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ABSTRACT. Previous research into development of a gallium-radiolabeled agent that crosses the blood—
brain barrier has met with limited success. In this study, we focused our attention on a Ga(IIl) complex of
a 4-coordinate amine trithiolate tripod ligand, tris(2-mercaptobenzyl) amine (S;N). The Ga(Ill) S;N
complex is small, neutral, and lipophilic, meeting the requirements for a potential brain imaging agent. The
Ga-68 complex was easily formed with a radiochemical purity of >95%. In vitro stability of the Ga-S;N
complex, determined in rat serum incubated at 37°C, was greater than 95% intact at 2 h by silica gel and
reversed-phase radio-thin layer chromatography. Biodistribution studies conducted in female Sprague—
Dawley rats showed the complex cleared rapidly from the blood with initial high liver uptake followed by rapid
washout. Significant uptake was observed in the brain, with brain:blood ratios increasing from 0.11 at 2 min
postinjection to 3.8 at 60 min postinjection. Uptake was also observed in the heart going from a heart:blood
ratio of 2.3 at 2 min postinjection to 11 at 60 min postinjection. Molecular mechanics were used to determine
the coordination number, and demonstrated that the Ga(III) complex prefers to be 4-coordinate. Imaging
studies with ®*Ga-S;N in a Nemestrina macaque showed significant brain uptake, similar to other lipophilic
agents. The extraction of ®*Ga-S;N into the brains of both rodents and primates, higher than any ®*Ga agent
reported in the literature, suggests that this compound may have potential as a brain imaging agent for
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INTRODUCTION

Gallium-68 is a positron-emitting isotope with a half-life of 68 min
and a high abundance of positrons (89%), making it ideal for
positron emission tomography (PET) imaging. The half-life allows
chemical manipulation but limits the dose received by the patient.
Unlike many of the other isotopes used for PET that are cyclotron
produced, ®3Ga is obtained from a *®Ge/°*Ga generator. Germani-
um-68 (t;, = 280 days) is loaded onto a tin dioxide column, which
decays by electron capture to ®*Ga (20). The generator can be
eluted several times a day with 1 N HCI, producing ®*Ga in a form
suitable for rapid synthesis of radiopharmaceuticals. The long
half-life of the ®*Ge parent (280 days) allows for a shelf-life of 1.5-2
years for the generator (2). This generator system enables hospitals
that are unable to afford the expense of a cyclotron to perform PET
imaging.

Several requirements must be met to design appropriate radio-
pharmaceuticals for heart and brain imaging. Work at Washington
University has shown the usefulness of lipophilic ethers and
alcohols labeled with "'C (t;, = 20 min) for measurement of
myocardial and cerebral blood flow by PET (4, 12). High spin Fe
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and Ga, due to their similar electronic configuration (Fe’* = 3d°,
Ga’" = 3d'°), have many common properties, including ionic radii
(Fe*t = 049 A, Ga’* = 0.47 A), ionization potential, and
coordination number. A major problem encountered with gallium
radiopharmaceuticals is the transchelation of Ga(Ill) to various
iron-containing proteins (particularly transferrin), which bind
Ga(Ill) with high affinity (17). The radiopharmaceuticals ¢’Ga-
and ®®Ga-citrate actually take advantage of this transchelation by
labeling transferrin in vivo by ligand exchange; °*Ga-transferrin
measures regional plasma volume and ¢’Ga-transferrin is used as a
diagnostic agent for infection and neoplasms. Perfusion imaging
necessitates high stability Ga(Ill) radiopharmaceuticals that will
not undergo transchelation with transferrin. For brain imaging, the
compound must be relatively small, neutral, and lipophilic to cross
the intact blood—brain barrier.

Several gallium agents have been developed that show significant
myocardial uptake. Green and co-workers developed a series of
uncharged lipophilic Ga(IIl) complexes of 1,1,1-tris-(5-methoxy-
salicylaldiminomethyl)ethane [(sal)stame] and 1,1,1,-tris-(alkoxy-
salicylaldiminomethyl)ethane derivatives [(ROsal);tame] as **Ga
myocardial imaging agents (8, 11). In an attempt to increase heart
uptake, the lipophilicity of these ligands was further increased by
the addition of alkoxy-substituents on the ethane backbone of the
triamine framework of the tris(salicylaldimine) ligands. Increased
heart uptake and higher heart:blood ratios were observed. However,
the increased lipophilicity resulted in increased liver accumulation
(10). Gallium(III) complexes of bis-aminoethanethiol-cyclohexyl
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FIG. 1. Structure of tris (2-mercaptobenzyl) amine (S;N).

(BAT-TECH) ligands have been investigated as possible myocar-
dial imaging agents (6, 19). The Ga(Ill) compounds are taken up
rapidly by the heart; however, they wash out quickly and the blood
level remains high, resulting in low heart:blood ratios at later time
points. In an attempt to design myocardial imaging agents with
increased myocardial retention, Tsang and co-workers prepared a
series of hexadentate bis(salicylaldimine) ligands that formed li-
pophilic cationic complexes with Ga(Ill) (37, 38). These com-
pounds, particularly Ga(III)[(4,6-MeO,sal),BAPEN]", exhibited
significant myocardial uptake, with longer retention than any of the
compounds mentioned previously.

Investigations into developing a Ga(III) brain agent has met with
limited success. A series of tris(1-aryl-3-hydroxy-4-pyridinonato)
Ga(IIl) complexes exhibited liver and heart uptake in rats and dogs.
One complex, 3-hydroxy-2-methyl-1-(p-nitrophenyl)-4-pyridinone
labeled with Ga(Ill), by planar imaging of normal rabbits showed
brain accumulation, which increased over time (39). However, a
biodistribution of the same complex in normal Wistar rats showed
no brain accumulation. Because the uptake was observed only by
planar imaging, it is not clear if the activity was definitely located
in the brain or in some other tissue such as the skull. ®Ga-
[N,N,N’,N’-tetrakis-(2-hydroxy-3,5-dimethylbenzyl)ethylenedia-
mine], a neutral lipophilic hexachelated compound, exhibited
significant myocardial uptake; however, the brain uptake was
insufficient to allow for measurement of cerebral blood flow (21).

Previous work performed in our group has shown that Ga(IIl)
forms stable complexes with either 4-, 5-, or 6-coordinate ligands,
with 6-coordinate being the most stable (34). In our attempts to
develop a Ga-68 imaging agent to cross the blood—brain barrier, we
focused our attention on a 4-coordinate amine trithiolate tripod
ligand, tris(2-mercaptobenzyl) amine (S;N), shown in Figure 1.
Designed by Koch and co-workers to study the electronic and
structural characteristics of metalloproteins and enzymes containing
Fe(II) and Fe(III) (7), the Fe(IIl) S5N complex was relatively small,
lipophilic, and neutral, making it intriguing as a possible brain agent
with Ga(lII).

Computational methods provide a means for understanding
structure and its relation to function. Thus the development of force
fields and techniques for modeling radiometal complexes provide
tools for the design of new imaging and therapeutic agents with
enhanced properties. Previous modeling studies have evaluated 4-,
5-, and 6-coordinate Ga(III) and In(IIl) complexes (34), Tc(V) oxo
complexes (16), and gadolinium-based magnetic resonance imaging
(MRI) contrast agents (28).

In this paper, we present the preparation and in vivo evaluation of
%8Ga-labeled S;N. ®®Ga-S;N was evaluated in normal rats and

hamsters and used to image a nonhuman primate and a canine. The
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brain distribution of °®Ga-S;N was further characterized by autora-
diography studies and compared to two well-studied perfusion
tracers, 'C-ethanol (4) and %*Cu-pyruvaldehyde bis(N*-methyl-
thiosemicarbazone) (PTSM) (9).

EXPERIMENTAL
Materials and Methods

RADIOCHEMISTRY. S;N was prepared by methods reported previ-
ously (7). All materials were reagent grade unless otherwise speci-
fied. ®®GaCl; was obtained from a 25 mCi ®®*Ge/**Ga generator
(Dupont Pharma, N. Billerica, MA). Water was distilled and then
deionized (18 MQ/cm?) by passing through a Milli-Q® water
filtration system (Millipore Corp., Bedford, MA). C-18 Sep-Pak®
Light cartridges were purchased from Waters Corporation (Milford,
MA). Sodium acetate was obtained from Fluka Chemie AG (Buchs,
Switzerland). Diethylenetriaminepentaacetic acid (DTPA) was put-
chased from Sigma Chemical Co. (St. Louis, MO).

High performance liquid chromatography (HPLC) analysis was
carried out on a Scientific Systems, Inc. HPLC system (SSI, State
College, PA), with an Alltech C18 10 w Versapack 300 X 4.4 mm
column (Alltech Associates, Deerfield, IL). The gradient mobile
phase was started at 65% B and increased to 80% B over 20 min
(A = water, B = acetonitrile) at a flow rate of 1 mL/min.
Sequential radiometric detection with a Beckman model 170
Radioisotope detector (Fullerton, CA) was followed by ultraviolet
(UV) detection with a Linear Variable Wavelength UV/VIS 204
detector (Linear Instruments Corp., Reno, NV) or a SSI model 500
Variable Wavelength detector operating at 254 nm. SSI Vision IV
software was used to integrate the chromatograms. Silica gel thin
layer chromatography (TLC) plates (60 A, F254) were obtained
from P.J. Cobert (St. Louis, MO) and Waters C18 silica gel TLC
plates (KCI8F, 60 A, 200 pwm) were purchased from Fisher
Scientific (Pittsburgh, PA). Radio-TLC chromatograms were ana-
lyzed on either a Bioscan 200 imaging scanner (Bioscan, Inc.,
Washington DC) or a Berthold Automatic TLC-Linear Analyzer
(Berthold System, Inc., Pittsburgh, PA). Radioactivity was counted
with a Beckman Gamma 8000 counter containing a Nal crystal
(Beckman Instruments Inc., Irvine, CA). Autoradiography experi-
ments were performed on a Packard Instant Imager Electronic
Autoradiography System (Packard Instrument Company, Meriden,
CT). **CuCl, was prepared at Washington University using a
biomedical cyclotron as described previously (25).

Complex charge was determined by electrophoresis with a Hel-
ena Laboratories electrophoresis chamber (Beaumont, TX) using
Sepraphore III cellulose polyacetate strips (Gelman Sciences Inc.,
Ann Arbor, MI) presoaked in 0.1 M sodium acetate buffer, pH 7.4,
and run with a Bio-Rad model 1000/500 power supply (Richmond,
CA) at a constant current of 8§ mA and a voltage of 250 mV for 45
min. '"'In-DTPA, known to have an overall charge of —2, was used
as a standard. The strips were analyzed by the Bioscan 200 imaging
scanner to determine the migration of radioactivity and overall
charge of the complex.

PREPARATION OF RADIOACTIVE COMPOUNDS. The ligand solution
was prepared by dissolving ~1 mg of ligand in 1 mL of ethanol that
had been degassed for 15 min with argon. **GaCl; (15-20 mCi) was
eluted from the ®Ge/*®Ga generator with 3 mL of 1 N HCL The
%8GaCl, was evaporated to dryness with a heat gun under a stream
of nitrogen, redissolved in 1 mL of ethanol, and degassed for 10 min
with argon. The ligand solution (100 pg; 80—-120 wL) was then
added to the dried ®®GaCl; and incubated at room temperature for
10 min. Quality control was determined by radio-TLC on CI18
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plates developed in 90% methanol:10% water, and by radio-TLC
on silica plates developed in 100% methanol.

The product was purified by addition of 3 mL of saline and
subsequent loading onto a preconditioned C18 Sep-Pak Light
(prepared by washing with 3—5 mL of ethanol, followed by 3-5 mL
of normal saline) to remove excess ligand and uncomplexed ®Ga.
The Sep-Pak was then washed with 3 mL of saline. The complex
was eluted with 400 pL of ethanol. Saline was then added to the
eluent to give a resultant solution of 85% saline/15% ethanol and
the percentage complex was determined by TLC.

Complex charge was determined by the electrophoresis procedure
described above. ®*Cu-PTSM was prepared and analyzed as de-
scribed previously (23), with the exception that PTSM was dis-
solved in dimethyl sulfoxide (DMSO) rather than ethanol.

In a separate experiment, a previously published procedure for the
preparation of alkyl iodides was adapted to synthesize ''C-ethanol
(4). Briefly, ""C-CO, was bubbled through 1.0 mL dry ether
containing 50-70 L of 3 M methylmagnesium bromide, followed
by addition of 200 L of 1 M lithium aluminum hydride and 200 L
of ether. The mixture was then heated at 100°C for 3 min. The
solvent was evaporated and 1.0 mL of 1.0 N HCI was added to
decompose the lithium complex. ''C-ethanol was distilled at
90-95°C with a stream of nitrogen and collected in 1.5 mL of
saline.

DETERMINATION OF PARTITION COEFFICIENTS. The partition co-
efficients (log P; n = 3) were determined by adding 5-20 pL of
labeled complex to a solution containing 2 mL of octanol and 2 mL
of water (obtained from saturated octanol water solutions). The
resulting solutions were then vortexed and centrifuged for 5 min at
2,400 rpm. Octanol (1 mL) was removed and back extracted with
1 mL of water, vortexed, and centrifuged as before. Octanol
(500 pL) and water (500 wL) were removed and counted. Water
(500 pL) was added to the 500 wL of octanol, vortexed, and
centrifuged as before. Aliquots (200 wL) of octanol and water were
removed and counted. The partition coefficent was calculated as a
ratio of counts in the octanol fraction to counts in the water
fraction per extraction. The average log P value of the two back
extractions is reported.

SERUM STABILITY STUDIES. In witro serum stability studies were
conducted by placing 100 pCi of °*Ga-S;N in 500-1,000 wL of
freshly drawn rat serum and incubating at 37°C. Samples were
removed at various time points and analyzed by both the C18 and
silica radio-TLC procedures listed above. In vivo stability studies
involved the injection of 500—1,000 wCi of *®Ga-S;N into the tail
vein of mature female Sprague-Dawley rats (Sasco, Omaha, NE).
Blood samples were removed via cardiac puncture (200-250 pL) at
various times postinjection. Ethanol was then added (800-1,000
L) and the entire solution vortexed and centrifuged at 14,000 rpm
for 5-6 min on the Eppendorf 5415 Centrifuge to separate the
supernatant from the residual proteins. The supernatant was then
decanted, counted, and analyzed by radio-TLC methods listed
previously. Controls consisted of radiolabeled compound added
directly to freshly drawn blood and then treated the same as above.
Figure 2 presents data as percent authentic intact. The percent
authentic intact is calculated using an equation that takes into
consideration the purity of the injectate, the percent of activity
extracted from the organ, percent of intact complex determined by
radio-TLC, and the percent extraction of the controls.

BIODISTRIBUTION STUDIES. All animal studies were performed in
compliance with guidelines set forth by the Washington University
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FIG. 2. Graph of the in vivo stability of °®®Ga-S;N over time.
The percentage of the intact complex as determined by both
silica and reversed phase thin layer chromatography (TLC) at
various time points postinjection.

Animal Studies Committee. Mature female Sprague-Dawley rats
(n = 4 per time point) weighing 150-200 g were anesthetized with
Metofane (2, 2-dichloro-1, 1-difluoro-1-methoxyethanol) and in-
jected with 15-20 pCi of ®*Ga-S;N in a volume of 150-200 wL
85% saline/15% ethanol via the tail vein. The rats were anesthe-
tized prior to sacrifice (by decapitation) at each time point. The
lung, liver, spleen, kidney, heart, and brain were removed from each
animal, placed on absorbent paper, and weighed. Blood samples
were collected directly and weighed. Blanks and standards were
prepared and counted along with the samples, to calculate the
percent injected dose per gram of tissue (%ID/g) and percent
injected dose per organ (%ID/organ), and to correct for physical
decay.

A biodistribution study of female Golden Syrian hamsters
(Charles River Laboratories, Wilmington, MA) weighing 100-120
g (n = 4 per time point) was carried out similarly to the rat
biodistribution, except 14 pnCi of ®*Ga-S;N in 100 pL of 85%

saline: 15% ethanol were injected intracardially.

AUTORADIOGRAPHY EXPERIMENTS. Mature female Sprague—Daw-
ley rats were injected with approximately 400 pn.Ci of “®Ga-S;N and
47 uCi of **Cu-PTSM as a regional perfusion marker (30, 31) via
the tail vein, anesthetized, and sacrificed at 30 min postinjection.
The brain was removed, frozen, and cut into 1-mm thick slices with
a gauged slicer, and Ga-68 images were obtained on the Instant
Imager. After decay of Ga-68, Cu-64 images were obtained with the
Instant Imager.

In a separate experiment, 180—-200 wCi (200 wL) of ''C-ethanol
were injected via the tail vein into an anesthetized rat, and the rat
was then sacrificed at 1 min postinjection. The brain was removed
and prepared as above and imaging was performed on the Instant
Imager.

PRIMATE IMAGING STUDY. A male Nemestrina monkey weighing
16 kg was anesthetized with 300 mg of ketamine, 10 mg of xylazine,
and 0.2 mg of atropine sulfate injected intramuscularly. The animal
was injected with 25 mCi of O-15-labeled water to measure brain
blood flow and 20 mCi of carbon monoxide was administered by
inhalation to determine blood volume. ®*Ga-S;N (3.4 mCi) was
administered intravenously (IV). One-minute images were acquired
for 15 min and then 19 5-min images acquired, for a total acquisiton
time of 110 min. PET imaging studies were performed on a 953B
PET scanner in the two-dimensional mode. The reconstructed
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FIG. 3. Graph of the biodistribution of ®®*Ga-S;N in normal Sprague-Dawley rats at 2, 15, and 30 min and 1 h postinjection.
(a) Comparison of the percent injected dose per gram of tissue (%ID/g) obtained in the blood, heart, and brain. (b) Comparison
of the %ID/g observed in the blood, lung, liver, spleen, and kidney.

resolution was approximately 6 mm in the transverse plane and
about 4.5 mm in the axial direction; axial sampling was about 3.4
mm (24, 32, 33). The animal was fasted overnight prior to the study
but allowed free access to water up to 2 h before the study. MRI
studies utilizing a Siemens Vision 1.5 Tesla Imager was performed
with the animal fully anesthetized. Careful monitoring of the
animal’s condition including temperature, end-tidal CO,, respira-
tory rate, electrocardiogram, and pulse provided online information
during the MRI scans. There were no signs of distress throughout
the PET or MRI procedure.

CANINE IMAGING STUDY. An adult male canine weighing 27 kg
was premedicated with 0.75 mg atropine and 5 mg of acepromazine
subcutaneously. After 30 min, anesthesia was induced with 12.5 mL
5% sodium thiopental given IV via an established right cephalic
vein catheter. The animal was intubated with a 9 french endotra-
cheal tube and ventilated mechanically (tidal volume =15 mL/kg)
on an Ohio 30/70 proportioned anesthesia machine using 1.5-2.5%
inhalant isoflurane. Anesthesia was maintained throughout the
procedure. The animal was injected with 21 mCi of O-15-labeled
water and 22 mCi of carbon monoxide. ®*Ga-S;N (5.97 mCi) was
injected through the established right cephalic vein IV line.
Imaging was performed on the 953B scanner as discussed above;
acquisitions were acquired for 5 min for a total of 90 min.

Molecular Modeling

DETERMINATION OF THE COORDINATION NUMBER. Hancock and
co-workers have utilized molecular mechanics successfully to deter-
mine the relationship between ligand selectivity and metal ion size
(13-15, 35). The technique utilized in these studies was the
calculation of the complex strain energy as a function of the M-L
bond length. A related technique is the “coordination scan,” in
which a series of energy curves are generated by minimizing strain
energy of complexes with various numbers of coordinated water
molecules and M-L bond lengths (18). The preferred coordination
number of the metal is determined by the position of the ionic
radius (29) in relation to the intersection points of the energy
curves. This technique has previously been found to successfully
predict the coordination number of various Ga(Ill) and In(III)
complexes (34).

The coordination scan technique was used to determine the
coordination number of the Ga(Ill) S;N complex. The starting
structure was that of the previously reported Fe(IIl) x-ray coordi-
nates (7). The metal in each complex was then adjusted to the
different coordination numbers by covalently binding the appropri-
ate number of waters to the metal. An important point to note is
that the modeling package SYBYL (36) calculates water as having
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FIG. 4. Graph of the biodistribution of ®®Ga-S;N in normal Golden Syrian hamsters at 5, 15, and 30 min and 1 h postinjection.
(a) Comparison of the percent injected dose per gram of tissue (%ID/g) obtained in the blood, heart, and brain. (b) Comparison
of the %ID/g observed in the blood, lung, liver, spleen, and kidney.

a strain energy of 0.00 kcal/mol, thus the waters added to the
complex add no energy other than steric interactions with the
ligand.

Force field parameters for bonds between N, O, and S donor
atoms with Ga(III) were those developed for the modeling package
SYBYL (36), and utilized in a study of N,N’-ethylene-di-L-cysteine
(EC) complexes (1). The metal’s ionic radius was effectively varied
by systematically altering the M-N, M-S, and M-O equilibrium
bond lengths in the following manner. The M-N bond length was
assigned through the following relationship: eq. bond length = (M
ionic radius) + 1.58 A. Similarly, the M-O equilibrium bond
lengths were assigned using: eq. bond length = (M ionic radius) +
1.41 A. The M-S equilibrium bond lengths were assigned using: eq.
bond length = (M ionic radius) + 1.76 A. The initial metal ionic
radius was set to 0.3 A. The force constant for the bond stretching
was kept at a constant value of 100 kcal mol ™! A~ The complex
was then minimized using this ionic radius, and the energy of the
complex found. The ionic radius was then increased by 0.1 A, the
equilibrium bond length modified to the new value, and the
complex again minimized. This process was continued until the
ionic radius had reached 1.5 A; this range of 0.3-1.5 A was
sufficiently large that it covered the radii of all the possible
coordination states. This procedure was then repeated for the
complex with one water, two waters, and so on, until all the possible
coordination states were examined.

Plots of the complex energy versus metal ionic radius were then
generated for each coordination number. The preferred coordina-
tion number of a metal is found by locating the preferred ionic
radius on the x-axis of the plot and the lowest energy curve, which
corresponds to the preferred coordination number. For Ga(IIl), the
radius for a 4-coordinate environment is 0.47 A; for 5-coordinate,
the radius is 0.55 A; and for 6-coordinate, the radius is 0.62 A.

RESULTS
Radiochemistry

The radiochemical yield of ®*Ga-S;N was consistently >95%.
%8Ga-S;N migrated with an R; = 0.8 on silica plates developed in
100% methanol and an R; = 0.4 on C18 plates developed in 90%
methanol:10 % water (v/v). In both systems, “*GaCl; remained at
the origin.

In electrophoresis experiments, the ®*Ga-S;N complex migrated
with an Ry = —0.01. The standard '*'In-DTPA migrated with an
R; = 0.24. These results indicate that the °®Ga-labeled S;N
complex was neutral.

The octanol-water partition coefficient or log P of **Ga-S;N was
determined to be 1.8 = 0.1. Dischino and co-workers (4) studied
the relationship between the lipophilicity of a compound and its
extraction by the brain. Their results showed that a radiopharma-
ceutical designed to measure blood flow should have a log P value
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FIG. 5. Graphs comparing the percent injected dose per organ (%ID/organ) of uptake in normal hamsters and rats. (a)
Comparison of the clearance observed in the liver. (b) Comparison of the lung uptake over time. (¢) Comparison of heart

uptake.

of between 0.9 and 2.5 (4). Based on these results, the log P value
of 1.8 = 0.1 obtained for ®*Ga-S;N s right in the middle of the
range suggested by Dischino and therefore should freely diffuse
across the blood-brain barrier.

Serum Stability

The in vitro stability of ®*Ga-S;N remains more than 95% intact
up to 2 h. The in vivo stability results of ®®Ga-S;N, determined
by both silica and C18 TLC, are shown in Figure 2. The intact

complex and metabolites migrate with the same R; on silica gel
TLC, therefore it is only resolving complexed gallium from
uncomplexed gallium. The metabolites, intact complex and
uncomplexed gallium, are resolvable by C18 TLC. ®3Ga-S;N
remains more than 93% intact at 2 min. At 5 min, 90% remains
intact with the remaining activity attributed to a less lipophilic
metabolite. By 30 min, the percent authentic intact dropped to
36%, with the remaining activity comprised largely of the
metabolite observed at 5 min and a small amount of an even less
lipophilic metabolite.
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Biodistribution Experiments

The biodistribution results in rats for ®®Ga-S;N are shown in Figure
3. %8Ga-S;N cleared rapidly from the blood with an initial high liver
uptake (72 *+ 7 %ID/organ at 2 min) followed by rapid washout
(21 = 1 %ID/organ at 60 min). High uptake was also seen in the
lungs (3 = 1 %ID/organ at 2 min), which accumulated over time
(6 = 1 %ID/organ at 60 min), and the spleen (5 = 2 %ID/organ at
2 min), which cleared with time (0.25 = 0.04 %ID/organ at
60 min). Significant uptake was observed in the brain (0.13 = 0.2
%ID/organ at 2 min), which increased over time to 0.40 * 0.07
%ID/organ at 60 min, with brain:blood ratios increasing from 0.11
at 2 min postinjection to 3.8 at 60 min postinjection. Uptake was
also seen in the heart (1.04 * 0.26 %ID/organ at 2 min) decreasing
to 0.50 * 0.12 %ID/organ at 60 min, with a heart:blood ratio of 2.5
at 2 min postinjection and 11 at 60 min postinjection.

The biodistribution results in hamsters for “®Ga-S;N are shown
in Figure 4. The complex cleared rapidly from the blood in hamsters
as observed in rats; however, the blood values for hamsters (3.5 *
0.4 %ID/organ at 30 min) at all but the initial timepoints were
higher than those observed in rats (1.2 * 0.1 %ID/organ at 30 min).
The high initial liver uptake that was seen for rats was also observed
for hamsters (94 = 11 %ID/organ at 5 min). The washout from the
liver, as seen in Figure 5, was significantly slower in hamsters (70 +
5 %ID/organ at 60 min). The lung uptake in hamsters, as seen in
Figure 5, was similar to that observed in rats at the early time point
(3 = 1 % at 5 min); however, uptake did not increase as observed
in rats but actually decreased (2.6 * 0.2 %ID/organ at 60 min).
Spleen uptake was high initially (2.2 = 0.6 %ID/organ at 5 min)
but decreased over time (0.11 = 0.03 %ID/organ at 60 min).
Significant uptake was observed in the heart (1.04 = 0.8 %ID/organ
at 5 min), with a heart:blood ratio of 9.9 at 5 min, decreasing over
time (0.30 * 0.08 %ID/organ at 60 min), with a heart:blood ratio
of 1.5 comparable to that observed for rats as seen in Figure 5.
Significant uptake was observed in the brain (0.13 * 0.03 %ID/
organ at 5 min), with a brain:blood ratio of 0.4 at 5 min, that
increased over time (0.25 * 0.04 %ID/organ at 60 min) to a
brain:blood ratio of 0.5 at 60 min; however, as seen in Figure 6, the
uptake was lower than that observed in rats.

Autoradiography Studies

The brain distribution in normal rats of **Ga-S;N was compared
with that of two known blood flow tracers, **Cu-PTSM and
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N C.ethanol. The rats were sacrificed, the brains were removed,
sliced, and imaged on an Instant Imager. The images obtained with
%8Ga-S;N, **Cu-PTSM and ''C-ethanol are shown in Figure 7. The
autoradiography scans of ®*Ga-S;N and **Cu-PTSM were similar.
The only notable difference was the higher uptake of °®Ga-S;N in
the cortex in the back of the brain. The scan of brain slices
containing ''C-ethanol were notably different than those of ®*Ga-
S;N. "'C-ethanol was distributed more evenly or diffusely through-
out the brain than °®Ga-S;N. These results reflect the similar
lipophilicities of ®*Ga-S;N and “*Cu-PTSM.

Primate Imaging Study

Figure 8 shows the PET brain images obtained with °®Ga-S;N and
150O-water. The brain uptake at 1 min postinjection was 3.9
%ID/organ and decreased to 2.4 %ID/organ at 15 min, where it
remained until the end of the study. Similar to the autoradiography
results in the rat brain, the brain uptake of ®*Ga-S;N showed
greater uptake in the cortex at the back of the brain. Higher uptake
was also demonstrated in the clivus and the temporal mandibular
joints, as demonstrated in Figure 9. Although the reason for this
high uptake in the clivus and mandibular joints is not known, it has
been observed by us and others for radiopharmaceuticals targeted to
specific receptors in the brain (5, 26).

Canine Imaging Studies

Figure 10 shows the heart imaging studies obtained with ®*Ga-S;N
and PO-water. The high lung uptake observed in both rats and
hamsters was also observed in canines. The lung uptake as depicted
in Figure 11 greatly decreased over time, differing from that
observed in either rats or hamsters. The liver uptake remained fairly
constant over time, as shown in Figure 11. The liver uptake in both
rats and hamsters declined over time. The clearance from the
myocardium is shown in Figure 11 and was comparable to that
observed in both rats and hamsters.

Molecular Modeling

A molecular mechanics technique referred to as the “coordination
scan,” which successfully predicts the coordination number of metal
complexes, has been used to understand the behavior of Ga(III) and
In(ITI) complexes with a series of multidentate thiolate ligands,
EDDASS, 4SS, 5SS, and 6SS (34). The coordination scan, shown
in Figure 12, indicated that this ligand would bind Ga(III).

The Ga(lll) complex was predicted to be 4-coordinate in a
tetrahedral geometry, thus fulfilling the coordination requirements
of the metal. This prediction was later confirmed by x-ray crystal-
lography (27).

DISCUSSION

We have described a gallium-labeled complex that is extracted into
the brain more than any gallium complex described in the literature
thus far. ®®Ga-S;N meets many of the requirements of a potential
brain imaging agent: it has a low molecular weight, it is neutral,
lipophilic, and stable to transchelation to transferrin. Along with
extraction in the brain, ®®Ga-S;N also exhibited significant heart
uptake.

Of all the °®Ga agents reported in the literature, only **Ga-
THM,BED showed uptake in the brain. The neutral lipophilic
hexachelated complex °®Ga-THM,BED was shown to cross the
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FIG. 7. Ex vivo imaging of a normal rat brain. The ! ' @
brain slices on the far left show the distribution of @
%8Ga-S;N. The brain slices in the middle show the O
distribution of ®*Cu-PTSM. The brain slices on the a
far right show the distribution of '*C-ethanol. @ @ @

8Ga-S;N 4Cu-PTSM 1C-Ethanol

FIG. 8. Magnetic resonance imaging
(MRI) and positron emission tomog-
raphy (PET) coregistry study of
%8Ga-S;N in a male Nemestrina ma-
caque. On the far left is shown the
distribution of °®Ga-S;N in the brain.
In the middle is shown the MRI im-
age of the brain. On the far right is
shown the distribution of O-15-la-
beled water. The arrows point to the
clivus and temporal mandibular
joints, whereas the circles outline the
brain in each image.

(NOTE: FIG. 9 is located on pg. 313)

FIG. 10. Reconstructed midventricu-
lar positron emission tomography
(PET) images of the heart from a nor-
mal dog obtained after administration
of O-15 water and corrected for blood
activity (left) and corresponding mid-
ventricular reconstruction obtained af-
ter administration of Ga-68 (center),
and same Ga-68 reconstruction after
correction of tracer uptake in the lungs
(right). Note that significant myocar-
dial uptake of Ga-68 occurs in normal
myocardium (right). Images are dis-
played on their horizontal long axis
where septum is to the left, anterior-
apex is uppermost, and lateral is to the
right.
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FIG. 9. Plot showing the relative uptake of °*Ga-S;N in the
brain and other regions in the primate (temporal mandibular
joints = TM]J, clivus, and muscle). The plotted ordinate
values represent decay corrected activity per cc of tissue
expressed in arbitrary units.

blood—brain barrier with a brain:blood ratio of 0.071 = 0.10at 1 h
postinjection, which is significantly lower than that for *®Ga-S;N
(3.8 £ 0.3 at 1 h postinjection) (21). The heart:blood ratio for the
hexachelated °®*Ga-THM,BED complex (1.65 + 0.26 at 1 h
postinjection) (21) is much lower than that of *Ga-S;N (11.0 +
0.5 at 1 h postinjection). Listed in Table 1 are tissue uptake values
for several Ga agents (10, 19, 21, 38). The heart uptake of
Ga-BAT-TECH is initially higher than that observed for °*Ga-S;N;
however, Ga-BAT-TECH clears more quickly from the heart,
and by 30 min the heart uptake of *®Ga-S;N is higher (19).
The heart uptake values for °®Ga-S;N are slightly higher
than those reported for ®Ga(5-MeOSal);TAME (8, 11).

TABLE 1. Biodistribution Data of Various Ga Agents in Rats
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57Gal(4,6-MeO,sal),BAPEN] ", developed by Tsang and co-workers
(36, 37), exhibits similar heart uptake to ®*Ga-S;N initially; however,
over time the heart uptake of ®’Ga[(4,6-MeQO,sal),BAPEN]",
which does not clear from the heart, is higher than that observed for
58Ga-S;N.

In witro serum stability analyzed by both reversed phase and
normal phase TLC in rat serum incubated at 37°C, showed the
%8Ga-S;N complex to be more than 95% intact at 2 h. In wivo,
reversed phase TLC showed that “®Ga-S;N remains stable long
enough to quickly clear from the blood and to prevent transchela-
tion of gallium to serum proteins. By 30 min, the remaining **Ga
activity in the blood consists of three radioactive complexes: the
original intact complex and two less lipophilic metabolites.

From the coordination scan, it was predicted that Ga would form
a 4-coordinate tetrahedral complex with S;N. A mix of ®*Ga-S;N
complexes with various waters (i.e. 5- and 6-coordinate) is not
possible because the energy differences between the 4-coordinate
curve and the 5- and 6-coordinate curves are too great. Previous
studies showed Ga(III) forms stable complexes with either 4-, 5-, or
6-coordinate ligands, indicating that the 4-coordinate Ga-S;N
complex should be stable (34). Interestingly, the In complex of this
ligand is determined to be 5-coordinate. The prediction agrees with
the x-ray structure (27).

The pattern of biodistribution for the *®Ga-S;N complex in rats
is especially interesting. The °®Ga-S;N complex cleared rapidly
from the blood, and demonstrated very high liver uptake at early
times postinjection that cleared over time. This rapid clearance
from the blood and subsequent clearing from the liver suggests this
complex is stable to metal transchelation in vivo. It has been shown
that unstable gallium complexes tend to clear slowly from the blood
and accumulate in the liver (17, 22). ®*Ga-S;N had high uptake in
the lungs that increased over time, and had somewhat high uptake
in the spleen that cleared over time. The brain distribution of
%8Ga-S;N, as shown by autoradiography, is that expected of a
lipophilic agent. The brain distribution was similar to **Cu-PTSM
in the normal rat and primate, but exhibited higher uptake in the

Time from injection (min)

Compound 2 15 30 60
Blood
68Ga—S;N 8.51 = 1.88 0.98 £0.21 1.18 £ 0.13 0.76 = 0.17
%8Gal(4,6-MeQ,sal),Bapen]™ 1.54 £ 0.18 0.96 + 0.04 0.63 = 0.02 0.43 £ 0.04
%7Ga-BAT-TECH 10.18 = 0.30 3.58 £0.08 4.54 +1.10
68Ga—THM2BED 11.30 = 8.071 10.13 = 1.089 5.767 = 1.333
57Ga-[(5-MeQOsal ) ;tame-O-n-Pr 4.03 £0.29 1.51 £ 0.09
Heart
68Ga—S;N 1.04 = 0.26 0.77 = 0.19 0.95 +0.14 0.49 +£0.13
%8Ga-[4,6-MeO,sal),Bapen] ™ 1.08 £ 0.15 0.87 £ 0.10 0.87 = 0.10 1.02 = 0.09
%’Ga-BAT-TECH 1.68 = 0.12 0.52 £ 0.08 0.26 £0.02
68Ga—THM2BED 1.135 = 0.170 0.686 = 0.354 0.500 = 0.058
57Ga-[(5-MeQsal ) ;tame-O-n-Pr 0.70 = 0.05 0.22 £ 0.03
Brain
68Ga—S;N 0.13 £0.03 0.25 = 0.04 0.42 = 0.05 0.40 = 0.07
%8Ga-[4,6-MeO,sal),Bapen] ™ 0.02 = 0.01 0.01 £0.01 0.01 £0.01 0.01 £0.01
%’Ga-BAT-TECH 0.02 = 0.004 0.01 +0.001 0.01 +0.002
68Ga—THM2BED 0.090 = 0.020 0.084 = 0.015 0.056 = 0.010
57Ga-[5-MeOsal) ;tame-O-n-Pr 0.02 = 0.002 0.015 *+ 0.002

Values presented as % injected doseforgan (*SD).



314

Counts/pixel/min

600

500

400

300

200

100

C. S. Cutler et al.

® Liver
- Lung
Fitted Lung

(U] 20

40

60

80

100

Time (min)

90

80

70

60

50

40

30

COUNTS/PIXEL/MIN

20

10

¢ PET ACTIVITY
——FITTED

20 30

40 50 60 70 90

b TIME (MIN)

FIG. 11. Positron emission tomography (PET) Ga-68 time-activity curves obtained in a normal dog from liver and lungs (a),

and heart (b). Note that there is significantly greater uptake

of tracer in the liver and lungs when compared with the heart,

and that whereas Ga-68 starts clearing from the lungs and heart within the first few minutes after injection of tracer, it is

retained by the liver.

back cortex of the brain. Studies are ongoing at this time to
determine what is responsible for this anomalous brain uptake.

A comparison of the uptake of ®*Ga-S;N in rat, hamster, and dog
models shows very different lung and liver uptake and clearance. In
rats, ©*Ga-S;N clears rapidly from the liver and accumulates in the
lung over time, whereas the reverse was observed in dogs. In,
hamsters the lung and liver uptake decreased slowly over time.
Heart uptake for all three species was similar, as shown in Figures 5
and 11. Although the heart can be seen as shown in Figure 11, the
image is less than optimal due to the high liver and lung uptake. We
are currently investigating altering the structure of S;N to improve
the clearance of activity from the lung and liver, thereby improving
its myocardial imaging. Brain uptake was higher in the rat (0.42
%ID/organ at 30 min postinjection) than in the hamster (0.23
%ID/organ at 30 min postinjection) (Fig. 6). However, the highest
brain uptake was observed in the primate, 2.4 %ID/organ at 30 min
postinjection. A species dependence was also observed for a series of
Ga(IlI) tris(1-aryl-3-hydroxy-2-methyl-4-pyridinato) complexes de-
veloped as potential myocardial agents (39). The “’Ga-labeled
series of compounds were evaluated in rat, dog, mice, and hamster
models. In rabbits and dogs, the complexes showed rapid heart
uptake and blood clearance, whereas in rats and mice the blood

clearance was very slow. One complex in particular, 3-hydroxy-2-
methyl-1-(p-nitrophenyl)-4-pyridinone ~ labeled with ~ Ga(IIl),
showed accumulation in the brain of normal rabbits that increased
over time (39). This brain uptake was not observed in any of the
other animal models. In a more elaborate study denoted as “The
Noah’s Ark Experiment,” **™Tc cationic complexes developed as
myocardial imaging agents were evaluated in 10 different animal
species (3). The “’™Tc cationic compounds showed different
biodistribution patterns that were species dependent. None of these
animal models adequately predicted the behavior of these com-
pounds in humans. The imaging was either far better or far worse
than that observed in humans (3). Based on the species dependence
of %8Ga-S;N, human studies will be necessary to determine its
behavior. “®Ga-S;N in rats and hamsters behaves atypically of other
perfusion agents in that the brain uptake is not first pass but
accumulates over time, as demonstrated in Figure 6. Normally, a
perfusion agent exhibits its highest uptake in the organ of interest
immediately postinjection when the agent’s concentration is high-
est in the blood. The high lung uptake and retention is also
interesting. Possible explanations for the gradual increase in brain
uptake of ®*Ga-S;N over time include: re-extraction of **Ga-S;N
into the brain and lung after originally being taken up by other
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tissues such as the liver and then released, or metabolism of
%8Ga-S;N in the liver forming a compound that is able to cross the
blood—brain barrier. Preliminary metabolism studies in rats show
that ®®Ga-S;N is metabolized in the liver, forming three less
lipophilic metabolites.

CONCLUSIONS

In conclusion, S;N was successfully labeled with Ga. The biodis-
tribution of the Ga S;N complex showed it was taken up rapidly by
the liver and exhibited significant uptake in the heart and brain.
Molecular mechanics calculations predicted that Ga-S;N was ki-
netically stable. The high brain uptake of ®*Ga-S;N was also
observed in a nonhuman primate, demonstrating the potential for
this agent as a diagnostic PET tracer for cerebral blood flow.

We thank Carmen Dence for synthesizing ''C-ethanol. This work was
funded by DOE grant no. DE-FG02-87ER60512.
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