CONCLUSION
These studies suggest:

1. Various enzymes catalyze the hydrolysis of *™Tc-ECD,
and the enzymatic systems are different between tissues
and between species.

2. pH has little effect on **™Tc-ECD metabolism in the
brain.

3. There are regional differences in intracranial metabolic
activity in cynomolgus monkey.

4. In both rat and cynomolgus monkey tissue, metabolic
activity is low in blood, intermediate in brain and high in
liver.

It remains to be determined whether regional dlfferences in
metabolic activity in the intracranial tissues influence **™Tc-
ECD SPECT images.
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Nicotinic acetyicholine receptors (NAChRs) have been implicated in
a variety of central processes, such as learning and memory and
analgesia. These receptors also mediate the reinforcing properties
of nicotine in tobacco products and are increased in postmortem
samples of brains of smokers. On the other hand, brains of individ-
uals who have died from dementia of the Alzheimer type show
abnormally low densities of nAChREs. In this study, the distribution
and kinetics of [(+)-exo-2-(2-['®F] fluoro-5-pyridyl)—7-azabicy-

clo[2.2.1}heptane ('®F-FPH), a high-affinity nAChR agonist, was
evaluated in a baboon using PET. Methods: After intravenous
injection of 5 mCi [185 MBq] '®F-FPH into a 25-kg anesthetized
baboon, sequential quantitative tomographic data were acquired
over a period of 150 min. Regions of interest were placed and
time-activity curves were generated. Brain kinetics of the radiotracer
were calculated, and the in vivo regional binding in the baboon brain
was compared with the known in vitro regional distribution of
nAChRs in the rat and human brain. Results: Brain activity reached
a plateau within 60 min after injection of the tracer, and the binding
was reversible. Elimination of '8F-FPH was relatively rapid from the
cerebellum (clearance t,,, = 3 hr), intermediate from the hypothal-
amus/midbrain (t,,, = 7hr)andslowfromthethalamus(t,,2 =16 hr).

Radioactivity due to '®F-FPH at 130 min postinjection was highest in
the thalamus and hypothalamus/midbrain, intermediate in the neo-
cortex and hippocampus and lowest in the cerebellum. Subcutane-
ous injection of 1 mg/kg cytisine 45 min after injection of the
radiotracer reduced brain activity at 130 min by 67%, 64%, 56%
and 52% of control values in the thalamus, hypothalamus/midbrain,
hippocampus and cerebellum, respectively. The regional binding of
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8F-FPH at 130 min was highly correlated with the known densities
of nAChR measured in vitro in human (r = 0.81) and rat brain (r =
0.90). Conclusion: These results demonstrate the feasibility of
imaging nAChRs in vivo. Fluorine-18-FPH appears to be a suitable
tracer to study nAChRs in the human brain.

Key Words: nicotinic receptors; PET; nonhuman primate; brain;
epibatidine
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Nicotinic acetylcholine receptors (nAChRs) have been impli-
cated in a variety of central processes, such as learning and
memory (/-4) and antinociception (5). These receptors also
mediate the reinforcing properties of nicotine in tobacco prod-
ucts (6,7). The loss of cholinergic neurons in the basal forebrain
has been associated with a variety of pathological disorders,
such as senile dementia of the Alzheimer type, Huntington’s
and Parkinson’s diseases and progressive supranuclear palsy
(8-15).

Neuronal nAChRs are ligand-gated ion channels composed
of two kinds of subunits (a and B) (/). There are at least three
subtypes of nAChRs in the central nervous system as identified
by radioligand binding techniques (/,16): (a) those with high
afﬁmty for (- )-mcotme which are labeled by agonists such as

3H-acetylcholine and *H-cytisine (nicotine/ACh) (17); (b) those
with high affinity for '?°I-a- bungarotoxm (aBgT) (18); and (c)
those that selectively recognize neuronal bungarotoxin (n-BgT)
(19). The pharmacological profile of a receptor subtype is
related to its subunit combination. There is a good correlation
between the distribution of nAChRs with the a482 subunit
combination and the distribution of high-affinity nicotine/ACh
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binding sites (20), between the distribution of a7 mRNA and
aBgT high-affinity binding sites (/8), and between a3 mRNA
and n-BgT binding sites (/9).

Carbon-11-methyl-(-)-nicotine has been used to study
nAChRs in nonhuman primates, normal human volunteers (21)
and patients with Alzheimer’s disease (22) by means of PET.
However, the high nonspecific binding and rapid clearance of
[''C-methyl]-(-)-nicotine from the brain preclude the wide-
spread use of this radioligand in the in vivo evaluation of
nAChRs in human subjects.

Epibatidine  ((-)-exo0-2-(2-chloro-5-pyridyl)—7-azabicyclo
[2.2.1]heptane), an extract of frog skin, is a potent alkaloid with
antinociceptive properties and extremely high affinity for
nAChRs in vitro (23-25). In vivo studies with [*H]epibatidine
in mice showed high brain uptake of the tracer, a regional
distribution consistent with that of nAChRs, a slow clearance
from brain and low estimates of nonspecific binding (26). The
in vivo biodistribution of the [*H]norchloro analog was similar
to that of the parent compound (27).

In this study, an in vivo characterization of the distribution
and kinetics of (*)-exo-(2-['®F]fluoro-5-pyridyl)—7-azabicy-
clo[2.2.1]heptane ('®F-FPH) (28) binding to nAChRs in the
baboon brain was performed using PET. To demonstrate
specific binding to nAChRs receptors, the regional distribution
and specificity of the binding were examined.

MATERIALS AND METHODS

For the PET procedures, a 25-kg male baboon (Papio Anubis)
was initially anesthetized with 8—10 mg/kg alfadolone and alfax-
olone acetate (Saffan®) intramuscularly and intubated. Anesthesia
was maintained throughout the study by a continuous intravenous
infusion drip of 6—9 mg/kg/h alfadolone and alfaxolone acetate.

The baboon was then comfortably restrained to the PET bed
using an individually fitted thermoplastic mask that allowed
reproducible positioning between studies. Pulse and oxygen satu-
ration were continuously monitored during the studies. Blood
oxygen saturation was always maintained above 85%.

No-carrier-added (*)-exo-2-(2-['®F]fluoro-5-pyridyl)— 7-azabi-
cyclo[2.2.1]heptane (‘F-FPH) and authentic (*)-exo-2-(2-fluoro-
5-pyridyl)—7-azabicyclo[2.2.1]heptane (FPH) were prepared as
previously described (28). Briefly, a solution of (*)-exo-2-(2-
bromo-5-pyridyl)—7-azabicyclo[2.2.1]heptane in DMSO was
stirred with K (18)F/Kryptofix 222® complex for 15 min at 200°C.
The labeled product was purified by preparative high-performance
liquid chromatography. Chemical and radiochemical purities, de-
termined by HPLC, exceeded 95%. Sterility and apyrogenicity
testing were performed using standard procedures. The average
specific activity of the final product calculated at the end of
synthesis was greater than 2000 mCi/umol. Authentic, unlabeled
FPH, used as a standard in HPLC, was prepared by Kryptofix®222-
assisted nucleophilic fluorination of (*)-exo-2-(2-bromo-5-pyri-
dyl)—7-methoxycarbonyl-7-azabicyclo[2.2.1]heptane followed by
acid deprotection.

After the baboon was positioned in the PET scanner, a trans-
mission scan was performed with a *®Ga source to allow for
attenuation correction. PET scanning was started immediately after
intravenous injection of 5 mCi [185 MBq] of high specific activity
'8F-FPH (corresponding to 0.12 nmol/kg); 15 simultaneous (eight
direct planes, seven cross planes, Z axis = ~10 cm) sequential
quantitative tomographic slices of the brain were obtained with the
GE 4096+ PET tomograph in the high-resolution mode (~6.5 mm
FWHM) over a period of 150 min. The baboon was positioned so
that the lowest plane was located about 5 cm below the cantho-
meatal line. No blood samples to measure plasma radioactivity
were obtained. In a second study measuring displacement of

18F-FPH PET Study
130 min post injection

FIGURE 1. Black and white coded transforms of PET scans showing
8F-FPH binding in the baboon brain at 130 mpi. There is high uptake of the
radiotracer in the thalamus and hypothalamus/midbrain regions, intermedi-
ate uptake in the frontal cortex and low uptake in the cerebellum.

'8F-FPH from nAChRs, 1 mg/kg of cytisine, a selective partial
agonist at nAChRs (/), was injected intravenously 45 min after
administration of the radiotracer.

PET images were reconstructed from the raw data with a
standard filtered backprojection algorithm and a Hann filter (6.0
mm). Images were also corrected for attenuation and decay and
normalized for injected dose. Regions of interest were manually
placed over the different areas of the baboon brain with reference
to a baboon PET atlas (29), and time-activity curves were gener-
ated.

Brain kinetics of the radiotracer were calculated by fitting all the
regional radioactivity concentration values at the different time
points to a triple exponential equation:

E(‘) =Ae ™+ BC_Bt + CC_M

where E is the brain radioactivity concentration and A, B and C are
coefficients for the initial rapid distribution (a), distribution/
disposition (B), and elimination (A) phases, respectively, with the
constraint Ey = 0. The clearance t,, was calculated as: t,, =
0.693/A. The time/activity data were fit using a nonlinear regres-
sion program, MacCurveFit (Kevin Raner Software, Inc., Mt.
Waverley, Victoria, Australia), run on a Macintosh personal
computer.
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FIGURE 2. Time-activity curves from the thalamus (THA), hypothalamus/
midbrain (HYP/MD) and cerebellum (CB). Note that in the control study (open
symbois THA O, HYP/MD ([, CB 4) the radioactivity reaches a plateau
around 50 min after radiotracer injection followed by a slow dissociation. The
administration of 1 mg/kg cytisine at 45 min after tracer injection (full symbols
THA @, HYP/MD W, CB A) markedly decreased the '®F-FPH binding in all
areas, showing specificity of the binding of ®F-FPH to nAChRs.
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18F-FPH PET Study

130 min post injection
Control

Cytisine (1 mg/kg) Displacement

FIGURE 3. Black and white coded transforms of PET scans showing
'8F-FPH binding to the baboon brain at 130 mpi in the control study (upper

row) and after displacement with 1 mg/kg cytisine (lower row). There is a
decrease of binding in all brain areas, but there is no decrease in the activity
in the eyes.

The in vivo regional binding in the baboon brain was compared
with the known in vitro regional distribution of nAChRs labeled
with *H-nicotine (30), *H-cytisine and *H-epibatidine (25) in the
rat brain and *H-nicotine in human brain (3/).

RESULTS

Radioactivity was distributed heterogeneously in the brain.
Cortical, subcortical and cerebellar structures were well identi-
fied (Fig. 1). Brain radioactivity reached a plateau approxi-
mately at 60 min postinjection, and the binding was reversible

(Fig. 2). Elimination was relatively rapid from the cerebellum
(clearance t,, = 3 hr), intermediate from the hypothalamus/
midbrain (t,, = 7 hr) and slow from the thalamus (t,,, = 16 hr).
Radioactivity due to '®F-FPH at 130 min postinjection was
highest in the thalamus and hypothalamus/midbrain, intermedi-
ate in the neocortex and hippocampus and lowest in the
cerebellum.

Subcutaneous injection of 1 mg/kg cytisine 45 min after the
injection of the radiotracer reduced brain radioactivity at 130
min by 67%, 64%, 56% and 52% of control values in the
thalamus, hypothalamus/midbrain, hippocampus and cerebel-
lum, respectively (Fig. 3), indicating that the binding of
8F.FPH to nAChRs is specific. There was no change in the
radioactivity observed in the eyes after injection of cytisine
(Fig. 3).

Binding of '8F-FPH at 130 min was highly correlated with
the known densities of nAChR measured in vitro by *H-nicotine
(r=097), 3H-c¥tisine (r = 0.97), *H-epibatidine (r = 0.91) in
rat brain and by “H-nicotine in human brain (r = 0.81) (Fig. 4);
in other words, high in the thalamus, intermediate in the
hippocampus and low in cerebellum (25,30,31).

DISCUSSION

Epibatidine is reported to be the ligand with the highest
affinity for nAChRs in vitro (K; ~ 50 pM) (23). An analog of
epibatidine, FPH fumarate, competitively displaced *H-epibati-
dine in in vitro binding studies with K; values of 45 pM (32). In
this study the kinetics and brain regional distribution of a
fluorinated analog of epibatidine, '®F-FPH, were successfully
examined using PET. Although FPH produces toxicity in mice
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FIGURE 4. The in vivo regional distribu-
tion in the baboon is compared to the
known in vitro regional distribution of
nAChRs in the (A, B, C) rat and (D) human

brains. THA = thalamus, LGB = lateral c8 r=0.91

genicullate body, STR = striatum, 200+—2 v y y y y 200

HIPP = hippocampus, FRO = frontal 10 20 30 4 S0 6 70 80 °

cortex, OCC = occipital cortex, PAR = 3H-epibatidine (fmol/mg tissue) 31-nicotine (pmoVig protein) 3!

parietal cortex and CB = cerebellum.
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(LD50 ~ 40 nmol/kg) (Scheffel, personal communication,
1996), injection of the 5 mCi [185 MBq] dose of high specific
activity '°F-FPH (0.12 nmol/kg) did not cause a change in
either blood pressure or heart rate.

Although radioactivity was lowest in the cerebellum, there is
no region of the brain completely devoid of nAChRs that is
large enough to be sampled by PET. There are species differ-
ences in the distribution of nAChRs in the mammalian brain.
Binding of *H-nicotine in the human brain is highest in the
thalamus and striatum, intermediate in the hypothalamus and
neocortex and lowest in the hippocampus and pons (37). In
contrast, *H-nicotine binding is low in the monkey striatum
compared to the thalamus (33), while it is high in the neocortex
of the rat (/8,30) and the mouse (34). A baboon was chosen for
this study because this is a species close to humans and,
therefore, the possibility of significant species differences in the
biodistribution is reduced. In addition, the relatively large size
of the baboon brain makes it suitable for PET imaging.

Fluorine-18-FPH binding to nAChRs exhibits pharmacolog-
ical specificity. Cytisine, a nicotine partial agonist, has high
affinity for the nicotine/ACh receptor subtype (/7). Previous
studies using in vitro binding assay techniques, as well as
functional assays, found that in the rodent brain both epibatidine
and cytisine are bound to the nicotine/ACh subtype, mainly
composed of a4B2 subunits (/). In vitro studies have shown
that (*)-epibatidine competmvely dlsplaced *H-cytisine from
a4B2 nAChRs subtypes in the rat brain in a concentration-
dependent fashion consistent with a single-site competitive
model with K; values of 43 pM (35) After the administration of
cytlsme, marked decreases in '*F-FPH binding were observed
in regions of the brain known to contain high concentrations of
the nicotine/ACh receptor subtype. Administration of cytisine
had no effect on '®F-FPH binding in the region of the eyes,
where the n-BgT receptor subtype abounds (36) Similar find-
ings in the visual system were reported using *H-epibatidine in
rats (24,25). Our results provide further evidence that '*F-FPH
binds to nAChR subtypes other than the nicotine/ACh subtype.

The in vivo regional distribution of '®F-FPH is consistent
with the regional distribution of *H-nicotine and *H-cytisine
binding sites examined by in vitro methods in postmortem
human, monkey and rat brains (25,30,31,33). Persistence of
FPH binding in the eyes after administration of cytisine also is
consistent with the known distribution of the n-BgT receptor
subtype (36).

Collection of arterial plasma, and identification of metabo-
lites in plasma, would be needed to further characterize the
binding of FPH in a quantitative fashion. Based on previous
mouse data (32) and in our preliminary results, we think that
longer scanning protocols would allow for equilibrium to be
achieved. The advantage of studying receptors with a PET
radiotracer labeled with a radioisotope such as '*F (T, = 109
min) is that it allows for extended scanning after injection,
which increases the contrast between regions of high- and
low-receptor density, permitting attainment of steady state
during the scanning period, thus facilitating quantification of
the binding potential, such as applied to other reversible binding
ligands (37). However, this approach might not be feasible
because there is no region completely devoid of receptors that
can be used as a reference region. If equilibrium is not achieved,
and due to the toxicity of epibatidine that precludes studies with
low specific activity as proposed by Huang et al. (38), full
kinetic compartmental analysis varying the available number of
binding sites by a competing drug, such as cytisine, as proposed
by Wong et al. (39,40), or a simplified approach using the

Gjedde-Patlak (41,42) linear transformation, could be applied.
Further studies to address these issues are warranted.

CONCLUSION

The results obtained in this study demonstrate the feasibility
of nAChRs imaging in vivo with PET and suggest that '*F-FPH
is potentially useful to study the physiologic role and the
pathological states of nAChRs in the human brain.
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Technetium-99m(V)-DMSA and Thallium-201 in
Brain Tumor Imaging: Correlation with Histology

and Malignant Grade
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Keigo Endo

Departments of Nuclear Medicine and Neurosurgery, Gunma University, School of Medicine, Maebashi, Gunma, Japan

This study was performed to compare imaging ability between
pentavalent ®*™Tc-DMSA and 2°'TICI in primary and metastatic
brain tumors and to evaluate the relationship between retention
and histologic malignancy. Methods: Patients with a brain tumor
were selected by MRI and/or CT. Dynamic, early and delayed static
SPECT images of the brain were obtained immediatety, 30 min and
3 hr after intravenous administration of approximately 555 MBq
%9mTe(V)-DMSA and 111 MBq 2°'TI-Cl, respectively. Both studies
were performed on separate days within a week. Uptake ratios,
retention ratio and retention index were calculated and compared
with tumor histology and malignancy grade. Results: One-hundred
six studies were performed on 100 patients and 118 lesions
were demonstrated: 16 glioblastomas, 13 anaplastic astrocytomas
(Grade I, 19 astrocytomas (Grade Il), 29 meningiomas, 11
schwannomas and 14 metastases. Approximately 93% and 88%,
respectively, of primary and metastatic brain tumors were demon-
strated by c(V)-DMSA and 2°'TICl. The early uptake ratios were
closely related to the tumor vascularity, but had no statistically
significant difference in the tumor histology or histologic malignancy
on either radiopharmaceuticals. The delayed uptake ratio, retention
ratio and retention index were higher in malignant tumors than
benign ones on *™Tc(V)-DMSA, however, there was no statistically
significant difference between benign and malignant tumors on
201T1CI. Conclusion: Technetium-99m(V)-DMSA washout from the
tumor was highly dependent upon its histology and histologic
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malignancy. The delayed uptake ratio, retention ratio and retention
index significantly reflected tumor histology and clearly distin-
guished between benign and malignant tumors with a statistically
significant difference. There was no statistically significant difference
in 20'TIC| uptake or washout among the brain tumors. Technetium-
99m-DMSA is superior to 2°'TICI in imaging quality, sensitivity to
brain tumors and specificity for differentiating benign tumors from
malignant ones. These results could suggest the clinical utility of
99mT¢(V)-DMSA in imaging primary and metastatic brain tumors and
differentiating their histological malignancy grade noninvasively.
Key Words: technetium-99m-DMSA,; thallium-201-chloride; histo-
logic malignancy; brain tumor; retention index; SPECT
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CT and MRI can demonstrate smaller lesions due to their fine
spatial resolution. Furthermore, their contrast enhancement,
mainly dependent upon disrupted blood brain barrier (BBB),
has been used to localize the tumors, but prediction of his-
topathological diagnosis was very difficult. Thallium-201-chlo-
ride, one of the most widely used radiopharmaceuticals, has
been reported to differentiate, to some extent, benign lesions
from malignant lesions of the lung (/), thyroid gland (2) and
brain tumors (3-7), depending upon the uptake ratio and
prolonged washout phase of radiotracer from the tumor tissue
(5-7).

Pentavalent **™Tc(V)-DMSA was developed for a tumor
imaging agent (8,9) and its accumulation has been reported in
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