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Background and purpose: Methamphetamine (METH) is a psychostimulant amphetamine that causes long-term dopamin-
ergic neurotoxicity in mice. Hypodopaminergic states have been demonstrated to increase voluntary ethanol (EtOH) con-
sumption and preference. In addition, the endocannabinoid system has been demonstrated to modulate EtOH drinking
behaviour. Thus, we investigated EtOH consumption in METH-lesioned animals and the role of cannabinoid (CB) signalling in
this EtOH drinking.
Experimental approach: Mice were treated with a neurotoxic regimen of METH, and 7 days later exposed to increasing
concentrations of drinking solutions of EtOH (3, 6, 10 and 20%). Seven days after neurotoxic METH, the following biochemical
determinations were carried out in limbic forebrain: CB1 receptor density and stimulated activity, 2-arachidonoyl glycerol
(2-AG) and monoacylglycerol lipase (MAGL) activity, dopamine levels and dopamine transporter density.
Key results: EtOH consumption and preference were increased in METH-treated mice. Seven days after METH, a time at which
both dopamine levels and density of dopamine transporters in limbic forebrain were decreased, CB1 receptor density and
activity were unaltered, but 2-AG levels were increased. At this same time-point, MAGL activity was reduced. The CB1 receptor
antagonist AM251 prevented the METH-induced increase in EtOH consumption and preference, while N-arachidonoyl
maleimide, an inhibitor of MAGL, increased EtOH consumption and preference in both saline- and METH-treated mice.
Conclusions and implications: An increase in endocannabinoid tone may be involved in the increased consumption of and
preference for EtOH displayed by METH-lesioned mice as blockade of the CB1 receptor decreased EtOH-seeking behaviours,
whereas the MAGL inhibitor increased EtOH consumption.
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Introduction

Methamphetamine (METH) is a dimethyl substituted phenyl-
ethylamine, with high abuse potential and is increasingly
being manufactured and used illicitly. The United Nations
Office on Drugs and Crime (UNODC) conservatively esti-
mates that there are between 15 and 16 million METH users
worldwide, a figure similar to those for heroin and cocaine
(UNODC, 2008). Repeated administration of METH to mice
produces a neurodegeneration of dopamine axons and termi-
nals in the striatum and cell body loss in the substantia nigra
(Sonsalla et al., 1996; Hirata and Cadet, 1997). Damage has
been demonstrated both histologically (O’Callaghan and
Miller, 1994; Granado et al., 2009) and biochemically (Son-
salla et al., 1989; Mann et al., 1997; Hogan et al., 2000; Itzhak
et al., 2000; Staal et al., 2000), and is reflected as a substantial
decrease in the concentration of dopamine and its metabo-
lites, a loss in the density of plasmalemmal and vesicular
dopamine transporters and a decrease in tyrosine hydroxylase
activity.

3,4-Methylenedioxymethamphetamine (MDMA) is
another amphetamine derivative, which exerts similar and
selective persistent neurochemical effects to METH in the
brain mouse. We recently reported that mice exposed to a
neurotoxic dose of MDMA exhibit higher consumption of
and preference for ethanol (EtOH) compared with saline-
treated mice (Izco et al., 2007). Differences between saline-
and MDMA-treated animals did not appear to be secondary
to changes in acute EtOH clearance, and did not reflect a
more global change in taste preferences or a need to
consume more calories. Administration of the full D1

agonist, SKF81297, is sufficient to partially reduce EtOH con-
sumption in MDMA-lesioned mice, suggesting that the
impairment is caused, at least in part, by a reduction in the
stimulation of D1 receptors subsequent to a deficit in
dopamine neurotransmission. The reversal of the D1 recep-
tor agonist effect by SCH 23390, a D1 receptor antagonist,
confirms the actions are due to stimulation of the D1 recep-
tor rather than non-specific effects (Izco et al., 2007).

Endocannabinoid signal transduction mediated by CB1

receptors also plays a key role in the modulation of the
rewarding effects of EtOH. Thus, CB1 knock-out mice show
reduced EtOH consumption (Hungund et al., 2003; Thanos
et al., 2005), and do not release dopamine in the nucleus
accumbens in response to the administration of EtOH. The
density of CB1 receptors and agonist-stimulated [35S]-GTPgS
binding was reduced in the brain of DBA/2 (alcohol-avoiding)
mice compared with C57BL/6 (alcohol-preferring) mice
(Hungund and Basavarajappa, 2000; Basavarajappa and
Hungund, 2001). In line with this, the CB1 antagonist,
SR141716A, reduces the voluntary consumption of EtOH in
C57BL/6 mice (Arnone et al., 1997), in Sardinian alcohol-
preferring rats (Colombo et al., 1998) and in Long Evans rats
(Freedland et al., 2001), suggesting that inhibiting the func-
tionality of CB1 receptors reduces the motivation to consume
EtOH. On the other hand, the acute administration of CB1

receptor agonists such as CP55940 or WIN 55212-2 increases
the motivation to consume EtOH in Wistar rats and in EtOH-
preferring rats, the effect being completely prevented by treat-
ment with the CB1 antagonist, SR141617A (Gallate et al.,

1999; Colombo et al., 2002). All these data suggest a specific
role for CB1 receptors in EtOH-seeking behaviours.

We have now examined EtOH consumption and preference
in METH-lesioned mice, and determined whether changes in
these parameters are related to alterations in the cannabinoid
system mediated by CB1 receptors. To this end, we studied the
changes induced by METH on the density and function of CB1

receptors and on the levels of the 2-arachidonoyl glycerol
(2-AG) and anandamide (AEA) in the limbic forebrain of mice
with an established dopamine lesion induced by the drug.
These endocannabinoids have been repeatedly involved in
the motivating properties of EtOH and in the development of
tolerance, dependence and relapse to alcohol (González et al.,
2004; Basavarajappa and Hungund, 2005, Caillé et al., 2007).
The activities of MAGL and fatty acid amide hydrolase
(FAAH), the main enzymes involved in endocannabinoid
metabolism, were also quantified. The ability of the CB1

antagonist AM251 [N-(piperidin-1-yl)-5-(4-iodophonyl)-1-
(2,4-dichlorophenyl)-4-methyl -1H-pyrazole-3-carboxamide]
and of the inhibitor of monoacylglycerol lipase, N-
arachidonoyl maleimide (NAM) to modulate EtOH intake and
preference in METH-lesioned mice was also evaluated.

Methods

Animals, drug administration and experimental protocol
Adult male C57BL/6J mice (Harlan Iberica, Barcelona, Spain)
initially weighing 25–30 g were housed in groups of 10, in
standard cages (38 cm long ¥ 22 cm wide ¥ 15 cm high), in
conditions of constant temperature (21 � 2°C) and a 12 h
light/dark cycle (lights on: 08 h 00 min) and given free access
to food and water. The mice were randomly assigned to two
treatment groups. Group I was injected with saline, while
group II received METH (8 mg·kg-1, i.p., three times with a 3 h
interval). Seven days later, the mice were given access to
voluntary consume EtOH. Independent groups were killed 1
and 4 weeks after METH administration for determination of
neurotoxicity and cannabinoid parameters. The protocol of
METH administration used in this study induces neurotoxic-
ity in dopamine nerve terminals 7 days later (Sanchez et al.,
2003; Granado et al., 2009).

METH was dissolved in 0.9% w/v NaCl (saline) and injected
at a volume of 10 mL·kg-1. Doses were quoted in terms of the
base. EtOH drinking solutions were made up from absolute
EtOH, and diluted with tap water to different concentrations.
For injections, absolute EtOH was diluted with 0.9% saline to
a 20% w/v solution. Quinine and sucrose were dissolved in
tap water.

All experimental procedures were performed in accordance
with the guidelines of the Animal Welfare Committee of the
Universidad Complutense de Madrid (following European
Council Directives 86/609/CEE and 2003/65/CE). Drug/
molecular target nomenclature conforms to BJP’s Guide to
Receptors and Channels (Alexander et al., 2008).

EtOH intake test
Voluntary EtOH consumption and preference were examined
using a two-bottle free-choice paradigm (Naassila et al., 2002).
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Fluid was supplied by means of plastic serological pipettes of
25 mL graduated at 0.2 mL intervals (construction of the
drinking tubes followed the method by Tordoff and Bach-
manov (2005), and is given in detail on the Website http://
www.monell.org/MMTPP.

Three days after METH or saline administration, the mice
were individually housed in polycarbonate mouse cages (type
2, 22.0 cm long ¥ 16.5 cm wide ¥ 14 cm high, floor space
363 cm2, EH-II-1264, EHRET Gmbh & Co. KG Labor- und
Pharmatechnik, Emmendingen, Germany) with standard
rodent chow available ad libitum and habituated to drinking
for 4 days from two pipettes of 25 mL, containing plain tap
water, placed on the stainless steel cage top. Then, the mice
were given access to two pipettes, one pipette containing
plain water and the other EtOH in water. The EtOH concen-
tration (v/v) was increased every 7 days, and the mice received
solutions containing 3, 6, 10 and finally 20% EtOH over the
course of the experiment. All drinking solutions were renewed
every 2 days, at which time the position of the bottles was
changed to avoid side preferences. Fluid intake was deter-
mined daily. Water consumption was calculated throughout
the experiment. To obtain a measure of EtOH consumption
that corrected for individual differences in mouse size, grams
of EtOH consumed per kilogram of body weight per day were
calculated for each mouse every day. Average EtOH consump-
tion per day was calculated for each EtOH concentration. The
EtOH preference ratio was calculated for each EtOH concen-
tration as volume of EtOH solution consumed per total
volume of fluid (water plus EtOH solution) consumed. At days
4 and 7 of each 7 day interval, the body weight was assessed.
The cages were cleaned at 7 day intervals in the middle of
each EtOH block to avoid interaction with changes in EtOH
concentrations.

Pharmacological experiments with the highly selective
CB1 receptor antagonist, AM251 (Lan et al., 1999) were per-
formed in order to address the hypothesis that CB1 activa-
tion is involved in the observed changes in EtOH
consumption in METH-lesioned mice. In these experiments,
the mice were exposed to solutions containing 10% EtOH
for 3 days; AM251 (5 mg·kg-1, i.p.) was given each of the 3
days before the onset of the dark–light cycle at a volume of
10 mL·kg-1. The lyophilized AM251 was first dissolved in
dimethylsulphoxide (DMSO), and then a solution contain-
ing 0.9% (w/v) NaCl and Tween 80 (9:1) was slowly added
to yield a final concentration of 0.125% DMSO for the
vehicle. The control mice received vehicle at the same
volume. The dose of AM251 used has been shown previ-
ously to be effective at inhibiting the actions of CB1 agonists
(Landa et al., 2006).

NAM, a monoacylglycerol lipase inhibitor, was used to
produce an increase in 2-AG content. In these experiments,
the mice were exposed to solutions containing 6% EtOH for 3
days; NAM (3 mg·kg-1, i.p.) was given on each of the 3 days
before the onset of the dark–light cycle at a volume of
10 mL·kg-1. NAM was first dissolved in EtOH, and then a
solution 0.9% (w/v) NaCl was added to yield a final concen-
tration of 1% EtOH for the vehicle. The control mice received
vehicle at the same volume. The dose of NAM used has been
shown previously to be effective at increasing 2-AG levels in
mouse brain (Burston et al., 2008).

Sucrose and quinine consumption test
Three days after METH or saline administration, the mice
were habituated in their home cage to drinking from two
pipettes containing water for 4 days, and were then given
plain tap water in one pipette and sucrose or quinine in the
other pipette, using a protocol similar to that described for
EtOH consumption. Two sucrose concentrations (0.17 and
1.7%) and two quinine concentrations (0.03 and 0.1 mM)
were tested in the two-bottle preference test according to
previously described protocols (Naassila et al., 2002). The
mice had 5 days of access to each solution. The preference for
each solution was calculated by dividing the volume of the
taste solution consumed by the total volume of fluid (taste
solution plus water) consumed.

Plasma EtOH concentration
To determine whether METH-pretreated mice metabolized
EtOH differently from the controls, 7 days after METH and
saline administration, the mice were administered an EtOH
(3 g·kg-1, i.p., 20% w/v in saline). Samples of 20 mL of blood
were collected from the tail in heparin-treated capillary tubes
between 30 and 270 min after injection. At the end of collec-
tion, the samples were centrifuged for 6 min (Microcentrifuge
MK5, model 01400-00, Analox, London, UK) and injected
into an analyser (AM1, Analox). The rationale of the method
consists of EtOH being oxidized by the enzyme alcohol
oxidase in the presence of molecular oxygen; therefore, the
rate of oxygen consumption is directly proportional to
alcohol concentration. Plasma EtOH levels were calculated as
mg·dL-1 using EtOH 300 mg·dL-1 as standard.

Dissection of limbic forebrain
The mice were killed by cervical dislocation and decapitation,
and the brains were rapidly removed. After removal of the
cerebellum and olfactory bulbs, a coronal cut across the optic
chiasma using a mouse brain matrix (WPI, Aston, Stevenage,
UK) was made. Forebrain tissue containing the nucleus
accumbens and the anterior cingulate cortex was referred to
as limbic forebrain (Wang et al., 2003).

Measurement of dopamine and metabolites
Catechol concentration was evaluated 1 and 4 weeks after
METH exposure in order to determine the long-lasting deple-
tion of dopamine concentration exerted by METH in the
limbic forebrain. In addition, dopamine concentration was
always evaluated at the end of each experimental protocol to
confirm neurotoxicity (data not shown).

Dopamine and the metabolites, 3,4-dihydroxyphenylacetic
acid (DOPAC) and homovanillic acid (HVA), were measured
by HPLC and electrochemical detection. The mobile phase
consisted of KH2PO4 (0.05 M), octanesulphonic acid
(0.4 mM), EDTA (0.1 mM) and methanol (16%), and was
adjusted to pH 3 with phosphoric acid, filtered and degassed.
The flow rate was 1 mL·min-1. The HPLC system consisted of
a pump (Waters 510, Waters, Barcelona, Spain) linked to an
automatic sample injector (Loop 200 mL, Waters 717 plus
Autosampler), a stainless steel reversed-phase column (Spher-
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isorb ODS2, 5 mm, 150 ¥ 4.6 mm; Waters) with a precolumn
and a coulometric detector (Coulochem II, Esa, Chelmsford,
MA, USA). The working electrode potential was set at 400 mV
with a gain of 1 mA (for dopamine) and 500 nA (for the
remaining compounds). The current produced was monitored
by using integration software (Clarity, DataApex, Prague,
Czech Republic).

[3H]-WIN 35428 binding
[3H]-WIN 35428 binding was measured by modification of the
method described in detail by Segal et al. (2003), and used as
an index of dopamine transporter density. One and four
weeks after METH administration, the animals were killed,
and their brains were rapidly removed and dissected on ice
within 2 min. Limbic forebrain was sonicated in ice-cold
sodium phosphate buffer (20 mM; pH 7.4) containing sucrose
(0.32 M). The homogenate was centrifuged at 30 000¥ g for
15 min at 4°C. The supernatant was discarded and the wash
procedure was repeated twice more. The pellet was finally
resuspended in 60 volumes of homogenization buffer. The
assay solution (500 mL) contained [3H]-WIN 35428 (5 nM),
desipramine (300 nM) and 100 mL tissue preparation (approx.
80 mg protein). Non-specific binding was carried out in the
presence of cocaine (30 mM). The reaction mixture was incu-
bated for 90 min at 4°C. The assay was terminated by rapid
filtration, and radioactivity was counted by scintillation
spectrometry.

Quantitative analysis of endocannabinoid levels
The LC–ESI–MS/MS method used for endocannabinoid analy-
sis in rat brain tissue was based on the method of Richardson
et al. (2007) with a minor change in sample extraction proce-
dure. The samples were dissected on ice, stored at -80°C and
thawed on ice immediately before analysis. Internal standards
[10 mL of 2-AG-d8 (100 mM) and 15 mL of arachidonoyl etha-
nolamine (AEA)-d8 (28 mM)] were added to each sample, blank
sample (0.4 mL water) and QC sample (0.4 mL human
plasma). Ethyl acetate/hexane (9:1 v/v, 1.2 mL) was added to
each sample followed by sonication on ice, then 0.4 mL water
was added to each tube, and samples were vortexed and
sonicated for 30 min and then centrifuged (7000¥ g for 10 min
at 4°C). The extraction was repeated twice, and the supernatant
was pooled and evaporated to dryness in a vacuum evaporator
at room temperature (20°C). Prior to analysis, each sample
extract was reconstituted in 50 mL of acetonitrile, of which
10 mL was used for analysis by HPLC (Agilent 1100; Agilent
Technologies, Waldbron, Germany), in line with a mass spec-
trometry system consisting of a Micromass Quattro Ultima
triple quadrupole mass spectrometer (Waters, Manchester, UK)
equipped with an electrospray ionization (ESI) interface.
Liquid chromatographic separation of endocannabinoids was
achieved by using a Thermo Hypersil-Keystone Hypurity
Advance column (100 ¥ 2.1 mm, 3 mm) with guard column (C8
Hypurity Advance cartridges, Thermo Fisher Scientific,
Runcorn, UK). Mobile phase A consisted of an aqueous solu-
tion of ammonium acetate (1 g·L-1) and formic acid (0.1%);
mobile phase B was composed of ammonium acetate (1 g·L-1)

and formic acid (0.1%) dissolved in acetonitrile. The flow rate
was 300 mL·min-1, and column pressure was 80–90 bars. AEA,
2-AG, AEA-d8 (internal standard) and 2-AG-d8 (internal stan-
dard) were supplied by Axxora (Bingham, Nottingham, UK).
Two batches of quality control human plasma standard
samples were used to confirm the day-to-day accuracy of the
method, one batch containing an endocannabinoid concen-
tration in the low range and the other with concentrations of
endocannabinoids in the high range in human plasma. Quan-
tification of the endocannabinoids was by the internal stan-
dard method, using fully extracted calibration standards for
each of the endocannabinoids.

CB1 binding
The density of CB1 receptors was assessed base on the method
previously described by Wang et al. (2003). Briefly, brain tissue
samples from individual mice were homogenized in 3 mL of
ice-cold TME (50 mM Tris, 1 mM EDTA, 3 mM MgCl2, pH 7.4)
buffer containing 320 mM sucrose. The homogenate was cen-
trifuged at 40 000¥ g for 15 min at 4°C. The pellet was then
resuspended in the same buffer and washed twice more with
subsequent centrifugations. The pellet was finally resuspended
in TME buffer to yield brain homogenates with a protein
concentration of 0.5 mg·mL-1 after protein determination by
the Bradford method. Binding was carried out with 50 mg of
membrane protein in TME buffer supplemented with
5 mg·mL-1 of fatty acid-free BSA in the presence of a saturating
concentration (5 nM) of [3H]-N-(piperidin-1-yl)-5-(4-
chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-
3-carboxamide hydrochloride ([3H]-SR141716A) in a total
volume of 500 mL at 30°C for 1 h, and the reaction was stopped
by the addition of 2 mL of ice-cold buffer (50 mM Tris–HCl,
1 mg·mL-1 BSA, pH 7.4) followed by vacuum filtration
through fibreglass filters (Filter Mat 11731, Skatron Instru-
ments A.S, Lierbyen, Norway) pre-soaked in 0.1% polyethyl-
enimine. Non-specific binding was measured in the presence
of 10 mM unlabelled AM251. Retained radioactivity was quan-
tified by liquid scintillation spectrometry after extraction
overnight in 2 mL of scintillation liquid. All binding assays
were performed in triplicate. Specific binding was defined as
the difference between total binding and non-specific
binding, and was expressed as fmol [3H]-SR141617A mg-1

protein. The 5 nM saturating concentration of the radioligand
was determined from saturation curves constructed using dif-
ferent concentrations (0.2–10 nM) of the CB1 receptor agonist
[3H]-SR141716A using untreated mouse brain membranes pre-
pared in a similar way. Data were analysed by computer-
assisted non-linear regression analysis using GraphPad Prism
software (San Diego, CA, USA), and receptor density (Bmax) and
affinity constant (KD) data were found to be 1725 �

76 fmol·mg-1 protein and 1.10 � 0.10 nM respectively.

[35S]-GTPgS binding
Agonist-stimulated [35S]-GTPgS binding was measured by the
method adapted from that of Sim et al. (1995). Briefly, an
aliquot of 50 mg of the same membrane protein used for CB1

binding for each sample was incubated in 500 mL of assay
buffer (50 mM Tris–HCl, 0.2 mM EGTA, 3 mM MgCl2,
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100 mM NaCl, pH 7.4) containing 1% fatty acid-free BSA and
30 mM GDP. After 15 min of incubation at room temperature,
0.64 nM [35S]-GTPgS was added to the reaction tubes in
the presence or absence of 100 nM (6aR)-trans-3-(1,1-
dimethylheptyl)-6a,7,10,10a-tetrahydro-1-hydroxy-6,6-dimet
hyl-6H-dibenzo[b,d]pyran-9-methanol (HU210), and 10 mM
unlabelled GTPgS was added for the determination of non-
specific binding. Triplicate aliquots were incubated at 30°C for
1 h, and the reaction was terminated by the addition of
400 mL of ice-cold 50 mM Tris–HCl buffer, pH 7.4, followed by
vacuum filtration through fibreglass filters (Filter Mat 11731,
Skatron Instruments A.S) pre-soaked in 0.1% polyethylen-
imine. Bound radioactivity was quantified by liquid scintilla-
tion spectrometry after extraction overnight in 2 mL of
scintillation liquid as before. As for the above assay, 30 mM
GDP concentration was defined from previous experiments
using a range of GDP concentrations of 0.1–100 mM. HU210-
stimulated [35S]-GTPgS binding was defined as a percentage
increase above basal levels.

FAAH activity
FAAH activity was measured by determining the conversion
of AEA to arachidonic acid and ethanolamine by brain homo-
genates (30 mg of protein), which were incubated in a 200 mL
reaction volume during 30 min at 37°C and pH 7.6 in the
presence of a final concentration of 16 mM AEA mixture (non-
radioactive AEA containing trace amounts of [3H]-AEA). The
reaction was stopped by placing the tubes in ice, and after the
addition of two volumes of chloroform/methanol (1:1), vor-
texing and centrifugation, 200 mL of the methanol/buffer
phase containing the [3H]-ethanolamine released in the reac-
tion was analysed by liquid scintillation counting. FAAH
activity was expressed as nanomoles of product formed per
minute and per milligram protein (Rubio et al., 2009).

MAGL activity
MAGL activity was analysed as described by Ghafouri et al.
(2004) with minor modifications. The technique is based on
the measurement of the [3H]-glycerol formed from hydrolysis
of 2-oleoyl-[3H]-glycerol ([3H]-2-OG). Limbic forebrain was
homogenized in 50 mM Tris pH 8 containing 320 mM sucrose
and protein inhibitors. After centrifugation at 100 000¥ g for
60 min at 4°C, 16 mg of the cytosolic protein fraction was
added to a 16 mM solution containing a mixture of unlabelled
2-OG and [3H]-2OG, and the enzymatic reaction was per-
formed in a 10 mM Tris–HCl buffer, pH 7.2, containing 1 mM
EDTA, 0.1% fatty acid-free BSA and 5% DMSO for 10 min at
37°C. After that, the reaction was stopped by adding 400 mL of
chloroform : methanol (1:1). The samples were centrifuged
(1000¥ g for 10 min), and a 200 mL aliquot of the upper
aqueous phase was counted. MAGL activity was expressed as
nmol·mg-1 protein·min-1.

Statistics
Statistical analyses of EtOH consumption, preference mea-
surements and EtOH plasma levels were performed using the
statistical computer package BMDP/386 Dynamic (BMDP Sta-

tistical Solutions, Cork, Ireland). Data were analysed by ANOVA

with repeated measures (program 5V). Both used treatment as
the between-subjects factor, and EtOH or time concentration
as the repeated measure. Data from sucrose and quinine pref-
erence, CB1 density and activity and MAGL and FAAH activi-
ties were analysed using two-way ANOVA followed by
Bonferroni test. The same method was used to compare data
from dopamine transporter density, dopamine and metabo-
lite levels. The effects of the CB1 antagonist AM251 and the
MAGL inhibitor NAM on EtOH consumption and preference
were analysed using one-way ANOVA followed by Newman–
Keuls multiple comparison test where significant differences
occurred. The same method was used to compare endocan-
nabinoid levels. Student’s t-test for unpaired observations was
used to compare data from food consumption and weight
gain. Differences were considered significant at P < 0.05.

Materials
(+)-METH.HCl, quinine and sucrose were obtained from
Sigma-Aldrich (Madrid, Spain), and absolute EtOH (Absolute
EtOH aditio) was from Panreac (Barcelona, Spain). HU210,
AM251 and NAM were obtained from Tocris Bioscience
(Bristol, UK). 2-OG was obtained from Sigma-Aldrich.
[3H]-2-OG (2-mono-oleoyl glycerol rac [glycerol-1,2,3-3H];
specific activity = 40 Ci·mmol-1) and [3H]-AEA (ethanolamine-
1-3H; specific activity = 60 Ci·mol-1) were obtained from
American Radiolabelled Chemicals, Inc (St. Louis, MO, USA).
[3H]-WIN 35428 (specific activity = 85.9 Ci·mmol-1) and [35S]-
GTPgS (specific activity = 1250 Ci·mmol-1) were obtained from
PerkinElmer (Madrid, Spain). [3H]-SR14167A (specific activity
= 42 Ci·mmol-1) was obtained from GE Healthcare (Madrid,
Spain). Desipramine and HPLC standards were obtained from
Sigma-Aldrich. Methanol and HClO4 were obtained from
Merck Chemicals (Madrid, Spain). All other chemical reagents
were obtained from Sigma-Aldrich.

Results

Alcohol consumption test
Figure 1 shows the intake of and preference for EtOH of
control and METH-exposed mice in the two-bottle free-choice
procedure with increasing concentrations of EtOH. METH-
pretreated mice showed increased consumption of EtOH solu-
tions (Figure 1A) and greater preference ratios (Figure 1B)
compared with controls. Both saline- and METH-pretreated
mice showed increasing preference with increasing EtOH con-
centration up to 10%, with the 20% solution presenting a
lower preference, which is consistent with an aversive com-
ponent of taste at higher EtOH concentrations. Relative fluid
consumption (mL·g-1·day-1, Figure 1C) was similar in the two
groups, indicating that the increased EtOH consumption by
METH-pretreated mice was not caused by an overall increase
in total amount of fluid consumed. No significant change in
body weight was observed during EtOH exposure. At the end
of EtOH exposure (4 weeks), the gain in body weight (g) for
the different groups was as follows: saline-pretreated mice
exposed to EtOH: 1.02 � 0.25 (n = 10); METH-pretreated mice
exposed to EtOH: 0.98 � 0.25 (n = 10) (F1,18 = 0.10, P = 0.92).
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There was no difference in food consumption (g·kg-1·day-1)
between groups: saline-pretreated mice exposed to EtOH: 154
� 4.5 (n = 10); METH-pretreated mice exposed to EtOH: 151 �

3.4 (n = 10) (F1,18 = 0.58, P = 0.57).
These differences in EtOH consumption and preference do

not appear to be secondary to differences in acute EtOH
clearance, because plasma EtOH concentration during 4.5 h

after 3 g·kg-1 EtOH administration did not differ between
saline- and METH-treated animals (Figure 2).

Sucrose and quinine voluntary consumption tests
To determine whether differences in EtOH consumption and
preferences might reflect changes in taste preferences or
calorie needs caused by METH treatment, drinking studies
with sucrose and quinine were performed. With regard to the
sucrose data (Figure 3A), two-way ANOVA revealed that there
was a significant difference in sucrose preference across the
two concentrations in control mice, the greater preference
appearing with the highest sucrose concentrations (F1,39 =
65.11, P < 0.0001). This pattern was not altered by METH
pretreatment (F1,39 = 1.46, P = 0.24, n.s.). Interaction was not
significant (F1,39 = 2.38, P = 0.13, n.s.). As expected, preference
for the highest concentration of quinine (0.1 mM) was sig-
nificantly lower than that observed for 0.03 mM (F1,34 = 22.08,
P < 0.0001, Figure 3B). This effect was not modified by METH
pretreatment (F1,34 = 1.02, P = 0.32, n.s.). Interaction was not
significant (F1,34 = 1.11, P = 0.30, n.s.).

Endocannabinoid levels in METH-lesioned mice
While there was an increase in 2-AG levels in the limbic
forebrain 7 days after METH administration (F2,22 = 7.16, P =
0.0045), the levels of AEA were lower than those observed in
the saline-treated group (F2,20 = 4.56, P = 0.025). No differences
were found in the levels of these compounds 4 weeks after
METH injection (Figure 4).

MAGL and FAAH activities in METH-lesioned mice
Two-way ANOVA showed a significant effect of METH treat-
ment on MAGL activity (F1,23 = 5.77, P = 0.02), no effect of
time (F1,23 = 2.40, P = 0.13), but a significant interaction (F1,23

= 7.73, P = 0.01). In agreement with the 2-AG levels, MAGL
activity was 25% lower in the limbic forebrain 7 days after
METH injection. This effect was not evident at the 4 week
time-point (Figure 5A). By contrast, analysis of FAAH hydro-

A

B

C

Figure 1 (A) Consumption of and (B) preference for EtOH, and (C)
relative intake of fluid in mice exposed to METH (8 mg·kg-1, i.p.,
three times every 3 h) or saline 7 days before starting the two-bottle
free-choice paradigm. The mice had 7 days of access to each EtOH
solution (3, 6, 10 and 20% EtOH). (A) Consumption (g·kg-1·day-1) of
each EtOH solution (average of 7 days). There was a significant effect
of pretreatment (F1,30 = 21.23, P < 0.0001), EtOH concentration (F3,30

= 113.43, P < 0.0001) and interaction F3,30 = 6.86, P = 0.0001. (B)
Preference ratio (volume of EtOH consumed/total volume of fluid
consumed). There was a significant effect of pretreatment (F1,30 =
9.37, P = 0.0016), EtOH concentration (F3,30 = 28.69, P < 0.0001) and
interaction (F3,30 = 4.13, P = 0.0042). (C) Relative fluid intake
(mL·g-1·day-1) at each EtOH concentration (average of 7 days).
Results shown as mean � SEM, n = 10–20.
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Figure 2 Plasma EtOH concentration after EtOH injection (3 g·kg-1,
i.p.) in mice exposed to METH or saline 7 days before. The samples
were collected from the tail up to 4.5 h after EtOH administration.
There was a significant effect of time (F5,85 = 156.97, P < 0.0001), but
pretreatment (F1,17 = 0.91, P = 0.31) and interaction (F5,85 = 0.61, P =
0.64) were not significant. Results shown as mean � SEM, n = 7–11.
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lytic activity by two-way ANOVA revealed that there was no
effect of METH (F1,30 = 0.032, P = 0.860), time (F1,30 = 0.573, P
= 0.455) or interaction (F1,30 = 3.07, P = 0.090) (Figure 5B).

CB1 receptor density and agonist-stimulated [35S]-GTPgS
binding assay
Two-way ANOVA revealed that at a saturating concentration of
[3H]-SR141716A (5 nM), there was no difference in CB1 recep-

tor densities and affinities between membrane preparations of
limbic forebrain of METH-pretreated mice and those found in
the saline-pretreated group (F1,30 = 0.00, P = 0.99), indicating
that the binding capacity is similar in the two groups. Time
elapsed after treatment did not alter [3H]-SR141716A binding
(F1,30 = 0.24, P = 0.62) (Table 1).

There was no change in the HU210-stimulated incorpora-
tion of [35S]-GTPgS in the limbic forebrain of METH-pretreated
mice compared to the saline group (F1,30 = 2.06, P = 0.16). The
value was similar 1 and 4 weeks after treatment (F1,30 = 0.83, P
= 0.37) (Table 1).

Effect of AM251 and NAM on the METH-induced increase in
intake of and preference for EtOH
One-way ANOVA revealed that there was a significant effect of
AM251 administration on intake of (F3,52 = 8.27, P = 0.0001)
and preference for EtOH (F3,54 = 5.11, P = 0.0036), but not on
the relative fluid consumption (F3,55 = 0.52, P = 0.67). METH-
pretreated mice showed increased consumption of EtOH
(Figure 6A) and a greater preference ratio (Figure 6B) com-
pared with the saline group. The relative volume of fluid
consumption was similar in the two groups (Figure 6C).
Administration of the CB1 antagonist, AM251 (5 mg·kg-1) to
METH-pretreated mice on each of the 3 days of 10% EtOH
exposure significantly reduced the consumption of and pref-
erence for EtOH (Figure 6A,B). AM251 did not modify the
relative liquid intake (Figure 6C). Although the effect was not
significant, AM251 reduced consumption (29%) and prefer-
ence (35%) for EtOH in saline-pretreated mice (Figure 6A,B).

A

B

Figure 3 Preference ratios for sucrose (A) and quinine (B) in mice
exposed to METH (8 mg·kg-1, three times every 3 h, i.p.) or saline 7
days before starting the two-bottle free-choice paradigm. The mice
had 5 days of access to each sucrose or quinine solution with an
interval of 4 days between the highest sucrose concentration and the
lowest quinine concentration. Preference ratio (volume of sucrose or
quinine/total volume of fluid consumed). Results shown as mean �
SEM, n = 8–12. ***P < 0.001, different from 0.17% sucrose preference
in saline-pretreated mice. DDDP < 0.001, different from 0.03 mM
quinine preference in saline-pretreated mice.

Figure 4 Endocannabinoid levels in the limbic forebrain of mice
injected with METH (8 mg·kg-1, i.p., three times every 3 h) or saline.
2-AG and AEA levels were quantified 1 and 4 weeks after treatment.
Results shown as mean � SEM, n = 5–9. *P < 0.05; **P < 0.01,
different from saline-treated mice.

A

B

Figure 5 (A) 2-OG and (B) AEA hydrolysis in the limbic forebrain of
mice exposed to METH (8 mg·kg-1, i.p., three times every 3 h) or
saline 1 or 4 weeks before. Results shown as mean � SEM, n = 6–10.
**P < 0.01, different from saline-treated mice. DDP < 0.01, different
from METH-treated mice 1 week before.
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To mimic the effects of reduced MAGL activity in limbic
brain of METH-treated mice and thus validate its functional
consequences for EtOH consumption, the MAGL inhibitor
NAM was injected on each of the 3 days of 6% EtOH exposure.
NAM increased EtOH consumption (F3,36 = 20.00, P = 0.0001)
and preference (F3,36 = 10.72, P = 0.0006) in METH- and saline-
pretreated mice, but did not alter the relative volume con-
sumed (F3,36 = 2.45, P = 0.08) (Figure 7).

Catechol concentration and dopamine transporter density in
METH-lesioned mice
Analysis of dopamine and HVA data by two-way ANOVA

revealed that there was a significant effect of treatment (F1,27 =
60.84, P < 0.0001 for dopamine; F1,25 = 38.68, P < 0.0001 for
HVA), time (F1,27 = 5.03, P = 0.03 for dopamine; F1,25 = 4.95, P
= 0.04 for HVA) and interaction (F1,27 = 7.38, P = 0.011 for
dopamine; F1,25 = 5.67, P = 0.025 for HVA). Regarding DOPAC
data, two-way ANOVA indicated that there was a significant
effect of treatment (F1,23 = 29.11, P < 0.0001) and time (F1,23 =
7.65, P = 0.011, but not interaction (F1,23 = 3.011, P = 0.096).
Analysis of dopamine transporter data indicated that there
was a significant effect of treatment (F1,17 = 77.68, P < 0.0001),
but not time (F1,17 = 2.69, P = 0.16) nor interaction (F1,17 = 0.17,
P = 0.72).

Administration of METH (8 mg·kg-1, three times at three
hourly intervals) decreased the concentration of dopamine,
DOPAC and HVA, and the density of dopamine transporters
in the limbic forebrain 1 and 4 weeks after injection. Except
for dopamine transporters, there was some degree of recovery,
the depletion being less pronounced 4 weeks after treatment
(Figure 8).

Discussion

Using a two-bottle free-choice paradigm, this study shows
that mice exposed to a neurotoxic dose of METH and conse-
quently showing a long-term loss of dopamine concentration
and dopamine transporters in the limbic forebrain, exhibit
higher consumption of and preference for EtOH over water.
These differences between the two groups of mice do not
reflect a more global change in taste preferences or calorie
needs because consumption of sucrose- or quinine-containing
solutions was similar in METH-lesioned and saline-treated
mice. In addition, preference ratios for EtOH, sucrose and
quinine are in accordance with those previously described
(Naassila et al., 2004; Lewis et al., 2005; Izco et al., 2007). In

the current study, METH- and saline-injected animals did not
differ in terms of volume of fluid consumed, indicating that
the increased EtOH intake by METH-injected mice was not
caused by an overall increase in the total amount of fluid
consumed. Food consumption was also similar in both
groups, indicating that the altered EtOH intake does not
result from changes in appetite.

Previous studies have reported that 7 days after repeated
administration of METH, time at which EtOH exposure was
started, there is a decrease in striatal dopamine concentration
(Sanchez et al., 2003), and in the immunoreactivity for
dopamine transporters and tyrosine hydroxylase (Granado
et al., 2009). The current study extends these findings by
demonstrating that the reduction of dopamine concentration
and dopamine transporters induced by METH is also evident
in the limbic forebrain and that it persists for at least 4 weeks
after injection. Nevertheless, some degree of recovery occurs
because the loss of dopamine content observed 7 days after
METH is more pronounced than that detected 4 weeks after
METH.

Differences in alcohol consumption between saline- and
METH-treated mice are not likely to be related to changes in
EtOH metabolism because the blood EtOH concentration in
METH-treated mice was not different from that observed in
saline-treated mice during the 4.5 h after the injection of a
single dose of EtOH.

Because endocannabinoid signalling through CB1 receptors
has been shown to positively modulate various aspects of
alcohol-seeking behaviour, we tested the effect of a CB1

antagonist on the elevated EtOH intake observed in METH-
treated mice. Administration of AM251 reduced the con-
sumption of and preference for EtOH in METH-treated mice
without modifying the relative volume intake. In addition, as
expected, AM251 reduced consumption (29%) and preference
(35%) for EtOH in saline-treated mice, although this was not
significant. These findings are in line with previous studies
showing reduced preference for EtOH in B6 (EtOH preferring)
and D2 (EtOH non-preferring) strains of mice following phar-
macological blockade with SR141716A given at a similar dose
to that used in the current study (Vinod et al., 2008b).
Chronic CB1 receptor blockade with SR141716A also signifi-
cantly decreased EtOH intake in C57BL/6J mice in a two-
bottle-choice paradigm (Thanos et al., 2005; Kelaï et al.,
2006). SR141716A and AM251 have similar behavioural activ-
ity in C57BL/6J mice (McMahon and Koek, 2007), and both
are equipotent at blocking the hypothermic effects induced
by D9-tetrahydrocannabinol and WIN 55212-2, and at attenu-
ating the hypoactivity induced by the two agonists

Table 1 Density and coupling of CB1 receptors in the limbic forebrain of mice exposed to METH or saline 1 or 4 weeks before

CB1 receptor density HU210-stimulated CB1 receptor–G protein coupling

Time after treatment (week) Saline METH Saline METH
1 1057 � 62 1049 � 14 137 � 8 130 � 4
4 1028 � 26 1037 � 18 145 � 6 134 � 3

METH was administered at a dose of 8 mg·kg-1, i.p., three times every 3 h. Cannabinoid CB1 receptor-binding sites were measured using [3H]-SR141716A. Data
are expressed in fmol·mg-1 protein (mean � SEM, n = 6–10). HU210-stimulated [35S]-GTPgS binding shown as percentage of basal stimulated binding (mean %
� SEM., n = 6–10).

Cannabinoid and ethanol intake in METH-treated mice
MD Gutierrez-Lopez et al 779

British Journal of Pharmacology (2010) 160 772–783



(McMahon and Koek, 2007). Consistent with these observa-
tions, CB1 knock-out mice show greatly reduced EtOH con-
sumption and preference (Hungund et al., 2003; Wang et al.,
2003; Naassila et al., 2004; Vinod et al., 2008b).

Given the evidence of a role for the CB1 receptor in medi-
ating EtOH-seeking behaviour, we sought to determine

whether METH-treated animals might show changes in CB1

density and activity, which might explain the difference in
drinking behaviour displayed by the lesioned mice. However,
radioligand binding studies showed no differences between
the groups in either of these parameters in limbic forebrain.

Endocannabinoids are synthesized and released from depo-
larized neurones and act retrogradely to stimulate CB1 recep-
tors located on pre-synaptic terminals (for review, see Alger,
2002). Thus, the next aim of our study was to determine

A

B

C

Figure 6 Effects of AM251 on (A) the consumption of and (B)
preference for EtOH and on (C) the relative intake of fluid in mice
exposed to METH (8 mg·kg-1, i.p., three times every 3 h) or saline 7
days before starting the two-bottle free-choice paradigm. The mice
were treated with AM251 (5 mg·kg-1, i.p.) on each of the 3 days of
exposure to 10% EtOH. Preference ratio for EtOH was calculated as
the volume of EtOH consumed/total volume of fluid consumed.
Relative fluid intake is shown as mL·g-1·day-1. Results shown as mean
� SEM, n = 7–17. *P < 0.05, **P < 0.01, different from saline-
pretreated mice. DDP < 0.01, DDDP < 0.001, different from the METH-
pretreated group.

A

B

C

Figure 7 Effects of NAM on (A) the consumption of and (B) prefer-
ence for EtOH, and on (C) the relative intake of fluid in mice exposed
to METH (8 mg·kg-1, i.p., three times every 3 h) or saline 7 days
before starting the two-bottle free-choice paradigm. The mice were
treated with NAM (3 mg·kg-1, i.p.) on each of the 3 days of exposure
to 6% EtOH. Preference ratio for EtOH was calculated as the volume
of EtOH consumed/total volume of fluid consumed. Relative fluid
intake is shown as mL·g-1·day-1. Results shown as mean � SEM, n =
6–11. **P < 0.01, ***P < 0.001, different from saline-pretreated mice.
DP < 0.05, DDP < 0.01, different from the METH-pretreated group.
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whether the neuronal damage induced by METH was associ-
ated with changes in the endocannabinoid system, and
whether these changes might be of functional importance in
the differential EtOH intake observed in the METH-treated
group. Indeed, 7 days after METH administration, 2-AG levels
were increased in limbic forebrain and at the same time there
was a decrease in the activity of MAGL, suggesting that 2-AG
metabolism is impaired in the limbic brain of METH-treated
mice, thereby contributing to the accumulation of 2-AG.

Conversely, a reduction in AEA was found in the limbic
brain of METH-treated mice compared with saline, while
FAAH activity did not differ between the two groups.
Although the precise molecular mechanism is not known,
there is abundant evidence indicating that the two endocan-
nabinoids are differentially regulated in the limbic brain of
mice showing dopaminergic neuronal damage. In this line, it
has been shown that lesioning dopaminergic neurones with
6-hydroxy dopamine produces a threefold increase in AEA,
but not 2-AG, content within the striatum (Gubellini et al.,
2002). This increase was reversed when dopamine was
restored by chronic L-DOPA treatment (Maccarrone et al.,
2003). It has also been reported that monoamine depletion by
reserpine results in a 2.5-fold increase in both AEA and 2-AG
content within the striatum (Di Marzo et al., 2000). These
findings are consistent with the hypothesis that decreased
dopaminergic transmission regulates endocannabinoid
content within forebrain regions that receive dopaminergic
innervation.

Evidence in the literature indicates that endogenous
dopamine modulates endocannabinoid content within the
limbic forebrain via activation of D1 or D2 receptors, and that
dopamine through D1 activation reduces AEA content in
limbic forebrain (Patel et al., 2003). Although we have no
evidence of changes in D1 receptor density following METH
administration, previous studies in our laboratory have
shown that MDMA produces a similar dopaminergic lesion
and also increases D1 receptor density in the nucleus accum-
bens. Therefore, this could be an explanation for the reduced
AEA levels following METH administration. On the other
hand, there is evidence that METH increases COX-2 protein
levels in areas showing dopamine loss 3 days after injection
(Kita et al., 2000). This enzyme is also involved in AEA
metabolism (Guindon and Hohmann, 2008), so we cannot
rule out its involvement in the changes observed.

NAM is a recently developed, highly selective and potent
MAGL inhibitor that increases the endogenous levels of 2-AG
in the brain and raises the potency of 2-AG, but not AEA in
agonist-stimulated [35S]-GTPgS binding assay, a measure of
G-protein activation (Burston et al., 2008). In vitro, NAM pre-
vents cerebellar membrane-mediated degradation of 2-AG at a
relatively low concentration (Saario et al., 2005; Blankman
et al., 2007). Here, we report that administration of NAM
enhances the increase in the consumption of and preference
for EtOH observed in both saline- and METH-treated mice.
The fact that MAGL inhibition in control mice increases EtOH
consumption to a similar extent to that produced by METH

A B

C D

Figure 8 Concentration of (A) dopamine, (B) DOPAC, (C) HVA and (D) [3H]-WIN 34428 binding in the limbic forebrain of mice exposed to
METH (8 mg·kg-1, i.p., three times every 3 h) or saline 1 and 4 weeks before. Results shown as mean � SEM, n = 4–10. *P < 0.05, **P < 0.01,
***P < 0.001, different from the corresponding saline-treated mice. DDP < 0.01, different from mice injected with METH 1 week before being
killed.
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lesion indicates that 2-AG-elevated levels in key brain regions
of the reward system are involved in mediating the EtOH-
seeking behaviour of lesioned mice. The effect of NAM on
EtOH consumption and preference in saline-treated mice is
presumably due to a regulatory role of basal 2-AG and CB1

activation, which is consistent with the tendency of AM251
to reduce EtOH consumption and preference in these
animals.

It is of interest that boosting 2-AG levels (by NAM; this
study) or AEA levels (by inhibitors of FAAH pharmacologically
or genetically; Vinod et al., 2008a) can both increase EtOH
consumption and preference in mice. Although we did not
observe an increase in AEA content after METH administra-
tion, the rise in 2-AG seems to be sufficient to cause CB1

receptor activation and the consequent increase in EtOH
drinking behaviour.

In summary, this study indicates for the first time that the
long-lasting dopamine neurotoxicity induced by METH is
associated with changes in the endocannabinoid system that
predispose mice to high voluntary consumption of and
increase preference for EtOH. In addition, it suggests that the
widely described impairment of dopamine function produced
by METH in human beings (Volkow et al., 2001) may increase
the risk for EtOH abuse in consumers.
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