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No-carrier-added (NCA) (+ }-p-["*Flfluoroamphetamine (2a) and (+ )-6-{"*F]fluoro-3.4-methylene-
dioxyamphetamine (2b) were synthesized through a multistep synthesis by nucleophilic substitution of the
appropriate precursors (p-nitrobenzaldehyde, 1a and 6-nitropiperonal 1b, respectively) with ["*Flfluoride
followed by condensation with nitroethane and reduction with LAH in 20-30% yield (EOB) in a
synthesis time of 90-109 min from EOB. NCA ( — }-{''C]methamphetamine (4a) and ( £ )-3.4-methylene-
dioxy-N-["'Clmethamphetamine (4b) were synthesized by methylation of the appropriate desmetfyl
~preciirsors Ja and 36 with [TCTH, L in 40-60% yield (EOB) in a synthesis time of 30 min from EOB. Animal
studies in mouse and rat revealed that the relative tissue uptake of these radiotracers was kid-
neys > lungs > liver > spleen > brain > heart > blood. The uptakes of these radiotracers in mouse brain
were high and similar at Smin post-injection (approx. 5%;g) but radioactivity then declined rapidly
(approx. 1%/g at 60 min post-injection). For compounds 2a and 2b, the activity in the femur did not
increase with time indicating in vivo defluorination may not be the major route of metabolism. Monoamine
uptake inhibitors (nomifensine. fluoxetine and nisoxetine) did not inhibit but enhance the uptake of
( — {!'C)methamphetamine (4a) in the rat brain by greater than 50%. A PET study in a Rhesus monkey
revealed that the uptakes of ( — )-[''Clmethamphetamine in different brain regions were simifar and the
retention of the radioactivity in these regions remained constant throughout the study. Analysis of arterial

plasma by HPLC showed that 50% of radioactivity remained as 4a at 60 min post-injection.

Introduction

The use of illicit drugs in America has devastating
effects upon individuals, their families and the
country as a whole. Whereas there are numerous
drugs being abused in the United States, amphet-
amine (and its analogs) and cocaine are abused
regularly. The physical, mental, emotional and finan-
cial damage brought by widespread drug abuse de-
mands basic research into the neurochemical aspects
of drug abuse.

( +)-Amphetamine and methamphetamine, like
cocaine, are readily self-administered by humans,
monkeys and rats (Gritliths er al., 1980; Collins et al.,
1984). The immediate effects of these “‘designer

*Author for correspondence and reprint requests.

drugs” is to lower reinforcement thresholds for brain
stimulation reward (Stein, 1964; Kornetsky and
Esposito, 1981). It has been reported that (+)-
amphetamine  produces euphoria in humans
(Jonsson, 1972). The neurobiological mediators of
these reinforcing properties appear to be the central
catecholamines, most notably the neurotransmitter
dopamine.

The binding properties of amphetamine in rat
brain are controversial. Paul er al. reported that
( + )'HJamphetamine had specific binding in crude
membranes from high (93nM) and low (300 nM)
affinities (Paul et al., 1982a). The specific binding of
( +){'Hlamphetamine was saturable with a dis-
sociation constant (K,) of 70 nM and a binding site
density (B, ) of 320 fmol/mg protein (Paul ef al..
1982b). Late reports. however, showed that the high
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(1a) R;=Ry=H; R;=NO,
(1b) R, Ry= OCH,0; Ry=NO,

R, CH,
R; Ry

(2a) Ry=Ry=H; R,="%F
(2b) R, Ry= OCH,0; R;="8F

Step 1: K{'"F)f Kryptofix 2. 2. 2, DMSO, 140°, 10 min
Step 2: CH,;CH,NO, NH,OAc, MgSO,, 110°, 10 min

Step 3: LAH/ Ether

Scheme 1. Synthesis of ( % )-p-{"*F|fluoroamphetamine and ( + )-6-["*F)fluoro-3 4-methylenedioxyam-
phetamine.

affinity binding site for (+ )-amphetamine in rat
hypothalamus was an artifact (Lesage er al., 1984)
and that (+ )-['HJamphetamine bound to acceptor
sites which were not MAO-A but were probably a
polar lipid (Lesage er al., 1985). The regional distri-
bution of [*HJamphetamine-binding sites was sensi-
tive to ionic strength of the medium. In the presence
of a high- or a low-ionic strength medium, the
distribution of binding sites was almost completely
reversed (Lesage et al., 1985). Amphetamine is a weak
monoamine reuptake inhibitor. It inhibits both nor-
adrenaline and dopamine uptake (Keller et al., 1982).
The K; for dopamine, norepinephrine and serotonin
reuptake is 3.6, 0.88 and 8 uM. respectively (Ritz
et al., 1987).

The psychotropic amphetamine analogs. (—)-
3.4-methylenedioxyamphetamine (MDA) and (- )-
3.4-methylenedioxymethamphetamine (MDMA) dis-
pliyed moderate aMnities for 5-HT, Ses (K, =34
drmmmrm
theif” AR, B

158 uM, respectively). Similar absohﬁe and relative
affinities were obtained at 5- -HT, sites. The binding

affinities of MDA and MDMA at D-2 sites were also
low (K, > 25 uM) (Lyon et al., 1986).

In-vitro studies also showed that ( + )MDA and
( £ )JMDMA had moderate o high' affinity (1-10 uM)
for 5-HT binding sites in the human cortex (Pierce
and Peroutka, 1988) and that [’H}( + MDMA had
specific binding sites in the rat brain with a Ky of
99nM and a B,,, of 30fmol/mg protein (Gehlert
et al., 1985). A later report, however, indicated that
the reported ["HJIMDMA binding to rat brain hom-
ogenates resulted from an artifactual of [HIMDMA
to glass fiber filter paper (Wang et al., 1987). Thus,

R, CHy
Rz@/\"r“z

(3a) R,=R,=H
(3b) R,, R;= OCH,0

("'CIH,1
135°, 2 min

[FHIMDMA had extremely limited usefulness in char-
acterizing the potential site or sites of action of
MDMA. In order to study the regional distribution
and to characterize the in vivo binding characteristics
of amphetamine and its analogs in the brain, we have
synthesized  no-carriecr-added (NCA) (% )-p-
["*Flflucroamphetamine (2a), ( + )-6-["*F}fluoro-34-
methylenedioxyamphetamine  (2b) (Scheme 1),
(—)"'Clmethamphetamine (4a) and (+)-34-
methylenedioxy-N-[''C)methamphetamine (4b)
(Scheme 2), studied their distributions in mice, their
bindings in the rat brain and performed a preliminary
PET study in a monkey. During the course of our
studies, a report on the synthesis and biodistribution
of ["C]methamphetamine in mice has appeared (In-
oue et al., 1990). Preliminary reports of our studies
also have appeared (Shiue er al., 1990).

Materials and Methods

Racemic  amphetamine,  ( + )-amphetamine-
sulfate, ( — )-amphetamine-sulfate, racemic meth-
amphetamine-HCI, (+ )-methamphetamine, (—)-
methamphetamire, racemic  3.4-methylenedioxy-
amphetamine-HCl (MDA-HCI), (+ )-3.4-methyl-
enedioxyamphetamine-HCl, { —)-3,4-methylene-
dioxyamphetamine-HC!, racemic 3.4-methylene-
dioxymethamphetamine-HC! (MDMA-HCI), ( +)-
3,4-methylenedioxymethamphetamine-HCl and
( —)-3,4-methylenedioxymethamphetamine-HCI
were either purchased from Sigma Chemical Com-
pany, St Louis, Mo. or provided by the National
Institute on Drug Abuse. p-Nitrobenzaldehyde, 6-ni-
tropiperonal, lithium aluminum hydride (I M in di-

Ry CH,
(42) R=R;=H
(4b) R;,R,;= OCH,0

Scheme 2. Synthesis of carbon-11 labeled methamphetamine and 3.4-methylenedioxymethamphetamine.
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Table 1. Tissue distribution of { 3 )-p-{""F)fluercamphetamine (2a) in mice (mean + SD)

Time after injection

30 min 60 min

5min

(n—") (n—'l) 1nVSD
Organ % Dose/organ % Dow/gram % Dose’nrgdn % Dose/gram % Doseiorgan % Dose;gram
Blood - 1.95 — 0.81 +0.04 - 0.48 +0.05
Brain 316 5.70 1.29 1. 0.61 228 +0.49 0.54 + 0.16 143 + 0238
Hear( 0.70 330 0.21 +0.07 1.04 + 0.09 0.70 + 0.01 0.53 4+ 0.09
Lungs 513 19.60 1.63 +0.84 481 +0.73 092+ 0.16 6.29 + 4.41
Liver 12.30 6.90 527+244 293+ 285 5314053 3954 0.65
Spleen 0.89 6.16 0.39 +0.10 3294011 0.14 + 0.04 147 + 0.42
Kidneys 103 18.4 5294052 883 +3.04 1.67 + 0.83 414+ 1.36
Small intestines 425 5.21 2.46 + 041 201 +1.50 1.07 + 044 138+ 0.38
Femur — 1.7 0.78 4 0.10 B (.88 +0.79

ethyl ether) were obtained from Aldrich Chemical
Company. Fluoxetine and nisoxetine were gifts
from Lilly Rescarch Laboratories, Indianapolis,
Ind.. nomifensine was a gift from Hoechst-Roussel
Pharmaceuticals Inc., Somerville, NJ. C,; Sep-
Pak cartridges were obtained from Waters
Chromatography Division, Millipore Corporation.
Radioactivity was determined using a calibrated
ion chamber (Capintec CRC-12, Capintec, Inc.) and
a sodium jodide well counter (Packard, Gamma
Counter 5000 Series, Packard Instrument Company,
).

Thin layer chromatographic (TLC) analyses were
performed on plastic-backed silica gel TLC plates
(Merck). High performance liquid chromatography
(HPLC) analyses were carried out with a Sonntek
liquid chromatograph equipped with both u.v. and
radioactivity monitors. For the preparative separ-
ations, a semi-preparative silica gel column
(10 x 250 mm Ultremex 5 silica, Phenomenex) was
used with CH,OH:NH,NO, aqueous buffer
(98.75:1.25, pH 9.3) as the solvent. The buffer sol-
ution was prepared by mixing concentrated am-
monium hydroxide (40 mL) and ammonium nitrate
(12 g) in water (400 mL) (Smith ef al., 1987). For the
specific activity determinations, an analytical silica
gel column (4.6 x 250 mm Ultremex 5 silica) was used
and eluted with the same solvent as that used for the
preparative separations and with a flow rate of
1 mL/min.

No-carrier-added (NCA) (+ )-p-['*F[fluoroamphet-
amine (2a)

NCA compound 2a was synthesized through a
multistep synthesis by nucleophilic substitution of
p-nitrobenzaldehyde (1a) with [*F]fluoride followed
by Knoevenagel condensation with nitroethane and
reduction with LAH (Scheme 1). Thus, NCA
aqueous [®FJfluoride (0.3mL) prepared by the
*0(p.n)'*F reaction in a CTI RDS 112/00 cyclotron
on a small volume of enriched water (97% "*0O) target
was added to a solution of K,CO,/Kryptofix 2-2-2
in a pyrex vessel. The water was evaporated using a
stream of nitrogen at 110°C and coevaporated to
dryness with CH,CN (2 x 0.5 mL). p-Nitrobenzalde-
hyde (9.0 mg in 0.2 mL. of DMSQ) was added to the
dried K["*F] and the solution was kept at 140 C for
10 min and then cooled to room temperature. Water
(3mL) was added and the solution was passed
through a C,4 Sep-Pak. The C,4 Sep-Pak was washed
with an additional 2 mL of water and the product was
eluted with ether (2 x 2mL). The ethereal solution
was filtered through an anhydrous K,CO, column
(0.5 x 5cm), concentrated and nitroethane (300 uL,
310 mg), ammonium acetate (10 mg) and anhydrous
magnesium sulfate were added. The mixture was
stirred in an oil bath (110°C) for 10 min. Water
(3 mL) was added and the mixture was extracted with
ether (2 x 2mL). The ethereal solution was filtered
through another anhydrous K,CO, column
(0.5 x Scm). Lithium aluminum hydride (0.3 mL.

Table 2. Tissue distribution of ( + )-6-["*F}flucro-3,4-methylenedioxyamphetamine (2b) in mice (mean + SD)

Time after injection

5min 30 min 60 min

(n=4) (n =4) (n=6)
Organ % Dosciorgan % Dosejgram % Dosciorgan % Doscigram % Dose/organ % Dose/gram
Blood - 5048504 | - 1334047 — 0.52+0.32
Brain 5234103« 3024291 ) £10+ 032 " Iil.Ol/' 047+0.18 123+0.64
Heart 061+012 405+ 1.12 0.23 +007 050 0.12+003 066+YH—§_/'
Lungs 356+ 093 14731217 162 + 063 71Z+’90 073+ 047 271+ 170
Liver 12524173 825+ 1.46 834 +342 6.24 + 286 6.73 + 1 88 3B¥+ 091
Spleen 0574013 541 + 0.65 049 + 022 4854204 0.28 + 0.08 228 +095
Kidneys 990 + 041 2095 + 2.04 4.28 + 1.60 9.53+ 140 210 +£0.56 3nton
Small intestines 499 +1.92 584 + 148 263+ 170 401+ 1.8} 1.61+0.74 1.82 + 0.88
Femur - 219+ 126 — 1.06 + 0.35 — 0.50 £0.17
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Table 3. Tissue distribution of ( — )-[''C)methamphetamine (4a) in mice (mean + SD)

Time after injection

5min 30 min 60 min

{(n =6} {(n=6) (n=4)
Organ % Doseorgan % Dose'gram % Dose/organ % Dose:gram % Dose/organ % Dose/gram
Blood — 104 £0.17 — 0.72+0.10 — 0.38 +0.11
Brain 221 £0.26 5.94 + 1.3t 1.56 +0.18 3.68+0.35 0.78+0.15 1814034
Heart 049 +0.07 34540.77 0.28 + 0.05 1.96 + 0.38 0.13+0.0t 0.87 +0.12
Lungs 2.66 +0.72 1482 +6.14 1.51+£026 6.22+ 091 0.81+0.07 4.26 + 0.59
Liver 10.39 + 2.12 791+ 112 10.05 + 1.66 6.71 £ 0.74 6.10 + 1.02 4.06 + 0.53
Spleen 0.62+0.19 7.25+1.51 083 +0.35 795+ 2.21 0.30 +0.05 3574068
Kidneys 1091 £ 174 27.34 + 6.57 707+ 291 15.77 + 7.07 2.17+0.06 5.04 +0.89
Small intestines 5214099 6.10 1093 3.18+098 4.15+0.87 228+ 041 240 +028

I M in diethyl ether) was added and the solution was
stirred at room temperature for 15 min. Diluted HCI
(5%. v/v) was added and the mixture was extracted
with ether, dried (K,CO;). concentrated to 0.5 mL
and injected into semi-preparative HPLC (silica gel,
10 x 250 mm  Ultremex 5 silica, Phenomenex;
CH,OH :NH,NO, aqueous buffer, 98.75:1.25 as the
solvent with a flow rate of 5 mL/min). The effluent of
the HPLC column was passed through an u.v. detec-
tor at 254 nm and into a radioactivity detector. The
fraction containing ( + )-p-{"*F)fluoroamphetamine
(2a) was collected from 8.4 to 10 min after injection.
The HPLC eluate was evaporated, the residue co-
evaporated with I mL of 2% HCl-ethanol and finally
with 5 mL of ethanol to dryness. To the residue was
added 3 mL of normal saline and the resulting sol-
ution was filtered through a 0.22 M cellulose acetate
membrane filter (Millipore) into a multi-injection
vial. The retention time of compound 2a in the
analytical column was 6 min. The radiochemical yield
of 2a was 24-32% (EOB) in a synthesis time of
90 min from EOB. The R; of compound 2a was 0.6
[sitica gel. CH,OH:NH,OH (98:2) as solvent]. Typ-
ically, from 87 mCi of aqueous ["*F]ftuoride, 13 mCi
of 2a was isolated after 90 min from EOB.

No-carrier-added( + )-6-['* Flfluoro- 3,4-methylene-
dioxyamphetamine(2h)

Compound 2b was synthesized in a similar manner
as that described for the synthesis of compound
2a except using 6-nitropiperonal (Ib) as the
starting material. The retention time of compound 2b
in the analytical column was 5.2min. The radio-

Table 4. Tissue distribution of ( + )3,4-methylenedi

chemical yield of 2b was 20-25% (EOB) in a synthesis
time of 109 min from EOB. The R; of compound 2b
was 0.57 {silica gel, CH,OH:NH,OH (98:2) as sol-
vent].

No-carrier-added ( — )-["'CJmethamphetamine (4a}
and  ( +)3.4-methylenedioxy-N-["'Cjmethamphet -
amine (4b)

NCA compound 4a was synthesized by methyl-
ation of ( —)-amphetamine (3a) with [''C]H,]I fol-
lowed by purification with HPLC (Scheme 2). Thus,
NCA {"'CJH, ! prepared from ["'C]O, in an automated
system (NKK, Japan) was dispensed into a small
reaction vessel containing 2 mg of ( — )-amphetamine
in 300 «uL of DMF:DMSO (4:1) at ice-bath tempera-
ture. The solution was heated at 135°C for 2 min. The
mixture was injected into a semi-preparative HPLC
{silica gel, 10 x 250 mm Ultremex 5 silica, Phe-
nomenex; CH,OH:NH,NO, aqueous buffer,
(98.75:1.25) as the solvent with a flow rate of
7.5 mL/min). The effluent of the HPLC column was
passed through an u.v. detector at 254 nm and into
a radioactivity detector. The fraction contaming
( ~ ){""Clmethamphetamine (4a) was collected from
9 to 1! min after injection. The HPLC eluate was
processed as described above. The radiochemical
yield of 4a was 50-60% (EOB) in a synthesis time of
30 min from EOB with a radiochemical purity of
98%. Thus, from 250 mCi of {"'CJO,. 50mCi of
compound 4a was obtained 30 min from EOB. The
specific activity was 0.2-1.69 Ci/uM (EOB) as deter-
mined by the u.v. absorbance of the radioactive peak
compared with a standard solution of ( — )-meth-

y-N-["'Clmett h (4b) in mice (mean + SD)

Time after injection

30 min 60 min

Smin

(n=4) (n=4) n=3
Organ % Dose/organ "f. Doseigram % Dose,organ % Dose:gram % Dosc/organ % Dose/gram
Blood — T1o2+015° - Tror+017 — [ 059+ 0128
Brain 1.93 4+ 038 4.85 + 0.80 0824019 / [84+03K] 016 +0.04 &\g_w + 010 )
Heart 0.37 £ 005 269 +0.43 016 402 (IO RICAT) 006 + 002 0423016
Lungs 2534079 12.21 + 385 065+ 008 1014034 022+004 099 + 0.30
Liver 14.03 + 4.63 920+ 297 1857+ 250 1255+ 201 124176 687 + 0SS
Spleen 0.57 +025 554+ 172 037 + 004 275+ 070 0094 003 080+ 029
Kidneys 8.25+ 044 19.% + 1.44 144+ 043 791+ 097 108 022 244 + 066
Small intestines 400 +1.33 523+009% 4491119 451415 1.73 + 0.48 161+ 080
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ke inhibitors pretreated rat brain 1 h alter injection

Table 5. Distribution of { —)-["'C]meth ine in

{mean + SD) (% dose/gram)

Pretreatment
Saline Fluoxetine* Saline Nisoxetinet Saline Nomifensine}
Region (n=4) (n=4) (n=4) (n=4) (n =8) (n =8)
Frontal cortex 0.25 4 0.043 0.34 + 0032 0.238 + 0.029 0.245 + 0.033 — —
Rest of cortex 0.235 + 0.049 0.34 1 0.03 0.23 40029  0.238 +0.034 0.37 +£0.05 0.635 +0.103

Striatum 0.25 + 0.057 0333+ 0.04

0.227 + 0.022

0.24 + 0.036 0.355+0.048  0.592 + 0.082
0.255 + 0.031 0.452 + 0.08

Cerebellum 0.18 +0.039 0.245 +0.019 0.175 + 0019 0.177 + 0.02t
Rest of brain 0.197 + 0.038 0.275 £ 0.024 0.193 4 0.026 0.203 + 0.025 0.295 + 0.048 0.505 + 0.084
Blood 0.055 + 0.01 0.058 + 0.005 0.053 0017 0.057 + 0.01 0.07 + 0.008 0.078 +0.017

*Rats were pretreated with 10 mg/kg fluoxetine i.p. 6 h prior to radiotracer injection
tRats were pretreated with 10 mg/kg nisoxetine i.p. 1 h prior to radiotracer injection.
1Rats were pretreated with 6 mg/kg nomifensine i.p. 30 min prior to radiotracer injection.

amphetamine. The R; of compound 4a was 0.38 [silica
gel, CH,OH:NH,NO, aqueous buffer (98.75:1.25)
as solvent).

Compound 4b was synthesized in a similar method
except using ( % )-3.4-methylenedioxyamphetamine
(3b) as the starting material. The retention time of
4b was Ilmin in the same HPLC system as
compound 4a with a radiochemical yield of
40-60% (EOB) in a synthesis time of 30min
from EOB. The radiochemical purity of 4b was
97% with a specific activity of 0.4-1.26 Ci/uM,
R;=10.44 [silica gel, CHC);: CH,OH :Conc NH,OH
(80:20:1) as solvent]. The other enantiomers of
compounds 4a and 4b were prepared in a similar
method.

Tissue distribution of NCA (£ )-p-{"*F}fluoro-
amphetamine (2a), ( + )-6-{"*F}fluoro-3,4-methylene-
dioxyamphetamine (2b), ( — )-{''C}methamphetamine
(4a) and ( + )-34-methylenedioxy-N-["'Cmetham-
phetamine (4b) in mice

Female CF-1 mice, 25-38 g, were restrained in a
plastic holder and injected in a lateral tail vein
without anesthesia with 0.3-1.5 mCi of radiotracer
(2a, 2b, 4a or 4b) in 100 u L of isotonic saline solution.
The mice were killed by cervical dislocation and
decapitation at S, 30 and 60 min after injection. The
dissected tissues were blotted to remove adhering
blood and placed in tared counting vials. A sample of
blood was obtained by heart puncture after cervical
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Fig. 1. Time courses for ( — }{["'Clmethamphetamine distribution to: [, cortex; O. cerebeltum: A, left

temporal lobe; and W,

striatum in a Rhesus monkey.
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.
dislocation. 'i'he radioactivity in the entire tail was
measured in a Nal detector (Packard) to verify the
patency of the tail vein injection. If the ratio of
percent uptake in the tail over the percent uptake in
the muscle was greater than 3, it was considered as a
mis-injection. The radioactivity of each sample was
also measured in a Nal detector, the sample weighed
and the activity expressed as percent of injected
dose/organ or percent of injected dose/gram of tissue
decay corrected to time of injection.

Anatomical distribution of NCA (— )-["'Cmetham-
phetamine (4a) in rat brain

Male Sprague-Dawley rats, 290-340g, were re-
strained in a plastic holder and injected in a lateral
tail vein without anesthesia with 0.2-1 mCi of 4a in
100 L of isotonic saline solution. At 1 h after injec-
tion, the rats were killed by decapitation. Each brain
was rapidly removed, dissected into different regions
and placed in tared counting vials. The patency of the
tail vein injection was verified as described above. The
radioactivity of each sample was measured in a Nal
well counter (Packard), the sample weighed and the
activity expressed as percent of injected dose/gram of
tissue decay corrected to time of injection.

Effects of monoamine reuptake inhibitors on the
biodistribution of ( — )-["'CJmethamphetamine (4a)

Male Sprague-Dawley rats, 260-360 g, were pre-
treated i.p. with monoamine reuptake inhibitors
(fluoxetine, 10mg/kg, nisoxetine, 10mg/kg and
nomifensine, 6mg/kg, respectively) 30 min to 6h
prior to lateral tail vein injection of compound 4a
(0.2-2mCi in 0.1 mL of isotonic saline solution). At
L h after injection, the rats were killed by decapi-
tation. Each brain was rapidly removed, dissected
into different regions and placed in tared counting
vials. A sample of blood was obtained by heart
puncture after decapitation. The patency of the tail
vein injection was verified as described above. The
radioactivity of each sample was measured in a Nal
well counter, the sample weighed and the activity
expressed as percent of injected dose/gram of tissue
decay corrected to time of injection.

PET study of (—)-[""Cjmethamphetamine in a
monkey

A male Rhesus monkey (Macaca mulatta) weigh-
ing 12 kg was initially anesthetized with 17 mg/kg of
ketamine administered i.m. approx. 2.5h prior to
isotope injection. Once the monkey was anesthetized
pentobarbital (20 mg/kg) was administered i.v. fol-
lowed by insertion of an endotracheal tube. The
monkey was maintained under pentobarbital anes-
thesia for the remainder of the study. The monkey
had previously been used for long-term cardiovascu-
lar monitoring and had indwelling arterial and
venous catheters. These catheters were used to ad-
minister the radioligand and to obtain blood samples.
After the study, the monkey was returned to its home

cage and allowed to fully recover from anesthesia.

The positron emission tomography used for these
studies was a Computer Technology and Imaging
(CTI/Siemens) whole body ECAT 931/08-16 PET
scanner. The monkey’s head was placed in a plastic
head holder and a foam mold (Alpha Cradle Imaging
Head Immobilizer, Smithers Medical Products, Inc.,
Tallmadge, Ohio) was used to stabilize the head.
Before the radioligand injection, a 20 min trans-
mission scan was performed using eight *Ge filled
ring sources to measure regional attenuation. The
monkey was injected (i.v. bolus) with 32.5mCi of
( —)["C)methamphetamine (4a). The PET scans
were acquired continually over an 80 min period. Six
155, one 30s, eight | min, ten S min and one 20 min
scan were taken in the dynamic mode. Regions of
interest corresponding to cortex, cerebellum, tem-
poral lobe and striatum were selected by co-regis-
tration of PET/MRI images. The MR images
(Siemens, 1.0 Tesla 42 SP Magnetic Resonance Im-
ager) were taken in overlapping 4 mm thick slices at
2mm intervals over the entire monkey brain. Four
contiguous 4 mm thick MR slices taken at 2mm
intervals will therefore correspond to the volume
covered in a single 8 mm thick PET slice. MR images
were converted to PET format and displayed using
available Siemens software (Imagetool™) side-by-side
with corresponding PET images. Because the same
rigid custom head immobilization mold used for the
PET scan was also used with the monkey on the MRI
scanner, identical orientations and axial positioning
between the PET and MR images were ensured.
Regions identified on the MR images were manually
drawn using Imagetool'™ and transferred to the corre-
sponding PET scans. The cortex, cerebellum and
temporal lobe are sufficiently large structures in the
monkey brain that quantitative assessment of PET
radioligand concentrations of these structures are
only minimally affected by partial volume effects.

Monkey plasma metabolite analysis

After injection of ( —)-["'C]methamphetamine.
blood samples were collected from the previously
mentioned indwelling arterial catheters. During the
first 2 min, 1 mL blood samples were drawn manually
at approx. 10s intervals. More blood samples were
collected at 5, 10, 30, 60 and 80 min post-injection.
Blood samples were placed in heparinized tubes and
centrifuged. Duplicate aliquots (0.3 mL) of plasma
sample were counted in the gamma counter and the
counts corrected for background and decay. Selected
plasma samples (0, 1, 5, 30 and 60 min) were analyzed
for radioactive metabolite(s} and unchanged ( —)-
[''Clmethamphetamine. An aliquot of plasma
(0.2-0.4 mL) was added 10 2 mL of CH,OH, vortexed
and centrifuged. The supernatant, with the addition
of an authentic (—)-methamphetamine (5ug in
10 4. H,0) was injected into the HPLC system
(4.6 x 250 mm  Ultremex 5 silica column, Phe-
nomenex, CH,OH:NH,NO, aqueous buffer,
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98.75:1.25, 1.8 mL/min). The retention time of ( — )-
methamphetamine was 9.5 min in this system.

Results and Discussion

Widespread abuse of amphetamine and its analogs
has prompted us to label these drugs with positron-
emitters with doses below the pharmacological ac-
tivity threshold such that elucidation of metabolic
pathways and mechanism of action can be carried
out. A few positron-emitter labeled amphetamines
have been synthesized, such as ['*N]amphetamine
(Finn et al., 1981), [''Clamphetamine (Schoeps et al.,
1991) and [''C]methamphetamine (Inoue et al., 1990).
In addition, scveral bromine and iodine labeled
amphetamine analogs also have been synthesized
(Sargent et al., 1975, 1984; Coenen, 1981). We have
synthesized four ®*F- or ''C-labeled amphetamine and
their analogs, studied their distribution and in vivo
binding characteristics in mice and rats and per-
formed a preliminary PET study in a monkey.

No-carrier-added ( + )-p-["*FIfluoroamphetamine
(2a) was synthesized through a multistep synthesis by
nucleophilic substitution of p-nitrobenzaldehyde (1a)
with ["*F]fuoride followed by Knoevenagel conden-
sation with nitrocthane and reduction with LAH in
24-32% yield in a synthesis time of 90 min from EOB
(Scheme 1). Attempt to synthesize compound 2a by
nucleophilic substitution of 1-(p-nitrophenyl)-2-
nitropropene with ['*FJfluoride followed by reduction
with LAH gave 2a in poor yield. NCA (+)-6-
['*F]fluoro-3,4-methylenedioxyamphetamine (2b) was
synthesized in a similar manner. Nucleophilic substi-
tution of 6-nitropiperonal (1b) with ['*F]fluoride gave
6-["*F]fluoropiperonal (Ding er al., 1990) in 55%
yield. Condensation of 6-['*F]fluoropiperonal with
nitroethane followed by reduction with LAH gave
compound 2b in 20-25% yield in a synthesis time of
109 min from EOB.

Carbon-11 labeled (- )-methamphetamine (4a)
and ( +)-3,4-methylenedioxymethamphetamine (4b)
were synthesized by methylation of the appropriate
desmethy! precursor with ['"C]H;I at 135°C for 2 min
followed by purification with HPLC in 40-60% yield
in a synthesis time of 30 min from EOB (Scheme 2).

Tables 1-4 show that the relative tissue uptake of
these radiotracers in mouse after i.v. administration is
kidneys > lungs > liver > spleen > brain > heart >
blood which is in agreement with the results of Fuller
and Hines (1967). The uptakes of these radiotracers
in mouse brain are high and similar at 5 min post-in-
jection. However, the rate of the clearance of these
radiotracers {rom mousg brain is differen(, with com-
pound 4b being the fastest. During the cours¢ of our
studies, the synthesis and distribution of ( +)- and
( —)-["'C]methamphetamine in mice were reported
(Inoue et al., 1990). Our results are in agreement with
the reported values. For (% )-p-["*F)fluoroamphet-
amine and ( + )-6-{'*F]fluoro-3,4-methylenedioxyam-
phetamine, the activity in the femur did not increase
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with time indicating in vivo defluorination may not be
the major route of metabolism.

The neurotoxicities and reinforcing properties of
amphetamine and its analogs appear to be duc to the
release and inhibition of the reuptake of the central
catecholamines. Nomifensine, fluoxetine and nisox-
etine are the high affinity and high selective inhibitors
of dopamine, serotonin and norepinephrine reuptake
systems with [Cy, of 150, 25 and 1-3 nM, respectively
(Hunt er al., 1974; Wong et al., 1975; Wong and
Bymaster, 1976). In order to study the in vivo binding
characteristics of amphetamine and its analogs in the
rat brain. rats were pretreated with nomifensine.
fluoxetine and nisoxctine, respectively. Table § shows
that (— )-[''Clmethamphetamine was distributed
quite uniformly in five brain areas and the activity in
one brain area never exceeded the activity in other
areas by more than a factor of 2. Pretreatment of rats
with nomifensine, fluoxetine and nisoxetine did not
alter significantly the patterns of the distribution of
(= )-[""CJmethamphetamine in the rat brain and the
uptake in blood, but it did enhance the whole brain
uptake. The exact reason(s) for these effects is un-
clear. Desipramine and other tricyclic antidepressant
agents have been shown to increase the level of brain
amphetamine presumably by a blockade of the hy-
droxylation of amphetamine (Dolfini et al., 1969;
Lew et al., 1971). The enhancement of (-)-
['CJmethamphetamine brain uptake by these three
monoamine reuptake inhibitors may be also due to
the inhibition of the metabolism of (~)-
['Clmethamphetamine in vivo by these three mono-
amine reuptake inhibitors.

The appearance of metabolites in the monkey
plasma following injection of compound 4a was
relatively slow. Analysis of arterial plasma by HPLC
showed that 50% of radioactivity in the plasma
remained as parent compound 4a at 60 min post-in-
jection.

The distribution of radioactivity in a monkey brain
following injection of ( — )-(''CJmethamphetamine is
depicted in Fig. 1. Unlike the uptake and retention in
mouse brain, the uptakes of radioactivity in different
monkey brain regions (striatum, cerebellum, cortex
and left temporal lobe) were similar and the retention
of the radioactivity in these regions remained con-
stant throughout the study (80 min). This is probably
due to species differences. The neurochemical and
neurodegenzrative ¢ffects of MDMA aiso have been
shown to be species dependent (DeSouza et al.. 1990).
The fact that ( — }-{"Cimethamphetamine has a long
biologica! half-life in monkey brain is coincidental
with the time course of subjective symptoms, Thg
PET studies of other amphetamine analogs (MDA,
MDMA and 'théir'cnamiom_er_s)‘in monkeys are-con-
tinuing.
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Conclusion

NCA (+)-p-["*Flfiucroamphetamine (2a) and
( +)-6-("*F]fluoro-3,4-methylenedioxyamphetamine
(2b) were synthesized in 20-30% yield (EOB) in a
synthesis time of 90-109 min from EOB. NCA ( - )-
["'Clmethamphetamine (4a) and ( + )-3,4-methylene-
dioxy-N-["'Clmethamphetamine (4b) were
synthesized in 40-60% yield in a synthesis time of
30min from EOB. Animal studies in mouse and rat
revealed that the relative tissue uptake of these
radiotracers was kidneys > lungs > liver > spleen >
brain > heart > blood. The uptakes of these radio-
tracers in mouse brain were high and similar at 5 min
post-injection but radioactivity then declined rapidly.
For compounds 2a and 2b, the activity in the femur
did not increase with time indicating in vivo defluori-
nation may not be the major route of metabolism.
Monoamine uptake inhibitors (nomifensine, fluox-
etine and nisoxetine) did not inhibit but enhance the
uptake of (—)-[''Clmethamphetamine in the rat
brain. A PET study in a Rhesus monkey revealed that
the uptakes of ( — )-{''C]methamphetamine in differ-
ent brain regions were similar and the retention of the
radioactivity in these regions remained constant
throughout the study. Analysis of arterial plasma by
HPLC showed that 50% of radioactivity in the
plasma remained as 4a at 60 min post-injection.
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