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Development of SPECT imaging agents
for the norepinephrine transporters: [123I]INERq
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Abstract—A series of reboxetine analogs was synthesized and evaluated for in vitro binding as racemic mixtures. The best candidate
(INER) was synthesized as the optically pure (S,S) enantiomer, labeled with iodine-123 and its in vivo binding determined by
SPECT imaging in baboons. The in vivo specificity, selectivity, and kinetics of [123I]INER make it a promising agent for imaging
NET in vivo by noninvasive SPECT imaging.
� 2006 Elsevier Ltd. All rights reserved.
The norepinephrine transporter (NET) is a protein with
12 transmembrane-spanning domains, located at the
pre-synaptic terminal of noradrenergic neurons. The
principal physiological function of NET is to remove ex-
cess norepinephrine (NE) from the synaptic cleft to ter-
minate the action of NE (avoiding over-stimulation) and
to recycle NE into the pre-synaptic neuron (active reup-
take) for later re-release. Brain structures known to be
rich in NET include the locus coerulus (brainstem area);
thalamus, hippocampus, and throughout the cerebral
cortex, whereas low densities are found in cerebellum
and striatum.4 NET has been implicated in the patho-
physiology of numerous neuropsychiatric and neurode-
generative disorders, including depression (reduced
level of NE in the synapse appears to down-regulate
the level of NET),5,6 arousal,7 anxiety,8,9 attention-defi-
cit/hyperactivity disorder (atomoxetine 1 is the first non-
stimulant selective NET inhibitor for the treatment of
ADHD10),11 and Alzheimer’s disease.12 Therefore, the
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development of a specific radioligand to quantify the
variation of NET density in vivo will be of great utility
as a diagnostic tool to better understand the etiology
and pathogenesis of these neuropsychiatric disorders,
as well as a tool to evaluate potential new drugs target-
ing the NET.

Research on quantitative mapping of dopamine trans-
porter (DAT) and serotonin transporter (SERT) related
to various CNS disorders has benefited from the avail-
ability of suitable radioligands (e.g., b-CIT as DAT
radioligand,13,14 and DASB or ZIENT as SERT radio-
ligands15,16). In contrast, brain imaging of NET has
been hampered by lack of a suitable radioligand. How-
ever, in the past few years some selective NET radioli-
gands have been prepared and evaluated in animals.
[11C]Nisoxetine17 2 showed significant binding in NET-
rich tissue in mouse brain but also a high nonspecific
binding and unfavorable slow kinetics, which excludes
it as a practical NET imaging agent. Recently, several
research groups have reported the evaluation of deriva-
tives of reboxetine (3) with more promising properties
than the nisoxetine series. [11C]MeNER18–20 4 has
shown the highest hypothalamus/striatum ratio of 2.5
at 60 min in rats, corresponding to the relative
distribution of NET and SERT.21 Displacement study

mailto:gtamagnan@indd.org


534 G. D. Tamagnan et al. / Bioorg. Med. Chem. Lett. 17 (2007) 533–537
using reboxetine or desipramine as selective NET inhib-
itor pretreatment reduced this ratio to unity, whereas
selective DAT and SERT inhibitors did not significantly
affect the ratio.18 However, the long time to achieve
peak uptake (>90 min) makes this radioligand unsuit-
able for PET imaging.19 From a statistical point of view
it is not optimal to obtain the maximal specific binding
at the end of the experiment when the signal to noise ra-
tios are decreasing due to rapid decay of the carbon-11
(half-life = 20 min), although these issues are not as crit-
ical for SPECT imaging owing to the longer half-life of
typical SPECT radionuclides (123I, 13.2 h, 111In, 2.8
days). In the nisoxetine series, (R)-[125I]MIPP 5 showed
good in vitro affinity for NET and moderate affinity for
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Figure 1. Structure of NET ligand.
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Scheme 1. Reagents and conditions: (a) ClCH2COCl/Et3N; (b) t-BuOK/t-Am

TEMPO/NaHCO3; (f) Ar2Zn/THF; (g) R-OH/DIAD/PPh3/THF; (h) fluorob
SERT, which, when combined with the significantly
higher density of SERT compared to NET, decreased
the selectivity for NET in vivo.

We recently reported a new asymmetric synthesis2 which
we used to synthesize new analogs of reboxetine. We re-
port here the synthesis, in vitro evaluation of new
reboxetine analogs as potential NET imaging agent as
well as the in vivo evaluation of the most promising
agent in this series (Fig. 1).

Since in the reboxetine series, the most active isomer al-
ways corresponds to the S,S isomer, in order to rapidly
discriminate the future candidates we decided to first
synthesize the racemic compounds (mixture S,S/R,R)
and then to pursue the most promising candidates with
the evaluation of the S,S enantiomer. The synthesis of
the new compounds is summarized in Scheme 1. The
key intermediate 11 was synthesized in good yield start-
ing from the racemic aminopropanediol 6 in five steps
(detail of the synthesis was described previously2). Sub-
sequent condensation of substituted diaryl or diheteroa-
ryl zinc provided a mixture of racemic diastereomers 12
and 13 easily separated by chromatography. The race-
mic (S,S/R,R) reboxetine analogs of N-Boc-protected
14a–i were obtained from 12 and 13, using either a Mits-
unobu reaction (starting from 12) or by a direct nucleo-
l
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Table 1. Affinity (Ki, nM) or SERT inhibition (% at 10 lM) of reboxetine analogsa

Compound Structureb NET DAT SERT SERT inhibition (%)

15a

N
H

O
O

I

2.47 410 40

15b

N
H

O
O

O

I 15.4 >10,000 12

15c

N
H

O
O

CH3

I 27.6 740 24

15d

N
H

O
O

O

I 28.5 3139 44

15e

N
H

O
O

CF3

I 101 1871 486

15f

N
H

O
O

I

NO2

70.4 14.2 252

15g

N
H

O
O

I

O

73.8 716 351

15h

N
H

O
O

S
I

CH3

71.9 186 31

15i

N
H

O
O

S
I

O

79.6 210 141

a Assays of novel compounds employed cell membrane-containing homogenates of rat forebrain (frontoparietal cerebral cortex for SERT and NET,

caudate-putamen for DAT), with [3H]paroxetine (0.17 nM) for SERT (blank = 10mM R,S-fluoxetine, Sigma-RBI), [3H]GBR-12935 (0.20 nM) for

DAT (blank = 10 mM GBR-12909, Sigma-RBI), and [3H]nisoxetine (0.40 nM) for NET (blank = 10 mM desipramine, Sigma-RBI); results are

expressed as means of three separate determinations.
b All compounds are racemic mixtures; for clarity, just one enantiomer is represented.
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Table 2. Binding affinity of INER (Ki, nM, means ± SEM)a

Compound NET DAT SERT Selectivity NET versus DAT Selectivity NET versus SERT

INER 0.84 ± 0.12 228 ± 6.9 40.4 ± 10.4 270 51

a Assays of INER employed cell membrane-containing homogenates of rat forebrain (frontoparietal cerebral cortex for SERT and NET, caudate-

putamen for DAT), with [3H]paroxetine (0.17 nM) for SERT (blank = 10 mM R,S-fluoxetine, Sigma-RBI), [3H]GBR-12935 (0.20 lM) for DAT

(blank = 10 lM GBR-12909, Sigma-RBI), and [3H]nisoxetine (0.40 nM) for NET (blank = 10 lM desipramine, Sigma-RBI); results are expressed

as means of three separate determinations.
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philic substitution of the appropriate 2-fluoro benzene
tricarbonylchromium complex (starting from 13).
Deprotection of compounds 14a–i was achieved in
quantitative yield using trifluoroacetic acid. Compounds
15a–i were evaluated in vitro against all three mono-
amine transporters, using cell membrane-containing
homogenates of rat forebrain (frontoparietal cerebral
cortex for SERT and NET, caudate-putamen for
DAT) as transporter sources (Table 1).

All compounds showed a better activity at NET than at
the other monoamine transporters (DAT and SERT) ex-
cept for compound 15f, which was slightly more active
at the DAT. In this series, compound 15a is of particular
interest, with a binding affinity of 2.5 nM for the racemic
mixture. The introduction of an iodine at position 3 of
the phenyl moiety (compounds 15b–e) led to a decrease
of the affinity. Replacement of the phenoxy by a benzyl-
oxy moiety (15f–g) led to less active compounds
(15.4 nM vs 73.8 nM for 15b vs 15g). Replacement of
the phenyl ring by a thiophene reduced the activity of
the compounds compared to the parent.
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Scheme 2. Reagents and conditions: (a) (SnMe3)2/Pd(PPh3)4/DME; (b) Na[1
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Figure 2. Decay-corrected time activity curve in a baboon undergoing const
These results indicate that compound 15a shows the
most promise and thus we focused our effort on this
structure. The enantiomeric pure synthesis was achieved
using the same sequence illustrated in Scheme 1 but this
time starting from the chiral (S)-(-)-3-amino-1,2-pro-
panediol which led to INER (formal (2S,3S)-15a) with
ee = 99%. INER was evaluated against all three mono-
amine transporters and shows binding value
Ki = 0.84 nM for NET and selectivity versus DAT and
SERT (270 and 51, respectively, Table 2).

Radiolabeled [123I]INER was prepared via iododestan-
nylation of the tin precursor 16, easily synthesized by
palladium-catalyzed stannylation of Boc-INER (formal
(2S,3S)-14a). Removal of the Boc-protecting group with
trifluoroacetic acid and HPLC purification led to
[123I]INER as described in Scheme 2. The lipophilicity
of [123I]INER was assessed by octanol-phosphate buffer
(pH 7.4) partition. The partition coefficient logD of
[123I]INER was 2.6, which is high in the range of values
considered acceptable for good blood–brain barrier
penetration.22
N

O

e3

Boc
N

O
O

123I

Boc

b

[123I]INER

23I]/CH3COOOH/H3PO4.

5 6

Diencephalon
Temporal Cortex
Parietal Cortex
Brain Stem
Frontal Cortex
Occipital Cortex
Cerebellum

ant infusion of [123I]INER.



G. D. Tamagnan et al. / Bioorg. Med. Chem. Lett. 17 (2007) 533–537 537
A series of SPECT imaging studies were conducted
including both bolus-only and bolus plus continuous
infusion of [123I]INER in an ovariectomized female ba-
boon (Papio anubis) to evaluate the regional brain up-
take and washout of activity. Pharmacological
specificity was assessed by blocking displacement exper-
iments using reboxetine as selective NET antagonist and
citalopram as SERT antagonist.

An initial study was performed by dynamic SPECT
imaging after a single bolus injection of 7.89 mCi of
[123I]INER in an adult female olive baboon. The maxi-
mal radioactivity peak in the brain was obtained after
10 min, with 1% of the total injected dose, followed by
a slow washout over more than 2 h. Regional brain trac-
er uptake is consistent with the distribution of NET in
the baboon brain, with the highest uptake in locus coe-
ruleus (brainstem) and thalamus (diencephalon), and
lowest uptake in cerebellum and striatum. In the next
study [123I]INER was administered as a loading bolus
injection followed by constant infusion using a bolus
to infusion ratio of 1.3 h (Fig. 2), stable levels were ob-
tained in less than 100 min. Regional distribution of
radioactivity was identical to that obtained in the bolus
experiment, which followed the established distribution
of NET in the baboon brain.

To assess the pharmacological specificity, reboxetine was
injected (1 mg/kg iv) at 210 min after administration of
bolus-plus-constant infusion which resulted in a reduc-
tion of radioactivity in all brain regions. Reduction was
more pronounced in the NET-rich regions, with up to
60% specific displacement. In contrast, displacement with
citalopram (5 mg/kg) or methylphenidate (0.5 mg/kg) at
210 min pi did not show any displacement of [123I]INER.

Recently, the same structure as compound 15a was
reported under the name ‘IPBM’ by Saji et al.23 Results
were comparable to those we have reported here.

In conclusion, we report the synthesis of nine racemic po-
tential NET imaging agents. Of these, compound 15a
(INER) was the best candidate for further investigation
and we developed an asymmetric synthesis leading to
the enantiopure INER. INER showed high affinity for
NET (Ki = 0.84 nM) and good selectivity versus DAT
and SERT (270 and 51, respectively). We synthesized
[123I]INER and showed specific in vivo NET binding in
baboon. Taken together, the in vivo specificity, selectivi-
ty, and kinetics suggest that [123I]INER is a promising
agent for imaging NET in vivo using SPECT or PET.
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