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Synthesis and In Vivo Evaluation of 2 High-Affinity
76Br-Labeled o,-Receptor Ligands

Douglas J. Rowland, Zhude Tu, Jinbin Xu, Datta Ponde, Robert H. Mach, and Michael J. Welch
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The oo-receptor has been shown to be upregulated in proliferat-
ing tumors cells. The purpose of this study was to compare
3’-deoxy-3’-18F-fluorothymidine ("8F-FLT) and 2 new 7®Br-radio-
labeled compounds that have a high affinity and selectivity
for the o,-receptor. These are 5-bromo-N-(4-(3,4-dihydro-6,7-
dimethoxyisoquinolin-2(1H)-yl)butyl)-2,3-dimethoxybenzamide
(compound (1)) and 5-bromo-N-(2-(3,4-dihydro-6,7-dimethoxyi-
soquinolin-2(1H)-yl)ethyl)-2-methoxybenzamide (compound (2)).
Methods: Two o,-receptor—binding ligands were prepared,
from the corresponding tributylstannyl precursors using stan-
dard electrophilic chemistry, 76Br-compound (1) (“®Br-1) and
76Br-compound (2) (“®Br-2). '8F-FLT, 76Br-1, and "6Br-2 were
compared using allograft tumors of the EMT-6 cell line (mouse
mammary adenocarcinoma) in biodistribution studies at 5 min,
0.5, 1, and 2 h. Imaging of 76Br-1 and '8F-FLT was also per-
formed at 2 and 1 h, respectively. Results: “®Br-1 and 7°Br-2
were synthesized with yields between 50% and 70% with high
specific activity. Both compounds showed uptake into the tumor
with tumor-to-normal tissue ratios of 76Br-1 being greater than
both 76Br-2 and 8F-FLT. Except for the liver and kidney, all ratios
were greater than 1 and uptake into the tumor was shown with
microPET imaging for 76Br-1. Conclusion: We were able to syn-
thesize two “®Br-radiolabeled compounds with a high yield and
specific activity that target the o, receptor with high affinity and
selectivity. The studies presented show that both of the flexible
benzamide compounds can identify EMT-6 breast tumors
in vivo. 7®Br-1 also has higher tumor-to-normal tissue ratios
when compared with 76Br-2 and '8F-FLT. The high affinity and
low nonspecific binding of 76Br-1 indicates that it can be a poten-
tial PET radiotracer for imaging solid tumors.
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The o-receptor was first proposed as a subtype of the
opioid receptor in the late 1970s (/). Since that time, the
classification of the o-receptor has been shown to be a
separate class of receptors. Two subtypes have been iden-
tified, oy and o, (2,3). The molecular function of these
receptors has yet to be fully elucidated and the natural
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ligand(s) has not been identified (4,5). The o-receptor has
been extensively studied in the central nervous system and
neuroactive steroids have been suggested to be an endog-
enous ligand that binds to this receptor (4). The function of
the o,-receptor is currently not known but it has been
linked to the regulation of cell proliferation and cell
viability (4).

Although o-receptors were initially identified in the ner-
vous system, these receptors are found in high density in
other tissues, such as the endocrine, immune, and repro-
ductive systems (6,7). High densities were also found in
the liver and kidneys (8). Of special interest to the present
work was the identification of high densities of o-receptors
in tumor tissues and cell lines (9,10). Studies with a mouse
mammary adenocarcinoma cell line showed that the
o,-receptor could be a possible biomarker of tumor prolif-
eration (/1,12). Cell lines were examined in vitro for
expression levels of o,-receptors when the cells were in
quiescent and proliferative states. It was found that the pro-
liferative state had a o,-receptor concentration 8- to 10-fold
higher than when in quiescence (/7).

In vivo solid tumors were subsequently studied and a good
correlation between the in vitro and in vivo data was found
(12). This work therefore suggests that the o,-receptor may
be a good biomarker for assessing the proliferative status of
solid tumors noninvasively by using high-affinity o,-ligands
in conjunction with either PET or SPECT. A number of
tumor imaging studies have targeted the o-receptor. The
high-affinity ligands for the o-receptor used in these studies
have been either nonselective for the 2 subtypes or selective
for the o-receptor (13-16).

As it was shown that the o,-receptor is upregulated in
proliferating tumor cells, a high- affinity and selective
o,-radioligand has the potential for in vivo imaging of the
proliferative status of solid tumors. We recently reported a
series of conformationally flexible benzamide analogs that
were found to have a high affinity and selectivity for the
o-receptor (/7). Two ligands, 5-bromo-N-(4-(3,4-dihydro-
6,7-dimethoxyisoquinolin-2(1H)-yl)butyl)-2,3-dimethoxy-
benzamide (compound (1)) and 5-bromo-N-(2-(3,4-dihydro-6,
7-dimethoxyisoquinolin-2(1H)-yl)ethyl)-2-methoxybenzamide
(compound (2)) (Fig. 1), were found to have greater affin-
ities and selectivities for the o,-receptor than any ligand
reported to date.
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FIGURE 1. Compounds used in this work. Compounds (1)
and (2) are benzamide analogs that target o,-receptor with
high affinity and high selectivity over oi-receptor. Both were
radiolabeled with 76Br for biodistribution and imaging studies.
Compound (1) is 5-bromo-N-(4-(3,4-dihydro-6,7-dimethoxyiso-
quinolin-2(1H)-yl)butyl)-2,3-dimethoxybenzamide and
compound (2) is 5-bromo-N-(2-(3,4-dihydro-6,7-dimethoxyi-
soquinolin-2(1H)-yl)ethyl)-2-methoxybenzamide. Compound (3)
is a fluorinated analog that was prepared for possible labeling
with 8F. Compound (4) was used for Scatchard analysis to
determine the nonspecific binding of 76Br-1. Compound (5) was
used as a nonselective o1/0o compound for blocking o»-receptor
in animal receptor—blocking studies.

In addition to exhibiting a high binding affinity for o,-
receptors, these compounds also contain a bromine atom in
the C5 position of the benzamide ring. Because the
Washington University Cyclotron Facility produces 7°Br
on a routine basis (/8,19), it is possible to prepare 7°Br-
labeled versions of compounds (1) and (2) and evaluate
their potential for imaging solid tumors.

Although the availability of 7°Br is currently limited, this
could change if production yields increase and improve-
ments are made in the automation and processing of the
solid targets used in the production of this radionuclide. For
example, the Washington University Cyclotron Facility
currently produces 7°Br for shipping to research facilities
around the country and has done so for several years. A key
step in the expansion of the use of 76Br in the clinical
setting, thereby increasing the demand for this radionuclide
throughout the PET community, is the development of PET
radiopharmaceuticals that can be labeled only with 7°Br.

The goal of the current study was to investigate the
properties of these two 76Br-labeled ligands for the in vivo
imaging of solid tumors using the mouse mammary ade-
nocarcinoma cell line EMT-6 cells. Our previous studies
have demonstrated that this cell line has a high density
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of o,-receptors and is suitable for evaluating new o,-
receptor—based imaging agents (20,21).

A secondary goal of the current study was to compare
the 7°Br-labeled o,-receptor imaging approach with that of
I8E_FLT, a nucleoside-based radiotracer that has been used
in imaging tumor proliferation (22,23). 3'-Deoxy-3’-!8F-
fluorothymidine ('8F-FLT) accumulates in proliferating tumor
cells via phosphorylation by thymidine kinase-1 (TK-1),
which is expressed in the S phase of the cell cycle. Although
the accumulation of the 7°Br-labeled radiotracers in tumor
cells uses a different mechanism from that of '8F-FLT (i.e.,
labeling o,-receptors that are upregulated in proliferating
tumor cells vs. phosphorylation by TK-1), it is important to
compare the ability of these new compounds to image tumors
with the current standard of the field for imaging prolifera-
tion, '8F-FLT. Studies aimed at determining which imaging
method correlates with “gold standard” measures of prolif-
eration (e.g., bromodeoxyuridine and Ki-67 labeling) are be-
yond the scope of this study.

MATERIALS AND METHODS

All chemicals were obtained from Sigma-Aldrich and used
without further purification unless otherwise stated. '3F-FLT was
produced using a modified version of Machulla et al. (24). The
nonradioactive standard for compounds (1), (2), and (4) was
synthesized using the previously published method (/7). Com-
pound (5), which was used for animal blocking experiments, was
synthesized according to a previously published method (/4).
Properties of compounds were taken from these publications,
except the log P of compound (1) and compound (2), which was
determined using the program ACD/log D, version 7.0 (Advanced
Chemistry Development, Inc.). 'H-NMR spectra were recorded at
300 MHz on a Varian Mercury-VX spectrometer. All chemical
shift values are reported in parts per million (3).

Radiolabeled o>-Receptor Ligand: Precursor Synthesis

Preparation of 5-lodo-N-(4-(3,4-Dihydro-6,7-Dimethoxyiso-
quinolin-2(1H)-yl)Butyl)-2,3-Dimethoxybenzamide (lodo Analog
of Compound (1)). The following procedure was used for prep-
aration of the iodinated analog of compound (1), the key inter-
mediate in the synthesis of the tributylstannyl precursor. A
solution of 5-iodo-2,3-dimethoxybenzoic acid (25) (308.2 mg;
1.0 mmol), 4-(6,7-dimethoxy-3,4-dihydro-1H-isoquinolin-2-yl)-
butylamine (267.0 mg; 1.01 mmol), bis(2-oxo-3-oxazolidinyl)-
phosphinic chloride (309 mg; 1.21 mmol), and triethylamine (218
mg; 2.2 mmol) in dichloromethane (15 mL) was stirred at ambient
temperature overnight. Stirring was continued until thin-layer
chromatography (TLC) (20% methanol/80% ether) showed that
the reaction was completed. Dichloromethane (50 mL) was added
to the reaction solution and the mixture was washed with a
saturated Na,COs5 aqueous solution (2 X 50 mL), the organic layer
was dried with anhydrous sodium sulfate, and the solution was
filtered and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (20% methanol/
80% of ether) to give the final product as oil (330 mg, 60% yield).
'TH-NMR (300 MHz, CDCl5): 8 1.50—1.65 (m, 4H), 2.40—2.60
(m, 2H), 2.60—2.80 (m, 4H), 3.35—3.40 (m, 2H), 3.50—3.62 (s,
2H), 3.75—3.79 (m, 12H), 6.41 (s, 1H), 6.49 (s, 1H), 7.52 (d, 1H),
7.86 (d, 1H), 7.98 (s, 1H).
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Preparation of N-(2-(3,4-Dihydro-6,7-Dimethoxy-Isoquinolin-
2(1H)-yl)-Ethyl)-2-Methoxy-5-(Tributylstannyl)Benzamide. Nitro-
gen gas was bubbled through a solution of 5-bromo-N-(2-(3,
4-dihydro-6,7-dimethoxy-isoquinolin-2(1H)-yl)ethyl)-2-methoxy-
benzamide (200 mg; 0.445 mmol) in anhydrous toluene (15 mL)
for 5 min. The reaction mixture was heated at 120°C (oil bath) and
tetrakis(triphenyl phosphine)palladium(0) [(Ph;P),Pd(0)] (37 mg;
0.05 eq.) and bis(tributyltin) [Sn(C4Hy)s]» (458.3 mg; 400 wL; 0.79
mmol) were added to the solution and the reaction mixture was
stirred overnight at 110°C—120°C (oil bath). The reaction was
continued until TLC (10% methanol/ethyl acetate) demonstrated
that the starting material was consumed. Ethyl acetate (50 mL) was
added into the flask, and the reaction solution was washed with
saline (3 x 30 mL). The organic layer was dried over anhydrous
sodium sulfate and volatiles were removed under reduced pressure.
The crude product was purified on a radius flow chromatron
(Harrison Research, Inc.) using 10% methanol/90% ethyl acetate
as the solvent. The yield of the tributylstannyl precursor for 7°Br-2
was 34%. The tributylstannyl precursor of 7°Br-1 was obtained in
an overall yield of 44.5% using a similar procedure.

N-(4-(3,4-Dihydro-6,7-Dimethoxyisoquinolin-2(1H)-yl)Butyl)-
2,3-Dimethoxy-5-(Tributylstannyl)Benzamide. '"H-NMR (300 MHz,
CDCl;): 8 0.78—1.80 (m, 31H), 2.50—2.70 (m, 4H), 2.79 (s, 2H),
3.42—3.44 (m, 2H), 3.60—3.62 (m, 2H), 3.76—3.83 (m, 12H), 6.45
(s, 1H), 6.51 (s, 1H), 7.02 (s, 1H), 7.66 (d, 1H), 7.95 (s, 1H).

N-(2-(3,4-Dihydro-6,7-Dimethoxyisoquinolin-2(1H)-yl)Ethyl)-
2-Methoxy-5-(Tributylstannyl)Benzamide. "H-NMR (300 MHz,
CDCl;): & 0.80—1.60 (m, 27H), 2.01—2.84 (m, 6H), 3.63—3.66
(m, 4H), 3.67 (s, 3H), 3.83 (s, 3H), 3.85 (s, 3H), 6.53 (s, 1H), 6.60
(s, 1H), 6,85—6.89 (d, 1H), 7.45—7.48 (m, 1H), 8.26 (s, 1H), 8.51
(s, 1H).

Radiolabeling with 76Br

Compounds (1) and (2) were labeled with 7°Br via an electro-
philic destannylation reaction using the described precursors (Fig.
2). 7°Br was produced at the Washington University Cyclotron
Facility using an automated target system (19). 7°Br was recov-
ered via a dry distillation method that was a modified apparatus
based on that of Tolmachev et al. (26). The radionuclide was
obtained in 0.6 mol/L NH,OH (~222 MBq [~6 mCi] in 200 pL).
This solution was filtered through a C-18 Sep-Pak (Maxi-Clean
C18; Alltech Inc.) with quantitative recovery of the activity and
blown down to dryness. The radioactivity was redissolved in
Milli-Q water (Millipore Corp.) (200 wL). Twenty micrograms (in
10 pL ethanol) of the tributylstannyl precursor were added to the
activity, followed by 30 L of 32 wt % peracetic acid in dilute
acetic acid. The reaction was performed at room temperature.

The reaction mixture was monitored by TLC that was
performed on silica gel plates with 25% methanol in dichloro-
methane as the solvent for compound (1) and 20% ethyl acetate in
methanol for compound (2). The Ry values were 0, 0.80, and 0.63
for bromide, compound (1), and compound (2). The tributyl-
stannyl precursors for compound (1) and compound (2) were 0.98
and 0.77.

Purification was performed with high-performance liquid chro-
matography (HPLC) on a reverse-phase C-18 preparatory column
using 14% tetrahydrofuran and 86% 0.1 mol/L formate buffer as
the eluting solvent (pH 4.5). The solvent was evaporated under
vacuum and heat. The activity was redissolved in saline for in vivo
and in vitro studies.
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FIGURE 2. Generalized synthesis of 7®Br-radiolabeled o,-
ligands (1) and (2).

Quality control was performed on 7°Br-1 and 7°Br-2 using the
same HPLC solvent conditions to determine the specific activity
of the radiotracers on a C-18 analytic column. Because of the
weak ultraviolet absorbance of 7°Br-1, only a lower limit on the
specific activity could be established with the standard quality
control method. In a separate experiment a more accurate mea-
surement of the specific activity was performed on a liquid
chromatography/mass spectrometry (LC/MS) system using the
same solvent elution as presented.

Biodistribution and microPET Studies

All animal experiments were conducted in compliance with the
Guidelines for the Care and Use of Research Animals established
by Washington University’s Animal Studies Committee. Mature
female BALB/c mice (~2-mo old and 17-22 g; Charles River
Laboratories) were implanted subcutaneously in the nape of the
neck with EMT-6 mouse mammary adenocarcinoma cells (5 x 10°
cells in 100 wL growth media for experiments with 7°Br-1 and
76Br-2 and 1 x 10 cells for experiments with '8F-FLT) 7—10 d
before the study date. Average tumor burden on the day of imag-
ing was ~0.2 cm?. Radioligands were prepared on the day of the
animal studies.

Biodistribution studies with 7°Br-1 and 7°Br-2 were performed
with 222—296 kBq (6—8 wCi) of activity in 150-170 pL of saline
(<3 ng of the compounds) and 592 kBq (16 nCi) of activity was
used for 'F-FLT in 180 pL of saline. The compounds were
administered via tail vein injection. The animals were sacrificed at
5 min, 0.5, 1, 2, and 4 h for 7°Br-1 and 7°Br-2. The times for
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I8FE-FLT were 0.5, 1, and 2 h. A blocking study was performed to
verify the receptor binding of 7Br-1 using compound (5) (22 pg
coinjected with 7°Br-1 in 200 pL saline) as a blocking agent (/4).
Compound (5) has a high affinity for both o- and o,-receptors
and is routinely used in our laboratory for o-receptor—blocking
studies (/4,20,27). Animals were sacrificed at 2 h for comparison
with the nonblocked biodistribution data at the same time point
(data are presented as percentage injected dose per gram of tissue
[%ID/g]). The number of animals for each compound and time
point are given in Tables 1-3.

Statistical analysis was performed on the ratio data for selected
organs (Fig. 3), the brain ratios, and the %ID/g analysis for
blocked and nonblocked data for 7°Br-1. Student ¢ tests for
blocked and nonblocked data used an a-value of 0.05, where o
is the level of significance at which the critical value of the test is
evaluated during computation. For all ratio data, ANOVA was
performed with an a-value of 0.05 (Fig. 3). The Student 7 test was
performed with Bonferroni adjustment using an a-value of 0.017
between ratios for the 3 compounds.

An imaging study was performed for 7°Br-1 and '8F-FLT on a
microPET-F220 (CTI-Concorde Microsystems Inc.). Three ani-
mals were imaged. The first animal was injected with '8F-FLT
(18.13 MBq [0.49 mCi]). Two animals were injected with 76Br-1,
in which one received a blocking dose as described. The mice
received ~9.25 MBq (~0.25 mCi; <0.125 g for the nonblocked
study) of 76Br-1 via tail vein injection. The animals were imaged
at 2 h after injection. The mouse injected with 'SF-FLT was
imaged at 1 h after injection. Comparison of the 1-h 3F-FLT
image with the 2-h 7°Br-1 image was believed to be appropriate
as the biodistribution ratio data for '®F-FLT was not significantly
different between 1 and 2 h. Images were reconstructed with
2-dimensional ordered-subset expectation maximization.

Scatchard Studies

Membrane Homogenate Preparation. Membrane homogenates
were prepared from ~1 g EMT-6 tumor allografts, which were
removed from tumor-bearing mice and frozen on dry ice imme-
diately and stored at —80°C until use. Before homogenization, the
tumor allografts were allowed to thaw slowly on ice. Tissue
homogenization was performed at 4°C using a Potter—Elvehjem
tissue grinder at a concentration of 1 g of tissue per milliliter in
50 mmol/L Tris-HCI, pH 8.0. The crude membrane homogenate
was then transferred to a 50-mL centrifuge tube and resuspended
to a concentration of 0.2 g of tissue per milliliter of 50 mmol/L

Tris-HCI. Additional homogenization was accomplished using an
Ultra-Turrax T8 polytron homogenizer (IKA Works, Inc.). The
final homogenate was then centrifuged for 10 min at 1,000g, the
pellet was discarded, and the supernatant was mixed by vortexing.
Aliquots were stored at —80°C until use. The protein concentra-
tion of the suspension was determined using the DC protein assay
(Bio-Rad) and averaged ~10 mg of protein per milliliter of stock
solution.

Scatchard Analysis. Approximately 70 wg of membrane ho-
mogenate protein were diluted with 50 mmol/L Tris-HCI buffer,
pH 8.0, and incubated with the radioligand in a total volume of
150 pL at 25°C in 96-well polypropylene plates (Fisher Scien-
tific). The concentrations of 7°Br-1 ranged from 1 to 21 nmol/L.
After 60 min of incubation, the reactions were terminated by the
addition of 150 pL of cold wash buffer (10 mmol/L Tris-HCIL, 150
mmol/L NaCl, pH 7.4, at 4°C) using a 96-channel transfer pipette
(Fisher Scientific), and the samples were harvested and filtered
rapidly onto a 96-well fiberglass filter plate (Millipore) that had
been presoaked with 100 pL of 50 mmol/L Tris-HCI buffer, pH
8.0, for 1 h. Each filter was washed 3 times with 200 pL of ice-
cold buffer. The filters were then punched out and a Packard
y-counter (Beckman) with a counting efficiency of 29% for 7°Br
was used to quantitate the bound radioactivity. Nonspecific bind-
ing was determined from samples that contained 10 pwmol/L of
compound (4), a compound selective for o,-receptor with high
affinity (27). The direct binding equilibrium dissociation constant
(Kg) and the maximum number of binding sites (B.x) were
determined by a linear regression analysis of the transformed data
using the Scatchard method (28). The data from the radioligand
saturation binding studies was transformed to determine the Hill
coefficient, ny, defined by:

By
log———=1logK; + nylogL,
Bmax - Bs "

where By is the amount of the specifically bound radioligand and
L is the concentration of radioligand (29,30). ny was determined
from the Hill plot of:

By

log——
gBmax — By

versus log L.

TABLE 1
%ID/g Values for 76Br-1 Measured in BALB/c Mice Allografted with EMT-6 Tumor Cells (n = 5)
Organ 5 min 30 min 1h 2h 2-h block 4 h
Blood 2.12 = 0.20 2.20 = 0.24 1.60 = 0.22 0.46 = 0.07 0.35 = 0.05 0.21 = 0.08
Lung 24.64 + 2.74 581 = 1.12 2.45 + 0.17 0.74 = 0.04 0.51 = 0.05 0.29 = 0.03
Liver 10.99 + 0.29 8.85 + 0.52 4.58 + 0.36 1.67 £ 0.10 1.38 = 0.12 0.71 = 0.08
Spleen 12.50 = 1.46 6.91 = 1.22 2.61 = 0.62 0.60 = 0.03 0.90 = 0.60 0.20 = 0.03
Kidney 31.20 = 2.92 18.51 + 2.66 10.81 £ 1.72 1.85 £ 0.54 1.28 = 0.35 0.57 = 0.12
Muscle 3.62 = 0.27 1.54 = 0.49 0.61 = 0.11 0.20 = 0.03 0.27 = 0.14 0.07 = 0.01
Fat 3.78 = 0.97 2.27 = 0.16 0.81 = 0.16 0.22 = 0.05 0.19 = 0.05 0.04 = 0.02
Heart 7.31 = 0.70 2.15 + 0.30 1.08 £ 0.07 0.30 = 0.03 0.25 + 0.05 0.11 = 0.02
Brain 1.60 = 0.15 0.41 = 0.06 0.17 = 0.02 0.053 *= 0.003 0.04 = 0.01 0.027 = 0.002
Bone 3.10 = 0.67 2.76 + 0.58 1.38 £ 0.09 0.56 = 0.20 0.23 + 0.07 0.12 = 0.03
Tumor 4.78 = 0.78 5.31 = 0.62 3.98 + 0.58 1.71 £ 017 0.98 = 0.19 0.68 = 0.15
1044 THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 47 ¢ No. 6 ¢ June 2006


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on March 14, 2017. For personal use only.

TABLE 2
%ID/g Values for 76Br-2 Measured in BALB/c Mice Allografted with EMT-6 Tumor Cells (n = 9)

Organ 5 min 30 min 1h 2h 4 h
Blood 4.48 + 0.44 2.37 = 0.26 1.91 = 0.48 419 + 1.68 10.13 £ 1.05
Lung 4.87 = 0.82 1.42 = 0.18 1.06 = 0.23 1.80 = 0.51 3.88 = 0.41
Liver 18.86 = 3.10 4.85 = 0.94 2.78 + 0.76 3.75 + 0.75 3.54 + 0.12
Spleen 2.93 = 0.61 0.92 = 0.37 0.54 = 0.13 0.74 = 0.25 1.41 = 0.07
Kidney 49.68 + 5.91 29.84 + 3.97 14.78 + 2.18 3.93 + 0.60 2.94 + 0.27
Muscle 1.35 £ 0.12 0.63 = 0.15 0.45 = 0.21 0.44 = 0.12 0.88 = 0.12
Fat 2.63 + 0.49 0.72 = 0.14 0.48 = 0.20 0.63 + 0.29 0.72 = 0.19
Heart 2.35 = 0.36 0.86 = 0.15 0.66 = 0.16 1.20 = 0.50 2.96 + 0.40
Brain 1.59 =+ 0.19 0.20 = 0.05 0.13 = 0.08 0.17 = 0.05 0.31 = 0.06
Bone 1.55 £ 0.20 0.52 = 0.02 0.50 = 0.17 0.49 = 0.17

Tumor 2.10 = 0.27 1.14 = 0.19 1.08 = 0.16 1.04 = 0.28 2.75 = 0.70

RESULTS and 1.0 = 0.3 %ID/g for liver, kidney, and tumor, respec-

Radiochemistry

TLC of the reaction mixture for both 7°Br-1 and 7°Br-2
showed >70% incorporation of 7°Br after 5 min. Yields for
76Br-1 and 76Br-2 were 64% * 11% (low, 47%; high, 76%:;
7 reactions) and 65% * 3% (low, 63%; high, 69%;
3 reactions) after HPLC purification, and >99.5% radio-
chemical purity was obtained. In a separate experiment the
specific activity of 7°Br-1 was measured at the end of
synthesis and found to be 40.33 GBg/pmol (1,090 mCi/
pmol) as measured by LC/MS. Standard quality control
using a HPLC was used to determine the specific activity of
76Br-2 (89.39 GBg/pmol [2,416 mCi/pwmol]).

Biodistribution Studies

The %ID/g of tissue data obtained from the biodistribu-
tion studies of 75Br-1 and 7®Br-2 are shown in Tables 1 and
2. Initially, at 5 min, liver (11.0 = 0.3 and 18.9 = 3.1 %ID/g)
and kidney (31.2 * 2.9 and 49.7 = 5.9 %ID/g) uptake of
76Br-1 and 7°Br-2 was high because of both rapid excretion
and the high density of o-receptors in these organs. The
uptake values for 7°Br-2 at 2 h were 3.7 = 0.8, 3.9 = 0.6,

TABLE 3
%ID/g Values for '8F-FLT Measured in BALB/c Mice
Allografted with EMT-6 Tumor Cells (n = 5)

Organ 30 min 1h 2h

Blood 5.70 = 0.26 451 + 0.22 2.54 £ 0.55
Lung 5.44 + 0.28 4.35 = 0.18 2.46 = 047
Liver 5.88 £ 0.26 4.71 = 0.22 2.60 = 0.51
Spleen 7.38 £ 1.60 9.82 = 2.36 11.48 = 4.08
Kidney 10.15 = 0.55 7.54 = 0.55 3.87 £ 0.46
Muscle 4.84 = 0.26 4.43 = 0.39 2.72 + 0.63
Fat 1.33 £ 0.13 1.09 = 0.16 0.58 = 0.18
Heart 5.09 + 0.19 4.00 = 0.14 2.24 = 0.45
Brain 0.64 = 0.04 0.67 = 0.04 0.41 = 0.1
Bone 5.28 = 0.78 5.92 + 0.52 7.54 = 2.04
Tumor 5.49 + 0.15 5.10 = 0.60 3.05 = 0.49

0,-RECEPTOR LIGANDS FOR TUMOR IMAGING * Rowland et al.

tively. At 2 h, 7°Br-1 had uptake values of 1.7 = 0.1, 1.8 =
0.5, and 1.7 = 0.2 %ID/g for the liver, kidney, and tumor,
respectively.

A blocking study performed at 2 h for 7°Br-1 showed a
decrease in the liver and tumor uptake to 1.4 = 0.1 and
0.98 * 0.19 %ID/g. The Student ¢ test comparing the
nonblocked data with the blocking data showed this differ-
ence to be significant (P = 0.005). The value for the
blocked kidney was 1.3 = 0.3, which is not significant (P =
0.005). Table 3 shows the results of the biodistribution
study using '8F-FLT. For all organs except the spleen and
bone, the %ID/g values decreased from 30 min to 2 h.

The tumor-to-normal tissue ratios for the 3 compounds
studied are presented at the 2-h time point (Fig. 3). The
tumor-to-brain ratios are not shown because of the large
ratio for 7°Br-1 (32.4 = 3.6); '8F-FLT and 7°Br-2 had
tumor-to-brain ratios of 7.66 = 1.13 and 6.30 *= 1.33,
respectively. '8F-FLT displayed tumor-to-normal tissue
ratios of ~1.0 or less with the exception of the tumor-to-
brain ratio (value above) and the tumor-to-fat ratio, which
was 5.84 * 2.55 (Fig. 3). 7Br-1 had the highest tumor-to-
normal tissue ratios for all organs except liver, which is
attributed to the high density of o,-receptors in this organ.

ANOVA of tumor-to-normal tissue ratios revealed that
the difference in the 3 compounds studied was significant.
However, the ANOVA does not reveal pairwise differences
between the 3 radiotracers. Therefore, a Student ¢ test was
run to determine the level of significance between the
tumor-to-normal tissue ratios of each radiotracer. Tumor-
to-normal tissue ratios for 7°Br-1 were found to be sig-
nificantly different from that of 76Br-2 and '8F-FLT for
tumor-to-blood, tumor-to-lung, tumor-to-muscle, tumor-to-
heart, and tumor-to-brain ratios (P = 0.05). No significance
was found for the tumor-to-liver, tumor-to-kidney, and
tumor-to-fat ratios between 7°Br-1 and '8F-FLT. No signif-
icance was found for the tumor-to-brain ratio between
76Br-2 and '8F-FLT and for the tumor-to-bone ratio be-
tween 7°Br-1 and 7°Br-2.
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FIGURE 3. Bar chart shows comparison of ratio data between
76Br-1, 76Br-2, and '8F-FLT at 2 h. Brain is not shown because
of high ratio for 76Br-1 (see text). ANOVA showed significance of
tumor ratios at level of P = 0.001. Cross-comparison between
compounds using a Student t test showed no significance
between 76Br-1 and '8F-FLT for liver, kidney, and fat and no
significance between 76Br-1 and 7®Br-2 for bone; all other values
were significant at P = 0.05. Data are presented as mean = SD.

Imaging Studies

Coronal slices for '8F-FLT at 1 h after injection, 7°Br-1
nonblocked, and 7°Br-1 under o-receptor—blocking condi-
tions at 2 h are presented (Fig. 4). The outline of the upper
torso of a mouse was overlaid on the images to give a sense
of the positioning of the animal. The tumors are visible with
both tracers ('8F-FLT and 7°Br-1) and the position of
tumors within the animal was confirmed by palpation.

The animal receiving a receptor-blocking dose of com-
pound (5) (Fig. 4C) showed decreased uptake of 7°Br-1
compared with the nonblocked animal (Fig. 4B). The uptake
of 75Br-1 in the microPET image also was greater at the site
of the tumor when the receptor-blocked animal was com-
pared with the nonblocked animal. There was also a greater
contrast of the tumor-to-background tissues when the non-
blocked animal with 7°Br-1 was compared with the animal
injected with '8F-FLT. As determined in the biodistribu-
tion studies, the enhanced imaging properties of 7°Br-1 over
I8F_FLT were evident. A uniform uptake of '®F-FLT was seen
throughout the animal except in the brain.

Scatchard Analysis
Direct saturation binding studies were performed using
76Br-1 with membrane homogenates of EMT-6 mouse breast

FIGURE 4. microPET image of 3 BALB/c
mice implanted with EMT-6 cells and
imaged with 8F-FLT (A), "®Br-1 non-
blocked (B), and 7®Br-1 with a blocking
dose of compound (5) (C). Animals were
imaged in supine position. Arrows in the
images point to the tumor and in the case
of FLT a second arrow points to the
brain.
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tumor allografts. The saturation curves and Scatchard plots
are presented here (Fig. 5). The Ky and B,,,, values of
the receptor-radioligand binding of 7°Br-1 were 1.43 =*
0.09 nmol/L and 1,800 * 83 fmol/mg protein, respectively.
The mean Hill slope (ng) value was found to be close to unity.

DISCUSSION

Previous work has shown that conformationally flexible
benzamides are potentially useful for imaging the prolifer-
ative status of breast tumors using EMT-6 allografts as a
model system (20). This work was performed by radio-
labeling the benzamides with ''C, a PET-based radionuclide
having a relatively short half-life (t,, = 20.4 min). However,
benzamide compounds that incorporate longer-lived isotopes
such as '8F (t,, = 109.8 min) and 7°Br (t,, = 16.2 h) are
needed if this imaging strategy is translated to clinical PET
studies, which require distribution to PET scanner facilities
that do not have in-house isotope production capabilities.

Our initial attempt was to prepare an '8F-labeled analog
of the conformationally flexible benzamide derivatives
developed in our group. However, we found that substitut-
ing the C5 position of the benzamide aromatic ring with
a 2-fluoroethyl moiety, a method commonly used in the
development of !8F-labeled radiotracers, resulted in a
dramatic reduction in affinity for the o,-receptor (i.e., com-
pound (3) in Fig. 1). Because compounds (1) and (2) have a
Br atom in the parent structure, a o,-receptor—based PET
radiotracer containing a longer-lived radionuclide could be
readily obtained by simply preparing the corresponding
76Br-labeled versions of compounds (1) and (2). The goal
of the current study was to prepare “°Br-1 and 7°Br-2 and
evaluate their potential for imaging breast tumors using a
mouse mammary adenocarcinoma as a model system.

The 7°Br-radiolabeled compounds 7°Br-1 and 7°Br-2
were prepared using standard electrophilic halogenation
of the corresponding tributylstannyl precursor in a simple
1-step reaction (reaction (b) in Fig. 2). The synthesis and
subsequent HPLC purification gave a high yield (average,
>50%) and high radiochemical purity (>99.5%) of the 2
o,-receptor compounds. Specific activities of the 2 com-
pounds were also found to be high (>37 GBqg/pmol
[>1,000 mCi/pmol]).

For both 76Br-1 and 7°Br-2, there was rapid washout of
the radiotracer from nontarget organs and a good retention
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FIGURE 5. Scatchard analysis of 76Br-1 binding to o,-recep-
tors in membrane homogenates from EMT-6 mouse breast
tumor allografts. (A) Representative saturation binding experi-
ments that show total binding, nonspecific binding, and specific
binding. (B) Scatchard plots that were used to determine Kg,
Bmax, and ny values. Results are presented as mean + SE of
triplicate experiments.

in the tumor. There was also a rapid clearance from the
liver and kidney until 2 h, at which time the %ID/g was
quite comparable with the tumor uptake. Because both liver
and kidney have been shown to have a high density of o,-
receptors (8), the prolonged retention of 7Br-1 and 7°Br-2
in these organs is likely due to the labeling of o,-receptors.
This was also confirmed in our o-receptor—blocking stud-
ies. 7°Br-1 was found to have a high amount of uptake in
the liver and kidneys. As it is known that these organs
express o-receptors, this was not unexpected (8). Because
of this high uptake, this ligand may not be a good radio-
tracer for imaging tumors in the abdominal cavity.

0,-RECEPTOR LIGANDS FOR TUMOR IMAGING * Rowland et al.

76Br-1 had the highest tumor-to-normal tissue ratios at
the 2-h time point compared with 7°Br-2 and '8F-FLT (Fig.
3). It is interesting to note that the uptake of both 7°Br-1
and 7°Br-2 into the tumor is lower than the uptake of
IBE.FLT from 30 min to 2 h and that the clearance was
much faster for both 7°Br-1 and 7°Br-2 compared with '8F-
FLT. Even though there was clearance of the 76Br-labeled
radiotracers from the tumor, there was a faster clearance of
the radiotracers from normal tissues, which resulted in an
increase in the tumor-to-normal tissue ratios for both 7°Br-1
and 7°Br-2 over time (data not presented). Given that a high
target-to-background ratio is important for in vivo imaging,
the higher tumor-to-normal tissue ratios obtained with 7°Br-1
may be more optimal for tumor imaging than the high tumor
uptake and lower tumor-to-normal tissue ratios obtained with
I8E_FLT. This was also confirmed in the microPET studies,
which showed a better visualization of the tumor with 76Br-
1 than what was observed with '8F-FLT (Fig. 4).

It is well known that FLT does not cross the blood—brain
barrier (BBB). This highlights another advantage of imag-
ing with the o-receptor. The log P values for compounds (1)
and (2) are 3.3 and 3.17, which indicates that they should
be able to cross the BBB. This can be seen in the bio-
distribution data—that is, there was rapid uptake at 5 min
(1.6 %ID/g) but fast clearance so that at 2 h there was little
activity in the brain (0.053 %ID/g). It should also be noted
that the tumor-to-brain ratio was quite high for 7Br-1
(tumor-to-brain ratio = 32.4 * 3.6 at 2 h). Because it has
been shown that rat and human gliomas have a high density
of o,-receptors, 7°Br-1 may be a useful radiotracer for
imaging brain gliomas (9,10).

The longer half-life of 7°Br also enabled us to conduct
Scatchard studies to further characterize the binding of this
ligand to oj-receptors. The results of the direct binding
assays showed that 7°Br-1 had a low level of nonspecific
binding. It should be noted that the K4 value from the
Scatchard studies revealed 7°Br-1 to have a higher affinity
for o,-receptors than that reported previously (/7). The
earlier study reported a competitive binding equilibrium
dissociation constant (K;) obtained from indirect competi-
tive binding assays using *H-1,3-di-ortho-tolyguanidine
as the radioligand and rat liver membranes as the tissue
source of o,-receptors. The Scatchard data reported here
are from a direct binding assay and were obtained in
membrane homogenates obtained from allografts from
EMT-6 cells, which yielded a more accurate binding af-
finity for this ligand for o,-receptors expressed in tumors.
The results of the Hill transformation showed that the
receptor binding of 7°Br-1 displayed a single site and non-
cooperative binding.

CONCLUSION

The results of this study show that both 7°Br-1 and 7°Br-2
have a high uptake in tumors in vivo using EMT-6 breast
tumors as a model system. The high liver uptake of this
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radiotracer will likely prevent imaging tumors in the
abdominal cavity. The high affinity and low nonspecific
binding indicate 7°Br-1 has the potential to be a valuable
probe for evaluating the o,-receptor status of solid tumors
in vivo (11,12). 7°Br-1 gave higher tumor-to-normal tissue
ratios than 7°Br-2 and '8F-FLT, and 76Br-1 has potential for
imaging breast tumors in vivo with PET. Because the
tumor-to-normal tissue ratios in the lung, head and neck,
and brain are quite high, it may be possible to image lung,
head and neck, and brain tumors using this imaging
strategy.
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