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Serotonin (5-hydroxytryptamine, 5-HT) is a neurotransmitter involved in many physiological and pathological
mechanisms through its numerous receptors. Among these, the 5-HTyp receptor is known to play a key role in
multiple brain disorders but remains poorly understood. Positron emission tomography (PET) can contribute to a
better understanding of pathophysiological mechanisms regulated by the 5-HTyp receptor. To develop the first

PET radiotracer for the 5-HT5p receptor, RS-127445, a well-known 5-HTop receptor antagonist, was labeled with
fluorine-18. [®F]RS-127445 was synthesized in a high radiochemical purity and with a good molar activity and
radiochemical yield. Preliminary PET scans in rats showed good brain penetration of ['®F]RS-127445. However,
competition experiments and in vitro autoradiography showed high non-specific binding, especially to brain

white matter.

Serotonin receptors play a role in numerous neuropsychiatric dis-
orders, making them promising targets for diagnostic and therapeutic
purposes.] PET (positron emission tomography) brain imaging is a
widely used technique for studying serotonin receptors in the brain. It
enables the visualization and quantification of pharmacological targets
leading to a better understanding of the pathophysiological mechanisms
regulated by brain receptors. PET radiotracers for specific serotoninergic
receptors can also constitute useful tools for diagnostic purposes and can
aid in preclinical and clinical pharmacological studies of drug candi-
dates.” Many serotoninergic receptors have been studied using PET
imaging with specific radiotracers to this date. However, there is
currently no specific radiotracer for the 5-HTop receptor. '

The 5-HT5p receptor, a G-protein-coupled receptor belonging to the
serotonin receptor family, was originally discovered in the gastric
fundus of rats.” However, further research revealed its presence in the
heart, liver, kidney, gastrointestinal smooth muscle cells and other or-
gans in animals and humans.* ! Several studies have demonstrated that
5-HTyp receptors are involved in the control of cell proliferation and
differentiation, as well as in the regulation of gastrointestinal, vascular,
cardiac, and pulmonary functions.'? Activation of 5-HT,p receptors has

been implicated in the pathogenesis of drug-induced valvular heart
disease (VHD).'® For this reason, benfluorex (Mediator®), an anorexi-
genic and antidiabetic molecule which acts as a 5-HTp receptor acti-
vator, has been withdrawn from the market.' Similarly, the use of the
antiparkinsonian drugs cabergoline and pergolide has been shown to be
associated with VHD via an off-target effect by activating 5-HTp re-
ceptors.'® Recently, there has been renewed interest in 5-HT4p receptors
due to the emergence of psychedelics as potential new treatments for
many psychiatric disorders. Most of the psychedelics have agonist ac-
tivity for 5-HT9p receptors, which could lead to VHD.'®

The 5-HTjp receptor is also present in the central nervous system
(CNS) and plays a role in the regulation of several pathways. It is
expressed in serotoninergic, GABAergic, and dopaminergic neurons of
rats and mice, particularly in the dorsal raphe nucleus (DRN).”'

In addition, immunohistochemical studies examining 5-HT9p recep-
tor protein expression in the rat brain have shown its presence in the
frontal cortex (on the neuronal fibers but not cell bodies), cerebellum
(Purkinje cells), lateral septum, dorsal hypothalamus and medial
amygdala.'® The 5-HTojp receptor is also found to be highly expressed in
astrocytes”” and microglia.?’
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Targeting the 5-HTp receptor in the brain holds therapeutic prom-
ises. Indeed, it is involved in the regulation of dopaminergic neuro-
transmission, and 5-HTop antagonists have been found to improve
certain symptoms of schizophrenia.”” In addition, 5-HTop receptor
blockade inhibits MDMA-, amphetamine- and cocaine-induced hyper-
locomotion in animal models.'”?%*

Within the serotoninergic system, several studies have demonstrated
the role of the 5-HTop receptor in contributing to the therapeutic effects
of selective serotonin reuptake inhibitors (SSRIs) antidepressants, and
the 5-HTyp receptor has been found to be necessary for the long-term
behavioral effects of the antidepressant fluoxetine.”®

In addition, the 5-HTyp receptor plays a protective role in the pro-
gression of amyotrophic lateral sclerosis’® and Alzheimer’s disease.””

Therefore, PET studies of the 5-HTyp receptor would be a powerful
molecular tool to better understand its localization and role in these
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different physiological and pathological processes.

To synthesize the first 5-HT9p radiotracer, one of the challenges to be
overcome is the lack of selectivity of many known 5-HTop ligands, due to
the structural similarity between the 5-HTyp receptor and other seroto-
nin receptors, in particular 5-HT34 and 5-HTyc.

With a pKi of 9.5 £ 0.1 for the human recombinant 5-HTsp receptor,
the antagonist RS-127445 has a 1000-fold selectivity over other re-
ceptors, making it one of the most selective 5-HTop receptor ligands
known.?®?° RS-127445 has undergone clinical trials under the name of
MT-500 for the prophylactic treatment of migraine and has shown
antinociceptive activity in preclinical rodent studies.’®*! Although
these trials did not lead to an approved treatment, RS-127445 is still the
most widely used pharmacological tool to study the 5-HT,p receptor and
is found in the vast majority of scientific communications related to the
5-HT9p receptor.
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Fig. 1. Radiolabeling of RS-127445.



This molecule has been identified by other teams as having a great
potential for PET ligand development,’ and more recently, an analogue
of RS-127445 has been described by replacing the amine group by a
fluorine-18.%> However, this analogue has not been evaluated in PET
imaging and is unlikely to have the same pharmacological properties as
the parent compound, due to the loss of the important amine group.
Therefore, in the present study we describe the first isotopic radio-
labeling of RS-127445 and its preliminary evaluation as a 5-HTyp
radiotracer in rat brain.

We first attempted the radiolabeling of the nitro derivatives (1) and
(2) (Fig. 1). Although the radiochemical purity and the molar activity of
the radiotracer were sufficient, the radiochemical yield was low (<3%).
We therefore decided to prepare the iodonium ylide precursor (5). The
iodonium ylide group is known to have a better reactivity towards
radiofluorination than the nitro group, especially when the latter is not
activated by an electron withdrawing group at ortho or para position.*”
The radiolabeling of (5) by cyclotron produced ['®F]fluoride was done
at 120° C in DMSO in the presence of potassium carbonate and Kryp-
tofix® 2.2.2, followed by deprotection of the amino group by aqueous
hydrochloric acid. After purification by semipreparative HPLC and
formulation in ethanol/water, [ISF]RS—I 27445 was obtained in accept-
able radiochemical yield (13.2 + 1.8 % non-decay corrected, n = 6) and
good radiochemical purity (>98 %) and molar activity (>100 GBq/umol
at the end of synthesis). The identity of the radiotracer was confirmed by
semipreparative HPLC retention time, as well as analytical HPLC
retention time. In addition, the radiotracer was found to be stable in
ethanol/saline solution, for at least 3 h after the end of the synthesis.

The radiotracer was then evaluated in Sprague-Dawley rats using
PET imaging. ['®F]RS-127445 showed a high and rapid uptake in the rat
brain. The SUV . (standardized uptake value) was between 2.5 and 4,
depending on the region. Peak uptake occurred within 5 min in all re-
gions. However, the radiotracer showed a rapid clearance from the brain
(Fig. 2).

The highest levels of SUVs were found in the brainstem, caudate-
putamen and the white matter of the cerebellum, while the lowest
levels were observed in the various cortical regions (Fig. 3). This cor-
responds, in part, to what is known about 5-HT5p receptor distribution,
which has been identified in dorsal raphe nucleus (part of the brainstem)
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but is thought to be low density in occipital cortex.'®

To assess the specific binding of the radiotracer, we considered a
homologous blocking with unlabeled RS-127445. This experiment re-
quires solubilization of the molecule in a reasonable volume (<500 pL
for rat experiments) of a suitable solvent prior to intravenous injection.
RS-127445, in its commercial hydrochloride form, showed very low
solubility in commonly used intravenous solvents, such as mixtures of
DMSO (<10 % v/v) and isotonic aqueous solutions. We therefore
decided to use the solvent described by Bonhaus et al, ** namely a
mixture of propylene glycol/ethanol/water (5/1/4, v/v/v). Intravenous
injections of 500 pL of this mixture in rats resulted in adverse effects in
anesthetized rats, which precluded us from continuing the homologous
blocking experiments by intravenous injection.

Consequently, intraperitoneal administration route was used for the
homologous blocking experiment. This route allows for the injection of a
greater solvent volume than intravenous route. In addition, the
bioavailability of RS-127445 by intraperitoneal route has been already
established.?® RS-127445 was therefore solubilized in 0.3 % aqueous
Tween® 80 and a dose of 1 mg/kg was administered to each rat 30 min
before the radiotracer (total injected volume of competitor solution 2-3
mL). The results showed no blockade of the radiotracer binding
(Supplementary Material).

Therefore, heterologous blocking experiments with LY-266097 were
considered. This molecule is a selective antagonist of the 5-HTyp re-
ceptor with a pKi which is comparable to that of RS-127445 (9.80) but
with less selectivity towards other receptors (100-fold selectivity for 5-
HTsp vs 5-HT94 and 5—HT2C).34 Fortunately, commercially available LY-
266097 hydrochloride showed a satisfactory solubility in DMSO/
isotonic aqueous glucose solution (5/95, v/v), which allowed intrave-
nous injection.

Blocking experiments with intravenous pre-injection of 1 mg/kg LY-
266097 resulted in a weak radiotracer shift (Figure 4).

Table 1 shows the blockade percentage in different regions, calcu-
lated on the mean SUVs from 30 to 60 min after radiotracer injection.
This time interval was chosen to avoid the initial diffusion period. It
should be noted that the use of other time intervals gave comparable
results. No statistically significant blockade for any region was detected,
but an overall trend of very low blockade was observed.
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—— Frontal cortex
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Fig. 2. Standardized uptake values (SUV) curves of [*8F]RS-127445 in different rat brain regions, error bars represent the standard deviation (n = 8).
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Fig. 3. Brain distribution of [1®F]RS-127445 in a male Sprague-Dawley rat by PET imaging. Images are summed from 0 to 60 min (DRN: dorsal raphe nucleus).
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Fig. 4. Total rat brain activity curves of [*8F]RS-127445 with radiotracer alone
and after pretreatment with LY-266097 (1 mg/kg, iv) 2 min before radiotracer
injection, error bars represent the standard deviation (n = 8).

To explore these results further, the SUV ratios (SUVR) were calcu-
lated using the occipital cortex as the reference region. This choice was
based on the results showing the lowest SUV in the occipital cortex and
the fact that the 5-HT5p receptor is absent from the visual cortex'® (the
region designated as the occipital cortex in the atlas used in our study
includes the visual cortex). The results (Table 2) showed that the dif-
ferences of SUVR are negligeable in all brain regions.

In vitro autoradiography of rat brain and heart with increasing con-
centrations of RS-127445 (100 nM, 1 uM and 10 uM) in competition with
[lsF]RS—l 27445 showed no specific binding. Similar results were
observed with LY-266097, PRX-08066 (another 5-HT5p antagonist) and
serotonin as competitors. Coronal and sagittal sections of different brain
areas were tested (Fig. 5 and Supplementary material).

The low blocking by the competitors of brain labeling by the radio-
tracer is considered as an indicator of high ratio of the non-specific versus
specific binding to the tissue. One of the possible reasons is independent
of the radiotracer itself but depends on the target: a low density of the
target receptor could explain the high non-specific fraction. Indeed, 5-
HTyp receptor is known to be less expressed in the brain than other

Table 1

Mean SUVs =+ standard deviation from 30 to 60 min for baseline condition ([*®F]
RS-127445 alone) and after preinjection of LY-266097 (1 mg/kg, iv, 2 min
before the radiotracer), n = 8. No significant difference was found between the
two conditions for any region (Wilcoxon signed rank test, p = 0.05).

Baseline LY-266097  Blockade™® by LY-
266097

Caudate Putamen 0.87 + 0.78 + B8+£22)%
0.18 0.10

Cerebellum White 0.86 + 0.78 + (7 £20) %

Matter 0.14 0.10

Brainstem 0.86 + 0.77 + (7 £ 20) %
0.16 0.09

Thalamus 0.82 £ 0.75 + 6 +21)%

Hypothalamus 0.14 0.10

Cortex White Matter 0.81 + 0.73 + B+21)%
0.15 0.10

Hippocampus 0.77 + 0.71 £ G+£21) %
0.14 0.10

Whole Brain 0.77 £ 0.69 + (7 £20) %
0.13 0.09

Amygdala 0.77 + 0.69 + B8 +21)%
0.14 0.09

Cingulate Cortex 0.76 + 0.68 + (7+21)%
0.12 0.09

Parietal Cortex 0.75 + 0.66 + (9 +£20) %
0.14 0.07

Cerebellar Cortex 0.73 + 0.66 + (7 £19) %
0.11 0.08

Frontal Cortex 0.71 £ 0.62 + 10+21)%
0.12 0.08

Temporal Cortex 0.68 + 0.62 + (7 £20) %
0.12 0.07

Olfactory Bulb 0.68 + 0.60 + B8+£19) %
0.11 0.08

Occipital Cortex 0.67 + 0.63 + (5 +20) %
0.11 0.08

(a: Blockade percentages were calculated for each rat as (baseline SUV - pre-
injection SUV)/baseline SUV, average blockade for 8 rats is shown =+ standard
deviation).

serotonin receptors, which explains the difficulty of detecting its pres-
ence in the rat brain in the oldest articles describing it.>°

Other hypotheses relate to the radiotracer itself. A high lipophilicity
of the molecule could increase its non-specific binding to fatty regions in



Table 2

Mean SUV ratios (SUVR) to the occipital cortex + standard deviation, calculated
from 30 to 60 min for baseline condition ([*F]RS-127445 alone) and after pre-
injection of LY-266097 (1 mg/kg, iv) 5 min before the radiotracer (n = 8).

Baseline LY-266097 Difference®
Caudate Putamen 1.29 + 0.08 1.24 + 0.06 4+£5 %
Cerebellum White Matter 1.28 + 0.02 1.24 £+ 0.06 B+xHD%
Brainstem 1.27 £ 0.05 1.24 + 0.07 2+6)%
Thalamus Hypothalamus 1.22 + 0.05 1.20 £+ 0.07 1+5%
Cortex White Matter 1.21 + 0.05 1.16 + 0.05 B+4) %
Hippocampus 1.14 + 0.05 1.14 £+ 0.05 0+5)%
Whole Brain 1.14 £ 0.04 1.11 + 0.04 B£3)%
Amygdala 1.14 + 0.05 1.10 £+ 0.05 (4+6)%
Cingulate Cortex 1.13 £ 0.08 1.09 + 0.04 BE7ND%
Parietal Cortex 1.10 £ 0.05 1.05 + 0.03 BG+3)%
Cerebellar Cortex 1.09 + 0.02 1.06 + 0.05 BEDH%
Frontal Cortex 1.05 + 0.06 0.98 + 0.02 (6 +6)%
Temporal Cortex 1.01 + 0.04 0.99 + 0.04 2+ %
Olfactory Bulb 1.00 + 0.04 0.97 £ 0.04 4£49%

a: Differences were calculated for each rat as (baseline SUVR - preinjection
SUVR)/baseline SUVR, the average difference for 8 rats is shown =+ standard
deviation.

[1F]RS-127445 | [1F]RS-127445
+RS-127445 +RS-127445
100 nM 1M

[*8F]RS-127445
+ RS-127445
10 uyM

[1F]RS-127445

Fig. 5. Autoradiography of coronal brain sections of Sprague-Dawley rats.
['8F]RS-127445 was incubated with increasing concentrations of RS-127445.
Sections are presented in quadruplicate.

the brain, thereby reducing the displaceable signal. Similarly, a high
metabolism of the radiotracer and the presence of cerebral radio-
metabolites could be another explanation for the increase of the non-
specific signal in the in vivo PET imaging studies.

In order to assess the lipophilicity of the molecule, and given that
there is no literature describing an experimental calculation of RS-
127445 logP, a shake-flask method was used to measure it, and a logP
of 4.16 was found. This result is in agreement with the software pre-
diction of 4.19, indicating that RS-127445 is a highly lipophilic mole-
cule. Although there are no known limits to the lipophilicity of brain
radiotracers, the measured logP value for RS-127445 is within the high
lipophilicity values of known radiotracers, and could explain a high non-
specific binding.>® This high lipophilicity of the radiotracer could also
explain the high level of binding to white matter regions of the brain
observed during our PET experiments (Table 1).

In addition, the metabolism of the radiotracer was evaluated, and the
results are summarized in Table 3. Thirty minutes after intravenous
injection, less than the half of the radioactivity within the brain was due
to the unmetabolized radiotracer. These findings are consistent with
unmetabolized radiotracer in rat plasma after one hour, indicating a
rapid metabolism of the molecule.

Experimental conditions could also influence the results of in vivo
evaluation of the radiotracer. In fact, the anesthetic used in our study
(isoflurane) was shown to interact with 5-HT5p receptor, although the

Table 3
Percentage of unchanged radiotracer in rat brain at 5 and 30 min after [*®FIRS-
127445 injection and in plasma, 60 min after ['®F]RS-127445 injection.

Brain Plasma

5min (n = 3) 30 min (n = 4) 60 min (n = 4)

86.3 + 4.9 45.8 + 5.6 35.5+ 3.7

affinity is low (Ki = 7.78 pM).37 Isoflurane has already been used in
several studies implicating 5-HT2g,'®?>%3% and RS-127445 antagonist
activity was not altered. Nevertheless, the hypothesis that isoflurane
could have influenced the binding of [*8F]RS-127445 could not be
completely ignored.

Finally, it should be noted that the affinity and specificity of RS-
127445 toward rat 5-HTop receptor is, at our knowledge, not known,
unlike its affinity toward the human analog which is well docu-
mented.?®?° Available literature indicates a high antagonist effect to-
ward rat 5-HTyp receptor assessed by the inhibition of rat stomach
fundus contraction and rat jugular vein relaxation, with pAy values of
9.5 + 1.1 and 9.95 =+ 0.07 respectively.?® However, the hypothesis that
the low specific binding of [ISF]RS-l 27445 could result from a low af-
finity or a low specificity toward rat 5-HT5p receptor, while it is not our
privileged hypothesis, should not be totally excluded.

In conclusion, in this work we describe the first radiosynthesis of
['8F]RS-127445 and its preliminary evaluation as a 5-HTsp radiotracer
in rat brain. While PET images showed a good brain penetration and a
labeling that roughly corresponded to the known distribution of 5-HTop
receptor (with high labeling in brainstem regions compared to cortical
regions), the displacement with a competitor antagonist was very low in
all regions. This could be due either to the high non-specific binding of
the radiotracer or its metabolites, or to the low density of the 5-HTop
receptor. These results suggest that [\®F]RS-127445 may be an inap-
propriate radiotracer in rat brain. However, this does not preclude its
evaluation in other species, as metabolism and non-specific binding are
known to be species-dependent properties.*’
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Appendix A. Supplementary data

Experimental details, additional autoradiographies, chromatograms
of radiotracer purification and control, as well as NMR spectra of all
newly synthesized compounds are provided. Supplementary data to this

article can be found online at https://doi.org/10.1016/j.bmcl.20
24.129933.
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