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Abstract

Introduction—Two 7-fluoroimidazobenzodiazepines (AH114726 and GEH120348), analogs of
flumazenil, were labeled with fluorine-18 and evaluated as alternative radioligands for /n vivo
imaging of the GABA a/benzodiazepine receptor by comparing them to [*1C]flumazenil in rhesus
monkey.

Methods—Radiotracers were prepared from the corresponding nitro-precursors in an automated
synthesis module, and primate imaging studies were conducted on a Concorde MicroPET P4
scanner. The brain was imaged for 60 (12 x 5 min frames) or 90 min (18 x 5 min frames), and data
was reconstructed using the 3D MAP algorithm. Specificity of [18F]JAH114726 and
[18F]GEH120348 was confirmed by displacement studies using unlabeled flumazenil.

Results—[18F]GEH120348 and [18F]AH114726 were obtained in 13-24% yields (end of
synthesis) with high chemical (>95%) and radiochemical (>99%) purities, and high specific
activities (2061 + 985 Ci/mmol). The /n vivo pharmacokinetics of [28FJAH114726 and
[18F]GEH120348 were determined in a non-human primate and directly compared with
[1C]flumazenil. Both fluorine-18 radioligands showed time-dependent regional brain
distributions that correlated with the distribution of [11C]flumazenil and the known concentrations
of GABAa/benzodiazepine receptors in the monkey brain. [18F]AH114726 exhibited maximal
brain uptake and tissue time-radioactivity curves that were most similar to [11C]flumazenil. In
contrast, [18FJGEH120348 showed higher initial brain uptake but very different pharmacokinetics,
with continued accumulation of radioactivity into the cortical regions of high GABA/
benzodiazepine receptor concentrations and very little clearance from the regions of low receptor
densities. Rapid washout of both radiotracers occurred upon treatment with unlabeled flumazenil.
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Conclusion—The ease of the radiochemical synthesis, together with in vivo brain
pharmacokinetics most similar to [11C]flumazenil, support that [28F]JAH114726 is a suitable
option for imaging the GABAA receptor.

1. Introduction

In vivoimaging of GABAa/benzodiazepine receptors in the brain using positron emission
tomography (PET) has provided valuable information regarding various neurological
conditions and psychiatric disorders. [21C]Flumazenil ([}1C]FMZ, ethyl 8-fluoro-5-
methyl-6-0x0-5,6-dihydro-4H-benzo[flimidazo[1,5-a][1,4]diazepine-3-carboxylate, Figure
1) was the first radioligand developed for /n vivo imaging of the benzodiazepine binding site
of the GABA, receptor and is currently the most widely used [1, 2]. [LL1C]JFMZ clinical use
has been reported in the evaluation of patients with Alzheimer’s disease, epilepsy, panic
disorders, major depression, cortical brain damage following an acute stroke, anxiety
disorders, chronic alcohol dependency, and other brain disorders [3].

There has been extensive evaluation of fluorine-18 labeled agents for GABA imaging
which would circumvent the limitations imposed for [11C]FMZ by eliminating the necessity
for an on-site cyclotron, thus providing potential radiopharmaceutical distribution to remote
imaging facilities. Flumazenil (Figure 1.1) contains a fluorine substituent, therefore
rendering [18F]flumazenil ([18F]FMZ) an alternative to its carbon-11-labeled counterpart.
The radiochemical synthesis of [18F]JFMZ was first reported using 18F-for-1°F exchange [4,
5], and subsequently by nucleophilic aromatic substitution of the meta-nitro precursor with
[18F]fluoride ion [6-8], and via a diaryliodonium precursor [9]. When directly compared to
[YLC]FMZ in human studies, [*8F]FMZ showed equivalent kinetic and metabolic behaviors
[10]. In the search for alternative labeled benzodiazepines with improved pharmacokinetics
and/or simplified radiochemical syntheses, additional analogs of flumazenil incorporating
fluorine-18 have been reported. Replacement of the ethyl ester or the A-methyl group with a
2-[18F]fluoroethyl group yielded the potential radiotracers [18F]FFMZ and [8F]FEFMZ
(Figure 1, compounds 2 and 3) [11, 12]. Neither of these alternative fluorine-18
benzodiazepines however exhibited satisfactory /n vivo properties when compared with
[18F]FMZ. More recently, Jackson et. a/. reported a lengthy series of new FMZ analogs
suitable for fluorine-18 labeling [13]. Of particular interest were the analogs where the
fluorine substituent was moved from the 8- to the 7-position (Figure 2). This provided high
affinity FMZ analogs (AH114726 (4), K; = 5.5 nM, and GEH120348 (5), K; = 0.76 nM, Fig
2) with simplified radiochemistry. The efficiency of nucleophilic aromatic substitution by
[18F]fluoride ion can be improved by placing the leaving group in the position ortho to the
carbonyl [14]. In preliminary studies, these new compounds showed good rodent brain
uptake, differential binding to GABAA-rich brain regions and a lack of brain metabolites (A.
Jackson, GE Healthcare, unpublished results). AH114726 was screened against >50
different brain receptors, ion channels and transporters using a single point high
concentration assay, and 10 yM was found to inhibit 96% of GABAA. No other significant
inhibition of other targets was noted. It is also expected that these new compounds will have
comparable subunit selectivity comparable to flumazenil, [15, 16] but this has yet to be
confirmed. The purpose of the present study was to evaluate the /n7 vivo pharmacokinetics of
[18F]AH114726 and [18F]GEH120348 in non-human primates, and directly compare such
with [11C]JFMZ.

2. Materials and Methods

2.1 Materials

Chemicals and solvents were purchased from Sigma-Aldrich (Milwaukee, WI) or Fisher
Scientific (Fair Lawn, NJ) and used without further purification. Unlabeled precursors and
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reference standards of [1°FJGEH120348 and [19F]AH114726 were provided from GE
Healthcare (Princeton, NJ). The quality control HPLC column: Luna C18(2) 5u 150 x 4.6
mm, and the semi-preparative column: Luna C18 5p 250 x 10 mm were purchased from
Phenomenex (Torrance, CA). For preparation of [18F]GEH120348 and [1F]AH114726,
Sep-Pak C18 1cc cartridges were purchased from Waters (Milford, MA) and conditioned
with absolute ethanol (10 mL) and water (10 mL) prior to use. QMA-light Sep-Pak
cartridges were purchased from Waters and conditioned with absolute ethanol (10 mL), 0.5
M ag. sodium bicarbonate (10 mL), and water (10 mL) prior to use.

2.2 Syntheses of [18FJGEH120348 and [18F]AH114726

[18F]GEH120348 and [18F]AH114726 were prepared using an automated GE
TRACERLab™ FX F-N. [18F]Fluoride was produced via the 180(p, 7)18F nuclear reaction
using a (GEMS) PETTrace cyclotron (40 A beam for 15 min) to generate 33.3 GBq (900
mCi) of [18F]fluoride. The [18F]fluoride was delivered from the cyclotron (in a 2-ml bolus
of [*80]water and trapped on a QMA-light Sep-Pak to remove [180]water [18F]Fluoride was
then eluted into the reaction vessel using aqueous potassium carbonate (3.5 mg in 0.5 mL of
water). A solution of Kryptofix-[2.2.2] (15 mg in 1 mL of acetonitrile) was then added to the
reaction vessel and the [18F]fluoride was dried by evaporating the water — acetonitrile
azeotrope. Evaporation was achieved by heating the reaction vessel to 80°C and drawing full
vacuum for 4 min. After this time, the reaction vessel was cooled to 60°C and subjected to
both an argon stream and vacuum draw simultaneously for another 4 min.

A solution of precursor 6 or 7 (5 mg) in anhydrous DMF (1 mL) was added to the dried
[18F]fluoride, and the solution was heated to 130°C with stirring for 30 min. The reaction
mixture was cooled to 50°C and diluted with semi-preparative HPLC mobile phase (3 mL).
The diluted reaction mixture was then purified by semi-preparative HPLC (column:
Phenomonex Luna C18(2) 5y 250 x 10 mm). For AH114726 the semi-preparative HPLC
mobile phase was 75% 10 mM phosphoric acid in 25% acetonitrile (v/v), flow rate of 4.0
mL/min. For GEH120348 the semi-preparative HPLC mobile phase was 70% 10mM
phosphoric acid in 30% acetonitrile, flow rate of 4.0 mL/min. The fractions corresponding to
[18F]GEH120348 (typically eluting out between 15 and 17 min) or [18F]AH114726
(typically eluting between 11 and 14 min) were collected and transferred into a dilution flask
containing sterile water (50 mL). The resulting solution was transferred through a Waters
C18 1cc Sep-Pak to collect the desired product. The C18 Sep-Pak was then washed with
sterile water (10 mL) to remove unwanted hydrophilic impurities and residual acetonitrile to
waste. [18F]GEH120348 or [18F]AH114726 were eluted off into a collection vial with
ethanol for injection, USP (0.5 mL) and 0.9% sodium chloride for injection, USP (9.5 mL).
The final formulation (10 mL) was then passed through a 0.22 pM Millex-GV sterile filter
(EMD Millipore, Billerica, MA) into a sterile vial to provide [18F]GEH120348 or
[18F]AH114726 (typically 5 GBq (135 mCi), n=3) in an isotonic solution released for
quality control testing.

2.3 Quality control

All doses were examined visually and were required to be clear, colorless and free of
particulate matter. The pH of each dose was analyzed by applying a small amount of the
dose to colorpHast pH 2.0-9.0 non-bleeding pH-indicator strips (EMD Millipore, Billerica,
MA) and determined by visual comparison with the scale provided. Radionuclide identity
was confirmed by determining the half-life of the dose and comparing it with the known
half-life of fluorine-18 (110 min). Activities were measured using a Capintec CRC-15R
Radioisotope Dose Calibrator and half-life was calculated. Residual Kryptofix-[2.2.2] levels
in the [18F]JGEH120348 and [18F]AH114726 doses were analyzed using the established spot
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test [14]. Residual Kryptofix-[2.2.2] levels of <50 pyg/mL are acceptable and all doses of
[18F]GEH120348 or [18F]AH114726 prepared in this study were in compliance.

HPLC analysis of radiochemical purity was conducted using a Shimadzu LC-2010Ayt
Liquid Chromatograph fitted with a UV detector and a Bioscan gamma-detector.
Chromatographic separation was performed on a Phenomenex Luna C18(2) 5u 150 x 4.6
mm column. The QC mobile phase conditions for [18F]GEH120348 were as follows; 25%
acetonitrile: 75% H,O, oven 40°C, 254 nm, flow rate: 1.25 mL/min, RT=14.8 min, RCP
>99.7%. The QC mobile phase conditions for [18F]AH114726 were as follows; 20%
acetonitrile: 80% H,0, oven 40°C, 254 nm, flow rate: 0.9 mL/min, RT=11.8 min, RCP
299.7%.

2.4 Primate microPET imaging

3. Results

All animal studies were performed at the University of Michigan in accordance with the
standards set by the University Committee on Use and Care of Animals (UCUCA). Studies
were performed in a single young mature female rhesus monkey (5.8 kg with negligible
variation over the duration of the study), at intervals of not less than a week between studies,
according to the study design outlined in Table 1. PET imaging was done using the
Concorde Microsystems P4 tomograph. The animal was anesthetized (isoflurane) and
intubated, a venous catheter was inserted into one hindlimb and the animal positioned on the
bed of the MicroPET gantry. A head-holder was used to prevent motion artifacts. Isoflurane
anesthesia was continued throughout the study. After completion of the transmission scan,
animals were injected with [18F]GEH120348 or [18F]AH114726 (1.04-5.85 mCi in 1-3 ml
isotonic saline) as a bolus over 1 min. Collection of emission data was started with
radiotracer injection and continued for 60 (12 x 5 min frames) for carbon-11 labeled
radiotracers or 90 min (18 x 5 min frames) for fluorine-18 labeled radiotracers. For the
unlabeled FMZ displacement study, FMZ (1 mg/kg in 10% ethanol in saline + a droplet of
DMSO to aid solubility as required) was injected intravenously at 40 min after the
radiotracer injection. All studies were done in duplicate.

Emission data were corrected for attenuation and scatter, and reconstructed using the 3D
maximum a priori method (3D MAP algorithm). Using a summed image of the entire data
set, regions of interest (ROIs) were drawn manually on multiple planes to obtain volumetric
ROIs for the striatum, thalamus, three cortical areas, cerebellum and pons. The volumetric
ROIs were then applied to the full dynamic data set to obtain the regional tissue time-
radioactivity data.

3.1 Radiochemistry

The syntheses of [18FJGEH120348 and [18F]AH114726 were achieved by direct
nucleophilic aromatic fluorination by substituting the nitro group on precursors 6 or 7 with
[18F]fluoride (Scheme 1). [*8F]GEH120348 and [*8F]AH114726 were obtained in 13-24%
yields (end of synthesis) with high chemical (>95%) and radiochemical (>99%) purities, and
high specific activities (2061 + 985 Ci/mmol).

3.2 Primate MicroPET Imaging

Representative coronal images of control animals (Figure 3, top row), and after
displacement with unlabeled flumazenil (Figure 3, bottom row) were used to generate brain
tissue time-radioactivity curves for [L1C]FMZ, [18F]GEH120348, and [18F]AH114726. The
time-radioactivity curves confirmed that after i.v. injection of each radioligand, the brain
uptake of radioactivity was rapid (Figure 4). The initial brain uptake and pharmacokinetics
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of [11C]FMZ and [18F]AH114726 were most similar, with highest concentrations in the
cortex and lowest in the pons. In contrast, [28FJGEH120348 also showed the expected
regional distribution of radioactivity, however the tracer showed very different kinetic
behavior, with significantly higher initial brain uptake and slower pharmacokinetics
throughout the brain regions. Injection of a high dose of unlabeled flumazenil (1 mg/kg) at
40 minutes initiated a rapid washout of radioactivity of both [18F]-labeled radioligands, with
nearly complete clearance by the end of the imaging study (Figure 3, bottom row and Figure
5).

4. Discussion

The 7-fluoro imidazobenzodiazepines evaluated in this study were developed as alternative
structures for synthesis of fluorine-18 labeled radioligands for /n7 vivo imaging of the
GABAA/BzR system. The simplified radiochemical syntheses worked as expected, proving
reliable and giving high yields of [18F]JAH114726 and [18F]GEH120348 (13-24% at end of
synthesis based upon starting fluoride). Amounts prepared were hundreds of millicuries,
confirming the suitability of the radiosyntheses for use in future clinical production.

Evaluation of [11C]JFMZ, [18F]AH114726 and [18F]GEH120348 in monkey brain showed
time-dependent regional brain distributions for all radioligands that correlated with the
known distribution of GABAA/Bz receptors in the monkey brain, with the highest specific
binding in the cortex and the lowest in the pons. Of the two new radioligands,
[18F]AH114726 exhibited brain uptake and tissue time-radioactivity curves that were most
similar to those obtained with [11C]JFMZ (Figure 4). Compared to [*8F]JAH114726 or
[11CIFMZ, [8F]GEH120348 showed higher initial brain uptake but very different
pharmacokinetics, with continued accumulation of radioactivity into the cortical regions of
high GABA/BzR concentrations and very little clearance from the regions of low receptor
densities (striatum, cerebellum) (Figure 4). It can be reasoned that the higher initial brain
uptake of [18FJGEH120348 is due to increased lipophilicity (log D7 4 values: FMZ, 1.12;
AH114726, 0.69; GEH120348, 1.62)[13]. The slower clearance of [18F]GEH120348 might
be attributed to the higher binding affinity when compared with [18F]JAH114726 (K; values:
FMZ, 1.3 nM; AH114726, 5.5 nM; GEH120348, 0.76 nM), or due to a combination of
differences in affinity and lipophilicity. The pharmacokinetics of [18F]GE120348 in the
monkey brain are remarkably similar to the results reported for [1231]iomazenil [17], the 7-
iodo analog of flumazenil with a similar high affinity (Kp = 0.5 nM, [18] and higher
lipophilicity. An additional point of note is the regional differences we observed in the
cortical uptake of [18F]AH114726 and [*8F]GEH120348 when compared to [11C]FMZ,
although there is no obvious explanation for such differences at this time.

Finally, specificity of binding for both fluorine-18 labeled radioligands was demonstrated by
rapid and nearly complete washout of radioactivity from all brain regions after injection of
unlabeled flumazenil (Figure 5), as has been previously demonstrated for [11C]JFMZ and a
comparative displacing dose of flumazenil [6].

5. Conclusion

The 7-[*8F]fluoro imidazobenzodiazepine analogs of FMZ are suitable alternatives to the 8-
[18F]fluoro imidazobenzodiazepine derivatives (such as [18F]FMZ, [18F]FFMZ, and
[18F]FEFMZ). The ease of the radiochemical synthesis, together with in vivo brain
pharmacokinetics most similar to [11C]flumazenil, support [18F]JAH114726 as a suitable
tracer for imaging the GABAa/benzodiazepine receptor.
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Figure 1.

Structures of (1) [M1CIJFMZ; (2) [*F]FFMZ; (3) [18F]JFEFMZ
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AH114726, 4 GEH120348, 5

Figure2.
Structures of the 7-[18F]fluoro imidazobenzodiazepines
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A

[11C]FMZ [**F]AH114726 [18F)GEH120348

Figure 3.

Representative coronal microPET images of control animals imaged with [11C]JFMZ
(summed images 40—-60 minutes after i.v. injection of the radiotracer), [}8FJAH114726 and
[18F]GEH120348 (summed images 40-90 minutes after i.v. injection of the radiotracer)
(Top Row), and after displacement with 1 mg/kg flumazenil (summed images 40-0 minutes
after i.v. injection of the radiotracer (0-50 minutes after displacement with flumazenil))
(Bottom Row)
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Figure4.

Brain tissue time-radioactivity curves for [LICJFMZ (A), [8F]GEH120348 (B), and
[18F]AH114726 (C). Brain regions: thal = thalamus, str = striatum, cbl = cerebellum, tctx =

temporal cortex, fctx = frontal cortex, octx = occipital cortex.
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Brain tissue time-radioactivity curves for displacement experiments using unlabeled
flumazenil (1 mg/kg, iv) with [18F]JAH114726 (A) and [18F]GEH120348 (B).
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Scheme 1.
Syntheses of compounds [18F]AH114726 and [18F]GEH120348
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