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Effects of Amphetamine and Evoked
Dopamine Release on ["'C]raclopride
Binding in Anesthetized Cats
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The effects of halothane and ketamine anesthesia on

[ Clraclopride binding were assessed in the cat striatum at
basal conditions and after drug- or depolarization-induced
dopamine (DA) release using Positron Emission
Tomography. At baseline, Scatchard analyses revealed that
the higher [\'Clraclopride binding found under halothane
anesthesia was mainly attributable to a higher radioligand
apparent affinity. Decreased [''C]raclopride binding was
demonstrated following amphetamine under ketamine but
not under halothane anesthesia. Under ketamine anesthesia
transient DA overflows induced by direct stimulations of
DA neurons through an intracerebral electrode induced

transient changes in ["'CJraclopride binding with a
remarkable spatiotemporal accuracy. No effect was observed
under halothane anesthesia. The failure to detect competition
between DA and ["'CJraclopride for binding on D,-receptors
under halothane anesthesia might reflect, as already reported
for other brain receptor systems, a halothane-promoted
conversion of D,-receptors to a state of lower affinity for DA.
It is suggested that the affinity state of receptors is a factor to
be considered in in vivo ligand-activation studies.
[Neuropsychopharmacology 27:72-84, 2002]
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Over the last decade, in vivo neuroreceptor imaging
techniques such as Positron Emission Tomography (PET)
and Single-Photon Emission Computed Tomography
(SPECT) have been used extensively to evaluate drug-
induced changes in endogenous dopamine (DA) levels
from changes in radioligand binding. Numerous stud-
ies have shown that the binding of [11C]raclopride and
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['1]-(S)-2-hydroxy-3-iodo-6-methoxy-[(1-ethyl-2-pyrro-
lidinyl)methyl]benzamide (['*IJIBZM), two D2-recep-
tor antagonists used in PET and SPECT imaging stud-
ies, respectively, is consistently decreased by drugs that
elevate synaptic DA, while the opposite effect is ob-
served with drugs that decrease synaptic DA (Innis et
al. 1992; Dewey et al. 1993, 1995; Ginovart et al. 1997;
Laruelle et al. 1997).

Competition between endogenous DA and radioligand
for binding on D,-receptors has been regarded as the un-
derlying mechanism to explain the changes in [!'C]raclo-
pride and [*I]IBZM bindings observed following changes
in DA levels. Although the DA competition model has
been used as the main explanation for these binding
changes, a number of inconsistencies have emerged that
questioned the validity of the model (reviewed in Laruelle
2000). For instance, it seems that the DA-induced change
in binding is peculiar to benzamide radioligands, rather
than being a general principle governing all D,-radioli-
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gands. Whereas the binding of benzamide compounds
(raclopride, IBZM, fallypride) to D,-receptors is always
affected by endogenous DA in a manner consistent with
the model, the binding of butyrophenone compounds
(spiperone, N-methyl-spiperone, pimozide) to D,-receptors
shows either no change or even paradoxical increase in
the face of higher DA (Baudry et al. 1977; Bischoff and
Gunst 1997; Hartvig et al. 1997). This observation has
led to the conclusion that factors others than endoge-
nous DA also alter radioligand binding in vivo.

Several hypotheses have been raised in an attempt to
identify these factors. It has been proposed that the
higher affinity of butyrophenones, such as [''C]NMSP,
for D,-receptors might explain their lower sensitivity to
endogenous DA as compared with [''C]raclopride (See-
man et al. 1989). However, as proposed by Farde et al.
(1990), the vulnerability of a radiotracer to a competi-
tive inhibitor such as DA is not dependent on its affin-
ity as long as binding quantification is performed at
tracer dose. It has also been proposed that benzamides
and butyrophenones do not bind to the same binding
site on D,-receptors (Seeman et al. 1989; Hall et al. 1990).
However, no unequivocal explanation has emerged that
could account for the different behaviors of these radio-
ligands with regards to competition with endogenous DA.

Another inconsistency in the validity of the DA com-
petition model is the temporal discrepancies between
changes in radioligand binding as measured with PET
and SPECT and changes in DA levels as measured with
microdialysis. Microdialysis studies in rodents and non-
human primates have shown that amphetamine elevates
striatal DA levels with peak values occurring within 20
min and that DA levels return to control values within
120 min (Sharp et al. 1987; Butcher et al. 1988; Laruelle et
al. 1997). Amphetamine-induced elevation in DA levels
is thus rapid and transient and contrasts with the long-
lasting decrease in both [''C]raclopride and ['*I]IBZM
binding observed in vivo. Indeed, [''C]raclopride and
['*I]IBZM bindings have been shown to be still reduced
to their minimal levels at 5.5 h and 8 h, respectively, fol-
lowing a single dose of amphetamine in non-human pri-
mates (Carson et al. 2000) and in healthy humans (S.
Kapur, personal communication). Such an inconsistency
suggests that even for benzamides, factors other than en-
dogenous DA might play a significant role in the alter-
ation in BP observed following DA manipulation.

A critical factor that has to be considered in in vivo
competition studies when performed in animals is that
they require anesthesia for sedation and fixation of the
animal during the PET or SPECT measurement. It has
been proposed that anesthesia is often associated with
significant changes in striatal DA levels, and may influ-
ence the response to dopaminergic drugs. One of the
most commonly used anesthetic, ketamine, is a non-
competitive N-methyl-D-aspartate antagonist that in-
duces psychotic symptoms in humans. This effect is
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thought to be due to a facilitation of DA neurotransmis-
sion although several studies indicate that ketamine has
no significant effect on striatal DA levels (Ylitalo et al.
1976; Koshikawa et al. 1988; Lannes et al. 1991; Micheletti
et al. 1992; Onoe et al. 1994; Mantz et al. 1994; Irifune et
al. 1997; Tsukada et al. 2000). Volatile anesthetics such as
halothane have been consistently shown to release stri-
atal DA (Ford and Marsden 1986; Savaki et al. 1986;
Spampinato et al. 1986; Osborne et al. 1990; Stahle et al.
1990; Miyano et al. 1993; Mantz et al. 1994; Shiraishi et
al. 1997; Keita et al. 1999). In addition, several authors
showed that anesthesia by itself might have a signifi-
cant influence on radioligand binding in vivo and that
this effect might introduce severe bias in the interpreta-
tion of results obtained from in vivo competition stud-
ies. A recent PET study performed in non-human pri-
mates showed that ketamine dose-dependently reduced
["'CJraclopride binding in the striatum without any sig-
nificant change in DA extracellular concentration (Tsukada
et al. 2000). Isoflurane, another volatile anesthetic, has been
shown to potentiate the effect of DA enhancer drugs, such
as cocaine and GBR12909, on ["'C]raclopride binding in the
striatum of anesthetized as compared with awake mon-
keys (Tsukada et al. 1999). These studies strengthen the
idea that, even for benzamides, endogenous DA is not
the only parameter to affect radioligand binding in vivo
and one might question to which extent radioligand
binding parameters are affected by anesthesia.

The current study was designed to investigate the ef-
fects of halothane and ketamine anesthesia on ["'C]raclo-
pride binding in the cat striatum both at basal condi-
tions and after drug- or depolarization-induced DA
release. The objective of this study was 3-fold: (1) to com-
pare the effect of ketamine and halothane anesthesia on
["'"Clraclopride binding parameters at baseline; (2) to
examine whether a rapid, transient (few minutes) and
discrete increase in synaptic DA levels induced by direct
stimulation of DA neurons has the same effect on stri-
atal ["'CJraclopride binding as the more sustained (few
hours) increase in neurotransmitter levels induced by
amphetamine administration; and (3) to compare the
influence of both anesthetics on DA-induced changes in
[""Clraclopride binding.

The within subject effect of ketamine- versus hal-
othane-induced anesthesia on ["'C]raclopride binding was
examined in cats. Scatchard analyses based on four or
five PET experiments were applied to determine
whether potential differences in [''C]raclopride binding
between both anesthetic conditions reflected a change
in D,-receptor density or apparent affinity. In addition,
a cat was chronically implanted with a bipolar electrode
in the left medial forebrain bundle (MFB) allowing a di-
rect and unilateral stimulation of DA nigrostriatal fibers.
The effect of electrically-evoked DA release on [''C]raclo-
pride binding was compared with that obtained after
administration of the DA releasing drug amphetamine.
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MATERIALS AND METHODS
Animals

A total of four Domestic male cats (noted cats #1, cat #2,
cat #3, and cat #4) weighing about 4 kg were obtained
from Iffa-Credo, Lyon, France. Animal studies were
performed by licensed investigators in accordance with
French (87-848, Ministere de l’Agriculture et de la
Forét) and European Economic Community (86-609,
EEC) guidelines for care of laboratory animals. All ef-
forts were made to minimize animal suffering and to
use only the number of animals necessary to produce
reliable scientific data.

In vivo Voltammetry Studies

One cat (cat #4) was simultaneously implanted with: (1)
a stimulating bipolar electrode placed in the MFB al-
lowing a direct and unilateral stimulation of DA nigros-
triatal fibers; and (2) a recording carbon-fiber electrode
placed in the ipsilateral striatum allowing measure-
ment of DA release in response to axonal stimulation.

DA overflow was monitored with voltammetry by
the carbon fiber microelectrode, the active part of which
was the surface of a carbon fiber 8 pm in diameter and
250 wm long (Chergui et al. 1994; Dugast et al. 1994).
Prior to implantation, the carbon-fiber microelectrode was
electrochemically pre-treated as previously described by
Gonon et al. (1984) and calibrated in vitro in a 50 mM
phosphate-buffered saline (PBS) solution containing 50
nM DA and 100 uM ascorbic acid. The potential value
corresponding to the oxidation of DA was determined
in vitro by differential normal pulse voltammetry (DNPV)
using a pulse voltammetric system (Biopulse, SOLEA
Tacussel, France) as previously described by Gonon
and Buda (1985).

The cat was anesthetized with halothane (4%). As
soon as deep anesthesia was obtained, an endotracheal
intubation was performed and anesthesia was main-
tained with halothane (2.5%). The cat was then placed
in a stereotaxic frame system (Unimecanique, France).
Carbon dioxide concentration in expired gases and
heart rthythm were controlled and body temperature
was kept at 37°C during the experiment. The surgical
procedure for implantation of brain electrodes was
made using an operating microscope. The skull was ex-
posed and cleaned. Three stainless steel anchoring screws
(2 X 5 mm) were fixed to the skull and two ipsilateral
burr holes (2-3 mm diameter) were made in the skull
overlying the striatum and the MFB on the left side
hemisphere.

The recording carbon-fiber microelectrode was first
implanted in the left striatum 16.0 mm anterior to the
interaural bar, 5.0 mm lateral to midline and 12.0 mm
from the dura (Jasper and Ajmone-Marsan 1954). The
microelectrode was connected to a pulse voltammetric
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system (Biopulse, SOLEA Tacussel, France). The oxida-
tion potential for DA was first determined with DNPV
(about 80 mV) and the oxidation current was monitored
every second with differential pulse amperometry (DPA;
Gonon 1988). Electrical stimulations of the MFB were
applied through a bipolar electrode connected to an op-
tically isolated stimulator (A-M system, USA). The bi-
polar electrode was implanted ipsilateral to the carbon-
fiber electrode, 10.0 mm anterior to the interaural bar,
3.2 mm lateral from the midline, and 23.0 mm below the
dura. A train of biphasic constant current square wave
with a pulse duration of 0.5 msec and an amplitude of
450 pA was applied to the stimulating electrode (20
pulses every second, 40 Hz in frequency). To optimize
the position of the stimulating electrode, it was progres-
sively lowered until a maximal evoked release of DA
was observed in the striatum (Kuhr et al. 1984).

Electrical stimulations of different duration (15s, 30,
and 45 s) were applied to the MFB, at 5-min intervals,
and concomitant changes in extracellular DA concen-
tration were recorded. When a reproducible signal was
obtained following each electrical stimulation, the car-
bon-fiber microelectrode was retracted and the assem-
bly of fixing screws and stimulating electrode was em-
bedded in dental cement and allowed to dry. The cat
was allowed to regain consciousness, care being taken
to ensure maintenance of body temperature and rehy-
dration. The cat was then allowed to recover from sur-
gery for two weeks before to participate to PET experi-
ments.

Extracellular concentration of DA at baseline was ob-
tained by converting the peak current obtained using
DNPV to concentration, based on precalibration of the
carbon-fiber microelectrode in PBS containing 50 nM DA.

PET Studies

PET System. PET studies were performed on a Siemens
ECAT Exact HR+ used in 3-dimensional mode. The
system covers an axial distance of 15.5 cm (Brix et al.
1997). The transaxial resolution of the reconstructed im-
ages is about 4.1 mm full width at half-maximum in the
center. Transmission scans were acquired with three ro-
tating ®*Ge-*Ga sources and used to correct the emis-
sion scans for the attenuation of 511 keV photon rays
through tissue and head support.

PET Examinations. Anesthesia of the cats was induced
using either halothane (4%) or ketamine (50 mg/kg/h;
im.). As soon as deep anesthesia was obtained, an en-
dotracheal intubation was performed and anesthesia
was then maintained with halothane (2.5%) or with ket-
amine (50 mg/kg/h; im.). Carbon dioxide concentra-
tion in expired gases, heart rhythm, and body tempera-
ture were continuously monitored. A head fixation
system was used to secure a fixed and reproducible po-
sition of the cat’s head during the PET measurements.
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The head fixation system consists in a stereotaxic hold-
ing device made with Plexiglas where ear-bars, orbital
and hard palate pieces allowed a stereotaxic position-
ing of the head. The horizontal plane was defined as in-
cluding the interaural axis and the infraorbital ridges. A
cannula was inserted in the sural vein for radiotracer
injection.

[""Clraclopride was synthesized as previously de-
scribed by methylation of the desmethyl precursor using
[""C]methyl iodide (Ehrin et al. 1987). ['!C]raclopride (2
to 2.2 mCi) was injected as a bolus during 2 s immedi-
ately followed by a flush with 2 ml saline. In all PET ex-
periments, except the ones performed to study the ef-
fect of MFB stimulations on radioligand binding,
radioactivity was measured in a series of sequential time
frames of increasing duration (from 30 s to 10 min). The
total time for measurement of radioactivity in the brain
was 67 min.

Scatchard Analysis

Two cats (cat #1 and cat #2) each participated to two ex-
perimental series of four or five PET experiments. The
first experimental series was performed under hal-
othane anesthesia and the second under ketamine anes-
thesia. In each experimental series, D,-receptor density
and apparent affinity were determined from a Scatchard
analysis of four or five PET experiments using
["'C]raclopride with high (range: 350-650 Ci/mmol), in-
termediate (range: 131-218 Ci/mmol) and low specific
radioactivity (SR) (range: 3865 Ci/mmol). All PET ex-
periments were performed on different experimental
days with at least one week apart.

Pretreatment with d-Amphetamine Sulfate

Two cats (cat #1 and cat #3) were each examined on two
experimental days. On the first experimental day, two
PET experiments were performed using [''C]raclopride
before and after pretreatment with amphetamine (2
mg/kg; i.v.) under halothane anesthesia. On the second
experimental day, the same protocol was repeated but
under ketamine anesthesia. The period between the first
and second experimental day was at least two weeks.

Electrical Stimulations of the MFB

Two weeks after surgery, the cat (cat #4) chronically im-
planted with a stimulating electrode was examined us-
ing PET on three experimental days. On the first experi-
mental day, two PET experiments were performed using
["'"Clraclopride under ketamine anesthesia: the first was
performed at basal conditions; during the second ex-
periment, two 45-s stimulations (450 mA; 40 Hz) of the
MFB were applied. One week later, the same protocol
was repeated but under halothane anesthesia. Two weeks
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later, the same protocol was repeated once again under
ketamine anesthesia.

In these experiments, the scanning protocol was
adapted to allow detection of potential changes in
["'Clraclopride binding following stimulation of the
MEB. Indeed, if such changes occurred, they should be
rapid and transient, reflecting the rapid and transient
changes in DA levels induced by the stimulation. Tem-
poral course data obtained with voltammetry on changes
in DA levels following MFB stimulation were used to de-
fine the optimal scanning frame sequence. On the first
experimental day, radioactivity was measured in a series
of sequential time-frames of increasing duration (from
30 s to 3 min) for the first 19 min following ["'C]raclo-
pride administration. From 19 to 40 min, the time-frames
were shortened to 1.5 min. Thereafter the time-frames
were increased to 3 min until the end of the experiment.
The first and second MFB stimulations were initiated at
19 and 28 min following ["'C]raclopride administration,
respectively. On the second and third experimental days,
the scanning frame sequence was slightly modified: a se-
ries of sequential time-frames of increasing duration
(from 30 s to 3 min) was used for the first 19 min, time-
frames were shortened to 1 min from 19 to 36 min, and
subsequently increased to 3 min until the end of the ex-
periment. The first and second MFB stimulations were
initiated at 20 and 30 min following [!!C]raclopride ad-
ministration, respectively. The total time for measure-
ment of radioactivity in the brain was 70 min

In each experiment, the difference between time-activity
curves obtained in the non-stimulated striatum (right side)
and the stimulated striatum (left side) was calculated. For
each set of experiments, the difference between time-
activity curves obtained at baseline was compared with
the difference between time-activity curves obtained when
stimulations were applied using a repeated-measures
analysis of variance (ANOVA). Significance was tested on
data acquired between 10 and 45 min following radioli-
gand injection.

Data Analysis

Regions of interest (ROI) for the right and left striatum
and the cerebellum were drawn on the reconstructed
PET images according to an atlas of the cat brain (Jasper
and Ajmone-Marsan 1954). Regional radioactivity con-
centration (nCi/ml) was determined for each frame,
corrected for decay and plotted versus time.

In all experiments except in the Scatchard experi-
ments, quantification of ["'CJraclopride binding poten-
tials (BP) was performed using the simplified reference
tissue model developed by Lammertsma and Hume
(1996). In this approach, the time-activity curves in a
reference region such as cerebellum is used as an indi-
rect input function to estimate the free radioligand con-
centration and non-specific binding in brain. The major
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assumptions of this approach are that the exchange
rates between the non-displaceable and specific com-
partments are so fast that they are combined in one sin-
gle compartment, and the distribution volume in the
reference region is the same than in the target regions.
An expression relating radioligand concentration in a
target region to the radioligand concentration in the ref-
erence region can be derived, which includes BP. Best
estimates of BP values are obtained from non-linear
least squares fitting analyses of the time-activity curves
measured in the reference and in the target regions.

In the Scatchard experiments, quantification of [''C]
raclopride binding was performed using the transient
equilibrium method (Farde et al. 1989, 1990). Briefly,
the time curve for specific radioligand binding (B(t))
was defined as the radioactivity in the striatum minus
that in the cerebellum. A set of three exponential func-
tions was fitted to the time curves for B(t) and F(t). Time
for equilibrium was defined as the moment when B(t)
peaked, i.e. dB/dt = 0. The value of B and F obtained at
equilibrium was divided by the SR of injected
["'Clraclopride to obtain the specifically bound radioli-
gand concentration (B; pmol/ml) and the free radioli-
gand concentration (F; pmol/ml). The B/F ratios ob-
tained for each experiment were plotted versus B in a
Scatchard graph and a straight line was drawn through
the plotted points. The receptor density (B,.,) is de-
fined at the intercept with the X axis and the apparent
equilibrium dissociation constant (Kp,,,) by the inverse
of the slope. The apparent equilibrium dissociation con-
stant is given by the equation:

Kp., = Kp(1+[DA]/Kp,)

Dapp

where Kp, is the equilibrium dissociation constant, [DA]
is the concentration of endogenous DA in the extracel-
lular space and Kp, is the dissociation constant of DA
for radioligand binding.

RESULTS

Comparison of [''C]raclopride Binding under
Halothane and Ketamine Anesthesia

Figure 1 shows the time-activity curves of ["'C]raclo-
pride binding in the striatum of two cats (cat #1 and cat
#2) anesthetized with either halothane or ketamine. In
each cat, uptake of radioactivity in cerebellum was sim-
ilar when both anesthetic conditions were compared. In
the striatum, uptake of radioactivity initially increased,
reached a maximal level within 30 min following radio-
ligand injection and then decreased slowly with time.
When comparing ["'CJraclopride binding in the stria-
tum of two cats, radioligand BP was 13 and 21% lower
under ketamine than under halothane anesthesia, in cat
#1 and cat #2, respectively.
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Scatchard Analyses

The Scatchard analyses indicated that the higher BP ob-
served under halothane as compared with ketamine an-
esthesia reflected a lower Kp,,,, and thus a higher ap-
parent affinity (Figure 2). In the first cat (cat #1), Kp,,,
values were 8.3 nM (standard error of estimated param-
eter in linear regression, SE = 1.4) under halothane and
11.0 nM (SE = 0.8) under ketamine anesthesia. In the
second cat (cat #2), Kp,,, values were 9.2 nM (SE = 0.9)
under halothane and 11.7 nM (SE = 1.0) under ket-
amine anesthesia. No differences in B,,,, were observed
between the two anesthetic conditions. In cat #1, B,
values were 25.6 pmol/ml (SE = 0.6) and 25.5 pmol/ml
(SE = 0.5) under halothane and ketamine anesthesia,
respectively. In cat #2, B, values were 28.3 pmol/ml
(SE = 0.5) and 26.3 pmol/ml (SE = 0.7) under hal-
othane and ketamine anesthesia, respectively.

Amphetamine Challenge

The effect of amphetamine-induced increase in endoge-
nous DA levels on [''CJraclopride binding was investi-
gated in the striatum of two cats (cat #1 and cat #3) anes-
thetized with either ketamine or halothane. A decrease in
radioligand binding was observed in the striatum of the
two cats under ketamine anesthesia as compared with
baseline (Figure 3). There was no evident effect of am-
phetamine on radioactivity in the cerebellum. ['"'C]raclo-
pride BP was decreased by 15% and 26% in cat #1 and cat
#3, respectively. In contrast, amphetamine pretreatment
did not produce any detectable changes in radioligand
binding under halothane anesthesia (Figure 4).

Voltammetry Measures of DA Overflow Following
MFB Stimulation

The basal extracellular concentration of DA measured
in the striatum of cat #4 was 15 nM. Figure 5 shows rep-
resentative DA overflow curves in the striatum follow-
ing MFB electrical stimulations of varying duration.
Each stimulation caused a massive release of DA in the
striatum, followed by a rapid clearance of released DA
from the extracellular space. DA overflow was closely
time-correlated with the stimulation: DA overflow be-
gan with the stimulation and stopped when stimulation
was ceased. DA levels subsequently returned to base-
line value within the next 5 min. Increasing stimulation
duration from 15 to 45 s resulted in an increase in the
duration and amplitude of DA overflow.

Effect of MFB Stimulation on
["'Clraclopride Binding

The effect of transient stimulation-induced changes in
striatal DA levels on ["'C]raclopride binding was inves-
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—O— striatum (ketamine)

Figure 1. Comparison of
regional  time-radioactivity
curves obtained in two differ-
ent cats (cat #1 and cat #2) after
i.v. injection of ["'CJraclopride.
Each cat was examined under
either halothane (closed sym-
bols) or ketamine (open sym-
bols) anesthesia. All time-
activity curves are normalized

, toaninjected dose of 2 mCi.
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tigated in the same cat (cat #4) under ketamine and un-
der halothane anesthesia. At baseline, the time-activity
data obtained in the left striatum were similar to those
obtained in the contralateral structure under both ket-
amine (Figure 6, panels A and C) and halothane (Figure
7) anesthesia. Under ketamine anesthesia, when two 45-s
stimulations of the nigrostriatal ascending fibers were
applied during the PET measurement, each stimulation
induced concomitant changes in [''C]raclopride bind-
ing in the ipsilateral striatum as compared with the con-
tralateral side (Figure 6, panels B and D). The difference
between time-activity curves in the right and left stria-
tum was statistically different from that obtained at
baseline (Figure 6, panels A and B; repeated-measures
ANOVA: F;,, = 19.05, p < .001; Figure 6, panels C and
D; repeated-measures ANOVA: F,,, = 6.97, p < .02).
For each stimulation, radioligand binding levels in the
ipsilateral striatum first decreased as compared with
levels measured in the non-stimulated contralateral
structure and then returned to contralateral levels. The
stimulation-induced changes in radioligand binding
thus showed an opposite but similar temporal pattern
to the stimulation-induced changes in DA overflow

CAT1

B/F

30 40
Time (min)

50 60 70

measured with voltammetry (Figure 5). Moreover, a
small but detectable increase in [!!C]raclopride binding
was observed in the contralateral structure (Figure 6,
panel D).

As observed after amphetamine pretreatment, changes
in DA levels induced by MFB stimulation did not pro-
duced detectable changes in [''C]raclopride binding un-
der halothane anesthesia (Figure 7; repeated-measures
ANOVA:F, ;, =0.77; p = .38).

DISCUSSION

The present study further supports the view that com-
petition with endogenous DA is not the only factor to
play a significant role in the alterations of ["'C]raclo-
pride binding observed following DA manipulations in
vivo. Three observations strongly suggest that changes
in the intrinsic affinity of endogenous DA for D,-recep-
tors might also affect [''C]raclopride binding. First, basal
[""Clraclopride binding in the striatum was lower un-
der ketamine than under halothane anesthesia. This ob-
servation is concordant with Kobayashi et al. (1995) who

CAT 2

—®&— halothane

—O— ketami
etamine Figure 2. Scatchard plots for

["'Clraclopride binding to D,-
dopamine receptors in the
striatum of two different cats
(cat #1 and cat #2) examined
under either halothane (closed
symbols) or ketamine (open
symbols) anesthesia.
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CAT 3
Figure 3. Regional time-radio-

activity curves (nCi/ml) ob-
tained in two different cats (cat
#1 and cat #3) after i.v. injection
of ["'Clraclopride at baseline
conditions (plain symbols) and
30 min following a single dose
of d-amphetamine sulfate (2
mg/kg; iv.) (open symbols).
Experiments were performed
under ketamine anesthesia. All
time-activity curves are nor-
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reported that [''C]raclopride binding was higher under
isoflurane than under ketamine anesthesia in rhesus
monkeys. Decreased levels of endogenous DA under
halothane as compared with ketamine anesthesia are not
likely to explain the differences in ["'C]raclopride bind-
ing observed between the two anesthetic conditions. No
data in the literature support this hypothesis. In con-
trast, a number of studies have consistently shown that
halothane increases striatal DA levels (Ford and Marsden
1986; Savaki et al. 1986; Spampinato et al. 1986; Osborne
et al. 1990; Stahle et al. 1990; Miyano et al. 1993; Mantz
et al. 1994; Shiraishi et al. 1997; Keita et al. 1999)
whereas ketamine has no effect (Ylitalo et al. 1976; Ko-
shikawa et al. 1988; Lannes et al. 1991; Micheletti et al.
1992; Onoe et al. 1994; Mantz et al. 1994; Irifune et al. 1997;
Tsukada et al. 2000).

Second, evaluation of [!'CJraclopride binding para-
meters under both anesthetic conditions revealed that
the higher radioligand binding observed under hal-
othane anesthesia was not attributable to a higher den-
sity of striatal D,-receptors but to a higher apparent af-
finity. As seen in equation 1, Kp,,,, which is inversely

CAT1

10 20

malized to an injected dose of

30 40 50 60 70 2 mCi.

Time (min)

related to the apparent affinity of the radioligand, is de-
termined by both the concentration of extracellular DA
and the inhibition constant of DA for radioligand bind-
ing. In other words, changes in Kp,,, can either reflect
changes in extracellular DA levels or changes in the in-
trinsic affinity of DA for receptors, or both. The higher
apparent affinity of [''C]raclopride under halothane an-
esthesia could reflect a decreased intrinsic affinity of
DA, and in consequence, a decreased competition with
endogenous DA. Conversely, the lower apparent affin-
ity of [''CJraclopride under ketamine anesthesia could
also reflect an increased intrinsic affinity of DA. Previ-
ous studies have shown that ketamine decreased the
striatal binding of [''CJraclopride in human subjects
(Breier et al. 1998; Smith et al. 1998). A subsequent
study in non-human primates showed that this ket-
amine-induced decrease in [''C]raclopride binding was
not due to change in extracellular DA concentration as
measured with microdialysis (Tsukada et al. 2000). This
latter study thus suggests that an increase in D,-recep-
tor intrinsic affinity might be involved in the ketamine-
induced alteration of [''CJraclopride binding in vivo.

CAT 3
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Figure4. Regional time-radio-
activity curves (nCi/ml) ob-
tained in two different cats
(cat #1 and cat #3) after i.v.
injection of ["'CJraclopride at
baseline conditions (plain sym-
bols) and 30 min following a
single dose of d-amphetamine
sulfate (2 mg/kg; iv.) (open
symbols). Experiments were
performed under halothane
anesthesia. All time-activity
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Figure 5. Kinetics of the DA overflow evoked by MFB elec-
trical stimulations in the striatum of a cat (cat #4).The DA over-
flow evoked by MFB electrical stimulations (450 mA, 40 Hz)
was electrochemically monitored using voltammetry. The fig-
ure shows representative recordings. Note that increasing
stimulation duration resulted in an increase in DA overflow
and that DA was quickly eliminated after each stimulation.
Voltammetry measurements were performed under halothane
anesthesia.

However, it is difficult at this stage to discriminate from
our results whether ["'C]raclopride binding is increased
under halothane anesthesia or whether it is decreased
under ketamine anesthesia (or both) since no data on
["'C]raclopride binding levels in the awake state are
available in our study for comparison.

Third, analysis of amphetamine pretreatment on stri-
atal [''C]raclopride binding gave different results when
the two anesthetic conditions were compared. Amphet-
amine pretreatment induced a significant decrease in
["'Clraclopride binding under ketamine anesthesia,
with a magnitude similar to that previously reported in
nonhuman primates (Hartvig et al. 1997; Dewey et al.
1993). The same pretreatment did not produce detect-
able changes in [''C]raclopride binding under halothane
anesthesia. Previous studies in rodents and humans
have shown a marked enhancement of amphetamine-
induced DA release by pretreatment by MK801 and ket-
amine, suggesting that amphetamine pretreatment may
have a larger effect on ["'C]raclopride binding under
ketamine as compared with halothane anesthesia (Miller
and Abercrombie 1996; Kegeles et al. 2000). However,
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amphetamine has also been reliably shown to cause a
several-fold elevation in DA levels under halothane an-
esthesia (Zetterstrom et al. 1986; Fink-Jensen et al. 1994).
So, even if lower, the effect of amphetamine on [''C]raclo-
pride binding should still be detected under halothane
anesthesia. Our results rather showed that competition
between endogenous DA and ["'C]raclopride for bind-
ing on D,-receptors can be evidenced in vivo using ket-
amine but not using halothane anesthesia. A similar
conclusion can be drawn from our third set of experi-
ments.

In the third set of experiments, striatal DA release
was evoked by electrical stimulations of the MFB. The
stimulation frequency used in this study (40 Hz) is high
when compared with the firing frequency of DA neu-
rons in vivo. Electrophysiological studies have shown
that most of the nigrostriatal neurons have a slow firing
rate (from 0 to 6 spikes/sec). In addition, some neurons
fire with a burst activity and the maximal spike fre-
quency within the bursts reaches 20 Hz (Grace and Bun-
ney 1984; Freeman and Bunney 1987). In the present ex-
ploratory study we choose to apply high frequency
stimulations because they were shown to be the most
effective to induce striatal DA overflow in vivo and to
enhance DA extracellular concentration up to 10 pM
(Gonon and Buda 1985). We verified that, in our experi-
mental conditions, high frequency unilateral stimula-
tions of the MFB induced transient DA overflows in the
ipsilateral striatum. In ketamine-anesthetized cat, such
stimulations induced transient decreases in [''C]raclo-
pride binding in the ipsilateral striatum, with a tempo-
ral course that mirrored the changes in DA levels.
Moreover, a small increase in [''C]raclopride binding
was also observed in the contralateral structure. This
latter result is concordant with a previous study show-
ing that unilateral activation of nigrostriatal pathway is
accompanied by a concomitant inhibition of the con-
tralateral pathway (Leviel et al. 1979). The stimulation-
induced decreases in radioligand binding likely reflect
changes in extracellular DA levels rather than alterations
in cerebral blood flow (CBF). Simultaneous measure-
ments of DA levels and oxygen consumption in the rat
striatum have shown an elevation of local CBF during
stimulation of the MFB in vivo (Zimmerman et al. 1992).
In another study, Chugani et al. (1988) showed that CBF
was not altered in the striatum following electrical ni-
grostriatal stimulations as measured with ["*Cliodoan-
tipyrine. Although it is difficult to draw conclusions
from these two conflicting studies it is reasonable to as-
sume that MFB stimulations, by activating dopaminer-
gic neurons, might increase CBF to these neurons, if any
effect is assumed. This would increase delivery of the
tracer to these neurons and therefore increase radio-
tracer binding, thus possibly offsetting the inhibitory
effect of endogenous DA competition. That is, blood
flow effect would have an opposite effect on radioli-
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Figure 6. Effect of transient changes in striatal DA levels induced by direct axonal stimulation on ['!CJraclopride binding in the
striatum of a cat (cat #4). Panel A shows regional time-radioactivity curves (nCi/ml) for ['!CJraclopride binding in the cerebellum
and in the right and left striatum at baseline conditions. Panel B shows regional time-radioactivity curves obtained 2 h later in the
same animal but when two unilateral electrical stimulations (left side; 450 mA, 40 Hz) of the nigrostriatal fibers were applied dur-
ing the PET measurements through a bipolar electrode chronically implanted in the MFB. The same set of experiments were
repeated in the same animal two weeks later and are presented in panels C and D. Note that each axonal stimulation induced sig-
nificant transient changes in ['C]raclopride binding in the ipsilateral striatum as compared with the contralateral side (panel A
and B; repeated-measures ANOVA: F, 3, = 19.05, p < .001; panel C and D; ANOVA: repeated-measures ANOVA: F, , = 6.97,p <
.02). Experiments were performed under ketamine anesthesia. All time-activity curves are normalized to an injected dose of 2 mCi.

gand binding as compared with the competitive effect
of DA. The decreased radioligand binding observed in
ketamine-anesthetized animals during stimulation can-
not thus be ascribed to changes in CBF and more likely
reflect changes in extracellular DA levels. As observed
after amphetamine pretreatment, the stimulation-induced
changes in DA levels did not produced detectable
changes in [!!CJraclopride binding under halothane an-
esthesia.

The failure to detect DA competition under hal-
othane anesthesia leads us to speculate that the intrinsic
affinity of D,-receptors for DA under halothane is too
low to observe such a phenomenon in vivo. The dopa-
mine D,-receptor exists in a high and a low-affinity
state for DA (D,-high and D,-low; Sibley et al. 1982;
Gingrich and Caron 1993). The high-affinity state is be-
lieved to arise from coupling with a G protein and is
disrupted by the addition of GTP in vitro (Wreggett
and Seeman 1984). DA has a 1,000 fold higher affinity
for the D,-high than for the D,-low sites, while [''C]raclo-

pride binds to both sites with the same affinity (Seeman
et al. 1994). The overall affinity of DA for D,-receptors
thus strongly depends on the ratio of D,-high to D,-low
sites. We proposed that this ratio might be different un-
der ketamine and halothane anesthesia. D,-low sites
would be in a large majority under halothane and DA
would be unable to compete with [''CJraclopride for
binding on these sites. This hypothesis is supported by
a number of radioligand binding studies showing that
halothane converts several G protein-coupled receptors
to states of lower agonist affinity by interfering with re-
ceptor-G protein interactions. For example, Martin et al.
(1991) have shown that halothane inhibits [*H]8-OH-
DPAT agonist binding to serotonin 5HT;, receptors in
rat hippocampal membranes and [PH]JCHA agonist
binding to adenosine A-receptors in rat forebrain mem-
branes. Similarly, halothane decreased the high affinity
binding of the agonist [*H]oxotremorine to muscarinic
receptors in rat brainstem membranes (Dennison et al.
1987) without affecting the number of muscarinic antag-
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Figure 7. Regional time-radio-
activity curves (nCi/ml) for
[!'C]raclopride binding in the
cerebellum and in the right
and left striatum obtained in a
cat at baseline conditions (left
panel) and when two unilat-
eral electrical stimulations (left
side; 450 mA, 40 Hz) of the
nigrostriatal fibers were applied
during the PET measurements
(right panel). No significant
stimulation-induced change
in ["C]raclopride binding was
observed in the ipsilateral stria-
tum as compared with the
contralateral side (repeated-
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onist binding sites (Aronstam et al. 1986). In mouse cor-
tical membranes, halothane was shown to decrease the
agonist affinity of [*H]clonidine for the a,-receptors
without affecting the number of binding sites (Wikberg
et al. 1987). In vitro binding experiments performed on
rat and human myocardium membranes also reliably
showed that halothane, but not isoflurane, shifts the
B-adrenoreceptor from its high- to low-agonist affinity
state (Bohm et al. 1993; Schotten et al. 1998) and that the
decrease in agonist affinity binding was not accompa-
nied by changes in B-adrenoreceptors density (Bern-
stein et al. 1981; Schotten et al. 1993). Only limited data
are available that might explain the molecular mecha-
nisms by which halothane promotes the conversion of
G-protein coupled receptors from their high to their
low agonist affinity state. However, it appears from the
aforementioned studies that this effect is not receptor-
specific and rather occurs throughout the brain. This
observation is concordant with a recent study which re-
vealed that [“CJhalothane binds to specific binding
sites that are widespread within the brain but appear to
be located in region of high synaptic density (Eckenhoff
and Eckenhoff 1998). It is thus possible that halothane,
as observed in other systems, has analogous effects on
dopamine D,-receptors and promotes their conversion
to states of lower agonist affinity.

A striking observation was the remarkable spatio-
temporal concordance between changes in striatal DA
levels as measured with voltammetry and changes in
[""Clraclopride binding as measured with PET in ket-
amine-anesthetized cat. [''C]raclopride binding decreased
as long as the stimulation was applied suggesting a

20 30 40 50 60 70

measures ANOVA: F, ,, = 0.77;
p = .38). Experiments were per-
formed under halothane anes-
thesia. All time-activity curves
are normalized to an injected
dose of 2 mCi.

Time (min)

rapid radioligand dissociation from the receptors. Once
the stimulation was ceased, radioligand reassociated to
receptors as DA concentration fell, presumably from
the pool of free radioligand still available for re-bind-
ing. The observation of [''C]raclopride reassociation is
consistent with the view that changes in radioligand
binding primarily reflect changes in DA occupancy of
the D,-receptors. Our experimental data support the
view that ["'CJraclopride binding kinetics (i.e. associa-
tion and dissociation constants) are fast enough to fol-
low transient changes in DA levels and contrast with the
prolonged decrease in [''CJraclopride and ['?I]IBZM
bindings reported following amphetamine challenge
(Carson et al. 2000; Laruelle et al. 1997). It is possible
that this long-lasting effect of amphetamine reflects an
agonist-mediated internalization of D,-receptors lead-
ing to a decreased receptor density at the cell surface.
Such a mechanism has already been proposed to ex-
plain the changes in D,-radioligand binding observed
following manipulations of the DA system in vivo
(Chugani et al. 1988). We postulate that the long-lasting
changes in ["'C]raclopride binding observed following
amphetamine challenge reflect a D,-receptor internal-
ization triggered by sustained (1 to 2 h) agonist stimula-
tion while transient (few minutes) increase in synaptic
DA induced by axon stimulation is too short to trigger
such a phenomenon.

The present study showed that increases in synaptic
DA levels do not always correlate with opposite
changes in ["'C]raclopride binding. The failure to detect
such a correlation under halothane anesthesia might re-
flect, as already reported for other brain receptor sys-
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tems, a halothane-promoted conversion of D,-receptors
to states of lower affinity for DA. In addition, previous
data in the literature suggest that D,-receptor intrinsic
affinity might also be, in contrast, increased under ket-
amine anesthesia (Tsukada et al. 2000). It is suggested
that the agonist affinity state of the receptor is a factor
that should be considered in in vivo ligand-activation
studies, especially those performed in psychiatric con-
ditions such as schizophrenia in which hyperdopamin-
ergia is postulated. Difference in the affinity state of re-
ceptors under pathological conditions could make it
difficult to compare the effect of pharmacological mani-
pulation between patients and control subjects. A higher
proportion of high affinity D,-receptor sites in schizo-
phrenics might, for example, underlie the higher DA-
radioligand competition found in patients as compared
with controls following amphetamine challenge, as op-
posed to the postulated elevated release of endogenous
DA (Laruelle et al. 1996; Breier et al. 1997). Since DA is
not expected to compete with D,-receptors in the low
affinity state, a higher proportion of D,-receptors in the
high-affinity state in schizophrenics would imply that a
higher number of D,-receptors are vulnerable to com-
petition with endogenous DA. Consequently, similar in-
creases in endogenous DA above baseline levels should
induce more pronounced decreases in [!'C]raclopride
binding in schizophrenics as compared with controls.

Future studies are thus needed to disentangle whether
differences in in vivo radioligand apparent affinity
found between experimental conditions or between
groups of subjects only reflect differences in endoge-
nous neurotransmitter levels or can also be accounted
by differences in the affinity state of the targeted recep-
tors. The development of suitable in vivo agonist radio-
ligands for the D,-receptor could lead to studies aiming
at the measurements of the high and low affinity sites
populations. Such studies would make profound con-
tributions to the understanding of DA neurotransmis-
sion in the living human brain.
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