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Peroxisome proliferator-activated receptor-y (PPARy) has been reported to be involved in the etiology of pathological
features of Alzheimer's disease (AD). Cannabidiol (CBD), a Cannabis derivative devoid of psychomimetic effects, has
attracted much attention because of its promising neuroprotective properties in rat AD models, even though the
mechanism responsible for such actions remains unknown. This study was aimed at exploring whether CBD effects could be
subordinate to its activity at PPARy, which has been recently indicated as its putative binding site. CBD actions on f-
amyloid-induced neurotoxicity in rat AD models, either in presence or absence of PPAR antagonists were investigated.
Results showed that the blockade of PPARy was able to significantly blunt CBD effects on reactive gliosis and subsequently
on neuronal damage. Moreover, due to its interaction at PPARy, CBD was observed to stimulate hippocampal neurogenesis.
All these findings report the inescapable role of this receptor in mediating CBD actions, here reported.
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Introduction

Despite a significant increase in the understanding of the
pathogenesis of Alzheimer’s disease (AD) over the past two
decades, therapeutic options for treating this condition are still
very disappointing.

Depending on the heterogeneity of pathways that could initiate
and drive sporadic AD, effective treatment for this illness rests on
the ability to develop a multi-targeted approach, as used in current
practice for other multi-factorial disorders [1]. According to this
assumption, both natural and synthetic cannabinoids have been
proposed as novel potential pharmacological tools able to blunt
underlying disease processes, thus ameliorating symptoms and
slowing down illness progression [2,3].

Unfortunately, Cannabis derivatives are therapeutically limited
by their unwanted psychotropic effects. However, one interesting
exception to this is represented by cannabidiol (CBD), the major
constituent of the plant, which lacks any undesired psychomimetic
action. Converging evidence provided over the last years, also by
our group, demonstrated that CBD may account for a significant
reduction of B amyloid (AB) induced neuronal cell death, due to its
ability to scavenge reactive oxygen species and reduce lipid
peroxidation [4]. That CBD exerts anti-inflammatory properties,
impairing the inducible form of nitric oxide synthase (INOS) and
interleukin 1p (IL-1B) expression which consequently decreases
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their release was also proved in an @ viwo model of AD [5].
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Moreover, CBD was reported to blunt T hyperphosphorylation in
cultured neurons by reducing phosphorylation of glycogen
synthase kinase 3p (GSK3), acting as a Wnt/ B-catenin pathway
rescuer, although alternative mechanisms may be implicated in
inducing this effect [6]. Indeed, since GSK3B also promotes
amyloid precursor protein (APP) processing, and so increasing AR
generation [7], the CBD-mediated inhibition of GSK3 is likely to
be effective in reducing the amyloid burden. Moreover, CBD was
also described to protect neurons against glutamate toxicity [8], an
effect occurring independently of the cannabinoid receptor 1
(CB1) signalling [9]. Despite such impressive properties and
promising actions, the precise site at which CBD could exert its
neuroinflammatory and neuroprotective effects is still not fully
elucidated. The recently discovered ability of different cannabi-
noids, including CBD, to display an extra-cannabinoid receptor
binding activity has been highlighted by the observation that these
compounds may go nuclear to exert their activity through the
interaction with peroxisome proliferator-activated receptors
(PPARs) [10]. The PPARs belong to the family of nuclear
hormone receptors and their activity is generally regulated by
steroids and lipid metabolites. At present three different PPAR
isoforms (PPARa, PPARSP, also called 8, and PPARY) have been
identified [11]; they have been reported to control the expression
of genes related to lipid and glucose homeostasis and inflammatory
responses [12]. A growing body of evidence suggests PPARs as
drug targets for treating several dysmetabolic conditions and

December 2011 | Volume 6 | Issue 12 | 28668



inflammatory degenerative diseases, as well. PPARY is expressed
in the CNS at low levels under physiological condition [13].
However, in some pathological situations, including AD, PPARy
expression, but not other isoforms, was shown to be elevated [14].
These findings suggested that PPARYy could play a role in
regulating pathophysiological features of AD and established the
basis for modulation of PPARY activity in the treatment of the
disease.

Therefore the present study was aimed at exploring whether
CBD neuroprotective effects depend upon its activity on PPARs
receptors, particularly on PPARYy isoform. To this purpose, the
involvement of PPARs receptors in mediating anti-inflammatory
and neuroprotective effects of CBD both @ witro in primary
cultured astrocytes and i wviwo, in a rat model of AD-related
neuroinflammation induced by the intrahippocampal injection of
fibrillar AP (1-42) peptide was evaluated.

Results

CBD blunted neuroinflammation sustained by astrocytes

through PPARY selective activation in vitro and in vivo
The first set of experiments was aimed at assessing the role of

CBD (107°-1077 M) on the release of inflammatory mediators
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induced by AP challenge (1 pg/ml). Treatment with AP for 24 h
resulted in a significant increase of NO, IL-1p, TNFo, and S100B
release, as determined by Griess reaction and ELISA experiments
(Figure 1). CBD concentration dependently antagonized the
enhanced release of these pro-inflammatory molecules, and
blockade of PPARy with GW9662 (PPARYy antagonist, 9 nM)
reversed this effect.

In astrocyte lysates, made 24 h after treatment, the parallel
expression of INOS, GFAP, and S100B was evaluated. CBD, in a
concentration dependent manner, attenuated the AB-induced
protein up-regulation and such an effect was related to the
inhibition of NFkB. In fact, in astrocyte lysates prepared 3 h after
treatment, CBD down-regulated the expression of both p50 and
p65. The reduction of reactive gliosis displayed by CBD was to be
considered as the result of a selective PPARY dependent NF«kB
inhibition (Figure 2).

Results from hippocampal homogenates, isolated from rats Ap-
injected in the dorsal hippocampus and intraperitoneally admin-
istered with CBD in the presence or absence of MK886 (PPARa
antagonist) and GW9662, demonstrated that AP induced the up-
regulation of iINOS, GFAP, and S100B towards vehicle injected
rats. CBD blunted AP effect through a reasonable inhibition of
NF«B, as revealed by the parallel down-regulation of both p50
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Figure 1. Effect of CBD on the release of inflammatory mediators by /n vitro cultured astrocytes. Af-challenged astrocytes (1 pg/ml) were
treated with CBD (107°-1077 M) in the presence of PPARa (MK886, 3 uM) or PPARy (GW9662, 9 nM) antagonist. 24 h later, NO production was
determined by measuring nitrite (NO, ) accumulation in the culture medium (A), whereas IL-1B, TNFo, and S100B release was determined by ELISA
experiments (B,C,D). Each bar shows the mean = S.E.M. of five separate experiments. ***p<<0.001 vs. control; p<<0.05, °p<<0.01, and °°p<<0.001 vs.

Ap-challenged cells.
doi:10.1371/journal.pone.0028668.g001
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Figure 2. Effects of CBD on Ap-induced iNOS, GFAP, S100B, and p50/p65 expression in rat astrocytes. AB-challenged cells (1 pg/ml)
were treated with CBD (107°-10"7 M) in the presence of PPARa (MK886, 3 uM) or PPARy (GW9662, 9 nM) antagonist. iNOS, GFAP, and S100B
expression was evaluated by Western blot 24 h after treatments. NF-kB activation was evaluated 3 h following treatments by Western blot analysis of
its component p50 and p65. Figure shows results of Western blot analysis of proteins (A) and densitometric analysis of corresponding bands (B).
Results are the mean = S.E.M. of four separate experiments. ***p<<0.001 vs. control; p<0.5, °° p<<0.01, and °°p<<0.001 vs. AfS-challenged cells.

doi:10.1371/journal.pone.0028668.9002

and p65. Moreover, CBD also counteracted the AB-induced
calbindin down-regulation. All these observed effects displayed by
CBD were caused by the selective activation of PPARY (Figure 3).

CBD administration inhibited reactive gliosis and rescued
neuronal survival in AB-injected rat hippocampi through
PPARy activation

In vivo experiments were aimed at assessing the potential
modulating role of CBD on reactive gliosis and neuronal survival
in rat hippocampi. Results from Nissl staining indicated that A
injection caused a severe neuronal loss, especially in CAl area (site
of injection), towards vehicle injected animals, while at the same
time AP caused a marked astrocytic activation, as demonstrated by
the increased expression of GFAP. According to i vitro results,
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vivo 15 consecutive days administration of CBD (10 mg/kg) almost
completely rescued CAl pyramidal neurons integrity and this was
accompanied by a massive down-regulation of gliosis entity as
shown by a significant decrease of GFAP immunostaining. Once
animals were treated with PPARYy antagonist (GW9662, 10 mg/
kg) CBD neuroprotective functions resulted completely abolished
(Figure 4 A, B).

Moreover, our results indicated that CBD treatment restored
neurogenesis in dentate gyrus of AB-injected rat hippocampi
through PPARY selective activation.

The DG of rat hippocampi processed for DCX immunofluo-
rescence revealed that AP treatment markedly reduced the entity
of neurogenesis, as demonstrated by the reduction of DCX-
immunopositive nuclei. CBD treatment was able to counteract
AB-induced DCX depletion up to stimulate the basal neurogenesis
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Figure 3. Effects of CBD on Ap-induced iNOS, GFAP, S100B, calbindin, and p50/p65 expression in rat hippocampi. Results of Western
blot analyses of iNOS, GFAP, S100B, calbindin, and p50/p65 performed on rat hippocampus homogenates (A) and densitometric analysis of
corresponding bands (B). Results are the mean * S.E.M. of three separate experiments. *** p<<0.007 vs. vehicle inoculated rats; °p<<0.01 and

299 p<<0.001 vs. Af-inoculated rats.
doi:10.1371/journal.pone.0028668.g003

versus controls. In line with the previously obtained results, CBD
activity was unaffected by PPARa antagonism, whereas its effect
was almost completely abolished by GW9662, the PPARYy
antagonist (Figure 4, C).

Discussion

Chronic neuroinflammation implicates protracted activation of
both microglial and astroglial cells, with the consequent sustained
release of pro-inflammatory molecules [15,16], that act in an
autocrine way to self-perpetuate reactive gliosis and in a paracrine
way to kill neighboring neurons, thus expanding the neuropath-
ological damage. Once started, neuroinflammation promotes
neuronal death, powering a vicious cycle responsible for the
progression of the pathology [17]. The possibility of interfering

A
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with this detrimental cycle by molecules which can reduce reactive
gliosis has been proposed as a novel rationale to develop drugs able
to blunt neuronal damage and consequently slow the course of
AD.

Results from the present study prove the selective involvement
of PPARY in the anti-inflammatory and neuroprotective effects of
CBD here observed either i vitro and @ vivo. In addition, GBD
significantly promoted neurogenesis in A injured rat hippocampi,
much expanding its already wide spectrum of beneficial actions
exerted in AD models, a non negligible effect, due to its capability
to activate PPARY.

CBD was already reported to exert a marked anti-inflammatory
effect through the A2A and SHT1A receptors [18,19], as well as to
improve brain function [20]. In addition, it has been already
demonstrated that CBD markedly downregulate reactive gliosis by
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Figure 4. Effects of CBD on reactive gliosis, neuronal survival,
and neurogenesis in rat hippocampi. A: representative photomi-
crographs of the CA1 area of rat hippocampus showing the results of
immunohistochemical evaluation of GFAP. B: representative photomi-
crographs showing the results of Nissl staining of the whole rat
hippocampus (2X magnification) and the corresponding CA1 region
(10X magnification). C: immunofluorescence photomicrographs show-
ing a particular (10X magnification) of DCX-labeled cells in the dentate
gyrus (DG) of rat hippocampi.

doi:10.1371/journal.pone.0028668.g004

reducing pro-inflammatory molecules and cytokine release that
strongly occurs in AP neurotoxicity. This activity was linked to its
ability to act as a potent inhibitor of NF«kB activation induced by
AP challenge [21]. The present findings, confirming the formerly
obtained results and extending our knowledge about CBD
pharmacology, indicate that a selective PPARY activation occurs
upstream to CBD-mediated NFxB inhibition. Such activation
appears to be responsible for a large plethora of CBD effects.
Indeed, the interaction of CBD at the PPARY site results in a
profound inhibition of reactive gliosis as showed by the reduction
of both GFAP and S100B protein expression together with a
marked decline of pro-inflammatory molecules and cytokine
release observed in AP challenged astrocytes.

The wn vitro findings were replicated in i viwo experiments, since
once again CBD treatment resulted in a profound inhibition of
astrocytic activation surrounding CAl areca AP-injected and
induced a rescue of CAl neuronal viability in comparison to
control.

Along this line, results from hippocampal homogenates fully
matched with i witro data previously obtained from primary
cultured astrocytes. Also in this case, CBD through the activation
of PPARY provoked a marked reduction of NO, TNFa, and IL-13
release in association with a parallel decline of GFAP, S100B, and
iNOS protein expression. The observation that in the hippocam-
pus the selective activation of PPARY caused a decrease in p50
and p65 protein expression, further reinforces the importance of
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the sequence of events PPARY activation/NFxB inhibition as
responsible for the CBD anti-inflammatory effect. The PPARYy
mediated inhibition of S100B induced by CBD represents a crucial
step in interrupting self-perpetuation of the reactive gliosis cycle.
Indeed, the over-release of this astroglial-derived neurotrophin
actively exacerbates the pro-inflammatory cytokine loop fuelled by
AP stimulation, massively accelerates amyloidogenicity by pro-
moting cleavage of APP to AP and induces tau protein
hyperphosphorylation, by disrupting the Wnt pathway [22-24].

Notably, both @ viwo and i witro, a selective involvement of
PPARY at the base of the neuroprotective and anti-gliotic effect of
CBD appears peremptory, since a complete loss of any beneficial
pharmacological activity of this phytocannabinoid occurs when it
was co-administered with the PPARYy antagonist GW9662.

Neuroprotective effects exerted by PPARY agonists in neuro-
pathological conditions, including A induced neuroinflammation
and neurodegeneration have been largely described in the past
years [25]. Besides microglial cells, emerging data indicate
astrocytes and neurons as fundamental cell type targets for the
beneficial role of PPARY ligands [26]. Astrocytes represent the
most abundant glial cells type in the CNS. Once these cells
undergo reactive activation, they produce cytokines and other
molecules involved in inflammatory response, which are thought
to significantly contribute to expand brain damage. Interestingly
astrocytes express the highest level of PPARY in the CNS [27,28],
and accumulating evidence over the last decade indicate that
PPARY agonists may finely regulate their detrimental functions
during a protracted activation exerting a profound anti-inflam-
matory and neuroprotective effects [29].

Such well-defined and highly effective beneficial activity due to
PPARY activation has recently demonstrated to functionally
mactivate NFkB promoters inducing a massive down regulation
of the activation of this transcription factor. Traditional PPARYy
agonists like thiazolidinediones were reported to inhibit the
overproduction of NO, IL-6, and TNF-o as well as the increased
expression of the inducible enzymes iINOS and COX2 induced in
LPS-stimulated astrocytic and microglial cultures [30—32]. Taken
together all these findings fully match those concerning the ant-
inflammatory and neuroprotective activities exhibited by CBD in
this study.

AD neuroinflammation is a highly important feature that has
been considered responsible for the progressive worsening of the
disease. Given the tremendous complexity of AD, however, it
appears to be oversimplified reasoning to consider only reactive
astrogliosis and neuronal degeneration as the unique factors at the
basis of the functional decline provoked by the course of the illness.

Neuropathological investigation has provided evidence that in
AD brains progressive neuronal loss is not accompanied by a new
neuronal replacement while alterations in neurogenesis have been
reported to occur [33]. Both aspects are considered to be
important in contributing to the long-term development of
disease. Therefore the disease symptoms could partly be due to
the impaired replacement of new hippocampal neurons from
endogenous neuronal stem cells [34,35], which is believed to
promote learning and memory. Although there were some
controversies over whether neurogenesis is increased or reduced
in the pathogenesis of AD, later studies have confirmed deficient
maturation of new neurons in AD patients [36]. As a result, an
approach to enhance neurogenesis and/or maturation should be
considered potential therapies for AD.

Moreover, activation of PPARY has been reported to promote
neurogenesis and agonists at these receptors regulate neuronal
stem cell proliferation and differentiation as well [37]. In addition
PPARY activation promotes neurite outgrowth in mature neurons,
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significantly contributing to a proper neuronal connectivity in
neuronal networks [38]. According to these observations, results
from the current investigation demonstrate that CBD-mediated
activation of PPARY is associated with a significant neurogenic
activity in the granule cell layer of the hippocampal DG. Results
indicate that CBD markedly counteracts the massive reduction of
neurogenesis in the DG caused by AP exposure towards control
animals and this effect is consequential, as expected, to a selective
PPARY involvement.

It has been recently asserted that CBD could promote adult
hippocampal neurogenesis by activating CB1 receptors [39]. Such
an assumption was supported by the observation that the CBD
neurogenic effect was lost in CB1 knock-out mice, suggesting that
the pro-neurogenic action of this phytocannabinoid was clearly
dependent on the interaction at the CB1 receptor, which shows a
wide expression over the entire DG, including the neuronal
precursor cells. However, the observation that A9-tetrahydrocan-
nabinol, a preferential agonist at CB1 receptor site, failed in the
same investigation to affect hippocampal neurogenesis, tempers
the notion that CB1 receptor activation and CBD neurogenetic
properties are linked in a straightforward way. Since CBD exhibits
negligible affinity to CB1 receptors and the majority of actions
appears to be cannabinoid receptor independent, it is possible to
assume that the CBD effect on neurogenesis could only involve
CBI receptor sites indirectly.

In conclusion, results of the present research demonstrate that
CBD may exert protective functions through a PPARY dependent
activation, which leads to a reduction in reactive gliosis and
consequently in neurodegeneration. Moreover, in the current
experimental conditions this phytocannabinoid appears to stimu-
late neurogenesis since it increases DCX immunopositive cell
proliferation rate in rat DG.

Innovative therapeutic approaches which could significantly
improve AD course require new molecules that will be able to have
an impact on different pathological pathways, which converge at the
progressive neurological decline. CBD has shown a capability to
profoundly reduce reactive astrogliosis and to guarantee both direct
and indirect neuronal protection in AP induced neuroinflamma-
tion/neurodegeration. So far, the lack of understanding of the
precise molecular mechanism involved in CBD pharmacological
actions, has had limited interest and has puzzled investigators.
Currently, findings of the present study throw some light on the
issue, and frame CBD as a new PPARY activator.

Materials and Methods

Ethics Statement

All experiments were performed in accordance with the
National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals (Institute of Laboratory Animal Resources,
1996) and those of the Italian Ministry of Health (D.L. 116/92),
and they were approved by the Institutional Animal Care and Use
Committees (Centro Servizi Veterinari-University of Naples

Federico II; PROT. 012F).

Astrocyte culture

Rat primary astroglial cultures were obtained from newborn
Sprague-Dawley rats (two days old) according to Vairano et al.
[40]. Brains were mechanically processed to obtain single cells that
were sceded in 75 cm? flasks at a density of 3x10° cells/flask with
15 ml of culture medium (DMEM, 10% inactivated FBS, 100 IU/
ml penicillin, 100 pg/ml streptomycin; all from Sigma Aldrich)
and incubated at 37°C in a humidified atmosphere containing 5%
CO,. Astrocytes were mechanically separated from microglia and
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oligodendrocytes, and plated onto 10 cm o Petri dishes at a density
of 1x10° cells/dish or onto ecight chambers polystyrene culture
slides at a density of 3x10* cells/chamber, depending upon the
experimental procedure. Purity of cell cultures was tested by
immunofluorescence with monoclonal anti-glial fibrillary acidic
protein (GFAP) and only cultures with more than 95% GFAP-
positive cells were employed for the experiments.

Treatments in isolated primary astrocytes

Confluent primary astrocyte cultures were treated with 1 pg/ml
AP (1-42) (Tocris Bioscience) in the presence or absence of the
following substances: CBD (10~°-10~7 M), MK886 (3 uM), the
selective PPARo antagonist, and GW9662 (9 nM), the selective
PPARY antagonist (all purchased from Tocris Bioscience). The
concentrations of the substances were chosen according to the
results of a series of pilot experiments aimed at identifying the
lowest effective concentration (data not shown). No significant
variation versus control was observed when CBD, MK886, or
GW9662 were given alone (data not shown).

Nitric oxide (NO) measurement

Production of nitric oxide (NO) was determined by measuring
the amount of nitrite (NO, ) accumulated in supernatants of
primary rat astroglial cells 24 h after treatments and in the
inoculated ipsilateral hippocampi homogenates deriving from in
vivo experiments. A spectrophotometer assay based on the Griess
reaction was used [41]. The absorbance of controls and unknown
samples was measured at 540 nm. The NOy  concentration was
thus determined using a standard curve of sodium nitrite (NaNOy)
and referred to 1x10° cells for the in vitro experiments or expressed
as NOy  referred to ug of homogenized hippocampal protein
content for the i vivo experiments.

ELISA

Quantitative determination of Tumor Necrosis Factor alpha
(TNFa), interleukin 1 (IL1P), and S100B was carried out
performing Enzyme Linked-Immuno-Sorbent Assay (ELISA)
assays i vitro and in ex vivo deriving samples from homogenated
hippocampi ipsilateral to the inoculation site; (TNFo and IL f kits
purchased from Invitrogen; S100B kit from BioVendor). In i vitro
experiments, 24 h after treatments, cell culture medium was
collected and ELISA assay was performed according to kit
mstruction. Similarly, samples collected by hippocampal homog-
enates deriving from the n vivo experiments, also undergo ELISA.

Western Blot analysis

Twenty-four hours after treatment, harvested astrocytes (1 x10°
cells) were washed twice with ice-cold PBS, and collected by
centrifugation at 180 g for 10 min at 4°C. Pellets were
resuspended in 50 pul of ice-cold hypotonic lysis buffer (Tris/HCI
pH 7.5 50 mM; NaCl 150 mM; EDTA 1 mM; Triton X-100 1%)
supplemented with the proper protease inhibitor cocktail (Roche)
and incubated on ice for additional 15 min. Ipsi- lateral
hippocampi to injection site, deriving from i vivo experiments,
were dissected from frozen excised rat brains and lysed with the
same buffer. Cells or hippocampi were then mechanically lysed,
and the total protein extracts were obtained by centrifugation at
13,000 ¢ for 15 min at 4°C. Samples were subjected to SDS-
polyacrylamide gel electrophoresis, and proteins were transferred
onto nitrocellulose membrane and incubated with one of the
following antibodies: anti-GFAP 1:50000; anti-iNOS 1:200; anti-
p50 1:400, anti p65 1:1000, anti-calbindin 1:1000, anti-S100B
1:1000, anti B-actin 1:1000 (all purchased from Abcam). After
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being extensively washed in TBS 1X with 0.1% Tween 20, the
membrane was incubated for 2 h at room temperature with the
proper secondary HRP-conjugated antibodies anti-mouse (1:2000)
or anti-rabbit (1:3000; both purchased from Abcam). Finally, the
membrane was developed by using enhanced chemiluminescence
substrate (ECL from Invitrogen). Bands were revealed through a
Versadoc (Bio-Rad Laboratories) and the corresponded digital
images were analyzed with Quantity One Software (Bio-Rad
Laboratories).

Rats and Surgical Procedures

Adult male Sprague-Dawley rats (300-350 g) were obtained from
Harlan Italy. They were housed in a pathogen-free barrier facility
under a 12-h light/dark cycle, with ad libitum access to food and
water. Rats (n=40) were anesthetized 1p. with pentobarbital
(60 mg/kg). They were then placed in a stereotaxic frame and
inoculated with human AP (1-42) (Tocris Cookson) into the CAl
area (AP —3.3, ML —1.2, DV —2.6) The peptide was dissolved in
artificial cerebrospinal fluid to the concentration of 10 ug/ml, and
3 pl was injected using a microdialysis pump, keeping the flow to the
constant value of 0.5 pl/min. Control rats (n=8) were treated
according to the same procedure, and they were inoculated with an
equivalent volume of artificial cerebrospinal fluid.

In Vivo Treatments

After full recovery from stereotaxic surgery, depending upon the
experimental protocol design, rats were i.p. administered for 15
days with: CBD 10 mg/kg, MK886 10 mg/kg, and GW9662
1 mg/kg. All coumpounds were dissolved in PEG/Tween80/
saline (Sigma Aldrich), 5:5:90. Control rats were i.p. given an
equivalent volume of the proper vehicle. All drug solutions were
freshly prepared on the day of the experiment. The drug
concentrations were chosen according to their IC50, and on the
basis of the results of our preliminary experiments. Rats to be
subjected to immunoblotting experiments underwent deep anaes-
thesia and sacrificed by decapitation. Their brains were extracted
and ipsilateral hippocampi to injection site were dissected and
frozen in liquid Ny before the tissue lysis for immunoblot analysis
and/or ELISA assay. Rats to be subjected to morphological
analysis were sacrificed through transcardiac perfusion with
paraformaldehyde 4%. The extracted brains were post-fixed
overnight with the same fixative, protected with 30% sucrose, and
frozen using 2-methylbutane.

Immunohistochemistry
Immunohistochemistry analyses were performed on hippocam-
pal coronal sections adjacent to the site of the injection, obtained

References

1. Prins ND, Visser PJ, Scheltens P (2010) Can novel therapeutics halt the amyloid
cascade? Alzheimers Res Ther 2: 5.

2. Tuvone T, Esposito G, De Filippis D, Scuderi C, Steardo L (2009) Cannabidiol: a
promising drug for neurodegenerative disorders? CNS Neurosci Ther 15: 65-75.

3. Scuderi C, Filippis DD, Iuvone T, Blasio A, Steardo A, et al. (2009) Cannabidiol
in medicine: a review of its therapeutic potential in CNS disorders. Phytother
Res 23: 597-602.

4. Tuvone T, Esposito G, Esposito R, Santamaria R, Di Rosa M, et al. (2004)
Neuroprotective effect of cannabidiol, a non-psychoactive component from
Cannabis sativa, on B-amyloid-induced toxicity in PC12 cells. J] Neurochem 89:
134-141.

5. Esposito G, Scuderi C, Savani C, Steardo L, Jr., De Filippis D, et al. (2007)
Cannabidiol in vivo blunts B-amyloid induced neuroinflammation by suppress-
ing IL-1B and iNOS expression. Br J Pharmacol 151: 1272-1279.

6. Esposito G, De Filippis D, Carnuccio R, Izzo AA, Iuvone T (2006) The
marijuana component cannabidiol inhibits B-amyloid-induced tau protein
hyperphosphorylation through Wnt/B-catenin pathway rescue in PC12 cells.
J Mol Med 84: 253-258.

A
Iw';'_?-' PLoS ONE | www.plosone.org

CBD Promotes Neuronal Survival and Neurogenesis

from both control and treated rats. Free-floating sections were
treated with PBS containing 15 mM NaNj, 10% albumin, and
0.25% Triton X-100, and then they were incubated at 4°C in a
damp chamber by continuous shaking with mouse anti-GFAP
antibody (1:400, Sigma Aldrich). After two overnight incubation,
sections were treated with the biotinylated secondary antibody
(1:200; Vector Laboratories) and with the preformed avidin-
biotinylated peroxidase complex (VECTASTAIN ABC kit; Vector
Laboratories), and the reaction was revealed by 3,3-diaminoben-
zidine tetrahydrochloride (Sigma Aldrich). Sections were mounted
upon gelatin-coated slides before coverslipping with a non-
aqueous medium.

Immmunofluorescence

In the same experimental conditions above described, immu-
nofluorescence analyses were performed on hippocampal coronal
sections adjacent to dentate gyrus (DG). Briefly, slices derived from
both control and treated rats were blocked in 10% albumin bovine
serum 0.1% Triton-PBS solution for 90 min and subsequently
incubated for 1 h with a 10% albumin bovine serum 0.1% Triton-
PBS solution of anti-doublecortin (DCX) antibody (dil. 1:250 v/v).
DCX antibody was purchased from Cell Signaling. Sections were
incubated for 1 h in the dark with the proper secondary antibody:
Tetramethyl Rhodamine Isothiocyanate (TRITC) conjugated
anti-rabbit 1:100 (both from Abcam). Pictures were taken using
a camera (Nikon DIGITAL SIGHT DS-Ul) connected with a
microscope (Nikon ECLIPSE 801 by Nikon Instruments Europe)
provided of the proper fluorescent filters. Slides were thus
analyzed with a microscope (Nikon ECLIPSE 80i by Nikon
Instruments FEurope), and images were captured at 10X
magnification by a high-resolution digital camera (Nikon DIGI-
TAL SIGHT DS-U1).

Statistical Analysis

Results were expressed as mean * S.E.M. of experiments.
Statistical analysis was performed using parametric one-way
analysis of variance, and multiple comparisons were performed
by Bonferroni’s test. Values of p<<0.05 were considered significant.

Author Contributions

Conceived and designed the experiments: GE CS. Performed the
experiments: MV VL GIT DDF MC TI. Analyzed the data: MRC LS.
Contributed reagents/materials/analysis tools: GE CS MRC LS. Wrote
the paper: GE CS LS.

7. Phiel CJ, Wilson CA, Lee VM, Klein PS (2003) GSK-3alpha regulates
production of Alzheimer’s discase amyloid-B peptides. Nature 423: 435-439.

8. Hampson AJ, Grimaldi M, Axelrod J, Wink D (1998) Cannabidiol and (-)Delta9-
tetrahydrocannabinol are neuroprotective antioxidants. Proc Natl Acad Sci U S A
95: 8268-8273.

9. Castillo A, Tolon MR, Fernandez-Ruiz J, Romero J, Martinez-Orgado J (2010)
The neuroprotective effect of cannabidiol in an in vitro model of newborn
hypoxic-ischemic brain damage in mice is mediated by CB(2) and adenosine
receptors. Neurobiol Dis 37: 434-40.

10. O’Sullivan SE 2007 Cannabinoids go nuclear: evidence for activation of
peroxisome proliferator-activated receptors. Br J Pharmacol 152: 576-582.

I1. Kersten S 2008 Peroxisome proliferator activated receptors and lipoprotein
metabolism. PPAR Res 2008: 132960.

12. Bensinger SJ, Tontonoz P (2008) Integration of metabolism and inflammation
by lipid-activated nuclear receptors. Nature 454: 470-477.

13. Bookout AL, Jeong Y, Downes M, Yu RT, Evans RM, et al. (2006) Anatomical
profiling of nuclear receptor expression reveals a hierarchical transcriptional
network. Cell 126: 789-799.

December 2011 | Volume 6 | Issue 12 | 28668



22.

23.

. de la Monte SM, Wands JR (2006) Molecular indices of oxidative stress and

mitochondrial dysfunction occur early and often progress with severity of
Alzheimer’s disease. J Alzheimers Dis 9: 167-181.

. Mrak RE, Griffin WS (2001) Interleukin-1, neuroinflammation, and Alzheimer’s

disease. Neurobiol Aging 22: 903-908.

. Zhang D, Hu X, Qian L, O’Callaghan JP, Hong JS (2010) Astrogliosis in CNS

Pathologies: Is There A Role for Microglia? Mol Neurobiol 41: 232-241.
Glass CK, Saijo K, Winner B, Marchetto MC, Gage FH (2010) Mechanisms
underlying inflammation in neurodegeneration. Cell 140: 918-934.

. Magen I, Avraham Y, Ackerman Z, Vorobiev L, Mechoulam R, et al. (2009)

Cannabidiol ameliorates cognitive and motor impairments in mice with bile duct
ligation. J Hepatol 51: 528-34.

. Magen I, Avraham Y, Ackerman Z, Vorobiev L, Mechoulam R, et al. (2010)

Cannabidiol ameliorates cognitive and motor impairments in bile-duct ligated
mice via 5-HT1A receptor activation. Br J Pharmacol 159: 950-7.

. Avraham Y, Grigoriadis N, Poutahidis T, Vorobiev L, Magen I, et al. (2011)

Cannabidiol improves brain and liver function in a fulminant hepatic failure-
induced model of hepatic encephalopathy in mice. Br J Pharmacol 162: 1650-8.

. Esposito G, De Filippis D, Maiuri MC, De Stefano D, Carnuccio R, et al. (2006)

Cannabidiol inhibits inducible nitric oxide synthase protein expression and nitric
oxide production in beta-amyloid stimulated PC12 neurons through p38 MAP
kinase and NF-kappaB involvement. Neurosci Lett 399: 91-5.

Bianchi R, Giambanco I, Donato R (2010) S100B/RAGE-dependent activation
of microglia via NF-kappaB and AP-1 Co-regulation of COX-2 expression by
S100B, IL-1B and TNF-alpha. Neurobiol Aging 31: 665-677.

Esposito G, Scuderi C, Lu J, Savani C, De Filippis D, et al. (2008) S100B
induces tau protein hyperphosphorylation via Dickopfl-1 up-regulation and
disrupts the Wnt pathway in human neural stem cells. J Cell Mol Med 12:
914-927.

. Mori T, Koyama N, Arendash GW, Horikoshi-Sakuraba Y, Tan J, et al. (2010)

Overexpression of human S100B exacerbates cerebral amyloidosis and gliosis in
the Tg2576 mouse model of Alzheimer’s disease. Glia 58: 300-314.

. Bright JJ, Kanakasabai S, Chearwae W, Chakraborty S (2008) PPAR Regulation

of Inflammatory Signaling in CNS Diseases. PPAR Res 2008: 658520.

. Landreth G, Jiang Q, Mandrekar S, Heneka M (2008) PPARY agonists as

therapeutics for the treatment of Alzheimer’s disease. Neurotherapeutics 5:
481-489.

. Bodles AM, Barger SW (2005) Secreted B-amyloid precursor protein activates

microglia via JNK and p38-MAPK. Neurobiol Aging 26: 9-16.

h

IE:,_ PLoS ONE | www.plosone.org

36.

37.

38.

39.

40.

41.

CBD Promotes Neuronal Survival and Neurogenesis

. Ho GJ, Drego R, Hakimian E, Masliah E (2005) Mechanisms of cell signaling

and inflammation in Alzheimer’s disease. Curr Drug Targets Inflamm Allergy 4:

247-256.

. Kapadia R, Yi JH, Vemuganti R (2008) Mechanisms of anti-inflammatory and

neuroprotective actions of PPAR-y agonists. Front Biosci 13: 1813-1826.

. O’Banion MK (1999) COX-2 and Alzheimer’s disease: Potential roles in

inflammation and neurodegeneration. Expert Opin Invest Drugs 8: 1521-1536.

. Feinstein DL (2003) Therapeutic potential of peroxisome proliferator-activated

receptor agonists for neurological disease. Diabetes Tech Ther 5: 67-73.

. Landreth GE, Heneka MT (2001) Anti-inflammatory actions of persoxisome

proliferator-activated receptor-y agonists in Alzheimer’s disease. Neurobiol
Aging 22: 937-944.

. Lazarov O, Marr RA (2010) Neurogenesis and Alzheimer’s disease: at the

crossroads. Exp Neurol 223: 267-281.

. Abrous DN, Koehl M, Le Moal M (2005) Adult neurogenesis: from precursors to

network and physiology. Physiol Rev 85: 523-569.

. Mayo W, Lemaire V, Malaterre J, Rodriguez JJ, Cayre M, et al. (2005)

Pregnenolone sulfate enhances neurogenesis and PSA-NCAM in young and
aged hippocampus. Neurobiol Aging 26: 103-114.

Li B, Yamamori H, Tatebayashi Y, Shafit-Zagardo B, Tanimukai H, et al.
(2008) Failure of neuronal maturation in Alzheimer disease dentate gyrus.
J Neuropathol Exp Neurol 67: 78-84.

Wada K, Nakajima A, Katayama K, Kudo C, Shibuya A, et al. (2006)
Peroxisome proliferator-activated receptor y-mediated regulation of neural stem
cell proliferation and differentiation. J Biol Chem 281: 12673-12681.

Miglio G, Rattazzi L, Rosa AC, Fantozzi R (2009) PPARY stimulation promotes
neurite outgrowth in SH-SY5Y human neuroblastoma cells. Neurosci Lett 454:
134-138.

Wolf SA, Bick-Sander A, Fabel K, Leal-Galicia P, Tauber S, et al. (2010)
Cannabinoid receptor CB1 mediates baseline and activity-induced survival of
new neurons in adult hippocampal neurogenesis. Cell Commun Signal 8: 12.
Vairano M, Dello Russo C, Pozzoli G, Battaglia A, Scambia G, et al. (2002)
Erythropoietin exerts anti-apoptotic effects on rat microglial cells in vitro.
Eur J Neurosci 16: 584-592.

Di Rosa M, Radomski M, Carnuccio R, Moncada S (1990) Glucocorticoids
inhibit the induction of nitric oxide synthase in macrophages. Biochem Biophys

Res Commun 172: 1246-1252.

December 2011 | Volume 6 | Issue 12 | 28668



