing the cytoplasm in a V-shaped conform-
ation [69, 70], while EmrD probably represents an intermediate state [68]. It
has been proposed that the substrates for GlpT, LacY and EmrD are translo-
cated across the membrane by an alternating-access mechanism [68–70].

5.2
The Resistance-Nodulation-Cell Division Superfamily

All known members of the resistance-nodulation-cell division (RND) super-
family catalyse substrate efflux via and H+ antiporter mechanisms. These
transporters are found in bacteria, archaea and eukaryotes and are organized
in eight phylogenic families (http://www.tcdb.org/) [71, 72]. Up to now, 18 dif-
ferent X-ray crystallographic structures of the proton:drug antiporter Acri-
flavine resistance protein B (AcrB) have been reported [73–77] [78] (Fig. 5).
This transporter is a major drug-resistance pump of the RND superfamily
that belongs to the largely Gram-negative bacterial hydrophobe/amphiphile
efflux-1 (HAE1) family (http://www.tcdb.org/). In E. coli the protein cooper-
ates with a membrane fusion protein AcrA, and the outer membrane channel
Tol C [73–75]. The substrate specificity of this large protein complex is broad,
transporting cationic neutral and anionic substrates [79]. The AcrB protomer
is organized as a homotrimer with a jellyfish-like structure [73], and the crys-
tal structures of AcrB with and without substrates indicate that drugs are
exported by a functionally rotating mechanism [74] or an alternating access
peristaltic mechanism [75].
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Fig. 5 Backbone Cα trace of the X-ray crystallographic structure of a single AcrB pro-
tomer [73] (PDB code 1IWG) viewed in the membrane plane. Colour coding as in Fig. 4

5.3
The Drug/Metabolite Transporter Superfamily

The drug/metabolite transporter (DMT) superfamily consists of 18 recog-
nized families, each with a characteristic function, size and topology [80].
The multidrug transporter EmrE belongs to this superfamily, and to the four
TMH small multidrug resistance (SMR) family (http://www.tcdb.org/). The
SMR family members are prokaryotic transport systems consisting of ho-
modimeric or heterodimeric structures [81]. Two E. coli EmrE X-ray crystal
structures have been reported at 3.7 [82] and 3.8 Å [83]. The EmrE trans-
porter is a proton drug:antiporter [82], and two EmrE subunits form a ho-
modimer that binds substrate at the interface [83] (Fig. 6).

5.4
The Neurotransmitter:Sodium Symporter Family

Members of the neurotransmitter:sodium symporter (NSS) family catalyse
uptake of a variety of neurotransmitters, amino acids, osmolytes and related
nitrogenous substances by a solute:Na+ symport mechanism [84]. In 2005 the
crystal structure of the Aquifex aeolicus LeuTAa determined by X-ray diffrac-
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Fig. 6 Cα trace of the X-ray crystal structure of the EmrE dimer X [83] (PDB code 2F2M)
viewed in the membrane plane. Colour coding as in Fig. 4

Fig. 7 Cα trace of the LeuTAa X-ray crystallographic structure [64] (PDB code 2A65)
viewed in the membrane plane. Colour coding as in Fig. 4

tion at 1.65 Å resolution was reported [64] (Fig. 7). LeuTAa belongs to the NSS
family (http://www.tcdb.org/), and is a bacterial homologue of SERT, DAT,
NET and GAT-1. It is a 12 TMH sodium/leucine symporter, where TMHs 1–
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5 are related to TMHs 6–10 by a pseudo-twofold axis in the membrane plane.
The structure resembles a shallow “shot glass” [64], with leucine and sodium
ions bound within the protein core. The substrate and sodium ion binding
sites are comprised of TMHs 1, 3, 6 and 8. An alternating access model for
transport, where all symported substrates must bind simultaneously before
translocation, has been confirmed by experimental studies on SERT [85].

5.5
The Dicarboxylate/Amino Acid:Cation (Na+ or H+) Symporter Family

The members of the dicarboxylate/amino acid:cation symporter (DAACS)
family catalyse Na+ and/or H+ symport together with either a Krebs cycle
dicarboxylate (malate, succinate or fumarate), a dicarboxylic amino acid (glu-
tamate or aspartate), a small, semipolar, neutral amino acid (Ala, Ser, Cys,
Thr), neutral and acidic amino acids or most zwitterionic and dibasic amino
acids (http://www.tcdb.org/).

The Pyrococcus horikoshii Gltph (archaeal glutamate transporter homo-
logue) structure has been determined by X-ray crystallography at 3.5 Å reso-
lution [86] (Fig. 8) and 2.96 Å resolution [87]. This is a proton symporter
belonging to the DAACS family (http://www.tcdb.org/). The transporter is or-
ganized as a trimer, with each protomer having eight TMHs, two re-entrant
helical hairpins, and independent substrate translocation pathways [87]. It
has been proposed that glutamate transport is achieved by movements of the

Fig. 8 Backbone Cα trace of the Gltph trimer [86] (PDB code 1XFH) viewed in the mem-
brane plane. The three protein subunits are shown in different colours (red, green, blue)
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hairpins allowing alternating access to either side of the membrane [86]. Gltph

is a bacterial homologue of the human EAAT1–5.

5.6
The ATP-Binding Cassette Superfamily

The ABC superfamily contains both uptake and efflux transport systems. Phy-
logenically, the members of these two porter groups generally cluster loosely
together with just a few exceptions. There are dozens of families within the
ABC superfamily, and family classification generally correlates with substrate
specificity (http://www.tcdb.org/).

In 2006, the multidrug transporter Staphylococcus aureus Sav1866 was de-
termined by X-ray crystallography at 3.0 Å resolution in an outward-facing
conformation, reflecting the ATP-bound state [88]. Sav1866 belongs to the
ABC superfamily and shows sequence similarity to human P-glycoprotein
(P-gp). The transporter consists of two subunits, each with a trans-membrane
domain–nuclear binding domain (TMD-NBD) topology, with six TMHs in
each TMD. The two subunits are twisted and embracing each other, and both
the TMDs and NBDs are tightly interacting. Towards the extracellular side,
bundles of TMHs diverge into two “wings”, with each wing consisting of
TMH1 and TMH2 from one subunit and TMH3–TMH6 from the other sub-
unit. The crystal structure of Sav1866 indicates that ABC transporters may
use an “alternating access and release” mechanism where ATP binding and
hydrolysis control the conversion of one state into the other, and that domain
swapping and subunit twisting takes place in the transport cycle [88].

The MsbA structures from three different bacteria have been determined by
X-ray crystallography at 4.5 Å resolution (E. coli) [89], 3.8 Å resolution (Vibrio
cholerae) [90], and 4.2 Å resolution (Salmonella typhimurium) [91]. The MsbA
transporters belong to the ABC superfamily, and the prokaryotic ABC-type ef-
flux permeases or the lipid exporter (LipidE) family (http://www.tcdb.org/).
The three different structures were thought to represent different confor-
mational stages of the transport cycle, an open conformation [89], a closed
conformation [90], and a post-hydrolysis conformation [91]. If true, the MsbA
structures would represent interesting targets for computer modelling of hu-
man ABC transporters. However, these structures were retracted [92] after
the publication of the Sav1866 structure [88]. The Sav1866 structure indicated
that the MsbA structures were incorrect and that the biological interpretations
based on the MsbA structures were invalid.

The E. coli BtuCD protein is involved in B12 uptake, and the structure was
determined by X-ray crystallography at 3.2 Å resolution [93]. BtuCD also be-
longs to the ABC superfamily, prokaryotic ABC-type uptake permeases, and
the vitamin B12 uptake transporter (B12T) family. It consists of four subunits,
two NBDs (BtuD) and two TMDs (BtuC). Each of the two BtuC subunits con-
tains ten TMHs [93].
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Fig. 9 Backbone Cα trace of the Sav1866 dimer [88] (PDB code 2HYD) viewed in the
membrane plane. The NBDs are in red, while the TMDs are coloured in blue to white from
the N- to the C-terminal

The 3D structure of the HI1470/1 transporter from Haemophilus influenzae,
which is also a bacterial ABC transporter mediating the uptake of metal-chelate
species including haem and vitamin B12, has been determined at 2.4 Å reso-
lution [94]. It exhibits an inward-facing conformation, which is in contrast to
the outward-facing state observed for the homologous vitamin B12 importer
BtuCD [94]. The 3D structures indicate that the substrate translocation re-
quires large conformational changes, and the differences between the BtuCD
and the HI1470/1 transporter from H. influenzae may reflect conformations
relevant to the alternating access mechanism of substrate translocation.

6
Potential for New Drug Development

6.1
Multidrug Resistance Protein Targets

Cells exposed to toxic compounds can develop resistance by a number of
mechanisms, including increased excretion. This may result in multidrug
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resistance, which is a particular limitation to cancer chemotherapy and an-
tibiotic treatment. Development of inhibitors of drug efflux transporters has
been sought for use as a supplement to current therapy in order to overcome
multidrug resistance problems [95].

6.1.1
ABC Transporters and Cancer Therapy

ABC transporters play an important role in multidrug resistance in cancer
chemotherapy. Human ABC transporters are divided into five different sub-
families ABCA, ABCB, ABCC, ABCD and ABCG, based on phylogenetic an-
alysis. According to the transport classification database (TCDB), these ABC
transporter subfamilies (ABC-type efflux permeases) belong to subclasses
3.A.1.201–212 [19] (http://www.tcdb.org/). Transporters in subfamilies ABCA,
ABCB, ABCC and ABCG are involved in multidrug resistance [96–99].

ABCB1 (P-Glycoprotein)

The ABCB1 transporter is important in the removal of anticancer agents, such
as adriamycin, vincristine and daunorubicin, from cells. ABCB1 is expressed
in normal tissues, such as the gastrointestinal epithelium, epithelia of the
bronchi, mammary gland, prostate gland, salivary gland, sweat glands of the
skin, pancreatic ducts, renal tubules, and in bile canaliculi and ductules, in
adrenal and in endothelial cells at blood–brain barrier sites and other blood–
tissue barrier sites [100]. ABCB1 expression is highest in tumours from colon,
adrenal, pancreatic, mammary and renal tissue, even in the absence of prior
chemotherapy [101]. Even though the relationship between ABCB1 expres-
sion and response to chemotherapy remains unclear, negative prognostic
implications of ABCB1 expression have been established in breast cancer,
neuroblastoma, various types of leukaemia, and several sarcomas [101].

Development of ABCB1 inhibitors may help to prevent ABCB1 efflux of an-
ticancer agents. ABCB1 inhibitors are not cytotoxic agents themselves, but
when used in combination with cancer drugs which are normally pumped
out by the cell by ABCB1, intracellular drug concentrations are maintained,
restoring sensitivity to these therapeutics.

Three generations of ABCB1 inhibitors have been developed. The first-
generation ABCB1 inhibitors were established therapeutic drugs for diverse
targets that were discovered, largely by chance, to also function as ABCB1
inhibitors [101]. In general, these were less potent than later generations of
ABCB1 inhibitors; they were not selective, and produced undesirable side
effects [95]. The second-generation ABCB1 inhibitors, which were based
on the structures of the first-generation compounds and optimized using
QSAR [101], were less toxic. However, inhibition of ABCB1 by first- or second-
generation compounds has failed to demonstrate the desired clinical benefit.
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Dangerously high doses of these agents were needed, and they exhibited toxic-
ity due to an increased availability of the co-administered chemotherapy [95].

The third-generation ABCB1 inhibitors, which were discovered by com-
binatorial chemistry screening [101], are more potent and more selective
than earlier compounds, and are currently in clinical trials [101, 102]. The
therapeutic benefit of ABCB1 inhibition is yet to be firmly established, but
the continued development of these agents may establish the true therapeu-
tic potential of ABCB1-mediated multidrug resistance reversal. A suggested
approach would achieve a balance between the positive effects of ABCB1 inhi-
bition at the tumour site and the negative potential toxic side effects outcome
of reducing elimination of the chemotherapy.

ABCC5 (MRP5)

ABCC5 belongs to the ABC superfamily, transports cGMP and is also involved
in multidrug resistance [103]. ABCC5 is expressed in most tissues, such as
in skeletal muscle, kidney, testis, heart and brain [104–106], in smooth mus-
cle cells of the corpus cavernosum, ureter and bladder, and mucosa in ureter
and urethra [107, 108], in vascular smooth muscle cells, cardiomyocytes, and
vascular endothelial cells in the heart [109], in placenta [110], and in human
erythrocytes [103]. Clinical studies have shown that extracellular cGMP lev-
els are elevated in various types of cancer. Significant elevation of urinary
cGMP excretion has been observed in patients with untreatable adenocar-
cinomas from ovary, stomach or large bowel, whereas a normal range was
found in patients where tumours had been removed [111]. Elevated urine
cGMP concentrations have also been demonstrated among patients with can-
cer of the uterine cervix [112], and measurements of urinary cGMP levels
after treatment of ovarian cancer has been reported to be a very sensitive
tool in therapeutic monitoring [113–115]. Increased cGMP efflux by ABCC5
may be one mechanism whereby cancer cells can develop resistance against
endogenous growth control, and also against antineoplastic drugs which are
substrates for ABCC5.

ABCB1/ABCC5 Structural Considerations/Molecular Modelling Approach

Knowledge of the ABCB1 and ABCC5 structures may be used to develop
membrane transport modulating agents which, in turn, may be helpful in
overcoming resistance to chemotherapeutic agents. These transporters fea-
ture both TMDs and NBDs, with a TMD-NBD-TMD-NBD domain arrange-
ment. The NBD contains the Walker A and B motifs [116] and a signature
C motif, and the substrate specificity of the transporters is provided by the
TMDs.

The 3D structures of ABCB1 and ABCC5 have not been experimentally
determined, but molecular modelling by homology may be used to gain
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structural insight into their potential as drug targets. In particular, homol-
ogy modelling may be used to study substrate difference between ABCB1
and ABCC5, since ABCB1 transports cationic amphiphilic and lipophilic sub-
strates [117–120], while ABCC5 transports organic anions [103, 121].

In order to understand the molecular concepts underlying the substrate
difference between ABCB1 and ABCC5, we have used the Staphylococcus
aureus Sav1866 X-ray crystal structure [88] to construct models of ABCB1
and ABCC5 [122]. Modelling indicated that the electrostatic potential sur-
face of the substrate translocation area of ABCB1 is neutral with negative
and weakly positive areas, while the electrostatic potential surface of the
ABCC5 substrate translocation chamber generally is positive. These results
indicate that ABCB1, transporting cationic amphiphilic and lipophilic sub-
strates, has a more neutral substrate translocation chamber than ABCC5,
which has a positive chamber transporting organic anions. Structural infor-
mation about the ABCB1 and ABCC5 substrate binding sites might be useful
in the design of inhibitor multidrug efflux by these transporters.

6.2
Multidrug Resistance and Antibiotic Treatment

Treatment of infections may be limited by the emergence of bacteria that are
resistant to multiple antibiotics. Bacterial antibiotic resistance may be caused
by intrinsic mechanisms, such as efflux systems, or by acquired mechanisms,
such as mutations in genes targeted by the antibiotic [123].

The major mechanism of resistance to tetracycline in Gram-negative
bacteria is drug-specific efflux. Drug efflux pumps are involved in fluoro-
quinolone resistance of Staphylococcus aureus and Streptococcus pneumo-
niae, and the antiseptic resistance of Staphylococcus aureus. When multidrug
pumps are overexpressed, resistance levels are elevated. Efflux pumps are thus
potential antibacterial targets, since inhibitors of bacterial efflux pumps may
restore the activity of an antibiotic which otherwise is effluxed [124]. Struc-
tural knowledge at the atomic level from X-ray crystallographic studies of
bacterial multidrug transporters is rapidly growing. Examples are the E. coli
EmrD [68], E. coli AcrB [73–78], E. coli EmrE [82, 83], and Staphylococcus
aureus Sav1866 [88] crystal structures.

6.3
CNS Drug Targets

6.3.1
Neurotransmitter:Sodium Symporter Family

Some of the most successful CNS drugs selectively target secondary trans-
porters. Transporters at the plasma membrane contribute to the clearance
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and recycling of neurotransmitters in neural synaptic clefts. When a neuro-
transmitter transporter is inhibited, the concentration of neurotransmitter
increases in the synapse. The A. aeolicus LeuTAa crystal structure [64] of
the NSS family has delivered new insight into the structure of NSS trans-
porters. Its homologies to the human transporters SERT, NET and DAT are
20–25% [64]. The high sequence conservation in functionally important re-
gions between the A. aeolicus LeuTAa transporter and the other NSS family
members suggests that these proteins share a common folding and a com-
mon transport mechanism, and that the A. aeolicus LeuTAa crystal structure
can be used to model the functionally important regions of other NSS family
members with quite high accuracy [59].

Serotonin and Noradrenaline Transporters

Noradrenaline and 5-HT modulate the activity of neural circuits influencing
mood and sleep. Antidepressants selectively inhibit 5-HT or noradrenaline
reuptake into presynaptic neurons. Selective serotonin reuptake inhibitors
(SSRIs) have replaced tricyclic antidepressants as the drugs of choice in the
treatment of depressive disorders, mainly because of their improved toler-
ability and safety if taken in overdose. Still, 10–30% of patients taking an-
tidepressants are partially or totally resistant to the treatment. SSRIs block
the reuptake of serotonin into the presynaptic nerve terminals, thereby en-
hancing serotonergic neurotransmission, which presumably results in their
antidepressant effects. SSRIs are prescribed for conditions such as depression,
obsessive-compulsive disorder, social phobia, post-traumatic stress disorder,
premenstrual dysphoric disorder and generalized anxiety disorder [125]. Side
effects of SSRIs include agitation, insomnia, neuromuscular restlessness, nau-
sea, dry mouth, fatigue, decreased libido, diarrhoea, vomiting and headache.

Reboxetine is a specific noradrenaline reuptake inhibitor (NARI). The
side effects of NARIs include dry mouth, constipation, insomnia, increased
sweating, tachycardia, vertigo, urinary retention and impotence. The gen-
eral limitations of SSRIs and NARIs are due to side effects directly related to
their effect on the serotonergic and noradrenergic systems. Discontinuation
symptoms from SSRIs and NARIs are depression, dizziness, nausea, lethargy,
headache, flu-like feelings, panic attacks, numbness, agitation and insomnia.
A better understanding of the molecular mechanisms of SERT and NET is
important for developing new agents with fewer side effects.

The molecular aspects of SSRI binding to SERT and NET have been the
subject of several molecular modelling studies [126–129]. The A. aeolicus
LeuTAa crystal structure [64] represented a major advance towards under-
standing the structure–function relationships of SERT and NET, since this
transporter is quite close both in function and amino acid sequence to human
SERT and NET, and thus provides a template for updated models [59, 85, 130,
131]. In order to examine the molecular aspects of the selectivities of SSRIs,
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Fig. 10 Cα trace of the homology model of SERT [131] viewed in the membrane plane.
Colour coding as in Fig. 4

we have constructed molecular models of SERT [131] (Fig. 10) and NET based
on the A. aeolicus LeuTAa crystal structure [64]. The ICM pocket finder of the
ICM software version 3.4–4 [132] reported amino acids in TMHs 1, 3, 6 and 8
of SERT and NET as being contributors to the putative substrate binding area.

Dopamine Transporter and Drugs of Abuse

Dopamine is involved in the reward system, which is linked to drug abuse.
When a person receives positive reinforcement for certain behaviours, which
can be both natural rewards and artificial rewards such as addictive drugs, the
reward system is activated [133]. When cocaine binds to the dopamine trans-
porter (DAT), the dopamine concentration at the synapse is elevated, result-
ing in activation of a “reward” mechanism. The binding of cocaine to SERT
and NET also contributes to cocaine reward and cocaine aversion [134, 135].

We have previously constructed 3D models of DAT [127–129, 136] based
on various low-resolution structural data and transporters with low homol-
ogy with DAT. The A. aeolicus LeuTAa X-ray crystal structure [64] provides
the possibility of updating the previous DAT models. Figure 11 shows a puta-
tive binding site of cocaine in DAT (unpublished). Site-directed mutagenesis
studies and docking studies of cocaine binding to DAT indicated that cocaine
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Fig. 11 Cocaine docked into the putative binding site of the DAT model. Amino acids
interacting with cocaine displayed in the figure are Asp-79, Val-152 and Tyr-156

interacts with Asp-79 [137], Val-152 [138] and Tyr-156. Tyr-156 corresponds
to Tyr-176 in SERT, which has been found by site-directed mutagenesis stud-
ies to be important for cocaine binding [139].

Interestingly, cocaine and SSRIs have similar molecular mechanisms of ac-
tion. However, while SSRIs are therapeutic drugs prescribed for the treatment
of depression, cocaine is a local anaesthetic drug and a substance of abuse.
Knowledge of cocaine’s molecular interactions with DAT may be used to de-
velop agents that block binding of cocaine without inhibiting the reuptake of
dopamine. Such agents might be effective in treating cocaine addiction.

GABA Transporter

The neurotransmitter GABA transmits inhibitory signals that reduce excita-
tion and anxiety. A search for selective inhibitors of GABA transporters has
led to potent and selective inhibitors of GAT-1 (SwissProt accession num-
ber P30531), which is a 12 TMH transporter with homology to LeuTAa [59].
The only clinically approved GAT-1 inhibitor at present is tiagabine [140, 141].
Tiagabine is a potent and broad spectrum anticonvulsant drug which does
not induce tolerance to the anticonvulsant effect [142]. Tiagabine has also
shown promise in clinical trials to treat chronic daily headaches with symp-
toms of migraine [143], and it has been suggested from preclinical studies
and human studies that tiagabine also possesses anxiolytic properties [141].
Tiagabine has also been reported to be effective in prophylactic treatment of
bipolar disorder [144, 145], but its therapeutic potential in this condition has
not been established.

A comprehensive amino acid alignment, including the A. aeolicus LeuTAa

sequence, sequences of GABA transporters and the sequences of other NSS
family members, would provide the possibility of modelling the ligand bind-
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ing to GAT-1 and GAT-2, which could be helpful in designing tiagabine
derivatives with an improved binding selectivity profile.

Glycine Transporter

Non-competitive N-methyl-D-aspartate (NMDA) blockers induce schizo-
phrenic-like symptoms in humans, presumably by impairing glutamatergic
transmission [146]. It has therefore been postulated that compounds potentiat-
ing this neurotransmission would increase extracellular levels of glycine, which
is a co-agonist of glutamate, and thus possess antipsychotic activity [146, 147].

GlyT1c is a glycine/2Na+/1Cl– symporter belonging to the NSS family.
Blocking of the GlyT1c transporter using a specific inhibitor, SSR504734, re-
sulted in increased extracellular glycine levels in rat prefrontal cortex, and
enhanced glutamatergic neurotransmission. The GlyT1c inhibitor has shown
activity in several animal models of schizophrenia [146]. A homology model
based on the LeuTAa template will provide the possibility to study the molecu-
lar interactions of specific inhibition by SSR504734.

6.3.2
The Drug:H+ Antiporter-1 (DHA1) (12 Spanner) Family

The vesicular monoamine transporter-2 (VMAT2) contributes to regulation
of the monoaminergic neuronal function by sequestrating catecholamines
and serotonin into synaptic vesicles. VMAT2 pumps dopamine, serotonin,
noradrenaline, epinephrine and histamine into storage vesicles against a gra-
dient, powered by the vesicular H-ATPase and the exchange of two protons for
one substrate molecule [148]. These transporters also sequester neurotoxins
within vesicles, thus playing a role in neuroprotection [149, 150].

Experimental studies have indicated that amphetamine-type agents inter-
act with the VMAT2 and deplete vesicular neurotransmitters via a carrier-
mediated exchange mechanism [151]. The cytoplasmic levels of transmit-
ter are increased due to disruption of the vesicular transmitter storage
of transmitter, such that more neurotransmitter is available for release by
transporter-mediated exchange [151]. It has been proposed, based on its
functions as a critical regulator of neurotransmitter disposition within the
brain, that the VMAT2 transporter might be a possible target for drugs used
in addictive disorders, Parkinson’s disease and schizophrenia [152, 153].

VMAT2 is a member of the MFS family of proteins. Three different E. coli
transporter proteins of the MFS family have been determined by X-ray
crystallography at atomic resolution: EmrD [68] (Fig. 4a), GlpT [69], and
LacY [70] (Fig. 4b). These structures indicate that the MFS proteins with
12 TMHs share a common architecture of the membrane spanning region, or-
ganized in symmetrical N- and C-terminal domains each of six TMHs, with
overall structural topologies resembling each other. These observations indi-
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cate that the MFS proteins of known 3D structure can be used to predict the
structure of VMAT2, and thereby guide the synthesis and evaluation of novel
VMAT2 ligands as possible therapeutic agents.

6.3.3
The Dicarboxylate/Amino Acid:Cation (Na+ or H+) Symporter Family

Glutamate Transporters

Glutamate causes excitation, nudging the brain into high alert, affecting
cognition and most other fundamental aspects of brain function. It trans-
mits critical instructions between nerve cells involved in sensory perception,
learning and memory. Changes in glutamate neurotransmission may con-
tribute to different brain diseases. Glutamate has a dual action: it is an exci-
tatory neurotransmitter under normal conditions, but it is toxic to neuronal
cells when present in excess. Selective modulation of the levels of glutamate
may produce a therapeutic benefit in disorders where glutamate levels are
abnormal, such as in stroke, head trauma, retinal ischaemia, schizophrenia,
Alzheimer’s disease, Parkinson’s disease and other neurodegenerative and
psychiatric disorders.

The excitatory amino acid transporter-3 (EAAT-3) is a major neuronal
transporter for glutamate in the brain. An EAAT-3 inhibitor may have ther-
apeutic applications in schizophrenia, cognitive impairment (such as that as-
sociated with Alzheimer’s disease) and other nervous system diseases where
glutamate neurotransmission is deficient (http://www.neurocrine.com/html/
res_eaats.htm). Increasing the amount of glutamate released from certain
nerve cells could improve learning, memory skills and overall cognitive func-
tion. A possible limitation to this approach is that glutamate can cause
glutamate-induced retinal toxicity, and that long-term inhibition of glutamate
transporter activity may cause neuronal damage. Increased knowledge of the
structure and function of glutamate transporters is therefore of pivotal im-
portance. So far, the only X-ray crystal structure with similarities in function
and sequence with the glutamate transporters is that of the glutamate trans-
porter homologue from Pyrococcus horikoshii Gltph [86].

Sequence alignment of family members followed by homology modelling
should take into account that indirect structural knowledge from experimen-
tal studies may emphasize the nature of the ligand binding area of the EAAT-3
transporter.

6.4
Transporters Involved in Drug Absorption, Distribution and Elimination

More than 28 different mammalian OATs are expressed in the liver, small
intestine, blood–brain barrier endothelial cells, placenta, kidneys and other
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organs [154, 155]. These carrier proteins, which may transport a wide range
of substrates, are major factors in drug absorption, distribution and ex-
cretion, and work in concert with the drug metabolism system in order
to eliminate drug metabolites from systemic circulation. Their activity
is saturable and inducible, and may show polymorphic variation among
individuals [156].

P-glycoproteins, Mrps and Oatps/OATPs are transporter proteins play-
ing an important role in drug absorption, distribution and excretion [154,
155, 157]. The organ-specific cellular localization and expression of such
transporter proteins in liver, kidneys and intestines has given new in-
sight into the molecular mechanisms of cellular uptake and excretion of
drugs and drug metabolites in these organs. Uptake of many different com-
pounds into hepatocytes is mediated by OATs expressed at the sinusoidal
membrane (rat Oatp1, Oatp2 and Oatp4, human OATP-B, OATP-C and
OATP8) [155]. These Oatps/OATPs mediate sodium-independent uptake of
a wide variety of mainly bulky organic anions, neutral compounds and or-
ganic cations including drugs [154, 157]. Besides liver specific Oatps/OATPs
(Oatp4, OATP-C and OATP8), others are expressed in various tissues in-
cluding intestine (Oatp3), kidney (Oatp1), brain (Oatp2, Oatp3, OATP-A,
OATP-D, OATP-E and OATP-F) and testis (OATP-D and OATP-F) [154].
It has been proposed that Oatps/OATPs may be used to target drugs to
certain organs, based on their selective tissue distribution and substrate
specificities.

In the future, detailed knowledge of cellular transport mechanisms of
drugs in various organs may be taken into account in drug design, in
order to develop drug molecules which have both desired pharmacologi-
cal activities and pharmacokinetic properties which would make them use-
ful therapeutic agents. However, detailed structural knowledge of trans-
porter proteins involved in absorption, distribution and elimination is still
too limited to be taken directly into account in target-based drug design
projects.

6.5
Prodrug Targets

6.5.1
Dipeptide Transporters

Dipeptide transporters (PEPTs) are involved in transport of di- and tripep-
tides across plasma membranes in the small intestine and kidney proximal
tubules. These transporters are important for efficient absorption of pro-
tein ingestion products. Dipeptide transporters are H+-coupled and localized
in brush border membranes. They mediate absorption of certain drugs like
cephalosporins, β-lactam antibiotics and ACE inhibitors [158]. For example,
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whilst methyldopa is poorly absorbed from the intestines, when it is con-
verted to a dipeptyl derivative it is a substrate for dipeptide transporters, and
is more efficiently absorbed.

Dipeptide transporters may be exploited for improving intestinal absorp-
tion of pharmacologically active amino acids. Therefore, prodrugs target-
ing the PEPT1 transporter may improve the oral bioavailability of drugs
with low intestinal membrane permeability. Structural knowledge of the
peptide transporters is important for designing peptidomimetics that may
facilitate drug transport across the intestinal epithelium [159–161]. The
PEPT transporters belong to the MFS family of transporters, indicating
that structural modelling based on the X-ray crystal structure of Lac Per-
mease [70] may provide important structural information about the PEPT
transporters.

7
Conclusions

Improved methods in molecular biology, biochemistry, crystallization and
X-ray crystallographic data collection and processing have presented the
possibility of automation of the different steps of protein expression and
structure determination. Together with developments in genomic sequenc-
ing, these technical improvements have increased the number of known
3D protein structures. These technical advances have also provided insight
into an unprecedented number of potential drug targets and created an
environment for the emergence of new strategies for drug discovery. The
improvements in technology have also increased the number of available
atomic-resolution structures of membrane transporter proteins. However,
experimental methods for 3D structure determination of membrane pro-
teins are still difficult and remain a significant challenge for structural bi-
ology and new drug discovery. Current knowledge of the 3D structures
of membrane proteins, including membrane transporters, is therefore still
limited. Almost all known membrane transporter structures have been de-
termined with proteins from bacteria. Several of the bacterial transporters
of known 3D structure have mammalian counterparts of therapeutic in-
terest, indicating that molecular modelling approaches may be used to
generate 3D models of important drug targets based on structural con-
servation throughout evolution. Membrane transporters constitute a di-
vergent group of proteins with substrates ranging from ions to relatively
large organic molecules, and with large conformational flexibility in order
to facilitate substrate transport. This suggests that inhibitors may bind
to different conformations of a transporter, and that several conforma-
tions of a transporter should be considered in a target-based ligand design
approach.
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Abstract This review will detail the medicinal chemistry involved in the design, synthesis
and discovery of selective serotonin, noradrenaline reuptake inhibitors and dual sero-
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tonin/noradrenaline reuptake inhibitors. In particular, this review will focus exclusively
on series and compounds which have been disclosed within the medicinal chemistry
literature between January 2000 and June 2008. Background information on previously
disclosed clinical agents, such as atomoxetine, milnacipran and reboxetine, is included for
comparison purposes with more recently disclosed agents.

Keywords Dual reuptake inhibitor · Design · Monoamine · NRI · SAR · SNRI · SSRI

Abbreviations
5-HT Serotonin
ADHD Attention deficit hyperactivity disorder
ATX Atomoxetine
BBB Blood–brain barrier
CNS Central nervous system
DA Dopamine
DAT Dopamine transporter
DLM Dog liver microsome
DLX Duloxetine
DRI Dopamine reuptake inhibitor
HLM Human liver microsome
NA Noradrenaline
NE Norepinephrine (= noradrenaline)
NET Noradrenaline transporter
NRI Noradrenaline reuptake inhibitor
P-gp P-glycoprotein
PE Premature ejaculation
PET Positron emission tomography
RBX Reboxetine
RLM Rat liver microsome
SAR Structure–activity relationship
SERT Serotonin transporter
SNRI Dual serotonin and noradrenaline reuptake inhibitor
SPECT Single photon emission computed tomography
SSRI Selective serotonin reuptake inhibitor
TCA Tricyclic antidepressant

1
Introduction

The understanding that cocaine 1 and the tricyclic antidepressants (TCAs),
such as amitriptyline 2, function by blocking the reuptake of monoamines
in the brain owes much to Axelrod [1] (Fig. 1). A decade after the clinical
introduction of the TCAs, he introduced the concept of reuptake to explain
how noradrenaline 3 was taken up by sympathetic nerve terminals. Soon af-
terwards, similar but distinct uptake mechanisms were shown to exist for
dopamine 4 and 5-hydroxytryptamine or serotonin 5 [2]. Subsequently it was
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Fig. 1 Structures of cocaine, amitriptyline, noradrenaline, dopamine and serotonin

shown that cocaine blocks reuptake of all three neurotransmitters [3] while
the TCAs, such as amitriptyline, block only serotonin and noradrenaline
reuptake [4].

Although the TCAs are effective antidepressants, they have poor selectivity
over muscarinic, histaminic and adrenergic receptors, resulting in cardiovas-
cular, anticholinergic and sedative side effects [5]. The mechanistic under-
standing of their side effects, however, led to the development of inhibitors
that selectively block the reuptake of serotonin, noradrenaline, or the two
neurotransmitters simultaneously, resulting in improved treatment of cen-
tral nervous system (CNS) disorders including depression, anxiety, obsessive
compulsive disorder, attention deficit hyperactivity disorder (ADHD), pain
and urinary incontinence.

A number of selective serotonin reuptake inhibitors (SSRIs), such as flu-
oxetine 6, paroxetine 7, citalopram 8 and sertraline 9, were introduced in the
1980s, and became the most widely used group of antidepressants (Fig. 2).
Three mixed serotonin/noradrenaline reuptake inhibitors (SNRIs), venlafax-
ine 10, duloxetine 11 and milnacipran 12, have been approved for treating
depression, while the relatively selective noradrenaline reuptake inhibitor
(NRI) atomoxetine 13 has been approved for treating ADHD. Finally, the
more selective NRI reboxetine 14 has been approved in Europe for treating
depression.

Since Axelrod’s initial experiments, thousands of studies have dealt with
the pharmacological and functional properties of monoamine reuptake sites
in the brain. Details of these are beyond the scope of this review but they
include [6]: identification of the genes responsible for encoding the trans-
porters; the localization of monoamine transporters in the brain; the identi-
fication of the structural and functional domains of the transporters; and in
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Fig. 2 Structures of the SSRIs fluoxetine, paroxetine, citalopram and sertraline, the SNRIs
venlafaxine, duloxetine and milnacipran, and the NRIs atomoxetine and reboxetine

vivo imaging to examine changes in monoamine transporters associated with
psychiatric and movement disorders.

As antidepressants, the SSRIs suffer the shortcoming of slow onset of ac-
tion and 30–40% of patients do not respond satisfactorily to them [7]. As
a result, attempts to augment these with other pharmacologies, e.g. 5-HT1A,
5-HT2C etc. to “enhance their activity”, has been an important aspect of the
so-called SSRI+ approach. Although beyond the scope of this review, this
subject was covered as recently as 2008 [8]. Mixed noradrenaline/dopamine
reuptake, serotonin/noradrenaline/dopamine reuptake, and dopamine reup-
take inhibitors are also beyond the scope of this review, but again these have
been recently covered [9]. Instead, this review focuses exclusively on the
medicinal chemistry involved in the design, synthesis and discovery of SSRIs,
NRIs and SNRIs. It covers from January 2000 to June 2008, a period which
has seen a steady rise, as measured by patent activity [10], in the SNRI field
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with 21 patents filed in the first half of 2008, compared to one in the whole of
2000. By the same measure, interest in NRIs continues to grow from 8 patents
in 2000 to 85 in 2007, and interest in the more mature field of SSRIs has re-
duced only marginally from a peak of 68 patents in 2004 to 41 in 2007. Some
of this is the result of increased interest in SSRIs for the treatment of sexual
dysfunction. Throughout the review, background information on previously
disclosed clinical agents, such as atomoxetine, milnacipran and reboxetine, is
included for comparison purposes.

2
Selective Serotonin Reuptake Inhibitors

2.1
Tropane Based Selective Serotonin Reuptake Inhibitors: Design and Structure–
Activity Relationship

Cocaine (1) is a non-selective transmitter reuptake inhibitor with a slight
preference for dopamine transporter (DAT) over noradrenaline transporter
(NET) and serotonin transporter (SERT) [1]. Preparation of cocaine ana-
logues has, in the past, largely focused on the development of compounds
with high affinity for the DAT [11]. However, more recently cocaine has been
investigated by a number of groups as a potential starting point in the design
of SSRIs. Ravna et al., working at the University of Tromsø, have constructed
molecular models of SERT, NET and DAT based on the structure of the lactose
permease symporter [12]. Docking of cocaine and the SSRI S-citalopram sug-
gests that an unconserved amino acid Asp-499 in transmembrane α-helix 10
of NET may contribute to the low affinity of S-citalopram for NET. This an-
alysis has potential utility in the structure based design of cocaine based SRIs
although, to date, no such activity has been reported.

Workers at Cairo University have described the preparation and SRI/NRI
selectivity profile of a series of tropane based inhibitors 15 (Fig. 3) [13]. Selec-
tivity for SRI over NRI was assessed in vivo in the mouse using 5-HT induced

Fig. 3 Compounds prepared by Hanna et al.
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Fig. 4 2β-Carbomethoxy-3β-phenyl tropanes

neurotoxicity and yohimbine based mortality, respectively. All compounds re-
ported had similar SRI and NRI activity, except for 15a which was reported to
have an ED50 based selectivity of tenfold for SRI over NRI, a similar selectivity
profile to that observed for citalopram in the same models. The structure–
activity relationship (SAR) suggested that this selectivity was associated with
a meta-R′ substituent.

Emond and co-workers at the Laboratoire de Biophysique Medicale et
Pharmaceutique have reported a series of 2β-carboxymethoxy-3β-phenyl
tropanes 16 [14]. Introduction of a large para-alkyl substituent gave reduced
DAT affinity but allowed moderate SERT affinity to be maintained (as meas-
ured by in vitro binding in rat brain tissue). Further optimization then led to
the potent SSRI, 16a (Fig. 4). The authors noted that this compound, which
contains an iodine atom, represents a potential positron emission tomogra-
phy (PET) or single photon emission computed tomography (SPECT) ligand
(through incorporation of 123I). See Sect. 2.4 for further discussions on poten-
tial SSRI imaging tools.

Co-workers at Yale University and Harvard Medical School have reported
the synthesis and transporter affinity of a range of cocaine analogues bear-
ing a p-thiophenyl substituent [15]. One of these, 17, is an exquisitely potent
binder at SERT (rat brain preparation) and shows excellent selectivity over
DAT and NET (710-fold and 11 100-fold, respectively) (Fig. 5).

Kozikowski et al. at Georgetown University Medical Center have reported
the synthesis of a novel class of tricyclic tropane analogues, with the tropane
ring locked in its boat conformation [16]. These compounds were tested
for their ability to inhibit monoamine reuptake (rat brain preparation). The

Fig. 5 Potent and selective thiophenylphenyl tropane reported by Tamagnan and co-
workers
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Fig. 6 Tricyclic tropanes locked in the boat conformation

authors demonstrated that it was possible to achieve NET or SERT selectivity
in systems of this type. Compound 18 demonstrated nanomolar SRI activ-
ity and excellent selectivity over NRI and dopamine reuptake inhibitor (DRI)
activities. In a related paper [17] the same group describe 19, a potent and
selective SRI. Subsequent optimization of the ester substituent yielded 20,
a 60pM SRI with essentially no DRI or NRI activity (Fig. 6).

2.2
Other Small-Molecule Selective Serotonin Reuptake Inhibitors

Workers at BMS have reported a series of SSRIs based on their initial find-
ing that substituted homotryptamines 21 were relatively potent and selective
SRIs (Fig. 7) [18]. They found that a 5-CN substituent was optimal on the
indole ring, giving 22 which had a SERT IC50 of 2 nM. Constraining the ni-
trogen in a quinuclidine ring was tolerated giving the equipotent SRI 23. The
group at BMS then went on to investigate constraining the amine side chain
in several different ways. Incorporating a cyclopropyl ring gave a series of
compounds exemplified by BMS-505130 (24) [19]. The trans-cyclopropyl ring
was found to be significantly more potent than the corresponding cis iso-
mer and the (S,S) configuration was found to be nearly 50-fold more potent
than its enantiomer; interestingly, N alkylation of the indole ring caused a sig-
nificant drop off in potency. Again 5-CN substitution of the indole ring was
found to be optimal, giving compound 24 which was an extremely potent SRI
with a SERT Ki of 0.18 nM. Compound 24 was profiled further in wide ligand
profiling and was found to have weak activity at 5-HT1A (Ki = 410 nM) and
5-HT6 (Ki = 270 nM). Although no absorption, distribution, metabolism and
excretion (ADME) or pharmacokinetic (PK) data were reported, the results of
a brain microdialysis study in rats were given. These showed that oral doses
of 0.3 or 1 mg/kg gave robust increases in extracellular serotonin levels in the
frontal cortex with a tmax of approximately 2 h.
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Fig. 7 Homotryptamine based SSRIs

A subsequent paper [20] described the effect on SRI potency of chang-
ing the amine side chain for a tetrahydropyridine 25 or aminocyclohex-
ene 26. While the tetrahydropyridines were weaker (compound 25, SERT
IC50 = 19 nM), both the enantiomers of the aminocyclohexene 26 retained ex-
cellent potency ((S) SERT IC50 = 1.1 nM; (R) SERT IC50 = 0.72 nM). Modelling
studies suggested that both enantiomers could adopt a similar conformation
to the highly potent BMS-505130 (24). Brain microdialysis studies in rat
with racemic 26 showed a maximal increase in extracellular serotonin levels
when it was dosed ip at 1 mg/kg. An oral dose of 10 mg/kg gave a simi-
lar effect on extracellular 5-HT levels compared to a 10 mg/kg oral dose of
fluoxetine.

The group at BMS also looked at the effect of changing the indole ring
for various other ring systems [21], whilst retaining the cyclopropyl side
chain of compound 24 (Fig. 8). The indazole analogue of compound 24
was significantly weaker at 71 nM, but the unsubstituted benzothiophene 27

Fig. 8 Analogues of compound 24
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Fig. 9 Further indole based SSRIs

was comparable in potency to the unsubstituted indole analogue of com-
pound 24 (55 vs 99 nM). Surprisingly, the 5-cyanobenzothiophene compound
was not reported. A number of naphthalene analogues were investigated
and attaching the aminoalkyl side chain to both the 1 and 2 positions
of the naphthalene led to potent SSRIs. For the 1-aminoalkylnaphthalenes
the most potent compound 28 (SERT IC50 = 4.1 nM) again incorporated
a cyano substituent. For the 2-aminoalkylnaphthalenes even the unsubsti-
tuted system 29 (R = H) was relatively potent (SERT IC50 = 8.6 nM), and
in this case cyano substitution led to an increase in potency (30, R = CN,
SERT IC50 = 0.88 nM) to give activity close to that of the original indole
compound 24. No ADME or in vivo data were reported for any of these
compounds.

Workers at Wyeth–Ayerst developed another indole based series in their
attempt to develop compounds combining SRI activity with 5-HT1A antago-
nism (Fig. 9) [22]. Incorporating the basic nitrogen of the indole derivative
21 into a tetrahydroisoquinoline ring led to compounds such as 31 which,
in addition to potent SRI activity (SERT Ki = 1.4 nM), had moderate activ-
ity at 5-HT1A and alpha1. The most potent SSRI they disclose is compound
32 (SERT Ki = 0.1 nM) where the indole and tetrahydroisoquinoline rings are
linked by a cis-cyclohexane ring. The corresponding trans-cyclohexane iso-
mer was the best dual SRI/5-HT1A antagonist disclosed, with a SERT Ki of
8 nM and a 5-HT1A Ki of 300 nM.

2.3
Rapid Onset Selective Serotonin Reuptake Inhibitors

A development in the last 10 or so years of SSRI research has been the at-
tempt by companies such as Alza and Pfizer to develop rapid onset, short
half-life SSRIs, such as dapoxetine 33 and UK-390957 (structure undisclosed),
primarily for the treatment of premature ejaculation (PE) [23]. Dapoxetine
is a potent SSRI which was in development specifically as a treatment for
PE [24]. Despite showing some efficacy in clinical trials, it was given a “not
approvable” letter by the FDA in 2005 [25]. The rationale for a rapid onset
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agent is that it would be suitable for on demand dosing, which may be a pre-
ferred dosing regime for some patients. A short half-life minimizes exposure
to the drug and so could result in an improved side-effect profile. Both of
these features have been questioned in the literature, however. On demand
treatment with classical SSRIs such as paroxetine shows reduced efficacy in
treating PE relative to chronic (daily) treatment [23], and some studies indi-
cate that patients actually prefer a daily treatment [26].

Workers at Pfizer have reported on some of their efforts to develop rapid
onset SSRIs (Fig. 10) [27]. Their strategy to reduce tmax (time to maximal
compound concentration) was to reduce the volume of distribution which,
it was reasoned, would result in a shorter hepatic transit time. Starting
from sertraline 9 they introduced polarity in order to reduce lipophilicity
and thereby membrane affinity. Electron-withdrawing groups were particu-
larly targeted as a means of reducing pKa and potentially reducing mem-
brane affinity still further. Remarkably, for a class of drugs characterized
by lipophilic amines, it was found that polarity was very well tolerated on
the tetrahydronaphthalene ring and incorporation of a large range of po-
lar groups gave very potent SSRIs. Polar heterocycles such as triazole were
tolerated, but gave unacceptable levels of CYP2D6 inhibition. C-7 substi-
tution was found to be optimal and the primary sulfonamide UK-373911
(34) was selected for clinical development. It was found that in the rat
the volume of distribution was indeed reduced relative to sertraline (19 vs
52 l/kg, unbound volume 660 vs 1900 l/kg) and that the tmax had been re-

Fig. 10 Rapid onset SSRIs
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duced from 4 to 1 h, in keeping with the lower log D (2.3 vs 3.1) and pKa

(8.4 vs 9.3). Despite the increased polarity, compound 34 retained good flux
in a Caco-2 cell line and good brain penetration (CSF to free blood ratio
of 2.6 : 1).

The same group at Pfizer then went on to explore the structurally much
simpler diphenylmethane, diphenyl sulfide and diphenyl ether systems,
35 [28]. As with the sertraline template, it was found that polar substitution
(W) was very well tolerated on one of the aromatic rings. The other aro-
matic ring was found to give good SRI activity even when substituted with
a lipophilic substituent at only the 4-position (e.g. R1 = Cl, SMe, CF3, OCF3).
While the diphenylmethane and diphenyl sulfide systems gave potent SRIs, al-
though selectivity was poorer for the diphenylmethanes, the corresponding
diphenyl ethers were preferred due to their synthetic accessibility. The po-
lar analogues retained good flux in a Caco-2 cell line and in vivo profiling
of analogues 36 and 37 in the dog showed them to have significantly lower
volumes of distribution than compound 34 (6 l/kg for both; unbound vol-
umes 60 and 88 l/kg for 36 and 37, respectively). These compounds also had
the rapid tmax (0.5 h) that the authors were seeking. The authors also note
that the low volume of distribution is structurally driven as the compounds
have the same physicochemical properties (log D, pKa) as sertraline analogue
34, which has a significantly higher volume of distribution (19 l/kg, unbound
volume 1050 l/kg reported in this paper).

2.4
Serotonin Reuptake Inhibitor Ligands for Positron Emission Tomography

Several groups have reported on the identification and synthesis of suitably
labelled SRIs for (potential) use in PET and SPECT studies on the in vivo dis-
tribution, density and occupancy of the SERT in humans. Work has focused
on the optimization of properties in two series, based on ZIENT [29] and
on the 3-diphenyl sulfide SRI previously reported by Wilson and Houle [30]
(Fig. 11). Key compounds are detailed, along with their in vitro potency and
selectivity profiles, in Table 1.

Fig. 11 Compounds used as the basis of new PET ligand design
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Table 1 Potential SRI PET and SPECT ligands

Compound a SERT NET DAT Radio- In vivo Refs.
Ki (nM) Ki (nM) Ki (nM) label study

0.2 102.2 29.9 11C Non- [31]
human
primate

0.2 31.7 32.6 11C Non- [20]
human
primate

0.05 24 3.47 123I Rat [18]

0.08 28 13 18F Non- [32]
human
primate

0.08 28 13 18F Non- [32]
human
primate

0.11 450 22 11C Rat, [33]
monkey

0.25 7.5 340 18F Rat [34]

1.4 12 299 18F Rat [23]



Design of Monoamine Reuptake Inhibitors 65

Table 1 (continued)

Compound SERT NET DAT Radio- In vivo Refs.
Ki (nM) Ki (nM) Ki (nM) label study

0.05 650 3020 18F Rat [35]

1.1 1350 1423 11C Rat [36]

0.25 61 532 11C None [37, 38]

1.04 663.8 > 10 000
19F Rat [39]

a Position of radiolabel denoted by ∗

3
Dual Serotonin and Noradrenaline Reuptake Inhibitors

3.1
Benzylic Amines

Whitlock et al. at Pfizer reported the discovery of both phenyl and pyridyl
methanamines and described the SAR for dual SNRI activity [40, 41]. Vari-
ation of the B-ring demonstrated that a 2,4-disubstitution pattern afforded
potent SNRI activity with good DAT selectivity, exemplified with the 2-OMe
4-Cl analogues 38 and 39 (Fig. 12).

Introduction of polar substitution on the A-ring was then undertaken in
order to reduce lipophilicity. The positioning of the polar group was ratio-
nalized from the overlap of compound 39 with tetrahydronaphthalene SSRIs
such as 34 (Fig. 13) [27].
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Fig. 12 Structures and uptake activity of benzylic amines 38 and 39

Fig. 13 Structures of tetrahydronaphthalene 34 and amide targets 40–42

Polar groups were well tolerated, and the amides 40–42 possessed the
desired pharmacological properties (Table 2). Further studies indicated that
analogues 40–42 also had good in vitro human liver microsome (HLM) sta-
bility, weak hERG activity and good passive membrane permeability. No
information on blood–brain barrier (BBB) penetration, in vivo pharmacoki-
netics or pharmacodynamics has yet been reported.

The authors then discovered that amides such as 42 suffered from non-
P450 mediated amide cleavage in human hepatocytes and this could not be
improved by modification of the amide substituents. To circumvent this prob-
lem, a pyridyl ring was incorporated as a replacement for the benzamide
group (Fig. 14) [40]. The 2,4-disubstitution pattern was retained in ring B,
and introduction of a methyl group next to the pyridine nitrogen was also
investigated to mitigate any potential P450 inhibition issues with unflanked

Table 2 Uptake inhibition and ADME profile of compounds 40–42

Com- [3H]5-HT [3H]NE [3H]DA c log P HLM Clint hERG PAMPA Papp
pound IC50 (nM) IC50 (nM) IC50 (nM) (µl/ml/mg) Ki (µM) (10

–6 cm/s)

40 12 62 21 000 2.5 8 > 7500 11
41 13 78 15 700 2.8 8 > 7500 14
42 8 32 > 40 000 2.5 15 > 7500 15
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Fig. 14 Structures of pyridyl compounds 43 and 44

Table 3 Uptake inhibition and ADME profile of compounds 42–44

42 43 44

[3H]5-HT IC50 (nM) 8 13 6
[3H]NE IC50 (nM) 32 26 26
[3H]DA IC50 (nM) > 40 000 5040 1680
c log P 2.5 3.5 4.3
HLM Clint (µl/ml/mg) 15 < 7 < 7
Hheps Clint (µl min/million cells) 21 < 5 < 5
CYP2D6 IC50 NT > 10 000 > 10 000

CYP3A4 IC50 NT > 10 000 > 10 000

Caco-2 Papp (10
–6 cm/s) A-B/B-A NT 34/34 30/34

pyridines. Examples 43 and 44 demonstrated good SNRI activity with ex-
cellent selectivity over DAT activity (Table 3). Metabolic stability studies in
HLMs and human hepatocytes also indicated that 43 and 44 had improved
stability when compared to amide 42. Additionally, examples 43 and 44 ex-
hibited weak P450 inhibition and good Caco-2 flux with no evidence of
P-glycoprotein (P-gp) mediated efflux. These flux data may be suggestive of
the potential for good oral absorption and BBB penetration, although no in
vivo data were reported in this publication.

The authors then analysed the relationship between SNRI potency and
lipophilicity for the pyridyl series. It was found that SRI activity was not influ-
enced by c log P; however NRI, and therefore dual SNRI, activity was heavily
influenced by c log P, with good dual potency only being achieved at high
c log P (> 3.5). Due to the potential for high lipophilicity to adversely impact
polypharmacology, analogues 43 and 44 were screened against a broad panel
of receptors, ion channels and enzymes. It was found that these compounds
possessed significant off-target activity and this series targeting dual SNRI
pharmacology was halted. The authors highlighted the issues with working in
a chemical series where the desired pharmacological activity is highly domi-
nated by lipophilicity.
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3.2
Milnacipran Analogues

Milnacipran 12, a dual SNRI, is approved for the treatment of depression [42]
and is currently in phase 3 trials for the treatment of fibromyalgia [43]
(Fig. 15). Interestingly, milnacipran is a polar compound with a log D of
∼ 0, and as such is different from many other centrally acting monoamine
reuptake inhibitors which are far more lipophilic. The polar nature of mil-
nacipran delivers an attractive PK profile in humans, with high bioavail-
ability, long half-life and renal elimination of unchanged drug as the pri-
mary route of clearance [44]. Despite its polar nature, milnacipran is still
believed to exert its pharmacology via central inhibition of serotonin and
noradrenaline reuptake. The lack of interaction of milnacipran with P450
enzymes as either substrate or inhibitor reduces the potential for drug–
drug interactions, which are highly prevalent for many other marketed
monoamine reuptake inhibitors. This attractive physicochemical and PK pro-
file, coupled with clinical efficacy, has prompted several groups to further
investigate the SAR in this template, particularly as 12 has relatively weak
SNRI activity.

Roggen et al. from the University of Oslo [45] were the first group to inves-
tigate enantiomerically pure milnacipran analogues, and their work focused
on variations of the aromatic moiety and the impact of stereochemistry on
in vitro monoamine reuptake activity (Fig. 16). They found that the (1R,
2S) enantiomer of milnacipran 12a exhibited weak dual SNRI pharmacology,
whilst the (1S, 2R) enantiomer 12b was significantly more potent against the

Fig. 15 Structure and properties of milnacipran 12

Fig. 16 Structures of milnacipran single enantiomers and analogues 12a/b, 45a/b and 46a/b
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Table 4 Uptake inhibition of compounds 12a/b, 45a/b and 46a/b

Compound [3H]5-HT [3H]NE [3H]DA
IC50 (nM) IC50 (nM) IC50 (nM)

12a 420 200 10 000

12b 120 7 9000
45a 520 1500 970
45b 130 29 1400
46a 250 410 10 000

46b 190 19 10 000

NET. Variations of the aryl group, for example 45 and 46, generally did not
lead to any significant improvements in dual SNRI activity (Table 4).

Chen et al. at Neurocrine Biosciences have investigated the SAR of the mil-
nacipran template still further [46–48]. N alkylation of the primary amine
was investigated in the racemic series, but in all cases led to a significant drop
in potency. The SAR of secondary and tertiary amides was then probed [46]
(Fig. 17, Table 5). In general, secondary amides led to a significant drop in
activity, with the exception of anilide 47 which had weak NA activity. The
authors rationalized this result by a potential favourable π interaction be-
tween the inhibitor and transporter protein. Ethyl-phenyl tertiary amide 48
was tenfold more potent and then cyclization to indoline 49 gave a fur-

Fig. 17 Structures of milnacipran analogues 47–49

Table 5 Uptake inhibition of compounds 12 and 47–49

Compound [3H]5-HT [3H]NE [3H]DA
IC50 (nM) IC50 (nM) IC50 (nM)

12 420 77 6100
47 > 10 000 570 > 10 000

48 4400 63 > 10 000

49 13 4.4 3900
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Fig. 18 Structures of milnacipran analogues 50 and 51

ther increase in potency at both the SERT and NET, with good selectivity
over the DAT. No ADME or in vivo data have yet been published on these
compounds.

Chen et al. then extended their work on tertiary amides using a 3-thienyl
group as a replacement for the phenyl moiety (Fig. 18), and in this work
the compounds were isolated as single enantiomers [47]. This change had
originally been reported by Roggen et al. (Table 4) [45]. Although the par-
ent compound 46b had poor 5-HT reuptake activity, introduction of an allylic
group (compound 50) increased activity with no significant increase in c log P
(Table 6). Incorporation of a cyclopropyl group in compound 51 increased
5-HT activity further to give a potent and selective SNRI combined with
low lipophilicity. In vitro metabolic stability studies were then carried out,
and showed that examples 50 and 51 had similar stability in both HLMs
and rat liver microsomes (RLMs) to milnacipran. Additionally, these new
analogues had similar flux and P-gp mediated efflux in Caco-2 cells when
compared to milnacipran. To assess whether this efflux would affect brain
penetration, compound 50 was dosed orally to rats alongside milnacipran.
The brain/plasma ratios were similar for both compounds, indicating that 50
had the potential to cross the BBB.

Table 6 Uptake inhibition and ADME profile of compounds 12b, 46b, 50 and 51

Compound [3H]5-HT [3H]NE [3H]DA c log P Caco-2 Rat brain/
IC50 (nM) IC50 (nM) IC50 (nM) A-B/B-A plasma ratio

(1 h, 4 h)

12b 320 40 3200 1.2 4.5 0.42, 0.86
46b 830 49 > 10 000 0.9 4.8 NT
50 140 5.6 > 10 000 1.2 8.9 0.30, 0.40
51 26 8.7 > 10 000 1.1 7.3 NT
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Fig. 19 Structures and uptake inhibition of milnacipran analogues 52–54

In their most recent work, Chen et al. have continued to explore SARs in
the milnacipran template, with a key goal being to improve on the potency of
milnacipran without significantly changing lipophilicity [48]. Incorporation
of substitution onto the central cyclopropyl ring was investigated (Fig. 19)
without success, with examples 52–54 showing a significant reduction in
activity.

Further replacements for the phenyl group were then studied, with
a particular focus on oxygen-containing substituted phenyl rings (Fig. 20).
This strategy successfully increased SNRI activity, e.g. compounds 55 and
56 (Table 7). Further amide modification by incorporation of N-propargyl
groups in 57 increased potency further, whilst keeping c log P similar to mil-
nacipran. In vitro metabolic stability studies showed that 55–57 had similar
stability in HLMs compared to milnacipran. In vitro Caco-2 flux data showed

Fig. 20 Structures of milnacipran analogues 55–57

Table 7 Uptake inhibition and ADME profile of compounds 12b and 55–57

Compound [3H]5-HT [3H]NE [3H]DA c log P Caco-2 HLM Clsys

IC50 (nM) IC50 (nM) IC50 (nM) A-B/B-A (ml/min/kg)

12b 320 40 3200 1.2 7.4 5.0
55 480 12 > 10 000 1.1 6 7.9
56 140 6.3 > 10 000 0.9 NT 4.4
57 25 1.7 > 10 000 0.7 15 7.9
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that 55 had a similar efflux ratio compared to 12, whereas the efflux ratio
of 57 was twofold higher. This P-gp mediated efflux has the potential to ad-
versely affect BBB penetration; however, no in vivo data were reported in this
publication.

3.3
Duloxetine and Propanamine Analogues

Duloxetine 11 (DLX), a dual SNRI, is approved for the treatment of depres-
sion [49], pain associated with diabetic neuropathy [50], fibromyalgia [51]
and stress urinary incontinence [52]. Gallagher et al. at Eli Lilly have recently
described the medicinal chemistry programme which led to the discovery
of duloxetine [53]. Phenyl-naphthalene lead 58 showed encouraging levels of
dual SNRI activity (Fig. 21, Table 8); however, substitution on the phenyl ring
generally led to an erosion of NA reuptake activity. Bio-isosteric replacements
of the phenyl group were then sought, and the 2-thienyl 59 was identified as
a lead compound. The separate enantiomers 60 and 11 showed subtly dif-
ferent pharmacology, and (S) enantiomer 11 (duloxetine) was progressed on
the basis of increased 5-HT reuptake potency. Rat microdialysis experiments
were then carried out with 11 to determine the increase in synaptic concen-
trations of 5-HT and NA. Following po dosing at 10 mg/kg, increases over
basal levels of 5-HT and NA of 208±31% and 353±62%, respectively, were
observed. The pharmacokinetics, pharmacology and efficacy of duloxetine

Fig. 21 Structures of aryloxy propanamines 11 and 58–60

Table 8 Binding affinities of compounds 11 and 58–60

Compound SERT Ki (nM) NET Ki (nM) DAT Ki (nM)

58 2.4 20 NT
59 1.4 20 NT
60 8.8 16 660
11 4.6 16 370
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Fig. 22 Structures of duloxetine analogues 61–65

have been recently reviewed elsewhere [54, 55] and therefore will not be cov-
ered in this chapter.

Acid instability studies with duloxetine then prompted Gallagher et al.
to investigate the acid stability of new SNRIs from the thienyl series [56].
Analysis of compounds 11 and 61–63 (Fig. 22) showed that removal of the
thienyl group significantly improved acid stability (Table 9), and compound
63 proved to be the most attractive lead which combined stability and good
SNRI activity. Further benzothiophenes were then synthesized as single enan-
tiomers (64 and 65, Fig. 22). From the resulting SAR, 7-isomer 65 was pro-
gressed further; however, in vitro metabolic studies showed 65 formed diol
metabolites which were postulated to arise from a reactive epoxide interme-

Table 9 Binding affinities and acid stability of compounds 11 and 61–65

Compound SERT NET DAT Acid
Ki (nM) Ki (nM) Ki (nM) stability a

11 4.6 16 370 18
61 1 6.1 190 99
62 1.5 1.4 120 40
63 8.2 2.2 220 99
64 1.9 1.8 220 NT
65 0.5 4.4 440 NT

a % Parent compound remaining at 2 h and 37
◦C
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Fig. 23 Structures of indole compounds 66–68

Table 10 Binding affinities of compounds 66–68

Compound SERT NET DAT
Ki (nM) Ki (nM) Ki (nM)

66 32 47 1243
66a 35 34 3200
66b 41 33 > 10 000

67 12 12 680
68 24 18 16% at 2 µM

diate. Due to the potential for such epoxide metabolites to lead to in vivo
toxicity, this compound was halted. The 4-isomer 64 was shown not to form
diol metabolites, and was then progressed further. Following po dosing of 64
at 3 mg/kg in a rat microdialysis study, increases over basal levels of 5-HT and
NA of 222±14% and 215±9%, respectively, were observed.

Mahaney et al. at Wyeth have recently disclosed a series of indolyl-
propanamines [57] and investigated their monoamine reuptake activity
(Fig. 23). The N-linked indole group was introduced as a replacement for the
aryloxy group in the above aryloxy propylamine template. The unsubstituted
indole lead 66 showed balanced SNRI activity with encouraging selectivity
over dopamine reuptake activity (Table 10). The single enantiomers 66a and
66b had very similar reuptake pharmacology. Introduction of a fluoro sub-
stituent onto the indole ring gave an increase in 5-HT and NA activity, with
both 67 and 68 having balanced SNRI activity with good dopamine (DA) se-
lectivity. No in vitro ADME or in vivo studies have yet been reported on this
series of compounds.

3.4
Piperazines

Fray et al. at Pfizer have reported the discovery of a novel series of piperazine
derivatives as dual SNRIs [58, 59]. Lead compound 69 originated from tar-
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geted file screening looking for compounds with similar structural features to
known monoamine reuptake inhibitors (Fig. 24). It was then established that
mono-substitution of the A-ring was preferred for dual pharmacology, with
ortho substitution generally providing the most potent and balanced SNRIs.
Although several substituents were tolerated, it was also found that small sub-
stitution changes could result in subtle differences in the 5-HT to NA ratio of
activities. Finally, it was found that substitution of the phenyl B-ring or re-
placement by heterocycles generally resulted in a loss of potency against both
the 5-HT and NA transporters. Optimization of the A-ring substituent led
to the discovery of racemic compounds 70 and 71, which were subsequently
separated into single enantiomers 72–75 (Fig. 24).

Interestingly, racemates and single enantiomers exhibited potent SNRI
activity and good selectivity over the uptake of DA (Table 11). Single enan-
tiomers 72–75 were further profiled in ADME assays. Although all com-
pounds exhibited good metabolic stability in HLMs, the 2-Cl-containing ana-
logues 74 and 75 were found to be more stable. This could indicate O dealky-
lation of the 2-alkoxy group as a potential metabolic pathway resulting in
more rapid turnover. However, 2-OEt containing compounds 72 and 73 were
found to be significantly weaker CYP2D6 inhibitors. Compound 73 was also

Fig. 24 Structures of piperazines 69–75

Table 11 Uptake inhibition and ADME profile of compounds 69–75

Compound [3H]5-HT [3H]NE [3H]DA c log P/ HLM t1/2 CYP2D6inh
IC50 (nM) IC50 (nM) IC50 (nM) log D (min) IC50 (µM)

Duloxetine 6 19 870 4.3/– – –
69 9.5 14 1400 3/– – –
70 13 16 > 4000 4.2/– – –
71 5.4 22 1300 4.5/– – –
72 9.8 19 > 4000 4.2/1.5 76 10
73 13 16 > 4000 4.2/1.5 96 30
74 13 50 1600 4.5/1.8 > 120 0.6
75 3.9 19 2900 4.5/1.8 > 120 0.5
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found to be a weak inhibitor of CYPs 3A4, 2C9, 2C19 and 1A2 (IC50 values
all ≥ 30 µM) and demonstrated good membrane permeability (Caco-2 A-B
33×10

–6 cm/s/B-A 36×10
–6 cm/s), which may be predictive of good oral

absorption.
Compound 73 was selected to further evaluate the series. Compound 73

demonstrated > 100-fold selectivity for serotonin and noradrenaline reuptake
inhibition over a variety of G-protein coupled receptors including adren-
ergic, dopaminergic, muscarinic, nicotinic and opioate receptors. However,
it did exhibit some affinity for sodium channels (site 2, IC50 0.41 µM), cal-
cium channels (L-type, diltiazem site, IC50 0.73 µM) and the hERG potassium
channel (dofetilide binding IC50 16 µM). The impact of these findings on
potential cardiovascular effects, as well as any in vivo pharmacology, phar-
macokinetics or efficacy data in appropriate disease models have yet to be
reported.

3.5
Pyrrolidines

Whitlock et al. at Pfizer have reported the discovery of a potent series of
substituted 3-aminopyrrolidines as dual SNRIs, derived from the piperazine
series described above by scaffold-hopping (Fig. 25) [60]. To rapidly optimize
the drug-like properties of the series the authors determined potency, se-
lectivity, CYP2D6 inhibition and metabolic stability in parallel. Initial SAR
study was carried out with 2,3-di-Me and 2,3-di-Cl as the aryl A-ring R′ sub-
stituents. This demonstrated that a branched 4-tetrahydropyranyl was pre-
ferred to combine SNRI activity with reduced CYP2D6 inhibition. It also
found that both pyrrolidine enantiomers did exhibit SNRI activity but that
the (S) enantiomer generally had better potency. Subsequent SAR studies
with 4-tetrahydropyranyl as the R group established that di-substitution of
phenyl ring-A was generally required for dual 5-HT and NA reuptake inhi-
bition, and that small modifications of the substituents could result in subtle
differences in the 5-HT to NA ratio of activities. This analysis led to the iden-
tification of several potent and balanced SNRIs, including compounds 76–79

Fig. 25 Structures and c log P of pyrrolidines 76–79
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Table 12 In vitro inhibition of monoamine reuptake, ADME profiles and hERG channel
activity of compounds 76–79

Compound [3H]5-HT [3H]NE [3H]DA HLM/hheps CYP2D6inh hERG
IC50 (nM) IC50 (nM) IC50 (nM) t1/2 (min) IC50 (µM) IC50 (µM)

Duloxetine 6 19 870 – – –
76 9 7 727 > 120/144 5.9 14.4
77 13 20 > 4000 > 120/> 240 5.5 2.9
78 11 11 968 94/– 8.2 –
79 21 9 > 4000 > 120/– 30 1.1

(Fig. 25), which were further differentiated based on their human hepatocyte
stability and potential to block the hERG channel. It is interesting to notice
that in this series hERG activity was found to be more sensitive to structural
changes than lipophilicity, as can be seen when comparing compounds 76, 77
and 79 (Table 12).

From their analysis, compound 76 emerged as optimal, combining potent
dual SNRI activity with good selectivity over dopamine reuptake, good in
vitro metabolic stability, weak CYP2D6 inhibition and weak affinity for the
hERG channel (Table 12). Compound 76 also exhibited more than 200-fold se-
lectivity for serotonin and noradrenaline reuptake inhibition when assessed
over a panel of 150 receptors, enzymes and ion channels.

More recently, Wakenhut et al. at Pfizer have reported further advances
in the 3-amino pyrrolidine series [61]. Lead compound 76 was found to be
predominantly metabolized by the polymorphic enzyme CYP2D6, via hy-
droxylation of the 2,3-di-Me aryl ring (Fig. 26). This metabolic pathway had
the potential for significant overexposure in CYP2D6 poor metabolizers and
so the progression of 76 was halted. A strategy of metabolic blocking was
initially employed, leading to compound 80. SNRI activity was retained in
80, and in vitro studies showed that the primary route of metabolism was
now N dealkylation of the tetrahydropyranyl group. However, the metaboliz-
ing enzyme was still found to be CYP2D6, resulting in no mitigation of the
drug–drug interaction risk.

The N-dealkylation pathway was then blocked by introduction of an amide
substituent (81, Fig. 27). Compound 81 combined SNRI activity, good selec-
tivity, excellent metabolic stability and good membrane permeability when
determined in Caco-2 cells. Compound 81 exhibited no significant inhibi-
tion of CYP450 enzymes and was > 200-fold selective when screened against
a panel of receptors, enzymes and ion channels. Compound 81 was found
to be so metabolically stable that no measurable turnover was detected. This
extreme metabolic stability resulted in no assessment of CYP2D6 contribu-
tion to metabolism being possible, and the potential for increased exposure
in CYP2D6 poor metabolizers would need to be monitored in clinical studies.
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Fig. 26 Metabolic pathways of compounds 76 and 80

Fig. 27 Structure, pharmacology and ADME properties of compound 81

Dog pharmacokinetic data on 81 were disclosed, and showed that 81 had low
clearance, low volume, long half-life and high bioavailability (Fig. 27).

3.6
Piperidines

Gallagher et al. at Eli Lilly have reported the discovery of a novel series
of N-alkyl-N-arylmethylpiperidine-4 amines as dual SNRIs [62]. Initial in-
vestigations with 2-CF3 as the R′ substituent established that dual SNRI
potency could be achieved with several alkyl R substituents (compounds 82–
85, Fig. 28, Table 13). Subsequently the R substituent was fixed as isobutyl,
and then SNRI activity was investigated as a function of the aryl ring
R′ substituent. Mono-substitution in the ortho position delivered several po-
tent SNRIs, with Me, CF3 and Cl amongst the preferred groups (compounds
83, 86, 87), whereas meta or para substitution resulted in a drop in NRI ac-
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Fig. 28 Structures of piperidines 82–91

Table 13 Binding affinities of compounds 82–91

Compound SERT NET DAT
Ki (nM) Ki (nM) Ki (nM) or %inh at 1 µM

Duloxetine 0.8±0.04 7.5±0.3 240±23
82 2.2±0.2 6.5±0.4 – 12±1%
83 1.4±0.1 3.2±0.3 210±30
84 3.6±0.1 4.1±0.1 – 45±0.7%
85 1.5±0.1 6±1 – 27±0.1%
86 1.5±0.4 3.3±0.2 240±19
87 1.6±0.1 1.4±0.1 83±3
88 0.96±0.1 2.0±0.2 230±20
89 0.30±0.1 1.8±0.3 190±20
90 7.9±0.9 3.4±0.1 – 19±2%
91 4.1±0.40 6.0±0.8 – 18±2%

tivity. Di-substitution with preferred groups in the ortho position delivered
additional potent SNRIs with several substitution patterns tolerated (com-
pounds 88–91).

Compound 83 was selected for evaluation in in vivo microdialysis experi-
ments, and elevated both synaptic 5-HT and NA levels by 202 and 249%,
respectively (3 mg/kg po). No pharmacokinetics, off-target pharmacology or
efficacy data in disease models have been reported yet.

3.7
Constrained Tropanes

Kozikowski et al. at Georgetown University Medical Center have reported
a series of (1S,3S,6R,10S)-(Z)-9-(thienylmethylene- or substituted thienyl-
methylene)-7-azatricyclo[4.3.1.03,7]decane derivatives as monoamine reup-
take inhibitors [16, 63]. Among the structures shown, compound 92 was the
most potent SNRI (SERT Ki 29.0±1.6 nM, NET Ki 5.0±1.3 nM) and exhibited
good selectivity over dopamine reuptake (DAT Ki 368±1.6 nM) (Fig. 29).
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Fig. 29 Structure of constrained tropane 92

4
Noradrenaline Reuptake Inhibitors

Selective inhibition of noradrenaline reuptake has been shown to be an at-
tractive approach for the treatment of a number of diseases. For example,
reboxetine 14 (Sect. 4.1.1) is used clinically for the treatment of depression
and atomoxetine 13 (Sect. 4.2.1) is a new therapy for the treatment of ADHD
(Fig. 30). Furthermore, NRIs are under investigation as potential therapies for
chronic pain, urinary incontinence, fibromyalgia and a variety of other indi-
cations [64, 65]. A number of reviews have been published that summarize
discoveries of NRIs [66–69].

Fig. 30 Structures of reboxetine, esreboxetine and atomoxetine

4.1
Morpholine Analogues

4.1.1
Reboxetine

(±)-Reboxetine 14 [RBX; racemic mixture of (S,S) and (R,R) enantiomers]
(Fig. 30) is an orally active, selective NRI developed and launched by Phar-
macia & Upjohn (now Pfizer) for the treatment of depression. Reboxetine was
launched in Europe in 1997 and since that time a number of primary papers
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Table 14 Binding affinities of (±)-racemic, (+)-(S,S) and (–)-(R,R) reboxetine

Compound NET SERT Selectivity of Ki

Ki (nM) Ki (nM) of SERT/NET

Reboxetine 1.1 129 124
(+)-(S,S)-Reboxetine 0.2 2900 14 500

(–)-(R,R)-Reboxetine 7.0 104 15

Table 15 Binding affinities of (±)-racemic and (+)-(S,S)-reboxetine for additional receptor
systems [Ki (nM)]

Compound Histamine Serotonin Muscarinic Adrenergic
H1 5-HT2C α1

Reboxetine 1400 1500 3900 10 000

(+)-(S,S)-Reboxetine > 30 000 3000 3000 > 10 000

Other receptors and enzymes tested with Ki > 10 000 nM include: dopamine reuptake
(DRI), muscarinic (M1, M2, M3, M4, M5), adrenergic (α2, β1, β2), dopaminergic (D1, D2,
D3, D4), serotinergic (5-HT1A, 5-HT2A, 5-HT3, 5-HT4, 5-HT6, 5-HT7), adenosine (A1,
A2), benzodiazepine (peripheral and central), L-type calcium channels, histaminergic
(H2), imidazoline (I2), melatonin (mt1), N-methyl-D-aspartate (glutamate and channel
sites), neurokinin (NK1), nicotinic (α3, α4, α7), sigma, MAO-A, MAO-B, NOS, tyrosine
hydroxylase and xanthine oxidase

and comprehensive reviews have been published describing reboxetine’s phar-
macology, clinical efficacy, pharmacokinetics, safety and toleration [70–76].

The (+) enantiomer of reboxetine is being developed by Pfizer as a poten-
tial oral treatment of neuropathic pain and fibromyalgia [77]. Esreboxetine
[(+)-(S,S)-reboxetine; SS-RBX] 93 is more potent than reboxetine racemate
with respect to inhibiting the uptake of NA and much weaker at inhibit-
ing uptake of 5-HT; the combination of these two pharmacologies makes
esreboxetine highly selective for NRI over SRI [76] (Table 14). In addition,
esreboxetine also demonstrates good selectivity over a range of aminergic
receptors and other targets [78] (Table 15).

4.1.2
Arylthiomethyl Morpholines

Walter et al. at Eli Lilly have reported novel arylthiomethyl morpholines 94
(Fig. 31), including an example of a selective NRI [79]. All target compounds
were initially tested as racemic (S,S)/(R,R) diastereoisomers and the SAR
showed that replacement of the aryloxy ether in reboxetine by an arylthio
ether retained good levels of NRI activity. Furthermore, significant SRI activ-
ity had been introduced to yield dual SNRIs 95.
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Fig. 31 Structures of compounds 94 and 95

Table 16 Binding affinities of compound 95 and its enantiomers

Compound SERT NET DAT
Ki (nM) Ki (nM) Ki (nM)

95 10.7±2.2 1.2±2.2 > 200 (9.7±3.0%) a

95a 66.2±3.0 1.7±2.2 > 200 (2.8±1.8%) a

95b 1.5±0.2 24.6±2.3 > 200 (19.0±3.4%) a

a % displacement at 1000 nM

When racemic 2-methoxy analogue 95 was separated into its enantiomers
95a and 95b by HPLC (no assigned absolute stereochemistry), there was a de-
gree of disconnection of NRI and SRI activities to give 95a as a selective NRI
and 95b as a dual SNRI (Table 16).

Caution must be exercised when evaluating SAR from the biological activ-
ities of racemic compounds as the contribution to the observed effects may
not be equal for each enantiomer; this is further complicated when seeking
dual activities across two biological targets.

4.1.3
Hydroxy-Reboxetine Analogues

The synthesis and biological activity of a series of tertiary alcohol containing
benzyl morpholines 96 have been reported by Cases et al. at Eli Lilly [80, 81]
(Fig. 32). Within this select set of compounds, SAR established a preference
for the (2S, 2′R) stereochemistry, substitution at the 2 position of the benzyl
ring and that a number of different groups at the 2 position would give potent
and selective NRIs (NET, Ki < 10 nM when R = OMe, OEt, OiPr, Ph).

The NRI activity of 2-OMe compound 97 (Ki 3.2 nM) was comparable to
that of atomoxetine and reboxetine and 97 had no significant affinity for ei-
ther the 5-HT or DA transporters. Additional characterization in vitro found
97 to be extensively metabolized in RLMs but much more stable in dog liver
microsome (DLM) and HLM preparations. Consistent with the microsomal
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Fig. 32 Hydroxy-reboxetine analogues 96 and 97

data, 97 had significantly improved oral bioavailability in the dog (Fo ∼ 61%;
beagle dogs, 1 mg/kg) compared to the rat (Fo ∼ 5%; F344 rats, 10 mg/kg).
Compound 97 was both chemically and configurationally stable under the
aqueous acidic conditions disclosed.

Despite this extensive metabolism in RLMs, 97 was found to have potent
oral in vivo activity in the α-methyl-m-tyrosine (α-MMT)-induced cortical
NA depletion model in rats. In microdialysis experiments orally administered
97 (10 mg/kg) increased NA levels in interstitial fluid of the prefrontal cortex
of rats by 250–300% above pre-drug baseline levels [81].

4.1.4
New Reboxetine Analogues

New derivatives of 2-[(phenoxy)(phenyl)-methyl]morpholine 98 have been
disclosed as inhibitors of monoamine reuptake by Fish et al. at Pfizer [82].
SARs established that serotonin and noradrenaline reuptake inhibition were
functions of stereochemistry and aryl/aryloxy ring substitution. Conse-
quently, selective NRIs, SSRIs and dual SNRIs were all identified (Fig. 33,
Table 17).

The absolute stereochemistry of 98 was found to have a significant effect
on activity. For example, (S,S)-99a was a potent and selective NRI whereas
(R,R)-99b was a potent SRI with NRI activity. This split in NRI vs SRI ac-
tivity was also observed with five additional pairs of enantiomers. Overall,

Table 17 Binding affinities of compounds 99–101

Compound SERT NET DAT
Ki (nM) Ki (nM) Ki (nM)

99a 3390 10 2600
99b 12 130 380
100 740 6 3080
101 1800 12 NT
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Fig. 33 Structures of compounds 98–101

there was a broad range in both SRI and NRI activities and ratios of activity
(SRI : NRI, 350 : 1 to 1 : 40). Additional examples of selective NRIs were 100
and 101.

4.1.5
Viloxazine Analogues

The synthesis and pharmacological evaluation of thiophene analogues of
viloxazine have been reported by Lissavetzky et al. at the Instituto de Quimica
Medica (CSIC) [83]. Viloxazine 102 is a selective NRI used in the treatment
of depression and the pharmacological properties and human pharmacoki-
netics have been reviewed [84, 85]. Preliminary pharmacological assessment
showed eight thiophenes (e.g. 103) to be generally active in a series of mouse

Fig. 34 Structures of viloxazine 102 and compound 103
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models predictive of antidepressant properties. However, no primary phar-
macology was reported and so it is yet to be established by which mechan-
ism(s) these compounds are having their effects (Fig. 34).

4.2
Aryloxypropanamine Analogues

4.2.1
Atomoxetine

Atomoxetine 13 (Fig. 2, Table 18) [ATX; (R) enantiomer of tomoxetine; Strat-
tera] is an orally active, selective NRI developed and launched by Eli Lilly
as a new treatment of child, adolescent and adult ADHD. Atomoxetine hy-
drochloride was first launched in the USA in 2003 and is the first non-
stimulant marketed for the treatment of ADHD. The pre-clinical, clinical and
pharmacokinetic profile of ATX has been extensively reviewed [86–91].

Table 18 Inhibition of monoamine reuptake by atomoxetine in human recombinant assays

Compound NET SERT DAT SERT/NET
Ki (nM) Ki (nM) Ki (nM) ratio

Atomoxetine 3.0 64 2440 21

4.2.2
Atomoxetine Analogues

The design, synthesis and SAR of a series of ring-constrained atomoxe-
tine analogues were described by Wade et al. at Neurocrine Biosciences
with templates derived from 1-aminoindanes 104, 1-aminotetralins 105
and 2-aminotetralins 106 (Fig. 35) [92]. (2S,4R)-trans-Aminotetralin 107

Fig. 35 Structures of aminoindanes and aminotetralins 104–107
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(NBI 80532) proved to be the most potent compound disclosed with NRI
activity (IC50 8 nM) similar to that of atomoxetine. Furthermore, 107 had
reduced affinity for the 5-HT transporter (IC50 590 nM) giving moderately
improved levels of selectivity over SRI (73-fold) compared to atomoxetine.

Assessment of compound 107 for selectivity against a panel of amine neu-
rotransmitters revealed activity for the 5-HT2B receptor (IC50 250 nM). It is
important to note that no functional 5-HT2B was reported, but should 107
prove to be a potent agonist at the 5-HT2B receptor then it is likely to pos-
sess an unacceptable safety risk for cardiac toxicity [93]. Additional screening
of 107 in in vitro ADME assays showed 107 to be a CYP2D6 inhibitor (IC50

250 nM) and it was concluded that this level of inhibition could lead to poten-
tial drug–drug interactions.

4.3
Biphenyl Pyrrolidine Analogues

Researchers at Pfizer have disclosed derivatives of (3S)-N-(biphenyl-2-
ylmethyl)pyrrolidin-3-amine as a new series of NRIs (Fig. 36). N-(Benzyl)pyr-
rolidin-3-amines 76 were first reported by Whitlock et al. as dual SNRIs [60].
As part of this study, during the exploration of the SAR of the aryl ring,
biphenyl compound 108 was identified as a potent NRI (IC50 12 nM) with se-
lectivity over SRI and DRI (> 30-fold). However, in contrast to 76, biphenyl
108 also possessed an unacceptable level of CYP2D6 inhibition (IC50 100 nM)
and so could potentially inhibit the metabolism of CYP2D6 substrates.

Fig. 36 Structures of biphenyl pyrrolidines 108–111
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Wakenhut et al. discovered that further modification of this template by
acylation of the (3S)-amino group gave amide 109 which retained NRI activity
(IC50 14 nM) whilst significantly reducing CYP2D6 inhibition to an accept-
able level (IC50 1860 nM) [61]. Further exploration of the SAR within this
template by Fish et al. identified carbamate 110 and sulfonamide 111 as two
additional examples with a superior combination of NRI activity (Ki < 10 nM)
combined with selectivity over SRI and DRI (> 100-fold) (Table 19) [94]. Ad-
ditional screening of 109–111 in high throughput in vitro ADME and safety
screens showed all three compounds to have excellent metabolic stability
in HLMs and human hepatocytes consistent with low predicted clearance,
weak CYP450 enzyme inhibition and modest ion channel activity as meas-
ured by binding to representative potassium, sodium and calcium channels
(Table 19).

An in vitro screen that clearly differentiated 109, 110 and 111 was tran-
sit performance in the MDCK-mdr1 cell line, which is commonly used as
a model to estimate CNS penetration. All three compounds have good pas-
sive permeability but amide 109 and sulfonamide 111 demonstrate efflux
ratios (ER > 5) which were consistent with recognition and efflux by the P-gp
transporter. Compounds with significant efflux by P-gp tend to have poorer
CNS penetration than compounds that are not. Performance in this assay
proved to be decisive in selecting carbamate 110 for in vivo assessments of
CNS penetration and functional activity. Pharmacological evaluation in vivo,
in microdialysis experiments, showed 110 increased NA levels in interstitial
fluid of the prefrontal cortex of conscious rats by 300–400% above pre-drug

Table 19 In vitro inhibition of monoamine reuptake, ADME profiles and ion channel
affinities of 109–111

109 110 111

NET, Ki (nM) 6 8 5
SERT, Ki (nM) 960 1110 4120
DAT, Ki (nM) 3740 3030 2670
HLM, Cli µl/min/mg < 7 < 7 7
h.heps, Cli µl/min/mg NT < 5 < 5
CYP1A2 inhib., IC50 nM > 3000 > 3000 > 3000
CYP2C9 inhib., IC50 nM > 3000 > 3000 > 3000
CYP2D6 inhib., IC50 nM 1860 1210 3100
CYP3A4 inhib., IC50 nM > 3000 > 3000 > 3000
Caco-2, A-B/B-A NT 27/28 NT
MDCK-mdr1, A-B/B-A 11/68 22/44 10/51
MDCK-mdr1, ER 6.1 2.0 5.1
K+, hERG, Ki nM 2840 2830 > 2700
Ca2+, L-type, Ki nM > 10 000 1500 1900
Na+, site 2, Ki nM 1200 1100 1900
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baseline levels (0.3–3 mg/kg administered s.c., n = 5–6). The magnitude and
duration of the responses observed with 110 were equivalent (by dose) to
those observed with ATX which was used as a control. Based on this profile,
110 was selected as a candidate for further evaluation in pre-clinical disease
models.

4.4
Miscellaneous Series

4.4.1
1-Aryl-3,4-dihydro-1H-quinolin-2-ones

A novel series of dihydro-1H-quinolin-2-ones 112 have been discovered as
potent and selective NRIs by Camp et al. at Eli Lilly [95]. The series was
designed based on results from an in-house HTS combined with a ligand
based pharmacophore model derived from the 3-aryloxypropylamine struc-
tural motif (Fig. 37).

An initial lead 113 (single enantiomer of unknown absolute stereochem-
istry) had good NET potency (Ki 8 nM) and excellent selectivity over SERT
and DAT but measurement of physicochemical properties showed 113 to be
hydrophilic (log D – 0.48), predicting for poor brain penetration. The strategy
was to increase the overall lipophilic nature of the series by the systematic in-
troduction of lipophilic groups at the western and southern N-aromatic rings
(X and Y, respectively) and small alkyl chains at the C-3 position (R = Me to
n-Bu). The most successful modifications were the introduction of a 4-Me on
the southern N-aromatic ring 114-rac (Ki 3 nM) and the incorporation of an
n-Pr at C-3 115-rac (Ki 7 nM). However, the combination of these two mod-
ifications did not give an additive boost but a dual NSRI 116-rac (Ki 11 and
160 nM). Camp’s conclusions were: “there were limitations within this SAR
and often increasing lipophilicity within this series resulted in a reduction in
NRI activity”.

Fig. 37 Structures of dihydro-1H-quinolin-2-ones 112–116
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4.4.2
4-(4-Chlorophenyl)piperidines

Kozikowski et al. at the University of Illinois at Chicago have reported fur-
ther SARs in a series of 4-(4-chlorophenyl)piperidine analogues each bearing
a thioacetamide group at C-3 (117) [96]. The paper describes a comprehen-
sive analysis of the influence of relative and absolute stereochemistry at C-3
and C-4 of the piperidine ring on inhibition of the NA, 5-HT and DA trans-
porters (Fig. 38).

Among the analogues reported in this paper, (+)-cis-118 exhibited good
activity for NET (Ki 5.5 nM) with some degree of selectivity over DAT and
SERT (39- and 321-fold, respectively).

Fig. 38 Structures of 4-(4-chlorophenyl)piperidines 117 and 118

4.4.3
Pyridinyl Phenyl Ethers

[4-(Phenoxy)pyridine-3-yl]methylamines 121 have been disclosed as a new
series of selective NRIs (Fig. 39) [97]. Pyridinyl phenyl ethers 119 have been
reported in the literature as SSRIs [98] and further modification of this tem-
plate afforded dual SNRIs 120 [41]. An emerging understanding of the SAR
showed that the aryloxy ring played an important role in modulating SRI and
NRI activity, i.e. appropriate substitution at the 2 position conferred NRI ac-
tivity whereas substitution at the 4 position gave SRI activity. Hence, as an
initial venture, Fish et al. at Pfizer elected to delete the 4-Cl substituent from
the aryloxy ring of 120 with the aim of reducing the SRI activity to furnish
selective NRIs.

Compound SAR was then directed at improving NRI activity by ex-
ploring a broad set of 2-substituents on the aryloxy ring in both the sec-
and tert-amine series (121: R3 = Et, OMe, OEt, Me, SMe, Cl, i-Pr, n-Pr,
OPh). NRI activity was clearly dependent on the lipophilicity of the 2-
substituent with potent NRI activity tracking with increased lipophilic-
ity. In addition, clear trends in the SAR of the sec- and tert-amines also
emerged: tert-amines invariably showed a significant advantage in NRI ac-
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Fig. 39 Structures of pyridinyl phenyl ethers 119–122

tivity compared to the corresponding sec-amines, and tert-amines were gen-
erally weaker SRIs compared to sec-amines. No compound demonstrated
any significant DRI activity. The combination of these SARs resulted in
tert-amines yielding the most potent NRIs with better selectivity for SRI
and DRI.

From these experiments 122 emerged as having a superior combina-
tion of NET activity (Ki 10 nM) combined with selectivity over SERT
and DAT (> 80-fold). Additional screening in vitro showed 122 to have
good membrane permeability (Caco-2 11/19) with low affinity for P-gp ef-
flux transporters (MDCK-mdr1 25/41) suggesting the potential for good
oral absorption and CNS penetration. Compound 122 had good metabolic
stability in HLMs (Clint < 7 µl/min/mg) and human hepatocytes (Clint

8 µl/min/million cells) consistent with low predicted clearance. Compound
122 had no significant inhibition of CYP450 enzymes (1A2, 2D6, 3A4; IC50

values > 3 µM), modest ion channel activity as measured by binding to
potassium hERG ([3H]-dofetilide, Ki 5.8 µM), sodium (site 2, Ki 3.4 µM)
and calcium (L-type diltiazem site, Ki 1.2 µM) channels and no significant
off-target pharmacology. Further pharmacological evaluation in vivo, in mi-
crodialysis experiments, showed 122 increased NA levels in interstitial fluid
of the prefrontal cortex of conscious rats by 400% above pre-drug base-
line levels (0.3 mg/kg administered s.c., n = 4). Based on this profile, 122
was selected as a candidate for further evaluation in pre-clinical disease
models.
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5
Conclusions

Selective monoamine reuptake inhibitors (SSRIs and NRIs) have had a sig-
nificant impact on the treatment of several serious diseases, including depres-
sion, ADHD, neuropathic pain and fibromyalgia. The discovery and launch
of dual pharmacology SNRIs such as duloxetine has further expanded the
treatment options for these diseases. This review has highlighted the discov-
ery of many new compounds which combine selective inhibition of SERT
and/or NET activity with a large degree of both structural and physicochem-
ical diversity. The coming years will determine whether any of these recently
discovered compounds will advance to clinical development and ultimately to
regulatory approval as new medicines.
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Abstract The dopamine transporter (DAT) has been a primary target for cocaine
abuse/addiction medication discovery. However predicted addiction liability and limited
clinical evaluation has provided a formidable challenge for development of these agents
for human use. The unique and atypical pharmacological profile of the benztropine
(BZT) class of dopamine uptake inhibitors, in preclinical models of cocaine effects and
abuse, has encouraged further development of these agents. Moreover, in vivo studies
have challenged the original DAT hypothesis and demonstrated that DAT occupancy and
subsequent increases in dopamine produced by BZT analogues are significantly delayed
and long lasting, as compared to cocaine. These important and distinctive elements are
critical to the lack of abuse liability among BZT analogues, and improve their poten-
tial for development as treatments for cocaine abuse and possibly other neuropsychiatric
disorders.

Keywords Addiction medication discovery · Benztropine · Cocaine ·

Dopamine transporter · Dopamine uptake inhibitor

Abbreviations
5-HT Serotonin
ACE-Cl α-Chloroethylchloroformate
AlH3 Alane
BZT Benztropine
DA Dopamine
DAT Dopamine transporter
FR Fixed ratio
LiAlH4 Lithium aluminum hydride
MTSET Methanethiosulfonate ethyltrimethyl-ammonium
NET Norepinephrine transporter
SAR Structure–activity relationships
SERT Serotonin transporter
TM Transmembrane

1
Introduction –
Chemical and Pharmacological Diversity of Dopamine Uptake Inhibitors

Over the past 2 decades, a significant number of studies have supported the
dopamine transporter (DAT) hypothesis of cocaine’s behavioral effects first
described by Ritz et al. [1]. In that study, a significant and positive correla-
tion of binding affinities at the DAT and the potency for self-administration of
a variety of monoamine uptake inhibitors was reported. That correlation was
greater than the correlations for these compounds among self-administration
potencies and affinities for either the norepinephrine (NET) or serotonin
transporters (SERT). Thus, the DAT was considered the primary biological
target relevant to the effects of cocaine contributing to its abuse liability, and
became the mechanistic target for medication development.
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One decade ago, a special issue of Medicinal Chemistry Research, was ded-
icated to the design and synthesis of novel dopamine uptake inhibitors [2].
Structure–activity relationships (SAR) and combinations with the molecular
biology techniques of the time were described in detail for each chemical class
and many of these compounds have been further developed preclinically. Since
that time, numerous primary papers and several excellent and comprehensive
reviews (e.g., [3–5]) have been published. Therefore a review of all structural
classes and SAR within each will not be included in this chapter. However, it
should be noted that the chemical classes based on the 3-aryltropanes (e.g.,
cocaine analogues), the 1,4-dialkylpiperazines (e.g., GBR 12909 and its ana-
logues), and analogues of BZT have all been synthetically “mined”, evaluated
in vitro for binding and function at all three monoamine transporters as well
as other potentially relevant receptors (e.g., muscarinic, histaminic, sigma). In
the process, modifications to these structures have improved DAT affinity and
selectivity. Further, several candidates in each class have been extensively eval-
uated in a variety of animal models of psychostimulant actions related to drug
abuse, as well as other models of neuropsychiatric disorders. Several of these
agents show potential for further clinical investigation [5, 6].

With ongoing progress came several lines of research that revealed some
limitations to the hypothesis of the DAT as the mechanism for cocaine’s ef-
fects and its abuse liability. For example, studies on DAT knockout mice
showed place preference and self-administration of cocaine [7, 8]. While the
mechanisms underlying these effects of cocaine in DAT knockout mice are
not fully understood at this time, it is clear that the reinforcing effects of co-
caine can be obtained in animals lacking what is thought to be the primary
biological substrate for cocaine’s actions. Another limitation, which will be
elaborated upon in this review, was initially suggested in papers by Rothman
et al. [9] and Vaugeois et al. [10]. In the latter study, the ED50 doses of var-
ious DA uptake inhibitors for in vivo displacement of a radiolabel for the
DAT ([3H]GBR 12783), produced quite different amounts of behavioral stim-
ulation as evidenced by elevations in locomotor activity, ranging from only
a slight effect by mazindol (∼ 106% of control) and pyrovalerone (123%) to
an almost three-fold increase produced by the phenylpiperazine, GBR 13069.
Thus, there are some DA uptake inhibitors that have behavioral effects that
differ from those of cocaine in animal models. In addition, there are other
DA uptake inhibitors that are used clinically and are not subject to substantial
abuse; one of these is benztropine.

2
Case Study: Benztropine Analogues

As can be seen in Fig. 1, benztropine (3α-diphenylmethoxytropane, abbre-
viated herein as BZT) shares structural features with cocaine (tropane ring)
and the diphenyl ether of the phenylpiperazines. A prototype of this latter
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Fig. 1 Chemical structures of cocaine, benztropine (BZT) and GBR 129009

class is GBR 12909, which is a selective DA uptake inhibitor that was selected
for clinical evaluation as a cocaine-abuse medication. Therefore, from an ini-
tial structural perspective BZT and its analogues were of interest. Further
piquing our interest was that BZT is in clinical use for treatment of symp-
toms associated with Parkinson’s Disease and is not subject to any significant
abuse. Moreover, though not a focus of the study, Colpaert et al. [11] showed
that BZT did not fully substitute in rats trained to discriminate cocaine from
saline injections. These additional considerations suggested that BZT ana-
logues may also be of some interest for a potentially different mode of action
with the DAT, compared to traditional dopamine uptake inhibitors. However,
it is also possible that BZT is a typical DA uptake inhibitor that has other
actions that interfere with its cocaine-like effects. In order to pursue these
questions further, we embarked on a medicinal chemistry approach to the
design, synthesis and evaluation of BZT analogues.

It is important to emphasize that while BZT analogues have pharmaco-
logical effects that differ from those of cocaine, this group of drugs may not
be the only chemical class of DAT inhibitors for which this disparity exists.
For example, some analogues of the sigma receptor ligand, rimcazole, bind
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to the DAT but do not produce cocaine-like effects [12–14]. Further, there has
been a preliminary report [15] of a cocaine analogue with high affinity for the
DAT, low efficacy in stimulating locomotor activity, and that antagonizes the
stimulation of locomotor activity produced by cocaine. Taken together, these
studies are consistent with the idea that binding to the DAT and its resultant
inhibition of DA uptake does not uniformly produce cocaine-like effects.

3
Design, Synthesis and SAR of the Benztropine Analogues

As mentioned above, BZT shares structural features of cocaine and the
phenylpiperazines. We viewed the tropane ring as a structurally rigid isostere
of the piperazine ring system of the phenylpiperazines, and were particu-
larly intrigued with the lack of a 2-position substitution for BZT, which in
the cocaine-class of DAT inhibitors renders these molecules inactive (see [16]
for a review). In Fig. 2, the chemical modifications that have been explored
in our laboratory on the parent molecule BZT are illustrated. Initially, we
noted that the diphenyl ether at the 3-position of the tropane ring was in the
α-configuration and that this opposed most of the cocaine analogues that had
been reported to have high affinity for the DAT [16]. Further, replacement of
the β-benzoyl group of cocaine with various substituted phenyl rings, signifi-
cantly affected binding affinities at the DAT and generally improved potency
for inhibition of DA uptake. We therefore initially explored both stereochem-
istry and optimal substitution on these phenyl rings.

Fig. 2 Design strategy for BZT analogues
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3.1
3-Substituted Benztropine Analogues

More than 40 3α-diphenyl ether analogues of BZT were prepared and eval-
uated for binding at transporters for DA, serotonin (5-HT), and norepi-
nephrine (NE), as well as at muscarinic M1 and histamine H1 receptors
in membrane preparations. Effects of selected analogues are displayed in
Table 1, as well as data for inhibition of DA uptake in synaptosomes or
a chopped tissue preparation [17–19]. We discovered that the 3α-stereo-
chemistry provided optimally active compounds as did small substituents
such as F or Cl in the para- and or meta-positions, with 4′,4′′-diF giving
the highest affinity analogue in this series (AHN 1-055). However, it must
be noted that small halogens substituted in these positions uniformly gave
high affinity analogues (Ki values from 11 to 30 nM). Whereas, increasing
steric bulk or substitution in the 2′-position decreased DAT affinity [19]. Note
that compared to BZT and cocaine, most of these halogenated analogues had
higher affinity at the DAT (Table 1). Only one β-stereoisomer (AHN 1-063 in
Table 1) was prepared and it had lower affinity for DAT than its 3α-epimer
demonstrating opposite stereoselectivity of the effects of these BZT analogues
as compared to cocaine.

In addition muscarinic receptor affinities were generally lower than that
for BZT. Thus, these analogues showed relatively similar affinities at DAT
and M1 receptors, rather than the 56- to 200-fold selectivity for muscarinic
receptors exhibited by the parent compound, BZT. Although none of these
analogues demonstrated high affinity for SERT or NET, the high to moder-
ate muscarinic receptor binding could contribute to their CNS effects. Like
the parent compound, it should also be noted that several of these analogues
demonstrated high to moderate affinity for histamine H1 receptors [20, 21].
Because these additional actions may significantly impact the behavioral
profile of these agents their contributions were investigated (see below). In
addition, it was desirable to find structural features that would discriminate
between the binding at these sites, and we thus initiated studies to alter mus-
carinic M1 receptor affinity.

3.2
N-Substituted Benztropine Analogues

As noted above, the BZT analogues share structural features with GBR 12909,
but unlike this compound, the BZT analogues synthesized to date were all N-
methyl tropanes. GBR 12909 has a propylphenyl substituent appended to its
piperazine N-terminus, and does not bind appreciably to muscarinic M1 re-
ceptors. As BZT can be considered a rigid analogue of GBR 12909, a series of
N-substituted analogues of AHN 1-055 and several other small halogenated
diphenyl ether analogues were designed. N-substitution turned out to be
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a fruitful area of investigation and more than 60 analogues have been pre-
pared and evaluated in vitro [22–25] (selected N-substituted analogues are
displayed in Table 1).

In general, N-substituted analogues with the 4′,4′′-diF substitution on the
3α-diphenyl ether resulted in high affinity binding at the DAT, with several ex-
tended alkyl and alkylaryl substituents being well tolerated. However, there
was an optimal length of the N-substituents, which if exceeded, resulted in
compounds with low affinity at the DAT [25]. Furthermore, the tropane N
must be a secondary or tertiary amine, as the amides were inactive at the
DAT [22]. When the diphenyl ether substituents increased in steric bulk (e.g.,
4′,4′′-diCl) N-substitution resulted in further decreases in DAT affinity [24].
However, a notable separation of DAT from muscarinic M1 receptor binding
was achieved with these N-substitutions, with several analogues in this se-
ries having greater than 100-fold selectivity for the DAT. This is in remarkable
contrast to the parent compound, which as mentioned above has signifi-
cant selectivity for muscarinic M1 receptors over the DAT. Stereoselectivity
was originally reported for DAT binding with GA 2-50 and GA 2-95, how-
ever, subsequent testing (unpublished results) of these analogues showed no
stereoselectivity at DAT and only a 2-fold difference between enantiomers in
affinity at muscarinic M1 receptors. Several of the analogues in this series
have been evaluated in vivo and will be described in detail below. Further, be-
cause many N-substituents were well tolerated at the DAT, this position has
been used to design and synthesize molecular tools such as the photoaffinity
ligand GA 2-34 for structure function studies of the DAT [26, 27].

3.3
6/7-Substituted Benztropine Analogues

Once identification of the optimal substitutions on the 3α-diphenyl ether and
the tropane N8 were identified, additional modifications at the 6/7 bridge
were investigated. In addition to the 6β-analogues, the 6-β-OH BZT was ox-
idized and then stereoselectively reduced to the 6α-alcohol to compare the
effect of stereochemistry at this position [28]. Upon testing, it was discov-
ered that most of these compounds had minimal activity at the DAT, with the
exception of those analogues with very small substituents in the 6/7-bridge.
Further, none of the analogues showed high affinity for the SERT or the
NET [28]. Similar results were reported by Simoni and colleagues [29] and
thus, studies on compounds in this series were not pursued further.

3.4
Benztropinamines

While preparing the BZT analogues, it was noted that under acidic condi-
tions, the diphenyl ethers would sometimes cleave from the tropane ring. As
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such, we decided to explore a series of compounds wherein the ether link-
age was replaced by a secondary or tertiary amine, which we refer to as
benztropinamines. This substitution provided some additional flexibility for
SAR and also had potential to improve water solubility of these compounds,
due to the possibility of forming a more water soluble salt. A number of N-
alkyl and N-arylalkyl substituted benztropinamine analogues, with varying
substituents on the diphenyl moiety were prepared. These substituents were
selected from those that gave optimal binding in the BZT series for direct
comparison of SAR [30].

In this series, the 3-amino substitution readily replaced the ether linkage
and gave a series of highly active compounds at the DAT that were comparable
to the similarly substituted BZT analogues. As with the 3β-BZT, AHN 1-063,
the least active analogue in the benztropinamine series was the similarly sub-
stituted 3β-analogue, PG 02048, showing that stereochemistry is important
within this series as well [30]. Once again, none of the compounds showed
high affinity for the SERT or the NET. Most of the compounds were similarly
selective for DAT over muscarinic M1 receptors as their ether counterparts.
These compounds appeared to be more stable to acidic conditions and in vivo
evaluation of selected analogues is underway.

3.5
N-Substituted-2-Substituted Benztropine Analogues

The 2-substituted BZT analogues were first prepared by Meltzer and col-
leagues, who made all 8 stereoisomers and found that only the S-(+)-2-
COOCH3-substituted analogue of 4′,4′′-diF BZT (difluoropine, MFZ 1-76 in
Table 2) showed any activity at the DAT [31] This observation was notable
from the standpoint that although cocaine and its 3-phenyl analogues all need
a substituent at the 2-position, it must also be of R-(–)-stereochemistry. The
BZT analogues clearly do not need a substituent in this position, as analogues
from our laboratory and others have shown. However, if this substituent is on
the tropane ring, it must be the opposite epimer to cocaine [31–33]. These
findings supported our original hypothesis that the cocaine-like and BZT
analogues demonstrated very different SAR (see [3] for a review). Thus we
devised a stereoselective synthesis for the S-(+)-substituted BZT analogues
using chiral amine technology and published the first series of 2-substituted
compounds using this method [33]. This strategy has allowed variation at all
three positions (N, 2 and 3) on the tropane ring, which has allowed for rich
deduction of SAR in this series and direct comparison to cocaine analogues
that are substituted in these three positions [34, 35]. Interestingly, Meltzer
and colleagues showed that the tropane-N of a series of 3β-aryl tropane ana-
logues could be replaced with either O- or CH2, without significantly altering
DAT binding. However, replacing the tropane-N in their series of S-(+)-2-
carbomethoxy BZT analogues had significant and deleterious effects on DAT
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binding affinity [36, 37], further underscoring differences in SAR between
these two tropane-based classes of dopamine uptake inhibitors.

This complex series of compounds has provided the most DAT-selective
agents of all the BZT analogues, with several compounds showing greater
than 1000-fold DAT selectivity over muscarinic M1 receptors (Table 2). Fur-
ther, both SERT/DAT and NET/DAT selectivity ratios were discovered to be
quite high. Nearly all of the compounds in this series prepared so far have
demonstrated high affinity for the DAT (Ki values less than 40 nM) and these
same compounds have shown remarkably complex pharmacology in vivo. In
addition to the S-(+)-stereochemical requirement, at the 2-position, for high
DAT binding affinity in this series, the substituents that gave very high DAT
affinity (e.g., CH2OH, MFZ 6-21, in Table 2) contrast to those in the cocaine
class, further demonstrating that these DA uptake inhibitors do not share
SAR and appear to access non-identical DAT binding domains. This hypothe-
sis is further strengthened by the unique profile of behavioral effects obtained
with these compounds [35, 38].

4
In Vivo Findings

As detailed above, BZT and its analogues bind to the DAT with affinities
that are related to variations in structure. In addition, most of the BZT
analogues are selective for the DAT compared to the other monoamine trans-
porters. These actions should, according to the DAT hypothesis of cocaine’s
actions, confer upon these drugs cocaine-like behavioral effects. However,
when studied in various laboratory models of cocaine action and cocaine
abuse, the BZT analogues were typically less effective than cocaine.

4.1
Stimulation of Locomotor Activity

The stimulation of locomotor activity is a benchmark effect of psychomotor
stimulant drugs [39]. Most DA uptake inhibitors dose-dependently increase
ambulatory activity from low to intermediate doses. At higher doses, activity
is often increased to a lesser extent than it is at intermediate doses, or even de-
creased at the highest doses. In a comparison of various standard DA uptake
inhibitors, we found that the maximal effects were generally comparable, if
relatively restricted time points for measurement are selected, eliminating du-
ration of action as an influence on the measurement of maximal effects [40].
In contrast, BZT analogues showed variations in effectiveness in stimulating
locomotor activity [41, 42]. Figure 3 shows results of initial studies with the
first generation of BZT analogues. In those studies cocaine produced a typical
bell-shaped dose response for stimulation of locomotor activity. Several of the
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Fig. 3 Dose-dependent effects of 3α-diphenylmethoxytropane analogs on locomotor ac-
tivity in mice. Ordinates: horizontal activity counts after drug administration. Abscissae:
dose of drug in µmol/kg, log scale. Each point represents the average effect determined
in eight mice. The data are from the 30-min period during the first 60 min after drug
administration, in which the greatest stimulant effects were obtained. Note that the
fluoro-substituted compounds (left panel) were generally more efficacious than the other
compounds. Left panel symbols: Filled circles – cocaine; open circles – 4′-F-BZT; squares –
4′,4′′-diF-BZT; triangles – 3′,4′-diCl,4′′-F-BZT; downward triangles – 3′,4′-diF-BZT; dia-
monds – 3′,4′-diF-BZT; hexagons – 4′-Br,4′′-F-BZT. Right panel symbols: Filled circles –
cocaine; open circles – 4′-Cl-BZT; squares – 4′-Cl-BZT (β); triangles – 4′,4′′-diCl-BZT;
downward triangles – 3′,4′-diCl-BZT; diamonds – 4′-Br-BZT; hexagons – 4′,4′′-diBr-BZT.
Adapted from [42]

BZT analogues had maximal effects that were substantially less than those of
cocaine. Compounds with a fluoro-substitution in the para-position on either
of the phenyl rings had an efficacy that was less than, but approached that
of cocaine. Several other structural variants, in particular those with chloro-
substitutions, retained relatively high affinity for the DAT in binding assays,
but did not stimulate activity to the same extent as did cocaine.

4.2
Cocaine-like Subjective Effects

In rats trained to discriminate cocaine from saline injections, most mono-
amine uptake inhibitors with affinity for the DAT produce dose-related sub-
stitution for cocaine [39, 43]. The potency differences among these DA uptake
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inhibitors are generally directly related to their affinity for the DAT. In add-
ition monoamine uptake inhibitors with affinity primarily for either the SERT
or NET generally do not fully substitute for the cocaine discriminative stim-
ulus [43, 44]. In contrast to those findings with known DA uptake inhibitors,
BZT analogues did not fully substitute for cocaine in rats trained to discrim-
inate cocaine from saline [42]. As with the stimulation of locomotor activity,
there were differences among the analogues with regard to their effectiveness
that were related to their chemical structure. As shown in Fig. 4, para-fluoro-
substituted analogues tended to be among the most effective, whereas BZT
analogues with other para-substitutions, despite binding affinities compara-
ble to those of the fluoro-substituted compounds (Table 1), were clearly less
effective.

Fig. 4 Effects of 3α-diphenylmethoxytropane analogs in rats trained to discriminate in-
jections of cocaine from saline. Ordinates for top panels: percentage of responses on the
cocaine-appropriate key. Ordinates for bottom panels: rates at which responses were emit-
ted (as a percentage of response rate after saline administration). Abscissae: drug dose
in µmol/kg (log scale). Each point represents the effect in four or six rats. The per-
centage of responses emitted on the cocaine-appropriate key was considered unreliable
and not plotted if fewer than half of the subjects responded at that dose. Note that the
fluoro-substituted compounds (left panels) were generally more effective in substituting
for cocaine than the other compounds. Adapted from [42]
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4.3
Benztropine Self-Administration

Cocaine is well known for its reinforcing effects (e.g., [1]), and indeed there
is a wealth of published findings documenting those effects (see [45] for a re-
view). Typically, increases in dose per injection up to intermediate doses
increase rates of responding maintained by cocaine. At the highest doses
however, rates of responding are typically lower than those maintained at
intermediate doses. We examined the reinforcing effects of BZT analogues
in two studies, and compared them directly to those of cocaine. In the first
study [46] the reinforcing effects of cocaine were compared to those of 3′-Cl-
and 4′-Cl-BZT in rhesus monkeys trained to self-administer IV cocaine under
a fixed-ratio 10 (FR 10) schedule of reinforcement. Figure 5 shows that self-
administration was maintained with cocaine, and that a maximum approach-
ing 60 injections per hour was obtained at a dose of 0.01 mg/kg/injection.
Self-administration was also maintained above vehicle levels with both 3′-Cl-
and 4′-Cl-BZT, but not to the same extent as by cocaine. In addition, BZT it-
self did not maintain responding significantly above vehicle levels. In a second
study, 3′-Cl-, 4′-Cl-, and 3′,4′′-diCl-BZT were further compared to cocaine and

Fig. 5 Self-administration of cocaine and benztropine analogues by rhesus monkeys. Sym-
bols represent the mean of the last three sessions of drug availability averaged across
subjects. Abscissae: drug dose in mg/kg/injection. Ordinates: number of injections per
hour. Points above V are those obtained with vehicle. Adapted from [46]
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GBR 12909 using both FR and progressive-ratio schedules in rhesus monkeys
trained to self-administer IV cocaine [47]. As in the previous study, some re-
sponding above that maintained by vehicle was obtained under the FR schedule
with 3′-Cl- and 4′-Cl-BZT, but not with 3′,4′′-diCl-BZT. The effects were most
pronounced in one of the four subjects, and were generally weaker than those
obtained with either cocaine or GBR 12909. Under the progressive-ratio sched-
ule the number of responses required for each successive injection increases
in steps, typically until the subject stops responding. The number of steps
achieved by the subject is often considered a measure of the effectiveness of the
drug as a reinforcing stimulus [48]. Results with the progressive-ratio sched-
ule suggested that the rank order of these compounds for their effectiveness
was cocaine > GBR 12909 > 3′-Cl-BZT = 4′-Cl-BZT ≫ 3′,4′′-diCl-BZT. Though
pharmacological or behavioral mechanisms accounting for the variations in
effectiveness of these drugs were not examined in this study, the differences in
the effectiveness of cocaine and the BZT analogues were clear and consistent
with differences displayed with other behavioral end points.

Some BZT analogues have a slower onset of action as compared to cocaine,
and it has been suggested that the slow onset may contribute to a decreased
reinforcing effectiveness; delays in reinforcement are known to decrease the
effectiveness of reinforcers generally, as well as cocaine (e.g., [49–51]).

4.4
Place Conditioning

Delays in onset of action may be readily accommodated in place condition-
ing procedures by modifying the time between injection and placement of
the subject in the conditioning chamber [52], whereas they are less readily
accommodated in self administration procedures. The assessment of effects
of a drug with delayed onset of effect in place-conditioning procedures may
involve selection of an appropriate time between injection and conditioning
session.

Li et al. [53] examined place conditioning with BZT analogues adminis-
tered from immediately to 90 min before conditioning trials. The N-methyl-
substituted BZT analogue, AHN 1-055, was without significant effects at doses
that ranged from 0.3 to 3.0 mg/kg even when administered up to 90 min
before conditioning trials. Effects of AHN 2-005 (0.1–10.0 mg/kg) were sig-
nificant, and those of JHW 007 (1.0–10.0 mg/kg) approached significance
when administered 45 min but not immediately or 90 min before trials. In
contrast, the effects of cocaine were robust and reliably dose-dependent from
5.0 to 20 mg/kg when administered immediately before sessions. The results
support and extend the previous self-administration results showing rein-
forcing effects of the BZT analogues that were less than those obtained with
cocaine, and further suggest that these differences from cocaine are not en-
tirely accounted for by a slower onset of action.
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4.5
Summary

In summary, BZT analogues combine structural features of cocaine and
GBR 12909. In addition these compounds selectively bind the DAT among
the monoamine transporters and inhibit DA uptake. They generally do not,
however, fully reproduce a cocaine-like behavioral effect. The reasons for this
disparity between biochemical and behavioral effects have been the subject of
various lines of investigation, as described below.

5
Mechanisms for Differences with Cocaine

As mentioned above, the parent compound, BZT, has actions as an antihis-
taminic and as an antimuscarinic agent [54, 55]. We discuss both antimus-
carinic and antihistaminic effects below and provide evidence that these are
not likely mechanisms contributing to the differences between BZT analogues
and cocaine-like DA uptake inhibitors.

5.1
Histamine Antagonist Effects

If the histamine antagonist effects of the BZT analogues interfere with the
expression of their cocaine-like actions, then histamine antagonists should
attenuate the effects of cocaine [21]. Rats trained to discriminate injections
of 10 mg/kg of cocaine from saline were tested with different doses of co-
caine either alone or after pretreatment with histamine antagonists. Increasing
doses of promethazine, an H1 histamine antagonist, did not alter the effects
of cocaine. Similarly, other H1 antagonists, including triprolidine, chlorpheni-
ramine, and mepyramine were not effective in blocking the effects of cocaine.
Chlorpheniramine and mepyramine, in contrast to the others, shifted the co-
caine dose response curve to the left. This leftward shift is likely due to the
actions of these two latter compounds at the DAT [56, 57].

Campbell et al. [21] also examined whether affinity for histamine H1 re-
ceptors relative to affinity for the DAT predicted outcome for the locomotor
stimulant effects of BZT analogues. Various assessments of these numbers in-
dicated that the ratios of H1 to DAT affinities were not significantly related to
whether the drugs produced a significant stimulation of activity. Because the
affinities of the BZT analogues for H2 and H3 receptors were uniformly lower
than affinities for the DAT, we did not conduct the same analysis for the other
histamine receptors.

In summary, it does not appear that histamine agonist or antagonist ac-
tions can substantially interfere with either the discriminative-stimulus or
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locomotor stimulant effects of cocaine. In addition, studies in the literature
suggest that H1 antagonists have some behavioral effects in common with
psychomotor stimulant drugs (e.g., [57]). Thus, it does not appear that ac-
tions at histamine receptors interfere in any substantial way with the effects
of cocaine. Moreover, if the interactions of H1 antagonists and stimulants are
histamine-receptor mediated, this action by the BZT analogues would not
likely interfere with their cocaine-like effects.

5.2
Muscarinic Receptor Antagonist Effects

As with histaminergic effects, if the muscarinic antagonist actions of the
BZT analogues interfere with the expression of cocaine-like effects, then
a muscarinic receptor antagonist should attenuate the effects of cocaine. In-
stead, both atropine and scopolamine shifted the dose-effect curve for the
discriminative-stimulus effects of cocaine to the left [42]. In addition atropine
and other muscarinic antagonists are known to potentiate various effects of
stimulant drugs including cocaine [58]. Thus, as with histamine antagonist
actions, muscarinic antagonist effects appear to be incapable of interfering
in any substantive way with the effects of cocaine, and any muscarinic an-
tagonist actions of BZT analogues would likely enhance their cocaine-like
behavioral effects.

However, the BZT analogues have preferential affinity for muscarinic M1

receptors, whereas atropine and scopolamine are nonselective [59]. There-
fore we investigated the effects of the preferential M1 antagonists, telenzepine
and trihexyphenidyl in combination with cocaine. Whereas trihexyphenidyl
potentiated the effect of cocaine on locomotor activity, telenzepine attenu-
ated the effect [59]. Both of these M1 antagonists produced a small leftward
shift in the discriminative-stimulus dose-effects of cocaine [60] and poten-
tiated cocaine’s effects on DA efflux in the nucleus accumbens [59]. In sum,
there was no consistent attenuation of a wide range of effects of cocaine by
either telenzepine or trihexyphenidyl, suggesting that the differences between
BZT analogues and those of cocaine are not due to preferential M1 antagonist
effects.

In addition to the pharmacological studies, novel BZT analogues were
synthesized [22, 23, 25, 35] with reduced affinity at muscarinic M1 recep-
tors. Substitutions on the tropane nitrogen significantly decreased (> 100-
fold) M1 muscarinic receptor affinity. In addition, these substitutions did
not decrease the high affinity of the BZT analogues for the DAT, and se-
lectivity among monoamine transporters was retained. The N-methyl-4′,4′′-
diF-analogue (AHN 1-055) was the most effective of the BZT analogues at
producing a stimulation of locomotor activity that approached that of co-
caine. In contrast to that compound, various other N-substituted analogues
(e.g., AHN 2-005 and JHW 007) had substantially lower efficacy as either lo-
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comotor stimulants or in substituting in rats trained to discriminate cocaine
from saline injections [61].

Antagonist activity at muscarinic receptors may also contribute to the dif-
ferences in the reinforcing effectiveness of BZT analogues and cocaine. In
one study [62], rhesus monkeys were trained to self-administer cocaine under
fixed-ratio and progressive-ratio schedules. In most cases, combinations of
cocaine and scopolamine maintained less self-administration than did co-
caine alone. The authors concluded that anticholinergic actions contribute
to the diminished self-administration of BZT analogs relative to cocaine and
suggested that the mechanism involves either antagonism of the reinforcing
effect of cocaine or punishment of the cocaine self-administration by the anti-
cholinergic effect.

Wilson and Schuster [63] previously found atropine to increase rather
than decrease rates of responding maintained by cocaine, a result that is
not consistent with punishment by the anticholinergic agent. Further the
atropine-induced increases in response rates were similar to the effect of
lowering the dose of cocaine. Because atropine was administered indepen-
dently of responding before the experimental session, it was not functioning
as a punishing stimulus. All of these considerations imply a pharmacolog-
ical noncompetitive antagonism of the reinforcing effects of cocaine by the
anticholinergic agents.

Li et al. [53] investigated the effects of atropine in the place conditioning
procedure. Atropine alone produced a non-significant trend toward condi-
tioned place avoidance, and in combination with cocaine there was a trend
towards decreases in effectiveness of cocaine. In contrast to the implications
of the Wilson and Schuster results described above, these trends suggest a be-
havioral rather than pharmacological basis to the interaction of anticholiner-
gics with the reinforcing effects of cocaine, and further suggest a punishing
effect of anticholinergic agents. However, because the effects of atropine failed
to reach statistical significance and, further, because of the inconsistencies
in implications from the Wilson and Schuster findings, firm conclusions re-
garding the basis for the interaction of anticholinergics with cocaine for
reinforcing effects are not possible at this time.

The hypothesis that the anticholinergic effect of the BZT analogues pun-
ishes behavior relates specifically to self-administration procedures using
the BZT analogues. Noncompetitive pharmacological interactions between
cocaine-like and antimuscarinic effects could operate more broadly across the
range of behavioral end points. As noted above, there are a wider range of be-
havioral differences between the BZT analogues and cocaine-like DA uptake
inhibitors, as evidenced by the drug discrimination and locomotor activity
results. However, the preponderance of data suggests that antimuscarinic ef-
fects enhance rather than antagonize many of the effects of cocaine-like stim-
ulants. With the BZT analogues it should be noted that the compounds with
reduced M1 affinity (e.g., AHN 2-005 and JHW 007) have less cocaine-like
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activity than compounds with greater M1 affinity (e.g., AHN 1-055, RIK 7).
Examining effects across a wide range of compounds and various behav-
ioral end points, suggests that potentiation of the cocaine-like actions of BZT
analogues by their antimuscarinic actions operates more broadly. However,
whether antimuscarinic actions enhance or attenuate any cocaine-like effects
of individual BZT analogues for now will have to be empirically determined,
and may depend on the behavioral endpoint and the spectrum of effects of
the doses used of the particular analogue.

5.3
Differences Between In Vivo and In Vitro Actions

That the BZT analogues have effects in vitro that predict an effect that is
generally not observed in vivo has suggested relatively poor central nervous
system penetration of BZT analogues. However, a study of the pharmacoki-
netics of selected BZT analogues in rats found high concentrations in the
brain within minutes after injection, and that the elimination rates of BZT
analogues were much slower than that for cocaine [64]. All of the BZT ana-
logues were detected at initial concentrations approximating four to 15 µg per
gram of tissue, approximating three to 27 µM concentrations, depending on
the drug. These molar concentrations are well above the Ki values for these
drugs, that range from 11 to 30 nM [64], see also [65]. In addition the par-
ent compound is known to exhibit reliable CNS activity, and a previous study
showed increases in extracellular DA levels assessed by in vivo microdialysis
after systemic injection [66]. Thus, several BZT analogues were determined to
be available in brain at concentrations that appeared to be well above those
necessary for accessing the DAT within a short time after injection.

We compared the effects of 4′-Cl-BZT with those of cocaine on extra-
cellular DA concentrations in the nucleus accumbens [67] and in another
study further examined several specific brain regions, including prefrontal
cortex and dorsal caudate, and separately examining the nucleus accumbens
shell and core [68]. Cocaine and 4′-Cl-BZT produced dose-related increases
in the concentration of DA in all regions, and at comparable doses, the ef-
fects of 4-Cl-BZT on DA levels in all brain areas except the prefrontal cortex
were slightly less than those of cocaine. Possibly, the most notable difference
between cocaine and 4′-Cl-BZT was that the latter compound had a long du-
ration of action with DA levels substantially elevated at the higher doses up
to five hours after injection. These long-lasting effects are consistent with the
slow elimination of BZT analogues noted in the pharmacokinetics studies.
Possibly more important, however, was that in addition to long duration of
action of 4′-Cl-BZT, the rate of increase in extracellular DA levels was slower
than that for cocaine.

The slower onset of effects on extracellular DA concentrations seemingly
conflicts with the results of the pharmacokinetic studies which indicated that
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the BZT analogues were in brain within minutes after injection at concen-
trations well above their Ki values. We therefore conducted studies of the
binding of the analogues in vivo using IV administration of [125I]RTI-121 in
mice to label the DAT, and compared those effects to those of cocaine [69, 70].
Figure 6 shows the effects of cocaine and several N-substituted BZT ana-
logues. Cocaine, as has been shown in the literature, displaced [125I]RTI-121
in a dose- and time-dependent manner. Maximal displacement of RTI-121 by
cocaine was obtained at 30 min after injection. The BZT analogues also dis-
placed RTI-121 binding in a dose- and time-related manner. Both AHN 1-055
and AHN 2-005 reached their maximum displacement of RTI-121 at 150 min
after injection compared to 30 min for cocaine. Consistent with the slow elim-
ination seen in the pharmacokinetic studies, there was little evidence of the
dissociation of any of the BZT analogues up to 4 to 4.5 h after injection. There
was evidence of a plateau in the in vivo displacement of RTI-121 around
150 min after injection for AHN 1-055 and AHN 2-005, however, for JHW 007
a plateau was not reached up to 4.5 h after injection. When the apparent as-
sociation rate of JHW 007 was calculated as the displacement of RTI-121 (as
a percentage of specific RTI-121 binding) per min over the linear portions
of the curves shown in Fig. 6, it was found that the apparent association of
JHW 007 was more than 10-fold lower than that for cocaine.

Concurrently with the time course for the in vivo binding to the DAT, we
also examined the behavioral effects of the BZT analogues, and compared them
to those of cocaine. The onset of effects of cocaine was relatively rapid with
maximal effects obtained at 30 min after injection, as in the binding study.
The effects of cocaine decreased over the next two hours and were absent
at times after that. In contrast, the maximal effects of the BZT analogues,
AHN 1-055 and AHN 2-005, were obtained substantially after injection. Be-
cause the level of locomotor activity in mice decreases with time in a novel
chamber (habituation), it is difficult to determine precisely at what point(s) the
BZT analogues produced their maximal effects. However it appears that max-
imal effects occurred from 90 to 120 min after injection and were essentially
sustained throughout the 8-h period of observation. None of the BZT ana-
logues was more effective than cocaine. JHW 007 did not produce significant
stimulation of locomotor activity at any time at any of the doses examined.

The relationship between DAT occupancy by cocaine and its stimulation of
locomotor activity at the various doses and time points is shown in Fig. 7 [69].
There was a significant correlation of DAT occupancy and stimulant effects,
however, the correlation was not nearly as strong as expected, particularly in
light of published results (e.g., [1, 71]). One reason that might account for the
differences is that previous studies related the in vivo effects of the various
compounds to binding constants obtained at equilibrium in vitro.

One interesting aspect of the present cocaine data is that at times soon
after injection there was a disproportionately greater effect on locomotor ac-
tivity than was predicted by DAT occupancy (filled circles in Fig. 7). Because
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Fig. 6 Displacement of specific [125I]RTI-121 accumulation in striatum at various times
following IP injection of cocaine, AHN 1-055, AHN 2-005, and JHW 007. Ordinates:
specific [125I]RTI-121 binding as a percentage of that obtained after vehicle injection.
Abscissae: time. For each point the number of replicates was from 5 to 10 or 13. Note
that maximal displacement of [125I]RTI-121 was obtained with cocaine at 30 min after
injection, and at later times with the other compounds. Adapted from [69, 70]

the divergence from the regression was observed with data obtained soon
after injection, association rate was suggested to play an important role in
the stimulant effects of cocaine (e.g., [72]). As described above, the appar-
ent association rate of JHW 007 was approximately 10-fold lower than that
for cocaine, and JHW 007 never reached an apparent equilibrium in the in
vivo binding studies (Fig. 6). This drug also had the lowest cocaine-like effi-
cacy among those tested. However at 4.5 h after injection, the displacement
of [125I]RTI-121 produced by JHW 007 at the higher doses was comparable to
that produced by maximal stimulating doses of cocaine (Fig. 6).
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Fig. 7 Relationship between occupancy of the DAT in the striatum by cocaine and its lo-
comotor stimulant effects. Ordinates: The amount of stimulation of horizontal locomotor
activity expressed as counts after drug administration minus counts after vehicle adminis-
tration; Abscissae: DAT occupancyproducedbycocaine (the inverse of specific [125 I]RTI-121
binding) expressed as a percentage of vehicle controls. The solid line represents the regres-
sion of stimulation of locomotor activity on the occupancy of the DAT with the line forced
through the origin. The dashed lines represent the 95% confidence limits for the regression
line. The error bars on points represent ±1 SEM. Adapted from [69]

Because JHW 007 lacked robust cocaine-like stimulant effects while pro-
ducing substantial DAT occupancy, we conducted studies of its potential
antagonist effects against cocaine. Saline or JHW 007 was administered four
and a half hours before cocaine after which locomotor activity was as-
sessed. Following a saline injection, cocaine produced dose-related increases
in locomotor activity that reached a maximum at 40 mg/kg (Fig. 8, filled
circles). However, after pretreatment with JHW 007 the effects of cocaine
were blocked (Fig. 8, open squares). Other DA uptake inhibitors, such as
GBR 12909 (e.g., [13]) or WIN 35,428 (e.g., [61]), when administered in com-
bination with cocaine, produce dose-dependent leftward shifts in the cocaine
dose-effect curve. Nonetheless as mentioned above, there are reports of DA
uptake inhibitors with unusual effects, some resembling those of JHW 007.
Thus, a BZT structure does not appear to be a requirement for high-affinity
DAT binding and cocaine antagonist effects.

5.4
Molecular Effects of Benztropine Analogues

There are several reports that suggest that BZT and some of its analogues
bind to the DAT in a manner that is different from that of cocaine. Those mo-
lecular differences may be related to the actions of BZT analogues that differ
from those of cocaine [35]. As described in detail above, there are distinct
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Fig. 8 Blockade of the stimulation of locomotor activity produced by cocaine. Ordinates:
Locomotor activity counts; Abscissae: treatment condition, vehicle (V), or dose of cocaine.
Each point represents the average effect determined in eight mice, except n = 6 for the
combination of 10 mg/kg of JHW 007 with 60 mg/kg cocaine. The error bars represent
±1 SEM. Adapted from [69]

differences between the BZT analogues and the 3-phenyltropane class of DA
uptake inhibitors in SAR at the DAT. Specifically, the 3α-diphenylethers with
small para- or meta-substituted halogens on one or both phenyl rings give
optimal DAT binding affinities, whereas for the cocaine class of molecules
a wider variety of 3β-phenyl ring substitutions generally result in high affinity
DAT binding. Among the BZT analogues, tropane-N-alkyl- and arylalkyl-
substitutions are generally well tolerated at the DAT, and this substitution
provides a point of departure from high affinity binding at muscarinic re-
ceptors. In contrast, tropane N-substitutions among the 3-phenyltropanes
do not typically yield higher DAT affinities, nor has it yielded selectivity
across other transporters or receptors to which cocaine binds. A substitu-
tion in the 2-position is required for binding at the DAT among the 3β-
phenyl tropanes, with R-(–)-2β-substituents being optimal. In contrast, only
S-(+)-2β-substitution within the BZT analogues results in high affinity DAT
binding [31–35]. Moreover, analogues of BZT without substitution at the 2-
position have essentially equal DAT affinities, suggesting that this substituent
is not necessary for high affinity binding.

Initial studies using site-directed mutagenesis of the DAT revealed differ-
ences in binding modes between cocaine and BZT [73]. Cocaine and BZT
differently affected the reaction to the sulfhydryl-reactive cell-impermeant
reagent, methanethiosulfonate ethyltrimethyl-ammonium (MTSET), in vari-
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ous DAT mutants expressed in HEK-293 cells. For example, the decrease in
the reaction of Cys-135 with MTSET produced by cocaine and other DA up-
take inhibitors was not obtained with BZT [73]. In addition, BZT, in contrast
to cocaine, had no effect on the reaction of Cys-90 with MTSET. These find-
ings suggested that BZT and standard dopamine uptake inhibitors produce
different conformational changes in the DAT.

Several other studies demonstrated differences with BZT or its analogues
in their binding to wild-type and mutant DA transporters (e.g., [74]). A re-
cent study with BZT analogues using site-directed mutagenesis of Aspartate
79 in transmembrane (TM) sequence 1 of the DAT, demonstrated that these
compounds bind differently than cocaine and its analogues, as well as other
structurally diverse standard DAT inhibitors [75]. Studies using photoaffinity
labeling techniques have also provided evidence that structurally different DA
uptake inhibitors covalently attach to different TM regions of the DAT [26, 27,
76–78]. Together these results support the idea that different DA uptake in-
hibitors bind to the DA transporter in different ways and suggest that there
may be particular conformational changes of the DAT induced by cocaine and
cocaine-like drugs that contribute to its substantial abuse liability.

A recent study [38] compared the effects of different DAT inhibitors on the
accessibility of MTSET to a cysteine residue inserted into the DAT (I159C) in
COS7 cells. This cysteine is thought to be accessible when the extracellular
transporter gate is open, but inaccessible when the gate is closed. Prein-
cubation with cocaine and MTSET potentiated the inhibition of DA uptake
produced by MTSET alone, consistent with stabilization of the transporter in
a conformation open to the extracellular environment. In contrast, preincu-
bation with BZT analogues protected against MTSET inactivation, suggesting
that these compounds stabilize the DAT in a closed conformation. Previ-
ous studies suggested that Tyr335 in the DAT is critical for regulating the
open/closed conformational equilibrium of the DAT, and that mutation of
Tyr335 to alanine (Y335A) impairs DA transport capacity and decreases co-
caine’s potency in the inhibition of DA uptake [38, 79]. Similarly, analogues
of cocaine were approximately 100-fold less potent in the inhibition of DA
uptake in Y335A mutants compared to WT DAT, whereas BZT analogues
were displayed only a 7- to 58-fold loss in potency. Interestingly, one of the
BZT analogues, MFZ 2-71, was an exception to the rule, had an 88-fold loss
in potency that approached the value obtained with cocaine, and was simi-
lar to that of the cocaine analogue, RTI-55. In behavioral studies we also
found MFZ 2-71 to be an exception; it not only produced a marked stimu-
lation of locomotor activity, but it also substituted fully in subjects trained
to discriminate cocaine from saline injections. Further, for all of the com-
pounds there was a close relationship between the decrease in potencies
due to this mutation and their effectiveness in stimulating locomotor ac-
tivity as well as substituting in cocaine-discriminating rats. Taken together,
the data suggest that structurally distinct DAT inhibitors stabilize distinct
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DAT conformations, which in turn affects the cocaine-like in vivo effects of
the compounds.

6
Preclinical Assessment of Cocaine-Abuse Therapy

Because several of the BZT analogues had DAT affinity and reduced cocaine-
like behavioral effects, it was of interest to assess whether the drugs would
alter the self-administration of cocaine. Self-administration in laboratory
animals is often considered the most appropriate model for preclinical as-
sessment of efficacy for candidate drugs for treatment of drug dependence.
Rats that were surgically prepared with indwelling venous catheters were
trained to press a lever with IV cocaine infusions functioning as the rein-
forcer. Experimental sessions in which the subjects self administered cocaine
were divided into 30 min intervals in which different doses were available.

Fig. 9 Effects of AHN 1-055 on i.v. cocaine self administration by rats. Symbols represent
the mean values from five to six subjects responding under an FR 5 schedule of cocaine
injection. During daily experimental sessions subjects had the opportunity to self admin-
ister each dose of cocaine during 30 min epochs. The dose of cocaine was changed by
altering the injection time or the concentration of the cocaine solution. A 10-min time-
out period separated each session epoch and the next available dose, which was one half
of the previous dose. Self administration of saline was tested during the last epoch of
the session. An injection of the available cocaine dose was delivered independently of
responding at the start of each 30-min epoch. All other injections were delivered ac-
cording to the FR 5 schedule of reinforcement. Abscissae: Drug dose in mg/kg/injection.
Ordinates: number of responses per 30-min epoch. Points above V are those obtained
in the last epoch during which vehicle could be self administered. Filled points show
the effects of cocaine dose/injection without pretreatment. Open points show cocaine self
administration after a pretreatment with one of two doses of AHN 1-055
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A separate set of subjects were trained with saccharin rather than cocaine re-
inforcement. Before selected sessions subjects were given one of several doses
of either AHN 1-055 or AHN 2-005.

As is typical of cocaine self-administration, as dose per injection increased,
rates of responding first increased and then decreased (Fig. 9, filled sym-
bols), such that cocaine maintained the highest average response rates at
an intermediate dose (0.06 mg/kg/injection). Pretreatment with 5.0 mg/kg
of AHN 1-055 had no substantive effect on the cocaine dose-effect curve,
whereas a higher dose shifted the dose-effect curve leftward, and increased
the maximal response rates maintained. In addition, AHN 1-055 produced
a dose-related increase in the low response rates obtained when saline rather
than cocaine was available for self-administration (compare open points to
the filled point above C). This stimulant effect of AHN 1-055 may have con-
tributed to the increase in the maximal rates obtained with cocaine when
subjects were pretreated with AHN 1-055.

Effects of AHN 2-005 on cocaine self-administration differed from those
of AHN 1-055. This compound produced a dose-related flattening of the co-
caine dose-effect curve, without any appreciable shift leftward (compare open
symbols to filled circles). In addition, when saline rather than cocaine was
available for self-administration (points above C), there was no evidence of
a stimulant effect of AHN 2-005 pretreatment. This difference between AHN

Fig. 10 Effects of AHN 2-005 on i.v. cocaine self administration by rats. Symbols repre-
sent the mean values from six subjects responding under an FR 5 schedule of cocaine
injection. All details are as described for Fig. 9, except that open points show cocaine self
administration after a pretreatment with one of three doses of AHN 2-005
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Fig. 11 Comparison of the effects of AHN 1-055 and AHN 2-005 on responding main-
tained by cocaine and that maintained by saccharin under similar FR 5 schedules of
reinforcement that maintained similar rates of responding. The BZT analogues were ad-
ministered 190 min before the opportunity to respond with saccharin reinforcement so
that the time at which their effects were assessed corresponded to the time at which
maximal responding was maintained by cocaine. Abscissae: Dose of AHN 1-055 or AHN 2-
005 in mg/kg. Ordinates: Response rates as a percentage of the rates occurring when the
BZT analogues were not administered. Note that there was a tendency for both BZT ana-
logues to decrease rates of responding maintained by cocaine at lower doses than those
necessary to decrease rates of responding maintained by saccharin reinforcement

1-055 and AHN 2-005 is reminiscent of the initial findings (see above) that
AHN 2-005 was less efficacious than AHN 1-055 in various stimulant effects
including stimulation of locomotor activity and substitution in rats trained to
discriminate cocaine from saline injections.

A drug that severely interferes with appropriate behaviors would not likely
be clinically useful, even if it completely eliminated drug-taking and drug-
seeking behaviors. Shown in Fig. 11 is a comparison of the effects of both
AHN 1-055 and AHN 2-005 on behaviors maintained by cocaine and compa-
rable behavior maintained by saccharin in order to approach an assessment
of the specificity by which the drugs might alter cocaine abuse. As can be
seen, both compounds decreased rates of responding maintained by cocaine
(the cocaine dose/injection was the one that maintained the highest response
rates) at lower doses than those that decreased responding maintained by
saccharin. Though there was some variability, the data indicate that there is
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a sensitivity of cocaine-maintained responding to the effects of these BZT
analogues that is greater than the sensitivity of responding maintained by
saccharin, suggesting that these drugs, or drugs like them may show clinical
selectivity as treatments for cocaine abuse.

7
Summary and Conclusions

Additional studies of BZT analogues are ongoing combining molecular and
behavioral techniques with the most interesting of the BZT analogues that we
have discovered over the years. These studies are directed at the identifica-
tion and characterization of the DAT binding domains of the BZT analogues
in comparison to those for cocaine-like drugs to better understand what
contributes to the different behavioral effects of the compounds. Studies ad-
dressing association rate and conformational equilibrium of the DAT with
BZT analogues, along lines described above, will be important for the testing
of various hypotheses regarding mechanisms accounting for the behavioral
effects of these compounds.

As has been demonstrated, the BZT analogues are bioavailable, readily
penetrate the blood brain barrier and gain high levels of brain to plasma
ratios within minutes of injection. Nevertheless, DAT occupancy and subse-
quent increases in DA, measured by microdialysis, are significantly delayed
as compared to cocaine. Further, DAT occupancy and elevated levels of DA
are also long lasting. All of these features appear to be important for the lack
of abuse liability of the BZT analogues, and their potential as treatments for
cocaine abuse.

Future investigations will continue to elucidate the interactions of these
drugs in comparison to cocaine at the DAT and to reveal how those dif-
ferences affect other neural systems and circuitry, so as to provide a better
understanding of cocaine’s mechanism of action and to feed this information
into our drug design. Further, as the BZT analogues do not appear to have
significant abuse liability they may also have therapeutic utility in other dis-
orders such as ADHD and obesity, areas in which drug development is an
emerging line of investigation.
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Abstract The evolution of antidepressants over the past four decades has involved the
replacement of drugs with a multiplicity of effects (e.g., TCAs) by those with selective
actions (i.e., SSRIs). This strategy was employed to reduce the adverse effects of TCAs,
largely by eliminating interactions with certain neurotransmitters or receptors. Although
these more selective compounds may be better tolerated by patients, selective drugs,
specifically SSRIs, are not superior to older drugs in treating depressed patients as meas-
ured by response and remission rates. It may be an advantage to increase synaptic levels
of both serotonin and norepinephrine, as in the case of dual uptake inhibitors like du-
loxetine and venlafaxine. An important recent development has been the emergence of
the triple-uptake inhibitors (TUIs/SNDRIs), which inhibit the uptake of the three neuro-
transmitters most closely linked to depression: serotonin, norepinephrine, and dopamine.
Preclinical studies and clinical trials indicate that a drug inhibiting the reuptake of all
three of these neurotransmitters could produce more rapid onset of action and greater
efficacy than traditional antidepressants. This review will detail the medicinal chemistry
involved in the design, synthesis and discovery of mixed serotonin, norepinephrine and
dopamine transporter uptake inhibitors.

Keywords Design · Monoamine · SNDRI · Synthesis and SAR · Triple-uptake inhibitor

Abbreviations
5-HT Serotonin
DA Dopamine
DARI/DRI Selective dopamine reuptake inhibitor
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DNRI/NDRI Balanced dopamine and norepinephrine reuptake inhibitor
MAOI Monoamine oxidase inhibitor
MDD Major depressive disorder
NE Norepinephrine
NERI/NRI Selective norepinephrine reuptake inhibitor
SAR Structure activity relationship
SDRI/DSRI Balance serotonin and dopamine reuptake inhibitor
SNDRI/TRIP/TUI Balanced serotonin, norepinephrine and dopamine reuptake inhibitor

or triple-reuptake inhibitor or triple-uptake inhibitor
SNRI/NSRI Balanced serotonin and norepinephrine reuptake inhibitor
SSRI Selective serotonin reuptake inhibitor
TCA Tricyclic antidepressant

1
Introduction

The first clinically useful tricyclic antidepressant (TCA), imipramine, emerged
in the late 1950s (Fig. 1) [1]. Axelrod and co-workers demonstrated that TCAs
inhibit the uptake of norepinephrine in brain tissue [2]. In 1965, Schildkraut
postulated his catecholamine theory of depression to explain the antidepres-
sant effect of TCAs [3]. Because of subsequent studies demonstrating that
imipramine also inhibits the uptake of serotonin [4], Schildkraut’s theory even-
tually evolved into the monoamine hypothesis of depression, now encompass-
ing serotonin as a critical transmitter in the pathophysiology of depression. We
now know that TCAs (and other antidepressants) bind to sodium-dependent
norepinephrine and/or serotonin transporters [5], as shown in Table 1, inhibit-
ing the uptake of norepinephrine and/or serotonin into presynaptic neurons.
Because these transporters are the principal means of removing neurotrans-
mitters from the synaptic cleft, drugs like the TCAs allow NE and 5-HT
to remain in the synaptic cleft, activating adrenergic and/or serotonergic
receptors. The cellular events produced by elevating synaptic monoamine con-
centrations that result in a relief of the symptoms of depression have not
been elucidated, and indeed, such research may result in new targets for drug
discovery [6]. Nonetheless, strategies aimed at enhancing monoaminergic
transmission remain an attractive target for developing antidepressants [7].

Because TCAs affect multiple targets (other than NET and SERT), there are
many serious side effects associated with their use that can impact patient
compliance. These include: anticholinergic effects (dry mouth, dizziness, con-
stipation, difficulty urinating, and blurred vision), adrenergic effects (sweat-
ing, and orthostatic hypotension), and antihistaminic effects (sedation and
weight gain) [8, 9]. In Table 1, we have listed the in vitro binding affinities
for TCAs on the monoamine transporters associated with antidepressive ef-
fect, as well as the affinities towards adrenergic, muscarinic, and histamine
receports associated with side effects.
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Table 1 TCA binding affinities to various receptors, Ki (nM)

Compound SERT NET DAT α1 α2 Cholinergic H1
adrenergic adrenergic muscarinic histamine

Imipramine 20 20 >10 000 32 3100 46 37
Desipramine 163 0.63 >10 000 23 1379 66 60
Clomipramine 0.14 53.7 3020 3.2 525 37 31
Amitriptyline 36 19 5300 4.4 114 9.6 0.67
Nortriptyline 279 1.8 11 000 55 2030 37 6.3
Doxepin 220 18 N/A 24 1270 23 0.2
Dothiepin 110 34 N/A 470 2400 25 3.6
Maprotiline >1000 7 1210 90 >1000 570 2

Data are adapted from PDSP Ki database [10]

Fig. 1 Structures of tricyclic antidepressants (TCAs)

Several of the early TCAs (e.g., desipramine and nortryptyline) had a high
affinity for NET relative to SERT, but also possessed a high affinity at other
targets associated with side effects (Table 1). Therapeutic application of mod-
erately selective norepinephrine reuptake inhibitors, such as viloxazine, be-
gan as early as 1974, but has not demonstrated an advantage over TCAs
(Fig. 2). The first selective norepinephrine reuptake inhibitor (NERI) antide-
pressant drug, reboxetine, was developed in 1997 with a low side effect profile.
This compound has not been marketed in the U.S. A newer member of the
group, atomoxetine, has been used primarily in the treatment of attention-
deficit hyperactivity disorder (ADHD).

In the late 1960s, Carlsson et al. speculated that selective inhibition of
serotonin uptake would be sufficient to elicit an antidepressant action [11].
Thus, selective serotonin reuptake inhibitors (SSRIs) were developed with the
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Table 2 SSRI binding affinities to various receptors, Ki (nM)

Compound SERT NET DAT α1 α2 Cholinergic H1
adrenergic adrenergic muscarinic histamine

Fluvoxamine 11 1119 >10 000 1288 1900 >10 000 >10 000

Fluoxetine 5.7 599 4752 3171 3090 590 5400
Citalopram 9.6 5029 >10 000 1211 >10 000 5600 283
Escitalopram 2.5 6514 >10 000 3870 N/A 1242 1973
Paroxetine 0.4 45 963 2741 3915 108 >10 000

Sertraline 2.8 925 315 188 477 232 >10 000

Data are adapted from PDSP Ki database [10]

aim of removing the undesired interactions with those receptors (muscarinic
cholinergic receptor, the histamine receptor, and the α1 adrenoceptor, etc.)
from tricyclic antidepressants (TCA). In addition, loss of NET inhibition was
thought to minimize or eliminate potential cardiovascular effects. The com-
mercial success of fluoxetine (Prozac®) [12, 13], launched in 1987, validated
this platform and resulted in the development of several other SSRI drugs
(citalopram, launched in 1989, paroxetine in 1991, sertraline in 1992, and
escitalopram, an enantiomer of citalopram, launched in 2002) (Fig. 2). The
selectivities of these drugs for SERT relative to NET vary, with escitalopram
the most selective (>2000-fold) (Table 2). However, once the selectivity for
one transporter exceeds 20-fold, it is unlikely that there will be significant
inhibition of the lower affinity target at pharmacologically relevant doses.

This strategy of selectivity at SERT has clearly been beneficial in terms of
adverse events, which are lower for SSRIs than for TCAs (Table 2) [14–16].
However, this selectivity for a single monoamine transporter has been shown
to afford (albeit not in a consistent fashion) lower efficacy than that of TCAs,
especially in severe or endogenous depression. This is suggested, for example,
by the demonstration in controlled studies that the TCA clomipramine is sig-
nificantly superior to citalopram or paroxetine in endogenously depressed
patients [17, 18].

New, specific serotonin and norepinephrine reuptake inhibitors (SNRIs)
were thus developed with the intention of providing greater antidepressant
efficacy than the SSRIs without the side effects of the TCAs [19–23].

2
Overview of Dual-Uptake Inhibitors

Although the difficulties inherent in performing clinical trials makes reliable
efficacy comparisons of two specific antidepressants or types of antidepres-
sant problematic, it is believed that dual-acting agents may represent a more
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Fig. 2 Structures of selective norepinephrine or serotonin reuptake inhibitors

broadly effective treatment option when compared to SSRIs, particularly in
treating the physical symptoms and comorbid disorders associated with de-
pression [24].

Venlafaxine, a synthetic derivative of phenethylamine, is the most fre-
quently prescribed SNRI (Fig. 3). Venlafaxine has a single chiral center
and exists as a racemic mixture of R-(–)- and S-(+)-enantiomers. The
R-enantiomer exhibits dual presynaptic inhibition of serotonin and nore-
pinephrine reuptake, while the S-enantiomer is predominantly a serotonin
reuptake inhibitor. In vitro, venlafaxine is >200 fold more potent in bind-
ing SERT than NET (Table 3), and approximately 3- to 5-fold more potent at
inhibiting serotonin than norepinephrine reuptake. The mechanism of the
antidepressant action of venlafaxine in humans is believed to be associated
with its potentiation of neurotransmitter activity in the CNS. Venlafaxine
and its active metabolite, O-desmethylvenlafaxine (ODV), are potent in-
hibitors of neuronal serotonin and norepinephrine reuptake. Venlafaxine
and ODV have no significant affinity for muscarinic, histaminergic, or α1
adrenergic receptors. The phenylethyl amine-like structure feature of ven-
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Table 3 Dual reuptake inhibitor binding affinities to various receptors, Ki (nM)

Compound SERT NET DAT α1 α2 Cholinergic H1
adrenergic adrenergic muscarinic histamine

Duloxetine 0.8 7.5 240 8300 8600 3000 2300
Venlafaxine 82 2480 7647 >10 000 >10 000 >10 000 >10 000

Milnacipran 123 200 >10 000 >10 000 >10 000 >10 000 >10 000

Bupropion >10 000 1400 570 >10 000 >10 000 >10 000 >10 000

Data are adapted from PDSP Ki database [10]

Fig. 3 Structures of dual reuptake inhibitors

lafaxine is also present in other NE or 5-HT uptake inhibitors such as
sibutramine [25], and bicifadine. It is interesting to note that sibutramine has
been marketed as an antiobesity agent for some time, although it is a dual
serotonin/norepinephrine uptake inhibitor.

Duloxetine was developed by Lilly, which also introduced fluoxetine
(ProzacR). The structural similarity between these two compounds is ap-
parent. Like venlafaxine, duloxetine is a more potent inhibitor of neuronal
serotonin compared to norepinephrine uptake. Duloxetine does not interact
with catecholamine, acetylcholine, histamine, opioid, glutamate, or GABA re-
ceptors. The antidepressant and analgesic actions of duloxetine are believed
to be related to its potentiation of serotonergic and noradrenergic activity in
the CNS.

Milnacipran was identified in the early 1980s by scientists from Pierre
Fabre studying the pharmacologic activities of bifunctional cyclopropane
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derivatives. Milnacipran binds to SERT better than NET (Table 3), but in-
hibits norepinephrine and serotonin reuptake in a 3 : 1 ratio which, practically
speaking, is a balanced action upon both transporters. This compound has
been marketed in Europe for depression. Recently, Cypress Pharmaceutical
announced positive results with milnacipran in reducing the symptoms of
fibromyalgia, a chronic condition characterized by pain and tenderness in
muscles and joints. Milnacipran exerts no significant actions on postynap-
tic H1, α1, D1, D2, muscarinic receptors or benzodiazepin/opiate binding
sites.

Besides SNRIs, a norepinephrine and dopamine reuptake inhibitor (NDRI,
Table 3), bupropion (Fig. 3), is approved for the treatment of depression.
Bupropion is an aminoketone, chemically unrelated to TCAs or SSRIs. It is
similar in structure to the stimulant cathinone, and to phenethylamines in
general. Although the actual mechanism of bupropion’s action is not clear,
the antidepressant effect is considered to be mediated by its enhancement
of dopaminergic and noradrenergic activity. Bupropion exhibits a moderate
anticholinergic effect, as it acts as a competitive α3β4 nicotinic antagonist,
which may explain its observed efficacy in interrupting nicotine addiction.
Mazindol (Fig. 10) is also a NDRI that is available for some time, but not
approved for depression. Nomifensine is a NDRI that is effective as an antide-
pressant, but was not developed because of toxicity.

3
Design, Synthesis and Structure–
Activity Relationship of Triple-Uptake Inhibitors

A triple-uptake inhibitor adds the element of dopamine transporter (DAT)
blockade to a dual (i.e., serotonin and norepinephrine) uptake inhibitor (an
SNRI). A recent comprehensive review compiled a body of pharmacother-
apeutic evidence for treating depression by enhancing dopaminergic activ-
ity [26]. In addition, a recent randomized controlled clinical trial has demon-
strated that augmentation of citalopram (a SSRI) with sustained-release
bupropion (a NDRI) has certain advantages in patients who did not respond
adequately to a sustained regimen of citalopram, including a greater reduc-
tion in the number and severity of symptoms as well as fewer side effects and
adverse events [27]. However, treatment with multiple drugs may introduce
pharmacokinetic confounds and compliance issues. The ideal drug would be
a single molecule that inhibits the uptake of serotonin, norepinephrine, and
dopamine.

A number of compounds with the ability to block the reuptake of 5-HT, NE
and DA have been identified during the search for selective or mixed uptake
inhibitors. While the clinical efficacy of such a “broad spectrum” antidepres-
sant has not yet been fully demonstrated, several compounds have entered
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Table 4 Triple uptake inhibitors in preclinical and/or clinical development

Company Compounds Clinical trial status

DOV Pharmaceutical, Inc. DOV 216, 303 Phase II completed
DOV Pharmaceutical, Inc. DOV 21,947 Phase II in progress 2008
DOV Pharmaceutical, Inc. DOV 102,677 Phase I
DOV Pharmaceutical, Inc. Multiple series Preclinical
GSK/NeuroSearch NS2359/GSK372475 Phase II
Sepracor SEP-225289 Phase I
BMS/AMRI AMR-CNS-1 & 2 Preclinical
Eli Lilly & Co Multiple series Preclinical
Acenta Discovery Inc. One series Preclinical
Mayo Foundation PRC-025 and 050 Preclinical

clinical trials for depression and/or ADHD, including DOV 216 303 and 21 947

(DOV), NS 2359 (NeuroSearch/GSK), and SEP-225289 (Sepracor) (Table 4).

3.1
DOV 216 303, DOV 21 947 and DOV 102 677

DOV Pharmaceutical Inc. is developing a series of 3-azabicyclo[3.1.0]hexanes
as novel antidepressants. DOV 216 303 [(+/–)-1-(3,4-dichlorophenyl)-3-
azabicyclo[3.1.0]hexane hydrochloride, Scheme 1] is the prototype of a class
of compounds referred to as “triple”-uptake inhibitors [28–30]. Such com-
pounds inhibit the uptake of 5-HT, NE, and DA, the three neurotransmitters
most closely linked to major depressive disorders. The synthesis of DOV
216 303 is illustrated in Scheme 1. The described method is an optimized pro-
cess for manufacturing DOV 216 303 from the originally published route [31].

The α-bromo-3,4-dichlorophenylacetic acid methyl ester 2 (Scheme 1) is
synthesized from 3,4-dichlorophenylacetonitrile by reaction with sodium
bromate. The crude α-bromo-3,4-dichlorophenylacetic acid methyl ester then
reacts with methyl acrylate to afford the diester 3, which is converted to
1-(3,4-dichlorophenyl)-1,2-cyclopropanedicarboxylic acid dipotassium salt 4.
The dipotassium salt reacts with urea to provide 1-(3,4-dichlorophenyl)-3-
azabicyclo[3.1.0]hexane-2,4-dione 5, which is reduced by BH3–THF complex
to afford DOV 216 303. Resolution of 216 303 by L-(–)-dibenzoyl tartaric
acid gives the (+)-enantiomer DOV 21 947. Resolution of 216 303 by D-(+)-
dibenzoyl tartaric acid provides the (–)-enantiomer DOV 102 677.

It is interesting to find out that racemic DOV 216 303 and its two enan-
tiomers all show balanced inhibition of the uptake of 5-HT, NE, and DA
(Table 5). DOV 216 303 inhibits [3H]5-HT, [3H]NE, and [3H]DA uptake of
the corresponding human recombinant transporters (expressed in HEK 293
cells) with IC50 values of approximately 14, 20, and 78 nM, respectively
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Scheme 1

(Table 5) [32–34]. DOV 216 303 is active in tests predictive of antidepressant
activity including the mouse forced swim test and reversal of tetrabenazine-
induced ptosis and locomotor depression.
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Table 5 In vitro binding and uptake inhibition of DOV compounds

Compound Inhibition of neurotransmitter Inhibition of radioligand
uptake, (IC50, nM) binding, (Ki, nM)
[3H]5-HT [3H]NE [3H]DA SERT NET DAT

DOV 216 303 14±1.5 20±6.1 78±15 190±28 380±43 190±40
DOV 21 947 12±2.8 23±3.3 96±20 100±16 260±41 210±56
DOV 102 677 130±26 100±27 130±15 740±140 1000±76 220±43

A phase II trial of DOV 216 303 examined the safety, tolerability and ef-
ficacy of DOV 216 303 in severely depressed patients using the SSRI, citalo-
pram as an active control. The trial was of 2 weeks duration and the HAMD
(Hamilton Depression Rating Scale) was the primary outcome measure, the
Beck Depression Rating Scale and the Zung Self-Rating Depression Scale
were the secondary measures. Results from this study indicated that DOV
216 303 is as efficacious as citalopram. Patients treated with either citalopram
or DOV 216 303 showed greater than 40% reductions from baseline HAMD
scores [29].

DOV 21 947, the (+)-enantiomer, inhibits the uptake of [3H]5-HT, [3H]NE,
and [3H]DA in human embryonic kidney (HEK) 293 cells expressing the
corresponding human recombinant transporters with IC50 values of 12,
23, and 96 nM, respectively. DOV 21 947 also inhibits [125I]RTI-55 (3β-(4-
iodophenyl)tropane-2β-carboxylic acid methyl ester) binding to the corres-
ponding transporter proteins in membranes prepared from these cells (Ki

values of 100, 260, and 210 nM, respectively). DOV 21 947 reduces the du-
ration of immobility in the forced swim test in rats with an oral minimum
effective dose (MED) of 5 mg/kg. This antidepressant-like effect manifests
in the absence of significant increases in motor activity at doses of up to
20 mg/kg. DOV 21 947 also produces a dose-dependent reduction in immo-
bility in the tail suspension test, with an oral MED of 5 mg/kg. The ability of
DOV 21 947 to inhibit the uptake of three biogenic amines closely linked to
the etiology of depression may result in a therapeutic profile different from
antidepressants that inhibit the uptake of 5-HT and/or NE only [34]. Seven
phase I studies of DOV 21 947 have been completed and we intend to ini-
tiate a phase II double-blind clinical trial of DOV 21 947 versus placebo in
depressed outpatients and inpatients in December of 2007. In addition, at
doses similar to those active in models predictive of antidepressant action,
DOV 21 947 produced a significant weight loss in two animal models of diet-
induced obesity. Rodent models of diet-induced obesity are often used to
predict the effectiveness of drugs to produce weight loss in obese individuals.

DOV 102 677 blocks [3H]5-HT, [3H]NE, and [3H]DA uptake in recombi-
nant human transporters with IC50 values of 130, 100, and 130 nM, respec-
tively. Radioligand binding to the DA, NE and 5-HT transporters is inhibited
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with ki values of 740, 1000, and 220 nM, respectively [35]. DOV 102 677 dose-
dependently reduced rat immobility in the forced swim test with an oral MED
20 mg/kg and a maximal efficacy comparable to imipramine. This decrease in
immobility time did not appear to result from increased motor activity. Fur-
ther, without notably altering motor activity, DOV 102 677 was as effective as
methylphenidate in reducing the amplitude of the startle response in juvenile
mice. DOV 102 677 also potently blocked volitional consumption of alcohol
and reduced operant responding for alcohol [36].

DOV scientists and their collaborators have developed efficient, asym-
metric synthetic routes for both DOV 102 677 and 21 947 (Scheme 2) [37].
This economical and robust new route uses commercially available 3,4-
dichlorophenylacetonitrile and (R)-epichlorohydrin [or (S)-epichlorohydrin]
as starting materials to synthesize DOV 102 677 and 21 947, respectively, in
3 steps. Reacting 3,4-dichloro-phenylacetonitrile and (R)-epichlorohydrin [or
(S)-epichlorohydrin] in the presence of a base will give the cyclopropyl com-
pounds. The nitrile group is then reduced into the amino alcohol compounds,
which are cyclized, with SOCl2 under acidic conditions and subsequently
neutralized with base, into DOV 102 677 and 21 947 respectively.

Scheme 2
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3.2
PRC-025 and PRC-050

The Mayo Foundation and the Virginia Polytechnic Institute and State
University are investigating analogues of venlafaxine as potential antide-
pressants. The two lead compounds, PRC-025 ((2RS,3RS)-N,N-dimethyl-3-
cyclohexyl-3-hydroxy-2-(2′-naphthyl)propylamine) and PRC-050 ((2RS,3RS)-
N-methyl-3-cyclohexyl-3-hydroxy-2-(2′-naphthyl)-3-phenylpropylamine), are
racemic compounds (Scheme 3) [38, 39]. The similarity among the PRC
series, venlafaxine and duloxetine is obvious. Indeed, venlafaxine is the pro-
totype compound for the PRC series as described in the publication [38]. This
series of compounds are synthesized from the commercially available ary-
lacetonitriles by a 3-step sequence (Scheme 3). First, Aldol reaction with an
appropriate aldehyde provides nitriles 12, followed by reduction of nitrile to
afford the primary amines 13, and finally, reductive alkylation of 13 provides
the target compounds 14. The following preclinical data on PRC-025 and

Scheme 3
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Table 6 In vitro binding and uptake inhibition of Mayo compounds

Compound Inhibition of neurotransmitter (Kd’s) for binding to human
uptake, (Ki, nM) hSERT, hNET & hDAT (kd, nM)
[3H]5-HT [3H]NE [3H]DA SERT NET DAT

PRC-025 6.0±0.8 10±0.5 53±1 6.0±0.8 19±2 100±10
PRC-050 12±2 1.2±0.1 43±7 6.0±0.3 0.40±0.05 120±10
Venlafaxine 39±3 210±20 5300±600 9.0±0.3 1060±40 9300±50

Data are adapted from [39]

PRC-050 were recently reported [39]. The Ki values for inhibition of [3H]5-
HT, [3H]NE, and [3H]DA uptake were 6, 10 and 53 nM for PRC-025, and 12,
1.2 and 43 nM for PRC-050, respectively (Table 6). These compounds were
tested in animal models predictive of AD activity. In the forced swim test with
male Sprague Dawley rats, both PRC-025 and PRC-050 (5 and 10 mg/kg, i.p.)
reduced the time spent immobile and increased the time spent swimming,
comparable to the effects seen with imipramine (15 mg/kg). In addition, both
PRC-025 and PRC-050 were effective in reducing the time spent immobile in
the tail suspension test (i.p.), again with effects comparable to imipramine.
Studies using the enantiomers of these compounds are reported to be under-
way.

3.3
Eli Lilly’s Triple-Uptake Inhibitors

Martin et al. have reported a series of substituted naphthyl containing chi-
ral [2.2.1] bicycloheptanes as potent triple-uptake inhibitors (Scheme 4) [40].
The dienophiles 17 were prepared by N-acylation of oxazolidinones 16. Treat-
ment of achiral 17 (R = H, Ar = 3-ClC6H4) with cyclopentadiene at low
temperature using Yb(OTf)3 as Lewis acid gave racemic cycloadducts 18
(endo/exo ratio = 4/1). The endo/exo isomers were separated by prepara-
tive HPLC or by recrystallization. Hydrogenation of the racemic endo iso-
mer, followed by basic hydrolysis gave the acid derivative 20, which was
then converted to either the dimethyl amino (21) or mono methyl amino
(22) derivatives in two further steps. The racemic endo isomer was sepa-
rated into its enantiomers by chiral HPLC and then processed through to
final materials for test. Typical overall yields for this seven-step sequence
were 10–20%.

The N-methyl 2-naphthyl analogue (26) and its desmethyl analogue (28)
(Fig. 4) are active triple-re-uptake inhibitors both in vivo and in vitro [40].
The 2S,3S diastereomer showed the best balance of the desired activities with
IC50 values (Table 7) of 9, 86 and 28 nM as a reuptake inhibitor of 5-HT, DA
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Scheme 4

Fig. 4 Structures of compounds in Table 7

and NE, respectively, in rat synaptosomes. It also exhibited oral activity in
rat models of depression at oral doses of 20 to 25 mg/kg; the 1-naphthyl ana-
log was much less active, but the 2-naphthyl derivative had only 2 to 3%
oral bioavailability due to ring hydroxylation. Exploration of the activity of
other bicyclic aromatics led to 5- or 6-substituted benzothiophenes, which
provided enhanced potency and improved bioavailability, especially with the
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Table 7 Uptake inhibition data reported of Lilly compounds [40]

Compd. Synaptosomal uptake IC50 (nM)
5-HT NE DA

23 93 297 1514
24 10 45 95
25 20 34 93
26 9 25 76
27 50 45 87
28 9 28 86

use of an N-methylamino substituent. The dimethyl amino derivative of the
benzothiophen-5-yl analog has progressed into further development, display-
ing oral activity of 2.5, 5, and 10 mg/kg in models of 5-HT, DA and NE
activity, respectively. However, this compound encountered unspecified prob-
lems later in development and was discontinued.

Lilly has also reported the synthesis and discovery of 3-amino piperidine
and pyrolidine-based inhibitors of neurotransmitter re-uptake transporters
in a 2005 ACS meeting [41]. No further preclinical data on these compounds
has been published.

3.4
NS-2359/GSK-372475, SEP-225289, AMRI CNS-1 & 2, and Acenta Series

NeuroSearch has developed potent, tropane-based uptake inhibitors [42–44].
Some of the analogs are shown in Fig. 5 and their inhibition data are shown
in Table 8. NS-2359 (GSK-372475) is another triple-uptake inhibitor that went
into clinical development. This compound was discovered at NeuroSearch
and was subsequently licensed to GlaxoSmithKline (GSK) as part of a 5-year
R&D alliance in CNS diseases. Although the structure of NS-2359 (GSK-
372475) is not yet published, it is believed that NS-2359 is a tropane analog
(Fig. 5). Phase I trial results of NS-2359 are reported in NeuroSearch’s press
release. In an imaging study involving six healthy volunteers receiving daily
doses of NS-2359 (0.25–1.0 mg), SPECT showed very clear and specific bind-
ing in relevant areas of the brain and clear dose-dependency [45]. In a single-
dose phase I trial in the UK, this compound is well tolerated [46]. In a clinical
trial in 54 volunteers, NS-2359 increased attention and improved the ability to
recall verbal information. Following these results, NeuroSearch proposed to
focus on the development of NS-2359 for treating ADHD [47]. In 2006, Neu-
roSearch announced that GlaxoSmithKline (GSK) initiated a phase II clinical
trial of its drug candidate NS2359 (GSK372475) in patients diagnosed with
major depressive disorder. These studies will be conducted in multiple centers
worldwide and involve several hundred patients.
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Fig. 5 Structures of compounds in Tables 8 and 9

Table 8 Uptake inhibition data reported in NeuroSearch patents [45–47]

Compd. [3H]5-HT [3H]NE [3H]DA
uptake uptake uptake
IC50 (nM) IC50 (nM) IC50 (nM)

29 13 1.3 3
30 1.7 1.3 2
31 nt 1.5 3.4
32 10 2 10
33 11 3.2 8
34 9.2 2.8 4.3
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SEP-225289 is another triple-uptake inhibitor that is under development by
Sepracor for the treatment of refractory depression and for generalized anxiety
disorder [48, 49]. In preclinical studies, SEP-225289 was believed to be a potent
and balanced 5-HT, NE, and DA uptake inhibitor, but there is no published up-
take inhibition data. SEP-225289 has been put in a randomized, single-blind,
placebo-controlled phase I safety, tolerability and pharmacokinetic trial for
the treatment of depression [50, 51]. The structure is believed to be as shown in
Fig. 5, and is closely related to the active, desmethyl metabolite of sibutramine.

Albany Molecular Research Institute is developing biogenic amine trans-
porter inhibitors for the treatment of a range of CNS disorders. Compounds
with various combinations of amine transporter inhibition profiles acting
selectively or in combination to increase brain levels of 5-HT, NE, or DA
were investigated. Bristol-Myers Squibb has an exclusive worldwide license
to develop and commercialize the compounds [52]. Preclinical data for com-
pounds AMR-CNS-1 and 2 were disclosed in a recent presentation [53]. Both
AMR-CNS-1 and 2 are believed to be novel 4-phenyl tetrahydroisoquinolines
with nomifensine as its prototype compound (Fig. 5 and Table 9).

Acenta Discovery Inc. has synthesized a library of piperidine-based no-
caine/modafinil hybrids, and some of which display an improved potency
at all three monoamine transporters [54, 55]. Some interesting compounds,
which are highly active at blocking multiple transporters, are listed in Fig. 6
and Table 10. Compound 39 is the most potent and balanced triple-uptake in-
hibitor reported to date. Some of these compounds were reported as more
active in tail suspension tests than desipramine. It was reported at a re-

Table 9 In vitro binding and uptake inhibition of AMRI compounds [53]

Compound Uptake inhibition, Binding inhibition,
(Ki, nM) rat synaptosomes (Ki, nM) rat transporters
[3H]5-HT [3H]NE [3H]DA SERT NET DAT

AMR-CNS-1 14 12.7 22.4 1.3 8.2 21.6
AMR-CNS-2 24 12.6 24.6 3.5 10.4 31.7
Duloxetine 2.8 3.21 202 0.6 3.9 888

Fig. 6 Structures of compounds in Table 10
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Table 10 Uptake inhibition data reported in [54, 55]

Compd. [3H]5-HT [3H]NE [3H]DA
uptake uptake uptake
Ki (nM) Ki (nM) Ki (nM)

35 208±47 25±6 80±23
36 557±150 39±5 159±19
37 110±45 25±2 13±3
38 88±22 27±7 116±46
39 1.1±0.4 0.8±0.1 1.0±0.2
40 4.5±0.8 0.68±0.25 83±1

cent ACS meeting that more systematic in vivo assessments of the selected
compounds from this library were on-going to identify potential drug can-
didates for advancement to pre-development characterization in preparation
for a potential IND submission.

3.5
Other Reported Triple-Uptake Inhibitor Series

Dutta et al. have studied the substituted pyran derivatives by carrying
out asymmetric synthesis and biological characterization of trisubstituted
(2S,4R,5R)-2-benzhydryl-5-benzylaminotetrahydropyran-4-ol and (3S,4R,6S)-
6-benzhydryl-4-benzylaminotetrahydropyran-3-ol derivatives and their enan-
tiomers [56]. Biological results indicated that regioselectivity and stereo-
selectivity played important roles in determining activity for monoamine
transporters because only (–)-isomers of 2-benzhydryl-5-benzylaminotetra-
hydropyran-4-ol derivatives exhibited appreciable potency for the mono-
amine transporters, in particular for the SERT and NET. Further exploration
involved the incorporation of functional groups into the molecular tem-
plate to promote H bond formation with the transporters. In addition, the
des-hydroxyl analogs, disubstituted cis-(6-benzhydryl-tetrahydropyran-3-yl)-
benzylamines, were synthesized by a new asymmetric synthesis scheme [57].
The results indicated that the presence of functional groups, such as – OH,
– NH2, and the bioisosteric 5-substituted indole moiety in both di- and tri-
substituted compounds, significantly increased their potencies for the SERT,
and especially for the NET. Among the trisubstituted compounds (Fig. 7 and
Table 11), (–)-42 exhibited the highest potency for the NET and the SERT.
Compound (–)-41 exhibited the highest selectivity for the NET. Among the
disubstituted compounds, a number of compounds, such as (–)-43, (+)-44, (–)-
44, and (+)-46, exhibited significant low-nanomolar potencies for the SERT
and the NET. Interestingly, compounds 45 and 46 exhibited fairly balanced
potencies towards all three transporters, with (–)-46 displaying high potency.
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Fig. 7 Structures of compounds in Table 11

Table 11 Uptake inhibition data reported in [56, 57]

Compd. [3H]5-HT [3H]NE [3H]DA
uptake uptake uptake
Ki (nM) Ki (nM) Ki (nM)

(+)-41 2540±430 94.4±18.5 91.5±7.4
(–)-41 237±12 10.4±1.0 172±20
(+)-42 223±45 13.2±4.0 184±16
(–)-42 15.3±1.3 2.13±0.41 120±8
(+)-43 187±25 40.9±6 67.4±4
(–)-43 37.7±2.6 5.09±0.92 85±5.9
(+)-44 11.8±1.6 15.6±2.3 142±43
(–)-44 14.5±2.7 6.56±1.01 214±11
(+)-45 64.6±11.8 81.6±9.7 59.9±14.2
(–)-45 19.9±1.5 54.3±9.8 34.6±6.5 8
(+)-46 45.7±17.7 25.6±3.6 43.9±5.2
(–)-46 16.1±1.6 12.6±3.7 62.4±5.6

Rice and colleagues have reported the synthesis of a series of 3-(3,4-
dichlorophenyl)-1-indanamine derivatives as nonselective ligands for bio-
genic amine transporters [58]. The in vitro data indicate that 47 and 48
displayed high-affinity binding and potent inhibition of uptake at all three
biogenic amine transporters (Fig. 8 and Table 12). Particularly, (–)-(1R,3S)-
48 was comparable with indatraline in potency. In vivo microdialysis ex-
periments demonstrated that intravenous administration of (–)-(1R,3S)-48
to rats elevated extracellular DA and 5-HT in the nucleus accumbens in
a dose-dependent manner [58]. Pretreating rats with 0.5 mg/kg (–)-(1R,3S)-
47 elevated extracellular DA and 5-HT by approximately 150% and re-
duced methamphetamine-induced neurotransmitter release by about 50%.
Ex vivo autoradiography, however, demonstrated that iv administration of
(–)-(1R,3S)-48 resulted in a dose-dependent, persistent occupation of only
5-HT transporter binding sites.
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Fig. 8 Structures of compounds in Table 12

Table 12 Uptake inhibition data reported in [58]

Compd. [3H]5-HT [3H]NE [3H]DA
uptake uptake uptake
Ki (nM) Ki (nM) Ki (nM)

Indatraline 3±0.16 11±1.3 2±0.10
(+)-47-(1R,3S) 19±1.9 34±1.8 12±0.3
(–)-47-(1S,3R) 109±4 650±33 600±23
(–)-48-(1R,3S) 2±0.1 20±2 3±0.1
(+)-48-(1S,3R) 41±1 160±12 32±1

Wang and colleagues have reported a novel class of monoamine transport
inhibitors, 3,4-disubstituted pyrrolidines, identified through 3-D database
pharmacophore searching using a new pharmacophore model [59]. This class

Fig. 9 Structures of compounds in Table 13

Table 13 Uptake inhibition data reported in [59]

Compd. 5-HT NET DAT
uptake uptake uptake
Ki (µM) Ki (µM) Ki (µM)

Cocaine 0.16±0.01 0.19±0.01 0.27±0.02
49 0.75±0.06 0.15±0.02 1.41±0.09
50 0.83±0.05 0.044±0.001 0.63±0.02
51 0.23±0.01 0.031±0.004 0.20±0.01
52 > 10 > 10 > 10
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Fig. 10 Structures of compounds in Table 14

Table 14 Uptake Inhibition data reported in [60, 61]

Compd. Uptake IC50 (nM)
hSERT hNET hDAT

Mazindol 94±32 4.9±0.5 43±20
53 15±5 6 6.9±1.5 6.0±0.7
54 2140±450 2.8±0.92 730±180
55 1.8±1.3 4.5±1.5 66±10
56 53±7 4.9±0.5 3.7±0.4
57 60±19 1.9±0.15 59.0±3.6
58 94±34 4.1±1.4 30.4±2.4
59 83±29 0.62±0.25 2.21±0.3

of inhibitors has a selectivity profile different from that of cocaine at the DAT,
SERT, and NET (Fig. 9 and Table 13). Among the structures shown, 51 was the
most potent analog with Ki values of 0.084 µM against [3H]mazindol bind-
ing, and 0.20, 0.23, and 0.031 µM for inhibition of DA, 5-HT, and NE uptake,
respectively.

Houlihan et al. have reported on a series of mazindol and homomazin-
dol (56) analogues in an effort to develop a selective inhibitor of cocaine
binding [60, 61]. This effort identified several fairly balanced triple-uptake
inhibitors, e.g., 53, during the process, shown in Fig. 10 and Table 14.

4
Conclusions

The key approved indications of blockbuster antidepressants often include
generalized anxiety disorder (GAD), major depressive disorder (MDD),
obsessive-compulsive disorder (OCD), panic disorder (PD), and social anx-
iety disorder (SAD). In addition, a majority of primary care physicians and
psychiatrists also prescribe antidepressants off-label for treatment across
a broad range of clinical conditions outside the five key approved indica-
tions. It is believed that treatment of neuropathic pain disorders is among
the most common off-label uses of antidepressants. Emerging antidepres-
sants in the current pipeline will eventually find success in the antidepressant
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and related markets. For example, duloxetine, a SNRI, was approved by the
FDA in August 2004 for the treatment of major depressive disorder and in
September 2004 for the treatment of diabetic peripheral neuropathic pain.
On Feb. 27, 2007, duloxetine was also approved for generalized anxiety
disorder. Other antidepressants approved for generalized anxiety disorder in-
clude Forest Labs’ escitalopram, Wyeth’s venlafaxine, and GlaxoSmithKline’s
paroxetine.

Triple-uptake inhibitors or mixed serotonin, norepinephrine, and dopa-
mine uptake inhibitors are expected to be the next generation of drugs for
the treatment of major depression. Both preclinical and clinical data indicate
this class of compounds will offer clinically significant advantages in efficacy
and/or tolerability compared to single and dual uptake inhibitors. Other uses
for triple-uptake inhibitors, ranging from treatment of attention deficit hy-
peractivity disorder (ADHD), smoking cessation, alcohol abuse, to obesity
are also under active investigations by the pharmaceutical industry.
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Abstract Positron emission tomography (PET) visualization of brain components in vivo
is a rapidly growing field. Molecular imaging with PET is also increasingly used in drug
development, especially for the determination of drug receptor interaction for CNS-active
drugs. This gives the opportunity to relate clinical efficacy to per cent receptor occupancy
of a drug on a certain targeted receptor and to relate drug pharmacokinetics in plasma
to interaction with target protein. In the present review we will focus on the study of
transporters, such as the monoamine transporters, the P-glycoprotein (Pgp) transporter,
the vesicular monoamine transporter type 2, and the glucose transporter using PET radi-
oligands. Neurotransmitter transporters are presynaptically located and in vivo imaging
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using PET can therefore be used for the determination of the density of afferent neurons.
Several promising PET ligands for the noradrenaline transporter (NET) have been labeled
and evaluated in vivo including in man, but a really useful PET ligand for NET still re-
mains to be identified. The most promising tracer to date is (S,S)-[18F]FMeNER-D2. The
in vivo visualization of the dopamine transporter (DAT) may give clues in the evaluation
of conditions related to dopamine, such as Parkinson’s disease and drug abuse. The first
PET radioligands based on cocaine were not selective, but more recently several selective
tracers such as [11C]PE2I have been characterized and shown to be suitable as PET ra-
dioligands. Although there are a large number of serotonin transporter inhibitors used
today as SSRIs, it was not until very recently, when [11C]McN5652 was synthesized, that
this transporter was studied using PET. New candidates as PET radioligands for the SERT
have subsequently been developed and [11C]DASB and [11C]MADAM and their analogues
are today the most promising ligands. The existing radioligands for Pgp transporters
seem to be suitable tools for the study of both peripheral and central drug–Pgp interac-
tions, although [11C]verapamil and [18F]fluoropaclitaxel are probably restricted to use in
studies of the blood–brain barrier. The vesicular monoamine transporter 2 (VMAT2) is
another interesting target for diagnostic imaging and [11C]DTBZ is a promising tracer.
The noninvasive imaging of transporter density as a function of disease progression or
availability following interaction with blocking drugs is highlighted, including the impact
on both development of new therapies and the process of developing new drugs. Although
CNS-related work focusing on psychiatric disorders is the main focus of this review, other
applications of PET ligands, such as diagnosis of cancer, diabetes research, and drug in-
teractions with efflux systems, are also discussed. The use of PET especially in terms of
tracer development is briefly described. Finally, it can be concluded that there is an urgent
need for new, selective radioligands for the study of the transporter systems in the human
brain using PET.

Keywords DAT · NET · PET · Pgp · Positron emission tomography · SERT

Abbreviations

ABC ATP binding cassette
ADHD Attention-deficit hyperactivity disorder
BBB Blood–brain barrier
Bmax Total number of binding sites
CNS Central nervous system
DAT Dopamine transporter
EAAT Excitatory amino acid transporter
GAT GABA transporter
GLUT-1 Glucose transporter type 1
GLYT Glycine transporter
IC50 Inhibiting concentration, 50% of total
KD Dissociation equilibrium constant
KO Knock-out
MDR Multidrug resistance
NET Norepinephrine transporter
PET Positron emission tomography
Pgp P-Glycoprotein
SERT Serotonin transporter
SPECT Single photon emission tomography
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SSRI Selective serotonin reuptake inhibitor
VD Volume of distribution
VMAT2 Vesicular monoamine transporter 2

1
Introduction

Neurotransmitter transporters exert an important function in synaptic
transmission by removing the neurotransmitters, such as amino acids
and biogenic amines, from the synapse and thereby terminating the sig-
nal transduction. There are a number of different types of the plasma
membrane bound transporters, also called reuptake carriers, of which the
sodium/chloride-dependent transporters for serotonin (SERT), dopamine
(DAT), norepinephrine (NET), glycine (GLYT), and GABA (GAT), and the
sodium-dependent glutamic acid transporters (excitatory amino acid trans-
porters, EAATs) are the most well known. The monoamine transporters are
pharmacologically related and have common structural motifs, and conse-
quently neurotransmitters and drugs may interact with more than one type of
transporter. Small structural changes in a molecule may thus lead to dramatic
changes in selectivity and affinity towards transporters.

Other transporter systems acting both in the central nervous system (CNS)
and in the periphery are, for example, the glucose transporters (GLUT-1
and GLUT-2), vesicular monoamine transporter 2 (VMAT2), and the mul-
tidrug resistance (MDR) transporters (ATP binding cassette transporters,
ABC transporters), of which the P-glycoprotein (Pgp) transporter is of special
interest from a drug development perspective. The VMAT2 and GLUT-1 are
of interest as tools in a clinical environment for understanding disease at the
molecular level.

The transporters are targets for many therapeutic drugs and some are also
involved in drug-related abuse. Both the therapeutic and abuse effects are
mostly due to the increase in the synaptic levels of the endogenous neuro-
transmitter, which is a result of the inhibited reuptake.

Visualizing the transporters in vivo using imaging is of great interest in
a number of different applications. Neurotransmitter transporters are located
presynaptically and imaging can be used for the determination of the density
of afferent neurons. The monoamine transporters are, for example, markers
for the monoaminergic innervation where the important neurotransmitters
dopamine, serotonin, and norepinephrine play important roles in regulation
of cognitive functions, movements, and affective states as well as in the patho-
physiology of many neuropsychiatric diseases. This is a feature used in imag-
ing of neurodegenerative disorders like Parkinson’s disease, where a measure
of the DATs in the striatum gives information on the progress of the disease.
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Other possible applications include the study of the transporter occupancy
during drug abuse or during treatment with antidepressants. Moreover, in-
stead of finding the appropriate individual therapeutic dose of a drug by
determining the plasma concentration, a direct visualization of to what extent
the transporters are occupied by the given drug gives more accurate informa-
tion on the correct dosing. It is therefore obvious that imaging of transporters
is valuable for research during the development of new pharmaceutical en-
tities, as well as for monitoring during clinical trials or during the disease
processes.

Suitable imaging modalities for transporter studies are positron emission
tomography (PET) and single photon emission tomography (SPECT). Both
techniques are noninvasive methods using compounds (referred to as trac-
ers or radioligands) labeled with short-lived positron emitting radionuclides
(PET) or single photon emitting radionuclides (SPECT) for the visualization
and quantification of biological and physiological processes in vivo. Although
SPECT is also similarly a widely used technique, this review will focus on PET
and the most important PET radioligands as tools for the study of neurotrans-
mitter transporters. The main focus is on NET, DAT, SERT, VMAT2, Pgp, and
GLUT due to the present research interest worldwide and ongoing drug de-
velopment in these molecular targets, although other transporters will also be
discussed [1, 2].

2
PET Principles

2.1
Equipment and Radionuclides

A PET investigation is based on the administration of a molecule, usually
called a “tracer or radioligand”, labeled with a positron emitting radionu-
clide. The main administrative route is via intravenous injection but other
routes, such as inhalation, intranasal, and oral, are also used. The PET tech-
nique utilizes the unique decay properties of positron emitting radionuclides,
where the β+ decay is followed by an annihilation reaction. In decay by
positron emission one proton in the decaying neutron-deficient nucleus is
converted to a neutron and an isotope of the corresponding one atom number
lower element is formed (see Fig. 1). In most cases a stable nuclide is formed.
The positron emitted from one of the most used PET radionuclides, 11C, has
a maximum kinetic energy of about 1 MeV which gives a depth of penetra-
tion of a few millimeters in tissue. The first interactions between a positron
and matter result in the loss of positron energy due to ionizing collisions.
When the positron energy has been reduced to a few electron volts it interacts
with an electron in the surrounding tissue resulting in an annihilation reac-
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Fig. 1 PET camera—positron emission and annihilation. In the decay of a positron emit-
ting radionuclide a proton is converted to a neutron and a β+ particle (positron) is
emitted together with a neutrino (ν). The kinetic energy (Ekin) is distributed between the
positron and the neutrino. This is exemplified by 11C decaying to the stable 11B

tion where mass is converted to energy, creating two 511 keV photons from
the rest masses of one positron and one electron. The annihilation photons
travel in opposite directions, 180

◦ to each other, and contrary to the positron,
the photons penetrate tissue and can be detected with external detectors.

The PET camera consists of a ring of detectors surrounding the part of
the body to be examined (Fig. 1). The 511 keV annihilation photons that
are created in the plane of the detector ring are detected using coincidence
requirement. The PET camera will record an annihilation event when one de-
tector is hit by a 511 keV photon and the opposite detector simultaneously
(within about 10 ns) detects another 511 keV photon. By recording a large
number of events the radioactivity concentration in tissue can be determined



160 G. Antoni et al.

and localized with a resolution down to a few millimeters. Reconstruction
of the collected data provides a time-resolved three-dimensional image of
the distribution of the administered radioligand. For a comprehensive re-
view of PET technology the interested reader could consult suitable textbooks
(see, e.g., [3]).

In Table 1 some of the most important PET radionuclides and their main
determining physical properties are listed. The PET radionuclides are pro-
duced by bombardment of a suitable target material with accelerated charged
particles, for example protons, in which an isotope of a new element is cre-
ated. 11C is today exclusively produced by the 14N(p,α)11C reaction in which
nitrogen gas is used as target material. The high energy, 17 MeV protons
overcome the coulomb barrier in the nitrogen nucleus and the resulting new
nucleus is rapidly cleaved in two, an 11C nucleus and an α particle. The 11C
nucleus picks up electrons and the resulting naked carbon atom reacts with
trace amounts of oxygen or hydrogen present in the target and [11C]carbon
dioxide or [11C]methane are produced, respectively, which are used as start-
ing materials for the synthesis of labeled molecules, tracers.

The radionuclides used in PET can be obtained in very high specific ra-
dioactivity and the amount of a radioligand used in a PET study should be
sufficiently low to guarantee that the studied system is not, to any measurable
extent, disturbed by the radioligand. Typically a PET radioligand is adminis-
tered in a total amount of a few micrograms or lower, which for most small
molecules means 10–100 nmol of the tracer dose. The low amount of sub-
stance administered is an advantage in terms of lack of pharmacological or
potential toxicological effects.

The short half-lives of the common PET radionuclides, ranging from 2 min
to 4.3 days, limit the choice of method used to synthesize a labeled compound
to those that give sufficient yield of product within a time frame appropriate
for the physical half-life of the radionuclide. As a rule of thumb the labeled
compound should be ready for intravenous administration within three half-
lives from the end of radionuclide production [4, 5].

Table 1 Some important PET radionuclides

Radionuclide Production Decay T1/2

11C 14N(p,α)11C 99% β+ 20.4 min
13N 16O(p,α)13N 99% β+ 9.9 min
15O 14N(d,n)15O 99.9% β+ 2.04 min
18F 18O(p,n)18F 97% β+ 109 min
68Ga 68Ge/68Ga 90% β+ 68 min
124I 124Te(p,n)124I 25% β+ 4.3 days
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Despite its short half-life, the synthetic opportunities of 11C (T1/2 =
20.4 min) are much greater than those of other more long-lived PET radionu-
clides and 11C is therefore the main radionuclide used for development of
PET tracers [6, 7]. In a drug development study the aim usually is to deter-
mine the blocking effect of a drug candidate and at least two PET scans must
be performed, before and after treatment with drug. In order to follow the
duration of action of the drug on the target protein in favorable cases up to
six PET scans can be performed in the same subject with 11C, whereas 18F
in most cases is restricted to two or three PET scans due to the higher radi-
ation dose obtained. In addition, to allow the radioactivity to decay before
the next PET investigation, the scans with 18F-labeled radioligands have to
be performed on separate days. 11C-Labeled radioligands are thus preferably
used in drug development PET studies, whereas 18F may be advantageous in
a clinical environment where the longer half-life simplifies the logistics.

2.2
PET Tracers and Modeling

Another important aspect of molecular imaging with PET is the opportunity
of obtaining quantitative data, since the number of measured photons relates
to the amount of substance (density of a specific molecule) in the tissue of in-
terest. However, the PET camera does not provide any information on what
chemical entity the photons originate from. In order to relate the dynamic in-
formation of the tracer–tissue interaction, a tracer kinetic model is required
to interpret the information obtained from the PET scan to quantitatively de-
termine biochemical or physiological processes in vivo [8, 9]. These models,
for example those referred to as Logan [8] and Patlak [9] plots, are used to de-
scribe the interaction between a molecule and its biological target protein in
the brain. The standard three-compartment tracer kinetic model for radioli-
gands is shown in Fig. 2. The equilibrium between F and B, i.e., the time point
where the number of tracer molecules dissociating from the receptor protein
equals the number of associating molecules, must be established within the
time frame for the physical half-life of the radionuclide used and the rate con-
stants k3 (on rate) and k4 (off rate) are thus important. For example, a long
residence time of the drug on the binding site may be preferred for a drug,
whereas a tracer must exhibit a sufficiently fast off rate so that equilibrium
may be established during the time frame of the physical half-life of the ra-
dionuclide. A special case is of course if there is an irreversible process where
k4 is zero during the time of the investigation. In such a case a simplified
modeling method as defined by Patlak et al. [9] might be applied to describe
and quantify the kinetics of the tracer.

Any compound that is intended for use in imaging studies in vitro or in
vivo should possess certain criteria, some of which are shown in Table 2.
A useful PET tracer exhibits suitable pharmacodynamic properties, such as
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Fig. 2 Three-compartment model. Free radioligand (F), specifically (B) and nonspecif-
ically bound (NS) radioligand, with “a” and “v” denoting arterial and venous blood,
respectively, and K1, k2, k3, k4, k5, and k6, representing the unidirectional rate constants
to be determined

sufficient affinity and selectivity to give a good image contrast. For example,
binding potential, which is related to the ratio of the density of the target pro-
tein (Bmax) and dissociation equilibrium constant (KD), should preferentially
exceed five, and the selectivity should, if possible, be 100-fold over other com-
peting specific protein binding sites. However, these and other data obtained
in vitro are not sufficient to guide the selection of a useful tracer molecule for

Table 2 Main receptor and radioligand criteria

Receptor criteria

Physiological tissue distribution
Saturability (limited number)
Linear tissue relationship

“Expected” pharmacology
Stereoselectivity
Treatment affected
Correlation to other tests

Sensitive to heat/proteases etc.
Reversibility

General radioligand criteria

High affinity (10 pM < KD < 10 nM)
Suitable kinetics (steady-state within 1–2 h at RT, dissociation rate low)
Selectivity (> 100-fold, or possible to selectively block unwanted binding)
Low nonspecific binding and adsorption in white matter
Radioligand suitable for labeling with 3H, 11C, 18F, or 125I
Metabolically stable or with no labeled metabolites

Additional radioligand criteria for brain PET

Sufficient passage over blood–brain barrier
Radioligand suitable for labeling with 11C or 18F (or others listed in Table 1)

The criteria listed are only a selection of the most important with regard to molecular
imaging in vitro and in vivo.
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a particular binding site. It must also be recognized that the process of devel-
oping diagnostic imaging tools based on labeling of suitable compounds with
short-lived radionuclides differs from the normal drug development process
aim of finding a therapeutically useful compound. A good pharmaceutical
typically lacks some of the biological characteristics needed to be a useful
imaging tool and vice versa. Fulfillment of the tracer concept, as originally
defined by de Hevesy [10], requires that no biological effect can be meas-
ured at the dose used, and methods other than efficacy must, therefore, be
used to determine the potential usefulness of the tracer candidates that are
used for therapeutic agents. One important parameter is the image contrast,
which depends on the ratio of specific to nonspecific binding and is a pa-
rameter that can be estimated, although not conclusively, using frozen tissue
autoradiography.

One important feature that can be determined using the PET camera is re-
ceptor occupancy (RO) of a drug. RO can be estimated for a given dose of
drug from calculations performed on serial PET scans, where the first scan
is performed before, and the following after, the administration of a drug
(Fig. 3). Regions of interest (ROI) are graphically defined in the images, rep-
resenting the target region (e.g., striatum) and a reference region with no spe-
cific binding (e.g., cerebellum). If specific binding cannot be excluded in any
region (as is the case when new tracers are validated) the reference tracer ac-
tivity is defined by arterial blood sampling. The tracer radioactivity concen-
tration is measured from the time of injection onwards for approximately 1 h
by acquiring a number of images during the same scan session. The binding
potential (BP = Bmax/KD) in the target region is estimated by fitting a kinetic
model to the time–activity curves from input and reference regions. Receptor
occupancy is calculated as RO = (BPbaseline – BPdrug)/BPbaseline100%.

The pharmacokinetic properties are more difficult to assess using in vitro
methods and usually require experimental verification using in vivo models.

Fig. 3 PET images of the human brain obtained with [11C]β-CIT-FE. Demonstration of re-
ceptor occupancy. These images show the relative distribution of [11C]β-CIT-FE, a tracer
of the dopamine reuptake transporter, at baseline (left), low dose of test drug (middle),
and higher dose of test drug (right). Higher drug dose results in lower binding of tracer
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The main factors responsible for limiting the transport of radioligands into
the brain are, apart from slow transport over the blood–brain barrier (BBB),
too rapid metabolism or clearance from plasma, high plasma protein bind-
ing, and exclusion from tissue by efflux pumps. Some attempts to predict
pharmacokinetics are found in the literature, for example, the Lipinski rule
for absorption and permeability [11] and logP as determining BBB penetra-
tion [12].

In contrast to a therapeutic agent, the radioligand is given in very low
amounts, tracer dose. It is of crucial importance that the specific radioac-
tivity of the tracer is high enough in order to obtain a sufficient amount of
radioactivity to be measured, without a concomitant mass dose that induces
a biological effect.

3
PET Studies of Transporters

3.1
Norepinephrine Transporters (NETs)

The catecholamine norepinephrine (noradrenaline) is a neurotransmitter of
the sympathetic nervous system, and as such is important in the regulation of
the general degree of alertness, and is pivotal in preparing the body for either
fight or flight. In the brain, noradrenergic cell bodies are found in the locus
coereleus where the highest NET densities are also found. Lower densities are
found in the thalamus, hypothalamus, and neocortex. In general, NET dens-
ity is much lower than that of the other monoamine transporters such as DAT
and SERT. Norepinephrine is very much involved in human physiology, such
as mood regulation, sleep regulation, and in several behavioral aspects. It also
plays an important role in the regulation of glucose metabolism. The CNS ef-
fects are mediated by the noradrenergic signaling system found throughout
the brain, with several different receptor types (α- and β-adrenoceptors, di-
vided into several subtypes) as well as the presynaptically located NETs [13].
About 70–90% of the norepinephrine released from the neuron is recovered
by means of uptake by NETs, and this system is thus to a great extent respon-
sible for the termination of noradrenergic impulse transfer.

The NET is a target for many pharmaceuticals, especially antidepressants,
and for a number of drugs of abuse, such as cocaine. A diagnostic imaging
tool for the study of NET would provide information on the noradrener-
gic system in the brain, and a suitable PET ligand would be beneficial in
studies of the pathophysiology of a number of neurologic and psychiatric dis-
orders. For example, our knowledge of the central mechanisms underlying
disorders such as anxiety, depression, attention-deficit/hyperactivity disorder
(ADHD), personality disorders, pain, and Parkinson’s and Alzheimer’s dis-
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eases would be increased by the availability of suitable NET PET tracers [14].
The noradrenergic and dopaminergic systems are strongly interconnected.
Dopamine has a higher affinity for NET than norepinephrine itself, and NET
may therefore be responsible for the removal of dopamine in brain regions
with low DAT densities [15]. NET is also a target for drug abuse as demon-
strated in monkey studies where chronic self-administration of cocaine leads
to increased NET concentration in the brain [16].

The search for a PET tracer for NET has been intensive during the last
decade but has been hampered by the requirement for the high affinity
needed [17]. The Bmax of NET in human insular cortex is below 5 pmol/g,
implying that a KD below 1 nM is needed for a PET ligand. The selectivity cri-
teria are critical and a low affinity for DAT is required, especially in the study
of NET in the striatum where the density of DAT is very high (see below).

NET inhibitors can be divided structurally into several classes of com-
pounds where the tricyclic antidepressants were the first examples of clin-
ically useful drugs, followed by the mono- and bicyclic, and the tropane

Fig. 4 Some NET radioligands
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derivatives. Several PET ligands have been developed and evaluated as poten-
tial PET tracers for NET and the main chemical structural classes are shown
in Fig. 4.

3.1.1
PET Ligands Based on Tricyclic and Bicyclic Structures

The affinity of the tricyclic antidepressant desipramine (desimipramine,
DMI) is in principle sufficient to be a good tracer candidate with binding to
human NET with a Ki of 0.63 nM [18, 19] and [11C]DMI has been evaluated
in cynomolgus monkey [20]. The tracer was readily taken up into monkey
brain, but the uptake proved to be insensitive to inhibition by blocking doses
of unlabeled DMI. [11C]DMI was also found to be rapidly metabolized with
only 20–25% intact tracer remaining after 45 min. The possibility of labeled
metabolites entering the brain and thus confounding the interpretation of the
PET data could not be ruled out. In spite of its usefulness as an antidepressant
drug, labeled DMI is not useful as a PET tracer.

11C-Labeled talsupram and talopram, two other antidepressant drugs act-
ing on the norepinephrine uptake site, were, due to their high affinities (IC50
0.79 and 2.9 nM, respectively), labeled with 11C and investigated as potential
NET tracers [20, 21]. Considering the clinical efficacy of these compounds as
antidepressants the uptake in NET-rich areas of the brain was, however, sur-
prisingly low for both compounds as measured in cynomolgus and rhesus
monkeys [22, 23]. McConathy [21] used the active enantiomers of talopram
and talsupram but reported even lower brain uptake than Schou [20] who
used the racemates, a result that could be due to species differences. It is not
a contradiction that a compound may have clinical efficacy while not being
suitable as a tracer. As plausible explanations for the lack of success with these
two ligands, the authors suggest that a possible saturable process caused too
high a degree of plasma protein binding or efflux by the Pgp transport system.
At therapeutic concentrations Pgp may be saturated by a drug which could
explain the therapeutic effects of these compounds, in contrast to the tracer
concentration used in PET where a very low fraction of the tracers can be
distributed to the brain tissue due to efficient efflux by Pgp.

3.1.2
PET Ligands Based on Aryloxy Morpholines

Early attempts to find a NET ligand, such as the 11C-labeled NET inhibitors
nisoxetine [24] and an iodido analogue of tamoxetine [25], failed due to high
nonspecific binding. However, the methyl analogue of reboxetine (MRB, see
Fig. 4) is a promising NET ligand with an IC50value of 2.5 nM, and [11C]MRB
has been studied in rat and baboon brain [26–28]. Ding et al. further evalu-
ated [11C]MRB and investigated the racemate as well as the (S,S)- and (R,R)-
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enantiomers in baboons [29]. A marked binding and blocking effect of nisox-
etine was obtained for the eutomer (S,S)-[11C]MRB in NET-rich areas such as
thalamus and cerebellum. Specific binding was also found in the heart. The
racemate showed specific binding in the brain whereas the (R,R)-enantiomer
of [11C]MRB lacked specific binding, demonstrating an enantioselectivity in
vivo consistent with in vitro data.

A compound within the reboxetine subclass is the desethyl analogue (S,S)-
2-[(2-methoxyphenoxy)phenylmethyl]-morpholine ((S,S)-MeNER), where
both 11C and 18F labeling have been used (see Fig. 4). The two chiral centers
in MeNER give four stereoisomers, with (S,S)-MeNER being the most potent
with a eudismic ratio of 20 over the (R,R)-enantiomer [30]. (S,S)-[11C]MeNER
readily enters the brain and shows specific binding to NET, as demonstrated
by pretreatment with DMI in monkey PET studies [31]. The kinetics was slow
and the tracer did not reach equilibrium binding within 90 min, i.e., the time
frame for a PET study with 11C. Metabolite analyses in humans showed the
formation of a radiolabeled metabolite more lipophilic than the tracer itself
and it cannot be excluded that this would have a detrimental effect on the
quantification of NET inhibition. The test–retest variability was also found
to be too high for quantification of discrete changes of NET inhibition (An-
drée B, personal communication). The use of 18F, with its longer half-life,
allows a longer time for establishing equilibrium between free tracer and
tracer bound to the target protein as compared to 11C. (S,S)-[18F]MeNER

Fig. 5 PET images of the cynomolgus monkey brain obtained using (S,S)[18F]FMeNER-
D2. The images show binding of (S,S)-[18F]FMeNER-D2 during baseline (a,c) and pre-
treatment (b,d) conditions (DMI 5 mg/kg). a and b represent horizontal images. c and
d represent sagittal images (reprinted from [34] with permission)
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was, however, found to be metabolically unstable with loss of the 18F label
and formation of free ions of [18F]fluoride. To circumvent this problem the
18F-labeled dideuterated analogue (S,S)-[18F]FMeNER-D2 was prepared (see
Fig. 4). Substitution of hydrogen for deuterium in the fluoromethyl group
induces a kinetic isotope effect [32], which may reduce the rate of carbon–
fluorine bond breaking and thus increase the metabolic stability of the tracer.
(S,S)-[18F]FMeNER-D2 has been evaluated in vitro and in monkey [33, 34]
showing selective binding to NET (Fig. 5). Moreover, equilibrium was reached
later than for the protium analogue and most importantly, it also showed
reduced metabolism as manifested by reduced formation of [18F]fluoride.
In spite of the relatively low affinity of 3.1 nM this tracer is so far the most
promising tracer for NET [26, 34].

3.1.3
Conclusions on NET PET Ligands

Although several promising ligands have been labeled and evaluated in vivo,
including evaluation in man, currently no really useful PET ligand for NET
is available and further research in this field is encouraged. Of the structures
investigated, the most promising scaffold is the reboxetine subclass where
(S,S)-[18F]FMeNER-D2 appears to be a potentially useful tracer. However, fur-
ther studies in man are needed for the evaluation of (S,S)-[18F]FMeNER-D2 as
a useful PET ligand for the study of the involvement of NET in health and dis-
ease, as well as for determination of the degree of NET inhibition following
drug administration [26, 34].

3.2
Dopamine Transporters (DATs)

The neuronal DAT is mainly, but not exclusively, confined to the striatum in
spite of the fact that dopamine receptors (especially the D1 subtype) have an
extensive localization in the cerebral cortex. Binding studies in vitro and in
vivo, as well as in situ hybridization studies, indicate that the distribution of
DAT and of mRNA coding for DAT is almost exclusive to nigrostriatal neu-
rons [35, 36]. However, small amounts of DAT mRNA have also been found in
extrastriatal regions like the hypothalamus and amygdala.

The importance of DAT can be exemplified by the inherent “brain reward”
system where increased dopamine levels mediate the euphoria searched for in
drug abuse. One of the most addictive drugs known, cocaine, exerts its effect
by inhibiting DAT and thus by increasing synaptic dopamine levels leading
to the desired euphoric effect. Several studies have shown that the density
of DAT is reduced in patients with degenerative brain disorders, such as in
Parkinson’s disease [37–40] and in dementia with Lewy bodies [37, 41, 42],
whereas DAT density is increased in patients with Tourette’s syndrome. How-
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ever, no marked changes in DAT have been found in Alzheimer’s disease [37],
and in vivo studies of striatal DAT densities may therefore differentiate be-
tween Alzheimer’s disease and dementia with Lewy bodies [41, 43]. Less
consistent results have been obtained in Huntington’s disease and schizophre-
nia, where an impaired dopamine signaling system has been implicated. In
schizophrenia most in vivo PET or SPECT studies fail to show abnormali-
ties in DAT densities in the striatum, although both increases [44] and de-
creases [45–47] have been shown.

A large number of structurally different compounds have been used for
the characterization of regional DAT distribution as well as of its physiol-
ogy and pharmacology. High binding of DAT radiotracers has been found
in the caudate and putamen, regions known to have a high density of
the DAT [48]. The striatum is thus a suitable region for determination of
changes of DAT binding as a result of drug interactions. Phenyltropane is
one of the chemical scaffolds that has been applied for the development
of selective tracers for DAT. The cocaine analogues, such as β-CFT (2β-
carbomethoxy-3β-(4-fluorophenyl)tropane), β-CIT (2β-carbomethoxy-3β-(4-
iodophenyl)tropane), and RTI-121 (3β-(4-iodophenyl)tropane-2β-carboxylic
acid isopropyl ester) have been extensively used as markers of DAT in ani-
mals or in the human brain (Fig. 6). In vivo studies with both SPECT and
PET have been performed in monkeys and humans, particularly using β-
[123I]CIT or β-[11C]CIT [49, 50]. However, these compounds were not se-
lective and had substantial affinity for the norepinephrine and serotonin
transporters. Compounds with suitable tracer characteristics have been de-
veloped by structural modifications in the N-alkyl chain position. This pro-
vides an opportunity for labeling with either 11C in the methyl ester or
18F in the alkyl chain, which is a useful strategy in tracer development.
The fluoroalkyl analogues β-CIT-FE (N-(fluoroethyl)-2β-carbomethoxy-3β-
(4-iodophenyl)tropane) and β-CIT-FP (N-(fluoropropyl)-2β-carbomethoxy-
3β-(4-iodophenyl)tropane), which were subsequently developed, showed bet-
ter in vivo kinetics and higher selectivity for DAT [51]. These radioligands
are therefore still used for the study of DAT, and β-CIT-FP (also called ioflu-
pane) is now available as a commercial kit for SPECT (DATScan®) [52, 53].
Both β-[11C]CIT-FE and β-[11C]CIT-FP form labeled metabolites during the
course of the PET investigation, one identified as nor-β-[11C]CIT. This com-
pound penetrates the BBB and has a high affinity for SERT, manifested as
a radioactive uptake in the thalamus [54, 55]. β-[11C]CIT-FE is superior to
β-[11C]CIT-FP due to a more rapidly established plasma to target protein
binding equilibrium. β-[18F]CIT-FP is an alternative since the longer half-life
gives the option of reaching equilibrium. Another benefit of using β-[18F]CIT-
FP is that the metabolite formed, nor-β-CIT which binds to both DAT and
SERT, is unlabeled and no interference with measurement of DAT specific
binding from labeled metabolites is thus found as shown in monkey PET
studies [54].
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Fig. 6 Some DAT radioligands. In a some of the most often used cocaine analogues are
shown. In b the metabolism of β-CIT-FP is shown, (∗ = labeled atom), indicating the im-
portance of labeling positions with respect to formation of radiolabeled metabolites and
their potential interference with measurement of specific binding

However, as the β-CIT analogues still retain some affinity for the other
monoamine transporters, new radioligands have been developed. One
promising compound is N-(3-iodoprop-(2E)-enyl)-2β-carboxymethoxy-3β-
(4′-methylphenyl)nortropane (PE2I) with a 30-fold lower affinity for the

Fig. 7 Comparison of SPECT, PET, and in vitro autoradiography of DATs using PE2I. The
images show SPECT (a), PET (b) , and autoradiography (c) using PE2I labeled with 123I,
11C, and 125I, respectively, in control human brains. In (c) only one of the hemispheres
was incubated with [125I]PE2I, the mirrored image substitutes the other hemisphere.
Images from [59] (SPECT), [62] (PET), and [35] (autoradiography)
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other monoamine transporters [35, 56, 57]. PE2I can be labeled either with
123I or with 11C, and is therefore used both in SPECT using [123I]PE2I [38, 58–
60] and in PET using [11C]PE2I [61–63] (Fig. 7). Among other compounds
within the nortropane scaffold, [11C]LBT999 [64, 65] and [18F]MCL-322 have
been suggested from animal PET studies to be suitable ligands for DAT in the
human brain.

3.2.1
Conclusions on DAT Ligands

Due to its properties as a marker of presynaptic dopaminergic neurons, the in
vivo visualization of DAT is of great value in the study of neurodegenerative
diseases of the striatum, and especially of Parkinson’s disease. Moreover, as
blockade of DAT mediates the euphoric effects of several drugs of abuse, e.g.,
cocaine and methylphenidate, and is involved in other reward systems, the
possibility to study DAT in vivo may help in our understanding of these con-
ditions. Unfortunately, the first PET radioligands based on cocaine were not
selective, but more recently several selective tracers such as [11C]PE2I have
been characterized and shown to be very useful in animal and human studies.

3.3
Serotonin Transporters (SERTs)

Serotonin (5-hydroxytryptamine, 5-HT) is implicated in a number of home-
ostasis functions, such as food intake, sleep, and temperature regulation, but
also in regulation of mood. The serotonergic neurons project from raphe
nuclei and the highest SERT densities are found in thalamus, striatum, and
raphe nuclei which thus become suitable targets for measurement of SERT
binding potential using PET. Disturbances in the serotonin system may lead
to various mental illnesses, such as anxiety and depression. An overstimu-
lation of certain serotonin receptors may result in hallucinations and other
psychotic experiences, exemplified by the fact that agonists (e.g., mescaline,
d-LSD) have been used in drug abuse.

The most commonly used treatment for depression today is by blocking
the SERT using selective serotonin reuptake inhibitors (SSRIs), and SERT
is a target for most antidepressant drugs. Although there is a great inter-
est in studying SERT, very few radioligands are available for in vivo or
in vitro imaging. Only one of the large number of antidepressant drugs,
citalopram (Fig. 8), has been used as a radioligand for SERT [66, 67], how-
ever with limited success in vivo. Attempts to use some of the other SS-
RIs, such as [18F]fluoxetine (Prozac), as radioligands have failed to show
any specific binding to SERT [68], in spite of their well-known activ-
ity on the transporter. The first useful PET ligand for the visualization
of SERT in vivo was [11C]McN5652 (trans-1,2,3,5,6,10-β-hexahydro-6-[4-
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Fig. 8 Some SERT radioligands

(methylthio)phenyl]pyrrolo-[2,1-a]-isoquinolone) [69–71]. Studies using
[11C]McN5652 have shown, for example, increases in SERT in several cortical
and subcortical regions of patients with depressive disorders [72, 73]. More
recently, an [18F]methyl analogue of McN5652, i.e., [18F]FMe-McN5652, has
been developed and was found to be superior to the original [11C]McN5652
in the in vivo visualization of SERT in the human brain [74, 75].

The above mentioned cocaine derivatives, i.e., β-CIT and analogues, are
mainly used as radioligands for DAT, but due to their low selectivity some
of these compounds may also be used as tracers for SERT in most brain
regions outside the striatum [76]. The most promising compound in this se-
ries appears to be nor-β-CIT, which has so far, however, only been used in
SPECT [54, 77].

Another promising radioligand for SERT is [11C]-3-amino-4-(2-dimeth-
ylaminomethylphenylsulfanyl)benzonitrile, or [11C]DASB (Fig. 8) [78–80].
[11C]DASB is a very selective ligand, with a 1000-fold selectivity versus NET
and DAT [80] and with favorable properties for use in the clinical setting [81].
This compound has also been used to determine the amount of serotonin
in the synapse [81–83] in depression and, for example, following treatment
with SSRIs. It has been suggested that the extracellular concentration of 5-
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HT is low in depression, which should be normalized by treatment with
drugs blocking SERT. One study has shown increased SERT binding potential
in patients with major depression as compared to healthy subjects, indicat-
ing an overactive transport from the synapse. However, other studies have
failed to verify this (reviewed in [81]). Studies with PET using [11C]DASB,
[11C]McN5652, and [11C]MADAM have shown the occupancy of SERT in de-
pressed patients on treatment with various SERT inhibitors to be very high,
normally in the order of 80% [81], values that are similar to those obtained in
previous SPECT studies.

Several other compounds evaluated as potential radioligands for SERT
(see Fig. 8) are the benzylamines within the MADAM/ADAM group (e.g.,
MADAM [84, 85], ADAM [86, 87], HOMADAM [88], and EADAM [89]), of
which only [11C]MADAM has been used in human PET so far ([123I]ADAM
has been used in SPECT in humans). The first studies with [11C]MADAM
indicate that this radioligand may be as suitable as [11C]DASB for the quan-
tification of SERT in the human brain.

3.3.1
Conclusions on SERT

Although there are a large number of SERT inhibitors used today in the clinic
as SSRIs, it was not until very recently, when [11C]McN5652 was synthesized,
that it was possible to study this transporter using PET. None of the selec-
tive SSRIs is suitable as a PET radioligand. Today, [11C]DASB appears to be
the preferred PET radioligand for SERT, although the newer compounds in
the [11C]MADAM series may also be well suited for imaging of SERT in the
human brain.

3.4
Vesicular Monoamine Transporter 2

VMAT2 is expressed in the CNS as well as in the β-cells of the islets of
Langerhans in the pancreas. The primary function of the VMAT2 protein is
translocation of monoamine neurotransmitters from the cytosol into synap-
tic vesicles. This function is regulated by exchange between actively cycling
synaptic terminals and a reserve pool leading to a relatively stable number
of vesicles in the neurons. This offers potential for general molecular imag-
ing tools of serotonergic, dopaminergic, and noradrenergic innervation in the
CNS, using an angle other than the earlier described use of selective tracers
for the different monoamine transporters [90, 91].

It is clear that an objective marker for the severity of Parkinson’s disease
would be of significant value for the understanding of disease progression and
the study of potential new neuroprotective therapies. DAT is apparently regu-
lated by dopamine receptor activation and the distribution of DAT molecules
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Fig. 9 [11C]Dihydrotetrabenazine, a tracer for VMAT2

between the cell membrane and endosome may thus be affected by inter-
actions with drugs [92]. Since VMAT2 binding in dopaminergic neurons is
supposed to be unaffected by interaction with drugs, changes in dopamine
receptor activation, or DAT expression, it may be more predictive in deter-
mining dopaminergic neuronal density.

(+)[11C]Dihydrotetrabenazine (Fig. 9) ((+)[11C]DTBZ) [93] has been in-
vestigated as a tracer aimed at estimating the striatal VMAT2 binding
site density [94] in both healthy subjects and Parkinson patients. An age-
related (0.5%/year) decline in VMAT2 binding in healthy subjects has been
described [94, 95]. In the Parkinson patients a clear reduction in striatal
(+)[11C]DTBZ binding was found which correlated with the severity of the
disease.

Interestingly, VMAT2 is also expressed in pancreatic β-cells and (+)[11C]-
DTBZ has also been used to probe the β-cell mass. The total β-cell mass in
the pancreas influences, and is a measure of, the amount of insulin secretable.
A noninvasive imaging tool that can give important information about the
progression of diabetes types I and II is highly relevant both in drug devel-
opment and in clinical routine. The use of (+)[11C]DTBZ and micro-PET for
determination of β-cell mass in rats has been reported and the tracer found
to discriminate between euglycemic rats and rats with chemically induced
diabetes [96]. Further research in the field of monoaminergic vesicular trans-
porter 2 will hopefully validate the usefulness of (+)[11C]DTBZ as a tracer for
the determination of β-cell mass.

3.4.1
Conclusions on VMAT2

It appears that (+)[11C]DTBZ is a useful tracer for the study of striatal
dopaminergic neuronal density. However, it still has to be investigated if it
can be applied as a general tool for studying CNS monoamine innervations,
as it can only be used in tissues which selectively express a particular trans-
porter system having a limited distribution. Use of (+)[11C]DTBZ in rodents
indicates that it may be a useful tool for quantification of pancreatic β-cell
mass.
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3.5
ABC Transporters

The BBB is comprised of brain endothelial and ependymal cells, with the
luminal layer facing the capillary and the abluminal facing the interstitial
fluid which creates an efficient barrier that prevents diffusion of molecules
between the cells. Pgp has been identified as one of the most important of
several energy-dependent transporters belonging to the ATP binding cas-
sette (ABC) transporters [97]. Pgp is a cell-surface transporter localized
in the luminal membrane mediating baso-lateral to apical transport of hy-
drophobic molecules. This efflux of substances together with metabolism
accounts for the major detoxification pathways in our body, and is thus
an important defense mechanism and protects the body from xenobiotics.
This might also be a disadvantage, as Pgp, with its increased expression
in cancer cells, also induces MDR in cancer chemotherapy [98]. Moreover,
Pgp-mediated efflux may also be responsible for the lack of efficacy of
many potentially CNS-active drugs, in spite of the fact that the in vitro
binding properties of the drug suggest specific interactions with molecu-
lar targets in the brain. It cannot be ruled out that differences in Pgp ex-
pression may also be responsible for interindividual susceptibility to pro-
gressive neurodegenerative disorders such Parkinson’s and Alzheimer’s dis-
eases [99].

Furthermore, drug–drug interactions with Pgp inhibition may lead to in-
creased BBB penetration and unwanted CNS side effects or overdosing, and
classifying a drug as either a Pgp substrate or an inhibitor is of importance.
The opportunity to study Pgp transport mechanisms and identify drugs that
are Pgp substrates using simple assays is becoming increasingly recognized
as pivotal in drug development. Radioligands for the study and quantifica-
tion of Pgp expression and drug-related interactions are thus of value in drug
development as well as in clinical investigations. Several PET and SPECT
tracers have been investigated as potential tools for visualization of Pgp in
vivo [100].

99mTc-labeled SPECT tracers labeling Pgp, such as sestamibi [101], tetro-
fosmin [102, 103], and furifosmine [104], have been applied in human cancer-
related studies. It was found that uptake of the labeled Pgp substrate corre-
lated with tumor response to treatment: the higher the uptake the more drug
sensitive the tumor. Although interesting results have been obtained using
SPECT imaging, the difficulty in obtaining quantitative data with SPECT
limits its usefulness. PET may offer an advantage due to the quantitative
measurement of the radioactivity that can be translated to concentration of
tracer in tissue.
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3.5.1
67Ga/68Ga Compounds for SPECT and PET Studies
of Pgp Expression in Tumors

Gallium radionuclides, such as 67Ga and 68Ga, are available for diagnostic
use in SPECT and PET, respectively. A 67Ga/68Ga complex, gallium (bis(3-eth-
oxy-2-hydroxybenzylidene)-N,N′-bis(2,2-dimethyl-3-aminopropyl)ethylene-
diamine) (Ga-[3-ethoxy-ENBDMPI]+) [105] has been explored as a poten-
tial tracer for Pgp using SPECT and PET (Fig. 10) [106, 107]. It was found
that 67Ga-[3-ethoxy-ENBDMPI]+ readily accumulated in drug-sensitive cells,
whereas multidrug-resistant cells showed a 100-fold lower accumulation,
which demonstrates the interaction of 67Ga-[3-ethoxy-ENBDMPI]+ with Pgp.
Micro-PET biodistribution studies in KO and wild-type mice were also per-
formed using 68Ga-[3-ethoxy-ENBDMPI]+ and showed increased penetration
and retention of the tracer in KO mice as compared with wild-type mice,
which were consistent with the ex vivo biodistribution data. The results sug-
gest that the nonmetabolized 67/68Ga-[3-ethoxy-ENBDMPI]+ is a promising
probe of Pgp-mediated drug transport in vivo and by using 68Ga quanti-
tative biodistribution data could be obtained. To continue the validation of
68Ga-[3-ethoxy-ENBDMPI]+, human PET studies are needed.

Fig. 10 Ga-[3-ethoxy-ENBDMPI]+, a tracer for Pgp

3.5.2
11C Tracers for the Study of Pgp

Several 11C-labeled compounds have been suggested and investigated as po-
tential tracers for the study of Pgp, for example, [11C]carvedilol [109] and
[11C]verapamil [110, 111]. Most work has been done to evaluate the in-
teraction of the calcium channel blocker verapamil with Pgp in the BBB.
Verapamil is a chiral compound and both the racemate and the pure
(R)- and (S)-enantiomers have been investigated as potential Pgp tracers
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Fig. 11 Pgp tracers, [11]verapamil and [11C]carvedilol

(Fig. 11). The interaction of [11C]verapamil with Pgp is not stereoselect-
ive, but as the (S)-enantiomer is more sensitive to hepatic metabolism and
has higher plasma clearance, the more metabolically stable enantiomer
(R)-verapamil may be the preferred enantiomer [112, 113]. A comparison be-
tween [11C]verapamil interaction with Pgp in rats and humans has shown
that there are remarkable similarities with respect to blocking with the selec-
tive Pgp inhibitor cyclosporine A, which suggests that rat is a suitable animal
model to predict Pgp interactions in humans [114, 115]. There are several dif-
ferent models available to evaluate [11C]verapamil PET data. The timing of
drug and tracer administration may be critical and kinetic information re-
lated to this is needed for a correct interpretation of data. This was examined
in rat micro-PET studies where a bolus-infusion administration route was
used to extrapolate the degree and duration of cyclosporine A induced Pgp
blockade [116–118]. By this approach information such as onset of action
as well as kinetics for the blocking effect could be determined, information
that is important when designing PET studies to investigate potential drug–
Pgp interactions of a new drug. The infusion model avoids misinterpretation
of data by choosing the incorrect timing of drug and tracer administration.
The potential of using [11C]verapamil for the assessment of drug–Pgp inter-
actions in humans has been verified by determining brain [11C]verapamil
concentrations before and after cyclosporine A treatment [114, 118].

Another interesting aspect is the effect of aging on Pgp expression.
[11C]Verapamil was used to determine a correlation between age and Pgp
function and a decrease with age was found which may support the hypothe-
sis that development and progression of neurodegenerative disorders to some
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extent may be explained by loss of Pgp function leading to higher exposure to
toxic substances [119, 120].

An alternative tracer for Pgp is [11C]carvedilol which in animals showed
favorable tracer kinetics and might be a more sensitive Pgp probe than
[11C]verapamil [109].

3.5.3
[18F]Fluoropaclitaxel as a Tracer for the Study of Pgp

The well-known anticancer drug paclitaxel, belonging to the taxane family
derived from the yew tree (Taxus brevifolia), is a Pgp substrate and has been
investigated using PET [121]. Paclitaxel and the analogue [18F]fluoropaclitaxel
(FPAC) (Fig. 12) can be assumed to exhibit similar affinity to Pgp consid-
ering the small structural difference introduced by the fluorine [122]. The
volume of distribution (VD) in different organs was calculated before and
after administration of the noncompetitive Pgp blocker XR9576 (tariquidar)
as a measure of Pgp-mediated efflux. It was possible to detect a signifi-
cant increase in VD following pretreatment with the Pgp modulator XR9576.
A consistent finding was increased retention of FPAC in the liver and lung,
and a small increase in the efflux rate in the kidney. The latter could not be
explained by decreased delivery to the kidneys and possibly other mechan-
isms affect the VD in the kidneys. It has to be pointed out that the numbers of
animals and PET scans were small and it is likely that a repeated larger study

Fig. 12 [18F]Fluoropaclitaxel, a tracer for Pgp
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would provide further proof for the use of FPAC as a tracer for the study of
functional aspects of Pgp expression.

3.5.4
Conclusions on Pgp Tracers

The existing tracers for Pgp seem to be suitable tools for the study of both
peripheral, in tumors for example, and CNS drug–Pgp interactions.

3.6
Glucose Transporters (GLUTs)

During recent years there has been a tremendous growth in the use of
PET in the clinical setting. The rationale for this large-scale introduction
into healthcare is the evidence formed over two decades that the tracer
[18F]fluorodeoxyglucose (FDG) has a highly elevated retention in some com-
mon cancers, and today routine PET imaging in cancer patients using FDG
changes the treatment decisions in approximately 30% of all cases [123].

Glucose is also a fundamental metabolic substrate for cellular energy pro-
duction in normal tissues. Subsequently FDG-PET has also been found valu-
able for imaging of the brain and the heart. Normal neurons consume glucose
in huge amounts and neurodegenerative processes, such as Alzheimer’s dis-
ease, can be diagnosed and followed by evaluating the distribution and degree
of regional hypometabolism with PET [124]. Normal cardiac myocytes utilize
both fatty acids and carbohydrates for energy production and preferences are
mainly dictated by plasma levels. The detection of elevated myocardial glu-
cose transport using PET is interesting from a diagnostic perspective, because
elevated FDG uptake in a part of the cardiac muscle known to be damaged
(reduced blood flow or reduced motility) is indicative of viable tissue that
could be salvaged if blood flow is restored [125].

While the reason why aggressive tumors prefer glucose has not been fully
elucidated, the actual uptake mechanisms have been studied in more de-
tail. FDG enters the cell via dedicated GLUTs, a family of transmembrane
macromolecules, of which four are currently known (GLUT-1–4). Inside the
cell FDG is phosphorylated by hexokinase II to FDG-6-phosphate (FDG-
6P), which is not a substrate of the glycolytic pathway. Dephosphorylation
and backward diffusion of FDG-6P is slow and the molecule is effectively
trapped in the cytosol. With this information at hand it is clear that FDG-PET
measures glucose uptake rather than glucose consumption, although both
processes are highly interrelated. Glucose uptake depends on the amount of
GLUT and hexokinase proteins in tissue, their rates, and the amount of sub-
strate available. The PET image integrates these factors.

The predominantly expressed GLUT in malignant cells is GLUT-1, which
is insulin-independent. Massive overexpression, both on the mRNA and the
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protein level, as well as increased rates have been found and correspond to
survival [126–129]. GLUT-3 is the predominant transporter in cerebral neu-
rons. [130, 131]. Normal cardiac myocytes rely mainly on insulin-dependent
GLUT-4 for transport, but GLUT-1 is increased in proportion to myocyte de-
rangement and disease progression in heart failure [132].

Since PET enables noninvasive evaluation of tissue metabolism, it is un-
derstandable that quantitative FDG-PET has been advocated as a biomarker
for drug development [133–136]. It is likely that FDG-PET as an indicator
of overall glucose flux will continue to be used for both diagnosis of disease
and evaluation of drug effects in the future, but the more precise imaging of
GLUTs requires new specific tracers [137].

4
Conclusions

PET is today used as a tool for the study of several transporter proteins, e.g.,
DAT, SERT, GLUT, VMAT2, and Pgp and to some extent NET. The “golden”
tracers for these systems have so far not yet been discovered and research is
ongoing at many PET centers worldwide, to evaluate existing and search for
new tracers as well as to develop new models for the interpretation of PET
data.

The task of developing a new tracer to measure a specific molecular pro-
cess in vivo is maybe as difficult as designing a new drug. Although the key
aspects to some extent coincide, they also differ at some crucial points. Affin-
ity and specificity as well as on and off rate constants for substance–protein
interaction are some important parameters. The processes in the develop-
ment of a suitable PET tracer are similar to drug development in several
aspects. For example, it is not possible from preclinical in vitro data and
structure–activity relationships to determine tracer or drug properties to a
higher level than to select candidates for further experimental evaluation.
In tracer development further preclinical in vivo studies and finally clinical
PET experiments are needed to find the few compounds that have the de-
sired kinetic characteristics necessary for a radiotracer. The main differences
between drug and tracer are the time, concentration, and specificity perspec-
tives. The time constraint infers that the tracer must reach the target organ
and bind to the target protein in sufficient amount while, at the same time,
the amount of free tracer in blood and tissue should be low to allow a high
signal to noise level. This must be achieved within the short time frame for
the half-life of the radionuclide. Moreover, since the tracer concept requires
that the tracer does not occupy more than 5% of the target protein, it is not
possible to use too high a concentration of the tracer to increase tissue up-
take. As the influx parameter K1 is a function of plasma concentration, the
unidirectional influx is determined by the inherent rate constant and cannot



Molecular Imaging of Transporters with Positron Emission Tomography 181

be influenced without compromising the tracer concept. Specificity is another
important parameter and tracer requirements are, apart from high ratio of
binding to the target versus other receptor or enzyme proteins, also depen-
dent on nonspecific tissue binding. A too high nonspecific binding precludes
a correct quantitative determination of the tracer–target protein interaction.
As can be understood, tracer development is both similar to but also dif-
ferent from drug development. Some aspects are common, such as affinity
and selectivity studies, whereas other aspects only apply for either of the two
processes.

In this chapter we have discussed some of the transporters where useful or
at least potentially useful tracers exist. There are several transporters of phys-
iological importance not covered here, and we foresee developments in the
future where PET tracers also become available for the study of other trans-
porters that may give insight into different brain disorders in terms of etiol-
ogy or disease progress. Molecular targets of interest lacking a suitable PET
imaging tool are, for example, the glycine, glutamate, and GABA transporters.
The joint collaboration between scientists in the field of drug development,
with access to structure templates with affinity for specific transporter pro-
teins, and PET experts, with competence within labeling synthesis and PET
methodology, is the key for further successful innovations in this area of re-
search.
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Abstract As the primary excitatory neurotransmitter in the mammalian CNS, l-glutamate
participates not only in standard fast synaptic communication, but also contributes to
higher order signal processing, as well as neuropathology. Given this variety of functional
roles, interest has been growing as to how the extracellular concentrations of l-glutamate
surrounding neurons are regulated by cellular transporter proteins. This review focuses
on two prominent systems, each of which appears capable of influencing both the sig-
naling and pathological actions of l-glutamate within the CNS: the sodium-dependent
excitatory amino acid transporters (EAATs) and the glutamate/cystine exchanger, sys-
tem x–

c (Sx–
c ). While the family of EAAT subtypes limit access to glutamate receptors by

rapidly and efficiently sequestering l-glutamate in neurons and glia, Sx–
c provides a route

for the export of glutamate from cells into the extracellular environment. The primary
intent of this work is to provide an overview of the inhibitors and substrates that have
been developed to delineate the pharmacological specificity of these transport systems,
as well as be exploited as probes with which to selectively investigate function. Particular
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attention is paid to the development of small molecule templates that mimic the struc-
tural properties of the endogenous substrates, l-glutamate, l-aspartate and l-cystine and
how strategic control of functional group position and/or the introduction of lipophilic
R-groups can impact multiple aspects of the transport process, including: subtype selec-
tivity, inhibitory potency, and substrate activity.

Keywords Aspartate · Aspartylamide · Benzyloxyaspartate · Pyrrolidine-dicarboxylate ·

Uptake

Abbreviations

#24 3-{[3′-Trifluoromethyl-2-methyl-1,1′-biphenyl-4-yl)car-
bonyl]amino}-l-alanine

4-MG (2S,4R)-4-Methyl glutamate
2,4-MPDC 2,4-Methanopyrrolidine-2,4-dicarboxylate
(2S,3R)-3-Me-L-trans-2,3-PDC (2S,3R)-3-Methyl-l-trans-2,3-pyrrolidine dicarboxylate
(2S,4R)-4-Me-L-trans-2,4-PDC (2S,4R)-4-Methyl-l-trans-2,4-pyrrolidine dicarboxylate
(4S,2′S)-APOC (4S,2′S)-2-[2′-Aminopropionate]-4,5-dihydro-oxazole-4-

carboxylic acid
(4S,5S)-POAD (4S,5S)-2-Phenyl-4,5-dihydro-oxazole-4,5-dicarboxylate
AHTP (R,S)-2-Amino-3-(1-hydroxy-1,2,3-triazol-5-yl)propio-

nate
AMPA α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
CNB-TBOA (2S,3S)-3-[3-(4-Cyanobenzoylamino)benzyloxy]aspar-

tate
DHK Dihydrokainate
EPSC Excitatory postsynaptic current
ETB-TBOA (2S,3S)-3-{3-[4-Ethylbenzoylamino]benzyloxy}aspartate
KA Kainic acid
L-anti-endo-3,4-MPDC l-anti-endo-3,4-Methanopyrrolidine dicarboxylate
L-AP4 l(+)-2-Amino-4-phosphonobutyric acid
L-β-THA l-β-threo-Hydroxy-aspartate
L-SOS l-Serine-O-sulphate
L-TBOA l-threo-Benzyloxy aspartate
L-trans-2,3-PDC l-trans-2,3-Pyrrolidine dicarboxylate
L-trans-2,4-PDC l-trans-2,4-Pyrrolidine dicarboxylate
NBI 59159 N-4-(9H-Fluoren-2-yl)-l-asparagine
NMDA N-Methyl-d-aspartate
PMB-TBOA (2S,3S)-3-[3-(4-Methoxybenzoylamino)benzyloxy]aspar-

tate
(S)-4-CPG (S)-4-Carboxy-phenylglycine
T3MG threo-3-Methylglutamate
TDPA S-2-Amino-3-(3-hydroxy-1,2,5-thiadiazol-5-yl)propionic

acid
TFB-TBOA (2S,3S)-3-(3-[4-(Trifluoromethyl)-benzoylamino]-benz-

yloxy)aspartate
WAY-855 3-Amino-tricyclo[2.2.1.0[2.6]]heptane-1,3-dicarboxylate
WAY 212922 N[4]-[7-(Trifluoromethyl)-9H-fluoren-2-yl]-l-aspar-

agine
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WAY 213394 N[4]-(2′-Methyl-1,1′-biphenyl-4-yl)-l-asparagine
WAY 213613 N4-[4-(2-Bromo-4,5-difluorophenoxy)phenyl]-l-aspara-

gine

1
Introduction

As our understanding of the physiological and pathological significance of
glutamate-mediated neurotransmission has increased over the past 40 years,
so too has our interest in the development of the excitatory amino acid (EAA)
analogues that can be used to study the structure, function, and therapeutic
relevance of the participating proteins. Now recognized as the primary ex-
citatory neurotransmitter in the mammalian CNS, this dicarboxylic amino
acid participates not only in standard fast synaptic communication, but
also contributes to the cellular signaling that underlies higher order pro-
cesses such as development, synaptic plasticity, learning and memory [1].
To a large extent, the ability of L-glutamate (L-Glu) to participate in such
a wide variety of functions is a result of the large diversity of EAA receptor
subtypes and splice variants available for signal mediation. These receptors
include those directly associated with ion channels (ionotropic receptors,
iGluRs), such as NMDA, KA and AMPA receptors, as well as those coupled
to second messenger systems (metabotropic receptors, mGluRs). The iGluRs
have garnered significant attention from both mechanistic and therapeutic
perspectives, because the over-activation of these receptors and subsequent
influx of excessive levels of ions (e.g., Ca2+, Na+) is now accepted as the funda-
mental pathological pathway (i.e. excitotoxicity) underlying neuronal injury
in both acute insults (e.g., stroke, trauma, hypoglycemia) and chronic neu-
rological and neuropsychiatric disorders (e.g., amyotrophic lateral sclerosis,
epilepsy, schizophrenia, Alzheimer’s disease, Huntington’s disease) [2–8]. The
mGluR’s, on the other hand, are more typically associated with the modula-
tion of excitatory transmission through a variety of G-protein coupled signal
transduction pathways [9, 10]. In addition to neurodegenerative pathways,
interest in these receptors has been linked to a number of disorders where
a therapeutic benefit may be found in establishing new balance points in
excitatory signaling through regulatory mechanisms, including epilepsy, anx-
iety and pain management [9, 11, 12]. Not surprisingly, much of the progress
made in understanding the pharmacology and physiological roles of EAA re-
ceptors have been dependent upon strong medicinal chemistry efforts that
have yielded growing libraries of receptor specific agonists and antagonists.

More recently, attention has focused on another family of proteins that
are also becoming accepted as integral to excitatory signaling i.e., the trans-
port systems that regulate the extracellular and intracellular concentrations
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of glutamate in the CNS. Given the ability of the transporters to efficiently
control the movement of glutamate into and out of cellular and subcellu-
lar compartments, these proteins have the potential to influence the amount
and time-course of the excitatory transmitter that reaches synaptic and ex-
trasynaptic receptors, thereby influencing both physiological signaling and
pathological injury. Not surprisingly, this has also created a need for addi-
tional EAA analogues with which to selectively characterize these transport
proteins. The present review focuses on two cellular transport systems that
appear to have a significant impact on excitatory transmission and/or excito-
toxicity: the sodium-dependent excitatory amino acid transporters (EAATs)
and the glutamate/cystine exchanger, system x–

c (Sx–
c ). The EAATs have long

been recognized for the ability to efficiently sequester L-Glu in neurons and
glia, thereby providing a route to clear this transmitter from the extracellular
space and regulate its access to EAA receptors. Sx–

c , on the other hand, func-
tions as an obligate exchanger that typically couples the import of L-cystine
(L-Cys2) with the export of L-Glu. While the uptake of L-Cys2 has been the
more common focus of studies on Sx–

c , recent evidence suggests that the re-
sulting export of L-Glu may represent a non-synaptic source of this excitatory
transmitter that may also contribute to both physiological and pathological
signaling. This review is intended to complement other works examining the
structure, regulation, and physiology of these transporters [13–19], by plac-
ing an emphasis on the small molecules that have been developed to delineate
the pharmacological specificity of these two transport systems, as well as be
exploited as probes with which to assess their potential contributions to CNS
signaling and pathology.

2
Excitatory Amino Acid Transporters (EAATs)

Among the uptake systems addressed in this review the excitatory amino
acid transporters (EAATs) have been studied for the longest period of time
and, not surprisingly, are the most thoroughly characterized. Interest in glu-
tamate transport initially arose within the context of establishing that this
dicarboxylic acid was indeed an excitatory transmitter, as it provided a mech-
anism to meet the requisite criteria of transmitter inactivation in the absence
of a synaptically localized degradative enzyme akin to acetylcholinesterase.
The identification of the high affinity glutamate uptake systems was also
key to unraveling the complexities of its metabolic compartmentalization
in the brain and the recognition of the glutamine cycle, in which synapti-
cally released glutamate is rapidly transported into astrocytes and converted
to glutamine by glutamine synthetase [20]. In turn, the glutamine is shut-
tled back to the presynaptic terminal, where it is reconverted into glutamate
by glutaminase for repackaging into synaptic vesicles. The significance of
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this pathway, and particularly the maintenance of low extracellular levels
of glutamate, became increasingly evident as the pathological properties of
L-Glu were delineated. Referred to as excitotoxicity, the over activation of
ionotropic EAA receptors by excitatory agonists produces an excessive influx
of ions (particularly Na+ and Ca2+) that triggers a number of pathological
pathways [6, 21–23]. Glutamate-mediated neuronal injury has become in-
creasingly recognized as a fundamental mechanism of CNS pathology that is
now linked to acute insults (e.g., stroke, head trauma, spinal cord injury) as
well as chronic neurodegenerative diseases (e.g., amyotrophic lateral sclero-
sis, Alzheimer’s, Parkinson’s and Huntington’s disease [5, 24–27].

2.1
Properties

Initially characterized on a basis of activity, the transport system was dis-
tinguished by its sodium dependency and high affinity (Km ≈ 1–5 µM) for
L-Glu [28]. To date, five isoforms of the EAATs have been isolated and
characterized. The first three were identified almost simultaneously: GLAST
(EAAT 1) [29] and GLT1 (EAAT 2) [30], which are principally considered glial
transporters, from rat brain and EAAC1 (EAAT 3) [31], a neuronal trans-
porter, from rabbit intestine. In addition to the subsequent identification
of the three homologous transporters from human brain [32], EAAT 4 and
EAAT 5 were isolated from cDNA libraries of human cerebellum and human
retina, respectively [33, 34]. On the basis of substrate specificity, EAATs 1–5
are considered as members of System X–

AG, while molecular analysis reveals
that the EAATs are members of a novel gene family [Human Genome Organi-
zation solute carrier family (SLC1)] that also includes the sodium-dependent
neutral amino acid transporters ASCT1 and ASCT2 [35, 36]. EAAT 1–3 have
been reported to be present outside the nervous system, while EAAT 4 is be-
lieved to be restricted to cerebellar and EAAT 5 to the retina [13, 37].

The EAATs are thought to function using an “alternate access” gating
mechanism in which the substrate initially interacts with an outwardly facing
binding domain [38, 39]. The binding of the substrate and requisite ions then
produces a conformational change that orients the protein such that the sub-
strate now has access to the intracellular compartment. In the instance of the
EAATs, the transport of one molecule of L-Glu is coupled to the inward move-
ment of 3 Na+ ions and a H+ [40]. Interestingly, recent crystallographic data
(see below) suggest that a minimum of two sodium ions are needed for bind-
ing, while the third may be more closely linked to the transition/translocation
step [39]. The reorientation that allows the binding domain to again be ac-
cessed extracellularly is coupled to the export of one K+ ion. The Na+ and
K+ gradients generated in CNS cells allows L-Glu to be concentrated intra-
cellularly more than 5 orders of magnitude and provides a way to maintain
L-Glu extracellular concentrations at a level that do not induce excitotoxic in-
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jury. Further, the stoichiometric ratio of substrate and its co-transported ions
also makes the uptake of L-Glu electrogenic [41]. Advantageously, this prop-
erty enables the transporter’s activity, pharmacology and biophysics to be
investigated using electrophysiological recording techniques. Using such ap-
proaches, the transporters have also been found to exhibit ion conductances
that are stoichiometrically independent of uptake and more consistent with
channel-like properties [33, 34, 42].

The publication of a crystal structure of an archaeal glutamate transporter
homologue from Pyrococcus horikoshii (GltPh) by Gouaux and colleagues in
2004 was a major turning point in understanding the molecular structure
of the EAATs [43]. While a number of previous studies supported the con-
clusion that the EAATs exist as homomultimers, the number of proposed
noncovalently associated subunits ranged from dimers to pentamers [44–46].
In the instance of GltPh, the transporter is composed of three subunits that
assemble into a bowl-like configuration with its solvent-filled basin facing
the extracellular surface. Each subunit is composed of eight α-helical trans-
membrane segments and two helical hairpin loops. Subsequent studies on
GltPh, have yielded more clearly resolved binding sites for the substrate, as
well as two of three requisite sodium ions needed for uptake [39]. Access to
these sites appears to be gated by one of the two hairpin loops, HP 2. In the
mechanistic model emerging from these studies, the binding of substrate and
sodium prompts the movement and stabilization of the HP 2 loop in a closed
configuration. Although not yet demonstrated, the HP 1 loop may play an
analogous role in the subsequent gating of the substrate and access of ions to
the intracellular compartment. Interestingly, when GltPh was crystallized with
L-TBOA, rather than L-aspartate, the aryl group of this competitive inhibitor
appeared to interact with the HP 2 and prevent this presumed gate from clos-
ing. Such an effect would explain the action of TBOA, as well as a number
of other analogues discussed in the pharmacology section, as a non-substrate
inhibitor; i.e., a ligand that binds to the substrate site but cannot be translo-
cated across the membrane. Having such structural models in hand provides
an important new contextual framework with which to evaluate our under-
standing of the pharmacological specificity of the EAATs that emerged from
traditional SAR studies.

2.2
Pharmacology

Much of the pharmacological characterization of the EAATs have revolved
around traditional competition assays, where EAA analogues are assayed for
the ability to reduce the uptake of a radiolabeled substrate, typically 3H-
L-Glu, 3H-L-aspartate or 3H-D-aspartate. The latter of these three has been
extensively employed because it affords the advantage of being metabolically
inert. Early studies relied on a variety of CNS preparations, such as synapto-
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somes tissue slices, or primary cell cultures, while current experiments more
often employ cells transfected to selectively express one of the five isolated
subtypes. Xenopus oocytes have played an especially important role in this
regard, not only as an expression system for cloning the subtypes, but also
because of the ease with which electrophysiological techniques can be used
to exploit the electrogenic character of EAAT-mediated uptake and quantify
substrate-induced currents in these cells [47]. This approach has allowed in-
hibitors previously identified in radiolabeled flux studies to be further differ-
entiated into alternative substrates or non-substrate inhibitors [48]. Indeed,
it is now common to find substrates characterized on a basis of maximum
current produced (Imax), rather than the traditional Vmax value generated in
radiolabel flux experiments.

Initial studies delineating the pharmacology of EAAT-mediated uptake
were carried out prior to the isolation of the individual subtypes and
therefore relied upon CNS preparations containing a mixture of isoforms.
Nonetheless, a number of fundamental structure–activity relationships
emerged from these experiments that may generalize to ligands capable
of binding to most or all of the EAATs [28, 49, 50]. These include being
an α-amino acid with a second acidic/charged group separated from the
α-carboxylate by 2–4 carbon atoms. The uptake systems exhibit an enantios-
electivity that is observed with the longer length ligands, such as L-Glu, but
diminishes with the shorter length analogues; e.g., D-aspartate and D-cysteate
are active not only as inhibitors, but also as substrates. While little if any vari-
ability is tolerated with respect to the α-carboxyl group, the distal carboxylate
can be replaced with sulfinic and sulfonic, but not phosphate-containing,
charged groups. Some limited modification can also be made to the distal
carboxylate without loss of inhibitory activity, such as derivatization to a hy-
droxamate. Additional steric bulk appended directly on the carbon backbone
also appears to be tolerated in the transporter binding site, as illustrated
by the inhibitory activity of threo-OH-aspartate, 3-methyl-, and 4-methyl-
glutamate [51]. In particular the hydroxy-aspartate provided a template for
the development of the very potent TBOA library of inhibitors [52].

Further progress in the development of more potent inhibitors, as well as
the first major inroads into subtype-selective ligands, emerged through the
development and application of conformationally constrained analogues [53].
In these compounds, ring systems and/or steric bulk are introduced so as to
limit the conformational flexibility of the compounds. As a result of this in-
creased rigidity, the compounds mimic fewer of the conformations attainable
by glutamate and, consequently, interact with a more limited range of glu-
tamate binding sites. In addition to conformational bias, appending alkyl or
aryl groups to the carbon backbone of substrates such as L-Glu or L-aspartate
also serve to facilitate interactions between the ligands and lipophilic protein
domains adjacent to the substrate binding site. As will be discussed below,
such side group interactions may be key to enhancing the potency and/or
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subtype specificity of the inhibitors, as well as a determining factor in the dif-
ferentiation of alternative substrates from non-substrate inhibitors. Another
benefit of the conformational restrictions, particularly evident in compounds
in which a glutamate or aspartate mimic is embedded in a ring system, is that
the positions of the functional groups can be accurately mapped in 3D space
and incorporated into SAR-based pharmacophore models [54–56]. Examples
of analogues designed using both acyclic and cyclic templates can be found in
the groups of inhibitors discussed below.

2.2.1
Substituted Aspartate Analogues

Long recognized as an alternative substrate, L-aspartate (Fig. 1a) has proven
to be of particular value as a “backbone” template in the design of EAAT
inhibitors. Indeed, two of the most potent families of blockers identified to
date can be traced back to two aspartate analogues characterized in some of
the earliest SAR work focused on glutamate uptake: β-threo-hydroxyaspartate
(β-THA) and L-aspartate-β-hydroxamate (Fig. 1b,c) [50]. β-THA was shown
to be an effective uptake blocker in tissue slices, synaptosomes and cultured
astrocytes, while more recent studies with the cloned EAATs demonstrate that
it acts as a competitive inhibitor at all five EAAT subtypes [47, 57]. Kinetic
studies yielded Ki values that range from a low of about 1 µM (EAAT 4 and
5) to a high of about 40 µM at EAAT 3. Interestingly, β-THA also exhibits
a wide range of activities with respect to its ability to serve as a substrate
and be translocated across the plasma membrane. Thus, based on substrate-
induced currents (i.e., Imax), β-THA is similar to L-Glu at EAATs 3 and 4,

Fig. 1 β-Substituted aspartate analogues
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about 30–70% as active as L-Glu at EAATs 1 and 2, and a non-substrate in-
hibitor of EAAT 5.

A significant advance in the development of much more potent inhibitors
came from Shimamoto and colleagues who discovered that the hydroxy
group of β-THA could serve as a linkage point for attachment of a variety
of side chains. These compounds were initially synthesized with ester link-
ages and included the acetoxy, propionyloxy, benzoyloxy, and (1-, 2-napthoyl)
oxy derivatives [52]. While these compounds proved to be effective com-
petitive inhibitors when tested at the EAATs (most often EAAT 1 or 2),
their use was limited because of chemical instability attributable to es-
ter cleavage or acyl migration. Importantly, however, these results led to
the development of comparable analogues that incorporated an ether link-
age. Especially noteworthy was D,L-TBOA (Fig. 1d), which was identified
at the time as one of the most potent EAAT 2 inhibitors yet recognized,
exhibiting Ki values in the low to sub-µM range, depending upon the
assay employed [58]. Further characterization revealed that: (i) more in-
hibitory activity resided with the L-enantiomer, (ii) TBOA competitively
blocked all five EAATs, and (iii) in each instance TBOA was acting as
a non-substrate inhibitor. Continued work by the Shimamoto group has
produced a growing library of TBOA derivatives that included modifica-
tions to the benzyl moiety, as well as its replacement with a variety of
aryl groups [59]. In addition to demonstrating that the presumed lipophilic
pocket with which these side groups were binding could accommodate sub-
stantial steric bulk, some of the analogues were found to be significantly
more potent than the parent compound. Thus, (2S,3S)-3-[3-(4-methoxy-
benzoylamino)benzyloxy]aspartate (PMB-TBOA) (Fig. 2a), (2S,3S)-3-{3-[4-
(trifluoromethoxy)benzoylamino]benzyloxy}aspartate CF3O-Bza-TBOA and

Fig. 2 L-threo-Benzyloxy aspartate analogues



196 R.J. Bridges · S.A. Patel

(2S,3S)-3-{3-[4-(trifluoromethyl)benzoylamino]benzyloxy}aspartate (TFB-
TBOA) (Fig. 2b) each exhibited IC50 values in the 1–10 nM range. Equally
significant, these modifications also increased the selectivity of some of
the analogues. For example, PMB-TBOA, (2S,3S)-3-[3-(4-cyanobenzoyl-
amino)benzyloxy]aspartate (CNB-TBOA) (Fig. 2c) and (2S,3S)-3-[3-(4-fluro-
benzoylamino)benzyloxy}aspartate (F-BzA-TBOA) are each 20 to 40-fold
more potent at EAAT 2 relative to EAAT 3. Most recently a tritiated deriva-
tive of (2S,3S)-3-{3-[4-ethylbenzoylamino]benzyloxy}aspartate (ETB-TBOA)
(Fig. 2d) was synthesized and used as a radioligand to selectively investi-
gate the binding properties of the EAATs [60]. This compound exhibited Kd

values of 10 to 30 nM for EAATs 1, 2, 4 and 5, and 320 nM for EAAT 3. Beyond
their value in distribution studies, such radioligands can serve as standards to
cross-correlate SAR data that is strictly based upon ligand binding, much in
the same way as has been done in studies of monoamine transporters [61, 62].

Esslinger and coworkers recently prepared the β-substituted aspartate
analogue in which the benzyl group is attached to the carbon backbone
via a methylene bond, rather than the ether linkage used in TBOA [54].
Significantly, L-β-benzyl-aspartate (Fig. 1e) proved to be one of the first com-
petitive inhibitors identified that preferentially blocked EAAT 3. The threo
diastereoisomer, which was more potent than the erythro, yielded a Ki value
in C17 cells expressing EAAT 3 (0.8 µM) that was about 10-fold lower than
found with either EAAT 1 or 2. Electrophysiological recording in oocytes ex-
pressing EAAT 3 confirmed that L-β-threo-benzyl-aspartate is a non-substrate
inhibitor. Computational modeling suggested that while the position of the
carboxylate and amino groups are very similar, the differential activity at
EAAT 3 may reside in the orientation of the benzyl group and/or the pres-
ence of the ether oxygen and how these specifically interact with the binding
domains of the individual EAATs.

2.2.2
Substituted Glutamate Analogues

While it has not proved quite as fruitful in terms of producing highly po-
tent or specific inhibitors, similar modifications to the carbon backbone of
L-Glu (Fig. 3a) has yielded a number of compounds that exhibit intriguing
activities at the EAATs. Initial studies, many of which were carried out by
Vandenberg and colleagues, focused on the addition of methyl or hydroxyl
groups to the 3 and 4 positions of glutamate. In this manner, the (±)-erythro
diastereoisomer of 3-methyl-glutamate was shown to exhibit little or no ac-
tivity at either EAAT 1 or 2, while (±)-threo-3-methyl-glutamate (Fig. 3b) was
found to be inactive at EAAT 1, yet act as a non-substrate inhibitor of EAAT 2
(Ki ≈ 20 µM; [51]). In the instance of substitutions at the 4-position, both
hydroxy and methyl groups are tolerated, but exhibit stereo-specific differ-
ences [51, 63]. Thus, (2S,4S)-4-hydroxy-glutamate is an alternative substrate
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Fig. 3 3-, 4-Substituted glutamate analogues

of both EAAT 1 (Km ≈ 61 µM) and EAAT 2 (Km ≈ 48 µM), while the 2S,4R
isomer appears inactive. In contrast, (2S,4S)-4-methylglutamate is inactive at
EAATs 1 and 2, while the 2S,4R isomer (Fig. 3c) is an alternative substrate of
EAAT 1 (Km ≈ 54 µM) and a non-substrate inhibitor of EAAT 2 (Ki ≈ 3 µm).
When substitutions at the 4-position of L-Glu were markedly expanded to in-
clude a variety of alkyl groups, the resulting SAR data was consistent with
TBOA-based analogues with respect to the conclusion that the binding sites of
EAATs 1–3 could accommodate considerable steric bulk, although the mod-
ifications did not yield a comparable increase in inhibitory potency. With
the exception of the ability of EAAT 1 to use (2S,4R)-methylglutamate as
a substrate, all of the alkyl-substituted analogues proved to be non-substrate
inhibitors at all three transporters. (2S,4R)-4-Benzyl-glutamate was also of
particular note because it preferentially inhibited EAAT 1, compared to either
EAAT 2 or 3 [63].

2.2.3
Amide Derivatives of Aspartate and Diaminopropionate

Another valuable series of EAAT inhibitors has emerged from collabora-
tive work of Dunlop, Foster, Butera and colleagues, using L-aspartate and
diaminopropionate as structural templates [64, 65]. Rather than TBOA-like
molecules, in which additions were made to the C3 position, this new se-
ries of analogues employed amide linkages to mimic the distal carboxylate
group and as a point of attachment for a wide variety of aryl groups. This
modification is particularly interesting as it suggests that the distal car-
boxylate, unlike its α counterpart, can be partially “masked”. While the
ability of such a modification to be tolerated in the binding site was sug-
gested by early studies examining the activity of aspartate and glutamate
hydroxamates, this library of analogues is particularly interesting because
it contains inhibitors that both exhibit IC50 values in the sub-µM range
and display increased subtype selectivity. For example, WAY-213394 (IC50 ≈

0.1 µM), WAY-2129222 and WAY-0213613 (Fig. 4a–c) are reported to be be-
tween 20 to 100-fold more potent as inhibitors of EAAT 2 (IC50 ≈ 0.1 µM),
then either EAAT 1 or 3. Equally interesting are analogues such as NBI-
59159 (IC50 ≈ 0.1 µM) and 3-{[3′-trifluoromethyl-2-methyl-1,1′-biphenyl-4-
yl)carbonyl]amino}-L-alanine cited by Greenfield and co-workers as #24 [64]
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Fig. 4 Amide derivatives of aspartate and diaminopropionate

(IC50 ≈ 9 µM) (Fig. 4d,e) that are among the first to show preferential activity
at EAAT 3.

2.2.4
Carboxy-cyclopropyl and Cyclobutyl Analogues

As an alternative to appending functional groups directly to a glutamate or
aspartate template, a number of inhibitor collections have exploited ring sys-
tems to bias, and often at times limit, the spatial configuration of the required
carboxylic and amino function of the excitatory amino acids. The carboxy-
cyclopropylglycines have proven quite advantageous in this respect, as this
parent structure has led to pharmacological probes of not only transporters,
but also ionotropic and metabotropic receptors [66, 67]. Three of the isomers,
CCG-II, III and IV, effectively inhibited the transport of L-Glu, although these
initial studies were primarily carried out in heterogeneous CNS preparations
(e.g., synaptosomes, glial plasmalemmal vesicles), rather than with isolated
EAAT subtypes [68]. In later studies employing expressed EAATs, both CCG-
III and CCG-IV (Fig. 5a,b) were shown to inhibit EAAT 2 with IC50 values
of 0.3 and 1 µM respectively, while CCG-II produced no inhibitory activity
when tested at 10 µM [69]. Subsequent studies reported that CCG-III blocked
EAAT 1 and EAAT 3, as well as EAAT 2 (although the Ki values were some-
what higher, e.g., 2.5–10 µM), but that CCG-IV was considerably less potent
at EAATs 1–3 (Ki or IC50 values ranging from 170 to 900 µM) [58, 70].
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Fig. 5 Carboxy-cyclopropyl and cyclobutyl analogues

A related series of L-2-(2-carboxycyclobutyl)glycines (CBG’s) was recently
prepared using an aspartate aminotransferase in a chemo-enzymatic synthe-
sis and assessed for EAAT activity with a FLIPR-based membrane potential
assay [71, 72]. While none of the CBG isomers tested proved to be exception-
ally potent inhibitors, L-CBG-I was found to be a substrate for EAAT 1–3, al-
beit with Km values 10 to 20-fold greater than for L-Glu. In contrast, L-CBG-II
(Fig. 5c) inhibits all three EAATs, acting as an alternative substrate of EAAT 1
(Km = 96 µM) and a non-substrate inhibitor of EAATs 2 and 3 (Km = 22 and
49 µM, respectively). A marked subtype selectivity (up to about 30-fold) was
observed with L-CBG-III and -IV (Fig. 5d,e), which are non-substrate in-
hibitors of EAAT 2 and 3, but exhibit markedly less activity at EAAT 1. Of all
the CBG’s characterized, CBG-IV was reported to be the most potent, yielding
Ki values of 7 and 10 µM at EAATs 2 and 3, respectively [71].

2.2.5
Pyrrolidine Dicarboxylate (PDC) Analogues

One of the earliest cyclic analogues of glutamate to garner attention as an
uptake inhibitor was dihyrokainate (DHK) (Fig. 6a), the reduced form of the
classic iGluR agonist kainate [73]. While first characterized as a transport
blocker in heterogeneous CNS preparations, interest in DHK has remained,
as studies with the isolated EAAT subtypes identified it as a selective inhibitor
of EAAT 2 [32]. The same five-membered pyrrolidine ring present in DHK is
also found in a series of analogues in which the distal carboxylate group is di-
rectly attached to the pyrrolidine ring rather than via a methylene linkage. In
the first of this series, carboxylate groups were placed at the 2 and 4 positions
to mimic glutamate. Of the four diastereoisomers, L-trans-2,4-pyrrolidine
dicarboxylate (L-trans-2,4-PDC) (Fig. 6b) was found to be the most potent
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Fig. 6 Pyrrolidine dicarboxylate (PDC) analogues

inhibitor of synaptosomal L-Glu transport (Ki ≈ 2–5 µM) [74]. Significantly,
L-trans-2,4-PDC also exhibited little if any activity at EAA ionotropic recep-
tors. When later examined against the individual EAAT subtypes, L-trans-
2,4-PDC was shown to: (i) inhibit all five subtypes, (ii) act as an alternative
substrate of EAATs 1–4 (Km ≈ 28, 7, 27 and 3 µM, respectively) and (iii) be
a non-substrate inhibitor of EAAT 5 (EC50 ≈ 6 µM) [32–34]. Repositioning
the distal carboxylate mimic from the 4 to the 3 position on the pyrrolidine
ring yielded a more “aspartate-like” compound that was void of substrate
activity at EAAT 2, yet acted at this subtype as a non-substrate inhibitor
(Ki ≈ 10 µM) with an enhanced selectivity (≈ 10 to 20 fold), compared to
EAATs 1–4 ([48] and M.P. Kavanaugh, personal communication). With a func-
tional group configuration more similar to aspartate, it was not surprising
that L-trans-2,3-PDC (Fig. 6c), unlike L-trans-2,4-PDC, is a potent NMDA ag-
onist and excitotoxin [75].

Further restricting the PDC template through the addition of methy-
lene bridges has also demonstrated that subtle structural changes can pro-
duce compounds with very divergent properties at the EAATs, particu-
larly as related to the ability of analogues to serve as alternative sub-
strates. For example, L-anti-endo-3,4-MPDC (Fig. 6d) is a non-substrate in-
hibitor of EAAT 2, exhibiting Ki values of ≈ 5 µM synaptosomes (in which
the EAAT 2 subtype is predominant) and ≈ 9 µM in oocytes expressing
EAAT 2. The closely related 2,4-methanopyrrolidine-2,4-dicarboxylate (2,4-
MPDC) (Fig. 6e) also binds and competitively inhibits synaptosomal uptake
of 3H-D-aspartate (Ki ≈ 7 µM), yet appears to be translocated quite effec-
tively by EAAT 2, as it yielded an Imax value that is actually greater (115%,
Km ≈ 45 µM) than that produced by the endogenous substrate L-Glu [48].
Interestingly, these results suggest that conformational restriction does not
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necessarily attenuate substrate suitability. Analogous changes in activity can
also be produced by introducing methyl groups into the PDC template. Thus,
both L-trans-2,4-PDC and (2S,4R)-4-methyl-2,4-PDC (Fig. 6f) act as compet-
itive inhibitors of EAAT 2-mediated uptake, (Ki = 2–3 µM in synaptosomes),
although the presence of the methyl group essentially converts L-trans-2,4-
PDC from a substrate to a non-substrate inhibitor ([55], also confirmed in
oocytes expressing EAAT 2 by M.P. Kavanaugh). Taken together, these SAR
studies highlight that the value of the PDC’s rests not as much with their po-
tency as inhibitors, but with their constrained structures that allow requisite
functional group positions to be identified and exploited in the generation of
pharmacophore models for both binding and translocation.

2.2.6
Heterocyclic and Carbocyclic Analogues

A number of other alternative ring systems have also been employed in
the development of EAAT inhibitors, several of which were initially used as
probes of EAA receptor pharmacology. For example, the library of azole-
containing heterocyclic analogues used in the development of AMPA receptor
agonists and antagonists by Krogsgaard-Larsen, Stensbol, Madsen, Brauner-
Osborne and colleagues have also yielded compounds that exhibit activity
at the EAATs [76, 77]. In particular, (R,S)-2-amino-3-(1-hydroxy-1,2,3-triazol-
5-yl)propionate (AHTP) (Fig. 7a) inhibited 3H-D-aspartate uptake into Cos-7
cells expressing EAAT 1 and EAAT 2 with IC50 values of about 100 and
300 µM, respectively. The compound appeared inactive at EAAT 3. This ac-
tivity is notable not so much in terms of potency, but because this triazole
derivative is one of the few compounds that preferentially acts at EAAT 1,
rather than EAAT 2. In contrast, S-2-amino-3-(1-hydroxy-1,2,5-thiadiazol-4-
yl)propionic acid (TDPA) (Fig. 7b), a related analogue in which the central
nitrogen of the triazole group was replaced with sulfur, proved to be a se-
lective inhibitor of EAAT 2 (Ki ≈ 100 µM) [77]. Comparisons between these
compounds and related AMPA analogues also led to the supposition that
AMPA itself does not bind to the EAATs because its 5-methyl substituent is
not tolerated within the binding site.

A similar series of analogues incorporating oxazole and oxazoline ring
systems were developed by Campiani and coworkers and also shown to act
as EAAT inhibitors [78, 79]. While also nitrogen-containing heterocyclics,
these compounds, like the PDC’s, possess carboxylate groups directly at-
tached to the five-membered ring. Interestingly, when tested against EAAT 3
(EAAC 1) expressed in HEK-293 cells, (4S,2′S)-2-[2′-aminopropionate]-4,5-
dihydro-oxazole-4-carboxylic acid ((4S,2′S)-APOC) (Fig. 7c) was found not
only to bind, but to act as a substrate of the transporter, exhibiting an Imax

comparable to L-Glu and a Km value of about 30 µM. Like AHTP and TDPA,
the presumed α-amino and α-carboxylate mimics of L-Glu are incorporated
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Fig. 7 Heterocyclic and carbocyclic EAAT inhibitors

into APOC via a 2-amino-3-propionate group. If the linkage to the ring is in-
creased by another methylene group, it results in a marked loss of activity.
Interestingly, it appears as if the nitrogen of the oxazole ring can also function
as an amino group mimic, similar to the PDC’s, as (4S,5S)-2-phenyl-4,5-
dihydro-oxazole-4,5-dicarboxylate (4S,5S-POAD) (Fig. 7d) inhibited EAAT 3
with a Ki value of 14 µM [78]. In contrast to 4S,2′S-APOC, however, 4S,5S-
POAD acts as a non-substrate inhibitor.

Rather than a heterocyclic template, Dunlop and coworkers have also de-
veloped a tricycloheptane-based analogue, 3-amino-tricyclo[2.2.1.0[2.6]]hep-
tane-1,3-dicarboxylate (WAY-855) (Fig. 7e), that is somewhat akin to the PDC
analogues in its use of conformational restriction, with the exception that the
α-amino acid group mimic is not embedded within the ring [80]. WAY-855
has attracted considerable attention because it displays a very strong prefer-
ence for EAAT 2, compared to either EAAT 1 or 3. When tested in oocytes
expressing EAATs 1–3, the analogue was reported to be a non-substrate in-
hibitor of all three subtypes that was 50-fold more potent at EAAT 2, where
it exhibited an IC50 of about 1 µM.

2.3
Analogues as Probes of Substrate and Subtype Specificity

The combination of a growing library of analogues that potently bind to
the EAATs, the ease with which the subtypes can be individually studied,
and a crystallographic-based structural model of a homologous transporter
have all had a dramatic impact on advancing our understanding of EAAT
pharmacology. Two issues that have now progressed to the forefront of the
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field concern delineating the structure–activity relations that govern subtype
selectivity and substrate activity. The goal of developing subtype selective
inhibitors is especially applicable to functional studies aimed at determin-
ing if the various EAATs, particularly EAATs 1–3 differentially contribute to
the physiological roles generally ascribed to uptake, including signal termi-
nation, transmitter recycling, and excitotoxic protection. To date the greatest
progress has been made in developing inhibitors that exhibit a marked selec-
tivity for EAAT 2. These compounds include DHK and L-anti-endo-3,4-PDC
among the pyrrolidine dicarboxylates, WAY-213394 and WAY-213613 among
the aspartamides, PivA-TBOA and CNB-TBOA among benzoylaspartates, and
the tricyclohexane analogue WAY-855 [32, 48, 56, 80]. While not as much
progress has been made with respect to the other subtypes, new lead com-
pounds are beginning to emerge. In the instance of the neuronal transporter
EAAT 3, L-β-threo-benzyl-aspartate and NBI-59159 have been shown to pref-
erentially block EAAT 3 with IC50/Ki values (0.8 and 0.1 µM, respectively) that
are about 10 to 20 times lower than found with EAATs 1 or 2 [54, 81]. Both
of these compounds function as non-substrate inhibitors. The triazole-based
analogue AHTP is one of the first conformationally constrained analogues
to exhibit a modest degree of selectivity for EAAT 1 (≈ 3-fold), compared to
EAATs 2 or 3, although it is relatively weak when compared to the potency
of the more recently developed blockers (IC50 ≈ 100 µM). Interestingly, sub-
strate selectivity can also be used to distinguish EAAT 1 from EAAT 2. For
example, L-serine-O-sulfate and 4-methylglutamate exhibit Imax values that
are much more comparable to L-Glu at EAAT 1 (≈ 100 and 80%, respec-
tively), than at EAAT 1, where L-serine-O-sulfate is only a moderate substrate
(Imax ≈ 50%) and 4-methylglutamate is a non-substrate inhibitor. As a major-
ity of the analogues discussed above have only been assessed for activity at
EAATs 1–3, considerably less is known about the specificity of EAATs 4 and 5.
Initial studies on these transporters have, however, identified a few distin-
guishing properties also linked to substrate specificity. For example the longer
glutamate homologues L-α-aminoadipate and L-homocysteic acid that exhibit
little or no interactions with EAATs 1–3, serve as substrates of EAAT 4 with
Imax greater than L-Glu itself. In contrast, the substrate specificity of EAAT 5,
is readily differentiated from the other subtypes by β-THA and L-trans-2,4-
PDC, which are partial or full substrates of EAATs 1–4, but non-substrate
inhibitors of EAAT 5.

It is quite intriguing that subtle variations among the “R” groups within
families of compounds such as the benzoylaspartates, benzylaspartates, and
aspartamides may be central to developing subtype selective inhibitors. SAR-
based pharmacophore modeling with inhibitors of EAAT 1-3 and, more
recently, crystallographic results, are consistent with the conclusion that
the primary functional groups of the endogenous substrates (i.e., α-amino,
α-carboxyl and distal carboxyl groups), are likely occupying very similar pos-
itions within the transporter binding sites. In turn, this would suggest that
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the selectivity observed with the compounds described above may be due to
the presence of lipophilic groups and the likelihood that the protein domains
with which these groups interact vary among the subtypes. In particular, the
structural data generated when the transporter (GLtPh) was crystallized with
TBOA bound, suggest that the HP 2 loop thought to be involved in substrate
gating may represent one of these lipophilic domains. However, the fact that
a number of inhibitors, such as TBOA itself, act at all three EAATs and exhibit
little or no selectivity, while the closely related PMB-TBOA and L-β-threo-
benzyl-aspartate exhibit preferences for EAAT 2 and EAAT 3, respectively,
indicates that it is not merely the presence or absence of a lipophilic R group
that dictates specificity but probably subtle differences in its linkage, orienta-
tion and/or chemical composition.

The presence of the lipophilic R groups on these inhibitors also appears to
be an important determinant in whether or not compounds act as alternative
substrates for the transporters. Computational-based pharmacophore model-
ing with identified substrates demonstrated that these compounds not only
share a very similar placement of amino and carboxylate groups, but also the
space occupied by their respective carbon backbones [54]. Comparisons with
other competitive inhibitors that lacked substrate activity allowed regions to
be identified where steric bulk is tolerated within the binding site, but falls
outside of the volume constrained by the substrates. In particular, there was
considerable overlap in the regions occupied by the lipophilic R groups linked
to the distal part of aspartate, such as present in the benzoylaspartates, benzy-
laspartates, and aspartamides. The increased potency of these inhibitors led
to the hypothesis that the interaction of these lipophilic R groups with specific
protein domains enhanced binding, but also led to a loss of substrate activity.
Significantly, crystallographic studies with TBOA added a structural explana-
tion to this concept, as the R-group of TBOA was shown to interact with the
HP 2 loop of GLtPh and produce a configuration that was different from that
observed in the “closed” orientation normally seen with the binding of as-
partate [39]. Thus, the binding of TBOA (and its closely related analogues)
may be enhanced because of its ability to interact with the HP 2 loop, but be-
cause this prevents the HP 2 loop from closing, the gating mechanism fails to
operate and the inhibitor cannot be transported. It will be interesting to see
if other non-substrate inhibitors, with smaller R-groups, (e.g., methyl-PDCs),
can be utilized to define the limits of HP 2 loop movement during binding and
translocation.

2.4
Analogues as Probes of Physiological and Pathological Roles

The EAATs are juxtaposed within the pathways of glutamate-mediated neu-
rotransmission in such a manner as to potentially influence a number of
variables, including: the concentration and time course with which vesic-
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ularly released glutamate interacts with synaptic EAA receptors, spillover
of transmitter out of the synaptic cleft and access to extrasynaptic recep-
tors, and the general maintenance of extracellular levels of glutamate be-
low those which could trigger excitotoxic pathology. Considerable effort has
been focused on trying to determine how these various roles are distributed
and/or differ among transporter subtypes, cell populations, and specific cir-
cuits. Toward this goal the inhibitors and substrates discussed above have
often been used in attempts to assess whether or not the EAATs signifi-
cantly contribute to a particular activity. For example, the questions as to
the respective contributions of uptake and diffusion to the termination of
the excitatory signal has been investigated by examining if excitatory post-
synaptic current (EPSC) properties are effected by the presence of EAAT
inhibitors. Such studies have revealed a heterogeneity among synaptic con-
nections, as transport blockers produced a slowing of the EPSC in some
circuits (e.g., inputs to cerebellar Purkinje neurons), but not in others (be-
tween CA 3 and CA 1 hippocampal neurons) [82–85]. Comparisons among
a number of preparations suggest that transport will have more of an in-
fluence on excitatory signaling where there is an increased likelihood that
L-Glu can accumulate in the synaptic cleft. These relatively higher levels
of L-Glu could be a consequence of increased release due to the presence
of multivesicular release, increased density of release sites, or increased
incidence of high frequency stimulation. Alternatively, any spatial charac-
teristic that would make the cleft less accessible to the bulk CSF, such as
glial ensheathment, would tend to lessen diffusion and favor accumula-
tion. Examples of connections in which EAAT-mediated uptake has been
reported to contribute to signal termination include synapses of the cerebel-
lar climbing fibers, mossy fibers, retinal bipolar ganglion, and auditory brain
stem [86–91].

The localization of EAATs around synapses also places these transporters
in a position to regulate the amount of L-Glu that can either escape from or
enter a particular synaptic cleft. In this manner, uptake can potentially serve
as a control point in determining the extent to which L-Glu released from one
synapse can activate EAA receptors present perisynaptically (i.e., spillover) or
even in adjacent synapses (i.e., cross-talk). Once again, EAAT inhibitors have
featured prominently in these studies and have been used to demonstrate that
attenuating transporter activity can enhance the ability of L-Glu to reach and
activate mGluRs at a distance. Examples include postsynaptic group I mGluR
in the hippocampus and cerebellum, the group II mGluRs that mediate presy-
naptic inhibition on hippocampal neurons, and group III mGluRs on GABA
terminals [92–94]. While it is more difficult to establish whether synaptic
ionotropic receptors are being specifically activated by extrasynaptic L-Glu,
studies suggest that this indeed is occurring and that the EAATs are influenc-
ing this signaling process in hippocampal CA1 cells, cerebellar stellate cells,
and olfactory bulb mitral cells [95–98].
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As will be discussed later in this review, the efflux of L-Glu through
the System x–

c (Sx–
c ) transporter rather than synaptic release may, in some

brain regions, represent another physiological relevant source of extracellu-
lar L-Glu. The normal operation of Sx–

c stoichiometrically couples the import
of L-cystine with the export of L-Glu [99]. In addition to providing a needed
amino acid precursor, evidence suggests that under some circumstances the
resulting extracellular L-Glu provides for the tonic activation of presynaptic
mGluRs that, in turn, regulate L-Glu release [100–102]. Even though the ex-
change of L-cystine and L-Glu are mediated by Sx–

c , the EAATs play an integral
role in both of these pathways. In the first, the EAATs maintain the L-Glu gra-
dient necessary to drive the import of L-cystine, and in the second, it is the
balance between the densities, location, and activities of both Sx–

c and the
EAATs that should ultimately determine if L-Glu accumulates to a sufficient
level to activate the mGluRs.

As extracellular levels of L-Glu increase, the functional significance of the
EAATs shifts from signal termination to excitotoxic protection. Both phar-
macological and molecular manipulations of the EAATs indicate that there
is an inverse relationship between transport activity and excitotoxic vulnera-
bility. For example, co-administration of glutamate with transport inhibitors
that exhibit little or no toxicity by themselves, such as L-2,4-PDC or β-THA,
have been found to exacerbate the extent of the glutamate-mediated neuronal
damage both in vitro and in vivo [103–106]. Subsequent studies also demon-
strated that the pathological consequences of compromised EAAT activity
was not necessarily dependent upon the inhibitors being co-administered
with exogenous L-Glu. Thus, neuronal loss was also observed in long-term
organotypic spinal cord slice cultures that were chronically exposed to EAAT
inhibitors [107]. This study was of particular interest because of the reported
loss of EAAT 2 in amyotrophic lateral sclerosis (ALS) (for review see [25])
and the observation that the motor neurons within these slices were found
to be the most vulnerable to injury. Stereotaxic injections of TBOA directly
into the hippocampus or striatum also produced increased extracellular levels
of L-Glu, electroencephalographic activity indicative of seizures and neuronal
damage [108]. In contrast, comparable administrations of L-2,4-PDC did not
produce significant neuronal loss, suggesting that the substrate properties of
an inhibitor (i.e., whether or not it can be cleared from the extracellular space,
see above) can have a marked influence on its actions in vivo. The ability of
an inhibitor to serve as a substrate also raises the possibility that the ana-
logues may participate in the process of heteroexchange with intracellular
L-Glu. This possibility was highlighted in experiments in which pathologi-
cal conditions (e.g., typically energy depletion) lead to the disruption of the
ion gradients used to maintain the L-Glu gradient and, consequently, pro-
mote its efflux through the reversed action of the transporter [48, 109–112].
Under such conditions, non-substrate inhibitors, such as TBOA and L-trans-
2,3-PDC attenuate this reversed action, essentially trapping the transporter
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binding site in its external-facing configuration. Alternative substrates, on the
other hand, can be translocated and allow a continued efflux of L-Glu as the
transporter cycles between the external and internal compartments.

The pharmacological experiments described above are also consistent with
studies in which the expression of the EAATs has been molecularly ma-
nipulated. Thus, neuronal pathology indicative of excitotoxicity was also
observed following the in vitro or in vivo administration of antisense oligonu-
cleotides for EAATs 1–3 [113, 114]. Mice that are homozygous deficient for
Glt 1 (EAAT 2) show an increased vulnerability to cortical injury, hip-
pocampal neurodegeneration, and die prematurely from severe spontaneous
seizures [115]. GLAST (EAAT 1) knockout mice do not exhibit any overt neu-
rodegeneration, but display motor problems and increased neuropathology
following cerebellar injury [116]. Similarly, neurodegenerative pathology was
not present in mice homozygous deficient for EAAC 1 (EAAT 3), although
there is a significant decrease in locomotor activity [117]. More recent stud-
ies on these mice report an increased neurodegeneration with age, decreased
neuronal levels of glutathione and an increased vulnerability to oxidative
stress, consistent with a role of EAAT 3 in cysteine transport and glutathione
production [118]. Although brain development appeared normal in each of
these transgenic mice, a GLAST/GLT 1 (EAAT 1/EAAT 2) double knock out re-
vealed multiple deficits in cortical and hippocampal organization, indicating
that there may be compensation by other subtypes in the individual mouse
models [119].

Taken together, these pharmacological and molecular studies highlight
the neuroprotective role of the EAATs and, consequently, have prompted
a therapeutic interest in agents that enhance glutamate uptake, rather than
inhibit it. Unfortunately, traditional structure activity studies and rational
analogue design strategies lend themselves more to the development of in-
hibitors and substrates, rather than activating agents acting at a distinct
site. That being said, a few potential strategies have emerged to enhance
transporter activity. With respect to potential allosteric modulators, arachi-
donic acid has been reported to inhibit the activity of EAAT 1, but increase
EAAT 2 mediated uptake by increasing its affinity for L-Glu [120]. More re-
cently, attention has focused on the identification of molecules capable of
targeting and activating specific gene promoters regulating EAAT expres-
sion. In the case of GLT 1 (the rat homologue of EAAT 2) a blind screen of
1,040 FDA approved drugs and nutritionals conducted as part of the NINDS
Drug Screening Consortium identified a series of 10 to 15 β-lactam and
cephalosporin antibiotics as potent stimulators of GLT1/EAAT 2 protein ex-
pression and activity. In particular, the addition of ceftriaxone to organotypic
rat spinal cord slice cultures for 5–7 days resulted in a 3-fold increase in
both cell surface GLT1 expression, as determined by immunoblotting and
transport activity quantified by uptake of radiolabeled L-Glu [121]. Addi-
tionally, ceftriaxone was able to prevent glutamate induced large ventral mo-
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tor neuron degeneration resulting from the chronic blockade of glutamate
transport by threo-β-hydroxyaspartate (THA) in organotypic spinal cord cul-
tures. These findings point to possible therapeutic potential in neuropatholo-
gies where glutamate transport may be compromised elevating the risk of
excitotoxicity.

3
System x–

c : Cystine/Glutamate Exchanger

Much of the interest in the EAAT system has revolved around the process
of uptake, that is the ability of these transporters to regulate extracellular
L-Glu level by sequestering it intracellularly in glia or neurons. System x–

c
(Sx–

c ), on the other hand, has attracted attention because its accepted mode
of operation provides a route for the export of glutamate from cells into the
extracellular environment of the CNS and, consequently, access to EAA recep-
tors. As Sx–

c is an obligate exchanger, this efflux of L-Glu is linked with import
of L-cystine (L-Cys2), a sulfur-containing amino acid critical to a number of
metabolic pathways, most notably the synthesis of glutathione (GSH) [122].
In this respect, both sides of this exchange reaction have significant implica-
tions within the CNS: the uptake of L-Cys2 as a precursor in the maintenance
of GSH levels for oxidative protection, and the efflux of L-Glu as a novel
source of the neurotransmitter for excitatory signaling or excitotoxicity. The
significance of these actions is reflected in the range of CNS processes to
which Sx–

c has recently been linked, including: oxidative protection [123], the
operation of the blood–brain barrier [124], drug addiction [102], and synap-
tic organization [125].

3.1
Properties

Like most transporters, Sx–
c was first identified (and named) on an activity

dependent basis, where its specificity, ionic dependence, and exchange prop-
erties differentiated it from other transporters. Recent molecular studies re-
veal that Sx–

c is part of the heteromeric amino acid transporter family (HATs;
aka glycoprotein-associated amino acid exchangers) [126, 127]. These pro-
teins are disulfide-linked heterodimers containing one of two type-II mem-
brane N-glycoproteins termed “heavy chains” (e.g., 4F2hc or rBat) in com-
bination with one of several different highly hydrophobic, non-glycosylated
“light chains”. In the instance of Sx–

c , the heavy and light chains are 4F2hc
(≈ 80 kDa; aka CD98 or FRP1) and xCT (≈ 40 kDa), respectively. The amino
acid transport activity of the complex resides with the xCT subunit, which
is thought to adopt a 12 transmembrane domain topology with the N and
C termini found intracellularly. Thiol modification studies on xCT suggest



Pharmacology of Glutamate Transport in the CNS 209

that a re-entrant loop between TM 2 and 3, as well as regions of TM 8
may be involved in substrate binding and permeation [128, 129]. Interest-
ingly, the xCT subunit has also been identified as the fusion-entry receptor
for Kaposi’s sarcoma-associated virus [130]. The 4F2hc subunit has a sin-
gle transmembrane domain and is required for the trafficking of xCT to the
plasma membrane [128, 131, 132].

Sx–
c has been identified in a wide variety of CNS cells (e.g., astro-

cytes [99, 133, 134], microglia [135], retinal Muller cells [136], immature
cortical neurons [137], and glioma cell lines [99, 138]), as well as fibrob-
lasts, macrophages, hepatocytes and endothelial cells [124, 127, 139, 140]. The
transporter is an obligate exchanger that mediates a 1 : 1 exchange of extra-
cellular and intracellular amino acid substrates. In contrast to the EAATs, its
activity is Na-independent and Cl-dependent, although it is still unclear if
Cl– ions are co-transported. As mentioned above, its primary mode of opera-
tion couples the import of L-Cys2 with the export of L-Glu, thereby allowing
the L-Glu gradient generated by (EAATs) to serve as the driving force for
L-Cys2 accumulation. Activity can be assessed with either radiolabeled L-Cys2

or L-Glu, with each acting as a competitive inhibitor of the other [99, 138].
On the basis of the influence of pH, it was concluded that both L-Glu and L-
Cys2 are transported in an anionic form which, in turn, is also consistent with
uptake being electroneutral [141].

3.2
Pharmacology

Initial pharmacological characterizations of Sx–
c defined the substrate activi-

ties of L-Cys2 and L-Glu (Km ≈ 50 µM) (Fig. 8a,b), established it as an obligate
exchanger and identified several defining features of its specificity, includ-
ing that: (i) L-aspartate is neither a substrate nor inhibitor, (ii) homocysteate
is an effective inhibitor, (i.e., the binding site will tolerate a SO3

– moiety
in place of the distal COO– functional group) and (iii) α-aminoadipate and
α-aminopimelate are inhibitors (i.e., the binding site will accept longer ho-
mologues of L-Glu) [142]. Ironically, some of the earliest insights into the
presence and pharmacology of Sx–

c specifically within the CNS, emerged not
from uptake studies, but from autoradiographic and membrane binding ex-
periments. Thus, at a time when considerable effort was being devoted to
the characterization of the EAA receptors, a chloride-dependent glutamate
binding site identified in CNS preparations was suspected of being a novel
receptor [143]. Subsequent studies, however, provided evidence that the ob-
served binding was: likely associated with a transporter, could be blocked
by L-Cys2, exhibited a distinct distribution, and was enriched on glial mem-
branes [144–148]. As the properties and roles of Sx–

c in other cell systems
became more widely recognized, it became clear that much of this CNS bind-
ing was undoubtedly attributable to the Sx–

c transporter.
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Fig. 8 System x–
c inhibitors and substrates

Exploiting the finding that CNS-derived tumor cell lines exhibit high levels
of Sx–

c activity [99, 149–152] has allowed more thorough investigations of the
structure–activity relationships (SARs) governing binding and translocation.
Consistent with the inhibitory activity of L-homocysteate, the substrate-
binding site accommodates the SO3

– moieties of S-sulfo-L-cysteine and
L-serine-O-sulfate (Ki ≈ 25 µM) (Fig. 8c), the SO2

– group of L-homocysteine-
sulfinate, but not the PO3

2– group of L-serine-O-phosphate. Additionally, it
appears as if an N-nitroso group can also serve as a γ -carboxylate mimic
in the substrate binding site of Sx–

c , as the antibiotic and antitumor drug
L-alanosine (Fig. 8d) was identified as a competitive inhibitor in studies ex-
amining the transporter as a possible therapeutic target in the treatment
of astrocytomas [153]. Assays demonstrating that the lathyrus toxin β-N-
oxalyl-L-α,β-diaminopropionic acid (β-ODAP) (Fig. 8e) is also a competitive
inhibitor about equipotent with L-Cys2, provides further evidence that the
distal portion of L-Glu can be derivatized and still retain activity at the trans-
porter [151]. Additionally, both L-alanosine and β-ODAP can serve as alterna-
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tive substrates for the transporter (see below) and exchange with intracellular
L-Glu when incubated with cells expressing Sx–

c . The ability to bind longer ho-
mologues of L-Glu, such as α-aminoadipate (Fig. 8 f), is substantiated by the
actions of S-carboxymethyl- and S-carboxyethyl-L-cysteine. However, there is
a limit where increasing chain length to that of L-homocystine or L-djenkolate
results in a marked loss of inhibitory activity [152].

The EAA ionotropic and metabotropic receptor agonists NMDA, KA,
AMPA, L-AP4 and trans-ACPD were also all found to be essentially inac-
tive as inhibitors, as were the Na+-dependent EAAT inhibitors dihydrokainate
and L-trans-2,4-PDC. While a lack of activity by these class-defining lig-
ands clearly differentiate Sx–

c from the other glutamate system proteins,
a number of conformationally constrained EAA analogues well-recognized
for their interactions with EAA receptors have been identified as Sx–

c in-
hibitors. Probably the most prominent among these is quisqualate (QA)
(Ki ≈ 5 µM) (Fig. 8g) [99, 149, 152], which also acts as an agonist at AMPA
and mGluR receptors [1]. The action of QA at Sx–

c , as well as the significance
of this transporter in providing L-Cys2 for glutathione synthesis, was illus-
trated by the work of Coyle, Murphy and colleagues who demonstrated that
certain neuronal cell lines and immature cortical neurons were vulnerable to
QA-mediated toxicity because of compromised glutathione synthesis and ox-
idative stress, rather than a typical EAA receptor-mediated excitotoxic mech-
anism [137, 149]. Other EAA analogues that are now realized to exhibit some
cross-reactivity with Sx–

c , include: (i) ibotenate (Ki ≈ 30 µM) (Fig. 8h) [152],
an NMDA receptor [154] and non-selective metabotropic agonist [155],
(ii) (RS)-4-Br-homoibotenate (Ki ≈ 20 µM) [152], an AMPA receptor ago-
nist [156] (iii) (RS)-5-Br-willardiine [152], a kainate receptor agonist [157]
and (iv) 4-S-carboxy-phenylglycine (4-S-CPG; Ki ≈ 5 µM) (Fig. 8i) [99, 149],
a group I metabotropic receptor antagonist [158]. 4-S-CPG is of particular
interest because it is one of the more potent inhibitors of Sx–

c yet identified
and because it has been shown to control the growth of glial tumors that ex-
press high levels of the transporter [159]. More detailed studies with other
phenylglycines revealed that 4-R-CPG was 1,000-fold less potent than the S-
enantiomer and that S-4-carboxy-3-hydroxyphenylglycine and S-3-carboxy-
4-hydroxyphenylglycine were also effective inhibitors as judged by the ability
to block Sx–

c -mediated release of L-Glu from tumor cells [160]. The lack of
a carboxy group on the phenyl ring or the addition of a methyl group to the
α-carbon also resulted in a marked loss of inhibitory activity.

Even though the cross-reactivities of these compounds with other EAA
proteins render them somewhat less valuable as physiological probes (as well
as raise questions as to agonist-induced responses attributed to specific recep-
tors) the analogues listed above begin to shed light on the SAR’s that govern
the binding of L-Glu and L-Cys2 to Sx–

c . Thus, akin to what was observed
with the EAATs, the requirement of an amino and carboxylate group in a clas-
sic L-α-amino acid configuration appears almost absolute. Greater flexibility,
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however, appears to be tolerated with respect to the position of distal car-
boxylate, which can be replaced with a variety of mimics. As many of the
inhibitors entirely lack a distal carboxylate equivalent to the second amino
group of L-Cys2, it may be that this functional group plays a less important
role. The distances separating the carboxylate groups of L-Glu and L-Cys2,
as well as in the configuration of charged groups in the conformationally re-
stricted inhibitors (e.g., QA, 4-S-CPG, 3-S-4HPG) suggest that the binding site
may tolerate some degree of variation with respect to placement of the dis-
tal acidic group. Indeed, given the strict requirement at the α-position, it is
tempting to speculate that the same domains on the transporter are interact-
ing with the proximal functional groups on all the inhibitors, while there may
be more than one domain participating in the binding of the distal charges.
Given the shorter length of L-Glu (and a number of the other inhibitors)
relative to L-Cys2, the binding domains for the two substrates may not be
identical, but subsets of one another that exhibit the greatest overlap in the
regions accommodating the α carboxylate and amino groups.

3.3
Substrate Specificity

As discussed with the EAATs, competition studies address the process of
binding (evidenced by inhibition of uptake), but shed little insight as to
whether an inhibitor is also a transportable substrate. Unlike the EAATs,
however, uptake by Sx–

c , is not electrogenic, which limits the utility of electro-
physiological recordings to quantify substrate translocation. Advantageously,
the fluorometric assay originally developed to examine the vesicular release
of L-Glu from synaptosomes can be readily modified to follow Sx–

c activ-
ity [151, 152, 161]. Thus, the exchange of extracellular L-Cys2 for intracellular
L-Glu through Sx–

c can be quantified, in real time, by measuring the conver-
sion of NADP+ to NADPH as the extracellular L-Glu is rapidly metabolized
by glutamate dehydrogenase (GDH) included in the assay mixture. Using this
approach the competitive inhibitors discussed above can be further differ-
entiated on the basis of substrate activity. Once again, it appears that subtle
structural changes in ligands can substantially influence not only binding,
but also substrate activity. For example, ibotenate and serine-O-sulfate exhibit
comparable Ki values (≈ 30 µM) for inhibiting the uptake of 3H-L-Glu by Sx–

c ,
yet ibotenate is transported as well as the endogenous substrate L-Cys2, while
the substrate activity of serine-O-sulfate is only half as much [152]. QA, which
is one of the most potent inhibitors of Sx–

c (Ki ≈ 5 µM), exchanges with L-
Glu at a rate of about 35% of that observed with L-Cys2. The demonstration
that QA can directly exchange for intracellular L-Glu through Sx–

c is also con-
sistent with its proposed role in “QA-sensitization” observed in physiological
brain slice preparation, where internalized QA can be subsequently released
through Sx–

c and activate EAA receptors [162]. In contrast to these partial sub-
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strates, 4-S-CPG also blocks Sx–
c with a Ki of ≈ 5 µM, but essentially fails to

exchange with intracellular L-Glu. As appears to be the case with EAAT lig-
ands, the most potent inhibitors identified tended to exhibit lower levels of
substrate activity. This might reflect the fact that, as ligands are optimized
for inhibition (and therefore binding), the compounds may be interacting
strongly with domains that are distinct from those that participate in the
translocation mechanism.

3.4
Analogues as Probes of Physiological and Pathological Roles

Sx–
c is a particularly intriguing transporter from a functional perspective, be-

cause both the import of L-Cys2 and the export of L-Glu are each associated
with a distinct set of physiological roles within the CNS. Until only recently,
most studies on Sx–

c have primarily focused on its significance as a rate-
limiting step in the provision of intracellular cysteine needed to maintain
appropriate levels of the antioxidant glutathione (GSH). Given the sensitivity
of the CNS to oxidative pathology it is not surprising that specific pathways
have evolved to ensure neurons and glia have adequate capacities to pro-
duce GSH. Although both cell types require intracellular CysH to synthesize
GSH, the extracellular precursor and route of entry necessary to provide this
CysH appear to differ. Thus, a Cys2/CysH shuttle has been proposed in which
the CysH needed to maintain neuronal GSH levels is ultimately dependent
upon the Sx–

c -mediated uptake of Cys2 into astrocytes and its subsequent ef-
flux from the cell as either CysH or GSH [122, 163–165]. The significance of
Sx–

c in GSH synthesis is underscored by the fact that QA-mediated toxicity
in some cells is a consequence of blocking this transporter and the resultant
oxidative stress, rather than the result of EAA receptor-mediated excitotoxic-
ity [99, 149].

Within this protective context, Sx–
c expression is a part of a number

of different adaptive cellular responses (e.g., amino acid starvation, ox-
idative stress, toxic exposure) that are under transcriptional control reg-
ulated by genomic cis-elements. In the most thoroughly studied cases,
exposure to electrophiles and/or increased oxidative stress activates tran-
scription factors (e.g., Nrf2) that bind to electrophilic-responsive elem-
ents (EpRE)/antioxidant-responsive elements (ARE) and result in the up-
regulation of proteins presumed critical to detoxification and/or antioxidant
defense mechanisms, including: GSH transferase, γ -glutamylcysteine syn-
thetase, NAD(P)H: quinone reductase, heme-oxygenase 1 and Sx–

c [166–169].
The transporter is also present (and inducible) at the blood–brain barrier,
where it may serve as a point of entry not only for L-Cys2, but also struc-
turally related drugs and neurotoxins (e.g., β-L-ODAP, see above) [124, 151,
164, 170]. Surprisingly, the level of Sx–

c -mediated uptake typically reported to
be present in primary cultures of astrocytes is remarkably low. This incon-
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sistency was largely resolved when it was found that Sx–
c activity is markedly

up-regulated when the neonatal astrocyte cultures are differentiated with
dibutyryl-cAMP and adopt a morphology more closely resembling that ob-
served in vivo [134].

The Cys2/CysH shuttle model, and its dependence upon Sx–
c is, however,

not without controversy. Indeed, it has been reported that the EAATs may
provide another route of entry of Cys2 into either neurons or glia [133, 171,
172]. Interestingly the EAATs, particularly neuronal EAAT 3, have also been
postulated to transport CysH selectively into neurons [173, 174]. This role
has received considerable support with the finding that EAAT 3/EAAC 1-null
mice exhibit markedly lower levels of neuronal GSH, increased markers of
oxidative damage, enhanced sensitivity to oxidative stress, and exhibit age-
dependent neurodegeneration [118].

As an obligate exchanger, the import of L-Cys2 is coupled to the export of
an equivalent amount of L-Glu. While this allows cells to utilize high intra-
cellular concentrations of L-Glu as a driving force for the uptake of needed
L-Cys2, it also provides a route for the accumulation of L-Glu in the extracel-
lular space that, if not adequately regulated by the EAATs, could potentially
trigger an excitotoxic response. Thus, in the two disorders where the evi-
dence is strongest for Sx–

c acting as a source for excitotoxic levels of L-Glu,
CNS infection and glial tumors, it is not surprising that both of the cell types
involved express enriched levels of the transporter. In CNS infection and in-
flammation, the cellular source of L-Glu are microglia, whose oxidative-based
defense mechanisms necessitate high levels of Sx–

c activity to provide the
Cys2/CysH necessary to maintain an adequate glutathione supply. Ironically, it
thus appears that the excitotoxic pathology associated with a number of infec-
tions may actually be a secondary result of the migration of high numbers of
microglia into an area and a subsequent release of L-Glu as these cells import
the L-Cys2 integral to their protective roles [135, 175].

Similarly, astrocytoma cells express markedly higher levels of Sx–
c [153,

160]. Numerous cellular and functional changes accompany the progres-
sion from low-grade astrocytomas to high-grade glioblastoma multiforme
tumors. Of particular interest is the observation that the increase in Sx–

c
expression is also accompanied by a reduction in EAAT-mediated trans-
port of glutamate [138]. Several studies utilizing human tumor cell lines
and animal models now suggest these tumors employ the mechanism of ex-
citotoxicity, in part by the release of excessive glutamate through Sx–

c , to
actively kill surrounding neurons in the peritumoral space to aid tumor ex-
pansion [138, 160, 176]. Epileptic seizures associated with brain tumors are
also believed to result from this released glutamate. Further, the concurrent
ability to acquire more L-Cys2 and maintain high levels of GSH allows the tu-
mor to survive the necrotic biochemical environment engulfing the tumor.
As a transporter, Sx–

c may also impact the chemosensitivity and chemoresis-
tance of a broad range of tumors through the uptake and efflux of anticancer
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agents [153, 159, 177]. The application of identified Sx–
c inhibitors, (S)-4-CPG

or sulfasalazine (Fig. 8j) to a series of glioma cell lines produced a marked
reduction in L-Cys2 uptake and intracellular GSH concentration whilst also
inhibiting tumor cell growth and inducing caspase-dependent apoptotic cell
death. Sulfasalazine was also demonstrated to suppress tumor growth in vivo.
In addition to inhibiting the uptake of L-Cys2, L-alanosine has been shown to
induce cytotoxicity in lung and ovarian cancer cell lines as a consequence of
its intracellular accumulation following uptake through Sx–

c . Consistent with
such a mechanism, inhibition of Sx–

c with S-4-CPG decreased the cytotoxicity
of L-alanosine. In contrast, the cytotoxic potential of geldanamycin was in-
creased following inhibition of Sx–

c , as the subsequent reduction in GSH level
attenuated the detoxification of this drug. This suggests a multidrug strat-
egy based on substrate and/or inhibitor activity may be a relevant therapeutic
approach in treating tumors that needs to be further investigated.

Significantly, evidence is beginning to emerge that this export of L-Glu
through Sx–

c may be relevant to more than just pathological mechanisms and
may actually represent a novel route of release through which L-Glu can ac-
tivate extrasynaptic EAA receptors. Based primarily on microdialysis data,
work by Kalivas, Baker and coworkers report that Sx–

c appears to be a primary
source of extracellular L-Glu in select brain regions, such as the striatum and
nucleus accumbens [100–102]. Indeed in vivo microdialysis has revealed Sx–

c
is the primary source of non-vesicular extracellular glutamate outside the
synaptic cleft and responsible for as much as 50–70% of the basal extracel-
lular level in the nucleus accumbens (NAc). Consistent with this hypothesis,
inhibition of Sx–

c with 4-S-CPG reduced extracellular L-Glu level, as well as
blocked the accumulation of L-Glu produced by inhibiting EAAT activity.
This efflux of L-Glu is thought to regulate synaptic release (of both L-Glu and
dopamine) through the tonic activation of extrasynaptic Group II mGluRs,
which have been implicated in various forms of neuroplasticity and neuro-
physchiatric disorders. Of particular significance, these extracellular levels
of L-Glu are reduced in the nucleus accumbens during cocaine addiction
and withdrawal, an effect attributed to the decreased function of Sx–

c [102].
Consistent with this model, the infusion of Cys2 restored L-Glu levels and,
importantly, treatment of rats with the CysH/Cys2 prodrug N-acetyl-CysH
prevented reinstatement in cocaine-addicted rats. This led to the conclusion
that the increased susceptibility to relapse that accompanies withdrawal from
cocaine addition is linked to the decreased activity of Sx–

c , reductions in ex-
tracellular L-Glu levels, and consequent loss of mGluR-mediated regulation
of excitatory transmission. Remarkably restoring Sx–

c activity, presumably
with increased substrate levels, prevents “cocaine-primed drug seeking” [102,
178]. This suggests that in addition to receptor-targeted approaches, agents
directed at Sx–

c may hold therapeutic value in the treatment of addiction.
This postulated role of Sx–

c (and Cys2) in regulating extracellular L-Glu
level is, however, not without its controversies and complications. For ex-
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ample, very similar microdialysis studies in prefrontal cortex demonstrated
that inhibition of Sx–

c did not reduce extracellular L-Glu concentrations, yet
did block the accumulation of L-Glu produced following the inhibition of
EAAT activity [179]. All of these studies are also complicated by the fact
that the Sx–

c inhibitor most often employed was 4-S-CPG, which is also an
mGluR1/5 antagonist. Ironically, during the course of the studies another
mGluR1/5 antagonist (LY367385) was also found to be an Sx–

c inhibitor [179].
In related studies by Atwell and coworkers, an L-Cys2-mediated efflux of L-
Glu through Sx–

c was shown to be significant enough to activate non-NMDA in
cerebellar slices and NMDA receptors in hippocampal slices [180, 181]. How-
ever, it was concluded that given both CSF levels of L-Cys2 (typically in the
0.1–0.5 µM range) and its Km values at Sx–

c (typically reported in 100 µM
range), it was unlikely that this mechanism contributed to tonic glutamate
levels (and EAA receptor signaling) under normal physiological conditions.
This conclusion, however, must be tempered somewhat by direct measure-
ments of 35S-L-Cys2 uptake in slices of nucleus accumbens which yielded Km

values in the 2–4 µM range [102]. Further, an Sx–
c -mediated efflux of L-Glu

was also shown capable of decreasing the synaptic release of L-Glu (decreased
mEPSC and spontaneous EPSC frequency) as a consequence of presynap-
tic mGluR2/3 activation by levels of L-Cys2 in the 0.1–0.3 µM range [178].
Lastly, recent studies in which homologues of Sx–

c (e.g., genderblind) have
been genetically eliminated in Drosophila support the participation of Sx–

c in
the regulation of extracellular L-Glu levels and further suggest a role of this
extracellular L-Glu in iGluR desensitization and clustering [125].

Taken together, these findings suggest that Sx–
c may indeed function to

regulate extracellular L-Glu levels and set a tone at extrasynaptic mGluRs,
although this contribution may be a function of the synaptic circuit being
examined, the activity of Sx–

c and EAATs, as well as extracellular Cys2 lev-
els. A particularly intriguing aspect of these variables concerns the balance
set between these two transporters, with respect to kinetic properties, expres-
sion levels and localizations within the microenvironment of extrasynaptic
receptors. Changes in any one of these properties, whether the result of de-
velopment, plasticity, or pathology could impact excitatory signaling and/or
excitotoxic vulnerability. Assessing the coordinate activity and functions of
the EAATs and Sx–

c will be dependent upon the continued development of po-
tent, selective inhibitors and substrates in combination with more thorough
understanding of the structure–activity relationships that govern binding and
uptake.
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Abstract Glycine plays a ubiquitous role in many biological processes. In the central
nervous system it serves as an important neurotransmitter acting as an agonist at
strychnine-sensitive glycine receptors and as an essential co-agonist with glutamate at the
NMDA receptor complex. Control of glycine concentrations in the vicinity of these recep-
tors is mediated by the specific glycine transporters, GlyT1 and GlyT2. Inhibition of these
transporters has been postulated to be of potential benefit in several therapeutic indica-
tions including schizophrenia and pain. In this review we discuss our current knowledge
of glycine transporters and focus on recent advances in the medicinal chemistry of GlyT1
and GlyT2 inhibitors.

Keywords Glycine · Glycine transporter inhibitor · GlyT1 · GlyT2

Abbreviations

AMPA α-Amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid
DAT Dopamine transporter
GlyR Glycine receptor
GlyT1 Glycine transporter type-1
GlyT2 Glycine transporter type-2
hERG Human ether-a-go-go related gene
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LTP Long term potentiation
NET Norepinephrine transporter
NFPS N-[3-(4′-Fluorophenyl)-3-(4′-phenylphenoxy) propyl]sarcosine
NMDA N-Methyl-d-aspartate
PCP Phencyclidine
SSRI Selective serotonin reuptake inhibitor
VIAAT Vesicular inhibitory amino acid transporter

1
Introduction

As the simplest amino acid, glycine plays a ubiquitous role in many bio-
chemical and physiological processes including important neurotransmitter
functions at both inhibitory and excitatory synapses within the mammalian
central nervous system. The inhibitory glycinergic system located principally
in the spinal cord and brain stem of the central nervous system exerts control
on many fundamental physiological processes including motor coordination,
respiratory control and perception of pain [1]. Glycine released from the
terminals of interneurons activates post-synaptic glycine receptors (GlyR)
resulting in Cl– influx, hyperpolarisation of the neuronal membrane, and in-
hibition of neuronal firing. The excitatory role of glycine is focussed on its
action as an obligatory co-agonist with glutamate at the ionotropic N-methyl-
D-aspartate (NMDA) receptor [2]. Defining the origin of glycine in the region
of the NMDA receptor complex is less certain than that of GlyRs but may stem
from overflow at glycinergic synapses and release from neighbouring glial
cells.

In common with many other neurotransmitters including neuro-active
amino acids, flux and control of glycine levels in the vicinity of both these
receptor types is likely to be mediated by specific high affinity glycine trans-
porters designated GlyT1 and GlyT2. Advances in understanding the role of
these transporters in normal physiology and disease has been made through
the use of selective mutations and design of small molecule inhibitors target-
ing these membrane proteins.

2
Glycine Transporter Isoforms

GlyT1 and GlyT2 were identified following homology screening with comple-
mentary (c)DNAs for previously cloned Na+/Cl– dependent neurotransmitter
transporters [3–5] and both transporters exist as different isoforms resulting
from alternative splicing or usage of different promoters. The human GlyT1
gene (SLC6A9), located on chromosome 1, can be expressed as three variants
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Fig. 1 Membrane topology of glycine transporters

(GlyT1a, b and c) which differ only in a restricted portion of the N-terminal
region [6–8]. In addition, two variants of the C-terminal domain designated
GlyT1d and e have been described for bovine tissue [9]. The human GlyT2
gene (SLC6A5) is found on chromosome 11 [10] and appears to exist as a sin-
gle human isoform although at least three variants have been described for
mouse [11] and two in rat [12]. In common with other members of this super-
family, glycine transporters are assumed to adopt a transmembrane topology
with 12 transmembrane domains, six extracellular and five intracellular loops
(Fig. 1). Both the amino- (N) and carboxy- (C) terminals are intracellular
and play roles in directing appropriate trafficking of the protein to the cell
membrane [13]. Glycosylation of asparagine residues on the large second ex-
tracellular loop also plays a role in membrane insertion [14], while di-leucine
residues in the C-terminal tail of GlyT1 and a PDZ binding domain in GlyT2
are also implicated in correct targeting. The GlyT2 protein is unique in its
class in that it possesses a long N-terminal domain comprising approximately
200 amino acids.

3
Distribution

Immunohistochemical and in situ hybridisation studies have been used to
characterise the regional distribution and cellular localisation of glycine
transporters [7, 15, 16]. GlyT1 is expressed primarily in glial astrocytes with
significant presence in caudal areas including brain stem and spinal cord
where it probably influences the functioning of the inhibitory glycinergic sys-
tem. GlyT1 is also detected in most forebrain structures and evidence of close
apposition to NMDA receptors [5] has been a significant driver supporting
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the quest for potent and selective GlyT1 inhibitors. Formerly, detection of
neuronal expression of GlyT1 has been rare, with amacrine and bipolar cells
in the retina featuring as the prime examples [17]. However, more recently,
use of novel antibodies has also demonstrated the presence of GlyT1 protein
in a subpopulation of glutamatergic terminals in rat forebrain [16]. GlyT2 is
located on inhibitory glycinergic neurons distributed throughout the spinal
cord, cerebellum and brainstem, and shows a high degree of overlap with the
expression pattern of GlyR implying a major role for this transporter in the
control of glycinergic neuronal activity [15].

4
Function

Both isoforms of the glycine transporter act as electrogenic carriers co-
transporting Na+ and Cl– ions in concert with passage of their natural sub-
strate across the plasma membrane. The stoichiometry associated with Na+

transport has been shown to be 2 Na+ ions per glycine molecule for GlyT1
but 3 Na+ ions for GlyT2 [18]. This difference in coupling combined with the
cellular localisation of the carriers helps explain their respective roles in con-
trolling glycine concentrations and flux. The higher driving force afforded by
the extra Na+ allows GlyT2 to achieve millimolar intracellular glycine concen-
trations enabling filling of neuronal synaptic vesicles by low affinity vesicular
transporters (VIAAT). The lower coupling ratio for GlyT1 suggests that this
transporter will operate close to equilibrium allowing both uptake and release
of glycine.

Considerable knowledge relating to function was gained through the
production of gene knock-out mice [19–21]. Both GlyT1–/– and GlyT2–/–

animals appear overtly normal at birth but die within one day and two
weeks, respectively. GlyT1–/– mice fail to suckle, display an abnormal body
posture and show poor motor responses including marked respiratory de-
ficiency. GlyT2–/– progeny display different motor deficiencies including
tremor, muscle spasticity and poor motor co-ordination. Similar phenotypes
are observed in mice with mutations affecting GlyR function or expression
(spastic, spasmodic and oscillator) and mutations within the human GlyT2
gene and the GlyR α1 subunit have been associated with startle disease [22]
and hyperekplexia [23, 24]. Deletion of one gene does not affect expression
of the other indicating a lack of compensation or adaptation, and also help-
ing to delineate specific roles for either transporter. Deletion of GlyT1 appears
to result in excessive stimulation of inhibitory GlyRs as respiratory activity in
brain stem slices from GlyT1–/– neonates can be normalised by application of
strychnine [20]. These observations indicate a major role for GlyT1 in regu-
lating glycine concentrations at inhibitory GlyRs and also provide an animal
model which mimics the symptoms observed in human glycine encephalopa-
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Fig. 2 Location and function of glycine transporters at inhibitory and excitatory neurons

thy. Evidence of altered NMDA receptor function was provided by Tsai et al.
in 2004 [19], who observed an increased ratio of NMDA/AMPA receptor activ-
ity in hippocampal slices from GlyT+/– mice and also noted improved spatial
retention in a water maze task.

The information yielded from knockout studies suggests that GlyT1 and
GlyT2 have distinct roles related to glycinergic synapses. GlyT1 appears to
function in the classical mode of removing glycine from the synaptic environ-
ment and ensuring high temporal fidelity of GlyR action. Neuronally located,
GlyT2 may be outside the active zone of the synapse but plays a crucial role
in driving refilling of synaptic vesicles for subsequent release upon neuronal
stimulation. Figure 2 provides a depiction of the possible location and roles of
GlyT1 and GlyT2.

5
Therapeutic Potential

Several examples of selective GlyT1 inhibitors including ALX 5407 (4, Fig. 5),
Org 24 598 (5, Fig. 5) and SSR504734 (26, Fig. 12) have been shown, using
microdialysis, to elevate extracellular glycine levels within brain structures
and the spinal cord of rats [25–27]. On the basis of this mechanistic proof
of principle, the pharmacology of these compounds has been explored using
classical and novel paradigms to build the case for their use in the treatment
of diverse disease states. However, the nature of binding of these novel lig-
ands to the transporter may influence the observed efficacy and tolerability
profiles. The prototypic GlyT1 inhibitor, sarcosine (2, Fig. 4), is a competitive
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substrate with low affinity for the transporter, whereas the first generation of
high affinity amino acid-derived inhibitors (ALX 5407 and Org 24 598) are not
transported and generally do not display competitive inhibitory kinetics [28].
There has been speculation that sarcosine-based inhibitors may act at GlyT1
in an irreversible manner leading to marked and prolonged adverse effects
such as respiratory depression and akathisia-type behaviour [29]. ALX 5407
and its racemic equivalent NFPS have been shown to act in an essentially ir-
reversible manner at GlyT1c expressed in a fibroblast cell line [30] and in
Xenopus laevis oocytes expressing GlyT1b, respectively [31]. However, studies
using rat forebrain membranes show rapid displacement of [3H]-NFPS by the
unlabelled ligand (t1/2 of 28 min) indicating lack of covalent binding [28].

Recent non-sarcosine-based inhibitors synthesised by Sanofi are claimed
to be reversible as defined by measurement of ex vivo glycine uptake [27,
32]. The kinetics of binding and related functional measures have recently
been explored by Mezler et al. and illustrate an apparently clear separation
between irreversible, non-competitive examples (NFPS, Org 24 598) and re-
versible, competitive compounds (SSR504734) [33]. Clinical experience with
both types of compounds may resolve the question of preferred mechanism
with respect to side effects and efficacy. In addition, the use of recently de-
scribed novel radioligands [35S]-ACPPB and [11C]-GSK931145 will aid in the
translation of in vivo occupancy and efficacy measures in pre-clinical and
clinical settings [34, 35].

5.1
Schizophrenia

Despite the successful application of typical and atypical antipsychotic agents
in the treatment of schizophrenia, in common with other psychiatric con-
ditions, treatment regimes and outcomes retain many facets of unmet need.
Current therapies are principally based on antagonism of dopamine recep-
tors and exhibit efficacy in treating positive symptoms but fail to address
negative symptoms and associated cognitive deficits. Observations that var-
ious glutamatergic antagonists including PCP and ketamine can reproduce
the spectrum of schizophrenia-like symptoms in normal subjects and exac-
erbate psychotic symptoms in schizophrenic patients, led to the development
of the hypoglutamatergic hypothesis. Pre-clinical investigations utilising glu-
tamate antagonists such as PCP and MK801 to model aspects of the disease
have been used to explore mechanisms aimed at addressing a glutamate-
based deficit [36, 37]. Facilitation of NMDA receptor function by raising the
local concentration of the natural co-agonist, glycine, forms the cornerstone
of arguments promoting the development and use of GlyT1 inhibitors in the
treatment of schizophrenia. Development of high affinity GlyT1 inhibitors fol-
lowed the initial encouraging clinical observations that high doses of oral
glycine demonstrate moderate improvements in negative symptoms when



Glycine Transporters and Their Inhibitors 229

added to most conventional antipsychotic agents [38, 39]. The alternate natu-
ral co-agonist D-serine [40] and the low affinity GlyT1 inhibitor and substrate,
sarcosine [41, 42], also show promise in improving negative symptomatol-
ogy. However, a larger study examining efficacy in schizophrenic individuals
of adjunctive glycine or D-cycloserine for negative symptoms and cognition
failed to demonstrate significant improvement by either agent [43].

Cognition: In addition to addressing the negative symptoms in schizophre-
nia, increasing NMDA receptor activity and potentially, neuronal plasticity,
is expected to improve learning and address attentional deficits observed
in this condition. In vitro and limited in vivo studies confirm the enhanc-
ing effects of uptake inhibitors NFPS and CP-802,079 on NMDA function
and long term potentiation (LTP) [44–46]. Selective deletion of GlyT1 within
mouse forebrain resulted in improved mnemonic functions versus control an-
imals [47, 48]. Procognitive effects of SSR504734 and SSR103800 have been
proposed following positive effects observed in reversal of acute and neuro-
developmental latent inhibition deficits in rats [49]. Translation of these phe-
nomena into improvements in clinically assessed cognitive domains is an
eagerly sought objective in this area of drug development.

5.2
Pain

Activity of selective GlyT1 inhibitors NFPS and sarcosine has been demon-
strated in mouse models of neuropathic pain [50]. Sites of action are model
dependent but both spinal and supra-spinal sites are implicated and abla-
tion of anti-allodynic activity by strychnine and siRNA versus GlyRα3 con-
firms the involvement of strychnine-sensitive glycine receptors. The role of
GlyT1 in the control of spinal glycine levels and hypothesised effects on
spinal NMDA receptors has also been demonstrated through the use of selec-
tive tools [25]. Profound anti-allodynic effects of selective GlyT2 inhibitors,
Org 25 543 (44, Fig. 15) and ALX 1393 were also observed in these stud-
ies [51].

6
Medicinal Chemistry of Glycine Transporter Inhibitors

In comparison to the medicinal chemistry of monoamine transporter in-
hibitors, that of glycine transporter inhibitors is a relatively immature field.
Nonetheless, it has now been over a decade since the first publications on
novel, selective inhibitors appeared in the scientific literature and during the
intervening years the number of patents and publications has continued to
grow apace (Fig. 3). It is not surprising, given their significant therapeutic
potential, that almost all of the glycine transporter inhibitors described in



230 R. Gilfillan et al.

Fig. 3 Publications and patents by year. Data extracted from SciFinder, searching for the
phrase “glycine transporter inhibitor”

patents and publications emanate from pharmaceutical company research.
The inevitable downside of this is that, to date, only a limited amount of pub-
lished data is available. Despite this, some clear trends have become apparent
and these will be discussed in the next sections where we will look in detail at
the medicinal chemistry of GlyT1 and GlyT2 inhibitors.

6.1
Amino Acid-Derived GlyT1 Inhibitors

The majority of work on glycine transporter inhibitors has focused on the
discovery of selective GlyT1 inhibitors, and the first such reported selective
inhibitor was sarcosine (2, Fig. 4) [52].

Sarcosine is an endogenous amino acid and is a competitive inhibitor of
GlyT1 with negligible activity against GlyT2 [4, 6]. It is produced naturally via
the metabolism of choline, primarily thought to occur in the liver and kidney,
and in turn is further metabolised by glycine-N-methyltransferase to produce

Fig. 4 The structures of glycine (1) and sarcosine (2)
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glycine. In healthy subjects it is present in plasma at very low concentrations
(∼ 5 ng/ml) and has a relatively short half life (1.6 h) [53, 54]. Although sarco-
sine has been used in a number of clinical studies [41, 55, 56], it is a less than
optimal drug molecule and the high doses required to elicit a clinical response
(2 g per day) probably reflect its poor absorption/CNS penetration and low po-
tency. It is therefore not surprising that there is currently a great deal of interest
in the discovery of more potent and drug-like GlyT1 inhibitors.

The tactics employed in the discovery of the first novel GlyT1 inhibitors
could be described as rational inasmuch as the compounds prepared were
based on the appendage of lipophilic diaryl moieties to sarcosine or a re-
lated amino acid group. Alternatively, these compounds may be viewed as
diaryl “drug-like” amines with an N-acetic acid appendage. Viewed either
way, this simple tactic proved very effective and has resulted in the discov-
ery of a wide range of amino acid-containing GlyT1 inhibitors. The first
such compounds reported were ALX 5407 ((R)-N-[3-(4′-fluorophenyl)-3-(4′-
phenylphenoxy) propyl]sarcosine, R-NFPS) [26] and Org 24 598 [57] (4 and 5,
Fig. 5). It is interesting to note that both these compounds are derived from
the SSRI fluoxetine (3), and that the glycine transporter belongs to the same
Na+/Cl– family as the serotonin transporter. However, it would appear that
this is purely coincidental as neither compound displays any inhibitory ac-
tivity against serotonin or other related transporters. ALX 5407 is a potent
GlyT1 inhibitor (IC50 3–36 nM) with no appreciable activity at GlyT2 and, in
contrast to sarcosine, is not a transporter substrate [58–60].

Org 24 598 is structurally closely related to ALX 5407 and it too is a po-
tent (IC50 7–126 nM) and selective inhibitor of GlyT1 [57, 60]. SAR around
the Org 24 598 series showed that the homologous β- or γ -amino acid deriva-
tives demonstrated significantly reduced GlyT1 inhibitory activity. However,
substitution in the aromatic rings was better tolerated and, in particular,
electron-withdrawing lipophilic substituents appeared to be preferred. The
absolute stereochemistry was also shown to have an important bearing on
GlyT1 inhibitory activity with the (R)-(–)-enantiomer, as is also the case with
NFPS, proving to be the eutomer [57].

Fig. 5 Fluoxetine and the first reported amino acid derived GlyT1 inhibitors
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In addition to identifying ALX 5407 as a potent and selective GlyT1
inhibitor, Trophix/NPS/Allelix also describe a number of other amino
acid-containing analogues in the patent literature; these include diphenyl-
methylpiperidines such as 6 and a number of substituted α-amino acid
derivatives such as 7, 8 and 9 (a mixed GlyT1/2 inhibitor) (Fig. 6) [61–64]. The
fluoxetine scaffold was further exploited by Lowe and co-workers at Pfizer
who describe a series of benzophenone ether derivatives [65], including com-
pound 10 (Fig. 6) [59]. This was followed by a further two filings where the
linking methylene ketone was replaced by an ether or a difluoromethylene
group as in compounds 11 and 12, respectively.

In a subsequent patent from Organon, a series of 1-phenyl-2-methylamino-
methyltetralins are claimed [66]. GlyT1 activity is demonstrated for a number
of examples with potencies in the range 50 nM–1 µM. In a similar fashion
to within the Org 24 598 series, the GlyT1 inhibitory activity appears to be
sensitive to the absolute stereochemistry and substitution pattern around
the aromatic rings, with (–)-(13) given as the most potent example (GlyT1

Fig. 6 Amino acid derived GlyT1 inhibitors
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Fig. 7 Amino acid derived GlyT1 inhibitors from Organon

IC50 50 nM). In another invention from Organon, a series of spiro (2H-
1-benzopyran-2,4′-piperidine) derivatives are described [67]. Again, GlyT1
inhibitory activity appears to be sensitive to substitution around the aromatic
rings and compound 14 is given as one of the more potent examples with
a GlyT1 IC50 = 250 nM (Fig. 7).

The GlyT1 inhibitors from Lundbeck (Fig. 8) are based on indane deriva-
tives such as compound 15 or diphenyl thioethers exemplified by compounds
16 and 17. The SAR around compound 16 demonstrated that methyl sub-
stitution on the piperazine ring was essential for good inhibitory activity,
with 2-(R)-methyl or 2-(R)-5-(S)-dimethyl substitution proving optimal [68].
Furthermore, it was shown that activity could be significantly modulated
by varying the aromatic ring substituents. For example, replacement of the
chloro-substituent in compound 16 by a methoxy group results in a > 10-fold
reduction in activity. Compound 16 was shown to have excellent bioavailabil-
ity (F = 100%) and was able to significantly elevate glycine concentrations by
up to 140% over basal levels following microdialysis studies in rats.

Thomson et al. have described the SAR around a selection of Merck in-
dandione derivatives including compound 18 (Fig. 9) [69]. They demonstrate
that GlyT1 inhibitory activity is sensitive to aromatic ring substitution and,
interestingly, they show that small substituents alpha to the acid (e.g. Me
or Et) are tolerated, and that the distance between the first aromatic ring
and basic nitrogen is important (optimal distance is four bond lengths).

Fig. 8 Amino acid derived GlyT1 inhibitors from Lundbeck
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Fig. 9 Amino acid derived GlyT1 inhibitors from Merck and Lilly

Compound 18 was also shown to be > 1, 000-fold selective over a number of
other targets including GlyT2 and hERG. Most recently, Walter et al. (Lilly)
have demonstrated that there is still scope for further discoveries and in-
novation around these amino acid derivatives. They describe a series of 2-
acyl- and 2-aryl biphenyl ethanolamine amino acid GlyT1 inhibitors [70].
The thiophene derivative compound 19 (Fig. 9) was one of several potent
inhibitors described and, following subcutaneous dosing at 30 mg/kg, it pro-
duced a 196% increase in glycine CSF levels in rat, an effect similar to that
observed with ALX 5407 [71].

What is apparent from all of the amino acid-containing GlyT1 inhibitors
discussed here is that they all seem to fit a common pharmacophore consist-
ing of the glycine amino acid motif and at least two aromatic hydrophobes.
This is exemplified by the superposition of ALX 5407, 16 and 19 (Fig. 10),
which clearly shows that the amino acid moieties can be aligned such that the
two aromatic hydrophobes common to the majority of amino acid-derived
GlyT1 inhibitors can occupy similar regions. A further hydrophobic pocket
exists which is exploited by an additional aromatic hydrophobe for com-

Fig. 10 Superposition of ALX 5407 4 (cyan), 16 (orange) and 19 (magenta)
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pounds such as ALX 5407, 19 and many other examples. However, the ad-
ditional aromatic moiety in this region does not appear to be an essential
pharmacophoric feature since it can be replaced by a halogen in the case of
the Lundbeck compound 16.

6.2
Non-Amino Acid-Derived GlyT1 Inhibitors

As previously discussed, the optimisation of amino acid-based structural
motifs has allowed for the identification and development of a series of po-
tent and selective GlyT1 inhibitors. However, recent literature is suggesting
a general shift away from the use of amino-acid derivatives as glycine uptake
inhibitors, with over 40 patents having been published on non-sarcosine-
based compounds since 2006. In addition, several candidates have entered
clinical trials during this period and, whilst the structures of R-1678 (Roche,
entered Ph II April 2008), SSR103800 (Sanofi, entered Ph I February 2008),
and GSK1018921 (GlaxoSmithKline, entered Ph I August 2007) have not been
disclosed, each of the parent companies has only patented structures which
lack the sarcosine or a similar amino-acid motif. Furthermore, recent com-
munications from Merck have revealed that a compound which is currently
undergoing Ph I clinical trials for the treatment of schizophrenia (DCCyB)
is indeed a non-sarcosine-derived GlyT1 inhibitor (20; GlyT1 IC50 29 nM)
(Fig. 11) [72].

The identification of non-sarcosine-containing molecules as glycine uptake
inhibitors is not a particularly recent phenomenon, with Janssen Pharma-
ceuticals having patented such compounds as early as 1999 [73, 74]. The
following examples 21–25 are a structurally diverse selection of only some
of the earlier non-sarcosine-based GlyT1 inhibitors, all of which have been
extensively reviewed previously and so will not be further discussed in this
article (Fig. 11) [75–81]. Instead, this particular section of the review on
glycine transporter inhibitors will focus on non-sarcosine-derived molecules
and associated data published in the literature from 2006 onwards.

One of the first non-sarcosine-based glycine uptake inhibitors to be iden-
tified and advanced into development by Sanofi was SSR504734 26 [82].
This potent GlyT1 inhibitor (GlyT1 IC50 18 nM) has been the subject of
a number of review articles which go on to discuss its extensive in vivo
profile [76, 78–81]. Subsequent to the disclosure of this series in the patent lit-
erature between 2003–2005, Sanofi have since published a more recent patent
application [83] extending the piperidine ring of 26 to cover a range of bi-
cyclic amines as typified by compound 27. In total, 31 examples are given with
in vitro data being associated to only three compounds, e.g. 27 (GlyT1 IC50

3 nM) (Fig. 12).
Since the initial disclosure of this series of aryl amides as potent and se-

lective GlyT1 inhibitors, the interest surrounding this motif has mushroomed
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Fig. 11 Non amino acid derived GlyT1 inhibitors

Fig. 12 Aryl amide derived GlyT1 inhibitors

such that numerous other competitors have also attempted to identify novel
compounds within a structurally similar chemical series.

In particular, GSK have published a total of 12 patents (2006–2007) cover-
ing a set of aryl amides which are typified by compound 28 (Fig. 12) [84–95].
The examples given vary in substitution pattern around the aromatic ring,
with heteroaryl replacements for the phenyl ring also being claimed. In order
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to differentiate their compounds from those of Sanofi, GSK have replaced the
conformationally restricted piperidine unit associated with 26 and 27 with an
open chain amine. Unfortunately, no biological data has been released for this
series of compounds as yet, although GSK claim that the most active examples
all have a GlyT1 IC50 < 100 nM.

Further structural modifications to the Sanofi core have also been made
by Taisho, who claimed in a recent patent [96] to have further substituted the
phenyl ring of 26 with a range of heteroaryl groups. There are 24 exemplified
compounds within the patent which have associated in vitro GlyT1 activities,
with potency ranging from 0.2 nM for compound 29 to 12.4 nM (Fig. 12).

Similarly, Merck have also developed a series of aryl amides which bear
resemblance to the Sanofi compound 26. Compound 30 is representative of
a series of aryl sulfone-containing molecules which mainly vary in substitu-
tion around each of the phenyl rings (heteroaryl rings also being covered)
and replacement of the piperidine moiety with alternative amines, aryl and
alkyl groups (Fig. 12) [97]. No biological data is given for any of the 77 exem-
plified compounds. In addition, a second series of sulfone- and sulfonamide-
containing molecules has been claimed which affords cover to the clinical
candidate DCCyB (20) and typical examples 31 and 32 (Fig. 12) [98–105]. Al-
though no biological data is contained within any of these six patents, a pub-
lication has revealed that the aryl-containing series was identified from an
HTS campaign, the original hit being optimised to afford compound 32 which
is a potent inhibitor of human (IC50 2.6 nM), mouse (IC50 5.1 nM) and rat
GlyT1 (IC50 2.1 nM) [106]. As such, this compound was further progressed to
demonstrate both an increase in extracellular levels of glycine (340% of basal
control levels at a dose of 10 mg/kg) and significantly enhanced prepulse in-
hibition (PPI) of the rodent acoustic startle response, a rodent behavioural
model sensitive to antipsychotic treatment.

In what might be perceived to be an extension of the aforementioned
aryl amide series, where the secondary nature of the amide group appears
essential, both GSK and Roche have also developed a similar range of ter-
tiary amido-aryl compounds as potent and selective GlyT1 inhibitors. A total
of 196 exemplified compounds, as typified by 33 and which maintain the
aryl sulfone whilst substituting the additional aryl groups for alkyl, thioalkyl
and piperidine moieties as an example, are covered by three GSK patents
(Fig. 13) [107–109]. No biological data is available although, once again, pre-
ferred compounds are claimed to have a GlyT1 IC50 < 100 nM.

Roche have also utilised a very similar scaffold to develop a range of
GlyT1 inhibitors which are exemplified by 34 (Fig. 13) [110–112]. The bio-
logical activity of such compounds ranges from 6–500 nM, with substi-
tuted 5-membered heterocycles tending to exert higher activity than either
6-membered or fused heterocycles. Interestingly, however, a recent patent
has emerged which discusses the crystalline forms of a single advanced
stage compound possessing a pendant pyridine moiety [113]. A second
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Fig. 13 Aryl amide derived GlyT1 inhibitors

series of conformationally constrained amides also produced compounds
with excellent GlyT1 potency as exemplified by 35 (Fig. 13) (GlyT1 IC50

2 nM) [114–118].
In addition to developing potent GlyT1 inhibitors within the aryl amide

series already mentioned, both GSK and Roche have also patented relatively
similar cyclic amide motifs (Fig. 14). Although no biological data is available
for the GSK series, a number of publications claim preferred compounds to
have an activity of IC50 < 100 nM at GlyT1, with 36 being representative of the
structures exemplified within these patents [119–124]. In turn, Roche have
patented a series of compounds which are typified by 37 [125]. Biological ac-
tivities range from IC50 = 7 nM for 37 to IC50 = 82 nM for a compound which
has replaced the benzylamine motif with an alkyl amine.

Further examples of the diversity in chemical structure which appear to
exert GlyT1 inhibitory activity are illustrated in the following additional ex-
amples by GSK, Roche and Pfizer (Fig. 14). Compound 38 is an example
from the last in a series of patents published by GSK on this aryl mor-
pholine unit [126]. Again, no biological activity has been quoted for any of
the compounds exemplified within this series. However, GSK have recently
published data describing the optimisation of one of their first non-sarcosine-
derived chemical series [127]. High-throughput screening identified the aryl
sulfonamide core which was further derivatised to afford compound 39, a po-
tent (GlyT1 IC50 100 nM) and selective (GlyT2 IC50 > 10 µM) glycine uptake
inhibitor. Although demonstrating poor in vitro microsomal stability, signifi-
cant CYP2D6 inhibition and poor oral bioavailability in rats, compound 39
showed an acceptable PK profile following s.c. administration and, as such,
may act as a valuable tool in further defining the role of non-sarcosine-based
GlyT1 inhibitors in the treatment of schizophrenia.

More recently, Roche have published two patents on a series of aryl glycine
amide derivatives as typified by 40 and 41, with biological activities rang-
ing from 15–369 nM for those compounds which are exemplified [128, 129].
Finally, Pfizer have published two recent patents, the second of which details
the binding activities of no less than 3,340 compounds to the glycine trans-
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Fig. 14 Non amino acid GlyT1 inhibitors

porter, a typical example of which is compound 42 which displays a binding
affinity of 0.94 nM [130, 131]. In addition, Pfizer have also published details of
an HTS campaign and the subsequent optimisation of the original hit to af-
ford compound 43 (GlyT1 IC50 11 nM) [132]. Unfortunately, the compounds
in this series all suffered from issues relating to CYP2D6 inhibition, activity
at the hERG channel and poor microsomal stability. As such, the series was
abandoned.

In conclusion, a wide structural variety of both basic and neutral non-
sarcosine-based ligands have now been patented as glycine uptake inhibitors.
As such, and with the further addition of the sarcosine-based compounds,
it is difficult to identify a general pharmacophore for GlyT1 inhibitory ac-
tivity which may imply the presence of multiple binding sites on the glycine
transporters. Regardless of their binding mode, with the advancement of
several of these non-sarcosine-derived ligands into the clinic, and especially
with the publication of structural data relating to the Merck Ph I candi-
date DCCyB, it is evident that such compounds are proving to be effect-
ive as potent and selective glycine uptake inhibitors which warrant further
investigation.
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6.3
GlyT2 Inhibitors

Compounds acting at this molecular target were initially investigated as po-
tential treatments for pain and muscle spasticity but elucidation of the role
of GlyT2 in vesicle refilling and the association of GlyT2 mutations with
hyperkplexia cast doubt on their application and possible side effects [22].
Pre-clinical evidence of marked activity in several mouse models of neuro-
pathic pain has recently been published for Org 25543 (44, Fig. 15), a selective
GlyT2 inhibitor [133]. These data may revive interest in this mechanism as
a route towards novel pain control therapy.

Consequently, inhibitors of GlyT2 are less well represented in the medic-
inal chemistry literature. However, as previously mentioned, potent and se-
lective GlyT2 inhibitors have been identified. More specifically, researchers
at Organon were the first to publish the structure of a potent and selec-
tive GlyT2 inhibitor, Org 25543 (44, Fig. 15; GlyT2 IC50 16 nM; GlyT1 IC50 >
100 µM), which was identified following optimisation of an HTS hit [134,
135]. Around the same time, NPS also published information on a series
of amino acid derivatives e.g. 45 (Fig. 15) which also showed a signifi-
cant inhibition of GlyT2 [136]. These series of compounds are compared
in a subsequent review by NPS [137]. In addition, Organon have also pub-

Fig. 15 GlyT2 inhibitors
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lished information on a series of 2-(aminomethyl)-benzamide-based GlyT2
inhibitors, with the most potent compound being 46 (Fig. 15) (GlyT2 IC50

30 nM) [138, 139]. The geometrical arrangement of the hydroxyl and the
amino functionalities in this chemotype was shown to be crucial for both
activity and selectivity, in particular over other transporters such as NET
and DAT.

Other companies who have shown an interest in this field of research
through the publication of patent applications (without associated biological
data) include Telik, who covered a range of heterocyclic inhibitors of GlyT2
such as 47 [140], and Tanabe, who patented a series of norvaline derivatives
as typified by 48 (Fig. 15) [141].

Finally, Johnson & Johnson have published a series of papers and as-
sociated patents covering a range of α-, β-, and γ -amino acid deriva-
tives [142–144], in addition to a set of benzoyl piperidine-based GlyT2 in-
hibitors [145–147]. In particular, compound 49 appears as the most potent
amino acid derivative (GlyT2 IC50 18 nM), with 50 affording significantly less
activity from the aryl amide series (GlyT2 IC50 400 nM) (Fig. 15).

7
Conclusion

Our knowledge and understanding of the role and function of glycine and
specific glycine transporters has grown considerably over the last decade.
This has been helped by the discovery of selective small molecule inhibitors
of GlyT1 and GlyT2. At present, the potential development and clinical ap-
plication of GlyT2 inhibitors seems uncertain. On the other hand, GlyT1
inhibition has received considerable attention owing to the attractiveness of
GlyT1 as a drug target for indications such as schizophrenia and cognition.
Two distinct structural classes of GlyT1 inhibitor have emerged: the amino
acid-derived inhibitors such as ALX 5407 and Org 24598 and, latterly, the
non-amino acid-derived inhibitors such as R-1678 and DCCyB. It remains to
be seen whether or not the encouraging preclinical observations translate into
clinical efficacy and what differences, if any, emerge between the two struc-
tural classes.
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