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Abstract
Serotonin 1A receptors are known to play an important role in many psychiatric and neurodegenerative disorders. Currently, 
all available 5-HT1A receptor PET radiopharmaceuticals that are radiolabeled with fluorine-18 are antagonists. As agonists 
bind preferentially to the high-affinity state of receptors, it would be of great interest to develop agonist radioligands which 
could provide a measure of the functional 5-HT1A receptors in pathophysiological processes. The 5-HT1A receptor agonist 
candidates we recently proposed had promising in vitro properties but were not optimal in terms of PET imaging. F13640, 
a.k.a befiradol or NLX-112, is a 5-HT1A receptor agonist with a high affinity (Ki = 1 nM) and a high selectivity that would 
be suitable for a potential PET radiopharmaceutical. With propose here the first preclinical evaluation of 18F-F13640. 
18F-F13640’s nitro-precursor was synthesized and radiolabeled via a fluoro-nucleophilic substitution. Its radiopharmacologi-
cal characterization included autoradiographic studies, metabolic studies, and in vivo PET scans in rat, cat and non-human 
primate. Some of the results were compared with the radiotracer 18F-MPPF, a 5-HT1A receptor antagonist. The radiochemical 
purity of 18F-F13640 was > 98%. In vitro binding pattern was consistent with the 5-HT1A receptor distribution. Metabolic 
studies revealed that the radiotracer rapidly entered the brain and led to few brain radiometabolites. Although 18F-F13640 
in vivo binding was blocked by the 5-HT1A antagonist WAY-100635 and the 5-HT1A agonist 8-OH-DPAT, the distribution 
pattern was markedly different from antagonist radiotracers in the three species, suggesting it provides novel information on 
5-HT1A receptors. Preliminary studies also suggest a high sensitivity of 18F-F13640 to endogenous serotonin release. 18F-
F13640 has suitable characteristics for probing in vitro and in vivo the 5-HT1A receptors in high-affinity state. Quantification 
analyses with kinetic modeling are in progress to prepare the first-in-man study of 18F-F13640.
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Introduction

Serotonin 1A (5-HT1A) receptors are involved in a wide 
range of physiological processes such as cognition, behavior, 
movement and pain modulation, and have been proposed as 
attractive therapeutic targets in various pathologies in psy-
chiatry including mood disorders, schizophrenia and, more 
recently in neurological pathologies, e.g., Parkinson’s dis-
ease, Alzheimer’s disease. Positron emission tomography 
(PET) imaging of cerebral 5-HT1A receptors has been used 
to provide further insight into their role and potential as a 
therapeutic target or a biomarker for the serotonergic system.

Currently, several selective 5-HT1A antagonist PET 
ligands are available for mapping and quantifying these 
receptors in human brain, such as 11C-WAY-100,635 and 
18F-MPPF (Zimmer and Le Bars 2013). Interestingly, it has 
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been shown several decades ago that 5-HT1A receptors can 
exist in a high or a low affinity state, depending on if they 
are coupled or not to their G proteins (Mongeau et al. 1992). 
This property implies that whereas 5-HT1A receptor antago-
nists bind to the total pool of receptors, 5-HT1A receptor 
agonists preferentially bind to a subpopulation of receptors 
in their high affinity state (Gozlan et al. 1995). However, 
and until recently, this pharmacological property was not 
exploited in molecular neuroimaging (Zimmer 2016).

We proposed in 2006 that the use of a 5-HT1A receptor 
agonist tracer in PET imaging may provide a more func-
tional representation of this receptor by specifically targeting 
the pool of receptors in their active state (Aznavour et al. 
2006). Such a strategy would enable in vivo investigation of 
the proportion of 5-HT1A receptors that are actually G-pro-
tein-coupled and which is likely to be altered in pathologi-
cal conditions such as psychiatric disorders or neurodegen-
erative diseases (Avissar and Schreiber 2006; Becker et al. 
2014; Vidal et al. 2016).

In addition, use of agonist PET probes would allow the 
determination of receptor occupancy by 5-HT1A receptor 
therapeutic drugs, most of which show agonist activity at 
this site. Examples include the anxiolytic, buspirone, the 
antidepressants, vortioxetine and vilazodone, and the antip-
sychotics, aripiprazole, cariprazine and clozapine. Previous 
attempts to quantify agonist receptor occupancy using antag-
onist PET radiopharmaceuticals have been largely unsuc-
cessful (Bantick et al. 2004a, b).

Moreover and according to these pharmacological 
properties, a 5-HT1A agonist tracer may be more sensitive 
to extracellular changes in endogenous serotonin (5-HT), 
because they both compete for receptors in the same high-
affinity state (Paterson et al. 2010). Indirect monitoring of 
endogenous 5-HT release by use of an agonist PET radi-
otracer would be helpful to improve understanding of the 
serotonergic system.

Overall, compelling arguments support the develop-
ment of a 5-HT1A radiotracer with agonistic properties, 
but until now all attempts remained unsuccessful. Most 
of the agonist radiotracer-candidates previously evalu-
ated turned out to be unsuitable or non-optimal for PET 
imaging of functional 5-HT1A receptors in vivo. Among 
of these, 11C-CUMI-101 has provided promising results in 
animals and humans (Kumar et al. 2007; Milak et al. 2010) 
but some recent studies showed that it is not a full ago-
nist of 5-HT1A receptors and that it binds significantly to 
alpha-1 receptors (Hendry et al. 2011; Shrestha et al. 2014, 
2016), although another study showed no displacement 
of 3H-CUMI-101 by prazosin in baboon and human brain 
sections (Kumar et al. 2013). Moreover, 11C-CUMI-101 
may not be sensitive enough to 5-HT release to explore 
physiological conditions (Pinborg et al. 2012). To date, 
there is no radiofluorinated 5-HT1A agonist available for 

PET imaging in humans. Our team previously reported the 
preclinical evaluations of two full agonists, 18F-F15599 
and 18F-F13714 (Lemoine et al. 2010, 2012). Although 
results were encouraging, these candidates were not opti-
mal for in vivo imaging, because of a too low target-to-
background ratio (for 18F-F15599) or an irreversible bind-
ing (for 18F-F13714).

In this context, we chose to evaluate another selective 
agonist from the same series, F13640 (a.k.a. befiradol or 
NLX-112), whose chemical structure is close to the previ-
ous candidates but with an intermediate affinity of 1 nM 
for 5-HT1A receptors, more likely to be suitable for in vivo 
imaging. F13640, also known as befiradol or NLX-112, is 
undergoing clinical development as a treatment for CNS 
disorders and is a well characterized and highly selec-
tive full agonist of 5-HT1A receptors (Maurel et al. 2007; 
Colpaert et al. 2002; Heusler et al. 2010). In this article, 
we present the first characterization of 18F-F13640 from 
rodent to rhesus monkey, as a candidate for future use in 
PET studies in human.

Materials and methods

Synthesis of 18F‑F13640 nitro‑precursor

Synthesis of 2

To a stirred solution of 1 (5.45 g, 27.04 mmol, 1.00 eq) in 
SOCl2 (100.00 ml) was added dimethylformamide (DMF), 
then the mixture was heated to 65 °C for 2 h. The mixture 
was concentrated under vacuum to give crude 2, which was 
directly used in next step. Liquid chromatography-mass 
spectrometry (LC-MS) was conducted after quenched a 
sample by MeOH. As a result, MS indicated the molecule 
of methyl ester. [M + H]+ = 216.0.

Synthesis of 4

To a stirred solution of 3 (4.5 g, 16.9 mmol) and Trieth-
ylamine (6.16 g, 60.84 mmol) in CH2Cl2 (250 ml) was 
added 2 (7.5 g, 31.77 mmol) at 0 °C, then the mixture 
was stirred at 25 °C for 1 h. The reaction mixture was 
concentrated under vacuum to give crude product. The 
residue was purified by column chromatography silica gel 
(Petroluem Ether/Ethyl Acetate = 2:1) to afford 4 (6.56 g, 
14.58 mmol) as solid.

1H nuclear magnetic resonance (NMR) (CDCl3; 
400 MHz): δ 1.64-2.0 (m, 4H), 3.30–3.50 (m, 4H), 4.48 (br, 
1H), 5.10 (s, 3H), 7.28–7.43 (m, 6H), 7.58 (s, 1H), 7.90 (d, 
J = 8.16 Hz, 1H). LCMS: [M + H]+ = 450.1.
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Synthesis of 5

4 (5.5 g, 12.23 mmol) was dissolved in trifluoroacetic acid 
(TFA, 80 ml), and mixture was stirred at 70 °C for 2 h. Then 
the mixture was concentrated under vacuum to afford crude 
5 (6.27 g, 14.59 mmol), which was directly used in next 
step. 1H NMR (MeOD-d4; 400 MHz): δ 1.70–2.18 (m, 4H), 
3.25 (m, 3H), 3.41–3.68 (m, 2H), 4.57 (br, 1H), 7.60 (dd, 
J1 = 8.40 Hz, J2 = 1.6 Hz, 1H), 7.79 (d, J = 1.20 Hz, 1H), 
8.05 (d, J = 8.40 Hz, 1H). LCMS: [M + H]+ = 316.1.

Synthesis of 7

To a stirred suspension of 6 (1.69 g, 13.96 mmol), NaOAc 
(1.2 g, 14.66 mmol) and MgSO4 (840.28 mg, 6.98 mmol) 
in EtOH (140 ml) was added 5 (6 g, 13.96 mmol) at 25 °C. 
After addition, mixture was stirred for 1 h at 25 °C. Then 
the mixture was cooled to 0 °C and NaBH3CN (877.35 mg, 
13.96 mmol) was added, then the mixture was stirred at 
25 °C for 12 h. The mixture was filtered and concentrated 
under vacuum to give crude product. The residue was puri-
fied by Neutral Pre-HPLC to afford 7 (1.2 g, 2.85 mmol, 
20.42%).1H NMR (CDCl3; 400 MHz): δ 1.68 (br, 2H), 1.96 
(br, 1H), 2.00-2.20 (m, 2H), 2.34 (s, 3H), 2.73–2.89 (m, 2H), 
3.20 (br, 1H), 3.44–3.44 (m, 2H), 3.91 (s, 2H), 4.46–4.64 
(m, 1H), 7.20 (d, J = 8.0 Hz, 1H), 7.42–7.48 (m, 2H), 7.60 
(d, J = 1.2 Hz, 1H), 7.93 (d, J = 8.4 Hz, 1H), 8.40 (s, 1H). 
LCMS: [M + H]+ = 421.2.

18F‑F13640 radiosynthesis and quality controls

After initial fluoride preparation (18O(p,n)18F cyclotron 
reaction, collection, drying, and Kryptofix activation), 5 mg 
of F13640 nitro precursor were introduced with 3 mL of 
dimethyl sulfoxide, and the reaction mixture was heated at 
150 °C for 10 min. After dilution with water, the reaction 
mixture was passed through an activated C18 cartridge for 
purification, and the crude product was eluted from the car-
tridge with methanol. Pure 18F-F13640 was obtained after 
separation on a preparative HPLC column (SymmetryPrep 
C18, 7 µm, 7.80 × 300 mm, Waters) eluted with H3PO4 
(20 mM)/tetrahydrofuran/trifluoroacetic acid 85%/15%/0.1% 
at 3 ml min−1, with a retention time of 40 min (λ =254 nm). 
The radiotracer was formulated via solid-phase extraction 
techniques using a Sep-Pak Light C18 cartridge (Waters); 
the final product eluted with 1 mL of ethanol was diluted 
with isotonic saline and sterilized by filtration (sterile filter 
Millex-GS, 0.22 µm; Millipore). The radiochemical purity 
and specific activity of the injectable solution were measured 
by analytical HPLC assay (λ =220 nm and radioactive detec-
tion; C18 Nucleodur 5 µm, 4.6 × 250 mm column [Mach-
erey–Nagel]; elution with HCO2H 10 mM/CH3CN 67%/33% 
at 0.9 ml min−1, with a retention time of 7 min).

In some experiments, the 5-HT1A antagonist 18F-MPPF 
was also used for comparison. 18F-MPPF was synthetized 
in an automated synthesizer, using the chemical pathway 
previously described (Le Bars et al. 1998).

Animals

Adult male Sprague–Dawley rats (Charles River Laborato-
ries; 300 ± 50 g) and three European male cats (5.2 ± 0.3 kg) 
were used in Lyon. Two female rhesus macaques (Macaca 
mulatta), (11.1 ± 2.3 kg) housed at the Yale University 
School of Medicine (New Haven, CT, USA) were used in 
New Haven.

Determination of brain unmetabolized radiotracer 
fraction

Rats were anesthetized by i.p. injection of urethane (1.25 g/
kg) and a catheter was placed into their caudal vein. The 
rats were killed by decapitation 10, 20, 40, or 50 min after 
a bolus injection of 18F-F13640 (58 ± 6 MBq). The brains 
were carefully removed; each hemisphere was homogenized 
in 400 µL of perchloric acid at 0.4 mol/L and centrifuged 
at 1,000 g for 10 min. The supernatant was neutralized by 
120 µL of 4M potassium acetate and filtered (0.45 µm) 
before HPLC. The HPLC system consisted of a C-18 
reversed phase column (C18 Nucleodur 5 µm, 4.6 × 250 mm 
column; elution with H2O/Acetonitrile/TFA 60%/40%/0.1%) 
at a flow rate of 0.9 ml min−1. During elution, 2-min frac-
tions were collected and counted for radioactivity with an 
automated gamma-counter.

In vitro autoradiography studies

After a short inhalation of isoflurane, rats were decapitated 
and brains were carefully removed and immediately frozen 
in 2-methylbutane cooled with dry ice (− 29 °C). Coronal 
sections (30 µm thick) were cut using a − 20 °C cryostat, 
thaw-mounted on glass slides, and allowed to air dry before 
storage at − 80 °C until used. The day of 18F-F13640 syn-
thesis, the slides were incubated for 20 min in Tris phos-
phate-buffered saline buffer, pH adjusted to 7.5, containing 
37 kBq/ml of 18F-F13640. For competition experiments, the 
slides were placed in the same buffer supplemented with 
the selective 5-HT1A antagonist WAY-100635 (1, 10 and 
100 nM), or with 5-HT (10 nM, 100 nM, and 1 µM). For 
uncoupling experiments, the buffer was supplemented with 
10 µM of Gpp(NH)p, a nonhydrolysable analog of guanosine 
5′-triphosphate, and for comparison some slices were incu-
bated with 37 kBq/ml of 18F-MPPF instead of 18F-F13640. 
After incubation, the slides were dipped in distilled cold 
water (4 °C) and then dried and juxtaposed to a phosphor 
imaging plate for 60 min (BAS-1800 II; Fujifilm). Regions 
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of interest (ROIs) were drawn manually using Multigauge 
software (Fujifilm). The results were expressed in optical 
densities (PSL/mm2) or in percentage of control.

Ex vivo autoradiography studies

Rats were anesthetized with 4–5% isoflurane for 5 min 
(induction phase), then lowered to 2% isoflurane. A cath-
eter was inserted into the caudal vein. Rats were pre-injected 
with saline or fenfluramine, a serotonin releaser (0.25, 0.5, 
1, 2 or 5 mg/kg ; three rats per dose), 20 min before the radi-
otracer injection. 18F-F13640 (or 18F-MPPF) was injected at 
a dose of 111 ± 11 KBq/g. Twenty minutes after injection, 
rats were decapitated and brains were carefully removed and 
immediately frozen in 2-methylbutane cooled with dry ice 
(− 29 °C). Coronal sections (30 µm thick) were immedi-
ately cut using a − 20 °C cryostat, thaw-mounted on glass 
slides, dried and juxtaposed to a phosphor imaging plate 
for 60 min. ROIs were drawn manually using Multigauge 
software (Fujifilm) according to a stereotaxic atlas of the 
rat brain (Paxinos et Watson, 1986). For each radiotracer, 
the results were expressed in percentage of optical density 
compared to control (saline injection).

MicroPET studies in rat

Rats were anesthetized with 4–5% isoflurane for 5 min 
(induction phase), and a catheter was placed into their caudal 
vein. Anesthesia was then lowered to 2% isoflurane during 
the acquisition on the PET/CT Inveon (Siemens), with moni-
toring of the respiratory rate using a pressure sensor. The 
acquisition started with a CT image acquisition for 10 min, 
followed by the intravenous injection of 18F-F13640 (36 ± 5 
KBq/g). The total duration of the scan was 60 min. The 
images were reconstructed in three dimensions in a series 
of 24 sequential frames of increasing duration from 10 s to 
5 min. ROIs were automatically delineated using a multi-
atlas dataset (Lancelot et al. 2014), after manual positioning 
of the PET images on an anatomical MRI template using the 
software Inveon Research Workplace (IRW, Siemens). The 
time-activity curves were expressed in Bq/cm3 normalized to 
the injected dose corrected for weight, to obtain standardized 
uptake values (SUVs). 5 rats were used for baseline experi-
ments. For competition experiments, 2 rats received 2 mg/
kg of the 5-HT1A antagonist WAY-100635 in co-injection 
with the tracer. Two other rats received an intravenous injec-
tion of the 5-HT1A agonist 8-OH-DPAT at 2 mg/kg, 20 min 
before acquisition.

PET studies in cat

The PET images were acquired on three European male cats 
which underwent three experiments separated by at least 7 

days. The cats were anesthetized with isoflurane set at 5% for 
5 min for induction, then lowered to 2.5% for maintenance. 
The cat was placed in an acrylic stereotactic apparatus with 
ear bars, and a catheter was inserted into the forearm branch 
of the brachiocephalic vein continuously perfused with 
NaCl 0.9%. Heart rate and oxygen saturation were continu-
ously monitored during the experiment. The PET scan was 
acquired on a PET/CT Biograph mCT (Siemens) used in 
3-dimensional mode. The transmission scan was performed 
during the first minutes of acquisition with the X-ray source 
of the machine, followed by an intravenous injection of 18F-
F13640 (99 ± 10 MBq). The total duration of the scan was 
90 min. The images obtained were reconstructed in a series 
of 31 sequential frames of increasing duration from 30 s 
to 5 min. ROIs were manually drawn in IRW according to 
a stereotaxic atlas of the cat brain (Lancelot et al. 2010), 
after manual registration on a MRI template. Radioactivity 
in all ROIs was calculated as the average of the values in the 
left and right sides. The time-activity curves were expressed 
in Bq/cm3, normalized to the injected dose corrected for 
weight to obtain SUVs. One cat underwent two baseline 
experiments (test–retest) and a blockade experiment with 
the 5-HT1A antagonist WAY-100635 (1 mg/kg i.v., 30 min 
before the scan). Two other cats underwent a baseline exper-
iment, a blockade experiment with WAY-100635 (2 mg/kg 
i.v., 5 min before the scan) and a blockade experiment with 
the 5-HT1A agonist 8-OH-DPAT (1 mg/kg i.v., 20 min before 
the scan).

PET studies in rhesus monkey

The PET images were acquired on two female rhesus mon-
keys which underwent two experiments separated by at 
least 14 days. Each macaque was imaged two times (one 
baseline and one blockade experiments) following identi-
cal procedures with a Focus 220 PET scanner (Siemens). 
The animals were induced into anesthesia with ketamine 
(10  mg/kg) and glycopyrrolate (0.01  mg/kg i.m.) 2  h 
before radiotracer injection, positioned in the Focus 220 
PET camera, and immediately intubated with an endotra-
cheal tube for continued anesthesia with 2% isoflurane. An 
intravenous line was placed and used for injection of the 
radiotracer or the antagonist WAY-100635 in the blockade 
study (2 mg/kg of the 5-HT1A antagonist WAY-100635, 
5 min prior to the injection of 18F-F13640). Body tempera-
ture was kept at 37–38 °C using a heated water blanket. 
Vital signs, including heart rate, blood pressure, respira-
tion rate, oxygen saturation and body temperature, were 
monitored every 10 to 15 min during the study. Following 
the i.v. injection of 18F-F13640 (172 ± 11 MBq), dynamic 
3D PET data were acquired continuously in list-mode from 
2 to 3 h and rebinned into a series of 45 frames as fol-
lows: 6 × 0.5 min, 3 × 1 min, 2 × 2 min, 34 × 5 min. The 
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dynamic series were subsequently reconstructed using a 
filtered back projection algorithm with standard correc-
tions for random, scatter, and attenuation. Reconstructed 
dynamic PET images were transferred and analyzed using 
the image processing PMOD software package (PMOD 
Technologies). The first baseline image of each primate 
was normalized to an INIA19 MR Rhesus brain template 
(Rohlfing et al. 2012). Blockade condition images were co-
registered to the corresponding baseline image thus trans-
forming each image to a standard space. An atlas including 
relevant brain regions was applied. Average activity con-
centration (kBq/cc) within each ROI was determined and 
time activity curves (TAC) representing the regional brain 
activity concentration over time were generated. Time 
activity curves were also expressed in SUVs by normal-
izing by the weight of the animal and the injected dose.

Statistical analysis

All statistical tests were performed using a one-way ANOVA 
followed by Dunnett’s post-hoc tests using GraphPad Prism 
6 software. The statistical significance was set at p < 0.05.

Results

Radiosynthesis

Labeling of 18F-F13640 was obtained from the nitro precur-
sor with a radiochemical yield of 6% corrected for decay 
and 90-min radiosynthesis time. No radioactive by-products 
were observed, and the HPLC conditions chosen ensured 
good separation of 18F-F13640 from its precursor, as con-
firmed by quality control (Fig. 1). Radiochemical purity 
was greater than 98%, and specific activity ranged between 
30 and 122 GBq µmol−1, corrected at EOS.18F-MPPF was 
obtained from the nitro precursor with a radiochemical 
yield of 25% corrected for decay. Radiochemical purity was 
higher than 98% and specific activity ranged between 37 and 
111 GBq µmol−1, corrected at EOS.

Unmetabolized radiotracer in rat brain

The amount of total radioactivity was found to correspond 
mainly to unmetabolized 18F-F13640 (Fig. 2). Even at the 
latest time point of 50 min after injection, more than 87% 
of the radioactivity was attributed to 18F-F13640 (experi-
ments performed in duplicate). Overall, during the first hour 
after injection, the amount of radiometabolites was largely a 
minority compared to the unmetabolized radiotracer.

In vitro distribution studies

In vitro distribution of 18F-F13640 was evaluated by auto-
radiography in rat brains (Fig. 1a). The binding pattern 
matched the known distribution of 5-HT1A receptors, with 
a strong binding in the cingulate and entorhinal cortex, hip-
pocampus, lateral septum, raphe nucleus, and, to a lesser 
extent, brainstem. Almost no binding was observed in the 
cerebellum. Specific binding of 18F-F13640 (ratio of the 
region of interest to cerebellum) was 9.4 in hippocampus, 
4.4 in cingulate cortex, 4.6 in dorsal raphe nucleus and 1.6 
in thalamus.

In vitro competition studies

In 5-HT1A receptor-rich areas, 18F-F13640 binding was 
reduced in a concentration-dependent manner by WAY-
100,635 (− 29, − 64 and − 83% in the hippocampus, and 
32, 49 and 67% of decrease in the cingulate cortex, with 
1, 10 and 100 nM of WAY-100635, respectively), whereas 
it was unchanged in the cerebellum (Fig. 1b). 18F-F13640 
binding was also inhibited by serotonin (7, 21, 54 and 75%) 
of decrease in the hippocampus with 1, 10, 100 nM and 
1 µM of 5-HT, respectively (Fig. 1c).

In vitro uncoupling studies

Incubation with 10 µM of the uncoupling agent Gpp(NH)
p reduced 18F-F13640 binding by 54% in the cingulate 
cortex and 47% in the hippocampus and the dorsal raphe 
nucleus, with no modification in the cerebellum (Fig. 4a). 
Conversely, 18F-MPPF binding was not statistically different 
when Gpp(NH)p was added, although there was an increase 
in some experiments (as shown on Fig. 4a).

Ex vivo competition studies

Sensitivity of 18F-F13640 to endogenous 5-HT release was 
evaluated in rats by ex vivo autoradiography (Fig. 4b). 18F-
F13640 binding was dose-dependently inhibited by fenflu-
ramine in various regions. In hippocampus, cingulate cortex 
and dorsal raphe nucleus, the competition was significant at 
the dose of 0.5 mg/kg (28, 26 and 35%, respectively) and 
highest at 5 mg/kg (72, 74 and 77%, respectively). As a com-
parison, in similar experiments performed using 18F-MPPF, 
fenfluramine did not induce any significant decrease of 
radioactivity, although a tendency was observed at 5 mg/
kg (Fig. 4b).

In vivo distribution in rat brain

18F-F13640 showed a high and fast uptake in rat brain, and a 
slow wash-out during the hour following injection (Fig. 2b). 
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Fig. 1   a Synthesis of nitro-precursor 7 and radiosynthesis of 18F-
F13640. b Quality chromatogram of final 18F-F13640 (UV ultravio-
let absorbance and radio, radioactivity) shows radiochemical purity. 

DCM dichloromethane, DMF dimethylformamide, DMSO dimethyl-
sulfoxide, TFA trifluoroacetic acid
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The distribution pattern was different from in vitro obser-
vations, with lower differences across regions and highest 
signal in the brainstem, the thalamus, the dorsal raphe and 
cortical areas (Fig. 2a). For each ROI, standard uptake value 
ratios (SUVRs) were calculated with time curves integrated 
from 10 to 60 min, and cerebellum taken as the non-target 
region. The highest SUVRs were found in the dorsal raphe 
nucleus (1.55), the brainstem (1.44) and the thalamus (1.26). 
The binding was lower but significant in the hippocampus, 
the cingulate cortex and the striatum (SUVRs about 1.2).

In vivo blockade of 18F‑F13640 in rat brain

The intravenous co-injection of the antagonist WAY-100635 
with 18F-F13640 induced a significant decrease of tracer 
uptake in the brain (Fig. 2b). The blockade varied between 
30 and 45%. The uptake was also lower in the cerebellum, 
resulting in unchanged SUVRs compared to baseline scans. 
18F-F13640 brain uptake was also strongly reduced by intra-
venous injection of the agonist 8-OH-DPAT, 20 min prior to 
the PET scan (Fig. 2b). The blockade varied between 83 and 
89% and also changed the slope of the time-activity curves 
compared to baseline scans. However, the signal was also 
reduced in the cerebellum, resulting in few differences in 
SUVRs compared to baseline scans.

In vivo distribution in cat brain

18F-F13640 showed a high and fast uptake in the whole cat 
brain, and a very slow wash-out during the 90 min of acqui-
sition (Figs. 3, 7). Inter-regional differences were greater 
than in rat brain (see Table 1). 18F-F13640 uptake was high 

in cortical areas (especially anterior cingulate cortex, soma-
tosensory cortex and entorhinal cortex), in insula, amyg-
dala, thalamus, dorsal raphe nucleus and pontine nuclei. 
The cerebellum exhibited the lowest signal, but binding 
was heterogeneous in this region (moderate in the cerebel-
lar lobes and low in the nuclei, see Fig. 3a). For comparison, 
standard uptake value ratios (SUVRs) were calculated with 
time curves integrated from 30 to 90 min, and cerebellar 
nuclei taken as the non-target region. The highest SUVRs 
were found in the thalamus (2.00), the anterior cingulate 
cortex (1.99), the amygdala (1.98), the dorsal raphe nucleus 
(1.96) and the pontine nuclei (1.80). The binding was mod-
erate in the hippocampus (1.4) and the lateral septum (1.38) 
and lower in the striatum (1.12). The test–retest scans in 
cat#1 showed a good reproducibility of results: all regions 
included, the mean difference between the scans was about 
15% in SUVs and 2% in SUVRs (with cerebellar nuclei as 
the non-target region).

In vivo blockade of 18F‑F13640 in cat brain

The intravenous pre-injection of WAY-100635, either at 
1 mg/kg 30 min before, or 2 mg/kg 5 min before, decreased 
18F-F13640 uptake in the three cats (see Figs. 3b, 7). At 
2 mg/kg, the blockade varied between 8 and 35% depend-
ing on the regions (Table 1). The strongest blockade was 
found in the cingulate cortex, dorsal raphe nucleus, thalamus 
and amygdala. In cat #2, the uptake was also lower in the 
cerebellar nuclei, resulting in unchanged SUVRs compared 
to the baseline scan (Fig. 7b). 18F-F13640 brain uptake was 
also strongly reduced by intravenous injection of the ago-
nist 8-OH-DPAT at 1 mg/kg, 20 min prior to the PET scan 
(Figs. 3b, 7b, c). The blockade varied between 52 and 71% 
and also changed the slope of the time-activity curves com-
pared to baseline scans (Table 1). The blockade was strong 
in cingulate cortex, dorsal raphe nucleus, thalamus and 
amygdala, but also in brainstem and pontine nuclei. Glob-
ally, the level of radioactivity in all ROIs was close to the 
cerebellar nuclei (Fig. 7b, c).

In vivo distribution in Rhesus monkey brain

18F-F13640 showed a high and fast uptake in the whole 
brain, and a slow wash-out over the 120–180 min of acqui-
sition (Figs. 4, 5). 18F-F13640 binding was high in amyg-
dala, insula, hippocampus, anterior cingulate cortex and 
raphe nuclei. In particular, the posterior parahippocampal 
gyrus (PPHG) displayed a very strong signal compared 
to the other regions. The lowest uptake was observed in 
occipital cortex and cerebellum. 18F-F13640 binding was 
heterogeneous in cerebellum, with more uptake in the 
lobes than in the nuclei (Fig. 4a). For comparison, stand-
ard uptake value ratios (SUVRs) were calculated with time 

Fig. 2   Radiochromatogram of brain radioactivity from 10 to 50 min 
after intravenous injection of 18F-F13640 in the rat. The main amount 
of radioactivity (about 90%) was eluted at 6 min, corresponding to 
the unmetabolized radiotracer (n = 2)
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Fig. 3   a In  vitro autoradiograms of brain sections of rat incubated 
with 18F-F13640 and corresponding anatomic slices. b In vitro com-
petition in rat brain between 18F-F13640 and 5-HT1A antagonist 
WAY-100635 at increasing concentrations (n = 3), with correspond-
ing autoradiograms. c In vitro competition in rat brain between 18F-
F13640 and serotonin at increasing concentrations (n = 3), with cor-

responding autoradiograms. Results expressed in percentages of 
optical densities compared to control ± SEM (*p < 0.05, **p < 0.01, 
***p < 0.001, versus control; One-way ANOVA followed by a Dun-
nett’s post-hoc test). Cereb cerebellum, Cing Cx cingulate cortex, Hip 
hippocampus

Table 1   18F-F13640 binding in 
cat (mean SUVs of cats #2 and 
#3 ± SEM, from 30 to 90 min)

Baseline WAY-100635 8-OH-DPAT Blockade WAY-
100635 (%)

Blockade 
8-OH-DPAT 
(%)

Hippocampus 3.08 ± 1.07 2.37 ± 0.47 1.22 ± 0.01 23 60
Amygdala 4.33 ± 1.39 3.09 ± 0.54 1.37 ± 0.08 29 68
Anterior cingulate 4.33 ± 1.37 2.82 ± 0.63 1.30 ± 0.11 35 70
Posterior cingulate 4.09 ± 1.42 2.75 ± 0.52 1.27 ± 0.09 33 69
Septum 2.90 ± 0.66 2.34 ± 0.58 1.08 ± 0.06 19 63
Striatum 2.45 ± 0.83 1.99 ± 0.23 1.19 ± 0.00 19 52
Thalamus 4.41 ± 1.49 3.11 ± 0.62 1.36 ± 0.08 29 69
Dorsal raphe nucleus 4.38 ± 1.67 3.09 ± 0.46 1.29 ± 0.04 30 71
Pontine nucleus 3.92 ± 1.26 3.59 ± 0.79 1.57 ± 0.02 8 60
Brainstem 3.63 ± 1.54 3.26 ± 0.51 1.46 ± 0.02 10 60
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curves integrated from 30 to 90 min, and cerebellar nuclei 
taken as the non-target region. The highest SUVRs were 
found in the PPHG (2.93), the anterior cingulate cortex 
(2.22), the insula (2.20), the dorsal raphe nucleus (1.91), 
the amygdala (1.91) and the hippocampus (1.89). The 
binding was moderate in the caudate-putamen (1.75), the 
thalamus (1.68) and the brainstem (1.46).

In vivo blockade of 18F‑F13640 in Rhesus monkey 
brain

The intravenous injection of WAY-100635 at 2 mg/kg, 
5 min prior to the PET scan, led to a decrease of 18F-
F13640 binding in the two monkeys (Figs. 4b, 5). The 
blockade was homogeneous and varied between 38 and 
49% (Table 2). In monkey #2, the uptake was also lowered 
in the cerebellar nuclei, resulting in unchanged SUVRs in 
certain regions compared to the baseline scan (Fig. 5b).

Discussion

Despite numerous attempts, there is currently no specific 
and full agonist of 5-HT1A receptors available for clini-
cal PET imaging. In this context, our team focused on a 
series of highly selective and fully active 5-HT1A ago-
nists (Maurel et al. 2007). We previously radiolabeled two 
chemical analogs from this series, F15599 and F13714 
(Lemoine et al. 2010, 2012; Yokoyama et al. 2016). Even 
though both molecules allowed specific in vivo imaging of 
functional 5-HT1A receptors, the signal/noise ratio of 18F-
F15599 was insufficient for development as a radiophar-
maceutical (Lemoine et al. 2010). On the contrary, the sig-
nal/noise ratio of 18F-F13714 was better but binding was 
shown to be irreversible in non-human primates, compli-
cating the quantification of binding parameters (Lemoine 
et al. 2012; Yokoyama et al. 2016; Tavares et al. 2013). 
Having taken into account these limitations, we identified 

Fig. 4   a Comparison of effects of Gpp(NH)p, decoupling recep-
tors from G proteins, on 5-HT1A agonist 18F-F13640 and antagonist 
18F-MPPF in  vitro binding in rat brain. b Comparison of effects of 
fenfluramine administration at different doses on 18F-F13640 and 
18F-MPPF ex  vivo binding in rat brain (n  =  3). Results expressed 

in percentages of optical densities compared to control ± SEM 
(*p  <  0.05; **p  <  0.01; ***p  <  0.001, versus control; One-way 
ANOVA followed by a Dunnett’s post-hoc test). Cing Cx cingulate 
cortex, Hip hippocampus



2982	 Brain Structure and Function (2018) 223:2973–2988

1 3

another analog from this series, F13640 and present here 
its radiopharmacological evaluations in rats and rhesus 
monkey.

Since F13640 affinity for 5-HT1A receptors is intermedi-
ate compared to the previous molecules, F15599 and F13714 
– with a Ki of 1 vs. 2.24 nM and 0.1 nM, respectively (Mau-
rel et al. 2007); it may be better adapted to achieving an 
improved signal/noise ratio, but sufficiently modest to avoid 
eliciting irreversible binding. Interestingly, F13640, a drug 
that is currently undergoing clinical development as is also 
known as befiradol or NLX-112 (Iderberg et al. 2015), is 

a well-characterized 5-HT1A agonist which presents sev-
eral advantages. First, it exhibits an outstanding selectivity 
for 5-HT1A receptors, a property that is rarely obtained for 
a brain PET radiopharmaceutical: its affinity for 46 other 
receptors, enzymes, and transporters is at least 1,000-fold 
lower (Colpaert et al. 2002). Second, F13640 exhibits a 
particularly efficacious agonist activity at 5-HT1A recep-
tors in all essays in which it has been characterized, both 
in vitro and in vivo (Colpaert et al. 2002; Heusler et al. 2010; 
Pauwels and Colpaert 2003; Wurch et al. 2003; Newman-
Tancredi et al. 2017). Third, its chemical structure presents 

Fig. 5   a Coronal microPET 
images summed for 60 min on 
corresponding MRI images, 
showing 18F-F13640 distribu-
tion in rat brain. Scale in SUVs. 
b Transverse microPET images 
summed for 60 min in three 
different experiments; from left 
to right: control experiment/
co-injection of WAY-100635 
(2 mg/kg)/pre-injection of 
8-OH-DPAT (2 mg/kg). Scale in 
SUVs. c Time–activity curves 
of 18F-F13640 at baseline 
(n = 4) and in co-injection with 
WAY-100635 (2 mg/kg; n = 2) 
or with pre-injection of 5-HT1A 
agonist 8-OH-DPAT (2 mg/kg, 
20 min before radiotracer injec-
tion; n = 2). Results expressed 
in mean SUVs ± SEM. Amy 
Amygdala, Brainst Brainstem, 
Cereb cerebellum, Col collicu-
lus, DRN dorsal raphe nucleus, 
Ent Ctx entorhinal cortex, 
Hip hippocampus, Ins insula, 
Sept lateral septum, SS Ctx 
somatosensory cortex, Striat 
striatum, Sub subiculum, Thal 
thalamus
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a fluorine atom enabling a straightforward PET radiofluori-
nation. All these properties make F13640 a good candidate 
as a 5-HT1A agonist PET radiotracer and encouraged its 
exploration.

Interestingly, analysis of radiometabolites in rat brain 
showed that a large majority of brain radioactivity was due 
to unchanged 18F-F13640, from 10 to 50 min after injection, 
thus ruling out any significant contribution from radiome-
tabolites to brain uptake.

In vitro distribution of 18F-F13640 in rat brain sections 
matched the reported distribution of 5-HT1A receptors, with 
a strong binding in dorsal raphe nucleus, hippocampus, lat-
eral septum and cortical areas, and almost no binding in 
striatum and cerebellum (Lanfumey and Hamon 2000). 
Competition studies confirmed the specificity of 18F-F13640 
for 5-HT1A receptors as binding in 5-HT1A-rich regions was 
reduced by increasing concentrations of serotonin and WAY-
100635. 18F-F13640 binding was also markedly reduced by 
Gpp(NH)p, an agent that switches receptors into an uncou-
pled state, demonstrating that it binds preferentially to 
G-protein coupled 5-HT1A receptors in vitro, a property that 
is consistent with its agonist activity. In contrast, uncoupling 
tends to increase the binding of the antagonist 18F-MPPF, 
an observation that was previously reported (Lemoine et al. 
2010; Vidal et al. 2016). These results highlight that 18F-
F13640 and 18F-MPPF, both 5-HT1A receptor radioligands, 
bind to different pools of receptors depending on their cou-
pling state.

This difference of binding pattern between an antago-
nist and an agonist radiotracer was confirmed in vivo. Inter-
estingly, 18F-F13640 distribution pattern in rat brain was 
markedly different between in vitro and in vivo studies. 
In vitro observations were consistent with the known dis-
tribution of 5-HT1A receptors, suggesting a classical cor-
relation between coupled and total receptors densities. On 
the contrary, in vivo binding in PET studies (which may 

be presumed to reflect the percentage of coupled receptors) 
was disconnected from the known density of the whole 
population of 5-HT1A receptors. 18F-F13640 binding was 
particularly high in brainstem and thalamus, which are 
regions usually described as containing a moderate to low 
density of receptors. 18F-F13640 uptake was relatively mod-
erate in hippocampus and high in the dorsal raphe nucleus, 
both regions particularly rich in 5-HT1A receptors. This 
last observation is interesting because raphe nuclei exert 
pivotal control of the serotonergic system (Andrade et al. 
2015) and is usually too small area to be clearly detected 
in microPET by other 5-HT1A PET radiotracers. In rhesus 
monkey, 18F-F13640 in vivo binding was high in cingulate 
cortex, insula, amygdala, dorsal raphe nucleus, and also in 
hippocampus contrary to the rat. Remarkably, 18F-F13640 
uptake in the parahippocampal gyrus, a small region next to 
the hippocampus, was at least two times higher than in any 
other region, suggesting that this region contains a very high 
density of G-coupled 5-HT1A receptors in rhesus monkey.

Taken together, the results showed that in vivo distribu-
tion pattern of 18F-F13640, a specific 5-HT1A agonist radi-
otracer, are very different from those of an antagonist radi-
otracer. Similar results have been recently reported in our 
study with marmosets, showing binding pattern differences 
between 18F-MPPF and the previous agonist radiotracer, 
18F-F13714, both in conscious and anesthetized animals 
(Yokoyama et al. 2016). We also observed striking differ-
ences between in vitro and in vivo results in rat brain. The 
differences in binding patterns between radiotracers and 
in vitro/in vivo conditions are unlikely to be explained by 
non-specific binding, as 18F-F13640 binding was strongly 
inhibited by the antagonist WAY-100635 even in regions 
with unexpectedly high signal such as thalamus (Figs. 2–5). 
In the rat and the cat, although WAY-100635 blockade was 
incomplete, 18F-F13640 binding was almost completely 
blocked by the agonist 8-OH-DPAT. This may be due to a 
more effective competition between agonists as they both 
compete for receptors in the high-affinity state only. In addi-
tion, as indicated above, the properties of F13640 are well 
documented both in vitro and in vivo. All these data describe 
F13640 as a “super-agonist” highly specific and with a high 
affinity for 5-HT1A receptors, tested on many other brain 
targets, including other 5-HT receptors (Colpaert et al. 2002; 
Heusler et al. 2010) and rendering very unlikely a potential 
interaction with an unwanted off-target. A probable explana-
tion for the distinct binding patterns between 5-HT1A agonist 
and antagonist radiotracers could be the ratio of coupled 
versus uncoupled receptors which might be much lower 
in vivo compared to in vitro findings, an hypothesis that has 
already been suggested to explain the lack of sensitivity of 
5-HT1A antagonists radiotracers to competition with 5-HT1A 
agonists and endogenous serotonin release (Bantick et al. 
2004a, b; Udo de Haes et al. 2006). As it has been shown 

Table 2   18F-F13640 binding in non-human primate (Mean SUVs of 
rhesus monkeys #1 and #2 ± SEM (n = 2), from 30 to 90 min)

Baseline WAY-100635 Blockade (%)

Frontal lobe 1.74 ± 0.75 1.00 ± 0.36 42
Temporal lobe 1.48 ± 0.58 0.83 ± 0.22 44
Hippocampus 1.85 ± 0.78 1.05 ± 0.36 43
Amygdala 1.86 ± 0.73 1.12 ± 0.35 40
Anterior cingulate 2.17 ± 0.95 1.19 ± 0.44 45
Posterior cingulate 1.77 ± 0.72 0.97 ± 0.33 45
Insula 2.15 ± 0.96 1.17 ± 0.41 46
Thalamus 1.64 ± 0.69 0.95 ± 0.31 42
Brainstem 1.42 ± 0.54 0.88 ± 0.24 38
PPHG 2.86 ± 0.98 1.46 ± 0.46 49
Dorsal raphe nucleus 1.87 ± 0.66 1.02 ± 0.29 45
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that cell surface dynamics of 5-HT1A receptors are influ-
enced by G-protein coupling, it might also be possible that 
agonist and antagonist binding sites (i.e. G-protein-coupled 

and uncoupled receptors) are actually differently located on 
the membrane in vivo (Pucadyil and Chattopadhyay 2007) 
(Fig. 6).

Fig. 6   a Coronal PET images summed for 90 min on corresponding 
MRI images, showing 18F-F13640 distribution in cat brain. Scale 
in SUVs. b Transverse PET images summed from 30 to 90  min in 
three different experiments; from left to right: control experiment/
pre-injection of WAY-100635 (2 mg/kg)/pre-injection of 8-OH-DPAT 

(1 mg/kg). Scale in SUVs. All images belong to the same animal (cat 
#2). Ant Cing anterior cingulate cortex, Caud caudate, Cereb GM cer-
ebellar grey matter, Cereb Nucl cerebellar nuclei, Cort WM cortical 
white matter, PN pontine nuclei, Post Cing posterior cingulate cortex

Fig. 7   a Time–activity curves of 18F-F13640 in cat #1; in black; 
mean SUVs of test-retest (± SEM); in white, pre-injection of WAY-
100635 at 1 mg/kg, 30 min before the scan. b Time–activity curves 
of 18F-F13640 in cat #2; in black; baseline scan; in white, pre-injec-
tion of WAY-100635 at 2 mg/kg, 5 min before the scan; in grey, 

pre-injection of 8-OH-DPAT at 1 mg/kg, 20 min before the scan. c 
Time–activity curves of 18F-F13640 in cat #3; in black; baseline scan; 
in white, pre-injection of WAY-100635 at 2 mg/kg, 5 min before the 
scan; in grey, pre-injection of 8-OH-DPAT at 1 mg/kg, 20 minutes 
before the scan
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To go further, some remarks should also be added con-
cerning the biased properties of F13640. The recent concept 
of biased agonism states that some agonists are able to tar-
get specifically certain subpopulations of receptors depend-
ing on their coupling with different intracellular effectors, 
such as G proteins (Newman-Tancredi, 2011). F13640 
was recently shown to be a biased 5-HT1A agonist, pref-
erentially activating Gαo proteins (Newman-Tancredi et al. 
2017), which is likely to influence the central distribution 
of the radiotracer as it was shown that 5-HT1A receptors can 
couple to different G protein subtypes depending on their 
localization in the brain (Mannoury La Cour et al. 2006). 
For now, these different hypotheses remain speculative and 
new studies are needed to understand the molecular basis of 
the distinctive binding profile of 18F-F13640 compared to 
classical 5-HT1A radiotracers.

In any case, increasing evidence including our own 
results suggest that the use of 5-HT1A agonists in PET imag-
ing could generate new information that was not apparent 
with antagonist tracers or accessible by the use of in vitro 
techniques. For instance, it has been reported recently that 
the strong effects of F13640 on opiate-induced respiratory 
depression in rats involve sites or mechanisms in the brain-
stem that are not functional in vitro (Ren et al. 2015). Con-
sistent with these findings, in rat brain we observed a very 
strong labeling in the brainstem in vivo but not in vitro, thus 
reinforcing the idea that 18F-F13640 binding has a strong 
functional meaning. Similarly, although the striatum is 
usually described as devoid of 5-HT1A receptors, signifi-
cant specific binding was observed in our PET experiments 
in the three species. Supporting our findings, it has been 
demonstrated thanks to microinjection experiments that the 
antidyskinetic properties of 5-HT1A agonists are conveyed 
in part via a small population of functional receptors within 
this region (Bishop et al. 2009; Meadows et al. 2017). In this 
context, it should be mentioned that F13640 is currently in 
clinical development for Parkinson’s disease patients who 
suffer from L-DOPA-induced dyskinesia. Our results also 
suggest that there are significant species differences in the 
distribution of G-coupled 5-HT1A receptors—a piece of 
information which would not have been accessible from 
experiments using antagonist tracers that bind the total pool 
of receptors, irrespective of their affinity state (Figs. 8, 9).

In preliminary ex vivo experiments, we also evaluated 
18F-F13640 sensitivity to endogenous 5-HT release by phar-
macological challenge with increasing doses of fenfluramine 
in rats. Our results suggest that 18F-F13640 binding is dose-
dependently inhibited by fenfluramine, with a significant 
effect starting at a low dose of 0.5 mg/kg. The competi-
tion occurred in various regions, including hippocampus, 
dorsal raphe nucleus, thalamus and cortical areas. In con-
trast, using 18F-MPPF a decreasing tendency was observed 
at the high dose of 5 mg/kg only, which is not surprising 

considering previous studies that showed 5-HT1A antago-
nists radiotracers are probably not sensitive enough to detect 
physiological changes in 5-HT release (Paterson et al. 2010; 
Jagoda et al. 2006). These results support the hypothesis 
that agonist radiotracers are more sensitive than antagonists 
to extracellular endogenous agonist fluctuations, but even 
more than expected, as in our findings 18F-F13640 uptake 
was decreased at doses of fenfluramine at least ten times 
lower than 18F-MPPF. Nevertheless, additional studies are 
necessary to confirm that 18F-F13640 is really sensitive to 
5-HT release and not to other pharmacological effects of 
fenfluramine.

Finally at this stage, some methodological and radiop-
harmacological issues need to be exercised. First, caution is 
advisable with the choice of a reference region for SUVRs 
with this tracer. For simple comparisons between regions, 
we here chose the cerebellar nuclei, because it was the region 
displaying the lowest signal in cat and rhesus monkey. The 
whole cerebellum could not be taken as a non-target region 
because the lobes and vermis included significant uptake. 
However, in one cat and one rhesus monkey, the TACs in the 
cerebellar nuclei were also slightly decreased in the block-
ade conditions, which could be due to partial volume effects 
considering the small size of this region, or by the presence 
of a non-negligible amount of 5-HT1A receptors. Although 
these results were unexpected, as the cerebellum is often 
described as a region devoid of 5-HT1A receptors, some data 
already reported significant binding of 11C-WAY-100635 in 
the cerebellar lobes and vermis and suggested that cerebel-
lar white matter may be a more suitable reference region 
(Parsey et al. 2005; Hirvonen et al. 2007; Ganz et al. 2017). 
Moreover, it is noteworthy that an iontophoresis study actu-
ally reported the presence of functional 5-HT1A receptors 
located in the cerebellar gray matter in cats (Kerr et Bishop, 
1992). In any case, further kinetic modeling studies will be 
needed to fully understand and quantify 18F-F13640, and 
given our results it can be expected that the choice of a ref-
erence region will have to be carefully validated for each 
species of interest by comparisons with arterial input func-
tion. Second, in certain animals, the time-activity curves 
showed almost no decline during the scan, meaning that 
dissociation of 18F-F13640 from 5-HT1A receptors was 
very slow. This is comparable to the previously evaluated 
structural analog, 18F-F13714, although 18F-F13640 affinity 
for 5-HT1A receptors is ten times lower. The slow kinet-
ics is probably inherent to the high affinity and efficacy of 
these agonists for 5-HT1A receptors, and has already been 
reported in vitro compared to other 5-HT1A ligands (Heu-
sler et al. 2010). However, unlike 18F-F13714, the wash-out 
was faster in certain animals (namely, cat #3 and monkey 
#1), which constitutes an interesting point that deserve to be 
explored, and preliminary findings using fenfluramine in cats 
show that 18F-F13640 binding is reversible despite a slow 
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Fig. 8   a Coronal PET images summed between 60 to 180 minutes 
on corresponding MRI images, showing 18F-F13640 distribution in 
rhesus monkey brain. Scale in SUVs. b Transverse and coronal PET 
images summed from 60 to 180 min in two different experiments; 

on the left, baseline experiment; on the right, pre-injection of WAY-
100635 (2 mg/kg). Scale in SUVs. All images belong to the same ani-
mal (monkey #1). PPHG posterior parahippocampal gyrus

Fig. 9   a Time–activity curves of 18F-F13640 in monkey #1; in black, 
baseline scan; in white, pre-injection of WAY-100635 at 2 mg/kg, 5 
min before the scan. b Time-activity curves of 18F-F13640 in monkey 

#2; in black, baseline scan; in white, pre-injection of WAY-100635 at 
2 mg/kg, 5 min before the scan.
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wash-out (unshowed data) which is more advantageous for 
quantification and constitutes a favorable point for a future 
use in humans.

Conclusion

We report here the first preclinical evaluation of the 5-HT1A 
receptor agonist radiotracer 18F-F13640. 18F-F13640 is 
highly selective for 5-HT1A receptors and sensitive to 
G-protein uncoupling in vitro. In anesthetized rats, the 
radioligand rapidly entered the brain without significant 
presence of radiometabolites.18F-F13640 binding in vivo in 
anesthetized rats, cat and non-human primate was specific 
as demonstrated by blocking experiments, but with strik-
ing differences in distribution patterns compared to in vitro 
results and classical observations with antagonist radiotrac-
ers. 18F-F13640 uptake was dose-dependently inhibited by 
fenfluramine in various regions in rat brain, suggesting it is 
sensitive to 5-HT endogenous release. 18F-F13640 is, there-
fore, a promising PET tracer for in vivo imaging and quan-
tification of functional 5-HT1A receptors in the human brain. 
This justifies that a first-in-man study with 18F-F13640 is 
now scheduled.
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