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Abstract

Pre-clinical studies were carried out in order to characterize in rodents the biodistribution, the binding specificity and the metabolism of
[18F]Fluoroethylflumazenil ([18F]FEF), a potential candidate for in vivo imaging of the benzodiazepine receptors. In vivo competition with
flumazenil indicates that [18F]FEF binds specifically to the benzodiazepine receptor in the brain. The accumulation of [18F]FEF was
significantly lower than using [3H]Flumazenil. The rather low accumulation in the brain is due to a rapid metabolism of [18F]FEF in
hydrophylic metabolites which cannot cross the blood brain barrier, and are rapidly eliminated in the urine. Inhibition of the metabolism
by acetaminophen (chemically induced hepatitis) led to a significant increase of the radioactivity found in the circulating blood and in the
brain, while these results were not observed using classical inhibitors of the cytochrome CYP450, cimetidine and ketoconazole. © 2001
Elsevier Science Inc. All rights reserved.
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1. Introduction

Flumazenil (Ro-1722, Anexate®) is a well known in-
verse agonist of the benzodiazepine receptor, and can be
labeled with 11C, a positron emitting radionucleide. It has
been widely used for mapping the central benzodiazepine
receptor, in vivo, using Positron emission tomography
(PET) [7,8,10,14,17–19]. Nevertheless, due to its binding
kinetics, mathematical modeling is required to obtain rele-
vant quantitative parameters such as Bmax or affinity con-
stant. These models usually require arterial blood sampling
and determination of the unmetabolised fraction of the ra-
diotracer, which is hardly convenient in routine experiment
[3,4,9].

The synthesis of [18F]Fluoroethylflumazenil (or 5-[2�-
18F] fluoroethylflumazenil; (ethyl-8-fluoro-5,6-dihydro-5-
[2�-(18F)fluoroethyl]-6-oxo-4H-imidazo[1,5a] benzodiaz-
epine-3-carboxylate)), a Flumazenil analogue labeled with

18F, was proposed earlier by Moerlein. It has the advantages
of a longer half life, of a good affinity for the benzodiaz-
epine receptor (Ki � 11.6 nM), and was a potential candi-
date for in vivo imaging [15,16].

However, little was known about its biodistribution in
vivo, its rate of biotransformation, and the fate of the me-
tabolites [2,12,13]. These parameters must be known in
order to be able to develop adequate modeling tools, and to
validate the [18F]FEF as a radiotracer that allows accurate
quantification of the benzodiazepine receptors. We recently
investigated the metabolism of [18F]FEF in vitro, and iso-
lated the main metabolites [11].

The aim of the present study is to investigate the biodis-
tribution of [18F]Fluoroethylflumazenil in rodents, to check
the specificity of the radiotracer binding in the brain, and to
evaluate its metabolism in various compartments (blood,
brain, urine). We first studied the kinetics profile for the
organ distribution in rat and in mice, and compared it to the
biodistribution of [3H] Flumazenil as standard. The speci-
ficity of binding in the brain was evaluated by a displace-
ment experiment using cold Flumazenil. Various metabo-
lism inhibitors were also used to assess the influence of the
metabolism on the uptake of the radiotracer in the brain.
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Finally, the fate of the radiotracer in the blood, brain and
urine was monitored using HPLC.

2. Materials and methods

2.1. Preparation of [18F]fluoroethylflumazenil

[18F]FEF was synthesized according to a previously pub-
lished scheme [15]. Briefly, desmethylflumazenil (Hoffman
LaRoche, Basel, Switzerland), and [18F]fluorotosylethane
were reacted in anhydrous acetonitrile, using Kryptofix
2.2.2/CO3

2� to give [18F]FEF. [18F]fluorotosylethane was
synthetized from ditosylethane and 18F�, obtained from the
IBA Cyclone 30 cyclotron (Center de Recherche du Cyclo-
tron, Université catholique de Louvain, Louvain-la-Neuve,
Belgium). [18F]FEF was purified by semi preparative HPLC
on a Silica column, using dichloromethane-methanol (98.5:
1.5 v/v) as eluent. The radiochemical and chemical purity
were higher than 99%, and determined by reverse-phase
HPLC on a C18 Alltima column (Alltech, Laarne, Belgium)
with a UV and radioactive detection. The specific activity
was higher than 37 GBq per micromole.

Solution for injection was prepared as follows: [18F]FEF
was dissolved in ethanol and briefly sonicated, diluted with
sterile and non pyrogenic 4% human serum albumin (Croix-
Rouge, Brussels, Belgium), and filtered aseptically on a
0.22 �m filter (Millex-GV, Millipore, Molsheim, France).

2.2. Biodistribution studies

All animal experiments were performed in compliance
with the local ethics committee.

Male wistar rats (Animalerie facultaire, Université
catholique de Louvain, Brussels, Belgium) weighing 250–
300 g were anesthetized with ketamine/xylazine (80 mg/kg
� 8 mg/kg IP) and injected with 3700–5550 kBq of
[18F]FEF in the femoral vein. Animals were sacrificed by
decapitation at various time points. Blood and various or-
gans (kidneys, spleen, liver, heart, lungs, muscle, brain)
were rapidly removed, and weighted samples of each organ
were counted on a Wallac NaI well counter (Wallac 1480
Wizard 3, Wallac Oy, Turku, Finland). Standard solutions
of [18F]FEF were counted in the same conditions. Data were
corrected for dead time (less than 10%) and for physical
decay. Results are expressed as percent of the injected dose
per gram of wet tissue (%ID/g), and are the mean of five
animals per time point.

A biodistribution study in male NMRI mice (Animalerie
facultaire, Université catholique de Louvain, Brussels, Bel-
gium) weighing 25–35 g was similarly carried out except
that [18F]FEF was injected in the tail vein, without anesthe-
sia.

A control study was conducted in male NMRI mice,
using 3H-Flumazenil (N-methyl-3H Ro15–1788, specific ac-
tivity 2619 GBq/mol, Dupont NEN, Boston, MA, USA) as

standard. A dose of [3H]FMZ ranging from 110 kBq to 260
kBq was injected in the tail vein without anesthesia, and the
animals were killed by cervical dislocation at various time
points. Blood and other organs were quickly removed and
treated as follows. For beta counting: three samples of each
organ were weighted and dissolved in 1 ML Soluene (Solu-
ene 350, Packard Instruments, Meriden, CT, USA) at 50°C
for 4 h. When necessary, the solution were discolored with
water peroxide (Merck). Ten ML of liquid scintillation
cocktail were added (HionicFluor, Packard, Meriden, CT,
USA) and the samples were allowed to stand for 12h before
counting in a Wallac beta counter (Wallac 1180, Wallac Oy,
Turku, Finland). Counting efficiency for 3H was at least
higher than 20%. The result for each organ is the mean of
the three measurements, and expressed as %ID/g.

The binding specificity of the radiotracer in the brain was
evaluated by displacement of the bound [18F]FEF with a
saturating dose of a cold ligand, Flumazenil, in mice. After
injection of [18F]FEF or [3H]FMZ for control, cold fluma-
zenil was injected at an other point in the tail vein (0.1
mg/kg). Animals were killed after 5 minutes, and the organs
treated as described above.

2.3. Metabolism studies

The metabolism of [18F]FEF was investigated in NMRI
mice, using reverse phase HPLC or TLC, to separate and
quantify intact [18F]FEF from its metabolites, as previously
described [11]. Briefly, after IV injection of the radiotracer,
mice were killed and blood was collected, centrifugated and
the plasma deproteinised with acetonitrile. After centrifuga-
tion, the supernatant was evaporated, reconstituted with
acetonitrile-water and analyzed by HPLC. The brain was
homogenized in a phosphate buffer (150 mM, pH � 7.4)
using a Potter-Eveljhem. This homogenate was extracted
twice with a mixture of dichloromethane-ethylacetate
(90:10 v/v), and the organic layer evaporated to dryness.
The recovery of the radioactivity in the organic layer was
higher than 97%. The residue was then reconstituted with a
mixture of water and acetonitrile, and analyzed by HPLC as
described earlier.

Table 1
Biodistribution of [18F] FEF in rats

Organ Time (min)

5 13 20 30

Blood 1.15 � 0.14 0.69 � 0.04 0.17 � 0.03 0.09 � 0.01
Kidneys 9.08 � 2.73 2.64 � 0.14 2.29 � 0.22 1.67 � 0.18
Spleen 0.57 � 0.07 0.53 � 0.05 0.23 � 0.03 0.09 � 0.01
Liver 7.85 � 0.66 4.22 � 1.68 1.83 � 0.54 1.43 � 0.41
Heart 0.77 � 0.12 0.57 � 0.03 0.3 � 0.04 0.12 � 0.01
Lungs 1.03 � 0.25 0.67 � 0.05 0.17 � 0.03 0.08 � 0.01
Brain 0.84 � 0.05 0.49 � 0.03 0.20 � 0.05 0.04 � 0.01
Muscle 0.70 � 0.17 0.58 � 0.05 0.15 � 0.02 0.06 � 0.01

Results are mean of 5 animals � S.E. unit is % injected dose/g of tissue.

810 P. Levêque et al. / Nuclear Medicine and Biology 28 (2001) 809–814



2.4. Biodistribution—metabolism inhibition studies

The influence of the metabolism level, and the role of the
liver on the biodistribution was investigated through inhibition
studies using various inhibitors. In the first two series, male
NMRI mice were pretreated by IP administration of cimetidine
100 mg/kg (Sigma, Bornem, Belgium) [5,20], or ketoconazole
100 mg/kg (Sigma, Bornem, Belgium) [6,21] one hour before
injection of [18F]FEF. Mice were killed by cervical dislocation
five minutes after injection of the radiotracer, the organs re-
moved and counted as described above.

In the third series, a hepatitis was induced with acetamin-
ophen. Acetaminophen was dissolved in PEG 300, diluted
with saline (PEG final concentration 40%) and injected IP
(300 mg/kg) 24 hours before the biodistribution experiment
[1,20]. Five minutes after administration of the radiotracer,
animals were killed, the organs removed and counted as
described above. The liver damages were noted visually.

3. Results

3.1. Biodistribution in rat and mice

The biodistribution of [18F]FEF in rat shows that
[18F]FEF is rapidly distributed in the body, and also rapidly
eliminated. As there is a continuous wash-out of the tracer
from the tissues, no equilibrium state is reached. The accu-
mulation of [18F]FEF in the brain is rather low if compared
to non specific binding organs such as the muscle or the
spleen (Table 1).

The general profile of the biodistribution in mice shows
the same characteristics than in rat: a rapid distribution with
a rapid wash-out from the tissues (Table 2). As in rats,
accumulation of [18F]FEF in the brain is low in comparison
with other organs (muscles, lung etc.).

It can be assumed that the anesthetics (ketamine/xyla-
zine) do not interfere in the biodistribution process, since
the [18F]FEF uptake in the brain of non anesthetized mice
was comparable to the brain accumulation of the tracer in
anesthetized rats.

3.2. Specificity of the binding

Although the accumulation of [18F]FEF in the rodents
brain was surprisingly low, the competition studies of the
tracer uptake with cold Flumazenil indicate that the binding
is specific to the benzodiazepine receptor (Fig. 1).

Table 2
Biodistribution of [18F] FEF in mice

Organ Time (min)

5 13 20 30

Blood 0.95 � 0.12 0.32 � 0.10 0.44 � 0.25 0.13 � 0.06
Kidneys 4.34 � 0.54 1.77 � 0.63 0.82 � 0.17 0.57 � 0.22
Spleen 0.48 � 0.06 0.47 � 0.25 0.11 � 0.03 0.07 � 0.04
Liver 9.11 � 0.93 4.29 � 0.53 1.85 � 0.32 0.72 � 0.24
Heart 0.57 � 0.07 0.28 � 0.05 0.10 � 0.01 0.08 � 0.03
Lungs 0.94 � 0.10 0.24 � 0.03 0.08 � 0.01 0.05 � 0.01
Brain 0.60 � 0.10 0.24 � 0.03 0.08 � 0.01 0.05 � 0.01
Muscle 0.55 � 0.11 0.38 � 0.15 0.10 � 0.01 0.11 � 0.07

Results are mean of 5 animals � S.E. unit is % injected dose/g of tissue.

Fig. 1. Accumulation of [18F] FEF in the brain in controls animals (white box) or in animals which received a second injection of cold Flumazenil (black
box). The results are expressed as mean � S.E. On the left: experiment carried out in rats; on the right: experiment carried out in the mice. **p � 0.01 (Student
t-test).
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3.3. Comparison in the biodistribution of [18F]FEF and
[3H]FMZ

The biodistribution of [18F]FEF contrasts markedly with
the behavior of [3H]FMZ which was chosen as reference
compound. The distribution of [3H]FMZ and [18F]FEF was
comparable in various organs (Fig. 2), which are nonspe-
cific binding organ, but we observed a significant difference
in the brain. In that organ, the accumulation of [3H]FMZ
was more than three times higher than for [18F]FEF. It must
be mentioned that the blood level for [3H]FMZ is higher
than for [18F]FEF.

3.4. Metabolism pattern in mice

Analyses of blood and urine samples in mice showed a
rapid and important in vivo biotransformation. A typical
radiochromatogram of serum analysis (Fig. 3) shows two,
sometimes three radiolabeled metabolites. These accounts

for up to 60% of the total radioactivity recovered by HPLC.
These hydrophilic metabolites are rapidly eliminated
through urine, and no intact [18F]FEF was found in urine
(data not shown). According to our previous study using
HPLC-MS-MS, these metabolites correspond to compounds
for which the ester lateral chain is hydroxylated, and the
diazo ring N-alkyl chain is also modified. Analyses of brain
homogenates showed that only the intact [18F]FEF was
present in the CNS (Fig. 3). Metabolites clearly do not cross
the blood brain barrier.

3.5. Influence of metabolism inhibition on the
biodistribution

In order to assess the influence of the metabolism on the
biodistribution pattern, we used different treatments aimed
at inhibiting CYP450 dependent metabolism, using cimeti-
dine and ketoconazole, or at decreasing the number of
hepatocytes (chemical hepatitis induced by acetaminophen).

Fig. 2. Biodistribution of [3H] FMZ (black box) and [18F] FEF (white box) in mice, radioactivity found in the organ five minutes after injection.

Fig. 3. Left: typical radiochromatogram of plasma in mice 3 minutes post injection. Right: typical radiochromatogram of brain homogenate in mice 3 minutes
post injection. The peaks with Rt of approximately 20 minutes correspond to intact [18F]FEF.
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The modification of the accumulation of [18F]FEF in critical
organs is shown in Table 3.

Pre-treatment of mice by ketoconazole led to a signifi-
cant decrease of the radioactivity found in the liver
(ANOVA one way analysis/Bonferroni corrected T-test for
multiple comparison, p � 0.0083). However, no significant
change was found in the blood and in the brain. Cimetidine
had no statistically significant effect. Interestingly, hepatitis
due to acetaminophen led to more dramatic changes in the
distribution of the radioactivity among the different organs:
a significant increase of the [18F]FEF was found in the blood
as well as in the brain (ANOVA analysis, p � 0.01).

4. Discussion

Overall, the present study carried out in rodents clearly
demonstrates that the [18F]FEF binds specifically to the
benzodiazepine receptors of the brain, as it is selectively
inhibited by cold Flumazenil (Fig. 1). We also found that
[18F]FEF is rapidly metabolized in more hydrophilic labeled
compounds, which are eliminated in the urine (Fig. 3).
These metabolites do not cross the blood brain barrier as
they were not found in the brain (Fig. 3). Therefore, the
radioactivity found in the brain is only due to the intact
[18F]FEF. This intense metabolism (less than 40% of
[18F]FEF remaining intact three minutes after injection) is
responsible for a lower accumulation in the brain compared
to Flumazenil (Fig. 2). Interestingly, the metabolism can be
significantly inhibited by an hepatitis model, with a conse-
quent increase of the intact compound in the circulating
blood as well as in the brain (Table 3).

That pattern was not observed after pre-treatment of
mice by two CYP-450 inhibitors, cimetidine and ketocon-
azole. According to these results, we can assume that the
liver plays an important role in the metabolism of [18F] FEF,
but is not significantly dependent on the CYP450 isoforms
inhibited by cimetidine and ketoconazole. In our previous
study describing the metabolites of FEF, we found that one
major metabolite was a hydroxylated form of FEF with the
hydroxyl group on the lateral chain. As this type of metab-
olite is not classically found in the class of benzodiazepine,

it is possible that the metabolism leading to this compound
is not depending on the cytochrom CYP450 isoforms inhib-
ited by cimetidine and ketoconazole. Further studies need to
be carried out to determine the specific enzymes responsible
of the metabolism of [18F] FEF.

In a previous work, we showed that Fluoroethylfluma-
zenil metabolism is more extensive in rat microsomes than
in human microsomes [11]. As the metabolism is depending
on the species, it is possible that the degradation of [18F]
FEF could be less rapid and less extensive in humans. First
studies on human volunteers with competition studies will
definitively assess the usefulness of this tracer to quantify
benzodiazepine receptors in humans.
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