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Abstract 

Objectives: Serotonin transporters (SERT) play an important role in controlling 

serotonin concentration in the synaptic cleft and in managing postsynaptic signal 

transduction. Inhibitors of SERT binding are well known as selective serotonin reuptake 

inhibitors (SSRIs) such as fluoxetine, sertraline, paroxetine, and escitalopram, that are 

commonly prescribed antidepressants. Positron emission tomography (PET) and single 

photon emission tomography (SPECT) imaging agents targeting SERT may be useful for 

studying its function and providing a tool for monitoring drug treatment. 

Methods: A series of novel 
18

F-labeled diphenyl sulfide derivatives were 

prepared and tested for their binding affinity. Among them, 2-((2-((dimethylamino)-

methyl)-4-(2-(2-fluoroethoxy)ethoxy)phenyl)thio)aniline, 1, which showed excellent 

binding toward serotonin transporter (SERT) in the brain (Ki = 0.09 nM), was selected for 

further evaluation. An active OTs intermediate, 7, was treated with [
18

F]F
-
/K222 to 

provide [
18

F]1 in one step and in high radiochemical yields. This new SERT targeting 

agent was evaluated in rats by biodistribution studies and animal PET imaging studies. 

Results: The radiolabeling reaction led to the desired [
18

F]1. After HPLC 

purification no-carrier-added [
18

F]1 was obtained (radiochemical yield, 23−47% (n = 10,); 

radiochemical purity > 99%; molar activity, 15−28 GBq/μmol). Biodistribution studies 

with [
18

F]1 showed good brain uptake (1.04% dose/g at 2 min post-injection), high 

uptake into the hypothalamus (1.55% dose/g at 30 min), and a high target-to-non-target 

(hypothalamus to cerebellum) ratio of 6:10 at 120 min post-injection. A PET imaging 

study in normal rats showed excellent uptake in the midbrain and thalamus regions 

known to be rich in SERT binding sites at 60 min after iv injection. Chasing experiment 

with escitalopram (iv, 2 mg/kg) in a rat at 60 min after iv injection caused a noticeable 

reduction in the regional radioactivity and the target-to-non-target ratio, suggesting 

binding by [
18

F]1 was highly specific and reversible for SERT binding sites in the brain.  

Conclusions: A novel diphenyl sulfide derivative, [
18

F]1 for SERT imaging was 

successfully prepared and evaluated. Results suggest that this new chemical entity is 

targeting SERT binding sites in the brain, and it is a suitable candidate for future 

commercial development. 
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Abbreviations: DASB, (N,N-dimethyl-2-(2-amino-4-cyanophenylthio)benzyl-

amine; (+)-McN5652, trans-1,2,3,5,6,10-<beta>-hexahydro-6-[4-(methylthio)phenyl-

[pyrrolo-[2,1-<alpha>]isoquinoline; ADAM: 2-((2-((dimethylamino)methyl)-

phenyl)thio)-5-iodo-phenylamine; 4-FADAM, (N,N-dimethyl-2-(2-amino-4-

fluorophenylthio)benzylamine); IDAM, (5-iodo-2-((2-(dimethylaminomethyl)-

phenylthio)benzylalcohol); FPBM, 2-(2’-((dimethylamino)methyl)-4’-(3-

fluoropropoxy)phenyl-thio)benzenamine; 2-INXT, (R)-N-methyl-(2-iodo-phenoxy)-3-

phenylpropylamine; IPT, N-(3-iodopropen-2-yl)-2beta-carbomethoxy-3beta-(4-

chlorophenyl) tropane; LLC-PK1, Hampshire pig kidney cells; BSA, bovine serum 

albumin; GBR12909, 1-(2-[bis(4-fluorophenyl)methoxy]ethyl)-4-(3-phenylpropyl) 

piperazine; nisoxetine, (±)-N-methyl-3-(2′-methoxyphenoxy)-3-phenylpropylamine; PET, 

positron emission tomography; SPECT, single photon emission computed tomography; 

SERT, serotonin transporter; NET, norepinephrine transporter; DAT, dopamine 

transporter; SSRI, selective serotonin reuptake inhibitor; K222, Kryptofix 222; DCM, 

dichloromethane; DMF, dimethylformamide; DMSO, dimethyl sulfoxide; EA, 

ethylacetate; MeCN, acetonitrile; THF, tetrahydrofuran. 
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1. Introduction 

Serotonin is a major neurotransmitter that plays an important role in maintaining 

neuronal function in the central nervous system. Serotonin transporters (SERT) localized 

on presynaptic serotonin neurons serve as the main re-uptake mechanism for terminating 

the action of serotonin by transporting serotonin, the neurotransmitter, from the synaptic 

cleft back into the presynaptic neuron. These transporters play a very important role in 

controlling the serotonin concentration in the synapse and its binding to the postsynaptic 

serotonin receptors. Selective serotonin reuptake inhibitors, SSRIs, such as fluoxetine, 

sertraline, paroxetine, and escitalopram, specifically target SERT and prevent serotonin 

reuptake to the neurons. Consequently, SSRIs are useful in the treatment of depression as 

well as many other psychiatric conditions by controlling the concentration of serotonin in 

the synapse [1]. SSRIs are generally prescribed as the first-line therapy for depression 

and are some of the most commonly used drugs in the world [2]. Positron emission 

tomography (PET) imaging with suitably 
18

F-labeled SERT inhibitors or 
123

I-labeled 

diphenyl sulfides for single photon emission tomography (SPECT) may be useful as a 

method for probing pathophysiological and therapeutic mechanisms in various 

psychological diseases [3]. A number of SERT ligands for in vivo imaging (Fig. 1) have 

been developed [4-14]. [
11

C]McN5652 was the first SERT PET imaging tracer used in 

humans. However, use of this tracer is limited due to high nonspecific binding, slow 

uptake kinetics in SERT-rich brain regions [12, 15, 16], and the short half-life of carbon-

11. Development of the [
18

F]FMe-(+)-McN5652, S-[
18

F]fluoromethyl analogue of (+)-

McN5652 showed favorable features for SERT imaging with PET in humans [12]. It is 

also suitable for in vivo quantification of SERT with PET. 

 

 

 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 [18F]Diphenyl sulfide for SERT Imaging 

 5 

S
NH2

N

11CH3

NC

[11C]DASB

(+)-[11C]McN5652

N

S 18F

H

H

[18F]FMe-(+)-McN5652

4-[18F]F-ADAM

N

S
11CH3

H

H

S

NH2
N

18F O

S

NH2
N

[18F]FPBM

18F

S

HO N

123I

S

NH2 N

123I

[123I]IDAM [123I]ADAM   

Fig. 1. Chemical structures of selected positron emission tomography (PET, 

labeled with fluorine-18 and carbon-11) and single photon emission tomography 

(SPECT, labeled with iodine-123) imaging agents for serotonin transporters (SERT). The 

most commonly used SERT imaging agents are diphenyl sulfides, including DASB, 

ADAM, IDAM, and FPBM shown above. 

 

Ligands containing a core structure of diphenyl sulfide showed promising results 

as in vivo SERT imaging agents (Fig. 1) [17, 18]. Previously, one diphenyl sulfide tracer, 

[
123

I]ADAM, has been evaluated in humans and demonstrated feasibility for SPECT 

imaging of SERT in the brain [19].  The most commonly used PET imaging agent for 

SERT is [
11

C]DASB [20, 21]. It exhibits excellent selectivity, high reproducibility, and 

simple kinetic modeling for quantification [22, 23]. Recent reports suggest that altered 

SERT availability can be measured in social anxiety disorder [24] and obsessive-

compulsive disorder [25] by [
11

C]DASB/PET. However, [
11

C]DASB is a
 11

C-labeled 

radiotracer that is limited by its short physical half-life (20 min), which is unsuitable for 

widespread clinical application.
 
Fluorine-18 has a longer half-life (110 min) and can be 

produced in several Bq of activity using a cyclotron. The longer half-life makes it 

feasible to prepare the 
18

F-radiolabeled agent at radiopharmacies and distribute the PET 

imaging agent regionally, thus making it available to many hospitals. Significant efforts 

have been made to develop such 
18

F-labeled radiotracers for SERT imaging [11, 17, 26, 

27]. One promising 
18

F-labeled ligand is 4-[
18

F]FADAM [28] (Fig. 1). Results from the 

first human study of 4-[
18

F]FADAM [14] showed that it is safe and effective for mapping 

SERT regional binding sites in the brain. The regional specific uptake in the human brain 
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correlated well with the known distribution of SERT. The optimal imaging time (about 

120 min) was slightly long, but acceptable for routine clinical use. The major drawback 

of 4-[
18

F]FADAM is associated with its low labeling yields (1−5%), which limits its 

widespread clinical application [29]. 

An alternative diphenyl sulfide derivative, [
18

F]FPBM (Fig. 2) with a different 

substitution on the phenyl ring, has been shown to possess high selective binding (Ki = 

0.38 nM), brain uptake (0.99% dose/g at 2 min after IV injection), and an excellent in 

vivo target-to-non-target ratio (7.7 at 120 min post-injection) [6, 30, 31]. Previously, the 

labeling of this diphenyl sulfide was performed using a nucleophilic fluorination with 

[
18

F]F
-
/K2.2.2 via TsO-precursor [32, 33]. The desired product, [

18
F]FPBM, was further 

purified using either high-performance liquid chromatography (HPLC) or solid phase 

extraction (SPE), resulting in useful radiochemical yields (24−33%) [32]. However, 

[
18

F]FPBM does not have patent protection; therefore, it is not a candidate for 

commercial development. A new chemical entity is needed for future development of a 

commercial product for PET imaging of SERT in the brain. 

 

Fig. 2. Core structures of ADAM/DASB/FPBM and chemical structures of [
18

F]FPBM 

and [
18

F]1 

 

As part of an effort to systematically investigate and develop new compounds for 

commercial development, we have prepared several new derivatives of FPBM. We have 

modified the substitution for the 4′-(fluoroalkoxy) group on the B ring (Fig. 2). These are 

new derivatives of FPBM that showed interesting high bulk tolerance and retained the 

desired SERT binding affinity. The new SERT ligands were prepared using the reactions 

described in Scheme 1. The goal of this effort was to test the brain uptake and selectivity 

of regional binding for SERT binding sites in the hypothalamus (midbrain) area. The 

improvement may serve as the basis for a PET imaging agent in determining the SERT 
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binding in the brain. Reported herein are the syntheses of four different novel diphenyl 

sulfide derivatives, 1−4. Among them, compound 1 was chosen for further radiolabeling 

and biological evaluation (Scheme 1). This new ligand may be suitable for future 

development as a commercial product for PET imaging of SERT in the brain. 

 

Scheme 1. Preparation of compounds 1−4 and the -OTs precursor 7 for 
18

F radiolabeling. 

Several precursors of TsOR substituted groups were readily prepared according to the 

literature [34]. 

 

2. Materials and Methods 

All the reagents and solvents were commercial products and were used without 

further purification unless otherwise indicated. Solid-phase extraction cartridges (Oasis 

HLB 3cc cartridge, QMA light cartridge) were obtained from Waters (Milford, MA, 

USA). Thin-layer chromatography (TLC) was run on pre-coated plates of silica gel 60 

F254. 
1
H and 

13
C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 

AVANCE II 400 spectrometer and are reported in parts per million (ppm) from the 

residual solvent peak (CDCl3). High-resolution mass spectrometry was measured using 

Agilent (liquid chromatography/mass selective detector with time of flight) mass 

spectrometry. High-performance liquid chromatography was performed on an Agilent 

1200 series system with a reversed phase column (C18 reversed phase, Phenomenex and 

Agilent). 
18

F aqueous solution was provided by Peking University Cancer Hospital. 

Male Sprague Dawley rats (190−220 g) were purchased from Beijing Vital River 

Laboratory Animal Technology Co., Ltd. All the procedures of the animal experiments 

were performed in compliance with relevant laws and institutional guidelines. All the 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 [18F]Diphenyl sulfide for SERT Imaging 

 8 

animal protocols were approved by the Institutional Animal Care and Use Committee of 

Beijing Normal University and the University of Pennsylvania. 

2.1. Chemical synthesis 

2.1.1. 4-((2-aminophenyl)thio)-3-((dimethylamino)methyl)phenol (6) 

BH3 in THF (1 mol/L, 3.47 mL,) was added dropwise at room temperature to a 

mixture of 2-((2-aminophenyl)thio)-5-hydroxy-N,N-dimethylbenzamide (5) [32](200 mg, 

0.69 mmol) in anhydrous THF (4 mL). The reaction mixture was refluxed for 8 h and 

cooled with an ice bath. Concentrated HCl (0.5 mL) was cautiously added and the solvent 

was removed from the vacuum. HCl solution (1 mol/L, 10 mL) was then added and 

refluxed for 1 h. The reaction mixture was cooled to room temperature and adjusted to 

pH = 9 with a saturated solution of Na2CO3 and extracted with ethyl acetate  (20 mL × 3). 

The organic layers were combined and dried over anhydrous MgSO4 and filtered. The 

filtrate was evaporated in a vacuum and purified by flash chromatography (silica gel) 

(methanol/EA, 0% to 10%, v/v) to obtain 4-((2-aminophenyl)thio)-3-

((dimethylamino)methyl)phenol (6) (135 mg, yield: 71%) as a colorless viscous oil. 
1
H 

NMR (400 MHz, CDCl3) δ 7.31 (dd, J = 7.6, 1.3 Hz, 1H), 7.19−7.13 (m, 1H), 6.88 (d, J 

= 8.5 Hz, 1H), 6.79−6.67 (m, 3H), 6.57 (dd, J = 8.5, 2.8 Hz, 1H), 3.59 (s, 2H), 2.33 (s, 

6H). 
13

C NMR (100 MHz, CDCl3) δ 155.27, 147.86, 138.43, 135.77, 131.29, 129.91, 

125.96, 118.58, 117.92, 117.45, 116.15, 115.40, 61.46, 45.11. HRMS calcd. for 

C15H18N2OS [M+H]
+
 275.1218. Found 275.1163. 

 

2.1.2. General procedure A for the preparation of 1−4 

A mixture of 4-((2-aminophenyl)thio)-3-((dimethylamino)methyl)phenol (6) (0.2 

mmol) and K2CO3 (83 mg, 0.6 mmol) was stirred in anhydrous DMF (3 mL) at 65 °C for 

1.5 h. The TsOR substituted groups were prepared according to the literature [34]. 

Compound TsOR (0.3 mmol) was added and the mixture was stirred for another 2 h and 

then cooled to room temperature. Saturated solution of NaCl (12 mL) was added and the 

reaction mixture was extracted with ethyl acetate (15 mL × 3). The organic layers were 

combined and dried over MgSO4 and filtered. The filtrate was evaporated in a vacuum 

and purified by flash chromatography (silica gel) (methanol/DCM, 0% to 10%, v/v) to 

obtain 1−4 as a colorless viscous oil. 
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2-((2-((dimethylamino)methyl)-4-(2-(2-fluoroethoxy)ethoxy)phenyl)thio)aniline 

(1) was prepared using 4-((2-aminophenyl)thio)-3-((dimethylamino)methyl)phenol (6), 2-

(2-fluoroethoxy)ethyl-4-methylbenzenesulfonate, and procedure A to obtain product 1 as 

a colorless viscous oil at a yield of 40%. 
1
H NMR (400 MHz, CDCl3) δ 7.41 (dd, J = 8.0, 

1.5 Hz, 1H), 7.19−7.15 (m, 1H), 6.95 (d, J = 8.6 Hz, 1H), 6.92 (d, J = 2.8 Hz, 1H), 

6.75−6.68 (m, 3H), 4.69−4.63 (m, 1H), 4.59−4.50 (m, 1H), 4.17−4.08 (m, 2H), 3.89−3.85 

(m, 3H), 3.80−3.75 (m, 1H), 3.56 (s, 2H), 2.31 (s, 6H).
13

C NMR (100 MHz, CDCl3) δ 

157.22, 148.34, 139.20, 136.41, 130.66, 130.12, 127.45, 118.18, 117.02, 116.65, 115.23, 

114.19, 84.01, 82.33, 70.69, 70.49, 69.92, 67.54, 62.41, 45.34. HRMS calcd. for 

C19H25FN2O2S [M+H]
+
 365.1699. Found 365.1704. 

 

2-((2-((dimethylamino)methyl)-4-(2-(2-(2-

fluoroethoxy)ethoxy)ethoxy)phenyl)thio)aniline (2) was prepared using 4-((2-

aminophenyl)thio)-3-((dimethylamino)methyl)phenol (6), 2-(2-(2-

fluoroethoxy)ethoxy)ethyl 4-methylbenzenesulfonate, and procedure A to obtain product 

2 as a colorless viscous oil at a yield of 41%.
1
H NMR (400 MHz, DMSO) δ 7.25−7.06 

(m, 3H), 6.93 (s, 2H), 6.75 (d, J = 7.6 Hz, 1H), 6.55 (t, J = 7.2 Hz, 1H), 4.59−4.52 (m, 

1H), 4.47−4.41 (m, 1H), 4.08 (s, 2H), 3.87−3.34 (m, 10H), 2.46 (s, 6H). HRMS calcd. for 

C21H29FN2O3S [M+H]
+
 409.1961. Found 409.1494. 

(Z)-2-((2-((dimethylamino)methyl)-4-((4-fluorobut-2-en-1-yl)oxy)phenyl)thio) 

aniline (3) was prepared using 4-((2-aminophenyl)thio)-3-((dimethylamino)meth 

yl)phenol(6), (Z)-4-fluorobut-2-en-1-yl 4-methylbenzene-sulfonate, and procedure A to 

obtain product 3 as a colorless viscous oil at a yield of 36%.
1
H NMR (400 MHz, DMSO) 

δ 7.38−7.06 (m, 3H), 6.98−6.92 (m, 2H), 6.78 (d, J = 8.0 Hz, 1H), 6.55 (dd, J = 10.7, 4.1 

Hz, 1H), 5.94−5.80 (m, 2H), 5.15 (d, J = 4.3 Hz, 1H), 5.04 (d, J = 5.6 Hz, 1H), 4.69 (s, 

2H), 4.37 (s, 2H), 2.68 (s, 6H). HRMS calcd. for C19H23FN2OS [M+H]
+
 347.1593. Found 

347.1361. 

2-((2-((dimethylamino)methyl)-4-((4-fluorobut-2-yn-1-yl)oxy)phenyl)thio)aniline 

(4) was prepared using 4-((2-aminophenyl)thio)-3-((dimethylamino)methyl)phenol(6), 4-

fluorobut-2-yn-1-yl 4-methylbenzenesulfonate and procedure A to obtain product 4 as a 
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colorless viscous oil at a yield of 37%.
1
H NMR (400 MHz, DMSO) δ 7.22 (dd, J = 7.6, 

1.2 Hz, 1H), 7.16−7.05 (m, 2H), 6.87 (s, 2H), 6.74 (d, J = 7.9 Hz, 1H), 6.57−6.53 (m, 

1H), 5.20 (s, 1H), 5.08 (s, 1H), 4.91 (d, J = 7.5 Hz, 2H), 3.79 (s, 2H), 2.38 (s, 6H). 

HRMS calcd. For  C19H21FN2OS [M+H]
+
 345.1437. Found 345.1211. 

 

2.1.3. 2-(2-(4-((2-aminophenyl)thio)-3-((dimethylamino)methyl)phenoxy)ethoxy)ethyl 4-

methylbenzenesulfonate (7) 

A mixture of 4-((2-aminophenyl)thio)-3-((dimethylamino)methyl)phenol (6) (60 

mg, 0.22 mmol) and K2CO3 (91 mg, 0.66 mmol) was stirred in anhydrous DMF (3 mL) at 

65 °C for 1.5 h. Oxybis(ethane-2,1-diyl) bis(4-methylbenzenesulfonate) (136 mg, 0.33 

mmol) was then added and the mixture was stirred for another 2 h and cooled to room 

temperature. Saturated solution of NaCl (12 mL) was added and the reaction mixture was 

extracted with ethyl acetate (15 mL × 3). The organic layers were combined and dried 

over MgSO4 and filtered. The filtrate was evaporated in vacuum and purified by flash 

chromatography (silica gel) (methanol/DCM, 0% to 10%, v/v) to obtain 2-(2-(4-((2-

aminophenyl)thio)-3-((dimethylamino)methyl)-phenoxy)ethoxy)ethyl 4-

methylbenzenesulfonate (7) (60 mg, yield: 53%) as a colorless viscous oil. 
1
H NMR (400 

MHz, CDCl3) δ 7.81 (d, J = 8.3 Hz, 2H), 7.41 (dd, J = 8.0, 1.4 Hz, 1H), 7.32 (d, J = 8.0 

Hz, 2H), 7.20−7.14 (m, 1H), 6.95 (d, J = 8.6 Hz, 1H), 6.89 (d, J = 2.5 Hz, 1H), 6.75−6.64 

(m, 3H), 4.55 (brs, 2H), 4.22−4.17 (m, 2H), 4.04−3.98 (m, 2H), 3.76 (dd, J = 9.3, 4.5 Hz, 

4H), 3.56 (s, 2H), 2.43 (s, 3H), 2.31 (s, 6H).
13

C NMR (100 MHz, CDCl3) δ 157.22, 

148.31, 144.81, 136.34, 132.97, 130.75, 130.15, 129.82, 127.99, 127.50, 125.93, 118.24, 

116.95, 116.56, 115.26, 114.33, 69.85, 69.20, 68.89, 67.47, 62.20, 45.23, 21.62. HRMS 

calcd. for C26H32N2O5S2 [M+H]
+
 517.1831. Found.517.1815. 

 

2.2. Preparation of LLC-SERT, LLC-NET, and LLC-DAT membrane homogenates 

Hampshire pig kidney (LLC-PK1) cells expressing the rat serotonin (SERT), 

human norepinephrine (NET) or rat dopamine transporter (DAT) were kindly provided 

by Dr. Gary Rudnick (Yale University) [35]. The parental LLC-PK1 cell line was derived 

from pig renal epithelial cells, which do not express SERT, NET, or DAT. Thus, the 

monoamine transport activity of LLC-SERT, LLC-NET, and LLC-DAT is due only to 
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the corresponding transfected DNA. The cells were cultured and grown to confluence as 

a monolayer with DMEM containing 10% FBS, 1 × penicillin/streptomycin, and 1 g/L 

G418. The cells were then washed with PBS containing 100 mg/mL calcium and 100 

mg/mL magnesium (Gibco-Invitrogen), homogenized on ice with a Wheaton overhead 

stirrer, and centrifuged at 16,500 rpm for 20 min at 4 ºC. The supernatant was discarded, 

and the pellet was then suspended in PBS, quickly frozen in liquid nitrogen, and moved 

to a −80 ºC freezer for future use. 

 

2.3. In vitro binding assays 

All the binding assays were performed in glass tubes (12 × 75 mm) with a final 

volume of 0.2 mL. First, LLC-SERT/LLC-DAT/LLC-NET homogenates (100 L, 30−60 

g protein) were mixed with 50 mM Tris-HCl, pH 7.4, 120 mM NaCl, and 5 mM KCl 

and 1 mg/mL bovine serum albumin (BSA) to overcome the stickiness. 0.1−0.2 nM of 

[
125

I]IDAM (Kd = 0.09 nM), [
125

I]IPT (Kd = 1.2 nM), and [
125

I]INXT (Kd = 0.06 nM) were 

the characterized as the radioligands of choice [36]. Competition experiments were 

performed using [
125

I]IDAM and a range of 10 concentrations (10
-10

 to 10
-5

 M) of the 

compounds to be evaluated. Competing compounds were serially diluted with buffer (as 

above) containing 0.1% BSA to overcome the stickiness and loss due to dilution. Non-

specific binding was defined with 1 M of citalopram HBr (TOCRIS Bioscience), GBR-

12909, and nisoxetine (NIMH), corresponding to SERT, DAT, and NET, respectively. 

Incubation was carried out at room temperature for 60 min [6]. After the 60-minute 

incubation period, separation of the bound from free radioligands was conducted via 

filtration through glass fiber filters pre-soaked with 1% polyethylenimine (Sigma-Aldrich, 

St. Louis, MO, USA). The filters were then washed three times with ice cold 50 mM 

Tris-HCl (3 mL) and pH 7.4 buffer and counted in a gamma counter (Cobra II, 

PerkinElmer, Waltham, MA, USA) with 70% efficiency. The results of the experiments 

were determined using Microsoft Excel.  

 

2.4. Radiolabeling chemistry of [
18

F]1 

[
18

F]1 was prepared using the one-step radiochemical reaction described in 

Scheme 1. [
18

F]fluoride (740−1110 MBq), produced by a cyclotron using the 
18

O(p,n)
18

F 
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reaction, was trapped on a Sep-Pak Light QMA cartridge (preconditioned with 10 mL 0.5 

mol/L NaHCO3 solution and 10 mL water). The 
18

F-activity was eluted with phase 

transfer catalyst solution (11.0 mg Kryptofix222 and 2.0 mg K2CO3 in 0.93 mL 

acetonitrile and 0.17 mL water). The eluate was added into a 10 mL test tube and 

evaporated at 90 °C under a stream of N2. The residue was azeotropically dried twice 

with anhydrous acetonitrile (2 mL) at 90 °C under a stream of N2. The precursor, 7, was 

dissolved in anhydrous acetonitrile (1 mL). The precursor solution was added to a test 

tube containing the dried residue prepared above. The mixture was then vortexed, sealed 

and heated at 90 °C for 10 min. The reaction mixture was quenched in ice water, and 

water (10 mL) was added. The mixture was passed through an Oasis HLB 3 cc cartridge 

(preconditioned with 10 mL ethanol and 10 mL water). The cartridge was washed with 

water (10 mL) and 10% ethanol/H2O (v/v, 5 mL). The desired product was eluted from 

the cartridge with acetonitrile (1.5 mL) and purified using a semi-prep HPLC system. The 

HPLC was equipped with a gamma ray radio detector and a UV/Vis detector [Agilent 

XDB-C18 column (9.4 × 250 mm, 5 μm), mobile phase: 55% 20 mM ammonium formate 

buffer and 45% acetonitrile, 3 mL/min, 254 nm. Retention time: [
18

F]1 = 9−11 min]. 

The mobile phase containing [
18

F]1 was collected and diluted with water (20 mL). 

The solution was passed through an Oasis HLB 3 cc cartridge (preconditioned with 10 

mL ethanol and 10 mL water). [
18

F]1 was trapped on the cartridge and washed with water 

(10 mL). The final product was eluted from the cartridge with ethanol (10 mL). 

Chemical identification of the purified product was carried out by HPLC co-

injection with compound 1 using a UV/Vis detector at 254 nm and a gamma ray radio 

detector. Two HPLC conditions were used: (1) Phenomenex Gemini C18 column (150 × 

4.6 mm, 5 μm). Mobile phase: 1 mL/min with a gradient as follows: from 0 to 3 min, 

isocratic 10 mM ammonium formate buffer (AFB) 98% and MeCN 2%; from 3 to 5 min, 

gradient AFB 98−50%, MeCN 2−50%; from 5 to 10 min, gradient AFB 50−0%, MeCN 

50−100%; from 10 to 17.5 min, gradient AFB 0−98%, MeCN 100−2%; from 17.5 to 20 

min, isocratic AFB 98% and MeCN 2%. Retention time: [
18

F]1 = 12.0−13.0 min, 

[
18

F]fluoride = 1.5−2.0 min. (2) Supelco Ascentis C18 (150 × 4.6 mm, 5 μm) MeCN/10 

mM AFB 40/60, 1 mL/min. (The radiochemical purity (RCP) was measured by TLC 

analysis [pre-coated silica gel, 60 F254 plates with 
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dichloromethane/methanol/triethylamine = 10/1.1/0.35 v/v/v] and HPLC. At the end of 

the synthesis, the radiochemical yield was 23−47% (n = 10,) with a radiochemical purity 

of > 99% and a molar activity of 15−28 GBq/μmol (Fig. 3). The final product was dried 

under a stream of nitrogen, then re-dissolved in ethanol (100 µL) and diluted with saline. 

 

2.5. Determination of log D value 

To measure the partition coefficient, 3 mL of 1-octanol and 3 mL of 0.1 M 

NaH2PO4 buffer (pH 7.4) were added to roughly 1 million cpm of [
18

F]1 dissolved in < 

10 L of ethanol and vortexed for 1 min. The mixture was then centrifuged for 3 min. 

Samples of 2 mL each of the 1-octanol and buffer layers were weighed and then counted 

in a gamma counter. Additional 1-octanol was added to increase the 1-octanol fraction 

sample to 3 mL, and an additional 3 mL of buffer was then added. The mixture was 

vortexed and centrifuged again as above. This procedure was repeated 3 times. The 

partition coefficient was determined by calculating the ratio of cpm/mL of 1-octanol to 

that of the buffer after the third partition.   

 

2.6. Biodistribution in rats 

Five rats per group were used for each biodistribution study. While under 

isoflurane anesthesia, saline solution (0.2 mL, ethanol < 5% total volume) containing 

1.48−2.59 MBq of the radioactive tracer [
18

F]1 (0.0099−0.017 nmol carrier)was injected 

into the femoral vein. The rats were sacrificed at the indicated times (2, 30, 60, and 120 

min) while under isoflurane anesthesia. The organs of interest were removed and 

weighed, and the radioactivity was counted. The percent dose per organ was calculated 

by comparing the tissue counts to counts of 1% of the initial dose (100 times diluted 

aliquots of the injected material) measured at the same time. Regional brain distribution 

in the rats was measured after an IV injection of the radioactive tracer. Samples from 

different brain regions (cortex, striatum, cerebellum, and hypothalamus) were dissected, 

weighed, and counted. The percentage dose/g of each sample was calculated by 

comparing the sample counts to the counts of the diluted initial dose described above. 

The ratio was calculated by dividing the percentage dose/g of each region by that of the 

cerebellum. The cerebellum was used as the reference region for calculating the ratio of 
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target to non-target binding, because only a trace amount of SERT is present in the 

cerebellum. 

 

2.7. In vivo blocking studies 

          A SERT and NET selective inhibitor (2 mg/kg escitalopram, 10 mg/kg nisoxetine, 

respectively) was injected into the rat by the femoral vein with [
18

F]1 (1.48−2.59 MBq) 

simultaneously. Regional brain distribution, as in the biodistribution studies described 

above, was determined 120 min after injection of the radioactive tracer. 

 

2.8. In vivo metabolism of [
18

F]1 

Rats were anesthetized with 1.5% isoflurane. The animals were injected with 37–

74 MBq of [
18

F]1 (0.2 mL, 10% ethanol in saline). The animals were then sacrificed at 5 

or 120 min after the intravenous injection. Blood and brain were harvested. Blood 

samples were centrifuged at 15,000 g for 5 min at 4 °C to separate plasma from the clot. 

Plasma was then collected and the same volume of MeCN was added and the mixture 

was vortexed and centrifuged at 15,000 g for 5 min for deproteinization. Brain was 

homogenized in a solution of three volumes of MeCN. Homogenates were then 

centrifuged at 15,000 g for 5 min at 4 °C and the supernatant was collected. An aliquot of 

the supernatant obtained from plasma and brain homogenate was injected into the radio-

HPLC system, and analyzed under the analytical conditions described above. The 

percentages of [
18

F]1 relative to total radioactivity on HPLC were calculated as (peak 

area for unchanged tracer peak / total peak area) × 100. 

 

2.9. PET Imaging in rats 

 

The radiotracer was dissolved in a small volume of saline solution (ethanol < 5% 

total volume). Approximately 40.7−55.5 MBq of the radiotracer (0.27−0.37 nmol carrier, 

200−300 μL)was injected through the tail vein. Imaging was performed using the Philips 

Mosaic Animal PET (A-PET) imaging system, which has an image field of view of 

∼11.5 cm. Data acquisition commenced at the time of [
18

F]1 injection. Scans were 

carried out over a period of 2 h at 5 min per frame. The image voxel size was 0.5 mm
3
. 
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Region-of-interest analysis was performed using AMIDE [37] on reconstructed images. 

To examine the specificity of [
18

F]1 for SERT, an injection of escitalopram (2 mg/kg) 

was delivered 60 min after [
18

F]1 injection. 

 

3. Results 

3.1. In vitro binding assays 

The binding affinity of nonradioactive diphenyl sulfides, 1−4, was evaluated 

using stably transfected LLC-PK1 cell lines overexpressing SERT, NET, and DAT (Table 

1). Compounds 1−3 displayed excellent binding affinity to SERT (Ki, SERT = 0.09, 0.22, 

and 0.02 nM, respectively) and selectivity over DAT (Ki, DAT = 370, 586, and 686 nM, 

respectively). DAT and NET affinities were not evaluated for compound 4 as it showed 

lower affinity to SERT. Compounds 1−3 also displayed binding affinity for NET 

affinities, but NET/SERT selectivity was > 10 and the selectivity would be acceptable. 

Among these new SERT binding agents, we have selected 1 for radiolabeling and further 

biological evaluation. Attempts at radiolabeling new agents 2−4, were unsuccessful and 

further evaluation was carried out. 

 

3.2. Biodistribution 

In order to evaluate the organ and regional brain biodistribution in the rats, [18
F]1 

was injected through the femoral vein, and after selected time points, the rats were 

sacrificed. [
18

F]1 showed a relatively high brain uptake at 2 min post-injection (brain 

uptakes at 2, 30, 60, and 120 min were 1.04, 0.91, 0.86, and 0.67% dose/g, respectively; 

Table 2).  

Regions of rat brain were dissected and counted to determine whether regional 

brain uptake and retention of [
18

F]1 was consistent with the regional density of SERT. 

The results showed the highest uptake in the hypothalamus, a SERT-rich region, as well 

as uptake in the lower SERT-containing regions, striatum, and cortex. The cerebellum, 

known to have a low SERT concentration, was used as the background region for 

calculating the target-to-non-target binding ratio. The distribution result of [
18

F]1 was 

similar to [
18

F]FPBM; at 120 min after IV injection, the uptake in the hypothalamus 

region was 1.2 and 0.76% dose/g, respectively, and the hypothalamus/cerebellum ratio 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 [18F]Diphenyl sulfide for SERT Imaging 

 16 

was 6.1 and 7.6, respectively. The results indicated that [
18

F]1 showed very good in vivo 

brain kinetic property, useful for imaging similar to that of [
18

F]FPBM [6, 30, 31]. 

 

3.3 In vivo blocking studies 

Co-injection with selective monoamine transporter inhibitors demonstrated the 

SERT selectivity of [
18

F]1 in vivo in rats (Table 3 and Fig. 4A). A 120 min time point 

was chosen for these pharmacological blocking biodistribution studies. Co-injection with 

escitalopram, a selective SERT inhibitor, greatly reduced regional brain uptake (1.17 to 

0.40% dose/g for the hypothalamus, similar to [
18

F]FPBM, Fig. 4B) and target-to-

nontarget ratios (6.54 to 2.09 for hypothalamus to cerebellum, Table 3 ) when compared 

to control. While Co-injection with nisoxetine (NET selective inhibitor) showed only tiny 

inhibition. 

 

 

3.4. PET Imaging 

Animal PET imaging of the rats’ brains showed a good [
18

F]1 localization in the 

thalamus, midbrain, and striatum (Fig. 5). Typical nonspecific binding in the Harderian 

glands was also observed. As predicted, there was minimal uptake in the cerebellum, 

which was used as the background region for calculating target-to-non-target ratio. For 

image analysis, regions of interest (ROIs) (midbrain and striatum) were manually drawn 

to encompass only areas where high radioactivity was observable. The time activity 

curves (TACs) generated for the midbrain and striatum regions showed that
 [18F]1 uptake 

peaked at approximately 10 min (Fig. 6A) and steadily declined afterward. The region-to-

cerebellum ratios peaked at about 90 min (Fig. 6B) and remained steady afterward. In a 

separate experiment, a rat was injected with [18F]1, followed by an IV injection of 2 

mg/kg escitalopram at 60 min. A fast reduction of activity in the midbrain and striatum 

was observed (Fig. 6C). A clear reduction in the midbrain to cerebellum ratio was 

observed, suggesting that they are competing for the same SERT binding sites in the 

brain (Fig. 6D).  
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4. Discussion 

Imaging serotonin transporter (SERT) in the brain has been performed for the past 

20 years. The high level of interest is a reflection of the importance of this transporter in 

regulation brain function in both normal and disease states. It was reported previously 

that [
18

F]FPBM with fluoropropoxyl substitution on the B phenyl ring showed high 

selective binding (Ki = 0.38 nM), high brain uptake (0.99% dose/g at 2 min after IV 

injection), and an excellent in vivo target-to-non-target ratio (7.7 at 120 min post-

injection) [6, 30, 31]. [
18

F]FPBM was first reported 10 years ago, although the pre-

clinical evaluations clearly suggested that it was an excellent candidate for SERT 

imaging in conjunction with PET. However, there is no patent protection filed for this 

agent, which limits its ability to attract new funding for commercial development. It is 

necessary to continue to develop additional derivatives, which are new chemicals. We 

have further modified the structure and tested several new compounds as potential SERT 

imaging agents with patent protection for commercial development. 

In this report, the corresponding 2-(2-fluoroethoxy)ethoxy derivative, 1, also 

exhibited an excellent binding affinity (Ki = 0.09 nM) for SERT. The new probe, [
18

F]1, 

can be readily prepared via a simple one-step SN2 fluorination reaction. The partition 

coefficient was measured as logD = 2.40 ± 0.05 (n = 3, pH 7.4), which is comparable to 

[
18

F]FPBM (logD = 2.54, pH 7.4).[30]. It also displayed excellent initial brain uptake 

(1.04% dose/g at 2 min post iv injection) and an excellent in vivo target-to-non-target 

ratio (6.1 at 120 min post-injection). High initial brain uptake at 2 min after iv injection 

suggests that the new SERT probe [
18

F]1 may lead to a high initial delivery into the brain 

tissue. Excellent washout from non-target region leads to a good target-to-non-target ratio 

(midbrain/cerebellum ratio). These results lend support to improve SERT target imaging 

in the brain. It is noted that previously in vivo brain metabolism of 
123

I labeled diphenyl 

sulfide derivatives, IDAM and ADAM (Fig. 1), after iv injection has been investigated 

and found that at 60 and 120 min after the injection > 95% of the radioactivity in the 

brain was associated with the original compound [36, 38]. In an in vivo metabolism study, 

it was found that 96% of the radioactivity in the brain was still the parent ligand at 5 min 

after iv injection. Because of lower activity, we didn’t investigate the metabolism at 120 

min. We expect this series of similar diphenyl sulfide derivatives will show similar in 
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vivo metabolic properties in the brain; therefore, little or no in vivo metabolism is 

expected in the brain for [
18

F]1. 

Micro-PET imaging after iv injection of [
18

F]1 displayed excellent brain images 

that are consistent with the distribution of SERT density in the rat. An in vivo chasing 

experiment with injection of escitalopram (a commonly prescribed SERT targeting drug) 

exhibited a very good washout from the midbrain region, which further confirmed that 

this new probe competed for the same SERT binding sites in the brain. The results of this 

“chasing” experiment may be further supported in the future by performing pre-injection 

of the competing SERT inhibitor, such as escitalopram, for demonstrating the in vivo 

competition for the same SERT binding sites in the brain. Competition studies by 

coinjection of escitalopram (a known SERT specific ligand) with [
18

F]1 in rats showed a 

reduction of ~60% in the SERT rich areas (striatum, cortex, hippocampus) at 120 min. 

postinjection suggesting specific activity. 

It appears that the 2-(2-fluoroethoxy)ethoxy, which is a diglycol substitution 

group specifically on the B ring (Fig. 2), may increase the washout of the non-specific 

regions, leading to an excellent target-to-non-target ratio of the midbrain region, where 

SERT binding sites are highly concentrated. However, this observation needs to be 

confirmed by performing PET imaging in the human brain.  

 

5. Conclusions 

A new diphenyl sulfide derivative, 2-((2-((dimethylamino)-methyl)-4-(2-(2-

[
18

F]fluoroethoxy)ethoxy)phenyl)thio)aniline, [
18

F]1, was prepared and evaluated for 

SERT binding. It showed excellent initial brain uptake, binding selectivity, and specific 

in vivo regional brain distribution matching SERT binding sites. This new PET tracer 

may be useful for studying SERT distribution in the human brain. 
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Figure Legends 

Fig. 1. Chemical structures of selected PET and SPECT imaging agents for 

serotonin transporters (SERT). 

            Fig. 2. Fig. 2. Core structures of ADAM/DASB/FPBM and chemical structures 

of [
18

F]FPBM and [
18

F]1 

Fig. 3. HPLC profiles of 1 (A), [
18

F]1 (radiotrace) (B), and accompanying UV 

trace (C) (HPLC method 2). 

Fig. 4. (A) The effects of NET (nisoxetine) and SERT (escitalopram) inhibitors 

for [
18

F]1  on regional brain distribution in normal rats (at 120 min, average of n = 5), 

Escitalopram inhibits uptake into the hypothalamus, striatum, cortex and hippocampus. 

(B) The effects of NET (nisoxetine) and SERT (IDAM) inhibitors for [
18

F]FPBM  on 

regional brain distribution in normal rats (at 120 min, average of n = 6), IDAM inhibits 

uptake into the hypothalamus, striatum, cortex and hippocampus.
 

*
 The data for [

18
F]FPBM is reported previously[6]. 

Fig. 5. While under isoflurane anesthesia, 55.5 MBq of [
18

F]1 was injected 

through a catheter placed into the tail veins of the rats and scanning commenced. A-PET 

images (coronal, transverse, and sagittal views shown) of [
18

F]1 localization in the rat 

brains reflect known areas of SERT distribution. Total scan time was 2 h. One time frame 

is shown (0 to 60 min). [
18

F]1 localized in the midbrain (MB), cortex (CX), and thalamus 

(T), which are regions where SERT binding sites are concentrated. Activity due to 

nonspecific binding was detected in the Harderian glands (HG); this nonspecific binding 

is commonly observed in rats and mice for other PET agents. Little uptake is observed in 

the cerebellum (CB), a region with low SERT density. 

Fig. 6. Kinetic data of [
18

F]1 after injection into a rat. A: Activity of [
18

F]1 (55.5 

MBq injection) in the striatum (ST), midbrain (MB), and cerebellum (CB) over time. B: 

Ratio of ST/CB and MB/CB over time. C: Activity of [
18

F]1 (40.7 MBq injection) in ST, 

MB, and CB over time. After 60 min, escitalopram (2 mg/kg) was injected into the rat. D: 

Ratio of ST/CB and MB/CB over time with escitalopram (2 mg/kg) IV injection after 60 

min. Data were generated from A-PET image analysis using AMIDE software. Values on 

the y-axis for graphs A and C are mean counts/voxel. A: After a 55.5 MBq injection of 

[
18

F]1, the uptake peaked at 10 min and the activity counts in the non-target region, the 
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cerebellum, rapidly decreased. B: The regions (of interest)-to-cerebellum ratio peaked at 

approximately 100 to 110 min after IV injection. C: Intravenous injection of escitalopram 

(2 mg/kg) 60 min after a 40.7 MBq injection of [
18

F]1 (indicated by blue arrow) shows 

clear competition for SERT binding sites. Radioactivity in the target regions (ST and MB) 

decreased rapidly after escitalopram injection and reached cerebellar activity levels by 

150 min. D: A dramatic decrease in the regions (of interest)-to-cerebellum ratio was also 

observed. 

Scheme 1. The preparation of compounds 1−4 and the precursor 7 for 
18

F 

radiolabeling. 

Table 1. Binding affinities of compounds 1−4 to SERT, DAT, and NET (average 

of n = 3, Ki ± SD, nM) 

Table 2. Biodistribution of [
18

F]1 in male SD rats (average of n = 5, % dose/g ± 

SD) 

Table 3. The effects of SERT and NET inhibitors on region-to-cerebellum ratios 

(at 120 min, average of n = 5): Escitalopram greatly decreased the region-to-cerebellum 

ratio and little to no inhibition was seen with nisoxetine. 
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Fig. 1. Chemical structures of selected PET and SPECT imaging agents for serotonin 

transporters (SERT). 
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Fig. 2. Core structures of ADAM/DASB/FPBM and chemical structures of [
18

F]FPBM 

and [
18

F]1 
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Fig. 3. HPLC profiles of 1 (A), [
18

F]1 (radiotrace) (B), and accompanying UV trace (C) 

(HPLC method 2). 
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Fig.4. (A) The effects of NET (nisoxetine) and SERT (escitalopram) inhibitors for [
18

F]1  

on regional brain distribution in normal rats (at 120 min, average of n = 5), Escitalopram 

inhibits uptake into the hypothalamus, striatum, cortex and hippocampus. (B) The effects 

of NET (nisoxetine) and SERT (IDAM) inhibitors for [
18

F]FPBM  on regional brain 

distribution in normal rats (at 120 min, average of n = 6), IDAM inhibits uptake into the 

hypothalamus, striatum, cortex and hippocampus. 

*
 The data for [

18
F]FPBM is reported previously[6]. 
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Fig. 5. While under isoflurane anesthesia, 55.5 MBq of [
18

F]1 was injected 

through a catheter placed into the tail vein of the rats and scanning commenced. A-PET 

images (coronal, transverse, and sagittal views) of [
18

F]1 localization in the rat brains 

reflect known areas of SERT distribution. Total scan time was 2 h. One time frame is 

shown (0 to 60 min). [
18

F]1 localized in the midbrain (MB), cortex (CX), and thalamus 

(T), which are regions where SERT binding sites are concentrated. Activity due to 

nonspecific binding was detected in the Harderian glands (HG); this nonspecific binding 

is commonly observed in rats and mice for other PET agents. Little uptake is observed in 

the cerebellum (CX), a region with low SERT density. 
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Fig. 6. Kinetic data of [
18

F]1 after injection into a rat. A: Activity of [
18

F]1 (55.5 

MBq injection) in the striatum (ST), midbrain (MB), and cerebellum (CB) over time. B: 

Ratio of ST/CB and MB/CB over time. C: Activity of [
18

F]1 (40.7 MBq injection) in ST, 

MB, and CB over time. After 60 min, escitalopram (2 mg/kg) was injected into the rat. D: 

Ratio of ST/CB and MB/CB over time with escitalopram (2 mg/kg) IV injection after 60 

min. Data were generated from A-PET image analysis using the AMIDE software. 

Values on the y-axis for graphs A and C are mean counts/voxel. A: After a 55.5 MBq 

injection of [
18

F]1, the uptake peaked at 10 min and the activity counts in the non-target 

region, the cerebellum, rapidly decreased. B: The regions (of interest)-to-cerebellum ratio 

peaked at approximately 100 to 110 min after-IV injection. C: Intravenous injection of 

escitalopram (2 mg/kg) 60 min after a 40.7 MBq injection of [
18

F]1 (indicated by blue 

arrow) shows clear competition for SERT binding sites. Radioactivity in the target 

regions (ST and MB) decreased rapidly after escitalopram injection and reached 
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cerebellar activity levels by 150 min. D: A dramatic decrease in the regions (of interest)-

to-cerebellum ratio was also observed. 
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Scheme 1. Preparation of compounds 1−4 and the -OTs precursor 7 for 
18

F radiolabeling. 

Several precursors of TsOR substituted groups were readily prepared according to the 

literature [34] 
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Table 1. Binding affinities of compounds 1−4 to SERT, DAT, and NET (average 

of n = 3, Ki ± SD, nM)
*
 

 

Compound R 

Binding affinity (Ki , nM) Selectivity 

SERT DAT NET DAT/SERT NET/ SERT 

1 CH
2
CH

2
OCH

2
CH

2
F 0.09  0.01 370  66 2.37  0.25 4111 26.3 

2 CH
2
CH

2
OCH

2
CH

2
OCH

2
CH

2
F 0.22  0.02 586  8 3.23  0.40 2663 14.7 

3 CH2CH=CHCH2F (cis) 
0.020  

0.003 
686  20 80  11 34300 4010 

4 CH
2
C≡CCH

2
F 0.40  0.14 ND ND ND ND 

*
In vitro binding studies were carried out using membrane homogenate 

preparations of LLC-PK1 cells overexpressing different types of monoamine transporters 

[36]. 
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Table 2. Biodistribution of [
18

F]1 in male Sprague Dawley rats (average of n = 5, % dose/g ± SD) 

Region 2 min 30 min 60 min 120 min 

Heart 0.84 ± 0.12 0.32 ± 0.04 0.25 ± 0.06 0.15 ± 0.01 

Liver 0.47 ± 0.11 0.38 ± 0.03 0.30 ± 0.04 0.25 ± 0.03 

Spleen 0.55 ± 0.09 1.39 ± 0.11 1.11 ± 0.18 0.56 ± 0.12 

Lung 5.47 ± 0.38 2.80 ± 0.54 2.60 ± 0.37 1.16 ± 0.27 

Kidney 1.68 ± 0.31 1.33 ± 0.26 1.10 ± 0.32 0.81 ± 0.20 

Pancreas 1.73 ± 0.66 0.36 ± 0.09 0.22 ± 0.04 0.18 ± 0.03 

Skin 0.18 ± 0.05 0.32 ± 0.03 0.39 ± 0.03 0.35 ± 0.07 

Bone 0.24 ± 0.06 0.23 ± 0.02 0.22 ± 0.03 0.18 ± 0.08 

Muscle 0.37 ± 0.08 0.12 ± 0.01 0.12 ± 0.02 0.10 ± 0.02 

Blood 0.43 ± 0.06 0.35 ± 0.05 0.34 ± 0.04 0.22 ± 0.04 

Brain 1.04 ± 0.15 0.91 ± 0.08 0.86 ± 0.08 0.67 ± 0.08 

Regional brain uptakes  

 [18F]1 [18F]FPBM [18F]1 [18F]FPBM [18F]1 [18F]FPBM [18F]1 [18F]FPBM 

Hypothalamus 1.22 ± 0.17 1.15±0.11  1.55 ± 0.15 1.22±0.16  1.30 ± 0.20 1.08±0.21 1.20 ± 0.12 0.75±0.18  

Striatum 1.04 ± 0.22 0.92±0.04 0.98 ± 0.09 0.90±0.17 1.02 ± 0.17 0.74±0.15 0.81 ± 0.15 0.46±0.10 

Cortex 1.15 ± 0.20 1.05±0.07  1.02 ± 0.11 1.00±0.18 0.73 ± 0.25 0.98±0.18  0.66 ± 0.08 0.44±0.08 

Hippocampus 1.07 ±0.19 0.89±0.06 0.93 ± 0.10 0.79±0.11 0.88 ± 0.11 0.65±0.12 0.77 ± 0.12 0.38±0.04 

Cerebellum 0.87 ± 0.15 1.02±0.11 0.36 ± 0.03 0.35±0.05 0.32 ± 0.05 0.23±0.07 0.20 ± 0.02 0.10±0.02 

Region-to-cerebellum ratio 

 
[18F]1 [18F]FPBM [18F]1 [18F]FPBM [18F]1 [18F]FPBM [18F]1 [18F]FPBM 

Hypothalamus 1.40 ± 0.12 1.14±0.15 4.15 ± 0.23 3.50±0.38 4.29 ± 0.28 4.69±0.74 6.10 ± 0.39 7.67±1.39 

Striatum 1.20 ± 0.13 0.90±0.12 2.73 ± 0.20 2.58±0.30 3.21 ± 0.41 3.19±0.49 3.96 ± 0.69 4.67±0.29 

Cortex 1.32 ± 0.09 1.03±0.12 2.61 ± 0.12 2.87±0.41 2.85 ± 0.13 4.26±0.96 3.25 ± 0.30 4.53±0.54 

Hippocampus 1.23 ± 0.21 0.88±0.07 2.58 ± 0.22 2.26±0.25 2.89 ± 0.54 2.82±0.42 3.80 ± 0.69 3.87±0.50 

*
 The biodistribution of [

18
F]FPBM was previously reported [6]. 
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Table 3. The effects of SERT and NET inhibitors on region-to-cerebellum ratios (at 120 

min, average of n = 5): Escitalopram greatly decreased the region-to-cerebellum ratio and 

little to no inhibition was seen with nisoxetine. 

 

 
Hypothalamus Striatum Cortex Hippocampus 

Control 6.54 ± 0.82 4.40 ± 0.86 3.70 ± 0.70 3.84 ± 0.59 

Nisoxetine 6.47 ± 0.48 4.03 ± 0.21 3.18 ± 0.23 3.51 ± 0.39 

Escitalopram 2.09 ± 0.15 1.60 ± 0.51 1.23 ± 0.13 1.43 ± 0.11 
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