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Abstract

A simple external radiation detector system was used to assess brain dopamine and serotonin transporters in mice in vivo using
[®1]RTI-55. The results were compared to ex vivo dissection data. Methyl 33-(4-iodophenyl) tropane-2 B-carboxic acid methyl ester
(RTI-55 or B-CIT), a high-affinity cocaine antagonist, binds to presynaptic dopamine and serotonin transporters in the brain. Radiotracer
accumulation increased for the first 150 min after intravenous injection and then remained constant. When unlabeled RT1-55 was injected,
either before or 60 min after radiotracer administration, a significant decrease in tracer accumulation was observed. [125I]RTI-55 binding
was also displaced by blocking doses of 1-[2-] bis(4-fluorophenyl)methoxylethyl]-4-[3-phenylpropylpiperazine dihydrochloride (GBR
12909) and paroxetine. The results were similar to the ex vivo dissection data. The results demonstrate the feasibility of using the probe
detector system to study the presynaptic transporter system in vivo in the mouse brain. The technique is applicable to other cerebral
neurotransmitter systems. © 1997 Elsevier Science B.V.
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1. Introduction

A simple probe radiation detector system has been
proposed as a useful tool in the design, development and
monitoring of drug—receptor interactions (Bice et al., 1986;
Lee et al., 1988; Villemagne et a., 1994; Kim et al.,
1997). The high sensitivity system, coupled with a highly
specific radiotracer, is particularly useful when it is neces-
sary to measure receptor occupancy with high temporal
resolution. This detection system has been successfully
used to evaluate drug—receptor interaction in mice (Sasaki
et al., 1993; Liu et al., 1997). Similar measurements can
also be obtained with high-resolution imaging devices such
as positron emission tomography (PET), but often this is
not necessary, either because the distribution of the tracer
is diffuse or because its location is known (Jeffries et al.,
1995). If non-specific binding is low the signal to noise
ratio will be high.

The tracer used in the studies described in this paper is
[*®1]RTI-55 ( B-CIT). RTI-55 has been characterized with
in vitro assays as a high affinity analog of cocaine, which
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binds to dopamine and serotonin transporters (Boja et al.,
1992a,b; Carroll et al., 1995). RTI-55 is approximately 100
times more potent than cocaine in inhibiting specifically
bound [*H]WIN 35428 (Boja et a., 1990; Boja et al.,
1991) and 20-50 times more potent than cocaine as a
psychomotor stimulant (Cline et al., 1992). In vivo studies
in rodents (Scheffel et a., 1992) and nonhuman primates
(Shaya et al., 1992; Laruelle et al., 1994) showed that the
tracer readily penetrates the blood—brain barrier and labels
dopamine transporter sites (highly concentrated in the
striatum) and, to a lesser degree, serotonin transporter sites
(located primarily in midbrain structures such as hypo-
thalamus and thalamus) (Carroll et al., 1995). Accumula
tion of [’ 1]RTI-55 in serotonin transporter rich areas
paralleled the density of [*H]serotonin uptake sites in these
regions and could be inhibited by pre-injection of the
serotonin blocker paroxetine but not by the dopamine
uptake site inhibitor GBR 12909 (Scheffel et al., 1992).
Studies have shown that only drugs known to act on
dopamine and serotonin uptake sites are able to compete
with [*®1]RTI-55. GBR 12909, a dopamine transporter
inhibitor, was competitive, but haloperidol, a dopamine D,
receptor antagonist, was not. Paroxetine, a serotonin trans-
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porter inhibitor, was competitive but maprotiline, which
binds to the norepinephrine transporter, was not (Carroll et
a., 1995). Binding of [*’I]RTI-55 in the hypothala
mus/midbrain region was specific for serotonin trans-
porters, as evidenced by inhibition with serotonin trans-
porter inhibitors such as paroxetine (Scheffel et al., 1992;
Carroll et al., 1995).

GBR 12909 is a high affinity, long-acting dopamine
uptake inhibitor with an unusually high selectivity for the
dopamine transporter (Melia and Spealman, 1991; Scheffel
et al., 1991; |zenwasser et al., 1994; Rothman et al., 1995).
It inhibits [*H]dopamine uptake with high affinity and
selectivity (Van der Zee et al., 1980; Heikkila and Manzino,
1984; Andersen, 1989) and dissociates very slowly from
the dopamine uptake site (Rothman et al., 1991). Adminis-
tration of large doses of GBR 12909 produce only modest
elevations in intrasynaptic dopamine in the striatum in in
vivo microdialysis studies (Westerink et al., 1987; Roth-
man et a., 1991). Cocaine and mazindol have lower
potency and are shorter-acting dopamine uptake blockers
compared to GBR 12909 and RTI-55 (Pogun et d., 1991;
Elmer et al., 1996). GBR 12909 is more sdlective for
dopamine transporter sites relative to the serotonin trans-
porter sites while cocaine and RTI-55 are more potent in
pharmacodynamic effects at the serotonin transporter sites
than at the dopamine transporter sites (Elmer et al., 1996).

The antidepressants fluoxetine, sertraline and paroxetine
are specific inhibitors of serotonin uptake. Their inhibitory
effect on serotonin uptake has been observed both in vitro
and in vivo (Scheffel et a., 1994).

The physiological and pharmacological characteristics
of neurotransmitter systems are usually examined in vitro
(Boja et al., 1992a). However, in vivo approaches are
essential to determine the pharmacokinetic characteristics
of neuroreceptors. The present study reports the evaluation
of the pharmacological characteristics of [*°I]RTI-55 in
vivo in mice and their correlation with ex vivo data.

2. Materials and methods
2.1. Animals

Male CD-1 mice (Charles River, Wilmington, DE, USA)
weighing 25-30 g were used. They were kept in a climate
controlled room on a light—dark cycle with unlimited
access to food and water. Experiments were carried out
during daylight hours. The mice were anesthetized by
intraperitoneal (i.p.) injection of a carbamic acid ethyl
ester (urethane) saline solution of 1.8 g/kg (0.35 ml).
Anesthesia was maintained with additional urethane (0.18
9,/kg) when necessary.

2.2. Drugs and radioactive materials

[**°1]RTI-55 (specific activity 2200 Ci /mmol) was used
in these experiments. It was prepared by the method first

reported by Carroll et al. (1991). Radiochemical purity and
specific activity were determined by high-performance lig-
uid chromatography (HPLC) with electrochemical detec-
tion. Blocking drugs were obtained as follows: Unlabeled
RTI-55 (3B-(4-iodophenyl)-tropane-2 8-carboxylic acid
methyl ester) was a gift from F.I. Carroll of the Research
Triangle Institute; GBR 12909 from Research Biochemi-
cals International (Natick, MA, USA) and paroxetine from
Beecham Pharmaceuticals (Epsom, UK).

2.3. Methods

To characterize the kinetics and distribution of the in
vivo binding sites of [**°I]RTI-55, mice were injected
intravenoudly into a tail vein with 15 wCi (0.15 ml) of
[**°I]RTI-55.

For the displacement studies, either unlabeled RTI-55
(5 mg,/kg mouse body weight) (n=3), GBR 12909 (5
mg/kg) (n= 3), paroxetine (5 mg/kg) (n=3) or a com-
bination of GBR 12909 and paroxetine (5 mg/kg each)
(n=3) was administered i.v. 60 min after injection of the
radiotracer. In control studies, saline (0.15 ml) was in-
jected 60 min after the radiotracer (n=5). For the block-
ing study, RTI-55 (5 mg/kg) was injected 5 min before
the injection of the radiotracer (n = 3).

2.3.1. In vivo studies

The anesthetized mouse was positioned in a restraining
device. A commercialy available computer-based radia-
tion detection system, designed for thyroid uptake clinical
studies (Capintec, Ramsey, NJ), with a Nal crystal (2 X 2
X 2 inch) and fitted with two removable, single-hole (5
and 67 mm in diameter, respectively) lead collimators,
each one 28 mm thick, was used. The collimators were
positioned to touch the skin of the left temporal region and
aimed at the striatum (Fig. 1). A stereotaxic atlas of the
mouse brain was used to determine this position (A /P,
+05;, M/L, 1.0; D/V, —2.0; relative to bregma and
dura) (Montemurro and Dukelow, 1972; Nakahara et al.,
1993). Brain radioactivity was measured every minute for
210 min.

Data obtained from the probe system were averaged
every 15 min and normalized for mouse weight and in-
jected dose. Data were displayed as the percentage of the
normalized activity at 60 min after injection. Data were
analyzed by repeated measure analysis of variance
(ANOVA). Comparisons were made between saline and
drug injected animals. Differences were considered signifi-
cant if P-values were less than 0.05.

2.3.2. Ex vivo dissection studies

For validation of probe measurements, mice were killed
by cervical dislocation at 210 min after the tracer injection.
The brain was dissected into cerebellum, olfactory tuber-
cle, hypothalamus, striatum, hippocampus, thalamus, supe-
rior colliculi, frontal cortex, parietal cortex and the rest of
the brain. Radioactivity was measured with an automated
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Fig. 1. The probe system was set in perpendicular position to the
experimental animal (mouse). The 28 mm thick collimator facing the
animal consisted of two opposing lead blocks. The collimator hole was 5
mm in diameter. A second collimator on the face of the Nal crystal was
28 mm thick and had a collimator hole with 67 mm in diameter.
Abbreviations: CPU, DOS-based personal computer; Nal, sodium iodide
crystal; PMT, photomultiplier.

gamma-counter. A ratio was obtained by comparing the
radioactivity concentration of each specific region to that
of the cerebellum. These values provide an estimate of
specific to nonspecific binding since dopamine and sero-
tonin uptake sites are almost absent in the cerebellum.
Data from the dissection studies were analyzed by
applying ANOVA with post-hoc Dunnet’s test to the re-
gion-to-cerebellum (R/CB) vaues. Comparisons were
made between saline and drug injected animals. Differ-

ences were considered significant if the P-value was less
than 0.05.

3. Reaults

3.1. Displacement and blockade studies with unlabeled
RTI-55

Fig. 2 shows the ["*’I]RTI time—activity curves over a
210 min period in mice injected with saline (controls),
pre-injected with 5 mg/kg of unlabeled RTI-55 (blocking
studies) or injected with the same dose of unlabeled RTI-55
at 60 min after the tracer injection (displacement studies).

Control studies showed continuous accumulation of the
[*1]tracer in the field of view of the probe over the period
of observation; a plateau was reached at ~ 150 min post
injection (593 cpm /kg per w.Ci). At 210 min, the normal-
ized radioactivity was 597 cpm /kg per nCi.

When unlabeled RTI-55 was administered 60 min after
the injection of the radiotracer, radioactivity fell rapidly
from 544 to 416 cpm/kg per pn.Ci a 60 min after unla-
beled RTI-55 administration (i.e., 120 min after adminis-
tration of the radiotracer) reaching 347 cpm/kg per wCi at
the end of the study. Total radioactivity displacement
amounted to 42% of controls. Blocking the monoaminergic
transporters five min before injection of [*°1]RTI-55 re-
sulted in 358 cpm/kg per u.Ci (40% inhibition) at the end
of the study (Fig. 2). Displacement and pre-blockade stud-
ies at 210 min were significantly different from controls
(P < 0.001).

In ex vivo studies, the values of R/CB ranged between
1.80 to 6.35 (Fig. 3). There was a high accumulation of
[**1]RTI-55 in olfactory tubercle (R/CB = 5.68) and stria-
tum (R/CB = 6.35) in the control study, regions known to
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Fig. 2. Probe time-radioactivity curves obtained after i.v. administration of [**°|]RTI-55 to controls (O; n = 5). Blocking studies were carried out by i.v.
administration of unlabeled RTI-55 (5 mg/kg) 5 min prior to [*°I]RTI-55 injection (A; n=3) and displacement studies by i.v. administration of
unlabeled RTI-55 (5 mg/kg) 60 min after [**1]RTI-55 injection (M; n= 3). Values are mean + SE.M. of cpm/kg per pn.Ci injected (* * P < 0.01).
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Fig. 3. Region-to-cerebellar ratios of [**1]RTI-55 obtained from mice used in the probe studies and sacrificed at 210 min after injection. Unlabeled RTI-55
(5 mg,/kg) was administered at 60 min after injection of the tracer for the displacement study and at 5 min before tracer injection for the blockade study.
Values are mean + S.E.M. of tissue-to-cerebellar ratios. Abbreviations: OLF, olfactory tubercle; HY P, hypothalamus; STR, striatum; HIP, hippocampus,
THA, thalamus; S.COL, superior colliculi; F.CTX, frontal cortex; P.CTX, parietal cortex (*P < 0.05, * “P < 0.01).

have high concentration of dopamine transporters. Unla-
beled RTI-55 blocked and displaced the specific binding of
[**1]RTI-55 from all regions of the brain, with R/CB
values ranging from 0.87 to 1.42. The greatest displace-
ment of [*°I]RTI-55 was observed in olfactory tubercle
(R/CB =1.21) hypothalamus (R/CB =0.96) and stria-
tum (R/CB = 142). Satisticaly significant decreases

—O— Saline

were observed in al brain regions when compared to the
control study (Fig. 3).

3.2. Displacement study with monoamine re-uptake antag-
onists

Fig. 4 shows the time—radioactivity curves obtained in
mice injected at 60 min after administration of [***1]RTI-55
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Fig. 4. Probe time-radioactivity curves expressed as % of the normalized counts at 60 min post radiotracer injection of [*°|]RTI-55. Curves are
displacement studies carried out by i.v. administration of different drugs 60 min after [*2®]RTI-55 injection: Saline (O: n = 5), GBR 12909 (5 mg/Kg; 4
n = 3), paroxetine (5 mg,/kg; O: n= 3), both GBR 12909 plus paroxetine (G + P) (5 mg/kg; @: n = 3), unlabeled RTI-55 (5 mg/kg; m: n= 3). Values

are means+ SEM. (* *P < 0.01).



T. Mochizuki et al. / European Journal of Pharmacology 338 (1997) 17-23 21

Region/Cerebellum

o+

HYP STR HIP

O Saline
GBR 12909

il Paroxetine
G+P

Fig. 5. Region-to-cerebellar ratio of [*2*I]RTI-55 accumulation at 210 min after injection. GBR 12909 (5 mg,/kg), paroxetine (5 mg,/kg) and both drugs
together were administered at 60 min after injection of the tracer for the displacement study. Values are means + S.E.M. Abbreviations: OLF, olfactory
tubercle; HYP, hypothalamus; STR, striatum; HIP, hippocampus, THA, thalamus; S.COL, superior colliculi; F.CTX, frontal cortex; P.CTX,: parietal

cortex; G + P, GBR 12909 and paroxetine (* P < 0.05, * “P < 0.01).

with saline (n=5), GBR 12909 (n = 3), paroxetine (n =
3), the combination of GBR 12909 and paroxetine (n = 3)
or unlabeled RTI-55 (n = 3). The data are expressed as the
percentage of activity measured in each case at 60 min
after tracer injection.

A blocking dose of GBR 12909 (5 mg/kg) decreased
radioactivity at 210 min by 7% and paroxetine (5 mg/kg)
by 19%. A combination of GBR 12909 and paroxetine
reduced [**°1]RTI-55 binding at 210 min by 29%. Unla-
beled RTI-55 (5 mg,/kg) displaced [’ 1]RTI-55 binding at
210 min by 42% (Fig. 4). Statistical significance was
observed in the studies with paroxetine (P < 0.01) and the
combination of GBR 12909 and paroxetine (P < 0.01) in
repeated measure ANOVA.

Post mortem dissection revealed the greatest displace-
ment with GBR 12909 in the regions with high concentra-
tion of dopamine transporters; olfactory tubercle (34%,
P < 0.01) and striatum (44%, P < 0.01), and less in other
regions such as the frontal cortex (14%, P < 0.05) (Fig. 5).
These results are in agreement with those by Cline et al.
(1992). Paroxetine displaced [*°I]RTI-55 in the regions
rich in serotonin transporters; hypothalamus, hippocampus,
thalamus, superior colliculus, frontal cortex and parietal
cortex by 31 to 68% (P < 0.01). These results are consis-
tent with previously published data (Scheffel et al., 1992a).
Although administration of the combination of GBR 12909
and paroxetine displaced [*°I]RTI-55 in all regions of the
brain (parietal cortex: P < 0.05, other regions. P < 0.01),
the displacement in the primarily dopaminergic areas of

olfactory tubercle and striatum was less (Fig. 5) than when
unlabeled RTI-55 was used for the displacement (Fig. 3).

4. Discussion

A simple probe system was used to determine the in
vivo binding of an [**1]labeled cocaine analog, RTI-55, to
dopamine and serotonin transporters in the mouse brain.
['*1]RTI-55, one of the most potent inhibitors of dopamine
and serotonin uptake reported to date, was tested in CD-1
mouse brain to characterize the time-course and to deter-
mine the localization and pharmacological specificity of
[***1]RTI-55 binding in vivo in mouse brain.

The binding of [**°1]RTI-55 increased up to 150 min
and then plateaued. This finding is consistent with the data
obtained by Cline et al. (1992), who reported that
[***1]RTI-55 peaked in striatum and olfactory tubercle at
~ 120 min after injection. The saturability of the binding
was demonstrated by both blockade and displacement of
['**1]RTI-55 by unlabeled RTI-55.

Selectivity for the dopamine transporter and serotonin
transporter was demonstrated by pharmacological studies
that indicated [***1]RTI-55 was displaced by GBR 12909, a
highly selective dopamine uptake inhibitor and paroxetine,
a potent serotonin transporter inhibitor. In the probe study,
displacement of [**°I]RTI-55 was significantly greater with
paroxetine (5 mg/kg) than with GBR 12909 (5 mg/kg).
This might be due to the fact that the striatum is a deep
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structure that contains a high density of dopamine trans-
porters, while serotonin transporters are primarily located
in the brain cortex, therefore closer to the detector’s sur-
face. Although the concentration of radioactivity is higher
in the striatum, the value obtained by the probe might be
underestimated because of attenuation of gamma rays by
brain structures overlying the region from which the ra-
dioactivity emanates. This might aso explain the differ-
ence observed between the in vivo probe results and the ex
vivo data.

GBR 12909 significantly inhibited [***1]RTI-55 binding
in striatum and olfactory tubercles using ex vivo measure-
ments in agreement with a previous report (Cline et al.,
1992). GBR 12909 had no significant effect on [**°1]RTI-55
binding in hypothalamus, a region with high density of
serotonin uptake sites. On the other hand, paroxetine, a
potent ligand for serotonin uptake sites (Scheffel and
Hartig, 1989), caused significant decreases in [**°1]RTI-55
binding in hypothalamus, but not in striatum or olfactory
tubercle. The combination of GBR 12909 and paroxetine
displaced [*°I]RTI-55 less than unlabeled RTI-55. This
was also observed in the probe studies, where the combina
tion of GBR 12909 and paroxetine displaced [*°I]RTI-55
by 29% which was less than the observed displacement
with unlabeled RTI-55 (42%). Though the displacement
due to paroxetine in serotonin transporter-rich areas is
similar to the one observed by unlabeled RTI-55 (68 and
75% in the hypothalamus for paroxetine and unlabeled
RTI-55, respectively), the difference observed when used
in combination with GBR 12909 might be mainly at-
tributed to the inability of GBR 12909 to fully displace
[**1]RTI-55 in dopamine transporter-rich areas (44 and
78% in the striatum for GBR 12909 and RTI-55, respec-
tively). Similar findings were obtained when GBR 12909
was used to displace [*H]cocaine from the dopamine trans-
porter binding site (Boja et al., 1992a). The probe results
demonstrate that these drugs displaced the binding of
RTI-55, athough the degree of displacement measured by
the probe method was much smaller than the one deter-
mined ex vivo. Differences between the probe and ex vivo
results are probably due to the fact that the probe samples
the radioactivity from all the brain regions in its field of
view, while the ex vivo data is a region-specific sampling
of the data.

Measurements of brain receptor occupancy and the
effect of drug interactions can be assessed in vivo in mice
using **°|-labeled radioligands and a simple radiation de-
tection system. The probe system has a high temporal
resolution and is exceptionally sensitive, which alows
detection of *°| soft gamma (35.4 keV) and X-ray (27.2—
31.7 keV) emissions. Furthermore, the ability to employ
the probe with '?°| is particularly valuable since the ra-
dioisotope is readily available a low cost and has a long
half-life (t,,, =60 days). On the other hand, the main
disadvantage of the probe system resides in its inability to
examine the regiona differences between the structures

under its field of view. However, this problem can be
circumvented by using selective radioligands with known
specific regional distributions in the mouse brain.

The probe system makes it possible to characterize drug
pharmacokinetics and the time-course of pharmacological
effects in the same experimental animal, which minimizes
the number of animals required for a study. Multiple
determinations at various pharmacokinetically interesting
time points must be obtained for a given radioligand to be
characterized in vivo by traditional methods. About 250
mice would have been necessary to obtain the data shown
in Figs. 2 and 4 by dissection, while only 20 animals were
used for the probe study. The probe system should prove
useful in testing new drugs with minimal use of animals
and drug.

Acknowledgements

We thank Dr. John R. Lever and Dr. Jonathan M. Links
for support, and Julia W. Buchanan for editing the paper
and giving many useful suggestions.

References

Andersen, P.H., 1989. The dopamine uptake inhibitor GBR 12909:
Selectivity and molecular mechanism of action. Eur. J. Pharmacol.
166, 493-504.

Bice, A.N., Wagner, H.N. Jr., Frost, JJ.,, Natargian, T.K., Lee, M.C,,
Wong, D.F., Dannds, R.F., Ravert, H.T., Wilson, A.A., Links, JM.,
1986. Simplified detection system for neuroreceptor studies in the
human brain. J. Nucl. Med. 27, 184-191.

Boja, JW., Carrall, F.I., Rahman, M.A., Philip, A., Lewin, A.H., Kuhar,
M.J., 1990. New, potent cocaine analogs: Ligand binding and trans-
port studies in rat striatum. Eur. J. Pharmacol. 184, 329-332.

Boja, JW., Patel, A., Carroll, F.I., Rahman, M.A., Philip, A., Lewin,
AH., Kopatic, TA., Kuhar, M.J, 1991. ["®*I]RTI-55: A potent
ligand for dopamine transporters. Eur. J. Pharmacol. 194, 133-134.

Boja, JW., Clinge, E.J, Carroll, F.l., Lewin, A.H., Philip, A., Dannals, R.,
Wong, D., Scheffel, U., Kuhar, M.J., 1992a. High potency cocaine
analogs. Neurochemical, imaging and behavioral studies. Ann. N.Y.
Acad. Sci. 654, 282—-291.

Boja, JW., Mitchell, W.M., Patel, A., Kopajtic, T.A., Carroll, F.l,
Lewin, A.H., Abraham, P., Kuhar, M.J., 1992b. High-affinity binding
of [**°I]RTI-55 to dopamine and serotonin transporters in rat brain.
Synapse 12, 27-36.

Carroll, F.I., Rahman, M.A., Abraham, P., Parham, K., Lewin, A.H.,
Danndls, R., Shaya, E., Scheffel, U., Wong, D., Boja, JW., Kuhar,
M.J., 1991. [*#1]3-b-(4-iodophenyl)tropan-2b-carboxylic acid methyl
ester (RTI-55) a unique cocaine receptor ligand for imaging the
dopamine and serotonin transporters in vivo. Med. Chem. Res. 1,
289-294.

Carroll, F.I., Scheffel, U., Danndls, R.F., Boja, JW., Kuhar, M.J., 1995.
Development of imaging agents for the dopamine transporter. Med.
Res. Rev. 15, 419-444.

Cline, EJ,, Scheffel, U., Boja, JW., Mitchel, W.M., Carroll, F.l.,
Abraham, P., Lewin, A.H., Kuhar, M.J,, 1992. In vivo binding of
[**®1]RTI-55 to dopamine transporters; Pharmacology and regional
distribution with autoradiography. Synapse 12, 37—46.

Elmer, G.I., Brockington, A., Gorelick, D.A., Carrol, F.I., Rice, K.C.,
Matecka, D., Goldberg, S.R., Rothman, R.B., 1996. Cocaine cross-



T. Mochizuki et al. / European Journal of Pharmacology 338 (1997) 17-23 23

sensitization to dopamine uptake inhibitors: Unique effects of GBR
12909. Pharmacol. Biochem. Behav. 53, 911-918.

Heikkila, R.E., Manzino, L. noL, 1984. Behavioral properties of GBR
12909, GBR 13069 and GBR 13098: Specific inhibitors of dopamine
uptake. Eur. J. Pharmacol. 103, 241-248.

lzenwasser, S., Terry, P., Heller, B., Witkin, JM., Katz, JL., 1994.
Differential relationships among dopamine transporter affinities and
stimulant potencies of various uptake inhibitors. Eur. J. Pharmacol.
263, 277-283.

Jeffries, K.J.,, Kim, S., Wagner, H.N., Jr., 1995. In vivo probes: Pharma
cological studies, In: Wagner, H.N., Jr., Szabo, Z., Buchanan, JW.
(Eds.), Principles of Nuclear Medicine, 2nd ed. W.B. Saunders,
Philadelphia, PA, pp. 275-285.

Kim, S, Wagner Jr., H.N., Villemagne, V.L., Kao, P., Dannals, R.F.,
Ravert, H.T., Joh, T., Dixon, R.B. Civelek, A.C., 1997. Longer
occupancy of opioid receptors by nalmefene compared to naloxone as
measured in vivo by a dual detector system. J. Nucl. Med., in press.

Laruelle, M., Badwin, R.M., Innis, R.B., 1994. SPECT imaging of
dopamine and serotonin transporters in nonhuman primate brain.
NIDA Res. Monogr. 138, 131-159.

Lee, M.C., Wagner, H.N. Jr., Tanada, S., Frost, J.J.,, Bice, A.N., Dannals,
R.F., 1988. Duration of occupancy of opiate receptors by naltrexone.
J. Nucl. Med. 29, 1207-1211.

Liu, X., Musachio, J.L., Wagner, H.N., Jr., Mochizuki, T., Dannals, R.F.
London, E.D., 1997. Externa monitoring of cerebra nicotinic acetyl-
choline receptors in living mice. Synapse, in press.

Méelia, K.F., Spealman, R.D. nR., 1991. Pharmacologica characterization
of the discriminative-stimulus effects of GBR 12909. J. Pharmacol.
Exp. Ther. 258, 626—632.

Montemurro, D.G., Dukelow, R.H., 1972. A Stereotaxic Atlas of the
Diencephalon and Related Structures of the Mouse. Futura publishing
company, Mount Kisco, New York.

Nakahara, D., Hashiguti, H., Kaneda, N., Sasaoka, T., Nagatsu, T., 1993.
Normalization of tyrosine hydroxylase activity in vivo in the striatum
of transgenic mice carrying human tyrosine hydroxylase gene: A
microdialysis study. Neurosci. Lett. 158, 44—46.

Pogun, S., Scheffel, U., Kuhar, M.J., 1991. Cocaine displaces [*HIWIN
35,428 binding to dopamine uptake sites in vivo more rapidly than
mazindol or GBR 12909. Eur. J. Pharmacol. 198, 203—205.

Rothman, R.B., Xu, H., Seggel, M., Jacobson, A.E., Rice, K.C., Brine,

G.A., Carroll, F.I., 1991. RTI-4614-4: An analog of (+)-cis-3-meth-
ylfentanyl with a 27,000-fold binding selectivity for mu versus delta
opioid binding sites. Life Sci. 48, 111-116.

Rothman, R.B., Xu, H., Wang, JB., Patilla, JS., Kayakiri, H., Rice,
K.C., Uhl, G.R., 1995. Ligand selectivity of cloned human and rat
opioid mu receptors. Synapse 21, 60—64.

Sasaki, M., Muller-Gartner, H.W., Lever, JR., Ravert, H.T., Dannals,
R.F., Guilarte, T.R., Wagner Jr., H.N., 1993. Assessment of brain
muscarinic acetylcholinergic receptors in living mice using a simple
probe, [*®I]-4-iododexetimide and [**°I]-4-iodolevetimide. Neu-
ropharmacology 32, 1441-1443.

Scheffel, U., Hartig, P.R., 1989. In vivo labeling of serotonin uptake sites
with [*H]paroxetine. J. Neurochem. 52, 1605—1612.

Scheffel, U., Pogun, S., Stathis, M., Boja, JW., Kuhar, M.J,, 1991. In
vivo labeling of cocaine binding sites on dopamine transporters with
PHIWIN 35,428. J. Pharmacol. Exp. Ther. 257, 954-958.

Scheffel, U., Danndls, R.F., Cline, E.J.,, Ricaurte, G.A., Carroll, F.I.,
Abraham, P., Lewin, A.H., Kuhar, M.J,, 1992. [*?*| /**®|]RTI-55, an
in vivo label for the serotonin transporter. Synapse 11, 134-139.

Scheffel, U., Kim, S., Cline, E.J., Kuhar, M.J., 1994. Occupancy of the
serotonin transporter by fluoxetine, paroxetine, and sertraline: in vivo
studies with [**°1]RTI-55. Synapse 16, 263—268.

Shaya, E.K., Scheffel, U., Danndls, R.F., Ricaurte, G.A., Carrall, F.I.,
Wagner, H. Jr., Kuhar, M.J,, Wong, D.F., 1992. In vivo imaging of
dopamine reuptake sites in the primate brain using single photon
emission computed tomography (SPECT) and iodine-123 labeled
RTI-55. Synapse 10, 169-172.

van der Zee, P., Koger, H.S, Gootjes, J., Hespe, W., 1980. Aryl
1,4-dialk(en)ylpiperazines as selective and very potent inhibitors of
dopamine uptake. Eur. J. Med. Chem. 15, 363-370.

Villemagne, V.L., Frost, JJ., Dannals, R.F., Lever, JR., Tanada, S.,
Natargjan, T.K., Wilson, A.A., Ravert, H.T., Wagner, H.N. Jr., 1994.
Comparison of [*Cldiprenorphine and [**C]carfentanil in vivo bind-
ing to opiate receptors in man using a dual detector system. Eur. J.
Pharmacol. 257, 195-197.

Westerink, B.H., Damsma, G., De, V.J.,, Koning, H., 1987. Dopamine
re-uptake inhibitors show inconsistent effects on the in vivo release of
dopamine as measured by intracerebral diaysis in the rat. Eur. J.
Pharmacol. 135, 123-128.



