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The [

 

14

 

C]2-deoxyglucose method was applied to measure the 
effects of the synthetic cannabinoid agonist WIN 55212-2 
intravenous administration on glucose utilization in the rat 
brain. Two doses of the drug, that have been reported 
previously to increase extracellular dopamine 
concentrations in the shell of the nucleus accumbens, were 
used (0.15–0.30 mg/kg). At the lower dose, WIN 55212–2 
increased energy metabolism selectively in the accumbens 
shell. Conversely, the higher dose of the drug reduced 

glucose utilization in the hippocampal formation and 
ventromedial thalamic nucleus without affecting energy 
metabolism in the accumbens shell. These results may be 
useful to further understanding the addictive potentials of 
cannabinoid drugs.
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Although 

 

Cannabis

 

 is the most widely abused sub-
stance, the addictive potentials of cannabinoid drugs
have not been, to date, completely elucidated. Indeed,
experimental studies on cannabinoid abuse have been
partially limited by difficulties in maintaining stable
rates of self-administration of these drugs by laboratory
animals. Several factors, including the slow onset of
cannabinoid action (Mansbach et al. 1996), aversive
qualities (Mallet and Beninger 1998), and negative ef-
fects of cannabinoids on learning and memory (Licht-

man and Martin 1996; Brodkin and Moerschbaecher
1997) may contribute for the failure of these drugs to be
readily self-administered by laboratory animals.

There is, however, evidence that cannabinoids exert
neurochemical actions on the central reward pathways
similar to those produced by addictive drugs (for re-
view see Gardner and Vorel 1998). In particular, intra-
venous administration of 

 

D

 

9

 

-tetrahydrocannabinol
(THC) or the synthetic cannabinoid agonist WIN
55212–2 increase extracellular dopamine levels in the
shell of the rat nucleus accumbens (Tanda et al. 1997),
an effect that resembles those produced by psychomo-
tor stimulants, opiates, and nicotine (Pontieri et al. 1995,
1996). This effect is antagonized by blockade of canna-
binoid receptors or 

 

m

 

1 opioid receptors in the ventral
tegmental area (Tanda et al. 1997) and is associated
with increased firing of ventral tegmental dopamine
neurons (Gessa et al. 1998). Moreover, pharmacologi-
cally-induced withdrawal from cannabinoid drugs pro-
duces neurochemical changes within the limbic system
that are similar to those seen with drugs abuse (Rod-
riguez

 

 

 

de Fonseca et al. 1997; Diana et al. 1997).
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The [

 

14

 

C]2-deoxyglucose method (Sokoloff et al.
1977) for measuring local rates of cerebral glucose utili-
zation is a powerful means with which to identify the
effects of pharmacological treatments on brain func-
tional activity. Previous reports indicate that acute in-
travenous administration of several drugs of abuse,
such as psychomotor stimulants, morphine, and nico-
tine, consistently increases glucose utilization in the
shell of the rat nucleus accumbens (Pontieri et al. 1994,
1996; Orzi et al. 1996). In the present study, the [

 

14

 

C]2-
deoxyglucose method was applied to map brain areas
of altered functional activity associated with the acute
administration of the synthetic cannabinoid agonist
WIN 55212–2 in the rat. The drug was injected intrave-
nously because of previous evidence indicating the rel-
evance of route of administration (Porrino 1993; Pon-
tieri et al. 1998). Two doses of the drug were used (0.15
and 0.30 mg/kg). These doses were chosen because
they were reported previously to produce dose-depen-
dent increases of extracellular dopamine concentrations
in the accumbens shell (Tanda et al. 1997).

 

MATERIALS AND METHODS

 

Male Sprague Dawley rats weighing 270–300 g (Charles
River, Italy) were housed in group cages under standard
temperature conditions on a 12-hour light/dark cycle
(light on 08:00–20:00). They had free access to food and
water. All procedures were carried out according to the
NIH Guide for the care and use of laboratory animals. Ex-
periments were approved by the local Ethical Committee.

On the morning of the experiment, each animal was
anesthetized with halothane (2% in oxygen) and poly-
ethylene catheters were inserted into one femoral artery
and vein, then tunneled subcutaneously to exit at the
nape of the neck (Crane and Porrino 1989). WIN 55212–
2 (Sigma, Italy) was suspended in 0.3% Tween 80 in sa-
line, as described previously (Tanda et al. 1997). Ani-
mals were allowed at least 4 hrs to recover from anes-
thesia before being injected intravenously with either
WIN 55212–2 (0.15–0.30 mg/kg) or vehicle (injection
volume 1 ml/kg).

The [

 

14

 

C]2-deoxyglucose procedure was begun 5 min
after the administration of drug or vehicle and carried
out with the adaptation for use in freely moving rats
(Crane and Porrino 1989). Briefly, a pulse of [

 

14

 

C]2-
deoxyglucose (100 

 

m

 

Ci/kg, specific activity 50–55 mCi/
mmol, Amersham, UK) was injected intravenously and
timed arterial blood samples were collected. Blood
samples were immediately centrifuged and tested for
plasma glucose concentrations by means of the Beck-
man II Glucose Analyzer (Beckman, Italy) and 

 

14

 

C con-
centrations by liquid scintillation counting (Beckman,
Italy). Approximately 45 min after the administration of
the tracer, rats were killed by the intravenous injection

of pentobarbital. The brains were rapidly removed, fro-
zen in isopentane at 

 

2

 

40

 

8

 

C, and stored at 

 

2

 

70

 

8

 

C until
sectioning. Coronal brain sections were cut in a cryostat
maintained at 

 

2

 

22

 

8

 

C, taw-mounted on glass coverlips,
dried on a hot plate, and autoradiographed on Kodak
Min-R x-ray films (Kodak, Italy) along with a set of 

 

14

 

C
standards (Amersham, UK). Autoradiograms were ana-
lyzed by quantitative densitometry with a computerized
image processing system (Scion 

 

Image

 

 for Windows 95).
Optical density measurements for each structure

were made in at least five consecutive sections. Local
tissue 

 

14

 

C concentrations were determined from the op-
tical densities and a calibration curve obtained from
densitometric analysis of the calibrated standards.
Rates of glucose utilization were then calculated from
local 

 

14

 

C concentrations and the time courses of arterial
plasma glucose and [

 

14

 

C]2-deoxyglucose concentrations
by means of the operational equation of the method
(Sokoloff et al. 1977). Rates of glucose utilization were
determined in 26 cerebral structures. Two-way analysis
of variance for repeated measures (brain structures)
was applied to the results. Huynh-Feldt correction was
used for the repeated measures. The factors were repre-
sented by the two doses of the drug and the brain areas
examined. We performed post-hoc test since the initial
aim of this study was to identify cerebral areas that
most contributed to the significant treatment effect or to
the significant treatment 

 

3

 

 structure interaction. Thus,
independently for each brian area, mean values of glu-
cose utilization were compared by Dunnett’s 

 

t

 

-test for
assessing the statistical significance of the difference be-
tween the control and the treated groups.

 

RESULTS

 

The intravenous administration of WIN 55212–2 at the
doses used did not produce any significant behavioral
change. The effects of the WIN 55212–2 on local cerebral
glucose utilization in the rat are summarized in Table 1.
Two-way analysis of variance for repeated measures
showed a significant structure 

 

3

 

 treatment interaction
(

 

p

 

 

 

,

 

 .001; 

 

p

 

 

 

,

 

 .05 after Huynh-Feldt correction) suggest-
ing an effect of the drug limited to selected brain areas.
The structures which mostly contributed to the interac-
tion were the shell of the nucleus accumbens, the hippoc-
ampus, and the ventromedial thalamic nucleus (Table 1).
There was no significant treatment effect. As expected,
there was a significant structure effect, which simply in-
dicates the heterogeneous metabolism of the brain.

 

DISCUSSION

 

The results of the present study demonstrate that intra-
venous administration of WIN 55212–2 produces dose-
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related effects on cerebral glucose utilization in the rat.
As shown in Table 1, the lower dose of WIN 55212–2
used (0.15 mg/kg) increased glucose metabolism in the
shell of the nucleus accumbens. This effect is similar to
the ones measured previously following the intrave-
nous injection of psychomotor stimulants (Pontieri et al.
1994), morphine (Orzi et al. 1996), or nicotine (Pontieri
et al. 1996). It is relevant to note that the same dose of
WIN 55212–2 has been shown to increase extracellular
dopamine levels in the accumbens shell in the rat
(Tanda et al. 1997). Taken together, the findings strongly
suggest a preferential effect of this dose of the drug at
the level of the mesolimbic reward pathway’s projection
field, thus providing further evidence for a similarity be-
tween the effects of cannabinoids and those of drugs
with powerful, well documented addictive properties.

The higher dose of WIN 55212–2 used (0.30 mg/kg),
however, produced metabolic decreases of the hippo-
campal formation but no change in the accumbens
shell. The decrease of glucose utilization in the hippo-
campus and dentate gyrus might represent the func-
tional correlate of the negative action of the drug on
learning and memory circuities (Lichtman and Martin
1996; Brodkin and Moerschbaecher 1997). In this re-

spect, there is evidence for the inhibition of hippocam-
pal acethylcholine release by cannabinoids (Gessa et al.
1997). Moreover, metabolic depression was measured
in the ventromedial thalamic nucleus that has been im-
plicated in arousal mechanisms (Sakai et al. 1998).

It is notable that the higher dose of WIN 55212–2
used (0.30 mg/kg) did not modify glucose utilization in
the shell of the nucleus accumbens, where the very
same dose increases extracellular dopamine concentra-
tions (Tanda et al. 1997). There is no specific reason why
increased dopamine release should be coupled with in-
creased glucose metabolism, but in several occasions
substances of abuse had consistently produced both ef-
fects in the shell of the accumbens (Pontieri et al. 1998),
when injected intravenously at single unit doses corre-
sponding to those that sustain self-administration. It is,
therefore, a possibility that the lack of effects of 0.30
mg/kg of WIN 55212–2 on energy metabolism in the
shell of the nucleus accumbens is dependent upon com-
plex neurochemical interactions occurring as the conse-
quence of the effects of the drug on other neuronal
pathways, including the hippocampal formation.

A previous [

 

14

 

C]2-deoxyglucose study (Margulies
and Hammer 1991) reported the effects of THC admin-
istration on glucose utilization in the rat using doses
and route of administration different from the ones uti-
lized herein. In that study, a biphasic effect on limbic
structures was observed. However, no changes in glu-
cose utilization were measured in the nucleus accum-
bens. In our opinion, several factors may account for
the discrepancy between our findings and those of Mar-
gulies and Hammer (1991), including the drug used
(THC vs. WIN 55212–2), the doses (higher in the previ-
ous study), and the route of administration. With re-
spect to this latter issue, there is evidence that the meta-
bolic increase in the nucleus accumbens, and the shell
subportion in particular, following the administration
of several abused drugs is strictly dependent on the in-
travenous route of injection (Porrino 1993; Pontieri et al.
1998). Furthermore, the analysis of the shell and core
subportions of the nucleus accumbens was not per-
formed in the previous study. Finally, the study by
Margulies and Hammer (1991) was not quantitative, so
they would not necessarily detect the same changes as
in the present study, due to any potential effect of the
drug in the white matter.

As mentioned previously, the experimental defini-
tion of the addictive properties of cannabinoid agonists
has been limited by difficulties in obtaining stable rates
of self-administration by laboratory animals. However,
self-administration of WIN 55212–2 in the mouse has
been reported recently (Martellotta et al. 1998), using
the intravenous drug injection of 0.1 mg/kg. Con-
versely, higher doses of the drug produced aversion on
the same behavioral paradigm. The results of the
present study may be relevant to further clarify the ad-

 

Table 1.

 

Effects of the Administration of WIN 55212-2 on 
Local Cerebral Glucose Utilization in the Rat
(µmol/100 g/min)

WIN 55212–2 (mg/kg)

Structure 0.00 0.15 0.30

 

Prefrontal cortex, medial 69 

 

6

 

 6 64 

 

6

 

 4 68 

 

6

 

 5
Prefrontal cortex, lateral 75 

 

6

 

 7 73 

 

6

 

 2 73 

 

6

 

 5
Nucleus accumbens, shell 71 

 

6

 

 4 87 

 

6

 

 4* 67 

 

6

 

 5
Nucleus accumbens, core 76 

 

6

 

 6 80 

 

6

 

 2 74 

 

6

 

 7
Caudate putamen, ventral 87 

 

6

 

 7 74 

 

6

 

 3 73 

 

6

 

 6
Anterior cingulate cortex 94 

 

6

 

 7 85 

 

6

 

 2 89 

 

6

 

 8
Lateral septal nucleus 57 

 

6

 

 6 54 

 

6

 

 2 55 

 

6

 

 4
Medial septal nucleus 73 

 

6

 

 8 71 

 

6

 

 1 72 

 

6

 

 5
Amygdala, basolateral 76 

 

6

 

 8 70 

 

6

 

 3 64 

 

6

 

 4
Amygdala, central 48 

 

6

 

 4 53 

 

6

 

 1 43 

 

6

 

 3
Thalamus, ventromedial 121 

 

6

 

 10 98 

 

6

 

 6 94 

 

6

 

 4*
Thalamus, ventrolateral 95 

 

6

 

 9 81 

 

6

 

 4 76 

 

6

 

 3
Thalamus, dorsomedial 111 

 

6

 

 12 99 

 

6

 

 9 88 

 

6

 

 6
Entopeduncular nucleus 53 

 

6

 

 5 53 

 

6

 

 1 47 

 

6

 

 4
Subthalamic nucleus 83 

 

6

 

 8 80 

 

6

 

 5 74 

 

6

 

 2
Hippocampus, CA1 67 

 

6

 

 4 61 

 

6

 

 2 54 

 

6

 

 3*
Hippocampus, CA2 75 

 

6

 

 6 63 

 

6

 

 2 53 

 

6

 

 3*
Hippocampus, CA3 78 

 

6

 

 6 64 

 

6

 

 3 52 

 

6

 

 2*
Hippocampus, CA4 66 

 

6

 

 4 62 

 

6

 

 3 51 

 

6

 

 3*
Dentate gyrus 74 

 

6

 

 5 65 

 

6

 

 3 56 

 

6

 

 4*
Habenula, medial 76 

 

6

 

 8 75 

 

6

 

 5 61 

 

6

 

 4
Habenula, lateral 110 

 

6

 

 13 94 

 

6 7 85 6 3
Substantia nigra compacta 74 6 6 70 6 3 62 6 3
Substantia nigra reticulata 66 6 5 63 6 3 57 6 3
Superior colliculus, external 83 6 9 98 6 6 74 6 4
Superior colliculus, deep 90 6 10 106 6 8 78 6 4

Data represent means 6 S.E.M., n 5 4 for each group. *p , .05 differ-
ent from .00, Dunnett’s t-test statistic.
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dictive potentials of cannabinoids since they show se-
lective increase of glucose metabolism in the shell of the
nucleus accumbens following the intravenous adminis-
tration of 0.15 mg/kg of WIN 55212–2 in the rat. How-
ever, the observation that higher dose of WIN 55212–2,
still able to increase extracellular dopamine in the shell
(Tanda et al. 1997), does not modify energy metabolism
in this area, whereas it reduces glucose utilization in the
hippocampal formation, suggests that the functional ac-
tivation of the accumbens shell by cannabinoids may be
counteracted by the reduction of functional activity
throughout the memory pathways.
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