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Abstract

Among the wide range of neuro-inflammatory signalling molecules released by (3-amyloid-stimulated astroglial cells, nitric oxide (NO) plays a
fundamental role in AD aethiopathogenesis since it directly promotes neuronal tau protein hyperphosphorylation leading to neurofibrillary tangle
formation. Synthetic cannabinoids (CBs), via a selective CB1 receptor activation, negatively modulates both iNOS protein expression and NO
production induced by pro-inflammatory stimuli. In this study we investigated the role of both the non-selective WIN 55,212-2 and the selective
CB1 receptor agonist, ACEA, on: (i) NO production, (ii) iNOS protein expression in (1-42) B-amyloid peptide (AR)-stimulated C6 rat glioma cells
and (iii) tau protein hyperphosphorylation in co-cultured differentiated PC12 neurons. Our results demonstrated that synthetic CBs, by a selective
CBI1 effect, down-regulate iNOS protein expression and NO production in AB-stimulated C6 cells. This effect leads, in turn, to a significant and
concentration-dependent inhibition of NO-dependent tau protein hyperphosphorylation in co-cultured PC12 neurons. The results of the present
study extend our knowledge about the neuroprotective actions of synthetic CBs on AB-dependent neurotoxicity in vitro. Furthermore, our study
allows us to identify, in the CB1-mediated inhibition of astroglial-derived NO, a new potential target to blunt tau hyperphosphorylation and the

consequent related tauopathy in AD.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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Neurofibrillary tangles (NFTs), resulting from an abnormal
phosphorylation process of microtubule-associated tau proteins,
represent a key pathological hallmark of Alzheimer’s brain
[8]. The observation that NFTs are co-localised with a broad
variety of astrocyte-derived inflammatory proteins (including
complement proteins, acute-phase proteins, pro-inflammatory
cytokines) and clusters of activated microglia, highlighted the
role of reactive gliosis in mediating the early pathogenic events
triggering to Alzheimer’s disease (AD) [22]. In vitro and in
vivo studies demonstrated that, an aberrant disposition of 3-
amyloid peptide (AB) promotes a marked neuroinflammatory
scenario, accounting for the synthesis of different cytokines and
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pro-inflammatory mediators. Those ones may act as paracrine
effectors in AD-related neuropathogenesis [13]. Among the
wide range of the different pro-inflammatory proteins produced
inresponse to A, inducible nitric oxide synthase (iNOS) and its
enzymatic product, nitric oxide (NO), are considered important
neurotoxic effectors during AD. NO is produced by the oxida-
tion of a terminal guanidine nitrogen of L-arginine, a reaction
catalysed by the enzime NO synthase (NOS) [15]. NO gener-
ated by astroglial cells induces, in a paracrine way, tau protein
hyperphosphorylation in co-cultured neurons [21]. Thus, the
pharmacological inhibition of NO deriving from activated glial
cells has been identified as a novel strategy to inhibit tau protein
hyperphosphorylation and NFTs formation in AD [17].
Endogenous and exogenous cannabinoids (CBs) have shown
to possess neuroprotective effects in different studies [18,19,12]
by binding to CB 1 receptors. Moreover, in addition to direct neu-
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roprotective effect on neurons, CBs have also been demonstrated
to induce anti-inflammatory actions, that may involve NO sig-
nalling. CB1 selective activation has been previously reported
to down-regulate iNOS protein expression and NO release from
cultured C6 rat glioma cells challenged with both LPS and HI'V-
1 Tat protein [6,7]. On the basis of this background, in the
present study we investigated the role of CBs on NO produc-
tion and iNOS protein expression in C6 rat glioma cells exposed
to AR and the effect on tau protein hyperphosphorylation in
co-cultured, differentiated, PC12 neurons.

All the materials for cell culture were purchased from
Biowittaker (Caravaggio, BG, Italy). Foetal calf serum and
horse serum were from Hyclone (Logan, UT, USA). Human-
amyloid peptide (fragment 1-42) (Ap), the non-elective
CB1/CB2 agonist WIN 55,212-2  ((R-(+)-[2,3-dihydro-
5-methyl-3-(4-morpholynilmethyl)pyrrolo[1,2,3-de]-1,4-
benzoazin-6-yl]-1-naphtalenilmethanone mesilate), selective
CB1 agonist ACEA (arachidonoyl-2’-chloroethylamide/N-(2-
chloroethyl)-5Z,87,11Z,14Z-eicosatetraenamide), JWHO15
(2-methyl-1-propyl-1H-indol-3-yl)-1 naphtalenylmethanone)
were from Tocris (Hung Road, Bristol, UK), the selective
CB1 and CB2 receptor antagonists, respectively, SR141716A
and SR144528 were a gift from Dr. Madaleine Moss (Sanofi
Research). Anti-iNOS antibody was from BD-Bioscience
(Milan, Italy), anti-tau antibody was from Neomarker
(Freemont, CA, USA). Anti-mouse IgG was from Dako
(Glostrup, Denmark).

C6 rat glioma cells (American Type Tissue Collection CCL-
107) were cultured in 10 cm Petri dishes in Dulbecco’s Mod-
ified Eagle’s Medium (DMEM) supplemented with 5% Foetal
Bovine Serum (FBS), 2mM glutamine, 100 U/mL penicillin,
100 pg/mL streptomycin at 37 °C in 5% C0O,/95% air. Conflu-
ent cells were washed three times with Phosphate Buffer Saline
(PBS), detached with tripsyn/EDTA, plated in 6 multiwell plates
and left to adhere for 24 h at 37 °C. Thereafter, cell medium was
replaced with fresh medium, confluent C6 cells were treated
with B-amyloid peptide (AB) (1-42) (1 pwg/mL) for 24 h in the
presence or absence of the following substances given 15 min
before AB: WIN (1078 to 107° M), ACEA (10~ to 107° M),
JWHO15 (1076 to 107 M). In some experiments the effect of
SR141716A (10_6 M) or SR144528 (10_6 M), in presence of
ACEA (10~° M) was also tested.

Rat pheocromocytoma PC12 cells (American Tissue Type
Collection CRL-1721) were cultured in 10 cm Petri dishes in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 5% Foetal Bovine Serum (FBS), 15% Horse Serum (HS),
2 mM glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin
at 37°C in 5% CO2/95% air, and differentiated with an appro-
priate concentration of retinoic acid [4]. PC12 cells were co-
cultured with ARB-treated C6 cells.

In co-culture experiments, confluent PC12 cells were seeded
in sterile Falcon inserts at the density of 2.5 x 10° cells/well.
In parallel, C6 cells (1 x 10° cells/well) were treated as above
described. Then, the C6 cell supernatant was removed and cells
were extensively washed to remove any residual of A (1-42)
peptide and tested drugs and C6 cells were supplemented with
fresh medium and PC12 cells were inserted in the 6-multiwell

plate. PC12 and C6 cells were then co-cultured for a further 24 h
at 37 °C After this time, the inserts were removed and PC12 were
gently detached and lysed as described [4].

Production of NO was assayed by measuring the amount
of nitrite in the culture medium of C6 cells treated as above
described by using a spectrophotometric assay based on Griess
reaction [3].

The expression of iNOS protein, in C6 cells, and tau protein,
in PC12 cells, was evaluated by Western blot analysis. Briefly,
harvested cells (1 x 10°) were washed two times with ice-cold
PBS and centrifuged at 180 x g for 10 min at 4 °C. The cell pel-
let was resuspended in 100 w1 of ice-cold hypotonic lysis buffer
(10mM HEPES, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM phenyl-
methylsulphonylfluoride, 1.5 pg/ml soybean trypsin inhibitor,
7 wg/ml pepstatin A, 5 pg/ml leupeptin, 0.1 mM benzamidine,
0.5mM DTT) and incubated on ice for 15 min. The cells were
lysed by rapid passage through a syringe needle for five to
six times and the cytoplasmic fraction was then obtained by
centrifugation for 1 min at 13,000 x g. Cytosolic fraction pro-
teins were mixed with non-reducing gel loading buffer (50 mM
Tris/10% SDS/10% glycerol/10% /2 mg of bromophenol per ml)
in a ratio of 1:1, boiled for 3 min and centrifuged at 10,000 x g
for 10 min. Protein concentration was determined and equivalent
amounts (100 pg) of each sample were electrophoresized in a
12% discontinuous polyacrylamide minigel. The proteins were
transferred onto nitro-cellulose membranes, that were saturated
by incubation at 4 °C overnight with 10% non-fat dry milk in
PBS and then incubated respectively with (1:2000, v/v) anti-
mouse monoclonal iNOS, (1:250, v/v) anti-mouse monoclonal
tau and (1:1000, v/v) anti-mouse monoclonal anti tubulin anti-
bodies. The membranes were washed three times with 1% Triton
100-X in PBS and then incubated with anti-mouse immunoglob-
ulins coupled to peroxidase (1:2000, v/v). The immunocom-
plexes were visualised by the ECL chemiluminescence method
(Amersham, Buckinghamshire, UK). Subsequently, the relative
expression of iNOS and tau protein was quantified by densit-
ometric scanning of the X-ray films with a GS 700 Imaging
Densitometer (Bio-Rad, Hercules, CA, USA) and a computer
programme (Molecular Analyst, IBM).

Results were expressed as mean + S.E.M. of n experiments.
Statistical analysis was performed using analysis of variance
(ANOVA) and multiple comparisons were performed by Bon-
ferroni’s test with P <0.05 considered significant.

Stimulation of C6 cells with A (1-42) (1 pg/ml) for 24 h
caused a significant increase of nitrite production (as stable
metabolites of NO) compared to un-stimulated cells. WIN 212-
2 (1078 to 107°M) and, at an higher extent ACEA (10~° to
1079 M), given to the cells 15 min before AP (1-42), signifi-
cantly and concentration-dependently inhibited nitrite produc-
tion in the cell supernatant. On the contrary, JIWH-015 (10_9 to
10~ M) was un-effective. The effect of ACEA (10~° M) on NO
productionwas reversed by the selective CB1 receptor antago-
nist, SR141716A (10~ M) but not by the selective CB2 receptor
antagonist SR144528 (10~ M) (Fig. 1A). In parallel to nitrite
production, stimulation of C6 cells with AR (1-42) (g/mL)
caused a significant increase of iNOS protein expression com-
pared to un-stimulated cells. ACEA (1078 to 1076 M), given
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Fig. 1. (A) Effect of WIN 55,212-2 (1078 to 10~° M), ACEA (10~ to 10~ M),
JWHO15 (10~ to 1079 M), SR141716A (10~° M) and SR144528 (10~ M) on
AB-induced nitrite production in C6 cells at 24 h. NO production was deter-
mined by measuring nitrite (NO, ™) accumulation in the culture medium. Each
bar shows the mean+ S.E.M. of n=6 experiments. ~**P <0.001 vs. control;
0P <(.001 vs. AB. (B) Western blot analysis showing the effect of ACEA
(1078 to 107° M) and JWHO15 (10~8 to 10~ M) on AB-induced iNOS protein
expression at 24 h in C6 cells. Panel (a), showing iNOS protein expression in
cell homogenates, is representative of n=3 separated experiments; (b) densit-
ometric analysis of corresponding bands (optical density); each bar shows the
mean =+ S.E.M. of n=3 experiments. P <0.001 vs. control.

15 min before AR (1-42), concentration dependently reduced
iNOS protein expression, as shown by immunoblotting analysis,
while JWH-015 (1078 to 107 M) was without effect (Fig. 1B).

Stimulation of C6 cells with AR (1-42) (1 wg/ml) for 24h
lead to a significant increase in hyperphosphorylated tau pro-
tein in co-cultured differentiated PC12 neurons. ACEA (1078
to 1070 M), but not JWH-015 (10~% to 10-° M) treatment to
AB-stimulated C6 cells selectively reduced, in a significant and
concentration dependent manner, tau hyperphosphorilatyon in
co-cultured PC12 cells (Fig. 2).

Nowadays, it is generally recognized the pivotal role of reac-
tive gliosis in mediating early pathogenic events triggering to
neurotoxicity observed in AD. In fact, several in vitro studies
demonstrated that cultured astroglial cells secrete high levels of
pro-inflammatory cytokines when stimulated with A3 peptide
[11,27], which exert, in turn, toxic effects on neighbouring neu-
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Fig. 2. Western blot analysis showing the effect of ACEA (1078 to 1076 M) and
JWHO15 (1078 to 107 M) on tau protein hyperphosphorylation in PC12 cells
co-cultured with AB-stimulated C6 cells. Panel (a), showing tau and hyperphos-
phorylated tau (pppTau) protein expression in cell homogenates, is representative
of n=3 separated experiments; (b) densitometric analysis of corresponding
bands (optical density); each bar in panel B shows the mean+S.E.M. of n=3
experiments. **P<0.001 vs. control; °P<0.01, °°P <0.001 vs. AB.

rones. The goal of our study was to block the “rebound” toxicity
on neurons, by preventing glial cell activation in a model of co-
cultures glial cells/neurones which has been extensively used
by other authors as a model to study the A3 neurotoxicity in
vitro [20,26]. Among all the compounds having a neuroprotec-
tive effect, cannabinoids exert several anti-inflammatory roles,
including the inhibition of the pro-inflammatory mediator nitric
oxide (NO). Increased amounts of NO, released by activated
astrocytes and microglia following A challenge, accelerate
neuronal protein nitration [2] and cause a marked increase in tau
protein hyperphosphorylation, playing a pivotal role in the pro-
gression of AD-related-pathology. For this reason, the blockade
of NO production has been postulated to exert beneficial effects
in AD [17]. Therefore, we firstly tried to block AB-induced NO
production in C6 cells by using the non-selective cannabinoid
agonist, WIN 55,212-2. Our results show that, WIN 55,212-2
was able to reduce NO production in AB-stimulated C6 cells and
this effect was due to a selective agonism on CB 1 receptors, since
the potent and highly selective CB1 receptor agonist, ACEA [9],
but not the selective CB2 receptor agonist, JWHO1S5, inhibited
NO production in AR stimulated C6 cells. Moreover, the ACEA
effect was reversed by CB1 selective antagonist SR141716A
but not by the selective CB2 antagonist, SR144528. Recent evi-
dences reported that iNOS protein expression is up-regulated in
AD brains and its over-expression is recognized to be important
in the neuroinflammatory-neurodegenerative process occurring
in AD [23]. According to this, in our experiments selectively
ACEA, but not JWHO15, inhibited iNOS expression in A[3-
stimulated C6 cells, paralleling the effect on NO production.
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Finally, in this study we give evidence that, the CB1-mediated
inhibition, via ACEA, of the AB-induced NO production occur-
ring in C6 cells leads, in turn, to a significant inhibition of
NO-dependent tau protein hyperphosphorylation in co-cultured
PC12 neurons.

Several considerations may be taken into account to
strengthen the relevance of the here-described results. Indeed,
neuroprotective properties of CB1 receptor activation have been
previously investigated in different experimental in vitro and
in vivo acute neurodegenerative conditions, such as excitotoxic
damage [24], ischemia [16] and acute brain injury [18,25]. More-
over, CB1 receptor-mediated neuroprotective effects have been
reinforced by different studies showing CB1-knock out animals
are more susceptible to neurodegeneration [19,12]. However,
in AD, the relevance of CB1-mediated neuroprotection is still
under debate in view of different reasons not least consider-
ing that in AD brains CB1 positive neuron density is largely
decreased in comparison with that observed in healthy sub-
jects. On the contrary, recent evidences show that the cannabi-
noid CB2 receptors are selectively over-expressed in neuritic
plaques-associated glia in AD brain [1], but the role of this over-
expression is still unclear thus agreeing with our data which here
report the lack of effects of JWHO15. In addition, given that
CBI receptors are mainly expressed in neurons segregated by
senile plaques, it is possible to speculate that their putative con-
tribution to neuroprotection is consequently very limited [20]
as well as it is also possible to assume that, in these conditions,
astroglia may constitute the preminent source of CB1 receptors.
Since previous studies have provided evidence that astroglial
CBl1 receptor signalling works as a molecular mechanism lead-
ing to NO inhibition in different experimental conditions [6,7],
this may suggest that the role of CB1 activation should not
be longer restricted to that of a straight defence process oper-
ated merely on neuronal cells. In fact, CB1-receptors appears to
exert marked anti inflammatory effects on activated astrocytes
and microglial cells, resulting in a sharp reduction of several
pro-inflammatory mediators during chronic neurodegenerative
conditions [6]. This accounts for an effective “rebound protec-
tion” exerted on neighbouring neurons. This hypothesis is rein-
forced by our study, since PC12 cells are not endowed with CB1
receptors, as previously demonstrated by us and accordingly to
Molderings et al. [14]. Therefore, the above-described inhibition
of tau hyperphosphorylation in PC12 is due to the blockade of
NO production through the selective CB1 agonism on C6 cells.
Firstly, although in our study CB2 receptor has not been involved
in neuroprotection, recent evidences show that the cannabinoid
CB2 receptors are selectively over-expressed in neuritic plaques-
associated glia in AD brain [1]. This result is in agreement with
our recent evidence pointing out that the non-psychoactive natu-
ral cannabinoid compound cannabidiol, which acts by non-CB1
mediated mechanism, exerts a combination of neuroprotective
effects in AB-stimulated PC12 neurones, preventing neurotoxi-
cty, tauopathy and neuroinflammation [10,4,5].

In conclusion, the results of the present study help to extend
our knowledge about the neuroprotective actions of synthetic
cannabinoids towards A3 stimulus in vitro, and they identify in
the CB 1-mediated inhibition of astroglial-deriving NO a further

target useful to counteract tau hyperphosphorylation to contrast
AD related-tauopathies.
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