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Abstract

Introduction—A new 18F ligand, 2-(2’-((dimethylamino)methyl)-4’-(3-[18F]fluoropropoxy)-
phenylthio)benzenamine ([18F]1), for positron emission tomography (PET) imaging of serotonin
transporters (SERT) was evaluated.

Methods—Binding affinity was determined through in vitro binding assays with LLC-PK; cells
overexpressing SERT, NET, or DAT (LLC-SERT, LLC-NET, and LLC-DAT) and with rat cortical
homogenates. Localization and selectivity of [18F]1_binding in vivo was evaluated by
biodistribution, autoradiography, and A-PET imaging studies in rats.

Results—This compound displayed excellent binding affinity for SERT in vitro with K; = 0.33 and
0.24 nM in LLC- SERT and rat cortical homogenates, respectively. Biodistribution studies with
[18F]1 showed good brain uptake (1.61% dose/g at 2 min post-injection), high uptake into the
hypothalamus (1.22% dose/g at 30 min), and a high target to non-target (hypothalamus to cerebellum)
ratio of 9.66 at 180 min post-injection. Pretreatment with a SERT selective inhibitor considerably
inhibited [18F]1_binding in biodistribution studies. Ex vivo autoradiography reveals [18F]1
localization to brain regions with high SERT density, and this binding was blocked by pretreatment
with SERT selective inhibitors. Small animal PET (A-PET) imaging in rats provided clear images
of tracer localization in the thalamus, midbrain, and striatum. In A-PET chasing experiments,
injecting a SERT selective inhibitor 75 min post-tracer injection causes a dramatic reduction in
regional radioactivity and the target to non-target ratio.

Conclusion—The results of the biological studies and the ease of radiosynthesis with moderately
good radiochemical yield (RCY = 10-35%) make [18F]1 an excellent candidate for SERT PET
imaging.

Keywords
rat brain; autoradiography; binding affinity; 5-HTT; F-18; radioligand

*TO WHOM CORRESPONDENCE SHOULD BE ADDRESSED: Hank F. Kung, Ph.D., Department of Radiology, University of
Pennsylvania School of Medicine, 3700 Market Street, Room 305, Philadelphia, PA 19104, Tel: (215) 662-3096, Fax: (215) 349-5035,
e-mail: kunghf@gmail.com.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 2

1. Introduction

Serotonin (5-HT) plays a regulatory role in many normal CNS and peripheral functions
including sleep, appetite, memory, learning, temperature regulation, mood, sexual behavior,
cardiovascular function, muscle contraction, and endocrine regulation [1]. It is widely accepted
that lowered synaptic 5-HT levels correlate with disorders and disease states such as anxiety,
bipolar disorder, obsessive compulsive disorder, schizophrenia, and depression [2,3]. In the
brain, serotonin transporters (SERT) localized on 5-HT neurons serve as the main reuptake
mechanism for terminating the action of 5-HT by transporting 5-HT from the synapse back
into the presynaptic neuron. Selective serotonin reuptake inhibitors (SSRIs) bind to the
serotonin transporter and effectively block the reuptake of serotonin into the synapse.
Consequently, SSRIs are used in the treatment of depression as well as many other conditions.
They are generally acknowledged to be the first-line therapy for depression, and they are one
of the most commonly prescribed class of drugs in the world [4,5]. Although millions of patients
with depression have benefited from SSRI treatment, a major drawback to this therapy is the
2-3 week lag before onset of clinical improvement, and at least 40% of patients fail to achieve
a50% reduction in depressive symptoms after a 6-8 week trial of SSRIs [6,7]. Response failure
may be caused by several factors, but one of the most common factors is inadequate dosing
[6]. As such, in vivo imaging of SERT radiotracers may be used to measure the effectiveness
of antidepressant drug occupancy of SERT in the living human brain. Information gathered
from these studies can be correlated with therapeutic efficacy and assist in the optimization of
antidepressant drug dosing and therapy. In a broader scope, SERT can be used as a surrogate
marker for serotonergic neuron integrity, and the ability to image SERT binding in the brain
will expand our knowledge of normal functions and behaviors as well as various diseases and
mental illnesses involving the serotonergic system.

Our goal is to develop an improved SERT radiotracer for use in positron emission tomography
(PET). PET imaging has been useful in the study of the basic biology of the brain as well as
diseases which afflict the brain, for instance, Alzheimer’s and Parkinson’s [8-12]. In these
diseases various neurotransmitter and neuronal systems in the brain become altered. PET is a
highly sensitive imaging technique, offering detection down to molar concentrations of 109
to 10712, that can been used for measuring the protein molecules involved in these systems,
such as transporters, receptors, and enzymes, in the living human brain [12,13]. Molecular
neuroimaging through PET is also relatively noninvasive, and it will be an important tool for
the further understanding and treatment of various CNS diseases. In order for a ligand to be a
good candidate for imaging SERT in the brain it should have high affinity and selectivity for
SERT, moderate logP values within the range of 2 to 3.5 [14], high uptake and retention in
SERT-rich brain regions, in vivo stability, and desirable in vivo kinetics including fast uptake
and washout from the brain. Furthermore, 18F labeled ligands for PET should have the
capability of being radiolabeled quickly and efficiently. The first PET radiotracer successfully
developed for imaging SERT density in the human brain was [11C](+)McN5652. Although
[11C](+)MCcN5652 is able to successfully localize in SERT-rich regions of the brain, the
nonspecific binding is relatively high resulting in a low target to non-target ratio and
consequently, lower image resolution [15,16]. Attempts to find improved PET tracers led to
the development of 11C labeled DASB [17,18] (Table 1). [F1C]DASB is currently the ligand
of choice, where 11C tracers are made at a cyclotron in the near proximity, for imaging SERT
[15]. Applications of [L1C]DASB in human PET studies have included investigating SERT
binding in unmedicated patients with psychological disorders, central nervous system diseases,
and alcoholism [19-21]. The feasibility of measuring drug occupancy of SERT by SSRIs in
vivo using [1LC]DASB have also been reported [22-24].

A major drawback of [11C]DASB, however, is that 11C has a half-life of 20 min. The short
half-life of 11C labeled tracers limits their application to only medical centers possessing an
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onsite cyclotron and skilled radiochemistry team. To address this shortcoming, significant
efforts on preparation of various biphenylthiol derivatives have been made to develop PET
SERT compounds that can be labeled with 18F (t;, = 110 min), such as DASB, AFM, ACF,
and AFE (Table 1), but they have met with limited success [25-29]. To date, [18FJFADAM is
the most promising candidate [30]. However, the required nucleophilic substitution of 18F on
a less activated aromatic ring during radiolabeling results in a low radiochemical yield (< 5%)
[31,32] thus making this tracer less practical for routine clinical use. To circumvent this low
radiochemical yield in preparation of [\8F]JFADAM, we have reported a novel series of SERT
ligands with substituents at the 4’-position and 5-position of 2-(2’-((dimethylamino)
methyl)-4’-(fluoroalkoxy)-phenylthio)benzenamine (Table 1)[33]. We maintained the
biphenylthiol core structure because compounds in this class have previously demonstrated
high affinity and selectivity for SERT, and its small size (molecular weight < 650 g/mole)
facilitates passage through the blood brain barrier. Importantly, introduction of 4’- and 5-
fluoroalkoxy substituents on the core structure provided a simple site for 18F labeling, with
labeled products obtained in comparatively high radiochemical yields. Furthermore, the 4’-
fluoroalkoxy series indeed displayed high SERT affinity, in vivo selectivity, and excellent brain
uptake after iv injection in rats. They also have appropriate lipophilicities and in vivo stability
in the brain. Of the series, compounds 1 and 2 (Table 1) showed the most promise as SERT
imaging agents [33]. Herein, we present data from biodistribution, autoradiography, and small
animal PET (A-PET) imaging studies with [18F]1 in rats which have yielded favorable results
and demonstrate the potential of employing this ligand for SERT imaging in conjunction with
PET.

2. Materials and methods

2.1 General

Male Sprague-Dawley rats were used in the relevant studies. All protocols requiring the
utilization of rats were reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC, University of Pennsylvania). Rats were put under isoflurane anesthesia
prior to any injections, before sacrifice, and during the length of PET imaging. [*2°I]Nal (0.1
N NaOH solution) was purchased from Perkin Elmer (Boston, MA, USA). Compound 1 and
the corresponding mesylate precursor needed for the radiofluorination were prepared as
reported previously [33]. IDAM was prepared as described previously [34]. (+)McN5652,
Nisoxetine, GBR12909 were obtained from the NIMH chemical synthesis and drug supply
program and Sigma-RBI (St. Louis, MO, USA). Escitalopram was kindly provided from Dr.
Irwin Lucki (University of Pennsylvania).

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

Transfected LLC-PK4 cell lines over-expressing a single monoamine transporter, the serotonin
transporter (LLC-SERT), the norepinephrine transporter (LLC-NET), or the dopamine
transporter (LLC-DAT) were kindly provided by Dr. G. Rudnick (Yale University) [35]. The
parental LLC-PK; 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 are due to the corresponding transfected DNA only. These cells were plated and
grown to confluence with DMEM containing 10% FBS, 1x penicillin/streptomycin and 1 g/L
G418, washed and harvested with PBS with 100 mg/mL calcium and 100 mg/mL magnesium
(Gibco-Invitrogen), homogenized on ice with a Wheaton overhead stirrer, and centrifuged at
11,000 rpm for 20 minutes at 4 °C. The pellets were resuspended in the PBS buffer, frozen
quickly in liquid Ny, and stored in a —80 °C freezer for future use in binding studies.
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2.3 Preparation of rat cortical homogenates

The tissues of rat frontal cortex were dissected and homogenized in 20 times volume of 50 mM
Tris buffer, pH 7.4, containing 120 mM NaCl and 5 mM KCI. The homogenates were
centrifuged at 20,000 g for 20 min. The resulting pellets were resuspended in buffer and
recentrifuged for 5 min. The final pellets were suspended in 5 times volume of buffer and used
immediately for in vitro binding assays.

2.4 In vitro binding assays

For the SERT binding assays LLC-SERT membrane homogenates (100 pL corresponding to
30-50 pg protein) were mixed with 50 mM Tris-HCI, pH 7.4, 300 mM NaCl, 5 mM KCI and
1 mg/mL bovine serum albumin (BSA), the radioligand (0.1 nM [1251]-IDAM, K4 = 0.09 nM),
and a range of 10 concentrations (10710 to 107> M) of the competing drug to be evaluated for
a total volume of 0.5 mL. Nonspecific binding was defined with 2.5 uM (+)McN5652.
Incubation was carried out for one hour at room temperature and then terminated by separation
of bound from free radioligand by filtration through glass fiber filters presoaked with 1%
polyethylenimine (Sigma, St. Louis, MO). The filters were then washed with cold 50 mM Tris-
HCI, pH 7.4 buffer and counted in a gamma counter. Data analysis was performed using
Microsoft Excel. The same procedures described above were used for the NET and DAT
binding assays with the corresponding membrane homogenates (LLC-NET and LLC-DAT),
radioligands (0.07 nM [1251]2-INXT, K4 = 0.05 nM and 0.08 nM [1231]IPT, K4 = 1.4 nM,
respectively), and compound for non-specific binding determination (3.2 UM nisoxetine and
1.9 uM GBR129009, respectively) [36]. The same general procedures were followed when using
rat cortical homogenates.

2.5 Radiochemistry

[18F]1 was prepared as reported previously (Fig. 1) [33]. Briefly, [18F]Fluoride was produced
by a JSW 3015 cyclotron at the Cyclotron Facilities at the University of Pennsylvania, or it
was purchased from IBA Molecular North America Inc. (Sterling, VA) and passed through a
Sep-Pak Light QMA cartridge. The 18F activity was eluted with Kryptofix 222/K,CO3 /
CH3CN /H50 solution, dried under an N, stream, and reacted with an O-mesylated precursor,
3-(3-((dimethylamino)methyl)-4-(2-nitrophenylthio)phenoxy)propyl methanesulfonate, in
DMSO at 100 °C for 3 min. Water was added, and the mixture was passed through
preconditioned Waters OASIS® HLB cartridge. The cartridge was washed with water, and
the 18F labeled nitro intermediate was eluted with ethanol. To this solution, 2N HCI and
SnCl, were added, and the mixture was heated at 80 °C for 6 min. Water was added, and the
mixture was passed through a preconditioned Waters OASIS® HLB cartridge. The cartridge
was washed with water, and the desired 18F labeled compound, [18F]1, was eluted with
CH3CN and purified by semi-prep HPLC [Phenonemex Gemini C-18 semi-prep column (10
x 250 mm, 5 micron), CH3CN/ ammonium formate buffer (50 mM) 55/45, flow rate 3 mL/
min. tg = 6 to 15 min]. Radiochemical purity and specific activity was calculated using
analytical HPLC [Phenomenex Gemini C18 analytical column (4.6 x 250 mm, 5 micron),
CH3CN/ammonium formate buffer (10 mM) 8/2; Flow rate 1 mL/min; tg = 4.0 to 6.5 min].
Specific activity was estimated by comparing UV peak intensity at 254 nm of purified [18F]
1 with the reference non-radioactive compound of known concentration. At the end of
synthesis, the radiochemical yield was 10-35% (decay corrected) with a radiochemical purity
>97% and a specific activity of 320-6800 mCi/umol. Chemical identification was confirmed
by injection of the cold compound, 1. Using the same HPLC conditions compound 1 showed
the same retention time as that of [18F]1.
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2.6 Partition coefficient determination

To measure the partition coefficient, 3 g of 1-octanol and 3 g of 0.1 M NaH,PO, buffer (pH
7.4) were added to roughly 1 million cpm of [18F]1 dissolved in < 10 uL 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 bring the 1-octanol fraction sample up to 3 g, and an additional 3 g of buffer was
then added. The mixture was vortexed and centrifuged again as above. This procedure was
repeated a total of 3 times. The partition coefficient was determined by calculating the ratio of
cpm/mL of 1-octanol to that of buffer after the third partition.

2.7 Biodistribution in rats

While under isoflurane anesthesia, 40-100 pCi of [28F]1 dissolved in a small amount of ethanol
(<5% of total volume of injection) and 0.2 mL of 1 mg/mL BSA solution was injected through
the femoral vein. The rats were sacrificed under isoflurane at the time indicated (n=3 for each
timepoint), and organs of interest were removed, weighed, and counted for radioactivity. The
percent dose per organ was calculated by comparing the tissue counts to counts of 1% of the
initial dose. The hypothalamus (HY), cortex (CX), striatum (ST), hippocampus (HP), and
cerebellum (CB), were also dissected out of the brain, weighed, and counted to determine
regional brain distribution. The percentage dose/g of each region was calculated by comparing
sample counts with the counts of the diluted initial dose, as described above. It is known that
high densities of SERT are located in the hypothalamus while intermediate densities are found
in the hippocampus, intermediate levels in the striatum, and lower densities in the cortex
[37-40]. Only a trace amount of SERT is present in the cerebellum, thus the cerebellum was
used as the reference region for calculating the ratio of target to non-target binding. The ratio
was calculated by dividing the percentage dose/g of each region by that of the cerebellum.

2.8 In vivo blocking/pharmacological specificity studies

A SERT, NET, or DAT selective inhibitor (2 mg/kg IDAM, 10 mg/kg nisoxetine, 2 mg/kg
GBR, respectively) was first injected into the rat by the femoral vein. Nisoxetine was given at
a dose of 10 mg/kg because of its relatively low brain uptake. The radiolabeled ligand (90 pCi)
was then injected 5 min after the inhibitor. Regional brain distribution, as in the biodistribution
studies described above, was determined 2 hr after injection of the radiolabeled ligand.

2.9 Ex vivo autoradiography of [18F]1 in rat brain

Rats under isoflurane anesthesia were injected through the femoral vein with 0.2-0.5 mL of 1
mg/mL BSA solution containing 3.6-4.8 mCi of [18F]1. At 60 min post-iv injection, the animals
were sacrificed. The brains were removed, placed in embedding medium (Tissue Tek, Miles
Laboratory, Elkhart, IN, USA) and frozen with powdered dry ice. After reaching equilibrium
at —20 °C, consecutive 20 um coronal sections were sliced on a cryostat microtome (Hacker
Instruments, Fairfield, NJ, USA), thaw-mounted on microscope slides, and air-dried at room
temperature. The slides containing the brain sections were exposed to film (Kodak BioMax
MR) along with 1251 standards (Amersham Corp., Arlington, IL, USA) overnight in
autoradiographic cassettes. To examine the specificity of [18F]1 for SERT, an injection of
escitalopram (2 mg/kg) or nisoxetine (10 mg/kg) was given 5 min prior to [18F]1 injection.

2.10 PET imaging in rats

The radiotracer was dissolved in a small volume of ethanol (< 5% total volume of injection)
and 1 mg/mL BSA solution. Approximately 1-1.4 mCi of radiotracer in a volume of 200-300
pL was injected through the tail vein. The specific activity varied from 652 mCi/umol to 6800
mCi/umol. Imaging was performed using the Philips Mosaic Animal PET (A-PET) imaging
system [41,42] which has an image field of view of ~11.5 cm. Data acquisition commenced at
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the time of [18F]1 injection. Scans were carried out over a period of 4 hrs taking 5 min per
frame for the first 2 hrs and 15 min per frame for the last 2 hrs. Image voxel size was 0.5
mm3. Region-of-interest analysis was performed using AMIDE
(http://amide.sourceforge.net/) on reconstructed images. To examine the specificity of [18F]1
for SERT, an injection of escitalopram (2 mg/kg), IDAM (2 mg/kg), or nisoxetine (10 mg/kg)
was delivered 75 min after [18F]1 injection.

3.1 In Vitro Binding Assays

The binding affinity of nonradioactive compound 1 was evaluated using stably transfected
LLC-PKj cell lines over-expressing SERT, NET or DAT (Table 1). Compound 1 displayed
strong binding affinity to SERT (K; sert = 0.33 nM) and selectivity over DAT (K; paT =299
nM). It is noted that some NET affinity was found (K; yeT = 11.9 nM). Since rat brain PET
imaging was to be performed, binding affinity was further evaluated for native SERT and NET
binding sites in the rat cortex (CX). DAT affinity in rat brain homogenates was not evaluated
since compound 1 showed very low binding affinity for DAT inthe LLC-DAT cell line. Results
with cortical homogenates were comparable to the values determined in the cell lines

(Ki, serT, cx =0.24 nM and K; NET, cx = 12.4 nM) giving ~50 fold selectivity for native SERT
over native NET.

3.2 Biodistribution

To examine organ and regional brain biodistribution in rats, [18F]1 was injected through the
femoral vein, and after selected timepoints, the rats were sacrificed. A critical requirement for
a brain imaging agent is the ability to pass the blood brain barrier and to be taken up into the
brain. Accordingly, [18F]1 showed high brain uptake at 2 min post iv injection. (Brain uptakes
at 2, 30, 60, 120, 180, and 240 min were 1.61, 1.23, 0.97, 0.59, 0.30, and 0.24% dose/organ,
respectively, Table 2). Various brain regions were dissected and counted to determine if brain
uptake and retention of [18F]1 reflected regional distribution of SERT. Results showed high
uptake in the hypothalamus, a SERT-rich region, as well as uptake in other SERT containing
regions, namely the hippocampus, striatum, and cortex. With the cerebellum nearly devoid of
SERT, it was used as the non-target region for calculating target to non-target ratios. High
hypothalamus (HY) to cerebellum (CB) ratios were reached by 60 min (HY/CB = 4.69), and
it steadily increased to 9.66 at 180 min while appearing to be maintained at 240 min. The
relatively fast background washout of [18F]1 from the brain, i.e. fast and continual washout
from the cerebellum, alongside retention in SERT localized regions resulted in the increase in
target to non-target ratio over time and also indicated that [18F]1 may have desirable kinetic
properties for imaging. Activity clearly dropped over a period of 240 min for all organs
examined except for bone (Table 2). A relatively high amount of activity compared to other
organs is still detected in the bone after 240 min. Although it is known that SERT is expressed
in bone [43,44], it may be that [18F]1 undergoes some defluorination in vivo. The resulting free
circulating fluoride may then have localized in the bone.

Pretreatment with selective monoamine transporter inhibitors demonstrated the SERT
selectivity of [18F]1 in vivo in rats (Fig. 2). A two hour time-point was chosen for these
pharmacological blocking biodistribution studies. Pretreatment with IDAM, a selective SERT
inhibitor, greatly reduced regional brain uptake (i.e. 0.51 to 0.07% dose/g for the hypothalamus)
and target to non-target ratios (i.e. 9.55 to 2.17 for HY/CB) when compared to control.
Pretreatment with GBR12909 (DAT selective inhibitor) did not inhibit regional brain uptake
or appreciably inhibit target to non-target ratios while pretreatment with nisoxetine (NET
selective inhibitor) showed only minor inhibition.

Nucl Med Biol. Author manuscript; available in PMC 2009 May 1.


http://amide.sourceforge.net/

1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al. Page 7

3.3 Autoradiography

[18F]1 localized in brain regions containing medium to high SERT density (Fig. 3). At 60 min
post-injection, [18F]1 prominently localized in the olfactory tubercles, thalamic nuclei,
hypothalamic nuclei, substantia nigra, superior colliculus, dorsal raphe, medial raphe, and locus
coeruleus (Fig. 3A). Pretreatment with the SERT selective inhibitor, escitalopram, effectively
blocked [18F]1 localization to these regions with the exception of the locus coeruleus (Fig. 3B).
There was some residual labeling in the hippocampus and lateral thalamic nuclei which may
be due to non-specific binding of this ligand. Pretreatment with IDAM (2 mg/kg) showed
similar results (data not shown). Pretreatment with nisoxetine failed to inhibit the [18F]1
binding seen in Fig. 3A with the exception of noticeably reduced binding in the locus coeruleus.
The results suggested that the localization is specific for SERT; thus, we decided to proceed
with animal PET imaging.

3.4 A-PET Imaging

A-PET imaging of rat brain showed clear [18F]1 localization in the thalamus, midbrain, and
striatum (Fig. 4) which is consistent with the localization of SERT in the brain as determined
by ex vivo autoradiography. Typical non-specific binding in the Harderian glands was also seen
[45-47].

As predicted, there was minimal uptake in the cerebellum, and it was used as the non-target
region in target to non-target ratio calculations. For image analysis, regions of interest (ROIs)
(thalamus, midbrain, and striatum) were manually drawn to encompass only areas where high
radioactivity was observable, since without an MR scan, it was difficult to consistently and
precisely distinguish the boundaries of the different ROIs in the rat brain. Thus, the time activity
curves (TACs) generated for the thalamus, midbrain, and striatum regions overlap (Fig. 5). As
seen in the TACs generated from these images, [18F]1 uptake peaked at approximately 10-20
min (Fig. 5A, left) and steadily declined afterward showing fast washout. Region to cerebellum
ratios peaked at 100-110 min (Fig. 5A, right) and also steadily declined afterwards. Injection
of 2 mg/kg escitalopram 75 min post [18F]1 injection caused a marked drop in activity counts
(Fig. 5B, left) as well as in region to cerebellum ratios (Fig. 5B, right). Similar results were
seen with a 2 mg/kg IDAM injection (data not shown). An injection of 10 mg/kg nisoxetine at
75 min post [18F]1 injection did seem to cause some decrease in counts (Fig. 5C, left) and
ratios (Fig. 5C, right) but not as dramatic a decrease as with an injection of escitalopram.

4. Discussion

Presently, [11C]JDASB is the preferred tracer for use in PET imaging of SERT in the living
human brain. The short half-life of 11C, however, limits routine use of this tracer to major
medical centers that possess an on-site cyclotron and radiochemistry team. Hence, there is an
urgent need to develop SERT ligands that can be conveniently labeled with a positron emitter
with a longer half-life, 18F. [18F]FADAM is a promising candidate, but low radiochemical
yield (< 5%) [31] due to difficult nucleophilic substitution of 18F on an unactivated aromatic
ring has made it less practical for routine use in clinical applications. As part of an effort to
develop improved 18F ligands prepared by easier radiolabeling steps for PET imaging of SERT
binding sites in the brain, we had synthesized a novel series of biphenylthiols and examined
their structure activity relationships [33]. They were designed to allow for greater ease in 18F
labeling and to achieve high radiochemical yield. Importantly, we were indeed able to obtain
radiochemical yields of 10-35% with reasonable specific activity and high radiochemical
purity within 70-90 min. This reaction can also be further optimized for a higher labeling yield
and performed by an automated radiolabeling synthesizer commonly used in centralized
radiopharmacies for making [18F]FDG. Furthermore, SERT affinity and selectivity, and the
ability to achieve good brain uptake were preserved. Two compounds of our series particularly
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stood out. The 4’-(3-fluoropropoxy) (1) and 4’-(2-fluoroethoxy) analog (2) demonstrated
strong affinity for SERT, suitable lipophilicities, high hypothalamus to cerebellum (target to
non-target) ratios, and favorable in vivo kinetics as seen with fast brain uptake and
comparatively fast brain washout yet good retention in the hypothalamus. Here we present a
more in depth characterization of compound 1.

The previously reported K; sgr value for compound 1 in LLC-SERT cell homogenates was
1.44 nM [33]. Since then, we had determined the K; sgrT Value in rat cortical homogenates
and found it to be 0.24 nM. This difference prompted us to repeat the Kj, SERT determination
in LLC-SERT cell homogenates, and we found it to be slightly lower at 0.33 nM. In rat
biodistribution and blocking studies, treatment groups of n = 3 were utilized. It should be taken
into consideration that three animals do not yield strong confidence in statistical analysis of
the data set [48-50]. However, the studies give a good representation of the level of [18F]1
regional brain uptake achieved and the target to non-target ratios reached. Effects of SERT,
NET, and DAT selective inhibitors on [18F]1 binding also give evidence to the selectivity of
[18F]1 for SERT. The HY to CB ratio (target to non-target ratio) of [18F]1 reached 7.67 at 120
min, 9.66 at 180 min, and appeared to be maintained at 240 min post-injection. In comparison,
the HY to CB ratio for [28FJFADAM in rats has been reported in two separate papers to reach
a high of 12.5 at 120 min post-injection [31] and a high of 7.5 at 90 min with a drop off to 4.2
at 120 min [26]. Along with a comparable HY to CB ratio, peak hypothalamus uptake of [18F]
1 has also shown to be comparable with [28F]JFADAM, and the radiochemical yield has been
significantly improved (10-35% vs. <5%).

A-PET imaging with [*8F]1 in rats showed clear localization in the thalamus, hypothalamus,
and striatum, regions known to contain SERT. Inhibitor chasing studies using A-PET were
performed to further examine SERT binding specificity. An injection of the SERT selective
inhibitor, escitalopram or IDAM, 75 min after [X8F]1 injection clearly inhibited the tracer’s
binding immediately thereafter as evidenced by the dramatic drop in both activity and target
to non-target ratios. In a separate inhibitor chasing study, we found that an injection of a NET
selective inhibitor, nisoxetine, post [*8F]1 injection also resulted in some inhibition of [18F]1
binding. We had considered this possibly occurring based on the binding affinities determined
through the in vitro binding assays (K; sert = 0.33 and K; neT = 11.9 nM in LLC-SERT and
LLC-NET, respectively and K; sgrt =0.24 and K; neT=12.4 nMin rat cortical homogenates).
Compound 1 had displayed some NET affinity in these assays. Ideally, binding affinity for
SERT would be 100 fold or greater than affinity for NET. However, in vivo biodistribution
studies had shown that IDAM (a SERT selective ligand) considerably inhibits [18F]1 binding
whereas nisoxetine (a NET selective ligand) had only minor inhibitory effects. Furthermore,
ex vivo autoradiographs showed obvious inhibition of [18F]1 binding by IDAM or escitalopram
pretreatment, whereas nisoxetine pretreatment did not. It was also reasoned that since the
density of NET is at least four-fold less than the density of SERT in the brain [51], that
compound 1 may be sufficiently selective for SERT. It is unclear why minimal inhibition was
seen in the blocking biodistribution and autoradiograph studies where nisoxetine is injected 5
min before tracer injection, and a more prominent inhibition was seen in the A-PET imaging
studies where nisoxetine is injected 75 min after tracer injection. Though some inhibition by
nisoxetine was present in these A-PET studies, only escitalopram or IDAM was able to quickly
and completely inhibit [*8F]1 binding to cerebellar (background) levels. To further examine
this issue, a dual SERT and NET inhibitor chasing experiment may be done to see whether the
inhibitory effects would be significantly greater than escitalopram inhibition alone. This
phenomenon of nisoxetine inhibition has been observed before by Ginovart et al. [22]. In PET
experiments, they found that [L1C]DASB binding was inhibited 78-92% by a 2 mg/kg dose of
nisoxetine in cats. However, they determined that another selective NET inhibitor, maprotiline,
did not affect [11C]DASB binding. They surmised that nisoxetine, a close structural analog of
fluoxetine, may mediate the inhibition of [LLC]DASB binding directly or indirectly. They also
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state that nisoxetine pretreatment did not affect [11C]DASB binding in rats. One possible
explanation for this is the dose used; they used a dose of 2 mg/kg whereas we used 10 mg/kg.
Further validation of [18F]1 may be performed with PET imaging studies in non-human
primates, such as monkeys or baboons. Co-registration of PET images with MR will accurately
identify ROIs and facilitate quantification of regional brain distribution. In addition, more in
depth kinetic modeling and metabolism studies shall be performed.

5. Conclusion

In conclusion, our results demonstrate the success of a novel ligand, [18F]1, for small animal
PET imaging of SERT binding sites in the brain. Furthermore, our studies highlight that this
new probe possesses the desired qualities as an in vivo PET imaging agent for SERT: high
SERT binding affinity, good brain uptake, selective regional brain localization, high target to
non-target ratios, favorable kinetics, and ease of radiolabeling with relatively good
radiochemical yield.
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PET, positron emission tomography
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SERT, serotonin transporter
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GBR12909, 1- (2-[bis(4-fluorophenyl)-[methoxy]ethyl)-4-(3-phenylpropyl) piperazine
2-INXT, (R)-N-methyl-(2-iodo-phenoxy)-3-phenylpropylamine

IPT, N-(3-iodopropen-2-yl)-2beta-carbomethoxy-3beta-(4-chlorophenyl) tropane
LLC-PK4, Hampshire pig kidney cells

HY, hypothalamus

CX, cortex

ST, striatum

HP, hippocampus

CB, cerebellum

BSA, bovine serum albumin

ROI, region of interest

TAC, time activity curve
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Figure 1.

HPLC traces of the purified product are shown above. Synthesis of [18F]1 was achieved by
using a two step reaction with a radiochemical yield of 10-35%, radiochemical purity >97%,
and specific activity of 320-6,800 mCi/umol.
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Figure 2.

The effects of pretreatment with selective monoamine transporter inhibitors on A: regional
brain distribution and B: region-to-cerebellum ratios. While under isoflurane anesthesia, rats
(n = 3) were injected with either sterile water, 2 mg/kg GBR12909 (selective DAT inhibitor),
10 mg/kg nisoxetine (selective NET inhibitor), or 2 mg/kg IDAM (selective SERT inhibitor)
through the femoral vein 5 min before [18F]1 (90 uCi) injection. Two hours after tracer injection
the tracer uptake in various brain regions were determined. Standard deviations are depicted
by the error bars. A: IDAM considerably inhibits uptake into the striatum, hippocampus, cortex,
and hypothalamus. B: Pretreatment with IDAM greatly decreased the region-to-cerebellum
ratio. Negligible inhibition is seen with GBR12909, and minor inhibition is seen with
nisoxetine pretreatment.
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Figure 3.

Ex vivo autoradiograph shows [18F]1 localization in rat brain at 60 min post tracer injection.
A: While under isoflurane anesthesia 3.6 mCi was injected through the femoral vein. Tracer
localization is seen in regions with medium to high SERT density. B: Escitalopram (2mg/kg),
a potent SERT inhibitor, was injected 5 min prior to [18F]1 (4 mCi) injection. Significant
inhibition in regional brain uptake was observed in a rat pretreated with escitalopram. The
results strongly suggest that [18F]1 and escitalopram compete for the same binding sites in the
brain. Low amounts of non-SERT binding is seen in the HP, LTN, and LC. C: Nisoxetine (10
mg/kg), a selective NET inhibitor, was injected 5 min prior to [18F]1 (4.8 mCi) injection. Some
inhibition in the locus coeruleus is seen, but otherwise [28F]1 localization is similar to that
observed in A. The images suggest that [18F]1 is binding to SERT and not NET. An 125]
standard was exposed with each film to allow for a rough comparison between images
generated from separate experiments. Cx: cortex; LS: lateral septum; OT: olfactory tubercle;
CP: caudate putamen; GP: globus pallidus; HP: hippocampus; LTN: lateral thalamic nuclei;
Am: amygdala; ThN: thalamic nuclei; DLG: dorsal lateral geniculate nucleus; LMN: lateral
mammillary nuclei; HN: hypothalamic nuclei; IP: interpeduncular nucleus; SN: substantia
nigra; SC: superior colliculus; DR: dorsal raphe; MR: medial raphe; LC: locus coeruleus.
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While under isoflurane anesthesia, 1.2 mCi of [18F]1 was injected through a catheter placed
into the tail vein and scanning commenced. A-PET images (coronal, transverse, and sagittal
views shown) of [18F]1 localization in rat brain nicely reflect known areas of SERT distribution.
Total scan time was four hours. Two time frames were selected to be shown here (15 to 30 and
105 to 120 min). A: [18F]1 localized in the midbrain (MB), cortex (CX), and thalamus (T)
which are regions where SERT binding sites are concentrated. Activity due to non-specific
binding was detected in the Harderian glands (HG); this non-specific binding is commonly
observed in rats and mice for other PET agents [45-47]. Little uptake is seen in the cerebellum,
a region with low SERT density. B: A different plane shows [18F]1 localization in another
SERT-rich region, the striatum (S). A clear separation can be seen between the left and right
striatum suggesting the usefulness of A-PET in imaging discrete structures in the brain.
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Figure 5.

Time activity curves were generated from A-PET image analysis using AMIDE software.
Values on the y-axis for graphs A, C, and E represent puCi of activity detected per mL of brain.
A: After a 1.17 mCi injection of [18F]1, uptake peaked at 1020 min, and activity counts in
the non-target region, the cerebellum, dropped off quickly (left). The region-to-cerebellum
ratio peaked at approximately 100-110 min (right). B: IV injection of escitalopram (2 mg/kg)
75 min after a 1.2 mCi injection of [18F]1 (indicated by red line) shows clear competition for
SERT binding sites. Radioactivity in the target regions dropped off rapidly after escitalopram
injection and reached cerebellar activity levels by 150 min (left). A dramatic drop in region-
to-cerebellum ratio was also seen (right). Similar results were seen with a post-tracer injection
of IDAM (data not shown). C: 1V injection of the NET inhibitor, nisoxetine (10 mg/kg), after
[18F]1 injection (1.43 mCi) also displayed inhibition of SERT binding; however, this could be
a secondary effect. It remains to be evaluated further.
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