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Abstract The endocannabinoid system and endocannabi-
noid receptor-driven modulation of glutamate release
were studied in rat brain cortex astroglial gliosomes. These
preparations contained the endocannabinoids N-arachido-
noylethanolamine (anandamide) and 2-arachidonoylglycerol,
as well their major biosynthetic (N-acyl-phosphatidyletha-
nolamines-hydrolyzing-phospholipase D and diacylglycerol-
lipase) and catabolic (fatty acid amide-hydrolase and
monoacylglycerol-lipase) enzymes. Gliosomes expressed
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type-1 (CB1R), type-2 (CB2R) cannabinoid, and type-1
vanilloid (TRPV1) receptors, as ascertained by Western
blotting and confocal microscopy. Methanandamide, a stable
analogue of anandamide acting as CB1R, CB2R, and TRPV1
agonist, stimulated or inhibited the depolarization-evoked
gliosomal [*H]p-aspartate release, at lower and higher
concentrations, respectively. Experiments with ACEA
(arachidonyl-2’-chloroethylamide), JWH133 ((6aR,10aR)-3-
(1,1-dimethylbutyl)-6a,7,10,10a-tetrahydro-6,6,9-trimethyl-
6H-dibenzo[b,d]-pyran) and capsaicin, selective agonists at
CBIR, CB2R and TRPV1, respectively, demonstrated that
potentiation of [*H]p-aspartate release was due to CBIR
while inhibition to CB2R and TRPV1 engagement. These
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findings were confirmed by using selective receptor antag-
onists. Furthermore, CB1R activation caused increase of
intracellular IP3 and Ca”’" concentration, suggesting an
involvement of phospholipase C.

Keywords Endocannabinoids - Glutamate release -
Gliosomes - Cannabinoid receptors - Vanilloid receptors -
Neuron-glia communication

Abbreviations

ACEA Arachidonyl-2’-chloroethylamide

AEA Anandamide (N-arachidonoylethanolamine)

2-AG 2-Arachidonoylglycerol

[3H]D-ASP [3H]D—aspartate

CB1R Type-1 cannabinoid receptor

CB2R Type-2 cannabinoid receptor

DAGL Diacylglycerol lipase

eCBs Endocannabinoids

DAG Diacylglycerol

ECS Endocannabinoid system

FAAH Fatty acid amide hydrolase

HRP Horseradish peroxidase

5-IRTX 5-Iodoresiniferatoxin

GFAP Glial fibrillary acidic protein

JWH133 [(6aR,10aR)-3-(1,1-dimethylbutyl)-
6a,7,10,10a-tetrahydro-6,6,9-trimethyl-6H-
dibenzo[b,d]-pyran]

MAGL Monoacylglycerol lipase

NAPE-PLD  N-acyl-phosphatidylethanolamines-
hydrolyzing phospholipase D and
diacylglycerol lipase

2-0G 2-Oleoylglycerol

PBS Phosphate buffered saline

SR141716  N-piperidin-5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-3-pyrazole-
carboxamide)

RP-HPLC Reverse phase-high performance liquid
chromatography

RTX Resinferatoxin

SR144528 N-[1(S5)-endo-1,3,3-trimethylbicyclo[2.2.1]-
heptan-2-yl]-5-(4-chloro-3-methyl phenyl)-
1-(4-methylbenzyl) pyrazole-3-carboxamide

TRPV1 Transient receptor potential vanilloid-1

Introduction

Endocannabinoids (eCBs) are endogenous ligands of
metabotropic type-1 (CB1R) and type-2 (CB2R) cannabi-
noid receptors, and are widely recognized as being critical
regulators of central and peripheral functions [1-3]. The
two most studied and best characterized eCBs are

anandamide (N-arachidonoylethanolamine, AEA) and
2-arachidonoylglycerol (2-AG). The former also binds
to and activates the ionotropic transient receptor potential
vanilloid 1 (TRPV1). Therefore AEA, unlike 2-AG, is
considered in addition a true “endovanilloid” [4].

The eCBs-binding receptors, their ligands (AEA, 2-AG,
and other congeners), and the enzymes that generate
(N-acyl-phosphatidylethanolamines-hydrolyzing phospho-
lipase D, NAPE-PLD, and diacylglycerol lipase, DAGL),
or degrade (fatty acid amide hydrolase, FAAH, and mon-
oacylglycerol lipase, MAGL) AEA or 2-AG respectively,
altogether form the so-called “endocannabinoid system
(ECS)” [1-3]. Conversely, there is still controversy about
the identity and even the existence of authentic “endo-
cannabinoid transporters”, since they have neither been
cloned, isolated, nor characterized [5]. A critical role for
eCBs within the CNS is neuromodulation, a fundamental
process that regulates synaptic transmission, neuronal
network activity, and behavior, both in healthy and dis-
eased brain [6, 7].

Emerging evidence demonstrates that astrocytes, a major
population of glial cells in the brain, can detect the level of
neuronal activity, and can release chemical transmitters to
influence neuronal function. One of these transmitters is
undoubtedly glutamate: once released from neurones, this
excitatory amino acid can activate both ionotropic and
metabotropic receptors located on astroglial cells, inducing
an increase in intracellular Ca>" [8—10], which is associated
with glutamate release [10-12]. Glutamate release from
astrocytes can also be observed following other stimuli,
including bradykinin [13], prostaglandins [14], chemokines
[15], 5-hydroxytryptamine [16], and ATP receptor activa-
tion [17]. These observations have led to the concept of
“tripartite synapses”, where astrocytes are in charge of
processing and controlling synaptic information [18].

Also, eCBs can take part in neuron-to-astrocyte commu-
nication, demonstrating the existence of an endocannabinoid—
glutamate signaling pathway where astrocytes serve as a
bridge for nonsynaptic interneuronal cross-talks [19-21].
In this context, it should be stressed that data on ECS and
eCBs communication in neuronal and astroglial cells are
still very scant.

Most of the studies focused on the release of glutamate
from astrocytes have been carried out using cultured neo-
natal astrocytes [13-15, 22, 23]; only a few investigations
have exploited other systems such as astroglioma cells
[16]. More recent papers used brain tissue slices isolated
from rat hippocampus and electrophysiological measure-
ments: a model that also allows the study of the neuronal
responses to glutamate released from astrocytes and vice-
versa [20, 24-26]. In the present work, we used a prepa-
ration of sub-cellular particles (termed gliosomes) acutely
isolated from the brain of the adult rat, which appear well
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suited for investigating the functional neurochemistry of
mature astrocytes [27, 28]. In a recent paper, we have
described that depolarization of gliosomes results in exo-
cytotic glutamate release, driven by reversal of the
membrane Na*/Ca*" exchanger and Ca**" entry [27]. The
modulation of this depolarization-evoked exocytotic
glutamate release by eCB receptor activation has been
investigated in the present work. Unexpectedly, the results
obtained indicated that the depolarization-induced release
of glutamate is potentiated by CB1R and decreased by
CB2R and TRPV1 engagement.

Materials and methods
Animals

Adult Sprague-Dawley rats were used. The animals were
housed at constant temperature (22 4+ 1°C) and relative
humidity (50%) under a regular light—dark schedule (lights
7.00 a.m.—7.00 p.m.). Food and water were freely avail-
able. All experiments were carried out in accordance
with the European Community Council Directive of 24
November 1986 (86/609/EEC). All efforts were made to
minimize animal suffering and to use only the number of
animals necessary to produce reliable results.

Preparation of gliosomes and synaptosomes

After the animals were killed, the brain cortex was quickly
removed. Purified gliosomes and synaptosomes were pre-
pared on Percoll gradients essentially according to Nakamura
and collaborators [29], with minor modifications [27].
Briefly, the tissue was homogenized in 14 volumes of 0.32 M
sucrose, buffered at pH 7.4 with Tris—HCl, using a glass—
Teflon tissue grinder (clearance 0.25 mm, 12 up-down
strokes in about 1 min). The homogenate was centrifuged
(1,000 x g for 5 min, at 4°C) to remove nuclei and debris,
and the supernatant was gently stratified on a discontinuous
Percoll® gradient (2, 6, 10, and 20% v/v in Tris-buffered
sucrose) and centrifuged at 33,500 x g for 5 min at 4°C. The
layers between 2 and 6% Percoll® (gliosomal fraction) and
between 10 and 20% Percoll® (synaptosomal fraction) were
collected, washed by centrifugation, and then resuspended in
physiological medium.

Endogenous levels of endocannabinoids

Gliosomes or synaptosomes were subjected to lipid
extraction with chloroform/methanol (2:1, v/v), in the
presence of dg-AEA and dg-2-AG as internal standards. The
organic phase was dried and then analyzed by liquid chro-
matography—electrospray ionization mass spectrometry

(LC-ESI-MS), using a single quadrupole API-150EX mass
spectrometer (Applied Biosystems, Foster City, CA, USA),
in conjunction with a PerkinElmer LC system (Perkin-
Elmer, Waltham, MA, USA). Quantitative analysis was
performed by selected ion recording over the respective
sodiated molecular ions, as reported [30].

Metabolism of AEA

The synthesis of AEA through NAPE-PLD was assayed in
gliosome and synaptosome homogenates (200 pg protein/
test), by measuring the release of ["H]AEA from 100 uM
[*H]arachidonoyl-phosphatidylethanolamine by reverse-
phase high-performance liquid chromatography, coupled to
online liquid scintillation counting [31]. The hydrolysis of
AEA by FAAH (50 ng protein/test) was evaluated by
reverse-phase high-performance liquid chromatography,
coupled to online liquid scintillation counting, using
10 uM [PH]AEA as substrate [32]. Both NAPE-PLD and
FAAH activities were expressed as pmol product released
per minute per milligram protein.

Metabolism of 2-AG

To evaluate the synthesis of 2-AG by DAGL, homogenates
(200 pg protein/test) were incubated at 37°C for 30 min
with 500 pM [14C]diacylglycer01 (DAG), as reported [33].
Then, a mixture of chloroform/methanol (2:1, v/v) was
added to stop the reaction, and the organic phase was dried
and fractionated by thin-layer chromatography on silica,
using polypropylene plates with chloroform/methanol/
NH,OH (94:6:0.3, v/v/v) as eluent. The release of
['*C]2-AG was measured by cutting the corresponding
TLC spots, followed by liquid scintillation counting. The
hydrolysis of 2-AG by MAGL was assayed in supernatants
(100 pg protein/test), obtained at 39,000 x g and incu-
bated with 10 uM [PH]2-OG at 37°C for 30 min [34]. The
reaction was stopped with a mixture of chloroform/
methanol (2:1, v/v), and the release of [3H]glycerol in the
aqueous phase was measured by scintillation counting.
Both DAGL and MAGL activities were expressed as pmol
product per minute per milligram protein.

CBR and TRPV1 binding

For cannabinoid receptor studies, gliosomes or synapto-
somes were resuspended in 2 mM Tris—EDTA, 320 mM
sucrose, S mM MgCl, (pH 7.4), and then they were
homogenized in a Potter homogenizer and centrifuged as
reported [32]. The resulting pellet was resuspended in
assay buffer (50 mM Tris—HCI, 2 mM Tris—-EDTA, 3 mM
MgCl,, 1 mM phenylmethylsulfonyl fluoride, pH 7.4), to
a protein concentration of 1 mg/ml. The membrane
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preparations were divided into aliquots that were stored at
—80°C for no longer than 1 week. These membrane frac-
tions (100 pg protein/test) were used in rapid filtration
assays with the synthetic cannabinoid [*H]CP-55940
(400 pM), as described [32]. Binding of the TRPV1 agonist
PHIRTX (resinferatoxin, 500 pM) was also evaluated by
rapid filtration assays [32]. Unspecific binding was deter-
mined in the presence of cold agonists (1 uM CP-55940 or
1 pM RTX), and was further corroborated by selective
antagonists (0.1 pM  SR141716 for CBIR, 0.1 uM
SR144528 for CB2R, and 1 uM 5-IRTX for TRPV1), as
reported [32].

Western blot

Gliosome and synaptosome homogenates (20 ng protein/
lane) were subjected to SDS-PAGE on a 10% polyacryl-
amide gel and electroblotted onto a polyvinylidene fluoride
membrane. Blots were blocked with 10% non-fat dry milk
(Bio-Rad Laboratories, Hercules, CA, USA) and 5%
bovine serum albumin for 2 h, and then were incubated
with anti-NAPE-PLD (diluted 1:200), anti-FAAH (diluted
1:250), anti-DAGL (diluted 1:1,000), anti-MAGL (dilu-
ted 1:200), anti-CB1R (diluted 1:250), anti-CB2R (diluted
1:250) or anti-TRPV1 (diluted 1:1,000) primary antibodies.
After washing and incubation with the horseradish perox-
idase (HRP)-conjugated secondary antibody (1:2,000, Bio-
Rad Laboratories, Hercules, CA, USA), detection was
carried out using the West Dura Chemiluminescence Sys-
tem (Pierce, Rockford, IL, USA).

Confocal microscopy

Gliosomes were resuspended in phosphate buffered saline
(PBS) and aliquots of the suspension (70 pg protein)
were placed onto coverslips pre-treated with poly-lysine
and maintained 30 min at room temperature to allow
setting and sticking to the substrate. The preparations
were fixed with 2% paraformaldehyde (15 min), washed,
and incubated (5 min) with 0.05% triton X-100. After
washing with PBS containing 0.5% serum albumin, the
preparations were incubated for 30 min with the primary
antibodies diluted in PBS containing 3% albumin. The
following rabbit antibodies were used: anti-glial fibrillary
acidic protein (GFAP, 1:100), anti-CBIR (1:100), anti-
CB2R (1:100), or anti-TRPV1 (1:100). After washing,
the preparations were incubated for 30 min with the
appropriate secondary Alexa Fluor 488-tagged or Alexa
Fluor 647-tagged antibodies diluted in PBS containing
3% albumin. Fluorescence image acquisition was per-
formed by a three-channel Leica TCS SP2 laser-scanning
confocal microscope, and images (512 x 512 x 8 bit)

were taken through a plan-apochromatic oil immersion
objective (100x/NA = 1.4). Light collection configura-
tion was optimized according to the combination of
chosen fluorochromes and sequential channel acquisition
was performed to avoid cross-talk phenomena. Leica
LCS software package was used for acquisition, storage,
and visualization. The on-line Web service “Power
Up Your Microscope” (Www.powermicroscope.com,
Department of Physics, University of Genoa, Italy and
Re@lityNET, Genoa, Italy) was employed to perform
deconvolution of images, increasing both image resolu-
tion and signal-to-noise ratio. Spatial co-localization was
analyzed through 2D correlation cytofluorograms
accomplished by routines integrated in the Leica LCS
software.

Release experiments

Gliosomes and synaptosomes were resuspended in
HEPES-buffered medium (140 mM NaCl, 3 mM KCI,
1.2 mM MgSO,4, 1.2 mM NaH,PO,, 10 mM HEPES,
10 mM glucose; pH 7.4 and incubated in standard
HEPES-buffered medium at 37°C for 15 min, in the
presence of 0.1 pM [*H]o-ASP. Next, aliquots of sus-
pensions were layered on microporous filters at the
bottom of parallel superfusion chambers (Superfusion
System, Ugo Basile, Comerio, Varese, Italy) maintained
at 37°C [27, 35] and superfusion was started at a rate of
0.5 ml/min. After 36 min of superfusion, to equilibrate
the system, the samples were collected according to the
following scheme: two 3-min samples (f = 36-39 min
and t = 45-48 min; basal release) before and after one
6-min sample (¢ = 39-45 min; stimulus-evoked release).
A 90-s period of depolarization, performed by using
15 mM K", substituting for an equimolar concentration
of NaCl, was applied at = 39 min of superfusion.
pL-TBOA (10 uM) was present throughout the experi-
ments from ¢= 30 min. When appropriate, R(+)-
methanandamide  (0.1-3 uM), ACEA  (0.1-1 uM),
JWH133 (0.1-1 uM) or capsaicin (1 pM) was introduced
concomitantly to KCI; SR141716 (0.1-1 uM), SR144528
(1 uM) or 5-IRTX (1 uM) was added at 7 = 30 min.
[3H]D-ASP radioactivity was determined in each collected
sample, as well as in the superfused filters by liquid
scintillation counting. [*H]p-ASP efflux was calculated as
fractional rate x100. The stimulus-evoked overflow was
estimated by subtracting the transmitter content of the
two basal release samples from the release evoked in the
6-min sample collected during and after the depolariza-
tion pulse. Drug effects were evaluated as the ratio of
the depolarization-evoked overflow in the presence of the
drug versus that calculated under control conditions.
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Cytosolic Ca>" concentration

Cytosolic Ca*t concentration [Caer]C was monitored in
gliosomes using the fluorescent dye Fura-3 PE-AM [36].
Gliosomes were incubated for 45 min at 37°C with
10 uM Fura-3 PE-AM. Gliosomal suspensions were then
centrifuged at 3,000 x g for 2 min to remove the extra-
gliosomal dye and resuspended in HEPES-buffered
physiological medium (each aliquot containing 200 pg
protein). Gliosomes were used within 2 h. Measurements
were made at 37°C in a thermostated cuvette under
continuous stirring using a RF-5301PC dual wavelength
spectrofluorometer (Shimadzu, Kyoto, Japan) by alter-
nating the excitation wavelengths of 340 and 380 nm.
Fluorescent emission was monitored at 510 nm. Capsai-
cin, ACEA, or JWHI133 was introduced 2 min before
starting of measures. The fluorescent emission was
recorded for 2 min before the addition of 15 mM KCl and
for another 2 min after depolarization. Calibration of the
fluorescent signals was performed at the end of each mea-
sure by adding 10 uM ionomycin, to obtain Fmax, followed
by 7.5 mM EGTA, to obtain Fmin, and [Ca”]i was cal-
culated according to Grynkiewicz et al. [36], using a Kp of
250 nM for the Ca*"/Fura-3 PE-AM complex.

Cytosolic 1P3

Suspensions of brain cortex gliosomes (200-300 pg) were
equilibrated at 37°C for 15 min. Each sample was stimu-
lated by 15 mM KCI for 3 min in the presence or in the
absence of 0.1 tM ACEA or 1 uM capsaicin. The reaction
was stopped with ice water and sonication and the cytosolic
fraction was obtained by centrifugation (16,000 x g,
3 min). Cytosolic IP3 content was determined by a com-
mercially available radioreceptor assay kit (Biotrak TRK
1000, Amersham Biosciences, Buckinghamshire, UK).
Under these experimental conditions, the detection limit of
the assay was 0.1 pmol/100 pl (standard curve range
0.19-25 pmol/100 pl).

Cytosolic cAMP

Suspensions of brain cortex gliosomes (200-300 pg)
were equilibrated at 37°C for 15 min. Each sample was
stimulated by 15 mM KCI for 3 min in the presence or
in the absence of 0.1 uM ACEA, 1 uM JWH133, or
1 uM capsaicin. The reaction was stopped with ice
water and sonication and the cytosolic fraction was
obtained by centrifugation (16,000 x g, 3 min). Cyto-
solic cAMP content was determined by a commercially

available radioimmunoassay kit (RK-509, Izotop,
Budapest, Hungary), using the acetylation protocol.
Under these experimental conditions, the detection limit
of the assay is 2 fmol/100 pl (standard curve range
2-128 fmol/100 pl).

Statistical analysis

Data reported are the mean = SEM of at least three inde-
pendent experiments, each performed in duplicate or
triplicate. The two-tailed Student’s ¢ test was used for the
analysis of two population means. Comparisons of more
than two means was performed using two-way analysis of
variance (ANOVA), followed by Newman—Keuls or Dun-
nett’s test where appropriate. Significant differences were
accepted at p < 0.05.

Chemicals

All chemicals were of the purest analytical grade. 2-Oleoyl-
glycerol (2-OG), CP-55940 (5-(1,10-dimethyheptyl)-2-
[1R,5R-hydroxy-2R-(3-hydroxypropyl)-cyclohexyl]phenol),
capsaicin (8-methyl-n-vanillyl-6-nomamide), R(+)-metha-
nandamide [R(+)-arachidonyl-1’-hydroxy-2'-propylamide],
resinferatoxin (RTX) and GFAP monoclonal antibody were
from Sigma Chemical Co. (St. Louis, MO, USA). ACEA
(arachidonyl-2'-chloroethylamide), JWH133 (6aR,10aR)-3-
(1,1-dimethylbutyl)-6a,7,10,10a-tetrahydro-6,6,9-trimethyl-
6H-dibenzo[b,d]-pyran), 5-iodoresiniferatoxin (5-IRTX) and
pL-TBOA (pL-Threo-f-benzyloxyaspartic acid) were from
Tocris Bioscience (Bristol, UK). Diacylglycerol (1-Stearoyl-
2-arachidonoyl-sn-glycerol, DAG) was from Enzo Life
Sciences AG (formerly Alexis Biochemicals, Lausen,
Switzerland). SR141716 (N-piperidino-5-(4-chlorophenyl)-
1-(2,4-dichlorophenyl)-4-methyl-3-pyrazolecarboxamide) and
SR144528 (N-[1(S)-endo-1,3,3-trimethylbicyclo[2.2.1]-hep-
tan-2-yl]-5-(4-chloro-3-methyl ~ phenyl)-1-(4-methylbenzyl)
pyrazole-3-carboxamide) were kind gifts of Sanofi-Aventis
Recherche (Montpellier, France). [PHJAEA (205 Ci/mmol),
[*H]CP-55940 (126 Ci/mmol) and [PHIRTX (43 Ci/mmol)
were purchased from PerkinElmer Life Sciences (Boston, MA,
USA). ["CIDAG (56 Ci/mmol), [*H]2-OG (Ci/mmol),
and N-[*H]arachidonoyl-phosphatidylethanolamine (200 Ci/
mmol) were from ARC (St. Louis, MO, USA). dg-AEA, dg-2-
AG, rabbit anti-CB IR, anti-CB2R and anti-MAGL polyclonal
antibodies were from Cayman Chemicals (Ann Arbor, MI,
USA). Rabbit anti-TRPV1 and anti-FAAH polyclonal anti-
bodies were from Santa Cruz Biotechnologies (Santa Cruz, CA,
USA). Rabbit anti-NAPE-PLD polyclonal antibody was from
Novus Biologicals Inc. (Littleton, CO, USA).
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Fig. 1 Endocannabinoid system in gliosomes (grey bars) and synap-
tosomes (black bars). Endogenous levels of AEA (a) and 2-AG (b).
Metabolism of AEA and 2-AG, which includes synthesis by NAPE-
PLD activity for AEA (c) and by DAGL activity for 2-AG (d);
hydrolysis by FAAH activity for AEA (e) and by MAGL activity for
2-AG (f). Results are expressed as pmol/mg for endogenous levels
and pmol/min/mg protein for the enzymatic activities. Reported data
are mean = SEM of at least three independent experiments, each
performed in duplicate or triplicate. In panel d, *p < 0.05 versus
gliosomes

Fig. 2 Western-blot analysis of the elements of the endocannabinoid
system in gliosomes and synaptosomes. Gliosome and synaptosome
homogenates were reacted with anti-NAPE-PLD, anti-FAAH, anti-
DAGL, anti-MAGL, anti-CB1R, anti-CB2R, and anti-TRPV1 poly-
clonal antibodies. Expected molecular mass values are reported on the
left-hand side

synaptosomes, of the expected molecular size (Fig. 2). The
presence of active CB1R, CB2R, and TRPV 1 receptors was
also demonstrated by binding data using the CB1R and
CB2R ligand [3H]CP—5594O, or the TRPV1 ligand
[3H]RTX (Fig. 3a, b), and by the effect of selective CBIR,
CB2R, or TRPV1 antagonists. In fact, [3H]CP-55940 was
displaced to a similar extent (i.e., down to ~30% of
controls) by 0.1 pM SR141716 or 0.1 uM SR144528,
CBIR, and CB2R antagonists, respectively, whereas the
TRPVI1 antagonist 5-IRTX (1 pM) fully displaced
[PHJRTX from TRPV1 receptors (data not shown).

In keeping with binding experiments, confocal micros-
copy confirmed the presence of the eCBs-binding receptors
CB1R, CB2R and TRPVI1 in gliosomal particles. In a
previous study, we already checked the purity of gliosomes
isolated from rat cerebral cortex as described above,
demonstrating that more than 80% of the gliosomal parti-
cles originate from astrocytes [27]. In the present
experiments (Fig. 3c), gliosomes were labeled with an anti-
GFAP antibody (i, v, ix) as well as with anti-CBIR (ii),
anti-CB2R (vi) or anti-TRPV1 (x) antibodies. The prepa-
ration efficiently stained for all the antibodies tested.
Co-localization of GFAP and CBIR (iii), GFAP and
CB2R (vii) and GFAP and TRPV1 (xi) was analyzed.
Merging of the appropriate image pair of 3—4 experiments
revealed that 60.5 & 7.9% of the CB1R-positive particles
(iv), 49.2 £ 5.5% of the CB2R-positive particles (viii), and
42.8 &+ 8.2% of the TRPV1-positive particles (xii) were
also GFAP positive.
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Fig. 3 Binding to cannabinoid (a) and vanilloid (b) receptors in
gliosomes (grey bars) and synaptosomes (black bars). Binding of
[3H]CP—55940 for CBR, and of [3H]resinferatoxin (RTX) for TRPV1
are expressed as fmol/mg of protein. ¢ Identification by immunocy-
tochemistry of the glial fibrillary acidic protein (GFAP), of the type-1
cannabinoid receptor (CBIR), of the type-2 cannabinoid receptor
(CB2R) and of the type-1 vanilloid receptor (TRPV1) in gliosomes
purified from rat cerebral cortex. Samples were analyzed by laser
confocal microscopy. Images show immune-positivity for the Alexa

Endocannabinoid-mediated modulation
of glutamate release

Gliosomes were labeled with [3H]D-ASP, a non-metabo-
lizable analogue of glutamate, stratified on microporous
filters and exposed in superfusion to depolarizing concen-
trations of KCI and to drugs active at eCB receptors. As
reported previously [28], also in the present experiments
exposure to 15 mM KCI produced a significant increase of
the spontaneous release of the radioactive tracer. Since we
have previously observed that the 15 mM KCl-induced
[3H]D—ASP and Glu release were almost halved by
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Fluor 647-tagged anti-GFAP (panels i, v, ix), for the Alexa Fluor 488-
tagged anti-CB1R (panel ii), or anti-CB2R (panel vi), or anti-TRPV1
(panel x). The yellow color represents co-expression of GFAP and
CBIR (panel iii), of GFAP and CB2R (panel vii) and of GFAP and
TRPV1 (panel xi) in merged images. Bar plots show the co-
localization of red in green (empty bars) and green in red (solid bars)
of the couples GFAP/CBIR (panel iv), GFAP/CB2R (panel viii) and
GFAP/TRPV1 (panel xii). Percent values are mean + SEM of 34
independent experiments

omission of Ca®", suggesting exocytosis as a mechanism,
and by reversal of transporters [28], the present experi-
ments were performed in the presence of bL-TBOA, a non
transportable blocker of glutamate transporters [37]. Under
these conditions, we could analyze only the exocytotic
component of release.

Figure 4 illustrates the modification of the depolarization-
induced [*H]p-ASP release by increasing concentrations
(0.1-3 uM) of methanandamide. The effects observed were
not univocal, as 0.1 pM drug concentration increased
the KCl-induced Ca2+—dependent overflow of [*H]p-ASP,
while this effect was not seen at higher methanandamide
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Fig. 4 Effect of methanandamide on the KCl-induced release of
[3H]D—ASP from rat brain cortex gliosomes. Gliosomes were labeled
with the radioactive tracer and exposed in superfusion to a 90-s pulse
of 15 mM KCI. Methanandamide was introduced together with KCI.
The experiments were conducted in the presence of DL-TBOA
(10 M) to abolish the transporter-mediated component of the
KCl-induced neurotransmitter release in gliosomes. DL-TBOA was
introduced 9 min before KCl. The data are mean + SEM of 5-8
separate experiments in triplicate; *p < 0.05 when compared to
corresponding control overflow

concentrations; it even turned into inhibition at 3 puM of the
drug. On the other hand, methanandamide did not modify the
spontaneous release of ["H]p-ASP at any tested concentra-
tion (not shown).

In order to identify the receptors producing this com-
posite effect of methanandamide, experiments were
performed with selective agonists of the AEA-binding
receptors, namely CBIR, CB2R and TRPVI1. The results
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Fig. 5 a Effect of methanandamide, ACEA, JWH133, or capsaicin
on the KCl-induced release of [3H]D-ASP from rat brain cortex
gliosomes, and b antagonism by SR141716, SR144528, or 5-IRTX.
Gliosomes were pre-labeled with the radioactive tracer and exposed
in superfusion to a 90-s pulse of 15 mM KCI. Methanandamide,
ACEA, JWHI133, or capsaicin were added concomitantly to KCI.

are reported in Fig. 5a and show that the selective CB1R
agonist ACEA (0.1-1 uM) mimicked the potentiating
effect of 0.1 uM methanandamide; instead, JWHI133
(0.1-1 pM) and capsaicin (1 pM), selective CB2R and
TRPV1 agonists, respectively, inhibited the KCl-induced
release of [°H]p-ASP. These agonists did not modify per se
the spontaneous release of [3H]D—ASP (not shown).

Control experiments testing the effects of selective
antagonists of CB1R, CB2R, and TRPV1 were also per-
formed. Figure 5b shows that the potentiation of the
depolarization-induced release of [°’H]p-ASP brought about
by 0.1 pM methanandamide was abolished by the selective
CBI1R antagonist SR141716 (0.1 uM), but was unaffected
by 1 uM of the selective CB2R antagonist SR144528 or of
the TRPV1 antagonist 5-IRTX. These data suggest that the
effect of low methanandamide concentrations was due
exclusively to activation of CB1R. Figure 5b also shows
that the lack of effect observed at 1 pM methanandamide
turned into inhibition in the presence of 1 uM SR141716 or
into potentiation using 1 pM 5-IRTX, suggesting the
presence of an equilibrium between enhancing and inhib-
itory effects of methanandamide. No changes of [’H]p-ASP
release were observed when using the CB2R antagonist
SR144528 (Fig. 5b). These results suggest that the inhibi-
tory effect of high doses of methanandamide could be
ascribed to TRPV1 receptor activation.

Experiments were also performed with synaptosomes
prepared from rat cerebral cortex, and exposed in super-
fusion to methanandamide and to the other selective CBIR
and CB2R agonists. Figure 6 shows that either CBIR
activation, by 0.1 uM methanandamide or 0.1-1 pM
ACEA, and CB2R activation, by 0.1-1 uM JWHI133,
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Fig. 6 Effect of methanandamide, ACEA, JWH133, or capsaicin on
the KCl-induced release of [*H|p-ASP from rat brain cortex
synaptosomes. Synaptosomes were pre-labeled with the radioactive
tracer and exposed in superfusion to a 90-s pulse of 15 mM KCL
Methanandamide, ACEA, JWHI133, or capsaicin were added con-
comitantly to KCI. The data are mean £ SEM of 5-7 separate
experiments in triplicate; *p < 0.05 when compared to corresponding
control overflow

inhibited the KCl-induced release of [3H]D—ASP. Instead,
the same figure shows that activation of TRPV1 by cap-
saicin (up to 1 pM) did not affect the release of [PH]p-ASP
induced by depolarization.

Transduction mechanisms

Finally, experiments were performed in the attempt to
clarify the mechanisms underlying the modulation of glu-
tamate release mediated by CB1, CB2, and TRPVI
receptors in gliosomes. As shown in Fig. 7a, KCl-depo-
larization increased the basal level of IP3 by more than
70%, and the IP3 gliosomal content under depolarizing
conditions was even higher in the presence of 0.1 pM
ACEA. Surprisingly, 1 uM capsaicin, which reduced the
depolarization-evoked [3H]D-ASP release, also increased
IP3 formation. Figure 7b shows the modification of cyto-
solic Ca®" concentration induced by 15 mM KCI and by
the CBIR, CB2R, or TRPV1 agonists used in the release
experiments. The resting [Ca2+]i was almost doubled after
exposure of gliosomes to depolarization, and this value was
significantly increased by 0.1 pM ACEA or 1 pM capsai-
cin, but not by 1 pM JWH133. Finally, also cAMP basal
content in gliosomes was increased by 15 mM KCl
(Fig. 7¢). This value was significantly reduced by JWH133
(1 uM), but it was unaffected by 0.1 uM ACEA nor by
1 uM capsaicin. ACEA or JWHI133 did not modify the
basal IP3, [Ca2+]i and cAMP content in gliosomes under
non-depolarizing conditions; instead, capsaicin produced

an about 70% increase of [Ca®"], leaving unchanged both
IP3 and cAMP (not shown).

Discussion

In the present paper we studied the ECS in astrocytes and
the modulation of glutamate release by receptors which are
targets for ECBs. Experiments were carried out by using a
sub-cellular preparation (termed gliosomes), acutely puri-
fied from the brain cortex of the adult rat. These particles
have been purified from synaptosomes by differential
migration in a discontinuous Percoll gradient, according to
a technique set up several years ago [29, 38], and recently
revisited by our laboratory [27, 28, 39—43]. We have
characterized biochemically and morphologically rat brain
cortex gliosomes, in comparison to concomitantly purified
synaptosomal fractions [27]. Western-blot results, as well
as confocal and electron microscopy images showed that
gliosomes represent a preparation highly purified from
neuronal particles, and vice-versa, and that they do not
show microglia or oligodendrocyte contamination. Similar
results have been obtained in hippocampus and cerebellum
[39] or spinal cord [43]. Published functional experiments
support the morphological evidence that gliosomes are a
preparation with very limited neuronal contamination, and
that they may be useful to study specific features of
astrocytes. As a matter of fact, we have reported that the
high mobility box 1 cytokine efficiently stimulated the
release of glutamate from hippocampal or cerebellar glio-
somes, but it was totally inactive in purified synaptosomes
[39]. In addition, glycine potently increased the release of
[*H]p-ASP from mouse spinal cord synaptosomes through
a mechanism involving glycine transporters located on
glutamate-releasing nerve endings; on the contrary, glycine
did not increase significantly [H]p-ASP release from
gliosomes [41]. Finally, activation of o7-containing nico-
tine receptors stimulate synaptosomal glutamate release
only when the nerve terminal membrane is depolarized,
while the same receptors increase glutamate release from
gliosomes also under resting conditions [40].

One main characteristic of gliosomes is that they are
acutely prepared from in-situ astrocytes of the adult brain
that have matured in the presence of neurons. For this
reason, they are likely to strictly mirror astrocyte features.
In fact, we recently found that gliosomes, unlike cultured
astrocytes prepared from newborn rats, release glutamate
after membrane depolarization and Ca”" entry through the
membrane Na™/Ca®" exchanger, working in the reverse
mode under depolarizing conditions [28]. Interestingly, the
ability to release glutamate upon depolarization, absent in
new-born rat astrocytes, was shared by astrocytes cultured
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Fig. 7 a Effect of ACEA or capsaicin on IP3 cytoplasmic content in
rat cerebral cortex gliosomes. Gliosomes were equilibrated at 37°C
for 15 min and stimulated by KCl in the presence or in the absence of
ACEA or capsaicin. IP3 was determined by a commercially available
radioreceptor assay. Data are mean == SEM of five separate exper-
iments in duplicate, *p < 0.01 when compared to the corresponding
control. b Effect of ACEA, JWH133, or capsaicin on the cytoplasmic
Ca®>" concentration ([Ca®']) in rat cerebral cortex gliosomes.
Gliosomes were loaded with Fura-2AM before fluorometric mea-
surements and stimulated by 15 mM KCI in the presence or in the

from the adult rat, especially when adult astrocytes were
co-cultured in-vitro with neurons.

Summarizing, gliosomes represent a viable preparation
that allows to study mechanisms of transmitter release and
its regulation in adult astrocytes, and may have a number of
advantages over other preparations, such as cultured
astrocytes: they can be rapidly prepared and, most impor-
tantly, they originate directly from mature brain astrocytes.
Due to their characteristics, gliosomes can be obtained
from adult animals acutely or chronically treated with
drugs, from knock-out or knock-down animals, from ani-
mals that are models of brain diseases, and from fresh
human brain samples of surgical origin.

In the present investigation, we addressed the possibility
that the depolarization-induced release of glutamate from
rat brain cortex gliosomes could be modulated by CBIR,
CB2R, and TRPV1 activation. We found that CBIR
increased, while CB2R and TRPV1 decreased, the stimu-
lus-induced release of gliosomal glutamate. This finding is
at variance with the neuronal counterpart (i.e., synapto-
somes), where we found that both CBIR and CB2R
inhibited glutamate release and TRPV1 was ineffective.

The technique used here to monitor release from glio-
somes is well suited to identify targets located on a given
family of releasing particles, as experienced in the last
three decades using nerve terminals. To study the effects of
substances added to the superfusion medium on the release
of a given transmitter, indirect effects have to be mini-
mized. This can be obtained by stratifying gliosomes (or
synaptosomes) on microporous filters in such an amount

absence of ACEA, JWHI133, or capsaicin. Data are mean = SEM of
five separate experiments in duplicate; *p < 0.01 when compared to
the corresponding control. ¢ Effect of ACEA, JWH133, or capsaicin
on cAMP cytoplasmic content in rat cerebral cortex gliosomes
depolarized with KCl. Gliosomes were equilibrated at 37°C for
15 min and stimulated by 15 mM KCl, in the presence or in the
absence of ACEA, JWHI133, or capsaicin. cAMP was assayed by a
commercially available radioimmunoassay. Data are mean + SEM of
five separate experiments in duplicate; *p < 0.01 when compared to
the corresponding control

that, given the size of these organelles, the particles con-
stitute a monolayer [44]. Many studies have demonstrated
that, when such a monolayer is up-down superfused, as in
the present experiments, any compound released is
removed before it can activate targets (transporters,
receptors, etc.) located on the releasing particles [35].
Under these conditions, changes of the release of a given
transmitter produced by a compound added to the super-
fusion medium are due to the direct action of that
compound at the particles releasing the transmitter in point.
As a consequence, we can conclude that eCB receptors that
modulate glutamate release in the present experiments are
directly located on glutamate-releasing gliosomes.

This assumption is corroborated also by binding, Wes-
tern-blot, and confocal microscopy experiments, the latter
showing that a substantial portion of GFAP-positive glio-
somes also express cannabinoid and vanilloid receptors.
Whether CB1R, CB2R, and TRPV1 are concomitantly
expressed on the same gliosomal particle is difficult to say
on the basis of the available results, even though the per-
centages of GFAP-positive gliosomes that express CBIR
(~60%), CB2R (~50%) or TRPV1 (~40%) suggest a
significant degree of coexistence. These data also suggest
that not all astrocytes express these receptors and, there-
fore, that there may exist different subpopulations with
respect to eCB-signaling.

Beside eCB-binding receptors, astrocyte-derived glio-
somes express AEA and 2-AG, the two most prominent
eCBs, as well as their metabolic enzymes (see Ref. 45 and
references therein). It has been proposed that astrocyte can
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inactivate AEA by uptake and subsequent hydrolysis [46,
47], but their ability to produce eCBs remains largely
unexplored. Our results underscore the existence of a
complete eCB signaling system in astrocytes, thus enlarg-
ing the role played by these cells in the eCB-mediated
synaptic transmission. It can be envisaged, for instance,
that astrocytes can release eCBs upon cytosolic Ca®"
increase, as they do for glutamate, to signal between each
other or with neighboring neurons.

In a recent excellent paper, published while our work
was in progress, Navarrete and Araque [20] showed that
hippocampal astrocytes express CB1 receptors that, upon
activation, lead to phospholipase C-and thapsigargin-
dependent Ca®* mobilization from internal stores. These
receptors are activated by eCBs released from neurons after
their membrane depolarization, which activate also CB1R
in neighboring astrocytes. As a consequence, their intra-
cellular Ca®" concentration is elevated and release of
glutamate is induced; the latter compound in turn serves as
a feedback signal that activates NMDA receptors in pyra-
midal neurons. Taken together, these results demonstrate
the existence of eCB-mediated neuron—astrocyte signaling,
and suggest intercellular communication pathways medi-
ated by endocannabinoid—glutamate signaling, where
astrocytes may serve as a bridge for interneuronal com-
munication. The present results extend these observations
to cerebral cortex and confirm that also in this brain area
CBIR may warrant stimulation of the astrocytary gluta-
mate release. Remarkably, astrocyte-derived cortical
gliosomes also express CB2R and TRPV1 receptors that
are known to be present in astrocytes [45, 48]. Unexpect-
edly, in gliosomes TRPV1 were found to be inhibitory.

As in the above-mentioned paper [20], stimulatory
CB1R works through phospholipase C activation and
phosphoinositide hydrolysis, leading to mobilization of
intracellular Ca®* by IP3, as demonstrated by direct
determination of Ca®" levels and IP3 formation in glio-
somes. Recent studies have evidenced that CB1R, beside
influencing adenylyl cyclase, voltage-sensitive Ca*" and
K™ channels, can stimulate Ca>" recruitment from internal
stores [49], by activating PLC and increasing IP3 [50].
Canonically, the inhibition of glutamate release by CB2R
in gliosomes is supported by reduction of cytoplasm
cAMP. On the contrary, TRPV1 activation, which inhibits
glutamate release, as CB2R, does not affect cAMP but
augments IP3 formation and Ca®' mobilization by high
KCl, two activities that hardly cope with neurotransmitter
release impairment. Therefore, other as-yet-unclear mech-
anisms should support the described activity of these
receptors. Which mechanism(s) may be actually involved is
difficult to say. Capsaicin modified neither IP3 formation
nor glutamate release under basal conditions; it only pro-
duced a modest increase of the basal level of cytosolic Ca**.

It seems, therefore, that the inhibitory effect of TRPV1 is
correlated to depolarization of gliosomes and, possibly, to
the depolarization-linked signaling cascade. It can be
speculated, for instance, that the rapid desensitization of
the receptor may play a role. As an alternative, the
surplus of Na® entry throughout the TRPV1 channel
could modify the efficiency of the Na'/Ca*" exchanger,
which plays a pivotal role in the depolarization-evoked
gliosomal glutamate release [28]. TRPV1 directly or
indirectly interacts with plasma membrane or soluble
proteins, modifying cell functions [51-53]. Again, it can
be speculated that, in our experimental paradigm, the
interaction with (or phosphorylation of) proteins involved
in the modulation of exocytosis can be a cause of the
observed inhibition. Activation of TRPV1 is known to
inhibit voltage-gated calcium channels in dorsal horn root
ganglia through Ca?*-dependent or independent mecha-
nisms [54, 55]. Voltage-gated calcium channels are
present also in astrocytes, although they seems to be not
directly connected with glutamate exocytosis [56]; as a
consequence, it might be proposed that modifications of
the spatial distribution of the cytosol concentrations of
Ca®" can influence the release probability.

In conclusion, this investigation demonstrates that
gliosomes are fully equipped with a functional endocan-
nabinoid system, and support the existence of a neuron—
astrocyte communication route mediated by endocannabi-
noid—glutamate signaling in the cerebral cortex.

Acknowledgements This investigation was partly supported by
Fondazione TERCAS (grant 2009-2012 to MM) and by Italian MIUR
(grant no. 2008LCKEXC_003 to GB). The authors are grateful to
Prof. Alessandro Finazzi Agro, Department of Experimental Medi-
cine and Biochemical Sciences, University of Rome Tor Vergata, for
critically reading the manuscript. The authors wish to thank Maura
Agate for editorial assistance.

References

1. Piomelli D (2005) The endocannabinoid system: a drug discovery
perspective. Curr Opin Investig Drugs 6:672-679

2. Centonze D, Finazzi-Agro A, Bernardi G, Maccarrone M (2007)
The endocannabinoid system in targeting inflammatory neuro-
degenerative diseases. Trends Pharmacol Sci 28:180-187

3. DiMarzo V, Bisogno T, De Petrocellis L (2007) Endocannabinoids
and related compounds: walking back and forth between plant
natural products and animal physiology. Chem Biol 14:741-756

4. Starowicz K, Nigam S, Di Marzo V (2007) Biochemistry and
pharmacology of endovanilloids. Pharmacol Ther 114:13-33

5. Glaser ST, Kaczocha M, Deutsch DG (2005) Anandamide
transport: a critical review. Life Sci 77:1584-1604

6. Katona I, Freund TF (2008) Endocannabinoid signaling as a
synaptic circuit breaker in neurological disease. Nat Med
14:923-930

7. Fellin T (2009) Communication between neurons and astrocytes:
relevance to the modulation of synaptic and network activity.
J Neurochem 108:533-544



844

M. Bari et al.

8.

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Dani JW, Chernjavsky A, Smith SJ (1992) Neuronal activity
triggers calcium waves in hippocampal astrocyte networks.
Neuron 8:429-440

. Porter JA, McCarthy KD (1995) GFAP-positive hippocampal

astrocytes in situ respond to glutamatergic neuroligand with
increased in [Ca®t];. Glia 13:101-112

Pasti L, Zonta M, Pozzan T, Vicini S, Carmignoto G (2001)
Cytosolic calcium oscillations in astrocytes may regulate exo-
cytotic release of glutamate. J Neurosci 21:477-484

. Parpura V, Haydon PG (2000) Physiological astrocytic calcium

levels stimulate glutamate release to modulate adjacent neurons.
Proc Natl Acad Sci USA 97:8629-8634

Bezzi P, Gundersen V, Galbete JL, Seifert G, Steinhauser C,
Pilati E, Volterra A (2004) Astrocytes contain a vesicular com-
partment that is competent for regulated exocytosis of glutamate.
Nat Neurosci 7:613-620

Parpura V, Basarasky TA, Liu F, Jeftinija K, Jeftinija S, Haydon
PG (1994) Glutamate-mediated astrocyte—neuron signalling.
Nature 369:744-747

Bezzi P, Carmignoto G, Pasti L, Vesce S, Rossi D, Rizzini BL,
Pozzan T, Volterra A (1998) Prostaglandins stimulate calcium-
dependent glutamate release in astrocytes. Nature 391:281-285
Bezzi P, Domercq M, Brambilla L, Galli R, Schols D, De Clercq
E, Vescovi A, Bagetta G, Kollias G, Meldolesi J, Volterra A
(2001) CXCR4-activated astrocyte glutamate release via TNFa:
amplification by microglia triggers neurotoxicity. Nat Neurosci
4:702-710

Meller R, Harrison PJ, Elliott JM (2002) In vitro evidence that
5-hydroxytryptamine increases efflux of glial glutamate via
5-HT, 4 receptor activation. J Neurosci Res 67:399-405

Zhang Q, Fukuda M, Van Bockstaele E, Pascual O, Haydon PG
(2004) Synaptotagmin IV regulates glial glutamate release. Proc
Natl Acad Sci USA 101:9441-9446

Perea G, Navarrete M, Araque A (2009) Tripartite synapses:
astrocytes process and control synaptic information. Trends
Neurosci 32:421-431

Massi P, Valenti M, Bolognini D, Parolaro D (2008) Expression
and function of the endocannabinoid system in glial cells. Curr
Pharm Des 14:2289-2298

Navarrete M, Araque A (2008) Endocannabinoids mediate neu-
ron—astrocyte communication. Neuron 27:883-893

Stella N (2009) Endocannabinoid signaling in microglial cells.
Neuropharmacology 56(Suppl 1):244-253

Araque A, Li N, Doyle RT, Haydon PG (2000) SNARE protein-
dependent glutamate release from astrocytes. J Neurosci
20:666-673

Zhang Q, Pangrsic¢ T, Kreft M, Krzan M, Li N, Sul JY, Halassa
M, Van Bockstaele E, Zorec R, Haydon PG (2004) Fusion-related
release of glutamate from astrocytes. J Biol Chem 279:12724—
12733

Angulo MC, Kozlov AS, Charpak S, Audinat E (2004) Glutamate
released from glial cells synchronizes neuronal activity in the
hippocampus. J Neurosci 24:6920-6927

Fellin T, Pasqual O, Gobbo S, Pozzan T, Haydon PG, Carmignoto
G (2005) Neuronal synchrony mediated by astrocytic glutamate
through activation of extrasynaptic NMDA receptors. Neuron
43:729-743

Perea G, Araque A (2005) Glial calcium signaling and neuron—
glia communication. Cell Calcium 38:375-382

Stigliani S, Zappettini S, Raiteri L, Passalacqua M, Melloni E,
Venturi C, Tacchetti C, Diaspro A, Usai C, Bonanno G (2006)
Glia re-sealed particles freshly prepared from adult rat brain are
competent for exocytotic release of glutamate. J Neurochem
96:656—-668

Paluzzi S, Alloisio S, Zappettini S, Milanese M, Raiteri L, Nobile
M, Bonanno G (2007) Adult astroglia is competent for Na*/Ca**

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

exchanger-operated exocytotic glutamate release triggered by
mild depolarization. J Neurochem 103:1196-1207

Nakamura Y, Iga K, Shibata T, Shudo M, Kataoka K (1993) Glial
plasmalemmal vesicles: a subcellular fraction from rat hippo-
campal homogenate distinct from synaptosomes. Glia 9:48-56
Francavilla F, Battista N, Barbonetti A, Vassallo MR, Rapino C,
Antonangelo C, Pasquariello N, Catanzaro G, Barboni B,
Maccarrone M (2009) Characterization of the endocannabinoid
system in human spermatozoa and involvement of transient
receptor potential vanilloid 1 receptor in their fertilizing ability.
Endocrinology 150:4692-4700

Fezza F, Gasperi V, Mazzei C, Maccarrone M (2005) Radio-
chromatographic assay of N-acyl-phosphatidylethanolamine-
specific phospholipase D activity. Anal Biochem 339:113-120
Gasperi V, Fezza F, Pasquariello N, Bari M, Oddi S, Finazzi-
Agro A, Maccarrone M (2007) Endocannabinoids in adipocytes
during differentiation and their role in glucose uptake. Cell Mol
Life Sci 64:219-229

Bisogno T, Howell F, Williams G, Minassi A, Cascio MG,
Ligresti A, Matias I, Schiano-Moriello A, Paul P, Williams EJ,
Gangadharan U, Hobbs C, Di Marzo V, Doherty P (2003)
Cloning of the first sn1-DAG lipases points to the spatial and
temporal regulation of endocannabinoid signaling in the brain.
J Cell Biol 163:463-468

Dinh P, Carpenter D, Leslie FM, Freund TF, Katona I, Sensi SL,
Kathuria S, Piomelli D (2002) Brain monoglyceride lipase par-
ticipating in endocannabinoid inactivation. Proc Natl Acad Sci
USA 99:10819-10824

Raiteri L, Raiteri M (2000) Synaptosomes still viable after
25 years of superfusion. Neurochem Res 25:1265-1274
Grynkiewicz G, Poenie M, Tsien RY (1985) A new generation of
Ca”* indicators with greatly improved fluorescence properties.
J Biol Chem 260:3440-3450

Shimamoto K, Lebrun B, Yasuda-Kamatani Y, Sakaitani M,
Shigeri Y, Yumoto N, Nakajima T (1998) pL-Threo-beta-benzy-
loxyaspartate, a potent blocker of excitatory amino acid
transporters. Mol Pharmacol 53:195-201

Nakamura Y, Kubo H, Kataoka K (1994) Uptake of transmitter
amino acids by glial plasmalemmal vesicles from different
regions of rat central nervous system. Neurochem Res
19:1145-1150

Pedrazzi M, Raiteri L, Bonanno G, Patrone M, Ledda S,
Passalacqua M, Milanese M, Melloni E, Raiteri M, Pontremoli S,
Sparatore B (2006) Stimulation of excitatory amino acid release
from adult mouse brain glia sub-cellular particles by high
mobility group box 1 protein. J] Neurochem 99:827-838

Patti L, Raiteri L, Grilli M, Zappettini S, Bonanno G, Marchi M
(2007) Evidence that alpha-7 nicotinic receptor modulates glu-
tamate release from mouse neocortical gliosomes. Neurochem Int
51:1-7

Raiteri L, Stigliani S, Usai C, Diaspro A, Paluzzi S, Raiteri M,
Bonanno G (2008) Functional expression of release-regulating
glycine transporters GLYT1 on GABAergic neurons and GLYT2
on astrocytes in mouse spinal cord. Neurochem Int 52:103-112
Milanese M, Bonifacino T, Zappettini S, Usai C, Tacchetti C,
Nobile M, Bonanno G (2009) Glutamate release from astrocytic
gliosomes under physiological and pathological conditions. Int
Rev Neurobiol 85:295-318

Milanese M, Zappettini S, Jacchetti E, Bonifacino T, Cervetto C,
Usai C, Bonanno G (2010) In-vitro activation of GATI trans-
porters expressed in spinal cord gliosomes stimulates glutamate
release that is abnormally elevated in the SOD1/G93A(4) mouse
model of amyotrophic lateral sclerosis. J Neurochem
113:489-501

Raiteri M, Marchi M, Caviglia AM (1986) Studies on a possible
functional coupling between presynaptic acetylcholinesterase and



Astroglial endocannabinoids and glutamate release

845

45.

46.

47.

48.

49.

50.

high-affinity choline uptake in the rat brain. J Neurochem
47:1696-1699

Bari M, Rapino C, Mozetic P, Maccarrone M (2010) The endo-
cannabinoid system in gp120-mediated insults and HIV-associated
dementia. Exp Neurol 224:74-84

Beltramo M, Stella N, Calignano A, Lin SY, Makriyannis A,
Piomelli D (1997) Functional role of high-affinity anandamide
transport, as revealed by selective inhibition. Science
277:1094-1097

Piomelli D, Beltramo M, Glasnapp S, Lin SY, Goutopoulos A,
Xie X-Q, Makriyannis A (1999) Structural determinants for
recognition and translocation by the anandamide transporter. Proc
Natl Acad Sci USA 96:5580-5802

Téth A, Boczan J, Kedei N, Lizanecz E, Bagi Z, Papp Z, Edes I,
Csiba L, Blumberg PM (2005) Expression and distribution of
vanilloid receptor 1 (TRPV1) in the adult rat brain. Brain Res
Mol Brain Res 135:162-168

Lauckner JE, Hille B, Mackie K (2005) The cannabinoid agonist
WINSS, 212-2 increases intracellular calcium via CB1 receptor
coupling to Gg/l1 G proteins. Proc Natl Acad Sci USA
102:19144-19149

Netzeband JG, Conroy SM, Parsons KL, Gruol DL (1999) Can-
nabinoids enhance NMDA-elicited Ca®" signals in cerebellar
granule neurons in culture. J Neurosci 19:8765-8777

51.

52.

53.

54.

55.

56.

Hilgemann DW, Feng S, Nasuhoglu C (2001) The complex and
intriguing lives of PIP2 with ion channels and transporters. Sci
STKE 111:rel19

Goswami C, Dreger M, Jahnel R, Bogen O, Gillen C, Hucho F
(2004) Identification and characterization of a Ca’*-sensitive
interaction of the vanilloid receptor TRPV1 with tubulin. J Neu-
rochem 91:1092-1103

Lee SY (2005) Identification of a protein that interacts with
the vanilloid receptor. Biochem Biophys Res Commun
331:1445-1451

Bleakman D, Brorson JR, Miller RJ (1990) The effect of capsa-
icin on voltage-gated calcium currents and calcium signals in
cultured dorsal root ganglion cells. Br J Pharmacol 101:423-431
Kim MS, Park CK, Yeon KY, Li HY, Jung SJ, Choi SY, Lee SJ,
Park K, Kim JS, Oh SB (2006) Involvement of transient receptor
potential vanilloid-1 in calcium current inhibition by capsaicin.
NeuroReport 17:145-149

Carmignoto G, Pasti L, Pozzan T (1998) On the role of voltage-
dependent calcium channels in calcium signaling of astrocytes in
situ. J Neurosci 18:4637-4645



	The endocannabinoid system in rat gliosomes and its role in the modulation of glutamate release
	Abstract
	Introduction
	Materials and methods
	Animals
	Preparation of gliosomes and synaptosomes
	Endogenous levels of endocannabinoids
	Metabolism of AEA
	Metabolism of 2-AG
	CBR and TRPV1 binding
	Western blot
	Confocal microscopy
	Release experiments
	Cytosolic Ca2+ concentration
	Cytosolic IP3
	Cytosolic cAMP
	Statistical analysis
	Chemicals

	Results
	The endocannabinoid system in gliosomes and synaptosomes
	Endocannabinoid-mediated modulation of glutamate release
	Transduction mechanisms

	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


