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Abstract
Purpose Small animal PET can be applied to study
molecular processes in animal models of a variety of
human diseases. In order to keep the animals in a restricted
position during imaging, anaesthesia is in many instances
inevitable. Using small animal PET and ex vivo autoradi-
ography, we examined the influence of pentobarbital and
isoflurane anaesthesia on the rat brain uptake of [18F]MK-
9470, a radioligand for the type 1 cannabinoid receptor.
Methods PET imaging was performed on adult Wistar rats
under pentobarbital (n=6) and isoflurane anaesthesia (n=7),
and under control conditions (free moving during tracer
uptake, n=8). Parametric PET images were generated,
anatomically standardized and analysed by voxel-based
Statistical Parametric Mapping and a predefined volume of
interest approach. Immediately after in vivo PET, brains were
processed for ex vivo autoradiography using manually
placed regions of interest. An extra group (n=6) was
included ex vivo, in which animals were intravenously
injected without the use of anaesthetics.
Results Using in vivo and ex vivo molecular imaging
techniques, no significant changes in absolute [18F]MK-

9470 uptake were present in the brain of pentobarbital and
isoflurane rats as compared to control conditions. Relative
[18F]MK-9470 uptake PET values obtained applying global
scaling were, however, decreased in the cortex under both
anaesthetics (pentobarbital: −13.3±1.4%; isoflurane −8.7±
3.1%), while an increase was seen in the cerebellum by
13.5±4.0% and 13.9±4.1% under pentobarbital and iso-
flurane, respectively. Ex vivo results were in agreement
with in vivo findings.
Conclusion These findings suggest a similar, regionally
specific interference of pentobarbital and isoflurane
anaesthesia with in vivo CB1 receptor imaging using
[18F]MK-9470.
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Introduction

The endocannabinoid system (ECS) consists of cannabi-
noid receptors, endogenous ligands, of which anandamide
(AEA) and 2-arachidonoylglycerol (2-AG) are the best-
characterized substances, and of proteins for their biosyn-
thesis and degradation [1]. Converging evidence points
towards an important role of the ECS in homeostatic
mechanisms of the brain and in pathophysiological conditions
such as epilepsy, addiction, stroke, eating disorders, schizo-
phrenia and movement disorders [2]. This broad-spectrum
action occurs through modulating the release, uptake and
actions of excitatory and inhibitory transmitters such as γ-
aminobutyric acid (GABA), glutamate and dopamine [3] and
has potential for pharmacological treatments [4].

Therapeutic approaches can be assessed non-invasively
using functional small animal PET imaging. However, in
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order to prevent movement artefacts, animals must be either
physically restrained or placed under anaesthesia [5].
Anaesthesia is known to have significant effects on the
central nervous, cardiovascular and respiratory systems [5]
and, therefore, differences in radioligand uptake and
regional binding in the brain may occur. The effects of
anaesthesia are not predictable since changes are often of
different magnitude and direction amongst target receptor,
enzyme or transporter systems [6, 7]. They may vary for
structurally unrelated radioligands for a specific binding
site and be inconsistent among different classes of
anaesthetic agents [8, 9].

The mechanism of pentobarbital and isoflurane, two
commonly used anaesthetics for small animal PET imaging,
involves interaction with multiple receptor sites, and
thereby interference with synaptic transmission [3]. Pento-
barbital, as a barbiturate, is believed to potentiate the effect
of GABA through the GABAA receptor [10], while
isoflurane binds both to GABA receptors [11] and
glutamate receptors [12] and increases extracellular dopa-
mine concentration through interference with dopamine
transporter (DAT) expression [13].

Recently, a novel 18F-labelled, high affinity, subtype-
selective radioligand for type 1 cannabinoid (CB1) receptor
imaging, [18F]MK-9470, was developed [14]. We investi-
gated the potential influence of pentobarbital and isoflurane
anaesthesia on [18F]MK-9470 uptake in the rat brain using
both quantitative in vivo small animal PET and ex vivo
autoradiography.

Materials and methods

Animals and anaesthesia

Experiments were conducted on 27 adult female Wistar
rats. Animal weight was 236±19 g (range: 182–269 g) and
animal age 12.3±1.2 weeks (range: 9–14 weeks). All
animals were housed three to a cage, at an average room
temperature of 22°C and a 12-h light/dark cycle (lights on
at 8 a.m.). Food and water were given ad libitum. The
research protocol was approved by the local Animal Ethics
Committee and was according to European Ethics Com-
mittee guidelines (decree 86/609/EEC).

The effect of anaesthesia on rat brain [18F]MK-9470
uptake was quantified using both small animal PET and ex
vivo autoradiography. The influence of anaesthesia on rat
brain [18F]MK-9470 uptake was assessed in vivo under
three conditions: (1) in free moving animals during tracer
uptake, as controls (n=8); (2) using 2% isoflurane
(Halocarbon, River Edge, NJ, USA) and 100% O2

inhalation through a nose cone (n=7); and (3) after an
intraperitoneal injection of 50 mg/kg pentobarbital (n=6)

(Nembutal, CEVA Santé Animale, Brussels, Belgium).
Immediately after in vivo PET, brains were processed for
ex vivo autoradiography. For ex vivo analysis, an extra
condition (4) was included, in which animals (n=6) were
free moving during tracer uptake, but also unanaesthetized
during injection (hereafter referred to as ‘awake’).

Small animal PET

Small animal PET image acquisitions were performed after
overnight fasting. The rat tail veins were catheterized to
enable the infusion of [18F]MK-9470 (injected dose: 47.5±
7.7 MBq; specific activity range: 53–541 GBq/µmol;
injection volume: 500 µl). Sixty-minute dynamic [18F]
MK-9470 acquisitions were started immediately after tracer
injection (∼5 min after sedation) for the animals assigned to
the pentobarbital and isoflurane groups. Animals which
were free moving during tracer uptake were also briefly
(∼5 min) sedated with 2% isoflurane for tracer injection.
Free moving animals were scanned during 20 min starting
40 min post-injection under isoflurane anaesthesia. The
acquisition timing rationale and kinetics of [18F]MK-9470
in rats have been described previously [15].

Small animal PET imaging was performed using a
FOCUS 220 tomograph (Siemens/Concorde Microsystems,
Knoxville, TN, USA), which has a transaxial resolution of
1.35 mm full-width at half-maximum. Data were acquired
in a 128×128×95 matrix with a pixel width of 0.475 mm
and a slice thickness of 0.796 mm.

The precursor for [18F]MK-9470 was obtained from
Merck Research Laboratories (MRL, West Point, PA,
USA). Radiolabelling was performed on-site by alkylation
of the precursor with 2-[18F]fluoroethylbromide, as de-
scribed previously [14].

Ex vivo autoradiography

Immediately after in vivo imaging, the animals were
decapitated. Animals assigned to the awake group (condi-
tion 4) were sacrificed 60 min post-injection by cervical
dislocation. All brains were quickly and carefully removed,
frozen by immersion in cold 2-methylbutane in dry ice and
immediately processed for sectioning. Coronal sections 20-
µm thick were cut in a cryostat (Thermo Fisher Scientific,
Zellik, Belgium). Sections were thaw-mounted on Superfrost
Plus® microscope slides (Menzel-Gläser, Braunschweig,
Germany) and autoradiographed on phosphor screens in
standard film cassettes. The phosphor screens were placed
against a standard radiology light box immediately before use
to erase any background radiation that may have been
detected while in storage.

After overnight exposure at room temperature, the
screens were removed from the cassettes under dim lighting
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and immediately scanned at 600 dpi resolution using a
Cyclone Storage Phosphor System (Packard Instrument
Co., Meriden, CT, USA).

Data analysis

PET scans were reconstructed using filtered backprojec-
tion and the last 20 min of each acquisition period were
used for quantification purposes. Parametric images based
on standardized uptake values [SUV: activity concentra-
tion (MBq/ml) × body mass (g)/injected dose (MBq)]
were generated as a measure of absolute [18F]MK-9470
uptake [14]. No significant differences in weight or injected
activity were present between anaesthetized and free
moving rats. We investigated absolute as well as relative
uptake. Relative [18F]MK-9470 uptake was expressed as
SUV values normalized on whole-brain SUV.

For each subject, PET images were spatially normalized
to a stereotactic space based on the rat brain Paxinos atlas
[16]. Data were analysed on a voxel basis using SPM2
(Statistical Parametric Mapping) as well as a template-
based predefined volume of interest (VOI) approach.

SPM analysis was carried out using a categorical subject
design (conditions: anaesthetics vs free moving) on paramet-
ric [18F]MK-9470 images. Spatially normalized images were
masked to remove extracerebral signals that would disrupt
the global normalization. All images were smoothed with an
isotropic Gaussian kernel of 1.2 mm. Only significant
clusters (p<0.05, corrected for multiple comparisons) were
retained, in combination with sufficient localizing power
(pheight<0.005, uncorrected for multiple comparisons), as
described previously [17]. The extent threshold kE was 200
voxels (1.6 mm3). For analysis of relative [18F]MK-9470
uptake, proportional scaling was used.

For VOI analysis, a predefined VOI map was loaded on
all parametric images to permit calculation of average

SUVs within each VOI (PMOD, version 2.65, PMOD Inc.,
Zurich, Switzerland). As reported previously [16], this set
of VOIs created in-house was defined according to the rat
brain Paxinos atlas and represents the major cortical and
subcortical structures of the rat brain (i.e. the caudate-
putamen, globus pallidus, nucleus accumbens, cerebellum,
cerebral cortex, thalamus, hippocampus and pons).

The autoradiographic images of the rat brain were
analysed using Optiquant v5.00 (PerkinElmer Inc., Zaventem,
Belgium). [18F]MK-9470 uptake was determined in the
following regions, all characterized by high to moderate
CB1 receptor availability [18]: cortex (frontal, dorsal and
ventral part), caudate-putamen, hippocampus (anterior and
posterior part), pons and cerebellum. For each region of
interest (ROI), one circular ROI (2–8 mm2) was placed per
hemisphere on three adjacent sections. A background ROI of
the same area was placed adjacent to each slide to obtain
background-corrected uptake values. Identification of ana-
tomical structures was guided by the Paxinos stereotactic rat
brain atlas [19]. The placement of ROIs was standardized for
a particular area and was consistent across all sections
(Fig. 1). The amount of [18F]MK-9470 uptake in each ROI
was measured in digital light units (DLU) per area (mm2)
and normalized on injected activity and whole-slice uptake
for absolute and relative uptake values, respectively. Final
values were obtained by averaging three autoradiograms.
The linearity between DLU and radioactivity had been
established prior to study set-up in the count range of 4.10−3

MBq–0.7 MBq (y=582062x+36284; R2=0.99).

Conventional statistics

Reported values are given as the mean±SD. For comparison
of [18F]MK-9470 uptake in the rat brain among the
different conditions, one-way analysis of variance
(ANOVA) followed by two-sided Dunnett post hoc test

Fig. 1 Representative coronal
(anterior to posterior) [18F]MK-
9470 autoradiographic images
of brain sections of a control rat
showing the ROIs on Fr Cx
frontal cortex, D Cx dorsal
cortex, V Cx ventral cortex, Cpu
caudate-putamen, Ant HC
anterior hippocampus, Post HC
posterior hippocampus, Cbl
cerebellum. Coloured bar
expresses DLU/mm2
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was performed on VOI and autoradiographic values.
Significance was defined at the 95% probability level.

Results

Small animal PET

Representative images of absolute [18F]MK-9470 uptake in
the rat brain of free moving control animals and anaes-
thetized rats are shown in Fig. 2.

Absolute [18F]MK-9470 uptake was not significantly
different in the brain of pentobarbital and isoflurane rats as
compared to controls. The cortical uptake in controls was
on average 1.22±0.13, whereas under pentobarbital and
isoflurane 1.23±0.10 and 1.20±0.08 was seen, respectively.

Relative [18F]MK-9470 uptake maps showed a signif-
icantly lower CB1 receptor uptake in the cortex under
anaesthesia (all p≤1.5 10−6). The intensity of this reduction
using the voxel-based approach was −13.3±1.4% and
−8.7±3.1% for pentobarbital and isoflurane rats, respec-
tively. The cortical reduction under both anaesthetics

Fig. 2 Average cross-sectional small animal PET images, coregistered
to MRI, of absolute [18F]MK-9470 uptake in free moving and
anaesthetized rats. Colour scale in SUV. The intersection points of
the three planes have been set to the mid-striatal level [i.e. (x, y, z) =
(−2.9, −0.3, −5.6) Paxinos coordinates], which corresponds to the

right hemisphere (L left, R right). The predefined VOI map is shown
on the axial MRI image. Although no statistically significant
difference was reached, an increase in absolute [18F]MK-9470 uptake
of anaesthetized rats as compared to free moving animals was
observed in the cerebellum

Fig. 3 Per cent change in rela-
tive [18F]MK-9470 uptake
determined by VOI analysis in
rats under pentobarbital (black
bars) or isoflurane (grey bars)
anaesthesia as compared to free
moving animals. All data are
shown as the mean±SD.
*p<0.001; #p<0.05; one-way
ANOVA followed by two-sided
Dunnett post hoc test. Cpu
caudate putamen, Nc Acc nucle-
us accumbens, LGP lateral
globus pallidus, MGP medial
globus pallidus, Cbl cerebellum,
Thal thalamus, HC hippocam-
pus, Cx cortex, Fr Cx frontal
cortex, SM Cx sensorimotor
cortex, TL Cx temporal
lateral cortex, TM Cx temporal
medial cortex
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encompassed mainly the frontal association cortex, the
medial, lateral and ventral orbital cortex, primary and
secondary sensorimotor cortex, insular and cingulate
cortex. For pentobarbital, relative [18F]MK-9470 uptake
was additionally decreased bilaterally in the entorhinal
cortex (cluster peak value −9.6%; p=1.4 10−6) and
hippocampus (cluster peak value −9.5%; p=3.6 10−5).
Increases in relative [18F]MK-9470 uptake were observed
in the cerebellum with 13.5±4.0% and 13.9±4.1% for
pentobarbital and isoflurane, respectively (all p≤9.5 10−7).
Under isoflurane, regional increase in relative [18F]MK-
9470 uptake was also present in the pons (peak value

+7.7%; p=1.1 10−5) and medulla oblongata (peak value
+13.5%; p=8.1 10−8). When animals were anaesthetized
using pentobarbital the [18F]MK-9470 uptake in the right
thalamic nuclei was increased by 5.5±2.5% relative to
control conditions (p=7.9 10−5). VOI-based analysis
confirmed these findings (all p values <0.05 post hoc
corrected; Fig. 3). Detailed cluster peak locations and p
values of the voxel-based comparison of pentobarbital and
isoflurane rats to control animals are given in Table 1.
Regional differences in relative [18F]MK-9470 uptake
between anaesthetized rats and controls are shown in
Figs. 4 and 5.

Table 1 Peak locations for the clusters in the comparison of anaesthetized rats versus free moving animals (at pheight≤0.005 uncorrected, kE>200)

Cluster level Voxel level Structure Name

pcorr kE T puncorr Intensity difference (%) x y z

Isoflurane (I) vs free moving (FM)

I > FM <0.001 36192 8.23 <0.001 +13.5 2.0 −13.6 −9.6 Medulla oblongata
7.45 <0.001 1.0 −5.4 −8.0
7.34 <0.001 +13.9 1.8 −12.6 −5.8 Cerebellum

5.7 <0.001 +7.7 −2.2 −7.2 −7.6 Pons

I < FM <0.001 14484 6.67 <0.001 −8.7 1.8 4.0 −4.4 Orbital cortex
6.56 <0.001 2.2 −2.8 −2.4
6.35 ≤0.001 2.5 3.5 −5.2

0.02 2192 4.78 <0.001 −6.1 −6.8 −2.0 −6.8 Insular cortex
4.41 ≤0.001 −6.8 −4.2 −3.0
4.09 ≤0.004 −6.8 −2.6 −4.4

Pentobarbital (P) vs free moving (FM)

P > FM <0.001 10716 6.90 <0.001 +13.5 2.0 −13.6 −2.0 Cerebellum
5.93 <0.001 5.2 −13.2 −6.0
4.90 <0.001 1.8 −12.8 −5.4

0.003 3110 5.24 <0.001 +8.0 −4.0 −12.6 −6.8 Cerebellum
4.04 <0.001 −5.0 −13.0 −4.2
3.08 ≤0.003 −3.0 −10.4 −5.2

0.02 2094 4.75 <0.001 +5.5 −0.4 −3.0 −5.2 Thalamic nuclei
4.21 <0.001 2.8 −3.2 −5.2
3.93 <0.001 2.4 −4.4 −5.4

P < FM <0.001 25094 9.99 <0.001 −13.3 −0.2 4.0 −4.2 Orbital cortex
9.54 <0.001 1.8 3.8 −4.8
9.34 <0.001 2.2 3.6 −5.0

<0.001 6329 6.71 <0.001 −9.6 6.6 −7.2 −7.8 Entorhinal cortex
6.52 <0.001 7.0 −5.4 −7.4
5.91 <0.001 5.4 −8.0 −7.8

0.004 2799 5.43 <0.001 −9.5 −5.4 −6.8 −6.8 Hippocampus
5.26 <0.001 −6.2 −7.4 −7.0
4.27 <0.001 −5.2 −6.8 −5.2

Anatomical locations and abbreviations were taken from the Paxinos stereotactic atlas [19]. The x-coordinate corresponds to the distance (mm)
lateral from the midline between the hemispheres and is positive for spots located on the right side; the y-coordinate indicates the position relative
to Bregma with spots located anterior to Bregma being positive; finally, the z-coordinate denotes the dorsoventral position. For each cluster, local
maxima more than 0.3 mm apart are shown as different rows

pcorr cluster-corrected p value, kE cluster extent (voxels), T peak voxel t statistic, puncorr uncorrected height p value
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Ex vivo autoradiography

The above-mentioned changes in CB1 receptor uptake
obtained using PET imaging were confirmed by quantita-
tive ex vivo analysis with a similar comparison design. No
changes in absolute [18F]MK-9470 uptake were found in
the anaesthetized rats as compared to free moving animals.
A statistically significant reduction of 9.1±4.3% in relative
[18F]MK-9470 uptake was observed in the dorsal cortex
under isoflurane (p=0.03). This reduction was slightly
larger than in vivo. The dorsal cortex defined on autoradio-
grams encompasses the primary and secondary motor
cortex, the cingulate cortex and insular cortex. Ex vivo

values for relative [18F]MK-9470 uptake also revealed a
significant increase in the cerebellum (+15.6±11.4%; p=
0.004) and pons (+11.0±9.2%; p=0.04) under pentobarbital
and isoflurane, respectively.

Comparing anaesthetized rats to awake animals yielded
similar findings in the dorsal cortex (−14.4±4.1%, p=
0.0002) and pons (+21.5±11.3%, p=0.0005) under isoflur-
ane, and in the cerebellum (+12.5±11.3%, p=0.01) under
pentobarbital. However, an additional reduction of 9.7±
6.2% in relative [18F]MK-9470 uptake was observed in the
dorsal cortex of pentobarbital rats (p=0.02). Absolute or
relative [18F]MK-9470 uptake values did not significantly
differ between free moving and awake animals.

Fig. 4 Coronal brain sections
showing overlays on the regions
with statistically significantly
increased (red) and decreased
(blue) relative [18F]MK-9470
binding in the pentobarbital
group (n=6) compared to the
control group (n=8; figure
given at peak height threshold
pheight<0.005). Significant clus-
ters are shown using a t statistic
colour scale, which corresponds
to the level of significance at the
voxel level. The distance between
the sections is 1.0 mm with the
position relative to Bregma
(positive values for sections ante-
rior to Bregma). Images are in
neurological convention

Fig. 5 Coronal brain sections showing overlays on the regions with
statistically significantly increased (red) and decreased (blue) relative
[18F]MK-9470 binding in the isoflurane group (n=7) compared to the
control group (n=8; figure given at peak height threshold pheight<
0.005). Significant clusters are shown using a t statistic colour scale,

which corresponds to the level of significance at the voxel level. The
distance between the sections is 1.0 mm with the position relative to
Bregma (positive values for sections anterior to Bregma). Images are
in neurological convention
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Autoradiography-based relative [18F]MK-9470 uptake
values of anaesthetized, free moving and awake rats are
given in Table 2.

In vivo and ex vivo relative [18F]MK-9470 data were
both correlated in the cerebellum (r=0.56; p<0.008), pons
(r=0.57; p<0.01) and cortex (r=0.45; p<0.04), as shown
in Fig. 6.

Discussion

Significant pharmacokinetic influences of anaesthetic
agents on the biodistribution and uptake of labelled com-
pounds have been described. Most alterations involve
interactions with the target neurotransmitter system or
occur by influencing tracer delivery [20]. For in vivo

ROI Relative [18F]MK-9470
binding

% Change relative to
awake

% Change relative to free
moving

Frontal cortex

Awake 1.89±0.23

Free moving 1.80±0.22

Isoflurane 1.86±0.26 −1.3±13.6 +6.1±14.5

Pentobarbital 1.80±0.23 −1.8±12.2 +2.7±13.1

Dorsal cortex

Awake 1.64±0.12

Free moving 1.55±0.13

Isoflurane 1.40±0.07 −14.4±4.1* −9.1±4.3*
Pentobarbital 1.45±0.10 −9.7±6.2* −5.8±6.6

Ventral cortex

Awake 1.42±0.08

Free moving 1.40±0.11

Isoflurane 1.46±0.40 +2.5±27.8 +4.8±28.4

Pentobarbital 1.42±0.10 +3.4±6.7 +1.7±6.8

Caudate-putamen

Awake 1.60±0.10

Free moving 1.56±0.17

Isoflurane 1.58±0.20 −1.3±12.6 +1.4±12.9

Pentobarbital 1.73±0.13 +7.6±8.2 +11.3±8.5

Anterior hippocampus

Awake 1.27±0.08

Free moving 1.31±0.08

Isoflurane 1.29±0.11 +2.0±8.4 −1.3±8.1
Pentobarbital 1.29±0.10 +2.6±8.1 −1.6±7.8

Posterior hippocampus

Awake 1.38±0.12

Free moving 1.45±0.14

Isoflurane 1.45±0.13 +5.2±9.2 +1.3±8.8

Pentobarbital 1.29±0.11 −3.3±7.8 −10.4±7.5
Pons

Awake 1.13±0.08

Free moving 1.25±0.12

Isoflurane 1.37±0.11 +21.5±10.1* +11.0±9.2*

Pentobarbital 1.14±0.03 +5.1±2.6 −7.9±2.4
Cerebellum

Awake 1.49±0.10

Free moving 1.45±0.08

Isoflurane 1.60±0.11 +7.3±7.5 +8.7±7.6

Pentobarbital 1.70±0.17 +12.5±11.3* +15.6±11.4*

Table 2 Rat brain relative [18F]
MK-9470 uptake values,
obtained using ex vivo autora-
diography, in different ROIs
under isoflurane or pentobarbital
anaesthesia and in free moving
and awake animals, as well as
the regional per cent change in
anaesthetized rats as compared
to controls

All data are expressed as
mean±SD

*p<0.05, one-way ANOVA,
Dunnett post hoc test
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imaging, such alterations are of importance to assess the
translation of studies in small animals under anaesthesia to
human or patient findings.

In the present study, we evaluated the effect of two
different types of anaesthetics on [18F]MK-9470 uptake in
the rat brain using both small animal PET and ex vivo
autoradiography. We found that both pentobarbital and
isoflurane decrease relative [18F]MK-9470 uptake in corti-
cal regions of the rat brain, whereas relative [18F]MK-9470
uptake values were increased in the cerebellum. The per
cent in vivo changes in relative [18F]MK-9470 uptake
ranged for both anaesthetics from −4% in the sensorimotor
cortex to −13% in the frontal cortex, while an average
increase of +14% was found in the cerebellum.

Although the effect of pentobarbital was more pro-
nounced in the cerebral cortex as compared to isoflurane,
and isoflurane-induced additional changes in CB1 receptor
binding in the pons and medulla oblongata, the otherwise
similar distribution results suggest a common mechanism of
interference of barbiturates and halogenated ethers with
CB1 receptor imaging using [18F]MK-9470. The mecha-
nism of action of the above anaesthetics is still largely
unknown. It has been shown that isoflurane, as a volatile
anaesthetic, binds to GABA receptors [11], glutamate
receptors [12] and glycine receptors [21] and can increase
extracellular dopamine concentration through interference
with DAT expression [13]. The principle mechanism of
action of barbiturates is through their affinity for the
GABAA receptor [10], but blockage of the AMPA
glutamate subtype receptor has also been suggested [22].

Direct interference of pentobarbital and isoflurane with
[18F]MK-9470 is unlikely to underlie our findings. To the
best of our knowledge, no direct interference has been
suggested from structurally related compounds. Besides,
extensive in vitro screening of [18F]MK-9470 against more
than 100 cerebral receptors and ion channels, among which
the GABA and glutamate receptors, yielded no significant
off-target activities [14].

Indirect interference with the CB1 receptor is on the
other hand more probable, considering the above-described

anaesthetic mechanisms in combination with the modula-
tory action of the ECS on GABA and glutamate neuro-
transmission [1]. There are arguments in favour that this
may occur rather through the most abundant excitatory
neurotransmitter system in the rat brain than through the
inhibitory GABAergic system. All published studies on the
glutamate receptor univocally demonstrated that both
pentobarbital and isoflurane antagonize the AMPA subtype
of excitatory glutamate receptors in vitro [22] and in vivo
[23]. By contrast, it has long been recognized that
pentobarbital can interact directly with GABAA receptor
channels, but it is less clear that isoflurane behaves
similarly. Results from biochemical assays of Cl− uptake
and release yielded conflicting results, with some workers
finding inhibition of agonist-induced Cl− flux by volatile
agents [24] and others reporting enhancement [25, 26].
Also, electrophysiological data on inhibitory postsynaptic
currents and potentials have given equivocal findings [27,
28], although enhancement of GABA-induced Cl− currents
in neurons from rat hippocampus [11], dorsal root ganglia
[29] and nucleus tractus solitarii [30] have been demon-
strated at relevant concentrations of volatile anaesthetics
using voltage clamp studies.

The interaction between the ECS and the GABAergic
and glutamatergic neurotransmitter system is anatomically
possible in the observed regions. The density of both
GABA and glutamate receptors is higher in the cerebral
cortex and cerebellum than in most other parts of the central
nervous system [31–33], where they colocalize with CB1
receptors on pyramidal neurons in the cortex and on
Purkinje cells in the cerebellum [34]. Moreover, in humans,
evidence from functional imaging studies (fMRI, PET,
magnetoencephalogram and EEG) suggests that especially
the cortex and its connectivity to the thalamus is linked to
the loss of consciousness upon anaesthesia (for review see
[35]). Involvement of the cerebellum in their central action
has less consistently been documented. Schlünzen et al.
demonstrated reduced cerebellar neuronal activity upon
isoflurane and sevoflurane anaesthesia by means of human
CBF PET [36], while others did not observe this [35].

Fig. 6 Relationship of relative [18F]MK-9470 binding values in the cerebellum (a r=0.56, p<0.008), pons (b r=0.57, p<0.01) and cortex
(c r=0.45, p<0.04) determined by ex vivo autoradiography and in vivo small animal PET in anaesthetized rats and free moving animals
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Besides altering neurotransmitter systems, anaesthetics
may also modify physiological parameters such as body
temperature and blood pressure, and subsequently affect
physiological macroparameters such as regional cerebral
blood flow (rCBF). Changes in rCBF, altering the amount
of tracer delivered to the brain and thereby the degree of
tracer uptake to CB1 receptors, are, however, less likely to
explain our findings. Previous reports described contradic-
tory effects of both anaesthetics on CBF. Isoflurane acts as
a potent cerebrovasodilator across species [37, 38], consis-
tent with an increase in CBF upon administration [39]. In
contrast, investigations demonstrated grey matter CBF reduc-
tions by pentobarbital and other barbiturates in rats as
compared to a variety of control conditions [39, 40].
Moreover, we have found that direct measurements of flow
stimulation effects using acetazolamide (Diamox®), inducing
70% increases in CBF, induced only slight increases in rat
brain [18F]MK-9470 SUV values (unpublished findings).
Also in humans, [18F]MK-9470 SUV values estimated under
blindfolded and visual activation conditions in six subjects
indicated that tracer uptake is independent of flow [41].

Correlating both in vivo and ex vivo molecular imaging
techniques in the same animal, we found a correspondence
between CB1 receptor uptake as measured in vivo by small
animal PET and ex vivo by autoradiography in the
cerebellum, pons and cortex. Ex vivo relative [18F]MK-
9470 uptake values were in comparison to free moving rats
only significantly different in the cortex under isoflurane
and in the cerebellum under pentobarbital, while both
anaesthetics reached significance in these regions in vivo.
This difference, however, fits well with the reported higher
inter- and intrasubject variability for 2-D autoradiography
[42] (Table 2).

In addition, using only the ex vivo analysis approach, we
found no significant differences in absolute and relative
[18F]MK-9470 uptake values between free moving rats and
awake animals. Nevertheless, an additional reduction in
relative [18F]MK-9470 uptake was observed in the dorsal
cortex of pentobarbital rats as compared to awake animals
(instead of to those that were free moving) (Table 2). From
this, a potential effect of the anaesthesia given during tracer
injection cannot completely be excluded. Since the per cent
in vivo changes in relative [18F]MK-9470 uptake were
modest, a slight underestimation may have been made,
especially in the cortical regions.

We have used female Wistar rats and it is known that the
menstrual cycle may influence receptor expression. Rodríguez
de Fonseca et al. demonstrated the existence of subtle
fluctuations along the ovarian cycle in CB1 receptor density
and affinity of certain rat brain regions [43]. Also in rats,
second-order effects of oestrogen on GABAA receptor
stimulation have been reported [44], as well as differences
of it in the sensitivity to isoflurane [45]. Since our in vivo

outcome intersubject variability is small (in the order of 10%
for each group studied) over various phases of the oestrus
cycle, it is only a minor potential bias and unlikely to have
affected the results of the study.

Conclusion

In conclusion, this study shows that two common general
anaesthetics have similar regional effects on the in vivo
CB1 receptor binding of [18F]MK-9470, particularly in the
cerebellum and the cortical regions of the rat brain. These
alterations were modest, especially in the cortical regions.
They suggest no preference for one anaesthetic for in vivo
CB1 receptor imaging using [18F]MK-9470. Nevertheless,
compared to pentobarbital, isoflurane has more favourable
characteristics (minimally metabolized, faster elimination
and less chance of respiratory depression).
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