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Effects of Endogenous Neurotransmitters on
the in vivo Binding of Dopamine and 5-HT

Radiotracers in Mice

Onarae V. Rice, M.A., S. John Gatley, Ph.D., Ji Shen, Ph.D., Craig L. Huemmer, B.S.,
Renata Rogoz, Ph.D., Onofre T. DeJesus, Ph.D., Nora D. Volkow, M.D., and Andrew N. Gifford, Ph.D.

Several studies have indicated that the in vivo binding of
D, receptor positron emission tomography radiotracers
can, under some conditions, be influenced by competition
with endogenous dopamine. The present study was
undertaken to compare the extent to which the in vivo
binding in mice of radiotracers to other amine
neuroreceptors, namely Dy, 5-HT,, and 5-HT; 4 receptors,
can also be modulated by neurotransmitter competition.
For dopamine radiotracers we examined [*H]raclopride as
a D, radiotracer and [?’H]A69024 as a D, radiotracer.
Striatal binding of both radiotracers was substantially
reduced by administration of the dopamine releaser,
amphetamine, although only at a high dose. [*H]raclopride
was decreased more than [PH]A69024. Dopamine
depletion with 4-hydroxybutyrate strongly increased
[*Hlraclopride binding but failed to increase [PH]A69024
binding. For 5-HT radiotracers we examined [>H]N-

methylspiperone as a 5-HT, 4 radiotracer and [PHIWAY
100635 as a 5-HT 5 radiotracer. Cortical binding of both
radiotracers was unaffected by the 5-HT releaser,
p-chloroamphetamine. [PHIWAY 100635 binding was
additionally unaffected by 5-HT release with fenfluramine
and by 5-HT depletion with p-chlorophenylalanine.

In conclusion, of the four radiotracers examined,
[PHlraclopride binding to D, receptors had greatest
sensitivity to changes in endogenous neurotransmitter
levels. [PH]A69024 binding to D, receptors was affected
only by neurotransmitter increases. [’HIN-methylspiperone
binding to 5-HT,, receptors and [PHIWAY 100635
binding to 5-HT, receptors appeared insensitive to
changes in neurotransmitter levels.
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The brain amine neuroreceptors that can be currently
imaged using Positron Emission Tomography (PET)
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and Single Photon Emission Computed Tomography
(SPECT) are the D, and D; dopamine receptors, 5-HT,,
receptors and 5-HT,, receptors. Imaging these recep-
tors in the brain is of interest because of their potential
role in the cause and/or treatment of several kinds of
psychiatric disease, especially in schizophrenia, sub-
stance abuse, depression and anxiety-related disorders.
These radiotracers have been classically employed to
measure the density of receptors and the degree of oc-
cupancy by clinical drugs. However, in the case of D,
radiotracers it has recently become apparent it may be
possible to use some of these radiotracers to provide an
indirect measure of changes in the in vivo extracellular
concentration of endogenous neurotransmitter, based
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on the principle that the radioligands will compete with
the neurotransmitter for binding to the receptor. High
synaptic concentrations of dopamine will result in less
radioligand binding whereas lowered synaptic concen-
tration of dopamine will result in more radioligand
binding. This phenomenon may prove useful in many
studies since by measuring changes in the binding of
the radiotracer it may be possible to monitor changes in
dopamine levels occurring either as a result of drug
treatments or psychiatric diseases. Conversely, in stud-
ies where the intention is only to quantify the receptor
density, competition of radiotracer binding with the en-
dogenous neurotransmitter can be an additional com-
plication in interpretation of the results from a PET or
SPECT study.

The studies performed to date examining competi-
tion between endogenous dopamine and D, radiotracer
binding have involved both rodent studies and primate
and human PET studies. For example, in studies in
mice, increases in synaptic dopamine produced by am-
phetamine administration have been found to produce
decreases in the in vivo striatal binding of [*H]raclo-
pride, while dopamine depletion with reserpine treat-
ment or gamma-butyrolactone causes significant in-
creases in binding (Ross and Jackson 1989a; Ross 1991;
Young et al. 1991). In PET and SPECT studies in pri-
mates and humans increases in the levels of synaptic
dopamine produced by administration of either am-
phetamine or dopamine uptake inhibitors such as co-
caine and methylphenidate have similarly been found
to produce modest decreases (10-40%) in the binding of
["'Clraclopride and or of ['*I]IBZM (Innis et al. 1992;
Volkow et al. 1994; Laruelle et al. 1995; Carson et al.
1997; Laruelle et al. 1997; Volkow et al. 1999). One fre-
quent observation that has arisen from studies on the
effects of changes in dopamine on radiotracer binding
in rodent and primate PET studies is that the lower af-
finity radiotracers, such as raclopride and IBZM (K, of
0.4-1 nM; Kung et al. 1989; Ross and Jackson 1989a), ap-
pear to be more susceptible to competition by synaptic
dopamine than other D, radiotracers such as epide-
pride and N-methylspiperone, which have very high
receptor affinities (K4 < 0.1 nM).

D, receptors have been less frequently investigated
in imaging studies than D, receptors. Most of the avail-
able radiotracers have structures based on the D, antag-
onist, SCH 23390, a benzazepine derivative with a K, of
0.1-0.3 nM (Billard et al. 1984; Andersen et al. 1985). For
non-benzazepine compounds the only D, radiotracer
which has been evaluated so far is ['C]A69024, which
was found to be effective at labeling D, receptors in vivo
despite a relatively low affinity for the receptor (Kas-
siou et al. 1995). With regard to the effect of endoge-
nous dopamine on the in vivo binding of D, radiotrac-
ers, the few studies performed to date have been
conducted using benzazepine radiotracers such as SCH
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23390 and have indicated that the binding of these ra-
diotracers appears to be relatively resistant to pharma-
cologically induced changes in dopamine levels (Inoue
et al. 1991; Thibaut et al. 1996; Abi-Dargham et al. 1999;
Gatley et al. 2000; Gifford et al. 2000). However, by
analogy with the high-affinity D, radiotracers, it may be
expected that the susceptibility of these high-affinity
benzazepine derivatives to competition with dopamine
will be limited as a result of their non-reversible and
flow-dependent binding kinetics.

Among the 5-HT receptors, only 5-HT,, and 5-HT; 5
receptors have been imaged with PET and SPECT. Al-
though radiotracers against these receptors have been
used in a number of studies to measure receptor densi-
ties and receptor occupancies achieved by clinical
drugs, there is little information currently available on
the susceptibility of radiotracers against these receptors
to competition with endogenous 5-HT.

Because of the relative paucity of data on the effects
of competition with endogenous transmitters on ra-
diotracer binding to D,, 5-HT;, and 5-HT,, compared
with that collected for radiotracer binding to D, recep-
tors, the current study was conducted with the objec-
tive of determining whether pharmacological altered
dopamine and 5-HT levels would affect radiotracer
binding to these receptors. The radiotracers we evalu-
ated in the current study were [’H]A69024 for D, recep-
tors, [PH]N-methylspiperone for 5-HT,, receptors and
[FHJWAY 100635 for 5-HT;, receptors. [°’H]Raclopride
binding to D, receptors was also evaluated for compar-
ative purposes. The radiotracers we examined were se-
lected on the basis of the fact that they have all been
previously employed in PET studies and found to be ef-
fective in labeling their respective receptors in vivo. Ad-
ditionally, where possible, the radiotracer we used was
one with a relatively moderate receptor affinity and re-
versible binding kinetics. This was because although
these radiotracers give improved receptor quantitation
in vivo, they also may be more susceptible to the effects
of competition with the endogenous neurotransmitter.

MATERIALS AND METHODS
Drugs

4-hydroxybutyrate, d-amphetamine, p-chloroamphet-
amine, fenfluramine and p-chlorophenylalanine were
obtained from Sigma (St. Louis, MO). Cocaine and me-
thylenedioxymethamphetamine (MDMA) were both
obtained from NIDA (Bethesda, MD). Reserpine was
obtained from Research Biochemical Incorporated
(Natick, MA). Paroxetine was obtained from Smith-
Kline Beecham Pharmaceuticals. [°’H]Raclopride (78 Ci/
mmol) and [*H]N-methlylspiperone (84 Ci/mmol)
were obtained from Dupont New England Nuclear
(Boston, MA). [PHJWAY 100635 (82.0 Ci/mmol) was
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obtained from Amersham (Arlington Heights, IL). Ra-
cemic [*PH]A-69024 was synthesized and labeled essen-
tially as described by Kassiou et al. (1994), with a spe-
cific activity of approximately 85 Ci/mmol. The
radiotracers evaluated in the current study and their re-
ceptors affinities are summarized in Table 1.

In vivo Binding

Male Swiss-Webster (25-30g) mice were purchased
from Taconic Farms (Germantown, NY) and were in-
jected via the tail vein, with 1 wCi of radiotracer in 0.9%
saline. Groups of 5-7 mice were then sacrificed by cer-
vical dislocation at various time points post-injection
and the frontal cortex, hippocampus, striatum and cere-
bellum dissected out. Each tissue sample was weighed
and dissolved in tissue solubilizer overnight. Ultima-
Gold XR scintillation fluid was added and tissue radio-
activity was determined using a Packard Model 1600
TR liquid scintillation counter.

To determine the effects of pharmacological in-
creases or decreases in dopamine and 5-HT mice were
injected intraperitoneally with drugs either prior or fol-
lowing the radiotracer administration. Mice treated
with reserpine were warmed on a heating pad prior to
the radiotracer administration in order to reduce the ef-
fects of the reserpine-induced hypothermia on ra-
diotracer kinetics and binding.

Drugs were administered in 0.9% saline. Exceptions
were p-chlorophenylalanine which was dissolved in
40% 2-hydroxypropyl-B-cyclodextrin, and reserpine,
which was dissolved in a small quantity of lactic acid,
diluted with water, and administered immediately.

Measurement of Tissue Levels of 5-HT

The effect of chronic treatment with p-chlorophenylala-
nine on tissue levels of 5-HT was determined by ho-

Table 1. Receptor Affinities of Radiotracers Evaluated in
the Current Study

Receptor
Radiotracer Labeled Affinity
[*H]Raclopride D, 1 nM"?
[PH]A69024 D, 6 nMP-12 nM*
0.5 M (5-HT,,)5,
[PHIN-methylspiperone 5-HT,4, D, 0.1 nM (D,)°
[PH]WAY 100635 5-HT,, 0.4 nM®7

Kohler et al. 1985

2Ross and Jackson 1989a

SAN. Gifford and S.J. Gatley, unpublished observations using active
enantiomer

4Kerkman et al. 1989

SLyon et al. 1986

®Forster et al. 1995

’Khawaja et al. 1995
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mogenizing brain tissue in 0.5 M percholoric acid con-
taining 0.1% EDTA. The homogenate was then
centrifuged and 5-HT levels in the supernatant mea-
sured using high pressure liquid chromatography
(HPLC). For HPLC a C18 reverse phase column (Bioan-
alytical Systems Inc., IN) coupled to an electrochemical
detector (Bioanalytical Sytems Inc.) was used. The mo-
bile phase consisted of 8% acetonitrile, 1% tetrahydro-
furan,15 mM sodium phosphate, 30 mM sodium citrate,
0.027 mM EDTA, 10 mM diethylamine HCl, 2 mM de-
canesulphonic acid, pH 4.0.

Data Calculations and Statistics

The percent-injected dose per gram of tissue (% ID/g) was
determined by dividing the tissue radioactivity per gram
wet weight (DPM/g) by the total radioactivity injected
into the animal. The striatum to cerebellum ratio minus
one (ST/CE-1) or cortex to cerebellum ratio minus one
(CO/CE-1) was calculated by dividing the DPM/g for the
striatum or cortex by the DPM/g for the cerebellum. For
each radioligand the brain uptake was determined over
several time points and this data was then used to deter-
mine the optimal sacrifice time for each radiotracer in the
in vivo competition studies. Statistical significance was
determined using a 1-way analysis of variance (ANOVA),
followed by a post-hoc Dunnett’s test.

RESULTS
[*HIRaclopride

Time Course of Binding. The time course of [*H]raclo-
pride accumulation in the striatum and cerebellum was
determined at various time points following its admin-
istration to the mice (Figure 1). [*H]raclopride showed
high brain uptake in the striatum and reversible bind-
ing kinetics.

Competition Studies. The ffect of pharmacological in-
creases in dopamine on the in vivo binding of [*H]raclo-
pride to striatal D, receptors was determined by giving
the mice either cocaine or amphetamine five minutes
prior to the administration of [*H]raclopride. Animals
were sacrificed at a 30-min time point, at which time vi-
sual observations of the animals indicated that the be-
havioral effects of amphetamine and cocaine were just
starting to decline. At this time point, analysis of the
striatal and cerebellum levels of [*H]raclopride uptake
indicated that the ST/CE-1 ratios were considerably re-
duced at the high dose of amphetamine (10 mg/kg,
ip.). However, with the lower dose amphetamine (3
mg/kg, i.p.), or with cocaine, the reduction in ST/CE-1
ratios did not reach significance (Table 2).

To produce dopamine depletion the mice were given
either reserpine (5 mg/kg, i.p.) 15 hours prior to the
[*H]raclopride administration or 4-hydroxybutyrate
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Figure 1. Time course of brain radioactivity following the

intravenous administration of [*H]raclopride. Data is shown
as % injected dose per gram tissue (%ID/g tissue) and are
means (*+ S.E.M.) of 7 mice.

(400 mg/kg, i.p.) 45 minutes prior to [*H]raclopride ad-
ministration. Both treatments produced a significant in-
crease in striatal [*H]raclopride binding.

Washout Studies. Inaddition to examining the effect of
amphetamine and 4-hydroxybutyrate when given prior to
[*H]raclopride administration, experiments were also
conducted to determine the effects of these two drugs
when the drugs were given five minutes after [*H]raclo-
pride administration. At this time, [*H]raclopride accu-

Table 2. [n vivo Binding of [*H]Raclopride: Effect of Drugs
Increasing or Decreasing Extracellular Dopamine

ST/CB-1! % Control
EXPERIMENT #1
Control 5.0+ 0.3(7) 100
Cocaine
(10 mg/kg, i.p.) 5.1+ 0.3 (7) 102
Cocaine
(B0 mg/kg, i.p.) 4.3+ 0.3 (6) 86
Amphetamine
(3 mg/kg, ip.) 44 +04(7) 88
Amphetamine
(10 mg/kgip.) 1.8 0.4 (7)** 36
EXPERIMENT #2
Control 43+04(7) 100
4-Hydroxybutyrate
(400 mg/kg, i.p.) 8.0 £ 0.3 (7)** 186
Reserpine
(5 mg/kg, i.p.) 7.7 + 0.4 (6)* 179

** p < .01 (Dunnett’s test)

IStriatum /cerebellum ratio minus one.

Cocaine and amphetamine were given i.p. 5 min prior to radiotracer
(i.v.). 4-Hydroxybutyrate and reserpine were given i.p. 45 minutes and
20 hours, respectively, prior to radiotracer (i.v.). Animals were sacrificed
30 min after radiotracer administration. Data are means (+ S.E.M.) of the
number of animals indicated. Experiment #1: F(4, 29) = 12.7, p < .01. Ex-
periment #2: F(2, 19) = 24.0, p < .01
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mulation in the striatum should already have peaked and
be in the declining (or washout) phase. However, de-
spite the reversal in the order of drug administration,
similar effects of amphetamine and 4-hydroxybutyrate
on the ST/CE-1 ratios were obtained. The values were
as follows: control 4.3 = 0.4 (7), 10 mg/kg amphetamine
1.9 £ 0.2 (7), 400 mg/kg 4-hydroxybutyrate 7.6 * 0.4 (6);
(values are means = SEM (n); ANOVA: F(2,17) = 73.7,
p <.01).

[*H]A69024

Time Course of Binding. [PH]A69024 demonstrated
high uptake into the striatum (7.4% at 2 minutes) and a
moderately rapid clearance rate, with a striatal half-life
of approximately 21 minutes (Figure 2). Despite its rela-
tively low affinity for the D; receptor, [PH]A69024
showed a good striatum to cerebellum binding ratio.
Administration of SCH 23390 (0.3 mg/kg, i.v.) together
with the [’H]A69024 reduced the striatal binding poten-
tial (striatum/cerebellum ratio minus 1) at the 30-min
time point from 4.4 = 0.4 (n = 6) to -0.17 = 0.1 (n = 6),
confirming that the radiotracer was binding to D, re-
ceptors in this region.

Competition Studies. To determine the effect of phar-
macological increases in dopamine on [*H]A69024,
mice were given either cocaine or amphetamine five
minutes prior to the radiotracer administration and sac-
rificed 30 minutes after the radiotracer administration.
No significant decrease in striatal [PH]A69024 binding
was observed with the lower amphetamine dose or with
cocaine (Table 3). Only the high dose amphetamine pro-

[*H]A69024
7. @ Striatum 8
(V]
g|  Cerebellum 26 I\I\I
® >4
2 > 5
2 4 =2
2 0 —
Q 3 0 2 4 6 8
= ) Time (min)
11 I\_L
0 . - . = -
0 15 30 45 60
Time (min)

Figure 2. Time course of brain radioactivity following the
intravenous administration of [’H]A69024. Data shown in the
inset was collected in a separate experiment and shows the
brain radioactivity at short time intervals after radiotracer
administration. Data points are means (+ S.E.M.) of 6-7 mice.
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duced a significant decrease in striatal levels of the ra-
diotracer, although this decrease was smaller in magnitude
than that observed in the [*H]raclopride experiments.
In dopamine depletion studies using 4-hydroxybu-
tyrate, no significant increase in [3H]A69024 binding
was observed by the drug treatment. Similarly, in ear-
lier experiments with reserpine in which animals were
sacrificed at a 15-min time point after radiotracer adminis-
tration [’H]A69024 was found to be paradoxically re-
duced following reserpine treatment (data not shown).

Washout Studies. As in the [*HJraclopride studies,
washout experiments were conducted with [PH]A69024,
in which amphetamine and 4-hydroxybutyrate were given
five minutes after radiotracer administration, rather
than prior to the radiotracer administration as shown in
Table 3. However, despite the reversal in the order of
drug administration, the data obtained was similar. The
ST/CE-1 ratios obtained were as follows: control 6.2 =
0.3 (7), 3 mg/kg amphetamine 6.0 + 0.4 (6), 10 mg/kg
amphetamine 4.2 + 0.2 (7), 400 mg/kg 4-hydroxybu-
tyrate 6.4 = 0.5 (7), (data are means * SEM (n);
ANOVA: F(3, 23) = 9.6, p < .01). Only the high dose of
amphetamine produced a change in striatal binding of
[PH]A69024 which reached significance, as observed in
the competition studies.

[*HIN-Methylspiperone

Time Course of Binding. The time course of [PH]N-
methylspiperone binding was examined in the stria-
tum, occipital cortex and cerebellum (Figure 3). Great-

Table 3. In vivo Binding of [PH]A69024: Effect of Drugs
Increasing or Decreasing Extracellular Dopamine

ST/CB-1! % Control
EXPERIMENT #1
Control 59+ 0.4 (5) 100
Cocaine
(10 mg/kg, i.p.) 54 +0.1(7) 92
Cocaine
(80 mg/kg, i.p.) 6.2 = 0.3 (6) 105
Amphetamine
(3 mg/kg, ip.) 53 = 0.3 (6) 90
Amphetamine
(10mg/kg, i.p.) 4.2 + 0.6 (6)* 71
EXPERIMENT #2
Control 62 *0.3(7) 100
4-Hydroxybutyrate
(400 mg/kg, i.p.) 59 +04(7) 95

*p < .05 (Dunnett’s test)

IStriatum/ cerebellum ratio minus one.

Cocaine and amphetamine were given i.p. 5 minutes prior to ra-
diotracer (i.v.). 4-Hydroxybutyrate was given i.p. 45 minutes prior to ra-
diotracer (i.v.). Animals were sacrificed 30 minutes after radiotracer ad-
ministration. Data are means (= S.E.M.) of the number of animals
indicated. Experiment #1: F(4, 25) = 3.7, p < .05. Experiment #2: t5 =
0.65, not significant (t-test).
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est uptake of this tracer was observed in the striatum,
reflecting the high affinity of this tracer for D, dopa-
mine receptors. The washout of radiotracer from this
region was slow, with only a 5% decline in radiotracer
levels from 60 to 240 minutes after radiotracer adminis-
tration. In contrast to its uptake in the striatum, in the
occipital cortex the levels of uptake were smaller and
the washout of radiotracer was much faster. Since D,
receptors are largely absent from the occipital cortex the
[PHIN-methylspiperone binding in this region will
mostly represent binding to 5-HT,, receptors. Lowest
levels of radiotracer binding were obtained in the cere-
bellum, reflecting the low levels of these receptors in
this region.

Competition Studies. The susceptibility of cortical
[PH]N-methylspiperone binding to competition with en-
dogenous 5-HT was examined using the 5-HT releasing
agents, fenfluramine and p-chloroamphetamine (Table
4). In the first series of experiments the effects of fenflu-
ramine on [*H]N-methylspiperone binding was exam-
ined. Fenfluramine produced a dose-dependent reduc-
tion in cortical NMS binding, with a greater than 50%
reduction in the cortical binding at the highest fenflu-
ramine dose. In order to determine if the fenfluramine-
induced decreases in 5-HT binding were a consequence
of 5-HT release, experiments were conducted in which
the fenfluramine was co-administered with the 5-HT up-
take blocker, paroxetine. In microdialysis and brain slice
experiments, uptake inhibitors such as paroxetine, which
by themselves produce only minor effects on extracellu-
lar 5-HT, have been consistently found to prevent the
much larger levels of 5-HT release produced by releasing
agents such as fenfluramine (Raiteri et al. 1995; Gobbi et
al. 1998). In the [*H]N-methylspiperone experiments,
paroxetine itself produced only a slight decrease in

[*HIN-methylspiperone
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Figure 3. Time course of brain radioactivity following the
intravenous administration of [*H]N-methylspiperone. Data
points are means (* S.E.M.) of 5-6 mice.
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[PHIN-methylspiperone binding which did not reach sta-
tistical significance. However, in contrast to the results
predicted from the microdialysis data, when fenflu-
ramine was given in combination with paroxetine, the
fenfluramine-induced decrease in [PH]N-methylspiper-
one binding appeared to be enhanced rather than re-
duced by the paroxetine. This suggests that mechanisms
other than 5-HT release may have been responsible for
the fenfluramine-induced reduction in [*H]N-methyl-
spiperone binding in vivo.

In a second series of experiments the effect of p-chlo-
roamphetamine on cortical NMS binding was evalu-
ated. However, in contrast to the effects of fenfluramine
on [PHIN-methylspiperone binding, p-chloroamphet-
amine did not alter [*H]N-methylspiperone binding at
any of the doses examined.

[FHIWAY 100635

Time Course of Binding. [PHJWAY 100635 binding
showed high uptake in the hippocampus and frontal
cortex, regions with high densities of 5-HT1A receptors,
and lower uptake in the striatum and cerebellum, in which
5-HT1A receptors are largely absent (Figure 4). Optimal
hippocampal to cerebellum and cortex to cerebellum ra-
tios were obtained at a 60-min sacrifice time point.

Competition Studies. Competition of cortical and hip-
pocampal [PHJWAY 100635 binding with endogenous

Table 4. In vivo Binding of [PH]N-methylspiperone: Effect
of Drugs Increasing Extracellular 5-HT

CO/CB-1! % Control
EXPERIMENT #1
Control 25+02(7) 100
Paroxetine (0.5 mg/kg) 2.3 +0.3(6) 93
Paroxetine (2.0 mg/kg) 20*+02(7) 80
Fenfluramine (10 mg/kg) 1.6 = 0.3 (6)** 62
Paroxetine (0.5 mg/kg) +
fenfluramine (10 mg/kg) 1.3 £ 0.1 (6)** 51
Paroxetine (2.0 mg/kg) +
fenfluramine (10 mg/kg) 1.1 = 0.1 (6)** 44
EXPERIMENT #2
Control 1.9 £ 0.1 (10) 100
p-Chloroamphetamine
(1 mg/kg) 2.1+0.1(8) 110
p-Chloroamphetamine
(3 mg/kg) 2.0+ 0.2(8) 109
p-Chloroamphetamine
(10 mg/kg) 1.8 £0.1(8) 94

**p < .01 (Dunnett’s test)

ICortex/ cerebellum ratio minus one.

Paroxetine, fenfluramine and p-chloroamphetamine were given i.p. 5
minutes prior to radiotracer (i.v.). Mice were sacrificed 60 min following
radiotracer administration. Experiments #1 and #2 were conducted using
different batches of [PH]N-methylspiperone which gave slightly different
control values. Data are means (= S.E.M.) of the number of animals indi-
cated. Experiment #1: F(5, 32) = 7.3, p < 0.01. Experiment #2: F(3, 30) =
1.03, not significant.
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5-HT was determined using three different releasing
agents, p-chloroamphetamine, fenfluramine and meth-
ylenedioxymethamphetamine (Table 5). None of these
agents produced a decrease in [PHJWAY 100635 bind-
ing which reached statistical significance. The 5-HT and
dopamine uptake blocker, cocaine, also did not pro-
duce a significant change in cortical or hippocampal
[FHJWAY 100635 binding.

In a second series of experiments the effects of 5-HT
depletion by the 5-HT synthesis inhibitor, p-chlorophe-
nylalanine, was examined. Treatment of the mice with
p-chlorophenylalanine (150 mg/kg i.p. twice per day
for four days) reduced tissue 5-HT levels in the cortex
by 57% (control mice 148 *+ 19 ng/g (n = 5); p-chlo-
rophenylalanine mice 63 = 11 ng/g (n = 5)) and in the
hippocampus by 62% (control mice 48 + 11 ng/g (n =
4); p-chlorophenylalanine mice 18 = 1 ng/g (n = 4)).
However, despite the depletion of tissue 5-HT, there
was no indication of an increase in the in vivo cortical or
hippocampal [PHJWAY 100635 binding (Table 5).
Rather, the binding appeared to be slightly reduced, al-
though not reaching the level of significance.

DISCUSSION

The degree to which radiotracer binding to a particular
G-protein coupled receptor will be sensitive to competi-
tion with endogenous transmitters will depend on a
number of factors, some of which are related to proper-
ties of the receptors and some to the properties of the
radioligand (recently reviewed by Laruelle 2000). For
receptor factors, an essential requirement for being able
to observe competition is that a significant fraction of
the receptor should be (or become) occupied by the

[*HIWAY 100635
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Figure 4. Time course of brain radioactivity following the
intravenous administration of [PHJWAY 100635. Data point:
are means (*+ S.E.M.) of 7-8 mice.
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Table 5. [n vivo Binding of PHJWAY100635: Effect of Drugs Increasing or Depleting 5-HT

Co/CB -1! % Control HP/CB - 1* % Control
EXPERIMENT #1
Control 4.3 + 0.3 (10) 100 41+ 0.3 (10) 100
p-Chloroamphetamine
(1 mg/kg) 5.0 + 0.3 (11) 116 46+ 04 (11) 112
p-Chloroamphetamine
(3 mg/kg) 5.0 = 0.4 (16) 116 4.8 + 0.4 (16) 117
p-Chloroamphetamine
(10 mg/kg) 41+03(9) 95 42+0409 102
Fenfluramine
(3 mg/kg) 40+ 04 (11) 93 34 +04(11) 83
MDMA (10 mg/kg) 45+ 03 (11) 105 47 +03(11) 115
Cocaine (20 mg/kg) 45+ 0.3 (11) 107 4.6 + 0.4 (10) 112
Experiment 2
Control 3.8 +0.4(11) 100 5.0+ 0.7 (11) 100
p-Chlorophenylalanine
(150 mg/kg x2/day for 4 days) 3.3 x0.2(11) 87 42 *0.3(11) 84

ICortex/ cerebellum ratio minus one.
Hippocampus/cerebellum ratio minus one

p-Chloroamphetamine, fenfluramine, MDMA and cocaine were given i.p. 5 min prior to radiotracer (i.v.). For p-chlorophenylalanine the final injec-
tion was given 24 h prior to radiotracer. Animals were sacrificed 45 min following radiotracer administration (i.v.). Data are means (= S.E.M.) of the
number of animals indicated. Experiment #1: Cortex: F(6, 71) = 1.6, not significant, hippocampus: F(6, 71) = 1.5, not significant. Experiment #2: Cor-

tex tpg=1.1, not significant, hippocampus t,p,=1.1, not significant.

transmitter. The greatest sensitivity to increases or de-
creases in transmitter levels will be obtained if the basal
occupancy of the receptor by the transmitter is nor-
mally fairly high. Thus if the basal occupancy is nor-
mally about 50%, a complete depletion of the endoge-
nous transmitter could potentially produce a 2-fold
increase in the amount of specific radiotracer binding,
while a doubling of the endogenous transmitter levels
would produce a 34% decrease in radiotracer binding.
However, if the basal occupancy of the receptor by the
endogenous transmitter is only, say, 10%, then a com-
plete depletion of the endogenous transmitter would
produce a 11% increase in radiotracer binding to recep-
tors, while a doubling of the endogenous transmitter
levels would produce only a 9% fall in radiotracer bind-
ing. For a particular receptor a low basal level of occu-
pancy of the receptors by the transmitter will occur if
one or more of the following conditions apply: (1) the
average synaptic cleft concentration of the transmitter
is low; (2) the receptor has a low affinity for the trans-
mitter and/or the receptors are mostly in a low agonist
affinity state; (3) the receptors are inaccessible to the
transmitter, either as a result of being located at pre-
dominantly extrasynaptic rather than synaptic sites or
because they are predominantly internalized inside the
cell rather than being located on the plasma-membrane.

In addition to receptor factors, the characteristics of
the radioligand also can have an effect on susceptibility
to competition with endogenous transmitters. Pharma-
cological interventions which significantly change brain
neurotransmitters may in some cases have an effect on
cerebral blood flow and/or peripheral radiotracer me-

tabolism and this can in turn alter the brain uptake of
the radiotracer and hence obscure the effects of receptor-
competition. In the case of the effects on cerebral blood
flow, radiotracers which have very high affinities for
their receptor are in general more sensitive to changes in
this parameter than lower affinity radiotracers. This is
especially the case in situations where the receptor den-
sity in the tissue is high, as is the situation for D; and D,
receptors in the striatum for example. In such receptor-
rich brain regions high affinity radiotracers tend to accu-
mulate in a non-reversible manner and consequently fail
to approach a situation, at least within the time course of
the experiment, in which equilibrium binding condi-
tions exist (Gifford et al. 1998). As a result their total ac-
cumulation in the target region will depend strongly on
their rate of delivery via the blood stream, in addition to
the receptor availability in this region.

In the present study competition between endogenous
dopamine and radiotracer binding to D, dopamine recep-
tors was determined using [*H]Jraclopride. In the dopa-
mine depletion experiments an approximately 80% in-
crease in [*H]raclopride binding to striatal D, receptors
was observed after treatment of the mice with reserpine
or 4-hydroxybutyrate. This degree of increase in raclo-
pride binding after dopamine depletion was similar to
that observed in previous studies and suggests that the
basal occupancy of these receptors by dopamine is nor-
mally fairly high (Ross and Jackson 1989a; Ross 1991;
Young et al. 1991). If it is assumed that these treatments
produce a nearly complete reduction in dopamine levels
and that the changes in specific [*H]raclopride binding in
vivo faithfully follow changes in receptor availability.
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then the 80% increase in [*H]raclopride binding will cor-
respond to a 44% occupancy of these receptors by
dopamine under basal conditions. In the dopamine en-
hancement experiments in the present study, increases in
dopamine by amphetamine administration produced de-
creases in [*H]raclopride binding, although only the high-
dose amphetamine produced decreases which reached
significance. The 64% decrease in [*H]raclopride binding
by the 10 mg/kg dose of amphetamine observed in the
present study is similar to or slightly greater that in ob-
served in other studies in rodents using this radiotracer
(Ross and Jackson 1989a,b; Ross 1991; Young et al. 1991).

Whereas 10 mg/kg amphetamine produced a 64%
decrease in [*H]raclopride binding, 20 mg/kg cocaine
produced only a small decrease in [*H]raclopride bind-
ing which did not reach the level of significance. This
may reflect that fact that the increase in dopamine lev-
els produced by uptake inhibitors such as cocaine is less
than that produced by amphetamine. Thus in microdi-
alysis experiments cocaine at a dose of 20 mg/kg will
produce increases in dopamine of about 5-fold (Kuc-
zenski and Segal 1992; Morgan et al. 1997) which is
about 10 times smaller than that produced by a 10 mg/
kg dose of amphetamine (Kuczenski and Segal 1992).

The D, experiments in the present study were con-
ducted wusing the non-benzazepine radioligand,
[FH]A69024. In contrast to the non-reversible binding
kinetics in the striatum observed with D; radiotracers
such as SCH 23390 and NNC 756 (Halldin et al. 1986;
Farde et al. 1987; Halldin et al. 1993), [*(H]A69024 had a
relatively rapid washout from the striatum, which is
consistent with its lower affinity for D, receptors. This
reversible binding profile suggests that A69024 may
prove to be a preferable radiotracer over the currently
used high affinity benzazepine radioligands for PET
studies involving quantification of D; receptor densi-
ties. In the present study, despite its favorable binding
kinetics for observing competition with endogenous
dopamine, [PH]A69024 appeared to be less sensitive to
pharmacological changes in dopamine levels than
[*H]raclopride. [*H]A69024 showed smaller decreases
in binding to amphetamine-induced increases in
dopamine levels and in the dopamine depletion experi-
ments [*H]A69024 binding was either unchanged or
changed in a direction which was opposite to that ex-
pected from competition with endogenous dopamine.
These experiments hence suggest that, in contrast to D,
receptors, the occupancy of D; receptors by dopamine
under basal conditions may be relatively low. Previous
studies examining the sensitivity of D, radiotracers to
endogenous dopamine have been conducted using ei-
ther SCH 23390 or NNC 756 and have given results
which also indicate an insensitivity of D; radiotracer
binding to synaptic dopamine (Inoue et al. 1991;
Thibaut et al. 1996; Abi-Dargham et al. 1999; Gatley et
al. 2000; Gifford et al. 2000).

NEUROPSYCHOPHARMACOLOGY 2001-VOL. 25, NO. 5

For both the [*HJraclopride experiments and the
[PH]A69024 experiments the animals were sacrificed at
a 30-min time point after radiotracer administration.
This time point was chosen so as to allowing a reason-
able length of time for the drug-altered synaptic
dopamine levels to affect the striatal radiotracer levels
while still obtaining good striatum/cerebellum ratios
for the radiotracer binding. This reasoning was based
on the assumption that the elevated synaptic dopamine
levels may perhaps have a greater effect on the rate of
washout of the radiotracer from receptor-rich brain re-
gions than they do on the peak brain uptake in these re-
gions (Gatley et al. 2000).

Competition between 5-HT and 5-HT),, receptors in
the present study was determined using [*H]N-methyl-
spiperone. Although in PET studies N-methylspiperone
has most often been used to measure D, receptors in the
striatum it has also been employed to measure 5-HT,,
receptors in the cortex (Frost et al. 1987; Swart et al.
1990; Nyberg et al. 1993; Wang et al. 1995). Its affinity
for 5-HT,, receptors is slightly less than its affinity for
D, receptors but since the density of 5-HT,, receptors in
the occipital cortex is about two orders of magnitude
greater than that of D, receptors the binding of [°’H]N-
methylspiperone in this region will mostly be to the lat-
ter receptors. In the present study [*H]N-methylspiper-
one showed high levels of uptake in the striatum and
lower levels in the cortex. The lower level of uptake into
the cortex is consistent with its lower affinity for 5-HT,,
receptors compared to D, receptors combined with the
lower 5-HT),, receptor density in this region. Although
these factors will reduce the cortical [*H]N-methylspip-
erone binding relative to that in the striatum they will
also result in the [*PH]N-methylspiperone having more
reversible binding kinetics in the former region, thus
making it potentially sensitive to endogenous 5-HT lev-
els. In the present study fenfluramine did reduce the
levels of [P’H]N-methylspiperone binding but this effect
was not reversed by pretreating the mice with the up-
take blocker, paroxetine. The most likely explanation
for the effect of fenfluramine is thus a direct action of
the fenfluramine or a metabolite on the 5-HT,, recep-
tors rather than competition with endogenous 5-HT.
This explanation is supported by receptor binding ex-
periments. Fenfluramine is metabolized in vivo to nor-
fenfluramine, which has an affinity for 5-HT,, receptors
of 0.3 pM (Mennini et al. 1991). This concentration is
similar to the potency with which both fenfluramine
and norfenfluramine produce 5-HT release in in vitro
experiments in synaptosomes (Gobbi et al. 1998) sug-
gesting that norfenfluramine will occupy a significant
fraction of 5-HT,, receptors at these concentrations. In
addition to the experiments with fenfluramine further
evidence that [PH]N-methylspiperone was insensitive
to manipulation of 5-HT levels was provided by the ex-
periments with p-choroamphetamine. Although this
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compound releases 5-HT with a potency which is about
twice that of fenfluramine (Crespi et al. 1997), in the
present study it did not affect the in vivo [PH]N-methyl-
spiperone binding.

Similar to the data obtained with [*H]N-methylspip-
erone, the binding of [PHJWAY 100635 to 5-HT, , recep-
tors in the present study was also found to be insensi-
tive to 5-HT releasing agents. To date, WAY 100635 and
its analogues have been the most used radiotracers for
in vivo labeling of 5-HT;, receptors (Pike et al. 1996;
Farde et al. 1997; Carson et al. 2000). [P HJWAY 100635
has a moderate affinity for 5-HT;, and in the present
study showed partial reversibility in its binding kinetics
to receptors in the frontal cortex and hippocampus.
Competition of WAY 100635 or its analogues with en-
dogenous 5-HT has been briefly examined in two previ-
ous studies (Ginovart et al. 2000; Plenevaux et al. 2000).
Both these previous studies used 5-HT uptake inhibi-
tors rather than releasing agents to increase 5-HT levels,
despite the fact that microdialysis studies have indi-
cated that the increase in 5-HT levels produced by up-
take inhibitors in vivo is much smaller than that pro-
duced by releasing agents. In neither of these studies
were these compounds found to have a significant ef-
fect on radiotracer binding, supporting the data ob-
tained in the present study.

[PHJWAY 100635 binding was not found to be signifi-
cantly increased by depletion of tissue levels of 5-HT
produced by a 4-day treatment with the 5-HT synthesis
inhibitor, p-chlorophenylalanine. This data indicates
that in addition to being insensitive to increases in 5-HT,
[PHJWAY 100635 binding is also insensitive to decreases
in the level of this transmitter. It should be noted, how-
ever, that although the tissue levels of 5-HT were de-
creased by more than 50% by the p-chlorophenylalanine
treatment it is possible that the extracellular 5-HT levels
may have changed by a lesser amount.

In conclusion, the data indicate that of two dopam-
ine radiotracers examined in the present study,
[*H]raclopride binding to striatal D, receptors has the
greatest sensitivity to changes in the levels of the en-
dogenous neurotransmitter. Although [*H]A69024
binding to D; receptors was influenced by pharmaco-
logically-evoked increases in dopamine levels the
changes were smaller than that of [*H]raclopride and,
unlike [*H]raclopride, it was not sensitive to depletions
in dopamine levels. For the 5-HT radiotracers neither
[PHIN-methylspiperone binding to cortical 5-HT,, re-
ceptors or [PHJWAY 100635 binding to cortical or hip-
pocampal 5-HT,, receptors showed clear evidence of
being influenced by pharmacological-evoked 5-HT re-
lease. The apparent insensitivity of these latter two
ligands to relatively large increases in extracellular
5-HT will make it easier to interpret the results of recep-
tor quantification and measurement of drug occupan-
cies in PET studies with these radiotracers.
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