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18F-FCWAY (18F-trans-4-fluoro-N-(2-[4-(2-methoxyphenyl) pipera-
zin-1-yl)ethyl]-N-(2-pyridyl)cyclohexanecarboxamide) is useful in
clinical research with PET for measuring serotonin 1A (5-HT1A) re-
ceptor densities in brain regions of human subjects but has signifi-
cant bone uptake of radioactivity due to defluorination. The uptake
of radioactivity in skull compromises theaccuracyofmeasurements
of 5-HT1A receptor densities in adjacent areas of brain because of
spillover of radioactivity through the partial-volume effect. Our aim
was to demonstrate with a rat model that defluorination of
18F-FCWAY may be inhibited in vivo to improve its applicability to
measuring brain regional 5-HT1A receptor densities. Methods:
PETof rat headafter administrationof 18F-FCWAYwasused to con-
firm that the distribution of radioactivity measured in brain is domi-
nated by binding to 5-HT1A receptors and to reveal the extent of
defluorination of 18F-FCWAY in vivo as represented by radioactivity
(18F-fluoride ion)uptake inskull.Cimetidine,diclofenac,andmicona-
zole, known inhibitors of CYP450 2EI, were tested for the ability to
inhibit defluorination of 18F-FCWAY in rat liver microsomes in vitro.
The effects ofmiconazole treatment of rats on skull radioactivity up-
take and, in turn, its spillover on brain 5-HT1A receptor imagingwere
assessed by PET with venous blood analysis. Results: PET con-
firmed the potential of 18F-FCWAY to act as a radioligand for
5-HT1A receptors in rat brain andalso revealed extensive defluorina-
tion. In rat liver microsomes in vitro, defluorination of 18F-FCWAY
wasalmost completely inhibitedbymiconazoleand, toa lessextent,
bydiclofenac. InPETexperiments, treatmentof ratswithmiconazole
nitrate (60 mg/kg intravenously) over the 45-min period before ad-
ministration of 18F-FCWAY almost obliterated defluorination and
boneuptakeof radioactivity.Also,brain radioactivityalmostdoubled
while the ratio of radioactivity in receptor-rich ventral hippocampus
to that in receptor-poor cerebellum almost tripled to 14. The plasma
half-life of radioligand was also extended by miconazole treatment.
Conclusion: Miconazole treatment, by eliminating defluorination of
18F-FCWAY, results in effective imaging of brain 5-HT1A receptors
in rat. 18F-FCWAY PET in miconazole-treated rats can serve as an

effective platform for investigating 5-HT1A receptors in rodent
models of neuropsychiatric conditions or drug action.
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PET is a noninvasive imaging technique that is useful
for displaying and quantitatively measuring biological
parameters in living subjects (1–3). For such purposes
PET makes use of biologically relevant compounds labeled
with positron-emitting nuclides (i.e., radiotracers/radioli-
gands) (1,4–6). PET now plays an important role in the
investigation of neuropsychiatric disorders because, when
coupled with suitably effective radioligands (5), it allows
measurement of the density of important biological markers
(e.g., enzymes, receptors, and transporters) (7,8). Moreover,
PET may be used to determine the occupancy of such
targets by established therapeutics or developmental drugs
(8–10). The sensitivity and accuracy of PET measurements
of the binding potential of neuroreceptors in brain may be
adversely affected by metabolism of the used radioligand,
especially if the radioactive metabolites enter brain or appear
in regions close to brain regions subject to measurement.
In some cases, 18F-labeled PET ligands undergo rapid defluo-
rination in vivo to 18F-fluoride ion which is then taken up into
bone, including skull. This is the case in human subjects for
18F-FCWAY (18F-trans-4-fluoro-N-(2-[4-(2-methoxyphenyl)
piperazin-1-yl)ethyl]-N-(2-pyridyl)cyclohexanecarboxamide,
1) (11), a valuable radioligand for measuring 5-HT1A recep-
tors in human brain with PET. This radioligand has already
been applied in clinical research on, for example, panic
disorders (12) and epilepsy (13). However, skull uptake of
radioactivity is significant and may represent twice the
whole brain average at 60 min after radioligand injection (14).
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In clinical research with PET, it is sometimes desirable to
measure serotonin 1A (5-HT1A) receptor densities close to
the skull, besides structures deeper in the brain. The accu-
mulation of radioactivity in skull exacerbates these measure-
ments through a partial-volume effect in which radioactivity
in skull is detected as radioactivity in brain and vice versa
and also through the greater difficulty of physically defin-
ing regions of interest (ROIs) for biomathematic analysis.
The partial-volume effect arises from the limited resolution
of PET cameras (at best, a few millimeters) and the uncer-
tainty of the locations of positron annihilation events in
relation to the corresponding locations of positron emission
(also of the order of millimeters separation in tissue).
The definition of ROIs may be assisted by coregistration
with MRI scans of the head. Hence, a means to block the
defluorination of 18F-FCWAY in vivo should avoid the
undesirable effects of skull radioactivity when making
5-HT1A receptor measurements in the ROIs close to skull
and would further increase the value of this radioligand for
biological and clinical research.
Defluorination of certain aliphatic compounds is known

to be a phase I reaction occurring primarily through the ac-
tion of cytochrome P450 2E1 (CYP2E1) isozyme in liver
microsomes (15,16 ). We postulated that this isozyme, or
related enzymes, might be responsible for the defluorina-
tion of 18F-FCWAY and that known CYP2E1 inhibitors
might usefully suppress the defluorination of 18F-FCWAY
in vivo and thereby reduce the impact of the partial-volume
effect (spillover).
The aims of this study were to (i) assess the efficacy of

18F-FCWAY with PET for imaging 5-HT1A receptors in
rat brain, (ii) measure the degree of defluorination of
18F-FCWAY and the skull uptake of 18F-fluoride ion in
rat in vivo, (iii) inhibit defluorination of 18F-FCWAY in rat
in vivo, and (iv) assess the effect of inhibition of defluori-
nation of 18F-FCWAY on PET image quality.

MATERIALS AND METHODS

Chemicals, including cimetidine, diclofenac, and miconazole
nitrate, and high-performance liquid chromatography (HPLC)–
grade solvents were purchased from Sigma Aldrich Chemical Co..
Rat liver microsomes were obtained from Invitrogen and stored
at 70�C before use. 18F-Fluoride ion was produced with the
cyclotron-induced 18O(p,n)18F reaction on 18O-enriched water and
dissolved in sodium phosphate buffer (0.1 mol/L; pH 7.4). 18F-
FCWAY was prepared from cyclotron-produced 18F-fluoride ion,
as reported (11). The average radiochemical purity and specific

radioactivity of 18F-FCWAY at the end of radiosynthesis were
99.5% and 48.1 GBq/mmol (range, 40.6–55.3 GBq/mmol), re-
spectively. Radioactivity was measured in a calibrated ionization
chamber (Capintec Inc.) or an automatic well-type g-counter
(Wallac Wizard 3$; Perkin Elmer). All radioactive samples
counted in the g-counter were controlled by allowing decay to
levels that neither cause count loss due to dead time nor counting
errors exceeding 1.0% at 2 SD. Each radiotracer (18F-fluoride ion
or 18F-FCWAY) was used within 20 min of its radiosynthesis. In
vitro incubations were performed in borosilicate test tubes (VWR
International) at 37�C. Thin-layer chromatography (TLC) was
performed on silica gel layers (SIL G, UV/254; Alltech Associates
Inc.). Samples (,1.8–3.7 MBq) were spotted on the layers and
dried at room temperature (RT). Layers were then developed to a
height of at least 10 cm with methanol/chloroform/glacial acetic
acid (1:1:0.5 v/v/v) and then read with a radio-TLC scanner
(model AR-2000; Bioscan). The separation of 18F-fluoride ion
(Rf 5 0) from radiometabolites (Rf 5 0.6–0.8) and 18F-FCWAY
(Rf 5 0.85) was confirmed by comigration with added authentic
18F-fluoride ion and 18F-FCWAY.

Investigation of Defluorination of 18F-FCWAY In Vitro
Stock solutions of magnesium chloride (0.1 mol/L) and

b-nicotinamide adenine dinucleotide phosphate (reduced NADPH;
8 mmol/L) and a stock suspension of rat liver microsomes (20
mg/mL) were each prepared in buffer (sodium phosphate, 0.1 mol/L;
pH 7.4). 18F-FCWAY (3.7 MBq) in buffer (10 mL) was mixed with
(i) buffer (490 mL), (ii) rat whole blood (490 mL), (iii) rat liver
microsomal suspension (25 mL) plus magnesium chloride solution
(25 mL) in buffer (440 mL), or (iv) rat liver microsomal suspension
(25 mL), magnesium chloride solution (25 mL), plus NADPH
solution (62 mL) in buffer (378 mL). The mixtures were incubated
separately at 37�C for 30 min. An aliquot (50 mL) was then
removed and mixed with an equal volume of ice-cold acetoni-
trile and centrifuged. The supernatant liquid was analyzed with
radio-TLC.

Effect of Alcohol on Liver Microsomal Enzyme Activity
The experiment described above with rat liver microsomes in

the presence of NADPH was repeated with ethanol in the incu-
bation mixture at final concentrations of 0.05%, 0.5%, 1.0%, or
5.0% (v/v).

Effect of CYP2E1 Inhibitors on Defluorination of
18F-FCWAY in Rat Liver Microsomes

Stock solutions of magnesium chloride and NADPH and a sus-
pension of rat liver microsomes in buffer were prepared as described
above. Stock solutions of cimetidine (1 mmol/L), diclofenac so-
dium (10 mmol/L), and miconazole nitrate (0.3 mmol/L) were
each prepared in aqueous ethanol (10% v/v). 18F-FCWAY (3.7
MBq) in buffer (10 mL) was mixed with rat liver microsomal
suspension (25 mL) and magnesium chloride solution (25 mL) in
buffer (378 mL) in 3 separate test tubes. Stock solution of a
different inhibitor (25 mL) was added to each tube and reactions
were initiated by adding NADPH solution (62 mL) to each tube.
Mixtures were incubated at 37�C for 30 min. An aliquot of each
mixture (50 mL) was then removed and mixed with an equal
volume of ice-cold acetonitrile and centrifuged. The supernatant
liquid was analyzed with radio-TLC. A control experiment was
performed without inhibitor.
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Animal Preparation for PET
All animal procedures were performed in strict accordance with

the National Institutes of Health (NIH) Guide for Care and Use of
Laboratory Animals and approved by the National Institute of
Mental Health (NIMH) Animal Care and Use Committee. Male
Sprague–Dawley rats (250–350 g) were used for PET in vivo. The
rats were housed in pairs and allowed food and water ad libitum.
For in vivo experiments, each rat was anesthetized with 1.5%
isoflurane in oxygen and kept in prone position on the scanner bed
with head centered in the gantry of the PET camera. For PET
experiments without blood sampling, inhibitor and radioligand
were administered to the anesthetized rat via a single catheter in
the penile vein. For PET experiments with blood sampling,
inhibitor and radioligand were given via a single catheter in the
tail vein and blood was sampled via a catheter from the penile
vein. The catheters (30- to 35-cm polyethylene; PE 10; dead
space, 0.05–0.07 mL; Intramedic; Clay Adams) were secured with
tissue adhesive (3M Vetbond; 3MAnimal Care Products). Through-
out the scanning procedure, body temperature in the anesthetized rat
was monitored by a rectal temperature probe and maintained
between 36.5�C and 37.5�C by a heating lamp and heating pad.

PET
Paired rats were used in control and all other experimental

treatments. Imaging was performed with the NIH Advanced Tech-
nology Laboratory Animal Scanner (ATLAS) (17 ) with an effec-
tive transaxial field of view of 6.4 cm and an axial field of view of
2.0 cm. The reconstructed voxel size was 0.56 · 0.56 · 1.11 mm.
Coronal section images were created for subsequent data analysis.
PET images were reconstructed by a 3-dimensional ordered-subset
expectation maximization (OSEM) algorithm (3 iterations and 16
subsets), achieving 1.6-mm full width at half maximum resolution
at the center (18,19). Image data were not corrected for attenu-
ation or scatter. Tomographic images were analyzed with PMOD
2.5 (pixelwise modeling computer software; PMOD Group). After
identification of the various rat brain structures on PET images
with MRI coregistration, ROIs associated with frontal cortex,
frontal hippocampus, ventral hippocampus, and cerebellum were
drawn on all rat brain coronal images, guided by stereotactic
coordinates (20). The decay-corrected time–activity curves were
presented in units of percentage of the standardized uptake value
(SUV), calculated as (% injected dose/cm3) · body weight (g) to
normalize for the differences in rat weight and administered dose
and to allow comparison of inter-rat and inter-organ data. All
percentage SUV values in the text are the mean of measurements
in 2 rats. Cerebellar radioactivity concentrations were subtracted
from those in each of the reported brain regions to give regional
specific binding concentrations in percentage SUV.

Brain and Skull Radioactivity Uptake Measured with
PET: Comparison with Ex Vivo Measurement

Rats were injected intravenously with either 18F-FCWAY
(33.3–48.1 MBq) or 18F-fluoride ion (37–44.4 MBq) in sodium
phosphate buffer (0.1 mol/L; pH 7.4) via the penile vein. For each
rat, the dynamic emission scan was recorded for 90 min and the
rat was euthanized under anesthesia with an intravenous injection
of 2 mEq of potassium chloride (American Pharmaceutical Part-
ners, Inc.) in a 1-mL volume. The brain and upper section of skull
were dissected and weighed, and the radioactivity contents were
measured in a g-counter. Ex vivo brain and upper skull radioac-

tivities were compared with the in vivo radioactivities measured
on PET images at 90 min.

Inhibition of 18F-FCWAY Metabolism In Vivo Measured
with PET: Comparison with Ex Vivo Measurement

Isotonic aqueous miconazole nitrate for intravenous infusion
was prepared in a vehicle composed of Captisol (sulfobutyl ether
b-cyclodextrin (sodium); 75 mmol/L; Cydex Inc) and lactic acid
(50 mmol/L), as described previously (21). Pairs of rats were
pretreated with miconazole nitrate (15, 30, or 60 mg/kg intrave-
nously) via the penile vein at an infusion rate of 22 mL/min for
45 min. 18F-FCWAY (33.3–48.1 MBq) was promptly injected over
15 s via the penile vein and dynamic PET emission scans were
recorded for 90 min. Control rats were injected with 18F-FCWAY
alone with no other treatment. Any effect of the vehicle (Captisol)
on imaging with 18F-FCWAY was determined in a pair of rats by
administering 18F-FCWAY and the vehicle at the same concentra-
tion as in other experiments where the effect of miconazole nitrate
was studied. At the end of each scan, the rats were euthanized
under anesthesia by intravenous injection of potassium chloride
(2 mEq; 1 mL). The brain and upper section of skull were
dissected, removed, and weighed, and the radioactivity contents
were measured and compared with the radioactivities on PET
images, as described.

Determination of Radioactive Metabolites of 18F-FCWAY
in Rat Plasma by HPLC

18F-FCWAY (37–44.4 MBq) was injected into the rat via the
tail vein. Blood samples (250 mL) were collected via the penile
vein into heparinized tubes at different times (3, 7, 10, 15, 20, 30,
40, 60, 80, and 90 min) after radioligand injection and centrifuged
at 1,800g for 1.5 min at RT to separate plasma. Each plasma
sample (50–100 mL) was then transferred to a test tube containing
acetonitrile (700 mL) and mixed well. Water (100 mL) was added
with thorough mixing. Each tube was counted in the g-counter for
total plasma radioactivity and centrifuged at 9,400g for 2 min. In
these experiments, no attempt was made to enhance the efficiency
of 18F-fluoride ion extraction by adding carrier fluoride ion pre-
ceding extractions. The supernatant liquid was injected onto the
radio-HPLC column. Each precipitate was measured in the
g-counter to allow monitoring of and correction for the percentage
recovery of radioactivity in the supernatant liquids. Radio-HPLC
was performed on a Novapak C18 column (100 · 8.0 mm; Waters
Corp.) with a radial compression module RCM-100, eluted with
methanol/water/triethylamine (80:20:0.1 v/v/v) at 1.5 mL/min.
Eluate was monitored with an in-line flow-through Na(Tl) scin-
tillation detector (Bioscan). Chromatographic data were corrected
for physical decay (18F, half-life 5 109.77 min), stored, and
analyzed by Bio-Chrom Lite software (Bioscan). All plasma
radioactivity measurements were further corrected for their radio-
composition using radio-HPLC results and then were decay
corrected to the time of dose administration. Unextracted quan-
tities of radioactivity were considered in the calculation of the
final parent radioligand concentration in plasma at each sampling
time. The experiment was repeated, with each rat pretreated by
infusion (22 mL/min) with miconazole nitrate (30 mg/kg intrave-
nously) via the tail vein for 45 min. Areas under the curve between
zero and infinity were calculated for each rat after monoexponen-
tial curve fitting of the plasma concentration of parent radioligand
(% SUV).

INHIBITION OF 18F-FCWAY DEFLUORINATION • Tipre et al. 347



RESULTS

Inhibition of 18F-FCWAY Defluorination: In Vitro
18F-Fluoride ion (Rf 5 0), radiometabolites of 18F-

FCWAY (Rf 5 0.55–0.80) and 18F-FCWAY (Rf 5 0.85)
were well resolved with radio-TLC on silica gel layers.
Defluorination of 18F-FCWAY was not observed in phos-
phate buffer (pH 7.4) or rat whole blood. Metabolism of
radioligand leading to defluorination (13% in 30 min) was
observed in rat liver microsomes only in the presence of
NADPH.
When 18F-FCWAY was incubated with rat liver micro-

somes, NADPH, and various concentrations of ethanol (0%,
0.05%, 0.50%, 1.00%, or 5.00% v/v) for 30 min, defluori-
nation of the radioligand was 13%, 13%, 13%, 9%, or 4%,
respectively. When 18F-FCWAY was incubated with rat liver
microsomes and NADPH in aqueous ethanol (#0.5% v/v)
for 30 min, defluorination in the presence of cimetidine
(50 mmol/L), diclofenac (500 mmol/L), miconazole (15
mmol/L), or control (without inhibitor) was 13%, 5%, 2%,
or 13%, respectively.

PET in Rat with 18F-FCWAY (No Treatment)

After injection of 18F-FCWAY into rat, image analysis
revealed moderately high uptake of radioactivity into whole
brain and 5-HT1A receptor-rich regions (frontal cortex, fron-
tal hippocampus, and ventral hippocampus) over the early
phase of the scan (;15 min) followed by a slow clearance
of radioactivity (Fig. 1A). In 5-HT1A receptor-poor cere-
bellum the early uptake of radioactivity was similar to that
in other regions, but radioactivity concentration rapidly
declined to a low and an apparently stable level of about
50% SUV. The PET ratios of radioactivity in frontal cortex,
frontal hippocampus, and ventral hippocampus to that in

cerebellum reached 4.6, 5.5, and 4.8 at 15 min after in-
jection, respectively, and then slowly declined (Fig. 2A).

PET images acquired between 50 and 60 min after
radioligand injection showed a brain distribution of radio-
activity that was consistent with primarily specific binding
of radioligand to 5-HT1A receptors (Fig. 3B). However,
PET images were dominated by high radioactivity in skull.
Skull radioactivity increased continuously soon after radio-
ligand injection and, according to PET, reached 630%
SUV at 90 min (Fig. 4), a value substantially higher than
recorded in brain (137% SUV). The corresponding ex vivo
measures of skull (Fig. 5A) and brain (Fig. 5B) radioac-
tivities were 500% and 41% SUV, respectively.

PET images obtained from rats that were injected with
18F-FCWAY and the vehicle Captisol reproduced those
obtained from the rat injected with 18F-FCWAY alone.

PET in Rat with 18F-Fluoride Ion

Injection of 18F-fluoride ion alone into rat for PET with
ATLAS resulted in a rapid high initial uptake of radioac-
tivity into skull, which thereafter gradually increased with
apparently parallel but lower uptakes of radioactivity in ven-
tral hippocampus and whole brain (Fig. 6). Apparent uptake
was higher in ventral hippocampus (near the skull) than that
in whole brain, as strikingly visible in the PET image of the
rat head (Fig. 3A). Ex vivo measurements of radioactivity
at 90 min after the injection of 18F-fluoride ion into the rat
showed that the SUV in brain was 5%, whereas the PET
camera recorded 60% SUV.

Inhibition of 18F-FCWAY Defluorination: In Vivo

Before intravenous administration of 18F-FCWAY, rats
were pretreated with 0, 15, 30, or 60 mg/kg miconazole
nitrate. PET indicated that the skull uptake of radioactivity

FIGURE 1. Time–activity curves in fron-
tal cortex (n), frontal hippocampus (,),
ventral hippocampus ()), cerebellum (*),
and brain (h) in rats infused intravenously
for 45 min with 0 (A), 15 (B), 30 (C), or 60
(D) mg/kg of miconazole nitrate immedi-
ately before being injected intravenously
with 18F-FCWAY (33.3–48.1 MBq). Each
panel shows data from 1 rat.
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was gradual in each experiment (Fig. 4) and at 90 min after
radioligand administration it was 630%, 300%, 180%, and
82% SUV, respectively (Fig. 5A). The corresponding ex
vivo measures were 500%, 250%, 127%, and 59% SUV
(Fig. 5A). The ratios of in vivo measurements taken by
ATLAS to those ex vivo skull radioactivities measured in
the g-counter are 1.26, 1.20, 1.35, and 1.39, respectively.
In the same experiments, for treatment with 0, 15, 30,

and 60 mg/kg miconazole nitrate, brain radioactivity at 90
min measured by PET was 137%, 75%, 68%, and 89%
SUV, whereas brain radioactivities measured ex vivo were
41%, 47%, 52%, and 74% SUV, respectively (Fig. 5B). The

ratios of in vivo to ex vivo brain radioactivities are 3.34,
1.60, 1.31, and 1.20, respectively.

Reduced spillover of radioactivity from skull to brain in
PET measurements, coupled with increasing brain uptake
of radioligand with escalating miconazole dose, were ob-
servable in acquired PET images of brain (Figs. 3B–3E)
and in the time–activity curves for brain (Figs. 1A–1D).
The corresponding PET time–activity curves for 5-HT1A

receptor regions (frontal cortex, frontal hippocampus, and
ventral hippocampus) also showed increased uptake of ra-
dioactivity as miconazole dose was increased, with maxi-
mal radioactivity uptake also delayed to later times after
injection (Figs. 1A–1D). For the PET experiment in which
the highest dose of miconazole was given, the maximal ra-
tios of radioactivity in frontal cortex, frontal hippocampus,

FIGURE 2. Ratios of radioactivity in the
ROIs frontal cortex (n), frontal hippo-
campus (,), and ventral hippocampus
()) to that in cerebellum after intrave-
nous injection of 18F-FCWAY into rats
under baseline conditions (A) or in rats
treated with 60 mg/kg miconazole nitrate
(B). C and D show, for the experiments
presented in A and B, respectively, the
level of 5-HT1A receptor-specific binding
in frontal cortex (n), frontal hippocampus
(,), and ventral hippocampus ()), ex-
pressed in percentage SUV of the differ-
ence in radioactivity concentration
between brain tissue of interest and
cerebellum Each panel shows data from
1 rat.

FIGURE 3. PET scans of the head acquired between 50 and
60 min after intravenous injection of rat with 18F-fluoride ion (A),
18F-FCWAY (B), miconazole nitrate (15 mg/kg intravenously)
and then 18F-FCWAY (C), miconazole nitrate (30 mg/kg intra-
venously) and then 18F-FCWAY (D), and miconazole nitrate
(60 mg/kg intravenously) and then 18F-FCWAY (E). % of
Max 5 percentage of maximum.

FIGURE 4. Time–activity curves in skull in rats treated with 0
(h), 15 (n), 30 (,), or 60 ()) mg/kg of miconazole nitrate
immediately before intravenous injection of 18F-FCWAY. Each
panel shows data from 1 rat.
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and ventral hippocampus to that in cerebellum were 9.6 at
35 min, 10.9 at 45 min, and 13.8 at 45 min, respectively
(Fig. 2B). In the same experiment, the specific binding
values (% SUV) of radioactivity in frontal cortex, frontal
hippocampus, and ventral hippocampus reached 251 at 27
min, 248 at 27 min, and 332 at 45 min, respectively (Fig.
2D). These values are about 2- to 3-fold higher than those
in the control experiment (Fig. 2C).
Throughout the PET experiment with the highest dose

of miconazole nitrate, the radioactivity in cerebellum (Fig.
1D) appeared generally lower than that in the control
experiment (Fig. 1A). In experiments with intermediate
doses the cerebellum radioactivity is not generally reduced
but is generally similar to control over the time courses of
the experiment (Figs. 1B and 1C).

HPLC Analysis of Rat Plasma After 18F-FCWAY
Administration

After intravenous injection of 18F-FCWAY into rat, plasma
samples were deproteinized by addition of acetonitrile and
analyzed by reverse-phase HPLC. The recovery of radioac-
tivity from control rat plasma was 95% for a sample taken at
3 min after injection and thereafter declined gradually with
sampling time (to 50% at 90 min after injection), whereas the
extraction of radioactivity from plasma from the miconazole-
treated rats was averaged 88% throughout the sampling

period. HPLC analysis of plasma samples obtained from the
miconazole-treated rats showed 3 radioactive peaks. The
most polar radioactive peak eluted with the void volume.
This was followed closely by the second peak and, finally,
the well-separated peak of parent radioligand. Radiochro-
matograms from control rat plasma showed 2 radioactive
peaks, one broad peak associated with the void volume, pos-
sibly composed of 2 or more unresolved peaks, and a later
well-resolved peak for parent radioligand. The recoveries of
radioactivities from the HPLC column were quantitative as
monitored by both recovery of known amounts of injected
plasma radioactivities and by injection of absolute methanol
(2 mL) and absence of radioactivity elution.

Reverse-phase HPLC analysis of the plasma of 1 rat ad-
ministered miconazole nitrate (30 mg/kg) before injection
of 18F-FCWAY and of a control rat administered radio-
ligand alone, showed that the plasma half-lives of radio-
ligand were 19.5 and 11.2 min and that the corresponding
areas under the curve between 0 min and infinity were
1,420% and 940% SUV · min, respectively.

DISCUSSION

Inhibition of 18F-FCWAY Defluorination: In Vitro

The possibility to inhibit 18F-FCWAY defluorination was
first explored in vitro. 18F-Fluoride ion, radiometabolites of
18F-FCWAY, and 18F-FCWAY were well resolved by TLC
on silica gel layers. Hence, radio-TLC was used to quantify
18F-FCWAY defluorination in experiments performed in
vitro. 18F-FCWAY was found to be chemically stable at
physiological pH (7.4) and in whole blood. Metabolism of
18F-FCWAY leading to defluorination was observed in rat
liver microsomes only in the presence of NADPH, thus
indicating the possible involvement of cytochrome P450
enzymes in defluorination (22).

Because the defluorination of some aliphatic compounds
is known to be a phase I reaction occurring primarily through
the actions of CYP2E1 isozyme (15), known CYP2E1 in-
hibitors were screened for their potency to inhibit defluo-
rination of 18F-FCWAY in rat liver microsomes in vitro.
Cimetidine (inhibitor of CYP1A2, CYP2C9, CYP2C19,
CYP2D6, CYP2E1, and CYP11B1) (23,24), diclofenac (in-
hibitor of CYP2C9 and CYP2E1) (25,26), and miconazole
(a potent inhibitor of CYP2E1 (26) and a less potent

FIGURE 5. Skull (A) and brain (B) radio-
activities (% SUV) measured in vivo with
PET and ex vivo at 90 min after 18F-
FCWAY injection in rats treated with 0,
15, 30, and 60 mg/kg miconazole nitrate.

FIGURE 6. Time–activity curves in ventral hippocampus (n),
brain (h), and skull (,) after intravenous injection of 18F-fluoride
ion into rats. Each panel shows data from 1 rat.
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inhibitor of CYP3A4 and CYP11B1) (27,28) were investi-
gated at 50, 500, and 15 mmol/L concentration, respectively.
The concentration of cimetidine used in this experiment
was determined by its upper limit of solubility in 0.5% (v/v)
ethanol. The concentrations of diclofenac and miconazole
were selected by consideration of the reported inhibition
constants (Ki) of these drugs (500 and 15 mmol/L) for
CYP2E1 isozyme (24,26,29).
The enzyme inhibitors were dissolved in aqueous ethanol

and, therefore, the effect of ethanol on the viability of CYP
enzymes was questionable. At a concentration up to 0.5%
(v/v), ethanol was found to have no detectable effect on the
defluorination ability of microsomal CYP enzymes. There-
fore, 0.5% aqueous ethanol was considered to be a suitable
medium for exploring the metabolism of 18F-FCWAY in
vitro. Defluorination of 18F-FCWAY in the presence of
miconazole (15 mmol/L) was substantially lower than that
in the presence of cimetidine (50 mmol/L) or diclofenac
(500 mmol/L). In the literature there is no evidence that
miconazole itself may cross the blood–brain barrier and
no evidence that it may directly or indirectly affect brain
5-HT1A density. Also, miconazole has been used for com-
passionate relief of meningitis in humans but only after
intrathecal administration because it is considered to have
low central nervous system penetration (30,31). In view of
these favorable properties, miconazole was selected for
further investigation of its ability to inhibit defluorination of
18F-FCWAY in vivo.

PET in Rat with 18F-FCWAY (No Treatment)

To test the efficacy of miconazole for inhibiting defluori-
nation of 18F-FCWAY in vivo and, consequently, for
reducing skull radioactivity uptake, we wished to test the
relevance of a model based on PET in the rat. We consid-
ered that a rat PET model would permit great flexibility in
selecting inhibitor dose regimens and also provide for a
high throughput of experiments with full kinetic data from
key ROIs selected from the head (i.e., skull, cerebellum,
ventral hippocampus, frontal hippocampus, and frontal
cortex). The small-animal PET camera available to us for
this study was the ATLAS camera, which has a resolution
of 1.6 mm (17 ). This resolution is adequate for demarcation
of the key ROIs, though partial-volume effects would be
expected to be significant throughout the head. HPLC mea-
surements of radioactive metabolites in plasma from rats
that had been administered 18F-FCWAY intravenously con-
firmed that appreciable defluorination of this radioligand
occurs in this species (11) as it does in humans (14), though
not in rhesus monkey (32).

18F-FCWAY is well established as a radioligand for im-
aging 5-HT1A receptors in large species (monkey and human)
(14,32). Although some ex vivo findings have suggested
that 18F-FCWAY might be an effective radioligand in rat in
vivo (11), to our knowledge, PET with 18F-FCWAY in any
small animal has not been reported previously. To make use
of a rat-PET model, it was first essential to verify that

18F-FCWAY was capable of revealing the distribution of
5-HT1A receptors in rat brain with the ATLAS camera.

18F-FCWAY was injected into rats at small doses (33.3–
44.4 GBq/mmol) calculated to occupy,0.2% of brain recep-
tors and, therefore, to have a negligible effect on receptor
availability for imaging (33,34). PET revealed time–activity
curves (Fig. 1A) that were consistent with mostly specific
binding of radioligand to 5-HT1A receptors. Ratios of radio-
activity in frontal cortex, frontal hippocampus, and ventral
hippocampus to that in cerebellum reached about 5 (Fig.
2A). Hence, there appeared to be a high proportion of 18F-
FCWAY bound specifically to 5-HT1A receptors in these
regions (Fig. 2C). However, PET images were dominated
by high radioactivity in skull, attributed to 18F-fluoride ion
arising from extensive defluorination of the radioligand
(Fig. 3B). The uptake of radioactivity in skull continuously
increased soon after injection of radioligand and, according
to PET measurement, reached as high as 550% SUV at
90 min (Fig. 4), a value substantially higher than that seen
in brain (Fig. 1A).

PET in Rat with 18F-Fluoride Ion

The thinness of the rat skull is comparable to the res-
olution of the ATLAS camera. Hence, any ROI drawn over
skull or adjacent brain tissue will be subject to partial-
volume effects causing spillover of radioactivity from skull
to adjacent brain and vice versa. For PETwith 18F-FCWAY,
this spillover will be most significant from the higher radio-
activity levels in skull to the lower radioactivity levels in
nearby areas of brain.

Spillover of radioactivity from skull to brain was verified
by injecting 18F-fluoride ion alone into rat for PET with
ATLAS. This resulted in a rapid high initial uptake of
radioactivity into skull, which gradually increased thereaf-
ter, with an apparently parallel but lower uptake of radio-
activity in ventral hippocampus and whole brain (Fig. 6).
Notably, apparent uptake was higher in ventral hippocam-
pus (proximal to skull) than that in whole brain.

Our ex vivo measurements of radioactivity were devoid
of significant dead-time or partial-volume effects and were
in the range of instrument quantification with low counting
error. They are therefore considered to be accurate. Ex vivo
measurements of radioactivity at 90 min after injection of
18F-fluoride ion into a rat showed that the SUV in brain was
5%, whereas the PET camera recorded 60% SUV, thereby
confirming the sizeable impact of spillover on PET mea-
surements. These ex vivo measurements confirmed the neg-
ligible ability of 18F-fluoride ion to enter brain. They also
indicated the potentially high magnitude of spillover of
radioactivity from skull to brain in PET of 18F-FCWAY in
rat as a direct result of the appearance of 18F-fluoride ion as a
metabolite.

Inhibition of 18F-FCWAY Defluorination: In Vivo

Subsequent comparison of PET and ex vivo measure-
ments for a rat intravenously administered 18F-FCWAY
confirmed the very substantial spillover of radioactivity
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from skull (18F-fluoride ion metabolite) to brain (Fig. 5).
In view of the ability of miconazole to inhibit defluorina-
tion of 18F-FCWAY in vitro, the demonstrated efficacy of
PET with 18F-FCWAY to reveal 5-HT1A receptors in rat
brain, and the spillover of radioactivity from skull to brain
in PET, we set out to test the ability of miconazole to
inhibit the defluorination of 18F-FCWAY in rat in vivo.
PET (Figs. 3B–3E and 4) and ex vivo measurements

(Fig. 5A) consistently demonstrated that escalating doses of
miconazole nitrate (up to 60 mg/kg) progressively reduced
radioactivity uptake into skull after 18F-FCWAY adminis-
tration. Miconazole nitrate, at the highest tested dose (60
mg/kg intravenously), dramatically reduced the radioactiv-
ity concentration in skull by 87% (Fig. 4).
At 90 min after radioligand injection in control and

miconazole-treated rats, the ratios of in vivo measurements
in skull taken by ATLAS to those taken ex vivo in a
g-counter are quite similar (1.20–1.39) across a wide range
of skull SUV values (Fig. 5A), indicating systematic error in
either or both measurements. However, the sources of these
errors were not identified. In the same experiment, with
increasing miconazole nitrate dose, PET measurements in-
dicate that brain radioactivity first decreases and finally in-
creases, whereas ex vivo measures show a steady increase
in brain radioactivity (Fig. 5B). Thus, the ratio of in vivo to
ex vivo brain measures is high when radioactivity in skull is
high. With decreasing radioactivity in skull, the ratio for
brain decreases to about the ratio seen for skull. These find-
ings are consistent with decreasing spillover of radioactiv-
ity from skull to brain in the PET measurements, coupled
with increasing brain uptake of radioligand as miconazole
dose is increased.
Treatment with miconazole not only decreased the spill-

over effect but also improved radioactivity uptake in 5-HT1A

receptor-rich regions (Figs. 1B–1D), ratios of radioactivity
in these regions to that in cerebellum (Fig. 2B) and specific
binding (Fig. 2D). After miconazole treatment, PET images
had better contrast and reduced uptake of radioactivity in
skull (Figs. 3B–3E). At the highest dose of miconazole
treatment, the ratio of radioactivity in ventral hippocampus
to that in cerebellum was almost tripled to 14, whereas the
PET images were free of appreciable uptake of radioactiv-
ity in skull.
The great improvement in image contrast after micona-

zole treatment may be attributed to a combination of
possible effects. One explanation is reduced spillover of
radioactivity into brain, including cerebellum, which may
reduce the denominator in ROI-to-cerebellum radioactivity
ratios. This factor appears to be operating in the experiment
with the highest dose of miconazole relative to the control
experiment (Fig. 1D). However, throughout experiments
with intermediate doses, the cerebellum radioactivity is not
generally reduced but is similar to that in the control exper-
iment (Figs. 1B and 1C). A second explanation is that in-
hibition of defluorination of 18F-FCWAY results in increased
availability of the radioligand for entry into brain. HPLC

measurements of the time course of parent radioligand in the
plasma of a control rat and a rat administered miconazole
nitrate (30 mg/kg) before injection of 18F-FCWAY supports
the operation of this effect. For the miconazole-treated rat
compared with the control, the plasma half-life of radio-
ligand was prolonged by 74% and the areas under the curve
increased by 51%.

Although the HPLC method used here was optimized to
separate and quantify 18F-FCWAY and not to identify ra-
dioactive metabolites, characteristic differences in the radio-
chromatographic behavior of plasma samples obtained
from control and miconazole-treated rats were noted. The
extraction of radioactivity from control rat plasma was less
efficient than that from the plasma of the miconazole-
treated rat, presumably because of the higher proportion of
radioactivity represented by poorly extractable 18F-fluoride
ion. Moreover, the polar radioactive peak eluting near the
void volume was broad and strong in the analysis of plasma
samples from control rats and sharper and weaker in sam-
ples from miconazole-treated rats. These observations
appear consistent with less metabolism of radioligand to
18F-fluoride ion in the miconazole-treated rats.

Miconazole is efficient in reducing the in vivo defluori-
nation of 18F-FCWAY in rats, but because its oral or intra-
venous administration in human subjects is not approved in
the United States, other pharmaceuticals that are equally
effective in modulating the defluorination enzymes in hu-
mans will need to be identified before applying this ap-
proach to human studies.

CONCLUSION

This study has shown that (i) 18F-FCWAY is subject to
defluorination in liver microsomes in vitro and in rat in vivo,
(ii) such defluorination greatly impairs brain 5-HT1A recep-
tor imaging with 18F-FCWAYand PET in rat, due to spillover
of radioactivity from skull, (iii) defluorination of 18F-
FCWAY may be greatly prevented by miconazole in vitro
and in vivo, probably through the inhibition of cytochrome
P450 enzymes, and (iv) after pretreatment of rats with
miconazole, 18F-FCWAY is effective for imaging 5-HT1A

receptors in rat brain with PET because of greatly reduced
radioactivity spillover from skull to adjacent brain regions;
therefore, image quality is greatly enhanced. We conclude
that 18F-FCWAY in miconazole-treated rats may serve as an
effective platform for investigating 5-HT1A receptors in rat
models of neuropsychiatric conditions or drug action. More-
over, this study suggests that successful inhibition of 18F-
FCWAY defluorination in human subjects in vivo would
improve sensitivity of quantification of 5-HT1A receptors in
cortical regions and render 18F-FCWAYevenmore useful for
imaging of 5-HT1A receptors in neuropsychiatry.
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