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Chronic ethanol inhibits the anandamide transport and increases
extracellular anandamide levels in cerebellar granule neurons
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Abstract

Ethanol increases extracellular anandamide levels in neuronal cells. However, the molecular mechanisms by which this occurs are
unknown. Chronic exposure of cerebellar granule neurons to ethanol increased the levels of anandamide accumulated in the cellular
medium. Anandamide uptake was saturable and was inhibited (30% at 3 min) in response to chronic exposure to ethanol. Chronic ethanol
treatment did not alter the K,,, but significantly decreased V., of anandamide transport (33%) (P <0.0001). Fatty acid amide hydrolase
activity was not affected by chronic ethanol treatment. Anandamide transport processes are independent of cannabinoid CB1 receptor, as
cannabinoid CBI1 receptor knockout mice exhibited time-dependent anandamide transport and cannabinoid CB1 receptor antagonists did not
alter the effects of chronic ethanol on anandamide transport. Furthermore, anandamide transport was inhibited by acute ethanol in a time-
and dose-dependent manner. Interestingly, acute ethanol-induced inhibition of anandamide transport was abolished in neurons exposed to
chronic ethanol, suggesting that the anandamide transport processes may play a role in the development of long-term cellular tolerance to

ethanol.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chronic exposure to ethanol has been shown to mod-
ulate the endogenous cannabinoid (endocannabinoid) sys-
tem in central nervous system (Basavarajappa and
Hungund, 2002). Manipulation of endocannabinoid recep-
tor function has been found to alter drinking behavior in
rodents (Arnone et al., 1997; Colombo et al., 1998, 2002;
Gallate and McGregor, 1999; Gallate et al., 1999; Rodri-
guez de Fonseca et al., 1999; Freedland et al., 2001),
suggesting that endocannabinoid receptor system may be a
potential mechanism for alcoholism. To date, two endog-
enous cannabinoid substances that mimic the pharmaco-
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logical actions of A’-tetrahydrocannabinol, the active
ingredient of marijuana and other synthetic agonists
(Mechoulam and Fride, 1995), have been isolated and
characterized. These include anandamide and 2-arachido-
nylglycerol (Devane et al., 1992; Mechoulam et al., 1995;
Stella et al., 1997). Both anandamide and 2-arachidonyl-
glycerol have been shown to bind specifically to cannabi-
noid CBI1 receptors in the brain (Devane et al., 1992;
Mechoulam et al., 1995; Sugiura et al., 1995). Recent
evidence indicates that the cannabinoid CB1 receptor
signal transduction system plays a role in the pharmaco-
logical actions of ethanol, including voluntary ethanol
consumption (Arnone et al., 1997; Basavarajappa et al.,
1998; Colombo et al., 1998; Basavarajappa and Hungund,
1999a,b, 2002; Gallate and McGregor, 1999; Gallate et al.,
1999; Rodriguez de Fonseca et al., 1999). However, the
exact molecular mechanism by which cannabinoid CBI1
receptors regulate ethanol consumption remains unknown.
Recently, we demonstrated that chronic exposure to etha-
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nol enhances the formation of the endogenous cannabinoid
CB1 receptor agonists anandamide and 2-arachidonylgly-
cerol in neuronal cells (Basavarajappa and Hungund,
1999a; Basavarajappa et al., 2000). In these studies, the
majority of the synthesized anandamide and 2-arachido-
nylglycerol (85—-90%) remained in the medium even after
72 h exposure to ethanol (Basavarajappa and Hungund,
1999a; Basavarajappa et al., 2000). Anandamide has a
variety of regulatory functions, including mediating retro-
grade signals from depolarized postsynaptic neurons to
presynaptic terminals, thereby reducing neurotransmitter
release (Ohno-Shosaku et al., 2001).

In mammalian cells, termination of anandamide signal-
ing at the cannabinoid CBI1 receptors occurs through an
uptake mechanism that transports anandamide into the cell
where it subsequently undergoes rapid degradation by
fatty acid amidohydrolase (Cravatt et al., 1996; Beltramo
et al., 1997; Hillard et al., 1997; Piomelli et al., 1999).
Current evidence suggests that anandamide uptake is a
carrier-mediated process that is time- and temperature-
dependent, saturable, and inhibited with unique pharma-
cologic agents (Di Marzo et al., 1994; Beltramo et al.,
1997; Hillard et al., 1997; Hillard and Jarrahian, 2000;
Rakhshan et al., 2000). Fatty acid amidohydrolase and
cannabinoid CB1 receptors that have been shown to be
co-localized in brain may indicate fatty acid amidohydro-
lase’s role in anandamide signaling and uptake (Egertova
et al., 1998). Thus, chronic ethanol-induced increases in
extracellular anandamide could result in a decrease in
anandamide influx, an increase in anandamide efflux from
the cell, and/or altered intracellular metabolism. In the
present study, we have investigated the chronic and acute
effects of ethanol on anandamide transport in cerebellar
granular neurons. We found that chronic exposure to
ethanol leads to increases in extracellular anandamide.
After prolonged exposure to ethanol, cells become tolerant
to these effects, such that anandamide uptake is no longer
inhibited by ethanol. These data suggest that ethanol-
induced inhibition of anandamide uptake may in part be
responsible for ethanol-induced increase in extracellular
anandamide.

2. Materials and methods
2.1. Materials

All culture plastic supplies were purchased from Falcon
Labware (VWR Scientific, -Piscataway, NJ). Basal Eagle’s
medium (BEM), heat-inactivated fetal calf serum (FCS),
streptomycin, and penicillin solutions were obtained from
Sigma (St. Louis, MO). Liquid scintillation cocktail
(INSTA-FLUOR) was purchased from Packard (Meriden,
CT). N-piperidino-5-(4-chlorophenyl)-1-(2,4-dichloro-
phenyl)-4-methyl-3-pyrazole-carboxamide) (SR 141716A)
was a kind gift from Sanofi Pharmaceuticals, (Montpellier,

France) and by RBI as part of the Chemical Synthesis
Program of the NIMH, contract #1 MH30003RBI-NIMH.
N-(4-hydroxyphenyl)-5Z,8Z,11Z,14Z-eicosatetracnamide
(AM404) was purchased from Tocris Cookson (Ellisville,
MO). All primers CNKO2 (5-TGCTTAACTTAGAG
TTGAAGGATCC-3'), CNKO3 (5-AGAACGAGATCAG-
CAGCCTCTGTT-3') and cannabinoid CB1 receptor wild-
type (5-GGATTCAGAATCATGAAGCACTCC-A-3') were
custom made by GIBCO BRL (Rockville, MD). [*H]anan-
damide (arachidonyl-5,6,8,9,11,12,14,15-3H) (200 Ci/
mmol) and [*H]anandamide (ethanolaminel-*H) (10—20
Ci/mmol) were purchased from American Radiolabeled
Chemicals (St. Louis, MO). [*H]arachidonic acid (240 Ci/
mmol) was purchased from New England Nuclear (Boston,
MA). The polyclonal antibody against the cannabinoid CB1
receptor was a kind gift from Dr. Ken Mackie (University of
Washington, Seattle, WA). All other chemicals were
obtained from Sigma.

2.2. Primary cultures of cerebellar granular neurons

Cerebellar granular neurons primary cultures were pre-
pared from dissociated cerebella of 8-day-old Sprague—
Dawley rat pups or pups from homozygous cannabinoid
CBI receptor knockout mice (CB1~’7) and homozygous
wild-type mice (CB1"™), as described previously (Oberto
et al., 1996; Basavarajappa et al., 2000). Briefly, cells
were counted, and plated on poly-L-lysine-coated culture
dishes in basal medium Eagle’s (BME) supplemented with
10% fetal calf serum (FCS), 25 mM KCIl, 200 mM
glutamine, penicillin (10,000 U/ml), and streptomycin
(10 mg/ml). Approximately, 2 x 10° cells were plated in
2 ml of BME in 35 mm dishes, or 8 x 10° cells were
plated in 8 ml of BME in 100 mm dishes. Cells were
maintained at 37 °C in a 95% air—5% CO, incubator. All
of the experimental procedures were performed in accord-
ance with NIH Guidelines for the Care and Use of
Laboratory Animals.

2.3. Measurement of anandamide formation in cerebellar
granular neurons

The cells were incubated with [*HJarachidonic acid (1
uCi/ml) in BME (without FCS) for 5 h. Media were
monitored for uptake and it was found that 85% of the
total arachidonic acid was incorporated into the cells within
5 h of incubation. The cells were then washed three times
with 0.1% bovine serum albumin (BME) to remove
essentially all the free arachidonic acid. The cells were
then replenished with the old conditioned media (5 ml) and
then subjected to ethanol exposure. The culture conditions
for chronic ethanol exposures were similar to those
described previously (Basavarajappa and Hungund, 1999a;
Basavarajappa et al., 2000). Briefly, ethanol concentration in
the media (50, 100, and 150 mM) were maintained by
adding appropriate concentrations of absolute alcohol. All
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dishes were flushed with 5% CO,—95% air and sealed with
parafilm prior to incubation. The medium was then supple-
mented at 24 and 48 h with absolute ethanol (3.7 pl/2 ml for
50 mM; 10.6 pl/2 ml for 100 mM; 14 pl/2 ml for 150 mM).
Ethanol levels in the media were determined at 72 h by an
enzymatic method (Lundquist, 1959) and were found to be
50 £ 2.0, 100 £ 7.5, and 150 £ 20 mM, respectively (n=10
in each group). Appropriate control cultures were similarly
maintained in a medium without ethanol. The incubations
were terminated by collecting the media. The cells were
scraped and then suspended in 10 mM Tris—HCI buffer pH
7.4 containing protease inhibitor cocktail (Sigma). Data
(Media and cells) are expressed as the (mean + S.E.M.)
dpm/mg cellular protein.

2.4. Extraction and chromatography

The radioactive lipids from cells and media were
extracted using a mixture of chloroform/methanol (2:1, v/
v) (Bligh and Dyer, 1959), with 2 pg of unlabeled ananda-
mide included as a carrier. Butylated hydroxytoluene
(0.05%) was added to prevent lipid peroxidation. The dried
extracts were redissolved in a mixture of chloroform/
methanol (2:1, v/v), spotted onto thin layer chromatography
(TLC) plates (silica gel 60, 250 um thickness), and devel-
oped with the organic phase of a mixture of iso-octane/
ethyl acetate/water/acetic acid (50:110:100:30, v/v) (solvent
system A), which allows the separation of 2-arachidonyl-
glycerol (Rf=0.53) from anandamide (Rf=0.43) and
arachidonic acid (Rf=0.78). The individual band corre-
sponding to authentic phosphatidylcholine, 2-arachidonyl-
glycerol, anandamide, and arachidonic acid were scraped
off the plate into scintillation vials containing 1 ml of
chloroform/methanol (2:1). Ten milliliters of scintillation
liquid (INSTA-FLUOR, Packard) were added to the sam-
ples and the radioactivity was determined by liquid scin-
tillation counting. The identity of anandamide was
confirmed by gas chromatography—MS (GC—-MS) of the
TLC band corresponding to authentic anandamide. The
GC-MS was performed, as described before (Basavara-
jappa et al., 2000) on a Hewlett Packard 5988 mass
spectrometer equipped with 5890 series GC and a 7673
automatic injector.

2.5. Cannabinoid CBI receptor knock out mice

The present study used homozygous knockout mice
(CB17/7), as compared to homozygous wild-type mice
(CB1+/+). Heterozygous cannabinoid CB1 knockout
(CB177) mice were generated as described (Steiner et
al., 1999), and provided by Dr. Andreas Zimmer
(National Institutes of Health, Bethesda, MD). Homozy-
gous knockout mice (CB17'7) and homozygous wild-
type mice (CB1"") were produced by heterozygous
intermatings at the Nathan Kline Institute for Psychiatric
Research animal facility. Twelve- to 20-week-old male

and female mice were used in these experiments. Animals
were housed in groups under standard laboratory condi-
tions (12-h light/12-h dark cycle) with food and water
available ad libitum. Mice pups were genotyped before
the preparation of cerebellar granular neurons by PCR
with primers corresponding to CNKO2 (5-TGCTTAACT-
TAGAGTTGAAGGATCC-3'), CNKO3 (5-AAGAACGA-
GATCAGCAGCCTCTGTT-3') and cannabinoid CBI1
receptor wild-type (5-GGATTCAGAATCATGAAG-
CACTCCA-3). In this analysis, wild-type mice pups
exhibited a 1237 bp band, and knockout mice pups
exhibited a 1088 bp band.

2.6. Western blotting

Whole brain (-cerebellum) from homozygous cannabi-
noid CB1 receptor knockout mice (CB1~'7) and homo-
zygous wild-type mice (CB1"™") from 8-day-old pups
were homogenized in buffer (50 mM Tris—HCI, pH 7.4)
containing protease inhibitor cocktail (Sigma) and 1%
Triton X-100 and protein concentrations were measured
(Smith et al., 1985). Brain homogenate samples were
mixed with Laemmli sample buffer and sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE)
was performed essentially, as described by Laemmli
(1970). Gels were stained with silver to visualize the
proteins. The samples were subjected to electrotransfer
on a nitrocellulose membrane in a Genie electroblotter
(Idea Scientific Minneapolis, MN). The membranes were
incubated with polyclonal antibody to N-terminal 77
amino acids of the cloned cannabinoid CBI1 receptor
(1:1000) overnight at 4 °C, washed three times for 10
min each in 20 mM Tris-buffered saline with 0.2% Tween,
and incubated with alkaline phosphatase-conjugated sec-
ondary antibodies for 1 h at room temperature, washed as
above, and developed by using CDP star substrate reagent
(Tropix, Bedford, MA).

2.7. Measurement of anandamide transport

Anandamide transport assays were performed, as
described previously (Beltramo et al., 1997; Hillard et
al., 1997). After exposure to ethanol or control conditions,
as described before, medium was removed by washing
neurons with 3 X1 ml of a 37 °C buffer A (10 mM
HEPES, 118 mM NaCl, 4.8 mM KCl, 1.2 mM MgSOy,,
and 2.5 mM CaCl,, pH 7.4). The neurons were then
incubated with [*H]anandamide (200 Ci/mmol) at 37 °C
in buffer A for up to 3 min. Nonspecific cellular associ-
ation of [*H]anandamide was determined in the presence
of 100 uM AM404 or in samples that were incubated at 4
°C (both conditions resulted similar and comparable non-
specific association). Samples of media were taken at the
indicated times and extracted immediately with methanol/
chloroform. Incubations were stopped by aspirating the
media. The cells were then placed on ice and washed three
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times with Hank’s balanced salt solution (HBSS) to
remove essentially all the free [*H]anandamide. The cells
were then scraped into scintillation vials and the amount
of radioactivity was determined. Cellular accumulation of
[*H]anandamide was calculated as the fraction of the total
radioactivity that was retained in the cell lipid extract
(subtracted from total anandamide from the media and
nonspecific association). SR141716A (5 and 10 pM)
(which was used to block cannabinoid CB1 receptors)
was added from stock solutions in dimethyl sulfoxide
(DMSO). The final concentration of DMSO never
exceeded 0.2%, and this concentration had no effect on
cell viability.

2.8. Measurement of fatty acid amidohydrolase activity

Anandamide amidohydrolase (enzyme commission
3.5.1.4; arachidonyl ethanolamide amidohydrolase) activity
was assayed both in vitro and in intact cerebellar granular
neurons, as described previously (Deutsch and Chin,
1993). To measure fatty acid amidohydrolase activity in
intact neurons, approximately 2 x 10° cells were incubated
either in the presence or absence of ethanol. The cells
were then washed and the medium was replaced with
fresh BME (high K") without FCS and incubated for 30
min with 1 uM anandamide (ethanolaminel->H) (10—20
Ci/mmol). At the end of the incubation, the media and
cells were extracted with two volumes of chloroform/
methanol (1:1, v/v) and centrifuged. The amount of radio-
labeled anandamide that was hydrolyzed was determined
by subjecting 200 pl of the aqueous layer to liquid
scintillation counting. The fatty acid amidohydrolase activ-
ity was expressed as nmol/h/10° cells. To measure the
fatty acid amidohydrolase activity in vitro, cell cultures
were washed once with PBS and then lysed with mam-
malian protein extraction reagent (M-PER) (PIERCE,
Illinois, USA) containing protease inhibitor cocktail
(Sigma). Fifty micrograms of total protein derived from
cell lysates were incubated for 30 min at 37 °C in a
solution containing 0.1M Tris—HCI, pH 8.0, 2.5 mg/ml
bovine serum albumin and 30 pM anandamide (ethanola-
minel-*H) (10—20 Ci/mmol) in the presence or absence of
1 mM phenylmethylsulfonyl fluoride (PMSF) in a final
volume of 200 pl. After this incubation, samples were
extracted and subjected to liquid scintillation counting, as
described above. Some samples were incubated in the
absence of protein, to determine nonspecific hydrolysis
of the substrate. Protein concentration of the cell homo-
genates was determined by the bicinchoninic acid (BCA)
method using bovine serum albumin as the standard
(Smith et al., 1985).

2.9. Statistical analysis

Statistical analyses used included the Student’s #-test
and one-way analysis of variance (ANOVA), followed by

Dunnett’s test using the GraphPad Prism software pro-
gram (v. 3.01 GraphPad Software, San Diego, CA).
Kinetic parameters (e.g., half life and plateau accumula-
tion) were determined by fitting time data to the first-
order rate equation by nonlinear regression (GraphPad
Software). The K, and V., values were determined by
fitting the concentration—response data to the Michaelis—
Menten equation using nonlinear regression (GraphPad
Software). Differences were considered to be significant
at P<0.05. Data are presented as mean = S.E.M. from at
least three separate experiments run in triplicate.

3. Results
3.1. Extracellular anandamide

In our previous studies, ethanol-induced increases in
the formation of [*H]anandamide in human neuroblas-
toma cells was shown to be dependent on the dose of
ethanol and the duration of exposure (Basavarajappa and
Hungund, 1999a). In these studies, most of the synthe-
sized [*HJanandamide (60—70%) was released from the
cells and accumulated in the media (Basavarajappa and
Hungund, 1999a). In the present study, when cerebellar
granular neurons were incubated with various concentra-
tion of ethanol for 72 h, the formation of anandamide
was enhanced by 100 and 150 mM ethanol. The cell
viability was unaffected by any of the treatment con-
ditions used, as determined by the trypan blue exclusion
method (data not shown). Approximately 60% of the
[’H]anandamide that was synthesized in response to
chronic ethanol exposure was released from the cells
and accumulated in the culture medium (Fig. 1), which
is consistent with our previous observations (Basavara-
jappa and Hungund, 1999a). To confirm that the radio-
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Fig. 1. Effect of chronic ethanol exposure on formation of [*H]anandamide
in cerebellar granular neurons. Cells (7 days in vitro) were labeled with
[*H]arachidonic acid (1 pCi/ml) in BME (without FCS) for 5 h. Cells were
then exposed to various concentrations of ethanol for 72 h, as described in
experimental procedures. The [*H]anandamide was extracted from media
and cells and separated by TLC, as described in Materials and methods.
Each value represents the mean = S.EM. (n=9). ***P<0.001 (Student’s
t-test), as compared to control.
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Fig. 2. Anandamide transport in cerebellar granular neurons as a function of
days in vitro. Cells were incubated at 37 °C with [*H]anandamide (4 pM) for
various times, between 0 and 4 min, as described in experimental
procedures. Nonspecific uptake was determined by incubating samples at
4 °C. Non-specific [*H]anandamide association comprised ~ 5% of the
added [*H]anandamide and was subtracted from each data point. Each value
represents the mean £ S.E.M. (n=06).

labeled compound extracted from the cells and media
was indeed anandamide, the Rf values of the radioactive
samples isolated were compared with those of the authentic
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Fig. 3. Kinetic analysis of anandamide transport in cerebellar granular
neurons following chronic exposure to ethanol. (A) Time course of
anandamide uptake. Chronic ethanol-treated (100 mM, 72 h) neurons were
incubated at 37 °C with [*H]anandamide (4 pM) for the times indicated, as
described in experimental procedures. Nonspecific uptake was determined
by incubating samples at 4 °C and was subtracted from each data point. T}/,
value was calculated using the GraphPad program. Data plotted represent
mean = S.EM. of triplicate determinations, from three separate experi-
ments. (B) Saturation kinetics of anandamide uptake. Chronic ethanol-
treated (100 mM, 72 h) neurons were incubated with increasing
concentrations of anandamide (with 1 nM [*H]anandamide) for 3 min at
37 °C, as described in experimental procedures. The K, and Vy,.x values
were calculated using the GraphPad program. Each value represents the
mean + S.EM. (n=6). *P<0.05; **P<0.001 (Student’s r-test), as
compared with control.

anandamide after separation in three different solvent
systems. Further characterization of anandamide was
achieved by gas chromatography—mass spectrometry
(GC—-MS) analysis of the trimethylsilyl ether (TMS)
derivative of TLC-purified anandamide. Diagnostic ions
for anandamide included m/z 419 (M+, molecular ion),
404 [M — 15]", loss of methyl radical, 328 [M-91]"(data
not shown).

3.2. Anandamide transport

Chronic ethanol-induced increase in the extracellular
anandamide could be due to a decrease in anandamide
uptake. Anandamide uptake in normal cerebellar granular
neurons was found to be dependent on the number of days
the neurons had been in culture, as shown in Fig. 2. The
uptake of anandamide was greater in the older cultures (6—
8 days in vitro), than in younger cultures (2—4 days in
vitro). Therefore, 7-day cultures were used for subsequent
studies.

The time course of anandamide uptake in cerebellar
granular neurons is shown in Fig. 3A. Uptake was reduced
in neurons exposed to chronic ethanol at 2 and 3 min with a
30% inhibition after 3 min of incubation. Detailed kinetic
parameters, including 7, values are shown in Table 1.
Anandamide uptake is saturable with a K, value of 45
+78 pM and a Vi of 0.65+0.035 nmol/min/10°
cells. Chronic exposure to ethanol did not alter the K,, but
significantly decreased the Vy,.x by 33% (K, 32.7 £ 5.5 uM,
P> 0.05; Vinax 0.43 + 0.009 nmol/min/10° cells, P<0.0001)
(Fig. 3B).

Table 1
Effect of chronic ethanol exposure on kinetic parameters of anandamide
transport in cerebellar granular neurons

Control Ethanol
Rat
K (LM) 450+ 7.8 32.7+55
Vinax (nmol/min/10° cells) 0.65 +0.035 0.43 £ 0.009***
Ty (s) 2832+ 6.4 22.14 +3.80
Mice CBI receptor wild type
Vinax (nmol/min/10° cells) 0.75 £ 0.09 0.49 £ 0.084*
T (s) 82.32£9.0 59.4 + 6.0*
Mice CBI receptor knockout
Vinax (nmol/min/10° cells) 0.72 £0.11 0.55 £ 0.1%**
T2 (s) 79.0 £8.7 60.12 + 5.1**

Kinetic analysis of anandamide transport in cerebellar granular neurons.
Neurons (2 or 8 X 10° cells) were treated with or without chronic ethanol
(100 mM, 72 h) and incubated at 37 °C with [*H]anandamide as described
in experimental procedures. Nonspecific transport was determined in the
presence of 100 pM AM404 or incubation at 4 °C and was subtracted from
each data point. Data represent apparent K, Vinax, and Ty, values as a
means + S.E.M. of duplicate or triplicate determinations from four separate
experiments. *P<0.05; **P<0.001; ***P<0.0001 compared with the
control.
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Fig. 4. Effect of chronic ethanol exposure on fatty acid amidohydrolase activity in cerebellar granular neurons. (A) Neurons (2 X 10° cells) were
incubated with anandamide (1 uM, [ethanolamine-3H) in BME (high K") without FCS for the indicated times. The media and cells were extracted and
the amount of ethanolamine->H in the aqueous phase was determined as described in experimental Procedures. (B) Effect of age (days in vitro) on fatty
acid amidohydrolase activity in cerebellar granular neurons. Cells, 2 X 10°, from various days in vitro were incubated with anandamide (1 uM, [*H]-
Ethanolamine) in BME (high K") without FCS for 60 min. (C) Neurons (2 X 10° cells) were exposed to various concentrations of ethanol, as shown,
for 72 h and incubated with anandamide (ethanolaminel-*H) (I pM) in BME (high K*) without FCS for 60 min. (D) Neurons (8 x 10° cells) were
exposed to 100 mM ethanol for 72 h and fatty acid amidohydrolase activity was determined in vitro. Samples of cell lysates containing 50 pg of
protein were incubated in 0.1 M Tris—HCI, pH 8.0, 2.5 mg/ml bovine serum albumin and 30 pM anandamide (ethanolamine->H) for 30 min at 37 °C
in the absence or presence of 1 mM phenylmethylsulfonyl fluoride, as described in experimental procedures. The fatty acid amidohydrolase activity was
expressed as nmol/h/10° cells or nmol/min/mg protein. Each value represents the mean+ S.EM. (n=9). *P<0.05; **P<0.001, as compared with
control.

3.3. Effects of chronic ethanol on fatty acid amidohydrolase nylmethylsulfonyl fluoride (P<0.001), a known fatty
acid amidohydrolase inhibitor (Fig. 4D).
Fatty acid amidohydrolase metabolized anandamide in

a time-dependent manner. It was found that the reaction 3.4. Effect of chronic ethanol on AEA transport in
proceeded linearly for at least 30 min with maximum cannabinoid CB1 receptor knockout neurons

hydrolysis of anandamide observed at 60 min (Fig. 4A).

Furthermore, fatty acid amidohydrolase activity was We have extended our studies to clarify whether canna-
higher in the older cultures (6—12 days in vitro) than binoid CBI1 receptors have any role in anandamide transport
in younger cultures (2—4 days in vitro) (Fig. 4B). The and chronic ethanol has any influence on this process in
amount of fatty acid amidohydrolase activity found in the cerebellar granular neurons. SR141716A did not alter anan-
neurons after 60 min incubation was significantly reduced damide transport either in control or in the neurons exposed
(by about 30%) in the neurons that were exposed chroni- to ethanol (Fig. 5A). In the PCR analysis, wild-type mice

cally (72 h) to 100 or 150 mM ethanol, as compared to exhibited a 1237-bp band and knockout mice exhibited a
controls (Fig. 4C). Furthermore, in order to determine 1088-bp band (Fig. 5B). A predominant band of ~ 54 kDa

whether the observed effect was due to a direct effect of was observed in cannabinoid CB1 receptor wild-type mice
ethanol on fatty acid amidohydrolase activity or on the brain samples and it was absent in knockout mice (Fig. 5B).
anandamide transport, we determined fatty acid amidohy- The ~ 54 kDa band is consistent with the predicted size of
drolase activity in vitro in cell lysates derived from the cannabinoid CB1 receptor (Matsuda et al., 1990).

neurons either treated or untreated with chronic ethanol. In these studies, anandamide transport was not altered in
There was no statistical difference in fatty acid amidohy- cerebellar granular neurons derived from cannabinoid CB1
drolase activity between lysates derived from neurons receptor knockout mice, as compared to neurons derived
treated with or without chronic ethanol (P>0.05). In from wild-type mice. However, chronic exposure to ethanol
lysates from both control and ethanol-exposed neurons, significantly reduced anandamide transport in neurons

fatty acid amidohydrolase activity was inhibited by phe- derived from both knockout and wild-type mice (Fig. 5B).
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Fig. 5. Effect of cannabinoid CB1 receptor antagonist and targeted mutation
of cannabinoid CB1 receptors on anandamide transport in cerebellar
granular neurons following exposure to chronic ethanol. (A) Neurons were
pre-incubated at 37 °C with various concentrations of SR141716A for 10
min. Cells were then further incubated with [*H]anandamide (4 uM) for an
additional 3 min, as described in experimental procedures. (B) Effect of
chronic ethanol (100 mM, 72 h) on anandamide uptake in cerebellar granular
neurons derived from cannabinoid CB1 receptor wild-type and knockout
mice. Neurons were incubated at 37 °C with [*H]anandamide (4 uM) for the
indicated times, as described in experimental procedures. Nonspecific
uptake was determined by incubation at 4 °C and was subtracted from each
data point. Average control value was 0.35 %+ 0.05 nmol/10° cells/min.
Results are expressed as average percentage of control = S.E.M. from four
independent determinations. Inset: (a) Tail DNA from cannabinoid CB1
receptor wild-type (CB17") and knockout (CB1~/7) mice pups was
analyzed by PCR, as described in experimental procedures. (b) Western blot
analysis of brain (-cerebellum) from wild-type (CB1" ") and knockout
(CB1~/7) mice demonstrating the selective absence of cannabinoid CB1
receptor protein in knockout mice (CB1~/7). *P<0.05;**P<0.00,1 as
compared with control.

Detailed kinetic parameters, including V.« and T, are
shown in Table 1.

3.5. Effects of acute ethanol on anandamide transport

The acute effect of ethanol on anandamide transport in
cerebellar granular neurons was also evaluated. Acutely,
ethanol inhibited anandamide uptake in a time- and dose-
dependent manner (Fig. 6A and B). In order to determine
whether the anandamide transport plays a role in cellular
tolerance to ethanol, we also exposed neurons to chronic
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Fig. 6. Effect of acute ethanol on anandamide uptake in cerebellar granular
neurons following exposure to chronic ethanol. (A) Time course of
anandamide uptake in neurons in the presence or absence of acute ethanol.
Neurons were pre-incubated at 37 °C with 100 mM ethanol for the times
indicated and further incubated with [*HJanandamide (4 puM) for an
additional 3 min as described in experimental procedures. (B) Dose-
dependent inhibition of anandamide uptake by various concentrations of
acute ethanol. Neurons were pre-incubated at 37 °C with various
concentrations of ethanol for 5 min and further incubated with
[*Hlanandamide (4 uM) for an additional 3 min. (C) Effect of acute
ethanol on anandamide uptake in neurons exposed to with or with out
chronic ethanol. Neurons were exposed to 100 mM ethanol for 72 h
(chronic ethanol) and pre-incubated at 37 °C with various concentrations
of ethanol for 5 min (acute ethanol) and further incubated with
[*H]anandamide (4 pM) for an additional 3 min as described in
experimental procedures. Nonspecific uptake was determined by incuba-
tion at 4 °C and was subtracted from each data point. Value for control is
0.35 + 0.05 nmol/10° cells/min. Results are expressed as mean + S.E.M.
of four independent determinations done in duplicates. **P<0.001 as
compared with control.
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ethanol (100 mM for 72 h) prior to the acute ethanol
treatment (100 mM for 10 min) and analyzed anandamide
uptake for 3 min. After prolonged exposure to ethanol, the
acute effect of ethanol on anandamide uptake in neurons
was abolished (Fig. 6C).

4. Discussion

We have recently demonstrated that chronic ethanol
exposure increases the extracellular levels of endocannabi-
noids in human neuroblastoma cells and in primary cultures
of cerebellar granular neurons (Basavarajappa and Hungund,
1999a; Basavarajappa et al., 2000). In the present study, we
investigated the effect of ethanol on anandamide transport
processes as a possible mechanism underlying ethanol-
induced increases in extracellular anandamide levels.

Anandamide transport was higher in older cerebellar
granular neurons cultures than in younger cultures, suggest-
ing that the expression of the anandamide transporter may
be higher in older cultures. These results are consistent with
transport processes that are protein-mediated and suggest
that protein expression, or lack thereof, is likely to play a
major role in anandamide accumulation by various cell
types. This has been previously demonstrated with 2-arach-
idonylglycerol, which is a second putative endocannabinoid
that competes with anandamide for transport into neurons.
The accumulation of 2-arachidonylglycerol was higher in
older cultures, as compared to younger cultures (Basavar-
ajappa et al., 2000).

Since it was previously shown that chronic ethanol
treatment increases extracellular anandamide levels in a
time- and dose-dependent manner in human neuroblas-
toma cells, with a maximal effect at 100 mM ethanol
after 72 h (Basavarajappa and Hungund, 1999a), we used
these conditions in the present study with cerebellar
granular neurons. Chronic exposure to ethanol enhanced
the formation and increased the extracellular levels of
[*H]anandamide in neurons, consistent with our previous
observations in neuroblastoma cells (Basavarajappa and
Hungund, 1999a). This is the first observation where
chronic ethanol exposure has been found to decrease
anandamide uptake by inhibiting its influx in neurons.
This decrease in anandamide uptake appears to account
for the chronic ethanol-induced increase in extracellular
anandamide. Interestingly, a similar phenomenon was also
observed on adenosine uptake in response to acute
ethanol (Nagy et al., 1990). The basal K, and V.
values observed in rat cerebellar granular neurons in the
present investigation more closely resembled those re-
ported in cerebellar granular neurons by others (41 + 15
uM and V. 0.61 +0.04 nmol/min/10° cells) (Hillard et
al., 1997), than the kinetic parameters reported for
cortical neurons (K, 1.2 uM and V. 0.091 nmol/
min/mg protein) (Beltramo et al., 1997), cortical astro-
cytes (K, 0.32 pM and V. 0.171 nmol/min/mg pro-

tein) (Beltramo et al., 1997) or CHP100 cells (K, 0.2 £+
0.02 uM and Vyac 0.03 £ 0.003 nmol/min/mg protein)
(Maccarrone et al., 1998). It should be noted that
anatomical studies of endocannabinoid transport are
greatly limited by the lack of specific markers for the
anandamide transport processes. Nevertheless, biochemi-
cal experiments have documented anandamide uptake in
the somatosensory, motor, and limbic areas of the cortex,
striatum, hippocampus, thalamus, septum, substantia
nigra, amygdala, and hypothalamus (Giuffrida et al.,
2001), brain regions also known to express cannabinoid
CBI1 receptors.

Chronic ethanol-induced inhibition of anandamide
uptake was time-dependent and saturable in cerebellar
granular neurons. These findings are consistent with a
protein carrier-mediated transport process. These observa-
tions suggest that chronic ethanol prevents anandamide
from inactivation and thereby magnifies the biological
effects of this short-lived lipid mediator. This may represent
the mechanism by which cannabinoid CB1 receptors are
downregulated in the brains of mice chronically exposed to
ethanol (Basavarajappa et al., 1998; Basavarajappa and
Hungund, 1999b).

We have extended our current observations to identify
the other targets that might be involved in the enhanced
accumulation of extracellular anandamide in cerebellar
granular neurons by chronic ethanol, such as fatty acid
amidohydrolase. The catalytic properties of fatty acid
amidohydrolase, the major enzyme responsible for the
metabolism of fatty acid amides, have been thoroughly
investigated (Di Marzo et al., 2000). When anandamide is
added to cultured cerebellar granular neurons, it is taken
up and hydrolyzed to arachidonate in a time-dependent
manner. The kinetic results that we observed are similar
to those obtained for the brain and neuronal fatty acid
amidohydrolase (Di Marzo et al., 1994; Omeir et al.,
1995; Ueda et al.,, 2000). Fatty acid amidohydrolase
activity is dependent on the age of the cerebellar granular
neurons in culture. Fatty acid amidohydrolase activity
levels were higher in older cultures than in younger
cultures. It has previously been shown that fatty acid
amidohydrolase expression increases dramatically during
the postnatal stages of rat brain development (Thomas et
al., 1997), a time at which synapse formation is occurring
rapidly (Eayrs, 1966). Fatty acid amidohydrolase was
shown to be widely expressed in neurons throughout
the brain (Thomas et al., 1997). The most prominent
expression was observed in neurons of the neocortex,
hippocampus, amygdala, and cerebellar cortex, the
regions have been implicated in sleep, motivational, and
emotional activities of the brain (Thomas et al., 1997).
The amount of fatty acid amidohydrolase activity found
in the intact neurons after 60 min incubation was
significantly reduced by exposure to 100 or 150 mM
ethanol for 72 h. Although chronic ethanol inhibited the
fatty acid amidohydrolase activity in intact cells, no such



B.S. Basavarajappa et al. / European Journal of Pharmacology 466 (2003) 73—-83 81

inhibition was observed in cell lysates, which seems to
suggest that the observed increase in extracellular anan-
damide is not due to inhibition of fatty acid amidohy-
drolase activity by chronic ethanol but due to inhibition
of anandamide transport. The alternative explanation for
this observation is that ethanol may be inhibiting fatty
acid amidohydrolase activity in intact neurons by indirect
mechanism that may be abolished in cell lysates con-
ditions. Although these studies clearly suggest a role for
anandamide transporter in ethanol-induced accumulation
of extracellular anandamide in cerebellar granular neu-
rons, these observations do not completely rule out the
involvement of fatty acid amidohydrolase and other
enzymes involved in the metabolism of anandamide. This
leads us to believe that the mechanism for increased
accumulation of anandamide in chronic ethanol-treated
cells could also be due to ethanol’s ability to inhibit
fatty acid amidohydrolase activity and stimulation of
anandamide synthesis. Inhibition of both the anandamide
transport and fatty acid amidohydrolase activity could
contribute to the observed changes in anandamide accu-
mulation. We are currently evaluating other possible
mechanisms using fatty acid amidohydrolase knockout
mice and other available chemical tools.

We have extended our studies to clarify whether can-
nabinoid CB1 receptors have any role in anandamide
transport and whether chronic ethanol has any influence
on this process. The potent cannabinoid receptor antagonist
SR141716A did not inhibit anandamide transport in cer-
ebella granular neurons, suggesting that cannabinoid recep-
tors are not directly involved in anandamide uptake. These
results are in agreement with previous observations that the
potent cannabinoid CB1 receptor agonists and antagonist
did not significantly affect the cellular accumulation of
anandamide (Hillard et al., 1997; Rakhshan et al., 2000).
Furthermore, for the first time, the current study evaluated
anandamide transport in cerebellar granular neurons derive
from cannabinoid CB1 receptor knockout mice to under-
stand the functional interaction of cannabinoid CB1 recep-
tors in ethanol induced inhibition of anandamide transport.
Anandamide transport was not altered in cerebellar gran-
ular neurons from cannabinoid CB1 receptor knockout
mice, as compared to wild-type. These results clearly
demonstrate that anandamide transport processes are inde-
pendent of the cannabinoid CBI1 receptor. Similarly,
chronic exposure to ethanol significantly reduced ananda-
mide transport in neurons derived from both cannabinoid
receptor knockout and wild-type mice which suggest that
chronic ethanol modulates anandamide transport processes.
It is possible that ethanol may modify the conformation of
the protein carrier in such a way that the anandamide
transporter cannot efficiently recognize and translocate
anandamide. It has been suggested that the recognition
and translocation of substrates by the anandamide trans-
porter are governed by distinct conformational preferences
(Piomelli et al., 1999). When more specific molecular

probes for the anandamide transport processes become
available, it will be possible to directly determine the
mechanism by which chronic ethanol exposure alters the
anandamide transport.

Acute ethanol treatment inhibited anandamide uptake in
cerebellar granular neurons in a time- and dose-dependent
manner. This inhibitory effect of acute ethanol was absent in
neurons that had been chronically exposed to ethanol. These
findings suggest that the development of cellular tolerance
to ethanol might be due to modification of the anandamide
transport in cerebellar granular neurons. Similar cellular
tolerance to ethanol has been observed in the adenosine
transport system (Nagy et al., 1990).

Anandamide has been shown to mediate many of the
functions of cannabinoid CB1 receptors (for references, see
Basavarajappa and Hungund, 2002). Thus, it is possible that
the chronic ethanol-induced downregulation of cannabinoid
CBI receptors and its intracellular signaling pathways
(Basavarajappa et al., 1998; Basavarajappa and Hungund,
1999b) are partially caused by inhibition of the anandamide
transport followed by enhanced accumulation of extracel-
Iular anandamide and 2-arachidonylglycerol (Basavarajappa
and Hungund, 1999a; Basavarajappa et al., 2000). Ethanol-
induced changes in the anandamide transport processes
could account for many of the adaptive responses to ethanol.
Furthermore, these findings may relate to the role of the
endocannabinoid signaling system in regulation of ethanol
drinking behavior (Hungund et al., 2003; Wang et al., 2003).
Finally, ethanol-induced regulation of anandamide transport
may represent a common brain pathway that mediates the
reinforcing properties of various drugs of abuse, including
alcohol. Further in vivo studies will clearly be required to
test this hypothesis.

In summary, we have found that anandamide transport
processes are inhibited by EtOH in primary cultured cer-
ebellar granular neurons. This inhibition is likely to repre-
sent the partial mechanism by which chronic ethanol
exposure increases the extracellular accumulation of anan-
damide. However, it does not exclude other mechanisms
including fatty acid amidohydrolase activity. Anandamide
transport processes and chronic alcohol action on ananda-
mide transport are independent of cannabinoid CB1 recep-
tors. A better understanding of the molecular mechanisms
underlying the effects of prolonged exposure to ethanol may
facilitate the development of improved pharmacological
strategies to treat alcoholism. Further studies of the roles
played by endocannabinoids, fatty acid amidohydrolase, and
anandamide transport in the long-term effects of ethanol
represent an important step in this direction.
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