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Abstract

Introduction: The 5-HT2A receptor is one of the most interesting targets within the serotonergic system because it is involved in a number of
important physiological processes and diseases.
Methods: [18F]MH.MZ, a 5-HT2A antagonistic receptor ligand, is labeled by 18F-fluoroalkylation of the corresponding desmethyl analogue
MDL 105725 with 2-[18F]fluoroethyltosylate ([18F]FETos). In vitro binding experiments were performed to test selectivity toward a broad
spectrum of neuroreceptors by radioligand binding assays. Moreover, first micro-positron emission tomography (μPET) experiments, ex vivo
organ biodistribution, blood cell and protein binding and brain metabolism studies of [18F]MH.MZ were carried out in rats.
Results: [18F]MH.MZ showed a Ki of 3 nM toward the 5-HT2A receptor and no appreciable affinity for a variety of receptors and
transporters. Ex vivo biodistribution as well as μPET showed highest brain uptake at ∼5 min p.i. and steady state after ∼30 min p.i. While
[18F]MH.MZ undergoes extensive first-pass metabolism which significantly reduces its bioavailability, it is insignificantly metabolized
within the brain. The binding potential in the rat frontal cortex is 1.45, whereas the cortex to cerebellum ratio was determined to be 2.7 after
∼30 min.
Conclusion: Results from μPET measurements of [18F]MH.MZ are in no way inferior to data known for [11C]MDL 100907 at least in rats.
[18F]MH.MZ appears to be a highly potent and selective serotonergic PET ligand in small animals.
© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Serotonin is a neurotransmitter that has been linked to a
number of physiological processes and diseases, including
appetite, emotion, changes in mood, depression, Alzhei-
mer's disease (AD) and the regulation of the sleep/wake
cycle [1,2]. In particular, 5-HT2A receptors have been
implicated in the beneficial effects of some antidepressants
as well as antipsychotics [3]. Most but not all hallucino-
gens, including LSD, function as agonists at 5-HT2A

receptors, while all clinically approved atypical antipsycho-
tic drugs are potent 5-HT2A receptor antagonists [3].
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Therefore, in vivo studies of 5-HT2A receptor occupancy
would provide a significant advance in the understanding of
the mentioned disorders and conditions.

Positron emission tomography (PET) is an appropriate
tool to measure in vivo directly, noninvasively and
repetitively the binding potential (BP), the receptor availa-
bility and uptake kinetics of radio tracers for neuroreceptors.

Successful radioligands studied in in vivo PET investiga-
tions to date for molecular imaging of the 5-HT2A system are
antagonistic ligands such as [11C]MDL 100907 [4–6] and
[18F]altanserin [7–10]. It could be demonstrated that patients
with mild cognitive impairment show a reduced 5-HT2A

receptor binding [9]. Furthermore, there is substantial
evidence from recent PET studies in humans to implicate
dysfunction of the serotonergic transmitter system in the AD
[10]. For example, in vivo functional imaging studies have
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confirmed large reductions in 5-HT2A receptor binding in
mild to moderately demented AD patients using PET
[11,12]. Moreover, the implication of the 5-HT2A receptor
in the AD has also been reported by consistent postmortem
findings. A reduction in the availability of the 5-HT2A

receptor subtype could be determined [13–16].
Currently, [18F]altanserin and [11C]MDL 100907 are the

most frequently used PET tracers to probe for the 5-HT2A

receptor in vivo due to their high affinity and selectivity for
the 5-HT2A receptor (altanserin: Ki=0.13 nM [7]; (R)-MDL
100907: Ki=0.2 nM [4]). Binding to other 5-HT receptor
subtypes is very low for [11C]MDL 100907 [17] and
moderate to low for [18F]altanserin [18]. A further difference
between these two tracers is their binding to receptors other
than the serotonergic system. Altanserin shows a relatively
high affinity for D2 receptors (62 nM) and adrenergic-α1

receptors (4.55 nM) [18], whereas the BP of MDL 100907 to
these receptors is insignificant [19]. Another drawback of
[18F]altanserin is its rapid and extensive metabolism [18]. A
disadvantage of [11C]MDL 100907 is its slow kinetics
combined with the short half-life of the β+-emitter 11C. The
main advantage of [18F]altanserin over [11C]MDL 100907 is
the possibility to perform equilibrium scans lasting several
hours and to transport the tracer to other facilities based on
the 110 min half-life of 18F-fluorine.

In summary, [11C]MDL 100907 is a very specific high-
affinity ligand for 5-HT2A receptors with the disadvantages
of the short half-life of C-11 and its slow kinetics [6]. The
binding of [18F]altanserin lacks specificity and in vivo
stability, but due to its availability, it is the most commonly
used receptor ligand for 5-HT2A imaging.

Consequently, recent attempts were tried to synthesize
[18F]MDL 100907 [20]. However, due to the very low
radiochemical yield of 2%, this ligand is not suitable for in
vivo studies. In contrast, we have reported the synthesis
(Fig. 1) [21], first in vitro and ex vivo evaluation studies of
an 18F-analog of MDL 100907, [18F]MH.MZ (1), to create
a ligand combining the better selectivity of MDL 100907 as
compared to altanserin and the superior isotopic properties
of 18F-fluorine as compared to 11C-carbon (concerning both
half-life and spatial resolution of PET measurements).
Thereby, the affinity of MH.MZ toward the 5-HT2A

receptor was determined to be Ki=3.00±0.10 nM and thus
15 times lower than that of the parent compound MDL
100907 (Ki=0.2 nM) [4]. Overall labeling yields are 30–
50%. These results indicate an improved clinical applica-
Fig. 1. Radiosynthesis
tion profile and justified further examination of the
potential of [18F]MH.MZ for molecular imaging the
5-HT2A receptor.
2. Methods and materials

2.1. Chemicals and reagents

Chemicals were purchased from Acros, Fluka or Merck.
Unless otherwise noted, all chemicals were used without
further purification.

2.2. Synthesis of the precursor MDL 105725 of
[18F]MH.MZ

MDL 105725 was synthesized as reported by Ullrich
et al. [22].

2.3. Production of [18F]MH.MZ

2.3.1. [18F]FETos synthon synthesis
Kryptofix 222 (10 mg, 25 mmol), 12.5 ml potassium

carbonate (1 N) and 1 ml acetonitrile were added to an
aqueous [18F]fluoride solution (1400–1600 MBq). The
mixture was dried in a stream of nitrogen at 80°C.
The drying procedure was repeated three times until the
reaction mixture was absolutely dry. The dried Kryptofix
222/[18F]fluoride complex was then dissolved in 1 ml
acetonitrile, and 4 mg (10 mmol) ethylene glycol-1,2-
ditosylate was added and heated under stirring in a sealed
vial for 3 min. Purification of the crude product was
accomplished using HPLC (Lichrospher RP18-EC5,
250×10 mm; acetonitrile/water 50:50, flow rate: 5 ml/min,
rt: 8 min). After diluting the HPLC fraction containing the
2-[18F]fluoroethyltosylate with water, the product was loaded
on a Phenomenex strata-X 33-μm polymeric reversed-phase
column, dried with nitrogen and eluated with 1 ml of
tempered (40–50°C) DMSO.

2.3.2. Radiolabeling
[18F]FETos diluted in 0.8 ml of dry DMSOwas added to a

solution of 3 mg MDL 105725 (7 mmol) dissolved in 0.2 ml
dry DMSO and 1.5 μL 5N NaOH (7 mmol). The solution
remained at 100°C for 10 min and was quenched with 1 ml
H2O. Reactants and by-products were separated from
[18F]MH.MZ by semipreparative HPLC [μBondapak C18

7.8×300 mm column, flow rate 8 ml/min, eluent: MeCN/
0.05 phosphate buffer pH 7.4 adjusted with H3PO4 (40:60)].
of [18F]MH.MZ.
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The retention times of [18F]MH.MZ, [18F]FETos and
MDL 105725 were 9.8, 4.0 and 4.9 min, respectively. The
collected product was diluted with water (4:1), passed
through a conditioned strata-X cartridge (1 ml EtOH, 1 ml
H2O), washed with 10 ml H2O and eluted with at least 1 ml
EtOH. Finally, EtOHwas removed in vacuo and [18F]MH.MZ
dissolved in 1 ml saline.

2.3.3. Determination of radiochemical purity and
specific activity

The radiotracer preparation was visually inspected for
clarity, absence of color and particulates. Chemical and
radiochemical purities were also assessed by TLC analyses
and by analytical LUNA 250×4.6 mm 5 C18(2): eluent:
MeCN/buffer (0.05 M Na2HPO4 adjusted to pH=6.7 with
H3PO4), RT: [18F]F−=2.4 min; [18F]FETos=22.0 min;
[18F]MH.MZ=11.3 min; MDL 105725=4.8 min; flow
rate 1 ml/min; SiO2-TLC: eluent: CHCl3/MeOH/conc.
NH3 8:1:0.2, Rf [

18F]MH.MZ: 0.36, [18F]FETos: 0.95 and
Rf [18F]fluoride ion: 0.0). Specific activity (As) of the
radiotracer was calculated from three consecutive HPLC
analyses (average) and determined as follows: the area of
the UV absorbance peak corresponding to the radiolabeled
product was measured (integrated) on the HPLC chroma-
togram and compared to a standard curve relating mass to
UV absorbance.

2.4. Animals

Male 8-week mature catheterized Sprague–Dawley rats
were obtained from Charles River Laboratories, France. In
addition, Wistar rats obtained from the animal husbandry of
the Johannes Gutenberg University of Mainz were used for
ex vivo distribution studies. All procedures were carried out
in accordance with the European Communities Council
Directive regarding care and use of animals for experimental
procedures and were approved by local authorities of the
state of Rheinland-Pfalz.

2.5. Binding assays

Binding assays were performed by the National Institute
of Mental Health's Psychoactive Drug Screening Program
(NIMH PDSP) at the Department of Biochemistry, Case
Western Reserve University, Cleveland, OH, USA (Bryan
Roth, Director). Compound (1) was assayed for its affinities
for a broad spectrum of receptors and transporters in
competitive binding experiments in vitro using cloned
human receptors. Reported values of the inhibition coeffi-
cient (Ki) are mean±S.D. of four separate determinations.

2.6. Ex vivo organ biodistribution

Fully grown male Wistar rats (weight 250–310 g) were
injected with ∼10 MBq of [18F]MH.MZ via tail vein. At 5,
15, 30 and 60 min post injection, animals were euthanized,
and blood and the indicated tissues removed. The radio-
activity in brain, kidneys, liver, stomach and bones was
determined. Data were corrected for decay and reported as
mean percentage of the injected dose per gram of tissue
(% ID/g tissue).

2.7. [18F]MH.MZ metabolism studies in the brain

At 60 min p.i., Wistar rats (weight 250–310 g) were
anesthetized with halothane and sacrificed. Blood samples
for determination of the metabolism were centrifuged, and
the supernatant was mixed with MeCN 1:5. After an
additional centrifugation step, the supernatant was used for
chromatography (radio-TLC). Brains for determination of
the metabolism were harvested, homogenized and mixed
with MeOH and centrifuged. The supernatant was used for
TLC. Blood and brain samples were analyzed via TLC
(CHCl3/MeOH 5:2; Rf [

18F]FETos: 0.9, [18F]MH.MZ: 0.7
and metabolite 0.1).

2.8. Blood cell and protein binding of [18F]MH.MZ

The ratio of radioactivity concentration in blood cells
vs. protein and plasma water was determined in three
Wistar rats. Four blood samples were obtained from 0 to
60 min (5, 10, 30 and 60 min, respectively) after
intravenous injection of [18F]MH.MZ. Whole blood was
centrifuged at 10.000 rpm for 5 min at 4°C to separate
plasma and blood cells. Plasma and blood cell fractions
were obtained, and the radioactivity was measured with an
automatic γ-counter (2470 Wizard2; Perkin Elmer). Sub-
sequently, plasma proteins were precipitated with MeCN
(1:4), centrifuged at 10.000 rpm for 10 min at RT, and the
radioactivity in supernatant (plasma water) and sediment
was measured using the mentioned γ-counter. The
percentage of radioactivity bound to plasma proteins was
calculated thereafter.

2.9. μPET experiments

μPET imaging was performed with a Siemens/Concorde
Microsystems microPET Focus 120 small animal PET
camera. Animals were 250 g, 8-week-old Sprague–Dawley
rats bought with catheters in the femoral artery and vein.
Animals were anesthetized with volatile anesthetic isoflur-
ane at a concentration of 1.8%. The radiotracer was applied
via intravenous injection into the femoral vein catheter
(∼10 MBq, As=50 GBq/μmol), and blood samples were
collected via the femoral artery catheter. After application
of [18F]MH.MZ or collecting of blood samples, catheters
were flushed with heparinized isotonic 0.9% NaCl solution.
Volumes of blood collected were reinjected as isotonic
0.9% NaCl solution. Results were expressed as standar-
dized uptake values (SUVs), which is defined by (activity
concentration in becquerel per milliliter)⁎(body weight in
gram)/(injected dose in becquerel). Scans were carried out
as dynamic scans over a time period of 60 min. Kinetic
modeling and image quantification were done using the
PMOD software package and a four-parameter reference
tissue model.



Table 2
Organ biodistribution of [18F]MH.MZ in male SD rats

Tissue 5 min 15 min 30 min 60 min

Brain 0.48±0.16 0.17±0.03 0.08±0.01 0.08±0.01
Blood 2.39±0.90 1.37±0.24 0.69±0.12 0.33±0.05
Bones 0.08±0.04 0.04±0.02 0.05±0.01 0.06±0.01
Stomach 0.32±0.12 0.44±0.16 0.37±0.05 0.34±0.08
Kidneys 2.74±0.41 4.31±2.40 3.64±1.76 1.76±0.61
Liver 5.52±0.94 4.31±0.50 2.98±0.28 1.62±0.29

Radioactivity concentrations are expressed as percentage of the injected
dose per gram of tissue (% ID/g tissue). Results are expressed as mean±S.D.
(n=3).
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3. Results and discussion

As previously reported, [18F]MH.MZ could be obtained
as an injectable solution in radiochemical yields of about
42% within a synthesis time of about 100 min in a purity of
N96% [21]. Thereby, high specific activities of ∼50 GBq/
μmol with a batch activity of ∼3 GBq were obtained.

The capability of the tracer related to its affinity and
selectivity was examined by determining binding affinities
(Ki) to a broad spectrum of receptors by radioligand binding
assays through the NIMH PDSP. Results are summarized in
Table 1. The new compound (1) has an excellent Ki of
3.0 nM for the 5-HT2A receptor. In contrast, Ki values for the
other receptors and transporters are negligible (Table 1).

Ex vivo organ biodistribution of [18F]MH.MZ was
carried out in Wistar rats. Three adult male rats were used
for each of four time points. Each animal was injected via
tail vein. At 5, 15, 30 and 60 min post injection, animals
were euthanized, and blood and the indicated tissues
removed. The radioactivity in brain, kidneys, liver,
stomach and bones was determined. Data were corrected
for decay and reported as mean % ID/g tissue (Table 2).
[18F]MH.MZ showed highest brain uptake (0.48±0.16%
ID/g tissue) at 5 min p.i. and steady state appeared to be
between ∼30 and 60 min post injection (Fig. 2). The
highest % ID/g tissue could be detected in metabolizing
tissues. Maximum accumulation occurred in the liver at
5 min post injection, whereas the maximum accumulation
in the kidneys was reached at ∼15 min post injection.
Blood showed highest uptake 15 min p.i., and even after
60 min, steady state is not reached. According to
Bonaventure et al. [23], the 5-HT2A receptor concentration
in the spleen, the stomach, the testis, the colon and the
smooth muscle is about the same level at least in dogs.
Table 1
In vitro binding affinities of MH.MZ toward human receptors and
transporters

Target Ki (nM) Target Ki (nM)

5-HT1A N10.000 D1 899±127
5-HT1B 1846±426 D2 N10.000
5-HT1E N10.000 D4 l544±41
5-HT2A 3±0 SERT n.d.
5-HT2B 299±27 DOR N10.000
5-HT2C 71±10 H1 n.d.
5-HT3 N10.000 H2 3818±142
5-HT5A N10.000 H3 N10.000
5-HT6 3890±1921 H4 N10.000
5-HT7 116±14 DAT N10.000
KOR N10.000 MOR N10.000
M1 N10.000 M2 N10.000
M3 N10.000 M4 N10.000
M5 N10.000 Beta3 N10.000

Affinities were determined by PDSP. 5-HT, serotonin; SERT, serotonin
transporter; D, dopamine; DAT, dopamine transporter; DOR, delta opioid
receptors; H, histamine; KOR, kappa opioid receptors; M, muscarinic;
MOR, opioid receptor μ-splice variant.
Therefore, we decided to harvest only the stomach. As no
significant accumulation in the stomach could be detected,
any additional tissues were harvested.

For the analysis of preliminary in vivo metabolism of
[18F]MH.MZ in brain and blood, samples were treated
as described. Metabolite and intact tracer were analyzed
by radio-TLC (CHCl3/MeOH 5:2). The tracer underwent
fast metabolism [21]. Only one polar metabolite was
found in plasma, and the percentage of unmetabolized
fractions was 43%, 32%, 16% and 7% at 5, 10, 30 and
60 min, respectively.

In contrast, Fig. 3 compares metabolized fractions of
[18F]MH.MZ in rat plasma and rat brain at 60 min post
injection. Radio-TLC analyses showed nonmetabolized
[18F]MH.MZ in rat brain samples, whereas almost no
intact [18F]MH.MZ could be found in rat plasma.

Probably, the fluoroethoxy group is metabolized similar
to the already published behavior of the metabolism of
[11C]MDL 100907 [24]. The observed radioactive polar
metabolite in Fig. 3 may not cross the blood–brain barrier
(BBB) to a large extent because of its polarity. Therefore, we
expect that the radioactive metabolite is not able to interfere
with the μPET imaging. In addition, our reported time–
activity curves (TACs) confirm this hypothesis. No additional
accumulation could be observed in the brain after 500 s,
Fig. 2. Ex vivo biodistribution of [18F]MH.MZ in rat brain and blood at 5,
15, 30 and 60 min (n=3 per time point; means±S.D. shown) following tail
vein injection. Results are expressed as % ID/g tissue.



Fig. 3. Comparison of metabolism in rat brain and plasma 60 min post
injection. Unmetabolized tracer could be found in rat brain (A), whereas
almost no intact tracer could be detected in plasma samples (B).
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whereas the metabolite concentration still rises in the blood
(Fig. 4). Therefore, we believe that the metabolite found is
based on blood still located in vessels in the brain rather than
beyond the BBB. However, this is mainly based on
assumptions and it could very well be that the active
metabolite is within the brain. This would be a considerable
drawback of this tracer. Future studies will be carried out to
identify this metabolite, its biochemical behavior and its
possibility to enter the brain to prove usefulness as a human
PET 5-HT2A tracer.

Moreover, protein binding and distribution of [18F]MH.MZ
in rat blood were determined. After intravenous injection of
[18F]MH.MZ into the study subjects (n=4), free tracer is
rapidly metabolized as previously reported [21]. The plasma-
to-blood ratio of radioactivity was determined to be ∼0.65
after 5–10 min and changed over 60 min to a value of∼0.85.
This is exactly the time frame used for PET imaging of
Fig. 4. Distribution of radioactivity derived from
[18F]MH.MZ in this manuscript. Approximately 40% of
[18F]MH.MZ was bound to rat plasma proteins after 60 min,
whereas only ∼25% was bound after 10 min. The radio-
activity bound to blood cells decreases over 60 min from
about 30% to 25%. Fig. 4 summarizes the radioactivity
distribution in rat blood cells during a 60 min time frame.

First μPET experiments (n=4) were performed with a
Siemens MicroPET Focus 120 camera in male 8-week
mature catheterized Sprague–Dawley rats. Rats were
anesthetized with isoflurane. The binding of [18F]MH.MZ
is displayed in transversal (A), in sagittal (B) and in coronal
orientation (C) in Fig. 5. Images are displayed in false color
coding with white representing maximum and black
representing minimum binding.

Images displayed in Fig. 5 represent summed images of a
period of the last 20 min of the scan time. Highest specific
uptake is visible in the frontal cortex. High nonspecific
uptake was detected in the Harderian glands and in the
salivary and thyroid glands. Binding of [18F]MH.MZ in the
cerebellum is at background level. Thus, images represent a
visualization of the system in equilibrium binding.

This in vivo distribution is in very good agreement with
the distribution recently shown in the autoradiographic
images (Fig. 6) [21].

Fig. 7 shows a representative TAC of a total binding
study of [18F]MH.MZ which included four animals.
Results are given as SUV.

Equilibrium appears to be reached between 28 to 35 min
post injection. The fact that the equilibrium state seems to be
reached earlier than observed by Lundkvist et al. [25] is not
too surprising given the faster metabolism of rodents as
[18F]MH.MZ in rat blood components.



Fig. 5. μPET images of [18F]MH.MZ with (A) transversal, (B) sagittal and
(C) coronal orientation.

Fig. 7. TAC of μPET experiments with [18F]MH.MZ in SD rats. The graphs
show results of a total binding study.
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compared to primates. Once equilibrium binding is reached,
the specific binding remains very constant and might
therefore even enable scans up to 2 h.
Fig. 6. Images of an autoradiography of [18F]MH.MZ binding at 14-μm-thick rat
lateral 0.9 mm and (B) coronal 5.8 mm from bregma. Major binding was detected i
regions of the brain stem, the motor trigeminal nucleus (MoT), the facial nucleus
Uptake of [18F]MH.MZ in near equilibrium state
(tN2000 s) is more than 50% higher in cortical regions than
in the cerebellum. The cortex-to-cerebellum ratio was
determined to be 2.7 after∼40 min (n=4), which surprisingly
resembles the primate ratios published by Lundkvist et al.
[25] measured by [11C]MDL 100907. This is much likely
due to the decreased affinity of MH.MZ compared to MDL
100907. The BP was 1.45 (n=4) for the frontal cortex region
using a four-parameter reference tissue model and the
PMOD software. Cerebellum uptake is employed instead
of a plasma input curve.
4. Conclusion

In conclusion, [18F]MH.MZ appears to be a suitable new
PET tracer for molecular imaging of the 5-HT2A receptor
brain sections. (A and B) Total binding at a concentration of 5 nM with (A)
n lamina V (V) of the frontal cortex, in caudate–putamen (CPu) and in three
(fn) and the pontine nuclei (pn).
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system. It offers high affinity (Ki=3 nM) for the 5-HT2A

receptor and has any appreciable affinity for most of the
tested receptors and transporters (Table 1) thus representing
excellent specificity. However, the affinity is 15 times lower
than that of its parent MDL 100907. For rats, ex vivo
biodistribution study as well as μPET data showed highest
brain uptake at ∼5 min p.i. Equilibrium is reached at ∼30
min post injection and stays on almost the same level for a
relatively long time of about 1 h.

Nonmetabolized [18F]MH.MZ is present in rat brain
samples in contrast to rat plasma after 60 min, indicating
that [18F]MH.MZ is able to cross the BBB whereas
metabolites were probably not accumulating in the brain.
However, this has to be checked in more detail. For
example, the metabolite and its biochemical behavior should
be identified, especially if the metabolite is able to cross the
BBB. The characteristics observed for [18F]MH.MZ meet
the requirements for molecular imaging and quantitative
data interpretation and might be evidently an improve-
ment compared to [18F]altanserin and be particularly
relevant as [18F]altanserin undergoes rapid and extensive
metabolism forming 18F-containing metabolites that cross
the BBB. Results from small animal PET measurements of
[18F]MH.MZ are in no way inferior to data obtained with
[11C]MDL 100907. High uptake can be seen in the same
brain regions. The BP of [18F]MH.MZ for uptake in the rat
frontal cortex is defined to be 1.45, whereas the cortex-to-
cerebellum ratio was determined to be 2.7 at equilibrium
(n=4). Nevertheless, the usefulness of [18F]MH.MZ has to
be tested in the primate brain because ratios may decrease
by going from rat to primate brains.

All together, new auspicious results concerning the
biological behavior of [18F]MH.MZ by both in vivo and ex
vivo experiments are reported. Compared to known tracers,
the data hint on a considerably improved 5-HT2A imaging
ligand at least in rats. Whether [18F]MH.MZ is an
improvement to the already used 5-HT2A tracers in primates
is dependent on the possibility of the metabolite to enter the
brain. A toxicology study is planned, and provided that it
will result in a nontoxicity of the tracer, first human PET
studies in healthy volunteers would be possible. Moreover,
the polar metabolite will be determined and investigated in
more detail.
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