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Abstract

The norepinephrine transporter (NET) is located in
the plasma membrane of noradrenergic neurons, where
it functions to take up synaptically released norepine-
phrine (NE). The NET thus serves as the primary mech-
anism for the inactivation of noradrenergic signaling.
Some potent and selective or mixed NET inhibitors (e.g.,
reboxetine and atomoxetine) have been successfully
developed to treat a variety of mental disorders such as
depression and attention deficit hyperactivity disorder
(ADHD). However, to date, only a very limited number of
NET-selective inhibitors are available. New potent and
selective NET inhibitors may find application in the treat-
ment of mental disorders or in PET imaging, and may
enhance our basic understanding of these illnesses. In
the present review, both previously reported and newly
designed NET inhibitors, as well as their therapeutic and
imaging potential, will be discussed. Two types of mole-
cules, the conformationally constrained tropanes and the
piperidine-based nocaine/modafinil hybrid ligands, rep-
resent new leads and provide good opportunities for dis-
covering novel potent and selective NET inhibitors that
are useful as therapies and imaging agents for the NET.

Introduction

Mental disorders are common to all countries and
cause immense human suffering, social exclusion, dis-
ability and poor quality of life. They also increase mortal-
ity and cause staggering economic and social costs. It is
estimated that 1 in every 4 people has a mental disorder.
Most often these are not diagnosed or treated because of
gaps which exist in diagnostic technologies. The com-
bined costs of mental iliness, including lost productivity,
lost earnings due to illness and social costs, are estimat-
ed to total at least USD 113 billion annually (1, 2). It is
anticipated that these problems will increase considerably
in the years to come as a result of an aging population
and other factors.

In the central nervous system (CNS), monoamines
such as dopamine (DA, 1), serotonin (5-HT, 2) and nor-
epinephrine (NE, 3) (Fig. 1) have an important modulato-
ry role in neurotransmission and are involved in numer-
ous physiological functions and pathological conditions
(8, 4). Selective or mixed monoamine transporter (DAT,
SERT or NET) inhibitors (e.g., GBR-12909, mazindol, flu-
oxetine, paroxetine, reboxetine, amoxapine, desipramine,
imipramine, bupropion and nisoxetine) have been devel-
oped to treat a variety of brain-related disorders, includ-
ing depression, cocaine dependence, addiction and
abuse, ADHD, anxiety disorders, mood disorders, per-
sonality disorders, psychosexual disorders, schizophre-
nia, eating disorders, premenstrual dysphoria, Par-
kinson’s disease, Alzheimer’s disease, bipolar disorder,
chronic pain, migraine, epilepsy, multiple sclerosis,
stroke, trauma, mania, obsessive-compulsive disorder,
obesity and narcolepsy (5-17). However, important issues
regarding the selectivity and mechanisms of action of
these drugs remain unresolved. Research with novel
ligands that vary both in their selectivity profiles and
potency at each of the three monoamine transporter sites
may be of value in unraveling the relevant pharmacologi-
cal mechanisms, and thus aid in the discovery of new
therapies with fewer side effects.

In contrast to the substantial body of research on
DAT-selective ligands, fewer studies have focused on the
structure-activity relationships (SAR) relevant to design-
ing ligands having other patterns of transporter selectivi-
ty, particularly NET-selective ligands (6, 10, 18). The
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Fig. 1. Chemical structures of the monoamines DA, 5-HT and NE.

present review focuses on NET inhibitors and their use as
imaging ligands, as well as their therapeutic potential in
the treatment of mental iliness.

Role of norepinephrine
and the norepinephrine transporter

Norepinephrine, also known as noradrenaline, is a
neurotransmitter found in the sympathetic nervous sys-
tem and biosynthesized from the amino acid tyrosine,
which is sequentially hydroxylated to generate dihydroxy-
phenylalanine (Dopa), decarboxylated to produce
dopamine, and hydroxylated to form NE (19). As one of
the crucial neurochemical messengers in the CNS, NE
plays an important role in human physiology and patho-
logy, and is involved in mood regulation, sleep regulation,
expression of behavior and the general degree of alert-
ness and arousal (20). Norepinephrine also exerts central
control over the endocrine system and autonomic ner-
vous system. Outside the CNS and adrenal glands, NE is
located in the sympathetic nerve endings, and the NE
content of a particular tissue reflects the extent of its sym-
pathetic innervation (21).

The NET is located in the plasma membrane of nora-
drenergic neurons, where it functions to take up synapti-
cally released NE. The NET thus serves as the primary
mechanism for the inactivation of noradrenergic signaling
(22-24). Reuptake of NE by the NET protein (also known
as uptake 1) is the primary mechanism by which the bio-
logical effects of NE in the synapse are terminated (Fig.
2). The inactivation process through the NET is critical in
preventing an excessive increase in the NE concentra-
tions in the synaptic cleft, which regulate adrenergic neu-
rotransmission in the brain, as well as the removal of NE
from the heart and other peripheral organs (21, 25).
Reuptake of NE is competitive with a variety of naturally
occurring amines and drugs. Drugs of abuse (e.g.,
cocaine) and antidepressants (e.g., desipramine, ven-
lafaxine, reboxetine, bupropion) block the transport of NE
and thereby cause an elevation in the synaptic concen-
trations of NE and potentiation of the activation of postsy-
naptic receptors (21, 26, 27). The above neurobiology of
the NE system and other accumulating evidence support
the view that NE plays an important role in the CNS and,
although details of its mechanism of action remain
unknown, NE is likely to play a role in various psychiatric
disorders, including major depression and ADHD.

Previously reported norepinephrine
transporter inhibitors

The chemical structures of a number of previously
reported NET-selective or mixed NET inhibitors are
shown in Figure 3. Among them, reboxetine (4), a
racemic mixture of the (R,R)- and (S,S)-enantiomers, is
the first potent, selective and specific NE reuptake
inhibitor that has been marketed as an antidepressant
(14). The K, values of reboxetine are 1.1, 129 and
> 10,000 nM for rat NET, SERT and DAT, respectively
(28). Its (S,S)-enantiomer is even more potent and selec-
tive at the NET (29). The methyl analogue of reboxetine,
2-[(2-methoxyphenoxy)phenylmethyllmorpholine (methyl-
norethylreboxetine, MeNER, 5), was reported to be 3
times more potent than reboxetine itself in inhibiting the
reuptake of [*H]-NE in rat synaptosomes (30). The potent
and selective NET inhibitor (R)-nisoxetine (6) has K,
values of 0.46, 158 and 378 nM at rat NET, SERT and
DAT, respectively (31). Its iodo analogue 2-I-(R)-NXT (7)
has more potent NET activity, with a K, value of 0.03 nM
(32). (R)-Thionisoxetine (8), the sulfur analogue of nisox-
etine, has potent NET activity similar to (R)-nisoxetine
itself (33). (R)-Tomoxetine (atomoxetine, 9) differs struc-
turally from (R)-nisoxetine (6) by a methyl group at the
2-position instead of a methoxy group. Its K, values are 5,
77 and 1451 nM at cloned human NET, SERT and DAT,
respectively (34). Desipramine (10) has K values of 7.36,
163 and > 10,000 nM at rat NET, cloned human SERT
and rat DAT, respectively (31). Both nortriptyline (11) and
protriptyline (12) have a similar tricyclic structure as
desipramine. Nortriptyline is a more potent inhibitor of the
NET (K, = 3.4 nM) than the SERT (K, = 161 nM) (35).
Amoxapine (13) is a tricyclic dibenzoxazepine antide-
pressant that is chemically similar to the antipsychotic
agent loxapine. In animal tests, amoxapine and its
metabolites block reuptake of the neurotransmitter NE,
with little effect on 5-HT (36). Maprotiline (14), which dif-
fers from other typical tricyclic antidepressants by its
tetracyclic structure, is a highly selective inhibitor of NE
reuptake in the brain and peripheral tissues, but has a
notable lack of 5-HT uptake inhibition (37). Mazindol (15)
is a dual NET/DAT inhibitor with K; values of 3.2, 27.6 and
153 nM at NET, DAT and SERT, respectively (38). The
marketed antidepressant bupropion (16), is chemically
unrelated to tricyclic or tetracyclic selective serotonin
reuptake inhibitors (SSRIs) or other known antidepres-
sants. Preclinical and clinical data demonstrate that
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Fig. 2. Diagram of a noradrenergic axonal terminal showing the release and reuptake of norepinephrine (NE). a. NE is synthesized from
tyrosine via hydroxylation to form dihydroxyphenylalanine (Dopa), decarboxylation to form dopamine, and hydroxylation to form NE, and
b stored in vesicles. c. As a result of an appropriate stimulus (not shown), NE is released into the synaptic cleft. d. Released NE acti-
vates the adrenergic receptors located on the postsynaptic membrane (a,, B, and §3,) and also the e presynaptic membrane (a,, §3,), and
causes f postsynaptic reactions such as protein kinase activation and protein phosphorylation. g. The NET is responsible for reuptake
of NE in the synaptic cleft and terminates its action. h. After reuptake by the NET, a small portion of the NE is restored in vesicles (fol-
lowing uptake by the vesicular amine transporter 2, VMAT,); i the rest is metabolized in the mitochondria by the enzyme monoamine oxi-
dase (MAO), and j the end product dihydroxyphenylglycol (DHPG) is released into the circulation. k. A small portion of the synaptic NE
leaks into the circulation, or | is taken up by another system (uptake 2) and m metabolized to form normetanephrine (NMN). Because
70-90% of the synaptic NE is taken up by the NET, blockade of NET is likely to produce a shift towards the NMN pathway and away from
the DHPG pathway. A high ratio of plasma NMN to DHPG might prove useful in measuring this blockade. (Reproduced from Ref. 21 with
permission from the original authors and Cambridge University Press).

bupropion and its metabolites inhibit the reuptake of NE
and DA in humans without affecting the release or trans-
port of other neurotransmitters and without binding to
other neurotransmitter receptors (39). Duloxetine (17)
has the same type of chemical structure as nisoxetine
and is a dual NET/SERT inhibitor with K, values of 7.5, 0.8
and 240 nM at NET, SERT and DAT, respectively (40, 41).
As a selective NET/SERT inhibitor, venlafaxine (18)
simultaneously affects both 5-HT and NE, which are
implicated in depression and anxiety (42, 43). Indatraline
(19) is a potent but nonselective triple NET/SERT/DAT
inhibitor with potential for the treatment of drug abuse,
having K; values of 5.8, 0.42 and 1.7 nM at NET, SERT
and DAT, respectively (44).

Newly developed norepinephrine
transporter-selective ligands

Tropane-based ligands as norepinephrine transporter
inhibitors

As part of our research program aimed at the discov-
ery of possible medications for cocaine abuse, depres-
sion and other psychiatric disorders, we have explored a
new series of conformationally constrained tropane ana-
logues in an effort to establish how best to "dial in" certain
levels of transporter selectivity. Most of the potent
tropane-based monoamine transporter inhibitors, includ-
ing cocaine (20, Fig. 4), are believed to have at least
three major interactions with the transporter binding sites:
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Fig. 3. Chemical structures of selective or mixed NET inhibitors.

an ionic or H-bonding interaction of the basic nitrogen, a
dipole-dipole or H-bonding interaction of the ester group
of the ligand, and an interaction of the aryl group of the
ligand with a lipophilic binding pocket (10, 18). Based
upon our preliminary SAR studies on conformationally
constrained tricyclic tropanes (21), the lipophilic aromatic
substituent at the 9-position appears to be a crucial deter-
minant of selectivity (8, 9, 12, 45, 46). The different shape
and size of the lipophilic recognition pocket that interacts
with the aryl ring(s) of these tropanes are major determi-
nants of a ligand’s transporter activity at either the SERT
or the NET, and these studies have led to the discovery of
analogues selective for the SERT, such as compounds 22
and 23 (12), as well as analogues selective for the NET,
such as the biaryl compounds 24-30 (8) and the thio-

phene derivatives 31-34 (9, 12) (Fig. 4, Table 1I).
Compound 23 has a K; value of 0.06 nM at the SERT and
K, values of > 10,000 nM at both the DAT and the NET
(12). The biphenylyl analogue 24, on the other hand, is a
potent and selective NET inhibitor with a K; value of 12
nM and about 50-fold selectivity over both the SERT and
the DAT (45). Modifications on the substituents on the
outer phenyl ring led to a significant improvement in
potency and selectivity. Both ligands 25 and 29, like (R)-
nisoxetine, display remarkable nanomolar to subnanomo-
lar potency at the NET and > 100-fold selectivity versus
both the SERT and the DAT. Ligand 30 is a potent and
dual NET/SERT inhibitor with a selectivity profile similar
to duloxetine and venlafaxine. The thienyl tropane ligand
33 is a potent NET inhibitor somewhat like nortriptyline.
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Fig. 4. Tropane-based ligands as NET inhibitors.

Table I: Inhibition of monoamine transporters (K, + SEM (nM)?.

Compound [®H]-DA uptake [®H]-5-HT uptake [*H]-NE uptake
Cocaine 423 + 147 155+ 0.4 108 + 3.5
Nocaine 233 + 62 8490 + 1430 252 + 43

Modafinil® 3800 - > 10,000

24 477 + 81 614 + 105 12 +1
25 787 + 234 1336 + 7 6.5+21
26 236 + 76 239 + 37 9.7+27
27 646 + 29 138 + 23 5+2
28 556 + 19 1166 + 425 8.8+0.5
29 106 + 6 295 + 36 0.82 +0.2
30 228 + 28 1.2+0.7 1.3+0.3
31 130 = 27 53+2 9.7+28
32 368 + 2 29+ 1.6 50+1.3
33 403 + 20 179 + 38 4.9 +0.2
34 371 £ 11 531 + 51 10+ 0.5
38 16 +5 158 + 5 0.94 + 0.27
39 68 + 22 6.7+1.5 45+12
40 1.0+0.2 1.1+0.4 0.8 +0.1
41 83 +1 45+0.8 0.68 + 0.25
42 55+8 1,795 + 67 12 +1
43 51+ 16 13+3 0.56 + 0.09

2Data are mean + standard error of at least three experiments, as described in Ref. 8. PData taken from Ref. 54.
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Piperidine-based ligands as norepinephrine
transporter inhibitors

Previously, we reported on the synthesis and pharma-
cology of several 3,4-substituted piperidine-based
cocaine analogues (47). After extensive in vitro studies,
together with in vivo assays of locomotor activity and self-
administration and drug discrimination studies, the
DAT/NET-selective ligand nocaine (35) was chosen for
advancement to human clinical studies for the treatment
of cocaine addiction (48, 49). Nocaine has both lower
potency and efficacy than cocaine in increasing locomo-
tor activity in rodents and produces partial methampheta-
mine-like discriminative stimulus effects, although it is
fully cocaine-like in cocaine-trained animals. Moreover, it
shows reduced reinforcing effects in nonhuman primates.
Nocaine dose-dependently antagonizes cocaine-induced
locomotor activation and potentiates the discriminative
stimulus effects of a low dose of cocaine.

Modafinil (Provigil®, 36), a non-amphetamine-like
wake-promoting agent, is approved for the treatment of
narcolepsy. However, modafinil has been linked to side
effects which include nausea, infection, nervousness,
anxiety and/or insomnia. It shows low but selective affini-
ty for the DAT in canine brain membranes (50).
Modafinil’'s mode of action is complex and still uncertain,
although studies suggest that it increases wakefulness by

activating a,-adrenergic transmission (51) or hypothalam-
ic cells that contain the peptide hypocretin (52), or that it
may work by modulating GABAergic tone (53). Other
research suggests that the presynaptic activation of DA
transmission is a key pharmacological event in mediating
the wake-promoting effects of currently available CNS
stimulants and that it is critical for the pharmacological
control of wakefulness, while activation of the NE system
is critical for rapid eye movement (REM) sleep regulation
(54, 55).

Since valuable therapies have emerged from com-
pounds exhibiting varying levels of transporter selectivity,
we sought to examine the effect of creating hybrid mole-
cules combining structural features of both nocaine and
modafinil (56). Specifically, we explored the effect of
replacement of the hydrolyzable ester function of nocaine
with the same type of sulfur-containing side-chain as
found in modafinil. This modification of one of the key
pharmacophore elements of nocaine was anticipated to
further reduce its reinforcing properties, while possibly
improving its half-life (Fig. 5).

From the resulting SAR data (Table 1), we learned that
replacement of the hydrolyzable ester function of nocaine
with the sulfur appendage found in modafinil leads to a
substantial enhancement in the NET-inhibitory potency
for many of the ligands relative to their activity at the DAT.
In addition, some of the ligands display unique profiles of
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transporter selectivity and potency. Like mazindol, the
alcohol 38 exhibits remarkable potency at the NET (K, =
0.94 nM) and the DAT (K, = 16 nM), as well as 170- and
10-fold selectivity versus the SERT, respectively. The
inverse benzoyl ester 39 is a good SERT/NET inhibitor
with potencies of 6.7 and 4.5 nM, respectively.
Interestingly, the amide analogue 40 exhibits outstanding
activity, with approximately 1 nM potency at all three
monoamine transporters, similar to indatraline. Ligand 41
is another promising SERT/NET inhibitor with potencies
of 4.5 and 0.68 nM, respectively. The sulfoxide amide
analogue 42 is a dual NET/DAT ligand with low potency
at SERT. Interestingly, the N-demethylated ligand 43
exhibits a high level of activity at the NET, with a K, value
of 0.56 nM.

In order to assess the bioavailability and initial
cocaine-like behavioral activity of compound 38, we com-
pared two doses of cocaine and 38 in an open-field loco-
motor activity study. Ligand 38 was more potent than
cocaine and appeared to be more efficacious as well (56).
Further behavioral testing of several additional ligands is
currently under way.

Therapeutic potential of norepinephrine
transporter inhibitors

For more than four decades, NE has been postulated
to play an important, possibly primary, role in the patho-
physiology and subsequent treatment of mood disorders.
To date, a number of potent and selective or mixed NET
inhibitors have been marketed as antidepressants. In the
past, the tricyclic antidepressants (TCAs) such as
desipramine (Norpramin), nortriptyline (Aventyl, Pa-
melor), protriptyline (Vivactil) and amoxapine (Asendin)
were the first-choice medications for typical depression
(57). The first generation of antidepressants, such as
maprotiline, are not widely used in the U.S. due to the
emergence of newer, more effective antidepressants.
However, TCA use is fairly common in other countries. A
new generation of antidepressants resulted from the dis-
covery of SSRIs. Although SSRIs such as fluoxetine and
paroxetine are very effective antidepressant drugs with
substantially reduced severe side effects compared to the
older tricyclic antidepressants, they are not universally
effective and can also have bothersome side effects of
their own, such as anxiety, sleep disturbances, weight
gain, sexual dysfunction and gastrointestinal distur-
bances (58). Pharmacologically and chemically unrelated
to TCAs or SSRIs, reboxetine (Edronax) is the first truly
selective NET inhibitor and is currently being marketed as
an antidepressant in over 50 countries, including Europe.
The selectivity of reboxetine for the NET and its benign
side effect profile result in the drug being well tolerated
(14, 59).

Some dual NET inhibitors display a unique clinical
profile. As a dual NET/DAT ligand, bupropion (Wellbutrin)
has demonstrated efficacy comparable to that of other
antidepressants without the side effects of SSRIs (39). As
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a dual NET/SERT inhibitor, venlafaxine (Effexor) repre-
sents a new class of antidepressants and has a higher
efficacy rate and the lowest dropout rate when compared
to TCAs and SSRIs (60). Another dual NET/SERT
inhibitor, duloxetine (Cymbalta), approved by the FDA in
2004, is a well-tolerated and even more effective antide-
pressant than venlafaxine (61).

The potent NET inhibitor atomoxetine (Strattera) is an
effective and generally well-tolerated treatment for adults
with ADHD (62). As a nonstimulant, it is the first ADHD
treatment to be approved specifically for adult use based
on its efficacy in well-controlled adult trials. Studies illus-
trate that atomoxetine carries a negligible risk of abuse or
diversion and is a valuable new treatment option for
adults with ADHD, particularly for patients at risk of sub-
stance abuse or those who do not wish to take a con-
trolled substance (63).

Furthermore, certain mixed NET inhibitors have been
used for the treatment of other neuropsychiatric and neu-
rodegenerative disorders. As a dual NET/DAT inhibitor,
mazindol (Sanorex, Mazanor) has been used as an
appetite suppressant in the treatment of obesity (64).
Bupropion is also marketed under the name Zyban by
GlaxoSmithKline as a drug for smoking cessation and
has been used very successfully to treat nicotine addic-
tion directly (65).

Norepinephrine transporter-selective PET
and SPECT imaging ligands

Positron emission tomography (PET) and single pho-
ton emission computed tomography (SPECT) imaging
methods have been established as powerful tools to map
the distribution of proteins targeted by selective radioli-
gands in the healthy and diseased brain. While providing
a valuable diagnostic tool in the short run, knowledge
gathered from imaging the NET would eventually lead to
a better understanding of disease processes involving
this transporter, and hence to improved therapies or even
disease prevention. ['"C]-Desipramine has been pre-
pared but preliminary in vivo data obtained with PET
imaging showed that the degree of specific binding in the
monkey brain was too low to allow for visualization of the
NET (66, 67). ['"C]-Nisoxetine has been used for in vivo
studies of the NET, but only displayed moderate specific
binding in mice (68). An iodo derivative of tomoxetine has
also been prepared as a potential imaging ligand, but
demonstrated no specific binding in vivo in rat brain and
a very high lung uptake (69, 70). Recent research sug-
gested that ["'C]-(S,S)-MeNER, an analogue of reboxe-
tine, may be a useful imaging agent for the NET in vivo
and a lead compound for further development (71-74). In
vitro autoradiography of rat brain sections using ["'C]-
(S,S)-MeNER showed the ligand’s localization at the
locus coeruleus, pendunculopontine nucleus, bed nucle-
us of the stria terminal and hypothalamus, regions with a
high density of NET. Imaging studies in baboons and
monkeys suggested that [''C]-(S,S)-MeNER localized in
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the lower brain stem and thalamus. The midbrain to stria-
tum ratio in nonhuman primates is 1.4-1.6 (72, 73). More
recently, a radioiodinated ligand, (R)-N-methyl-(2-['2%I]-
iodophenoxy)-3-phenylpropylamine (['2%1]-2-INXT, ['?5I]-
MIPP), was prepared and the data suggest that it may be
useful for mapping NET binding sites in the brain (75, 76).

Conclusions

The discovery of new potent and selective NET
inhibitors is important as it is expected to advance the
diagnosis and treatment of mental disorders and enhance
our basic understanding of these illnesses. However, to
date, only a very limited number of NET-selective
inhibitors are available. As described in the present
review, two types of molecules, the conformationally con-
strained tropanes and the piperidine-based nocaine/
modafinil hybrid ligands, represent new leads and offer
opportunities for finding novel potent and selective NET
inhibitors that are useful as imaging agents and thera-
pies. Extensions of the present work through SAR, in vivo
studies and radiolabeling for PET/SPECT are anticipated
to be of great value in the development of diagnostic tools
that may yield insights into the role of the NET in disease
processes, and eventually lead us to the development of
therapies for those diseases.

Acknowledgements

The author thanks Prof. Dr. Alan P. Kozikowski of the
University of lllinois at Chicago for his seminal work and
contributions to research in this field, as well as his
encouragement; Dr. Werner Tueckmantel and Mr. Hans F.
Roth of Acenta Discovery, Inc., and Prof. Dr. Bryan L.
Roth of Case Western Reserve University for helpful dis-
cussions; and Prof. Dr. David Robertson of Vanderbilt
University and Cambridge University Press for their kind
permission on the reproduction of Figure 2. Work pre-
sented in this paper was made possible by generous sup-
port from the National Institutes of Health (NIH), including
NIMH (1R41MHO070083-01) and NIDA (DA10458,
DA11548).

References

1. Murray, C.J.L., Lopez, A.D. (Ed.). The Global Burden of
Disease: A Comprehensive Assessment of Mortality and
Disability from Diseases, Injuries and Risk Factors in 1990 and
Projected to 2020. Harvard University Press, Cambridge, 1996.

2. Rice, D.P., Miller, L.S. Health economics and cost implications
of anxiety and other mental disorders in the United States. Br J
Psychiatry 1998, 173: 4-9.

3. Greengard, P. The neurobiology of slow synaptic transmission.
Science 2001, 294: 1024-30.

Therapeutic potential of norepinephrine transporter inhibitors

4. Gainetdinov, R.R., Sotnikova, T.D., Caron, M.G. Monoamine
transporter pharmacology and mutant mice. Trends Pharmacol
Sci 2002, 23: 367-73.

5. Sasaki-Adams, D.M., Kelley, A.E. Serotonin-dopamine inter-
actions in the control of conditioned reinforcement and motor
behavior. Neuropsychopharmacology 2001, 25: 440-52.

6. Carroll, F.I., Howell, L.L., Kuhar, M.J. Pharmacotherapies for
treatment of cocaine abuse: Preclinical aspects. J Med Chem
1999, 42: 2721-36.

7. Olivier, B., Soudijn, W., van Wijngaarden, |. Serotonin,
dopamine and norepinephrine transporters in the central ner-
vous system and their inhibitors. Prog Drug Res 2000, 54:
59-119.

8. Zhou, J., Zhang, A., KlIaB, T., Johnson, K.M., Wang, C.Z., Ye,
Y., Kozikowski, A.P. Biaryl analogues of conformationally con-
strained tricyclic tropanes as potent and selective norepineph-
rine reuptake inhibitors: Synthesis and evaluation of their uptake
inhibition at monoamine transporter sites. J Med Chem 2003, 46:
1997-2007.

9. Zhou, J., KI&B, T., Zhang, A., Johnson, K.M., Wang, C.Z., Ye,
Y., Kozikowski, A.P. Synthesis and pharmacological evaluation of
(Z)-9-(heteroarylmethylene)-7-azatricyclo[4.3.1.0%7]decanes:
Thiophene analogues as potent norepinephrine transporter
inhibitors. Bioorg Med Chem Lett 2003, 13: 3565-9.

10. Smith, M.P., Hoepping, A., Johnson, K.M., Trzcinska, M.,
Kozikowski, A.P. Dopaminergic agents for the treatment of
cocaine abuse. Drug Discov Today 1999, 4: 322-32.

11. Smith, M.P., Johnson, K.M., Zhang, M., Flippen-Anderson,
J.L., Kozikowski, A.P. Tuning the selectivity of monoamine trans-
porter inhibitors by the stereochemistry of the nitrogen lone pair.
J Am Chem Soc 1998, 120: 9072-3.

12. Zhang, A., Zhou, G.C., Hoepping, A., Mukhopadhyaya, J.,
Johnson, K.M., Zhang, M., Kozikowski, A.P. Further studies on
conformationally constrained tricyclic tropane analogues and
their uptake inhibition at monoamine transporter sites: Synthesis
of (Z2)-9-(substituted arylmethylene)-7-azatricyclo[4.3.1.0%7]-
decanes as a novel class of serotonin transporter inhibitors.
J Med Chem 2002, 45: 1930-41.

13. Fleishaker, J.C. Clinical pharmacokinetics of reboxetine, a
selective norepinephrine reuptake inhibitor for the treatment of
patients with depression. Clin Pharmacokinet 2000, 39: 413-27.

14. Wong, E.H.F., Sonders, M.S., Amara, S.G., Tinholt, P.M.,
Piercey, M.F.P., Hoffmann, W.P., Hyslop, D.K., Franklin, S.,
Porsolt, R.D., Bonsignori, A., Carfagna, N., McArthur, R.A.
Reboxetine: A pharmacologically potent, selective, and specific
norepinephrine reuptake inhibitor. Biol Psychiatry 2000, 47:
818-29.

15. Van Moffaert, M., Dierick, M. Noradrenaline (norepinephrine)
and depression: Role in aetiology and therapeutic implications.
CNS Drugs 1999, 12: 293-305.

16. Plewnia, C., Hoppe, J., Hiemke, C., Bartels, M., Cohen, L.,
Gerloff, C. Enhancement of human cortico-motoneuronal
excitability by the selective norepinephrine reuptake inhibitor
reboxetine. Neurosci Lett 2002, 330: 231-4.

17. Versiani, M., Cassano, G., Perugi, G., Benedetti, A., Mastalli,
L., Nardi, A., Savino, M. Reboxetine, a selective norepinephrine
reuptake inhibitor, is an effective and well-tolerated treatment for
panic disorder. J Clin Psychiatry 2002, 63: 31-7.



Drugs Fut 2004, 29(12)

18. Singh, S. Chemistry, design, and structure-activity relation-
ship of cocaine antagonists. Chem Rev 2000, 100: 925-1024.

19. Axelrod, J. Regulation of the neurotransmitter norepineph-
rine. In: The Neurosciences. Third Study Program. Schmitt, F.O.,
Worden, F.G. (Eds.). MIT Press, Cambridge, 1974, 863-76.

20. Young, J.B., Landsberg, L. Catecholamines and the adrenal
medulla. In: Williams Textbook of Endocrinology, 9th Ed. Wilson,
J.D., Foster, D.W. (Eds.). W.B. Saunders Co., Philadelphia,
1998, 680-2.

21. Tellioglu, T., Robertson, D. Genetic or acquired deficits in the
norepinephrine transporter: Current understanding of clinical
implications. Exp Rev Mol Med 2001, http://www-ermm.cbcu.
cam.ac.uk/01003878h.htm.

22. Pacholczyk, T., Blakely, R.D., Amara, S.G. Expression
cloning of a cocaine- and antidepressant-sensitive human nora-
drenaline transporter. Nature 1991, 350: 350-4.

23. Barker, E.L., Blakely, R.D. Norepinephrine and serotonin
transporters: Molecular targets of antidepressant drugs. In:
Psychopharmacology. A Fourth Generation of Progress. Bloom,
F.E., Kupfer, D.J. (Eds.). Raven Press, New York, 1995, 321-33.

24. Zavosh, A., Schaefer, J., Ferrel, A., Figlewicz, D.P.
Desipramine treatment decreases °H-nisoxetine binding and
norepinephrine transporter mRNA in SK-N-SHSY5Y cells. Brain
Res Bull 1999, 49: 291-5.

25. Blakely, R.D., Bauman, A.L. Biogenic amine transporters:
Regulation in flux. Curr Opin Neurobiol 2000, 10: 328-36.

26. Trendelenburg, U. The TiPS lecture: Functional aspects of
the neuronal uptake of noradrenaline. Trends Pharmacol Sci
1991, 12: 334-7.

27. Amara, S.G., Sonders, M.S. Neurotransmitter transporters as
molecular targets for addictive drugs. Drug Alcohol Depend
1998, 51: 87-96.

28. Millan, M.J., Gobert, A., Lejeune, F., Newman-Tancredi, A.,
Rivet, .M., Auclair, A., Peglion, J.L. $33005, a novel ligand at
both serotonin and norepinephrine transporters: |. Receptor
binding, electrophysiological, and neurochemical profile in com-
parison with venlafaxine, reboxetine, citalopram, and
clomipramine. J Pharmacol Exp Ther 2001, 298: 565-80.

29. Wong, E.H.F., Ahmed, S., Marshall, R.C., McArthur, R.,
Taylor, D.P., Birgerson, L., Cetera, P. (Upjohn Co.). Highly selec-
tive norepinephrine reuptake inhibitors and methods of using the
same. WO 0101973.

30. Melloni, P., Carniel, G., Della Torre, A., Bonsignori, A.,
Buonamici, M., Pozzi, O., Ricciardi, O., Rossi, A.C. Potential
antidepressant agents, aryloxy-benzyl derivatives of ethanol-
amine and morpholine. Eur J Med Chem 1984, 19: 235-42.

31. Data taken from the NIMH/PDSP K, Database via the web
site http://kidb.bioc.cwru.edu/pdsp.php.

32. Chumpradit, S., Kung, M.-P., Panyachotipun, C., Prapansiri,
V., Foulon, C., Brooks, B.P., Szabo, S.A., Tejani-Butt, S., Frazer,
A., Kung, H.F. lodinated tomoxetine derivatives as selective lig-
ands for serotonin and norepinephrine uptake sites. J Med Chem
1992, 35: 4492-7.

33. Gehlert, D.R., Hemrick-Luecke, S.K., Schober, D.A.,
Krushinski, J., Howbert, J.J., Robertson, D.W., Wong, D.T,
Fuller, R.W. (R)-Thionisoxetine, a potent and selective inhibitor

1243

of central and peripheral norepinephrine uptake. Life Sci 1995,
56: 1915-20.

34. Bymaster, F.P., Katner, J.S., Nelson, D.L., Hemrick-Luecke,
S.K., Threlkeld, P.G., Heiligenstein, J.H., Morin, S.M., Gehlert,
D.R., Perry K.W. Atomoxetine increases extracellular levels of
norepinephrine and dopamine in prefrontal cortex of rat: A poten-
tial mechanism for efficacy in attention deficit/hyperactivity disor-
der. Neuropsychopharmacology 2002, 27: 699-711.

35. Sanchez, C., Hyttel, J. Comparison of the effects of antide-
pressants and their metabolites on reuptake of biogenic amines
and on receptor binding. Cell Mol Neurobiol 1999, 19: 467-89.

36. Kinney, J.L., Evans, R.L. Jr. Evaluation of amoxapine. Clin
Pharm 1982, 1: 417-24.

37. Barbaccia, M.L., Ravizza, L., Costa, E. Maprotiline: An anti-
depressant with an wunusual pharmacological profile. J
Pharmacol Exp Ther 1986, 236: 307-12.

38. Smith, N.C., Levi, R. LLC-PK (1) cells stably expressing the
human norepinephrine transporter: A functional model of carrier-
mediated norepinephrine release in protracted myocardial
ischemia. J Pharmacol Exp Ther 1999, 291: 456-63.

39. Stahl, S.M., Pradko, J.F., Haight, B.R., Modell, J.G., Rockett,
C.B., Learned-Coughlin, S. A review of the neuropharmacology
of bupropion, a dual norepinephrine and dopamine reuptake
inhibitor. J Clin Psychiatry 2004, 6: 159-66.

40. Boot, J.R., Brace, G., Delatour, C.L., Dezutter, N., Fairhurst,
J., Findlay, J., Gallagher, P.T., Hoes, |., Mahadevan, S., Mitchell,
S.N., Rathmell, R.E., Richards, S.J., Simmonds, R.G., Wallace
L., Whatton M.A. Benzothienyloxy phenylpropanamines, novel
dual inhibitors of serotonin and norepinephrine reuptake. Bioorg
Med Chem Lett 2004, 14: 5395-9.

41. Bymaster, F.P., Beedle, E.E., Findlay, J., Gallagher, P.T.,
Krushinski, J.H., Mitchell, S., Robertson, D.W., Thompson, D.C.,
Wallace L., Wong D.T. Duloxetine (Cymbalta™), a dual inhibitor
of serotonin and norepinephrine reuptake. Bioorg Med Chem
Lett 2003, 13: 4477-80.

42. Dubovsky, S.L. Beyond the serotonin reuptake inhibitors:
Rationales for the development of new serotonergic agents. J
Clin Psychiatry 1994, 55(Suppl.): 34-44.

43. Brunello, N., Racagni, G. Rationale for the development of
noradrenaline reuptake inhibitors. Human Psychopharmacol
1998, 13: S13-9.

44. Hyttel, J., Larsen, J.J. Neurochemical profile of LU 19-005, a
potent inhibitor of uptake of dopamine, noradrenaline and sero-
tonin. J. Neurochem 1985, 44: 1615-22.

45. Hoepping, A., Johnson, K.M., George, C., Flippen-Anderson,
J., Kozikowski, A.P. Novel conformationally constrained tropane
analogues by 6-endo-trig radical cyclization and Stille coupling -
Switch of activity toward the serotonin and/or norepinephrine
transporter. J Med Chem 2000, 43: 2064-71.

46. Zhang, A., Zhou, G.C., Rong, S.-B., Johnson, K.M., Zhang,
M., Kozikowski, A.P. Thiophene derivatives: A new series of
potent norepinephrine and serotonin reuptake inhibitors. Bioorg
Med Chem Lett 2002, 12: 993-5.

47. Kozikowski, A.P., Araldi, G.L., Boja, J., Meil, W.M., Johnson,
K.M., Flippen-Anderson, J.L., George, C., Saiah, E. Chemistry
and pharmacology of the piperidine-based analogues of cocaine.



1244

Identification of potent DAT inhibitors lacking the tropane
skeleton. J Med Chem 1998, 41: 1962-9.

48. Woolverton, W.L., Ranaldi, R., Wang, Z., Ordway, G.A., Paul,
I.A., Petukhov, P., Kozikowski, A.P. Reinforcing strength of a
novel dopamine transporter ligand: Pharmacodynamic and phar-
macokinetic mechanisms. J Pharmacol Exp Ther 2002, 303:
211-7.

49. Kozikowski, A.P., Johnson, K.M., Deschaux, O.,
Bandyopadhyay, B.C., Araldi, G.L., Carmone, G., Munzar, P,
Smith, M.P., Balster, R.L., Beardsley, P.M., Tella, S.R. Mixed
cocaine agonist/antagonist properties of (+)-methyl 4b-(4-
chlorophenyl)-1-methylpiperidine-3a-carboxylate, a piperidine
based analog of cocaine. J Pharmacol Exp Ther 2003, 305:
143-50.

50. Mignot, E., Nishino, S., Guilleminault, C., Dement, W.C.
Modafinil binds to the dopamine uptake carrier site with low affin-
ity. Sleep 1994, 17: 436-7.

51. Duteil, J., Rambert, F.A., Pessonnier, J., Hermant, J.F.,
Gombert, R., Assous, E. Central a,-adrenergic stimulation in
relation to the behaviour stimulating effect of modafinil; studies
with experimental animals. Eur J Pharmacol 1990, 180: 49-58.

52. Chemelli, R.M., Willie, J.T., Sinton, C.M., Elmquist, J.K.,
Scammel, T., Lee, C., Richardson, J.A., Williams, S.C., Xiong, Y.,
Kisanuki, Y., Fitch, T.E., Nakazato, M., Hammer, R.E., Saper,
C.B., Yanagisawa, M. Narcolepsy in orexin knockout mice:
Molecular genetics of sleep regulation. Cell 1999, 98: 437-51.

53. Ferraro, L., Tanganelli, S., O’'Connor, W.T., Antonelli, T.,
Rambert, F., Fuxe, K. The vigilance promoting drug modafinil
increases dopamine release in the rat nucleus accumbens via
the involvement of a local GABAergic mechanism. Eur J
Pharmacol 1996, 306: 33-9.

54. Nishino, S., Mao, J., Sampathkumaran, R., Shelton, J.,
Mignot, E. Increased dopaminergic transmission mediates the
wake-promoting effects of CNS stimulants. Sleep Res Online
1998, 1: 49-61.

55. Wisor, J.P., Nishino, S., Sora, I., Uhl, G.H., Mignot, E., Edgar,
D.M. Dopaminergic role in stimulant-induced wakefulness. J
Neurosci 2001, 21: 1787-94.

56. Zhou, J., He, R., Johnson, K.M., Ye, Y., Kozikowski A.P.
Piperidine-based nocaine/modafinil hybrid ligands as highly
potent monoamine transporter inhibitors: Efficient drug discovery
by rational lead hybridization. J Med Chem 2004, 47: 5821-4.

57. Kando, J.C., Wells, B.G., Hayes, P.E. Depressive disorders.
In: Drug Facts and Comparisons. Kastrup, E.K. (Ed.). Facts and
Comparisons, St. Louis, 2004.

58. Stahl, S.M. Basic psychopharmacology of antidepressants,
Part I: Antidepressants have seven distinct mechanisms of
action. J Clin Psychiatry 1998, 59(Suppl. 4): 5-14.

59. Page, M.E. The promises and pitfalls of reboxetine. CNS
Drug Rev 2003, 9: 327-42.

60. Einarson, T.R., Addis, A., Mittmann, N., Iskedjian, M. Meta-
analysis of venlafaxine, SSRIs and TCAs in the treatment of
major depressive disorder. Can J Clin Pharmacol 1998, 5:
205-16.

61. Anttila, S., Leinonen, E. Duloxetine from Eli Lilly. Curr Opin
Invest Drugs 2002, 3: 1217-21.

62. Simpson, D., Plosker, G.L. Atomoxetine: A review of its use
in adults with attention deficit hyperactivity disorder. Drugs 2004,
64: 205-22.

Therapeutic potential of norepinephrine transporter inhibitors

63. Michelson, D., Adler, L., Spencer, T., Reimherr, FW., West,
S.A,, Allen, A.J., Kelsey, D., Wernicke, J., Dietrich, A., Milton, D.
Atomoxetine in adults with ADHD: Two randomized, placebo-
controlled studies. Biol Psychiatry 2003, 53: 112-20.

64. Inoue, S. Clinical studies with mazindol. Obesity Res 1995,
4: 549S-528S.

65. Miller, D.K., Sumithran, S.P., Dwoskin, L.P. Bupropion inhibits
nicotine-evoked [*H]overflow from rat striatal slices preloaded
with [PH]dopamine and from rat hippocampal slices preloaded
with PH]norepinephrine. J Pharmacol Exp Ther 2002, 302: 1113-
22. For other details, see the web site: http://www.zyban.com/.

66. Van Dort, M.E., Kim, J.-H., Tluczek, L., Wieland, D.M.
Synthesis of ""C-labeled desipramine and its metabolite 2-
hydroxydesipramine: Potential radiotracers for PET studies of
the norepinephrine transporter. Nucl Med Biol 1997, 24: 707-11.

67. Schou, M., Halldin, C., Pike, V., Sovago, J., Gulyas, B., Innis,
B., Farde, L. Development of PET radioligands for the norepi-
nephrine transporter. Eur J Nucl Med Mol Imag 2000, 29: S59.

68. Haka, M.S., Kilbourn, M.R. Synthesis and regional mouse
brain distribution of ["'C]nisoxetine, a norepinephrine uptake
inhibitor. Nucl Med Biol 1989, 16: 771-4.

69. Chumpradit, S., Kung, M.P., Panyachotipunm, C., Prapansiri,
V., Foulon, C., Brooks, B.P., Szabo, S.A., Tejani-Butt, S., Frazer,
A., Kung, H.F. lodinated tomoxetine derivatives as selective lig-
ands for serotonin and norepinephrine uptake sites. J Med Chem
1992, 35: 4492-7.

70. Gehlert, D.R., Schober, D.A., Hemrick-Luecke, S.K.,
Krushinski, J., Howbert, J.J., Robertson, D.W., Fuller, R.W.,
Wong, D.T. Novel halogenated analogs of tomoxetine that are
potent and selective inhibitors of norepinephrine uptake in brain.
Neurochem Int 1995, 26: 47-52.

71. Wilson, A.A., Johnson, D.P.,, Mozley, D., Hussey, D.,
Ginovart, N., Nobrega, J., Garcia, A., Meyer, J., Houle, S.
Synthesis and in vivo evaluation of novel radiotracers for the in
vivo imaging of the norepinephrine transporter. Nucl Med Biol
2003, 30: 85-92.

72. Schou, M., Halldin, C., Sovago, J., Pike, V.W., Gulyas, B.,
Mozley, P.D., Johnson, D.P., Hall, H., Innis, R.B., Farde, L.
Specific in vivo binding to the norepinephrine transporter demon-
strated with the PET radioligand, (S,S)-[""CJMeNER. Nucl Med
Biol 2003, 30: 707-14.

73. Ding, Y.S., Lin, K.S., Garza, V., Carter, P., Alexoff, D., Logan,
J., Shea, C., Xu, Y., King, P. Evaluation of a new norepinephrine
transporter PET ligand in baboons, both in brain and peripheral
organs. Synapse 2003, 50: 345-52.

74. Lin, K.S., Ding, Y.-S. Synthesis and evaluation of a new nor-
epinephrine transporter PET ligand in nonhuman primates. J
Label Comp Radiopharm 2003, 46(Suppl. 1): S58.

75. Kiyono, Y., Kanegawa, N., Kawashima, H., Fujiwara, H., lida,
Y., Nishimura, H., Saji, H. A new norepinephrine transporter
imaging agent for cardiac sympathetic nervous function imaging:
Radioiodinated (R)-N-methyl-3-(2-iodophenoxy)-3-phenyl-
propanamine. Nucl Med Biol 2003, 30: 697-706.

76. Kung, M.-P., Choi, S.-R., Hou, C., Zhuang, Z.-P., Foulon, C.,
Kung, H.F. Selective binding of 2-['?*[Jiodo-nisoxetine to norepi-
nephrine transporters in the brain. Nucl Med Biol 2004, 31:
533-41.



