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Abstract. Cats were trained to stay in a containment
box, without developing any signs of behavioural stress,
while their head was maintained in a position that al-
lowed positron emission tomography (PET) experiments
to be performed. The binding potential for [11C]raclo-
pride (BPraclo), a radioligand with good specificity for
dopamine (DA) receptors of the D2 type, was measured
in the striatum and in three experimental situations:
awake, anaesthetised with ketamine (50 mg kg–1 h–1;
i.m.) and anaesthetised with halothane (1.5%). Non-spe-
cific binding was evaluated in the cerebellum. In the stri-
atum of both sides, the BPraclo was unmodified by ket-
amine anaesthesia when compared with awake animals.
In contrast, a large increase in BPraclo was observed un-
der halothane anaesthesia. The non-specific binding of
[11C]raclopride, evaluated in the cerebellum, was also
unchanged under ketamine anaesthesia but greatly in-
creased under halothane anaesthesia. To evaluate wheth-
er changes in the cerebral blood flow (CBF) resulting
from the different experimental situations could be at the
root of these discrepancies, injections of [15O]H2O were
performed; measurements revealed a drastically in-
creased CBF under halothane anaesthesia and a slight
enhancement under ketamine anaesthesia, when com-
pared with the waking state. These results are the first to
be obtained on this topic in awake cats, and show that
the BPraclo is greatly dependent on alterations in the CBF.
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Introduction

Imaging techniques such as positron emission tomogra-
phy (PET) or single-photon emission tomography
(SPET) have been used over the past decade to evaluate
acute fluctuations of neurotransmitter concentrations in
the extracellular space [1, 2, 3]. This constitutes an im-
portant technological advance, allowing a non-invasive
approach to assessment of the release of these sub-
stances, and permitting longitudinal studies in animals
and humans. The method is based on competition for
binding to receptors between the endogenous transmitter
and an exogenous radioligand [4, 5]. Indeed, the binding
potential (BP) of a radioligand is sensitive to the extra-
cellular concentration of the corresponding neurotrans-
mitter, the release of which may thus be quantified
through the corresponding displacement of the pre-load-
ed radioligand [6, 7]. Such quantification has already
been modelled using data obtained from human studies
[8]. The use of this technique has also been confirmed in
animals, by means of simultaneous evaluation of extra-
cellular neurotransmitter concentrations with invasive
techniques such as microdialysis [9, 10, 11].

Two main elements of this method are, however, sub-
ject to rapid changes that can produce bias in the obser-
vations: first, the affinity of the receptors and, second,
the disposability of the radioligand delivered by the cere-
bral circulation. These alterations may be produced by
the experimental conditions themselves, such as anaes-
thesia, waking states, stress etc. The BP of [11C]raclo-
pride (BPraclo), a radioligand antagonist of dopamine
(DA) receptors of the D2 type, exemplifies this technical
problem. In animals, a moderate reduction in BPraclo was
observed after amphetamine administration (2 mg kg–1)
under ketamine anaesthesia [12, 13] but amphetamine
administration had no effect on BPraclo under halothane
anaesthesia [14]. However, amphetamine is known to
produce a dramatic release of DA in these conditions
[15, 16]. Conversely, in the urethane-anaesthetised rat,
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complete displacement of the radioligand [11C]raclopride
was obtained by amphetamine [17]. It was therefore sug-
gested, in the light of biochemical studies [18, 19], that
this effect could be due to an anaesthesia-induced reduc-
tion in the affinity for DA receptors, as confirmed by an
increase in the dissociation constant for DA receptors,
measured under halothane anaesthesia [14].

Radioligand disposability must also be carefully con-
sidered in studies of neurotransmitter release using PET
or other imaging methods. The disposability of the radio-
ligand is a consequence of both the extracerebral metab-
olism and the amount of molecules delivered by the ce-
rebral blood flow (CBF). When radioligands were ad-
ministered at very low concentrations and under non-
pharmacological conditions, alterations produced by
changes in CBF were initially considered negligible, but
recent experiments have suggested that this problem
needs to be carefully addressed [7], and prompted the
present study. To this end, two different conditions of an-
aesthesia (1.5% halothane, 50 mg kg–1 h–1 ketamine)
were considered in cats, these conditions being chosen
for their known ability to alter BPraclo [10, 14]. The val-
ues found for the BPraclo were compared with those
found in awake animals and correlations between these
changes and the CBF measured with the use of [15O]H2O
were sought. An original experimental set-up was devel-
oped to allow PET scans on awake cats for comparison
with anaesthetic situations and during test-retest experi-
ments performed on the same day. Possible CBF changes
were measured, taking advantage of the possible use of
the [15O]H2O just before the evaluation of the BPraclo.

Materials and methods

PET system. PET studies were performed on a Siemens ECAT Ex-
act HR+ used in three-dimensional mode. The system covers an axi-
al distance of 15.5 cm [20]. The transaxial resolution of the recon-
structed images is about 4.1 mm full-width at half-maximum
(FWHM) in the centre. Transmission scans were acquired with three
rotating 68Ge/68Ga sources and used to correct the emission scans
for the attenuation of 511-keV photon rays through tissue and head
support. The [11C]raclopride was synthesised as previously de-
scribed by methylation of the desmethyl precursor using [11C]meth-
yl iodide [21]. [11C]raclopride (2–2.2 mCi) was injected as a bolus
for 10 s, immediately followed by a flush with 2 ml saline.

Animals. Animal studies were performed by licensed investigators
in accordance with French (87–848, Ministère de l’Agriculture et
de la Forêt) and European Economic Community (86–60, EEC)
guidelines for care of laboratory animals and were approved by
the regional ethical animal use committee. In this study, two Euro-
pean male cats weighing about 4 kg were obtained from Iffa-Cre-
do, France.

Surgery. A single surgical procedure was performed under general
anaesthesia, induced with halothane (4%). As soon as deep anaes-
thesia was obtained, endotracheal intubation was performed and
anaesthesia was maintained by constant insufflation of 2.5% halo-

thane in air. Carbon dioxide concentration in expired gases, heart
rhythm and body temperature were continuously controlled during
the surgical procedure [22]. A U-shaped piece of Plexiglas was
stereotaxically fixed to the skull with acrylic cement and screws.
This head-holder permitted painless restraint of the animal’s head
and ensured a reliable position of the head during PET measure-
ment. During the week after surgery, the animals were treated dai-
ly with 50 mg kg–1 sodium amoxicillin, an antibiotic.

Experimental set-up and animal training. After recovery, each cat
was trained to lie down in a hammock, inside a box with a Plexi-
glas cover. It took about 2 months of daily training, based on kind-
ness and alimentary motivation, to ensure that the animal re-
mained quiet and in a waking state for the duration of the scanning
procedure (1–2 h). The head movements of the animal were pro-
gressively restrained by attaching the head-holder to the cover of
the box according to a previously described method [23]. The box
was placed in the tomograph in such a way as to ensure that the
head was in the centre of the field of view.

Anaesthetic procedures. Two anaesthesia protocols were em-
ployed. Ketamine (Panpharma, France) was administered intra-
muscularly as a single bolus 15 min before the beginning of the
scan, yielding a dose of 50 mg kg–1 h–1. Halothane (Fluothane,
Belamont) was 1.5% mixed in medical air supplied to the animal
through a respiratory mask. The non-noxious restraint of the head
of the animal allowed use of a low halothane concentration.

Scan test procedures. A catheter was first inserted in the cephalic
vein for radiotracer injection. To measure the BPraclo, each animal
was first submitted to three simple scan tests (at least 1 week
apart) under each experimental condition (awake, ketamine and
halothane). A bolus injection of 1.5–2 mCi (55.5–74 MBq) of
[11C]raclopride was made via the catheter. Radioactivity was then
measured in a series of sequential time frames of increasing dura-
tion from 30 s to 10 min. The total time for the measurement of
the radioactivity in the brain was 67 min.

Test-retest experiments. Each animal was also submitted to three
complex test-retest protocols entailing four radioligand injections.
In the awake animal, a catheter was inserted in the cephalic vein
for radiotracer injections. (1) A bolus injection of 1.5 mCi
(55.5 MBq) of [15O]H2O was made via the catheter and the radio-
activity was measured in a series of six sequential time frames last-
ing for 10 s and two frames lasting for 20 s. (2) Fifteen minutes la-
ter, a bolus injection of 1.5–2 mCi (55.5–74 MBq) of [11C]raclo-
pride was made according to the same protocol as for the simple
test. (3, 4) Three hours later, on the same day, the animal was ana-
esthetised according to one of the described procedures, and the
two aforementioned protocols (1 and 2) were carried out again.

Data analysis. The position of the cat in the PET system was such
that the reconstructed images followed the frontal plane. Regions
of interest (ROIs) for the right and left caudate nuclei and the cer-
ebellum were drawn on horizontally reconstructed PET images
(Fig. 1). The striatum was defined on three successive slices ac-
cording to a cat brain atlas [24]. The regional radioactivity con-
centration (Ci ml–1) was determined for each frame, corrected for
decay and plotted versus time. ROIs of the same surface as used in
the striatum were defined in the cerebellum, a region with a low
density of D2 receptors, and were used to estimate free radioligand
concentration and non-specific binding in the brain (F). Specific
ligand binding (B) was defined as the difference between the total
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regional radioactivity and that of the cerebellum. The time curves
for B [B(t)] and F [F(t)] were integrated from 40 min to 67 min.
The binding potential (BP) was calculated using the simplified ref-
erence tissue model developed by Lammertsma et al. [25]. The
BPraclo was measured in the two striata for each experiment. The
ROIs used to calculate BPraclo were re-used to measure the region-
al time-activity curves in the striatum and the cerebellum after
[15O]H2O injection. The values from the two cats and the struc-
tures of both sides were pooled for statistical analysis. The means
of the groups were compared using the two-tailed Student’s t test.

Results

Daily training lasting about 2 months was necessary to
ensure that the animals remained in a state of quiet
wakefulness for the time required for PET scanning. Af-
ter that, the animals accepted constraint for about 2 h
without developing any sign of stress. A typical image of
the [11C]raclopride binding is presented in Fig. 1a. The
two striata can easily be defined. Images obtained after
injection of [15O]H2O were more difficult to interpret,
and no particular brain structures could be differentiated.
In Fig. 1b, obtained in the awake cat, it can be seen that
the amount of accumulated [15O]H2O is higher in the
brain than in the surrounding tissues (green vs blue). By
comparison, in the animal anaesthetised with halothane
(Fig. 1c), the difference between the brain and the sur-
rounding tissues is amplified (yellow vs red).

Time-activity curves

Time-activity curves are presented in Fig. 2. The curves
for the striatum and cerebellum are seen to be very dif-
ferent. After the bolus injection, the peak of maximum
radioactivity was reached in 1.3±0.2 min in the cerebel-
lum and in 6±0.2 min in the striatum. Wash-out was fast-
er in the cerebellum. In both the cerebellum and the stri-
atum, the maximum accumulation of radioactivity was
considerably increased under halothane anaesthesia
when compared with the results in the awake animals.
No significant difference in the peak of radioactivity
could be detected between the awake state and ketamine
anaesthesia in either the cerebellum or the striatum.

143

European Journal of Nuclear Medicine and Molecular Imaging Vol. 30, No. 1, January 2003

Fig. 1. Horizontal reconstruction
of the cat brain, presenting the in
vivo distribution of [11C]raclo-
pride (A) and [15O]H2O (B, C).
Images B and C are normalised
for the injected radioactivity.
Two yellow spots with a red
centre correspond to the striata
in A. The brain is clearly detect-
able on C (yellow spot) but can
hardly be differentiated from
surrounding tissues on B

Fig. 2. Regional time-activity curves (nCi/ml) obtained in the cat
striatum (top panel) and cerebellum (bottom panel) after i.v. injec-
tion of [11C]raclopride. Three experimental situations are com-
pared: awake animal with non-noxious restraint of the head (◆◆),
1.5% halothane (●) and 50 mg kg–1 h–1 ketamine (▲). Data are
the mean (±SEM) of the measurements obtained bilaterally in two
cats



BPraclo in the striatum

The ROIs (striatum) included both the caudate nucleus
and the putamen on horizontally reconstructed sections
(Fig. 1). Time-activity curves of the [11C]raclopride
binding were obtained in each striatum in awake cats and
gave a mean BPraclo value of 1.848±0.048 (Fig. 3, Ta-
ble 1). The mean discrepancy between the right and the
left structure in the same animal in a given experiment
was 2.5%, and it never exceeded 6.5%. In experiments
conducted under halothane anaesthesia, the mean BPraclo
was 2.455±0.028, and under ketamine it was 1.906±
0.074. A constant discrepancy in the BPraclo between the
two animals was observed (10.6%). 

Test-retest situations

The results of the test-retest protocols are presented in
Fig. 4 and Table 1. No difference in the rate of accumu-
lation of [15O]H2O in either the striatum or the cerebel-
lum was ever observed in awake or anaesthetised ani-

mals (Fig. 4). The average accumulation rate of
[15O]H2O was 460±14 nCi cc–1 min–1 in the striatum of
the awake animals, 927±18 nCi cc–1 min–1 under halo-
thane anaesthesia and 683±19 nCi cc–1 min–1 under ket-
amine anaesthesia. The BPraclo measured during the test
(awake) was the same as that found in simple test experi-
ments. An increase was detected when the retest was
done under halothane (2.430±0.047), while no change
was detected under ketamine (1.824±0.102). No differ-
ence could be detected between simple test experiments
and the re-test of the test-retest protocols.

Discussion

Only a few studies have involved the use of PET scans
on the cat [22, 26, 27]. This animal nevertheless consti-
tutes an interesting “halfway house” between rodents
and primates. In addition, a large set of neurophysiologi-
cal concepts have been established on the cat, and its
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Fig. 3. Curve B/F=f(t) and corresponding calculated values of
BPraclo obtained in awake animals with non-noxious head restraint
(◆), 1.5% halothane (●) and 50 mg kg–1 h–1 ketamine (▲). Data
are the mean (±SEM) of the measurements obtained bilaterally in
two cats. Statistical differences were evaluated using the two-
tailed Student’s t test: **P<0.05)

Fig. 4. Regional time-activity curves (nCi/ml) obtained under
1.5% halothane (top panel) and 50 mg kg–1 h–1 ketamine (bottom
panel) after i.v. injection of [15O]H2O. Curves obtained in awake
animals are used as a control. Data are the mean (±SEM) of the
measurements obtained bilaterally in two cats. Statistical differ-
ences were evaluated using the two-tailed Student’s t test: *P<0.5,
**P<0.05)



brain is of sufficient size to allow the use of human-ori-
ented PET cameras. Our investigations were undertaken
with a view to substantiating the use of animal experi-
ments for validation of human PET protocols. Unlike
PET studies in humans, those performed in animals re-
quire anaesthesia in the majority of experimental situa-

tions. Great care must therefore be taken in defining the
consequences of changes in the waking state for the
binding of each radioligand. One of the main purposes of
this study was to develop an original protocol in awake
animals.
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Table 1. Absolute and mean (±SEM) values of BPraclo and
[15O]H2O accumulation (in nCi cc–1 min–1) in the striatum of
awake cats and in halothane- or ketamine-anaesthetised animals

during 21 simple-test experiments and six test-retest experiments
(awake/anaesthetised) performed on the same daya

Cat Awake Halothane (1.5%) Ketamine (50 mg kg–1 h–1)

Simple test experiments

BPraclo ×10–3 BPraclo ×10–3 BPraclo ×10–3

C1 1.703; 1.733
C1 2.089; 2.057
C1 2.152; 2.274
C1 2.157; 2.097
C1 1.868; 1.885
C2 1.565; 1.565
C2 1.845; 1.789
C2 1.658; 1.699
C2 1.747; 1.730
C2 1.617; 1.731
C1 2.462; 2.529
C1 2.450; 2.417
C1 2.550; 2.310
C2 2.285; 2.336
C2 2.548; 2.518
C2 2.538; 2.527
C1 2.184; 2.154
C1 2.059; 2.077
C2 1.519; 1.523
C2 1.841; 1.925
C2 1.856; 1.926

Mean 1.848±0.048 2.455±0.028** 1.906±0.074 NS

Test-retest experiments

[15O]H2O BPraclo ×10–3 [15O]H2O BPraclo ×103 [15O]H2O BPraclo ×10–3

(nCi cc–1 min–1) (nCi cc–1 min–1) (nCi cc–1 min–1)

C1 444; 435 1.640; 1.703 998; 967 2.420; 2.505
C1 467; 476 2.052; 2.074 879; 903 2.450; 2.610
C2 455; 414 1.665; 1.675 920; 898 2.282; 2.346

Mean 448±10 1.801±0.083 927±18*** 2.43±0.047

C1 502; 554 1.700; 1.730 635; 619 2.059; 2.077
C2 390; 540 1.548; 1.989 712; 722 1.519; 1.523
C2 450; 398 1.854; 1.799 685;730 1.841; 1.925

Mean 472±28 1.770±0.061 683±19*** 1.824±0.102**

For each experiment, the values obtained from left and right
stiatum are given. The mean corresponds to the average of both
sides in all the experiments. In the test-retest experiments, each
[11C]raclopride injection was preceded by an injection of
[15O]H2O to evaluate CBF

Statistical analysis was performed using the two-tailed Student’s t
test: *P<0.5, **P<0.05; ***P<0.005



The BPraclo has often been used as a tool to evaluate
DA release in the striatum of animals and humans 
[7, 10]. Its sensitivity to alterations in the waking state
and CBF was therefore estimated in this study. Measure-
ments of BPraclo obtained under two different anaesthesia
settings were compared with those obtained in awake an-
imals. The rate of [15O]H2O accumulation was also mea-
sured in the same settings in an attempt to correlate 
BPraclo with CBF.

Previous works in healthy human subjects have
shown a high inter-individual variability in [11C]raclo-
pride binding [28]. Only two cats were used in the pres-
ent study, and a 15% discrepancy was found between the
mean values of their BPraclo measured in the waking
state. In contrast, a good intra-subject stability has been
reported in the human [29] and confirmed in the animal
[14]. This was confirmed by our finding that the discrep-
ancy between the left and right structures was only 2.8%
and the SEM of the BPraclo values was low within the ex-
perimental groups. The greatest uncertainty thus con-
cerns inter-individual comparisons.

The high BPraclo found under halothane anaesthesia
confirmed previous observations in monkeys [30] and
cats [14]. In a previous work, also involving the cat, it
was shown that the affinity of the DA receptors is lower
under halothane anaesthesia than under ketamine anaes-
thesia [14]. This could, on its own, explain the increase
in BPraclo observed under halothane since [11C]raclopride
affinity remained unchanged. In our study, another effect
of the volatile anaesthetic was observed that could also
explain the increased BPraclo under halothane. Indeed,
two observations suggest an increased CBF. First, in ha-
lothane-anaesthetised cats, the peak of the maximum ra-
dioactivity in the cerebellum after the i.v. injection of
[11C]raclopride was considerably increased. Given the
absence of specific receptors for this ligand in the cere-
bellum [31], the total amount of radioactivity is closely
related to the amount of tracer delivered by CBF. Sec-
ond, the rate of [15O]H2O accumulation in the striatum
and the cerebellum was greater under halothane anaes-
thesia when compared with the awake animal, showing
that there was also a general increase in the CBF. This is
not surprising since halothane has previously been
claimed to be a CBF enhancer [32, 33, 34, 35]. Increased
delivery of the tracer could thus be expected in the stria-
tum, favouring the [11C]raclopride binding.

Other influences of halothane on the DA system may
be mentioned. Halothane is known to alter striatal extra-
cellular DA. Could this action explain our results? Act-
ing at the ligand-gated ionic channel, halothane depress-
es the Ca2+-dependent release of DA [36, 37]. However,
the basal DA release (independent of Ca2+) is increased
under halothane anaesthesia [38, 39]. Halothane and iso-
flurane enhance the drug-induced DA uptake blockade
[16, 40] and halothane is even considered a DA uptake
inhibitor on its own [41]. Thus, this substance probably
increases extracellular DA by reducing DA uptake or ac-

tivating the carrier-dependent basal release. It could also
affect the retro-inhibition of extracellular DA on DA re-
lease through its previously mentioned action on the pre-
synaptic D2 receptors. Whatever the mode of action of
this substance, the consequence should be an increased
extracellular amine concentration and thus a reduction in
the [11C]raclopride binding. It is unlikely that the in-
creased [11C]raclopride binding observed in our study
would be relevant to the action of halothane on the extra-
cellular DA concentration. If the effects of halothane on
extracellular DA cannot be held responsible for the in-
crease observed in BPraclo, activated CBF is probably the
main cause of this increase.

In our experiments, in the striatum BPraclo was similar
under ketamine and in the awake animals. The peak of
the maximum radioactivity in the cerebellum was also
comparable in the two situations. This suggests that ket-
amine had no effect on the CBF. However, a slight, but
statistically significant, increase in the rate of accumula-
tion of [15O]H2O in the striatum and the cerebellum was
observed. This is probably a sign of a higher sensitivity
of the rate of accumulation of [15O]H2O to CBF changes.
No difference in [11C]raclopride binding was found in
the striatum under ketamine anaesthesia in spite of an
apparent slight increase in the CBF. It may be that the
CBF increase is too minor to produce a detectable effect,
or that it is counteracted by a local action of this sub-
stance on the extracellular DA. The effect of ketamine
on the extracellular DA is a matter of some controversy
[42, 43, 44, 45], but it is well documented that DA re-
lease is under the control of NMDA receptors, on which
ketamine exerts an antagonistic action. Thus the absence
of an effect of ketamine on BPraclo in the striatum could
be due to both a slight increase in the CBF, favouring ra-
dioligand binding, and a simultaneous increase in the ex-
tracellular DA with which it is competing, as has previ-
ously been suggested [46, 47].

Recent works [7, 10, 14, 46, 48] have led to question-
ing of the existence of a simple relationship between ex-
tracellular DA and BPraclo. This study confirmed the lim-
itations of such a concept by evidencing a high sensitivi-
ty of BPraclo to anaesthesia and probably CBF. This could
explain the conflicting results obtained when using this
parameter to evaluate in vivo DA release.
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