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Palmitoylethanolamide controls reactive gliosis and
exerts neuroprotective functions in a rat model of
Alzheimer’s disease

OPEN

C Scuderi*', C Stecca', M Valenza®, P Ratano', MR Bronzuoli', S Bartoli', L Steardo®, E Pompili®, L Fumagalli*, P Campolongo’
and L Steardo’

Given the complex heterogeneity of pathological changes occurring in Alzheimer’s disease (AD), any therapeutic effort
absolutely requires a multi-targeted approach, because attempts addressing only a single event may result ineffective.
Palmitoylethanolamide (PEA), a naturally occurring lipid amide between palmitic acid and ethanolamine, seems to be a
compound able to fulfill the criteria of a multi-factorial therapeutic approach. Here, we describe the anti-inflammatory and
neuroprotective activities of systemic administration of PEA in adult male rats given intrahippocampal injection of beta amyloid
1-42 (Ap 1-42). Moreover, to investigate the molecular mechanisms responsible for the effects induced by PEA, we
co-administered PEA with the GW6471, an antagonist of peroxisome proliferator-activated receptor-a (PPAR-a). We found that
Ap 1-42 infusion results in severe changes of biochemical markers related to reactive gliosis, amyloidogenesis, and tau protein
hyperphosphorylation. Interestingly, PEA was able to restore the Af 1-42-induced alterations through PPAR-« involvement.
In addition, results from the Morris water maze task highlighted a mild cognitive deficit during the reversal learning phase of the
behavioral study. Similarly to the biochemical data, also mnestic deficits were reduced by PEA treatment. These data disclose
novel findings about the therapeutic potential of PEA, and suggest novel strategies that hopefully could have the potential not
just to alleviate the symptoms but also to modify disease progression.
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Alzheimer’s disease (AD) is the most common late-onset and
progressive neurodegenerative disorder.” It is characterized
by progressive dementia including episodic memory impair-
ments and involvement of other cognitive domains and skills.?
Although senile plaques (SP) and neurofibrillary tangles
(NFTs) are considered pathognomic,® the concept that these
are the only significant pathological changes occurring in AD
brain is misleading. In fact, both in vitro and in vivo findings
have demonstrated that beta amyloid (Af5) fragments promote
a marked neuroinflammatory response, accounting for the
synthesis of different cytokines and pro-inflammatory media-
tors.* A chronic inflammation goes beyond physiological
control and eventually detrimental effects override the
beneficial effects. In fact, after their release, pro-inflammatory
signaling molecules may act autocrinally to self-perpetuate
reactive gliosis and paracrinally to kill neighboring neurons,
thus amplifying the neuropathological damage. Once started,
the inappropriate and prolonged inflammatory process may

contribute independently to neural dysfunction, cell death, and
disease progression.>® Besides the sustained production of
pathogenic substances, astrocytes fail to provide their neuro-
supportive functions, making neurons more vulnerable to toxic
molecules.” Therefore, targeting neuroinflammation might be
an effective therapeutic strategy in AD.&~""

At present, no therapies in clinical use are able to effectively
impact the disease course. Therefore, new drugs able
to simultaneously ameliorate the numerous pathogenic
mechanism involved in AD are therapeutically promising.

Palmitoylethanolamide (PEA) has attracted much attention
for its proven anti-inflammatory and neuroprotective proper-
ties reported in many neuropathological conditions other than
AD. PEA, a naturally occurring amide of ethanolamine and
palmitic acid, is a lipid messenger that mimics several
endocannabinoid-driven actions, even though it does not bind
to cannabinoid receptors.'?22° PEA is abundant in the central
nervous system (CNS) and it is conspicuously produced by
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glial cells."'® Many of its beneficial properties have been
considered to be dependent on the activation of the peroxi-
some proliferator-activated receptor-alpha (PPAR-).!%2!
Recent reports from our group showed the ability of PEA to
attenuate in vitro the Af-induced upregulation of a wide range
of inflammatory mediators by interacting at the PPAR-x
nuclear site.?>2® Both PPAR-« and PEA are clearly detected
in the CNS and their expression may largely change during
pathological conditions.?* It has been observed that Ap
significantly blunts PPAR-« in primary rat astrocytes, suggest-
ing the possibility that the downregulation of this receptor may
represent one of the molecular mechanisms by which Ap
induces astrocyte activation and possibly exerts toxicity. In
addition, PEA is able to reverse the downregulation of PPAR-o
induced by Ap, thus mitigating the overexpression of pro-
inflammatory molecules and signals.?®

Therefore, we explored the anti-inflammatory and neuro-
protective effects of PEA in an in vivo model of AD.
The present study also incorporates pharmacological
experiments to test the hypothesis that PPAR-« was involved
in the effects induced by PEA administration. To this purpose,
we co-administered PEA with the GW6471 (N-((2S)-2-(((12)-1-
methyl-3-oxo-3-(4-(trifluoromethyl)phenyl)prop-1-enyl)amino)-3-
(4-(2-(5-methyl-2-phenyl-1,3-oxazol-4-yl)ethoxy)phenyl)propyl)
propanamide), an antagonist of PPAR-« receptor. These
experiments are much needed because PEA is currently
clinically used for a condition other than AD. Moreover, its
safety and tolerability in humans further demonstrate the
translational value of this work.

Results

PEA counteracts Ap-induced reactive gliosis. Gliosis is a
common pathological process after brain injury and neuro-
degenerative disorders such as AD.?®*” On the basis of
these evidences, we decided to investigate the possible
modifications induced by the intrahippocampal inoculation of
Af 1-42 and the potential beneficial effect of systemic
administration of PEA. First of all, we studied the transcrip-
tion and expression of the GFAP protein, which is considered
one of the most important markers of astrocyte activation.
Indeed, GFAP plays a role in mediating most of the
signals involved in morphology and functional alterations
observed during astrocyte activation.?® Immunofluorescence
analysis of the hippocampal CA3 area ipsilateral to the
injection site revealed that the levels of GFAP were
significantly different between the vehicle-inoculated and
Af-inoculated rats (Figures 1a and b). In fact, we observed
an evident increase in the GFAP intensity, and astrocytes
show stellate shape and multiple branched processes, which
are typical of activated astrocytes (Figure 1b). Such effect

was counteracted by systemic treatment with PEA. Indeed,
GFAP immunopositivity was decreased in PEA-treated
animals, and the shape of astrocytes resembles the one seen
in control animals (Figure 1c). Further, the co-administration of
PEA with GW6471, a selective PPAR-o antagonist, completely
abolished PEA-induced effect (Figures 1d and f).

In line with this observation, results from RT-PCR and
western blot experiments, performed in homogenates of
hippocampi ipsilateral to the injection site, revealed that both
transcription (P<0.05) and expression (P<0.05) of GFAP
were significantly higher in Af-injected rats than in vehicle-
injected rats (Figures 1g-j). Moreover, PEA significantly
reduced the Apf-induced GFAP induction in a PPAR-o-
dependent manner (Figures 1g—j).

Another mediator crucially involved in the reactive gliosis is
the protein S100B. In physiological conditions, S100B
behaves as a neurotrophin, promoting the growth of neuritis,
stimulating astrocyte proliferation, and increasing free calcium
concentrations in both neurons and astrocytes. On the
contrary, in case of brain damage, large amounts of S100B
are being passively released mainly from astrocytes to diffuse
into CSF and blood brain, participating in the amplification of
the inflammatory response by further activating microglia and
astrocytes.?®3° Experiments revealed increased concentra-
tions of S100B mRNA and protein, as well as increased
densities of S100B-positive astrocytes, in Af-injected rats in
comparison to the vehicle-injected rats (Figure 2). In
particular, immunofluorescence analysis of the CA3 area of
the hippocampi ipsilateral to the injection site revealed higher
levels of S100B after Ap 1-42 insult; PEA was able to prevent
such increase through its interaction with PPAR-« (Figures
2a—f). RT-PCR, western blot, and ELISA experiments were
performed to investigate S100B mRNA, protein expression,
and release in hippocampal homogenates. Results indicated
an upregulation of both transcription (P<0.01) and expres-
sion (P<0.01), as well as an increased release (P<0.01) of
S100B in Ap-injected versus vehicle-injected rats. In these
conditions, we observed that PEA controlled the Ap-induced
elevation of S100B content in a PPAR-a-dependent manner.
In fact, GW6471, the selective antagonist for this receptor,
completely abolished the effects of PEA (Figures 2g—k).

As mentioned before, a protracted glial activation is
accompanied with the release of several pro-inflammatory
mediators that can establish a self-sustaining detrimental
cycle that leads to neuronal death, and thus to cognitive
dysfunctions.®' Among these molecules, IL-13 has been
particularly linked to the pathophysiology of AD, as IL-1f is
involved in neurodegeneration.®?3% A stimulates IL-1f
production which leads to a further increase in glial activation
and still more expression of IL-1f. IL-1f is able to increase
neuronal tau expression and tau hyperphosphorylation,* to

Figure 1

PEA effect on Ap-induced GFAP protein transcription and expression. (a-e) Representative fluorescent photomicrographs ( x 20 magnification) of GFAP

immunostaining (red) in the CA3 region of hippocampi ipsilateral to vehicle or A 1-42 injection obtained from rats i.p. treated with vehicle, PEA (10 mg/kg), GW6471
(2mg/kg), or both drugs. Nuclei were stained with DAPI (blue). (f) Data obtained by the semiquantitative analysis of the OD of GFAP immunostaining. Data are expressed in
arbitrary units as means + S.E.M. (**P<0.01). (g) Results of GFAP RT-PCR amplification and (h) densitometric analysis of corresponding bands. Data were generated
normalizing to GAPDH (*P< 0.05). (i) Representative western blots for GFAP protein from hippocampi ipsilateral to the injection site. (j) Densitometric analyses normalized to
f-actin loading controls (*P< 0.05). Statistical analysis was performed by one-way (f) or two-way (h and j) ANOVA followed by Bonferroni multiple comparison test. Results

presented as means * S.E.M. of five experiments
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upregulate the complex cdk5/p35, which plays a pivotal role in AD chronic neuroinflammation also shows the upregulation
CNS development, and to induce inducible nitric oxide synthase of TNF-x expression®®3” mainly involved in the induction
(iNOS) with concomitant production of nitric oxide (NO).%® of inflammatory tissue damage and neuronal death.®®
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This neuroinflammatory stimulation is further characterized by elevated in many neuropathological conditions.3® This indu-
activation of the complement cascade and induction of the cible enzyme causes neurodegeneration in several ways,
prostanoid-generating enzyme cyclooxygenase-2 (COX-2),%8 including the generation of free radicals.*
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Our results demonstrated that A 1—42 injection induced
the upregulation of INOS (P<0.01) and COX-2 (P<0.01) in
comparison with vehicle-injected rats. PEA blunted A 1-42
effect (P<0.01) and the administration of GW6471 revealed
that PPAR-« is partially involved in mediating PEA action
(P<0.05) (Figures 3a—c).

Similar findings were obtained when ELISA experiments
were performed to quantify the release of IL-1 and TNFu in
homogenates of hippocampi ipsilateral to the injection site.
We found a marked release of both these pro-inflammatory
cytokines, and PEA, once again, was able to control their
release. The administration of the selective PPAR-« antago-
nist, GW6471, completely abolished PEA effects, indicating
the significant involvement of such a receptor (Figures 3d and e).
These data clearly show that Af peptide causes a marked
activation of glial cells, starting the so-called reactive
gliosis process, which is efficaciously counteracted by PEA
treatment. In addition, these data confirmed a clear involve-
ment of PPAR-« receptor in mediating the effect of PEA.

PEA effects on amyloidogenic pathway. f-secretase
(BACE?1) is a type | transmembrane aspartyl protease. It is
predominantly expressed in neuronal cells, and localizes to
acidic compartments in the secretory pathway where the
production of A occurs. Indeed, Aff generation is abolished
in BACE1 knockout mice,*! whereas Af formation is
increased by the overexpression of BACE1.%? Cleavage of
APP by BACET is the first step in a process essential for Af
generation, and several studies demonstrated how BACE1
expression is able to control the dynamics of f-secretase
activity in processing APP to generate AB.** Moreover,
in vitro studies demonstrated that the AD-associated
Swedish mutant APP is associated with increased BACE1
activity developing the phenotypes typical of axonal transport
defects because of an enhanced cleavage of APP.** Indeed,
the regulation of APP transcription might play an important
role in AD susceptibility. Several studies identified higher
levels of APP mRNA in AD brains,*® and highlighted that
increased expression of APP correlates with Af deposition in
brain with severe head injury.*® Given the importance of
these proteins in AD pathogenesis and progression, western
blot analysis for BACE1 and APP was performed. Our results
showed a significant BACE1 and APP protein expression
increase (P<0.05 and P<0.01, respectively) in Ap-injected
rat compared with controls (Figure 4a), as confirmed by
relative densitometric analysis (Figures 4b and c). This
expression is statistically attenuated by PEA treatment
(P<0.05 and P<0.01, respectively, for BACE1 and APP
expression), when compared with the vehicle-treated group.
The selective PPAR-o antagonist, GW6471, abolished PEA
effects.
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PEA rescues Wnt pathway thus modulating tau protein
phosphorylation. The irregular phosphorylation of the
microtubule-associated protein tau is a prominent aspect of
AD. It is now established that glycogen synthase kinase 3/
(GSK3p) is involved in normal and pathological tau phos-
phorylation. Indeed, activation of the canonical Wnt pathway
leads to two main molecular mechanisms represented by the
inhibition of GSK3p and the relative accumulation/degrada-
tion of f-catenin in the cytoplasm.*” The latter signaling
pathway has been found to be dysregulated in the AD
brain.*® We have already demonstrated that S100B is able
to induce the expression of Dickopff-1 (Dkk-1), causing
tau protein hyperphosphorylation.*® In addition, recent data
demonstrated the increased expression of Dkk-1 in brains of
AD patients suggesting that dysfunction of the Wnt signaling
could contribute to AD pathology.*°

Utilizing western blot analysis, we evaluated the expression
of the main proteins involved in the canonical Wnt pathway.
Results of immunoblot experiments and their relative densito-
metric analysis are illustrated in Figure 5. Af-injected rats
showed increased concentrations of Dkk-1 in comparison with
vehicle-injected rats (P<0.05). Under these conditions, PEA
was able to control Dkk-1 expression in a PPAR-z-dependent
manner (Figure 5b). This set of experiments also revealed a
marked alteration in the levels of the Wnt pathway proteins. In
fact, we found a significant increase in GSK3/ expression in
Ap-injected rats in comparison with vehicle-injected rats
(P<0.001). Such effect was totally abolished by the pharma-
cological treatment with PEA (P<0.001) through a mechan-
ism which partially involves PPAR-« (Figure 5c). In parallel,
we observed a marked decrease of f-catenin protein in the
hippocampus of Ap-injected rats in comparison with vehicle-
injected rats (P<0.01). Physiological levels of -catenin were
founded in Ap-injected rats systemically treated with PEA
(P<0.05) demonstrating, once again, the ability of this
compound to counteract the damage induced by peptide
inoculation. Co-administration of PEA with GW6471 attenu-
ated such effect, demonstrating that PEA interacts with
PPAR-« to achieve the observed effects (Figure 5d). Growing
evidence indicates that disrupted Wnt signaling may be a
direct link between Ap toxicity and tau hyperphosphorylation,
ultimately leading to neuronal degeneration. For this reason,
we performed western blot experiments using a specific
primary antibody able to bind tau protein on the phospho-
Ser396, which is recognized to be the phosphorylation site
mainly related to neurofibrillary pathology in AD brain.®" The
expression of phosphorylated tau (p-tau) was normalized for
total tau content using a polyclonal primary antibody. Results
highlighted a significant increase in the p-tau/tau ratio after A
1-42 injection (P<0.01), normalized by PEA (P<0.05) in a
manner partially dependent on its PPAR-o interaction

Figure 2 Effect of PEA on Af-induced S100B protein transcription, expression, and release. (a—e) Representative fluorescent photomicrographs ( x 20 magnification) of
S100B immunostaining (red) in the CA3 region of hippocampi ipsilateral to vehicle- or Aff 1-42 injection site obtained from rats i.p. treated with vehicle, PEA (10 mg/kg),
GW6471 (2mg/kg), or both drugs. Nuclei were stained with DAPI (blue). (f) Data obtained by the semiquantitative analysis of OD of S100B immunostaining. Data are
expressed in arbitrary units as means £ S.E.M. (**P<0.001; **P<0.01). (g) Results of S100B RT-PCR amplification and (h) densitometric analysis of corresponding bands.
Data were generated normalizing to GAPDH (**P<0.01; *P<0.05). (i) Representative western blots for S100B protein from hippocampi ipsilateral to the injection site.
(i) Densitometric analyses normalized to f3-actin loading controls (**P<0.01; *P<0.05). (k) Measurement of S100B release by ELISA in homogenate hippocampi ipsilateral
to theAf3 injection site (***P< 0.001; **P< 0.01). Statistical analysis was performed by one-way (f) or two-way (h, j, and k) ANOVA followed by Bonferroni multiple comparison

test. Results presented as means + S.E.M. of five experiments
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Figure 3 Effect of PEA on expression and release of inflammatory mediators
induced by Af injection. (a) Representative western blots for INOS and COX-2
proteins from hippocampi ipsilateral to the injection site and (b and c) relative
densitometric analyses normalized to f-actin loading controls (**P<0.01;
*P<0.05). Measurement of IL-15 (d) and TNFo (e) release by ELISA in
homogenate hippocampi ipsilateral to the Af injection site (**P<0.001;
**P<0.01). Statistical analysis was performed by two-way ANOVA followed by
Bonferroni multiple comparison test. Results presented as means + S.E.M. of five
experiments
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Figure 4 Effect of PEA on amyloidogenic pathway. (a) Representative western
blots for BACE 1 and APP proteins from hippocampi ipsilateral to the injection site
and (b and c) relative densitometric analyses normalized to -actin loading controls
(**P<0.01; *P<0.05). Statistical analysis was performed by two-way ANOVA
followed by Bonferroni multiple comparison test. Results presented as means
+ S.E.M. of five experiments

(Figure 5e). Collectively, these data support a pivotal role of
PEA in modulating the Ap-induced alterations in the Wnt
pathway and normalizing the physiological level of phos-
phorylated tau protein.

PEA effects on neuronal integrity. To investigate the
effects of Af 1-42 injection on neuronal survival, we
measured the expression of the microtubule-associated
protein 2 (MAP-2) by immunofluorescence analysis. MAP-2
is one of the main cytoskeletal proteins in neurons; in
mammalian nervous system, MAP-2 regulates microtubule
dynamics, and it plays an important role in neurite outgrowth
and dendrite development.®® Morphologically, the reduction
in neurite outgrowth is observed in neural cells from AD



patients. Indeed, recent studies demonstrated that MAP-2

expression pattern was significantly reduced compared with

the control group, highlighting that mature neurons are
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significantly decreased in the patients’ group.®® In our study,
results from MAP-2-stained hippocampi indicated that Af
1-42 injection caused a severe depletion of neurons,
especially in the dentate gyrus, compared with vehicle-
injected rats (P<0.05). By means of MAP-2 staining and
relative quantification of immunopositive cells, we observed
that PEA treatment significantly reduced Ap-provoked
neuronal loss (P<0.05) through its interaction with PPAR-«
(P<0.05) (Figures 6a—f). Moreover, our results indicate that
PEA was able to exert an important neuroprotective effect
through PPAR-« involvement.

PEA rescues the Ap-induced deficits in the reversal
learning phase of the Morris water maze. To examine
whether systemic treatment with PEA can result in recovery
from memory deficit induced by hippocampal Ap 1-42
infusion, the Morris water maze (MWM) task was carried
out 3 weeks after surgery, as illustrated in the flow
chart (Figure 7a). Rat weight was monitored every day until
the beginning of behavioral tests. No alterations were
observed (data not shown).

All groups were trained for three consecutive days on
spatial training procedure of four trials session per day.
During these sessions, rats had to learn to localize
a hidden platform set always in a fixed place. All rats,
regardless of any treatment, were equally able to acquire the
cognitive task. Indeed, ANOVA for repeated measures
(with trials as repeated measures) revealed a trial effect
(F(11,418) = 35.031; P<0.0001) but did not reveal significant
differences among groups in the acquisition performances
(F(11,418) =1.026; P=0.422) (Figure 7b).

The effect of A 1-42 inoculation on long-term memory was
analyzed 24 h after the last acquisition day on a single 60-s
probe trial. During the probe test, the platform was removed
from the water maze tank and the time spent in the target
quadrant where the platform was previously located was
measured as a parameter of long-term memory retention.
ANOVA test revealed significant differences neither for the
central treatment (F(1,38)=0.506; P=0.481) nor for the
peripheral treatment (F(1,38) = 0.464; P=0.499) nor for the
interaction between central and peripheral treatments
(F(1,38) =0.623; P=0.435) showing that A 1-42 did not
alter long-term memory functions (Figure 7c).

On day 5, rats were tested for reversal learning capabilities
during a unique session of five trials. The hidden platform was
relocated into the quadrant on the opposite side where the
platform was previously positioned, thus rats had to quickly
understand the new experimental setting, and consequently
to remodel their escape strategy. Figure 7d shows the effect of
PEA administration on reversal learning performances during

Figure 5 Effects of PEA on the Wnt pathway and tau protein phosphorylation.
(@) Representative western blots from hippocampal proteins probed with the
indicated antibodies. (b—e) Relative densitometric analyses. Data were generated
normalizing proteins of interest to $-actin loading controls (***P<0.001; **P<0.01;
*P<0.05). Statistical analysis was performed by two-way ANOVA followed by
Bonferroni multiple comparison test. Results presented as means + S.E.M. of five
experiments
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the first trial. ANOVA revealed a statistically significant
interaction among treatments (F(1,38) = 10.278; P=0.003).
Post hoc comparisons revealed a statistically significant
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difference between Af/Veh versus Veh/Veh, and Ap/Veh
versus AS/PEA animals (P<0.05), thus showing that Af-
injected rats were impaired in the fast adjustment to a change
in the platform location compared with the vehicle-injected
animals. Interestingly, we found that PEA administration
statistically prevented the memory-impairing effect induced
by Ap (P<0.05) (Figure 7d). No statistically significant
differences were found among groups in the escape latency
during trials 2-5 (F(3,114 =1.36; P=0.26).

Discussion

The current results clearly demonstrate, for the first time in a
rat model of AD, the ability of PEA to attenuate neuropathol-
ogy by modulating neuroinflammation. This supports the view
that astrocyte-unregulated activation can be considered an
appropriate and promising therapeutic target for AD treat-
ment. Furthermore, we demonstrated in vivo that PPAR-o is
involved in mediating PEA beneficial effects. Such findings
are new and of great interest because AD represents one of
the major health concern, with a pressing need to develop new
agents able to prevent or treat this disorder. Currently, an
unresolved goal of preclinical investigation is to recognize
tools capable to selectively regulate pro-inflammatory over-
activation of neuroglia, restoring its physiological properties.
The capacity of PEA to modulate the protective responses
during inflammation suggests that endogenous PEA may be
part of the complex homeostatic apparatus controlling the
basal threshold of inflammatory processes. For this reason,
we aimed to study the effects of PEA in a rat model of AD
and here, we provide the first in vivo evidence that PEA
exerts simultaneously anti-inflammatory and neuroprotective
effects. It is commonly accepted that AS deposits can be
associated with local cell loss, oxidative stress, and neuroglial
activation. Glia possess endogenous homeostatic mechan-
isms/molecules that can be seriously affected as a result of
tissue damage. As a consequence, activated glial cells lose
their physiological functions and acquire a reactive pheno-
type, characterized by profound morphological and functional
alterations.?®. Among these, GFAP and S100B overexpres-
sion is the best-known hallmark of activated astrocytes.>*° In
our model, we detected marked alteration of both these
proteins. In fact, our results show that hippocampal astrocytes
had significantly larger GFAP surface and express higher
immunopositivity for S100B. Interestingly, PEA negatively
modulated both GFAP and S100B transcription and expres-
sion, through its interaction with PPAR-« receptor.

In this study, we highlighted the existence of an inflammatory
state induced by Af 1-42 infusion, as detected by the

<
Figure 6 PEA effect on neuronal integrity. (a—e) Representative fluorescent
photomicrographs ( x 20 magnification) of MAP-2 immunostaining (red) in the CA3
region of hippocampi ipsilateral to vehicle or A 1-42 injection site obtained from
rats i.p. treated with vehicle, PEA (10 mg/kg), GW6471 (2 mg/kg), or both drugs.
Nuclei were stained with DAPI (blue). (f) Data obtained by the semiquantitative
analysis of the optical density (OD) of MAP-2 immunostaining. Data are expressed
in arbitrary units as means = S.E.M. of five experiments (*P<0.01). Statistical
analysis was performed by one-way ANOVA followed by Bonferroni multiple
comparison test
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Figure 7 PEA rescues the AS-induced deficits in the reversal learning phase of the Morris water maze. (a) Diagram of the experimental design. (b) Mean latency
(seconds) for finding the escape platform during the spatial training. No significant differences were detected among all groups. (¢) Mean latency (seconds) to reach the
quadrant where the platform was located during the acquisition. No significant differences were detected among all groups. (d) Mean latency (seconds) for finding the escape
platform during the reversal learning. Af/Veh rats showed longer escape latency versus Veh/Veh (*P<0.05) and A/PEA rats (*P<0.05). Statistical analysis was performed
by two-way ANOVA followed by Bonferroni multiple comparison test. Results presented as means + S.E.M

increased expression and release of the some key regulators of
inflammatory process. Remarkably, PEA reduced iNOS and
COX-2 overexpression and the enhanced release of IL-1f and
TNF-«. Overall, these findings suggest that PEA exerts a key
role in regulating astrogliosis and important functional changes,
which contribute to disease progression.

Astrocytic cytokines may prompt the synthesis of acute-
phase proteins such as APP%® increasing the production of
Ap, regulating the cytokine cycle itself,** and inducing
neuronal death® responsible for the neurodegenerative
consequences. Astrocytes could be induced by pro-inflam-
matory stimuli to promote the expression of BACE1, thus

increasing the conversion of APP into the neurotoxic insoluble
Ap which could, in turn, induce astrocytes to produce more
inflammation-like glial responses.®®®” Here, we demonstrate
the ability of PEA to reduce the expression of BACE1 and
APP, proteins directly involved in the amyloidogenic pathway.
Collectively, these results identify PEA as a potential
agent that is able to stop the detrimental cycle in which
neuroinflammation and amyloidogenesis cooperate in
sustaining the pathological state and the activation process
of astrocytes.

Besides A accumulation in SP, the accumulation of
hyperphosphorylated tau proteins that yield to NFT formation

Cell Death and Disease



G

Anti-inflammatory & neuroprotective effects of PEA
C Scuderi et al

10

is another hallmark characteristic in AD brain. Many data
indicate that inhibition of the canonical Wnt pathway con-
tributes to the pathophysiology of neurodegenerative dis-
orders. Previous studies®® demonstrated the role for Dkk-1 in
the mechanisms of Af toxicity. The ability of A to induce the
expression of Dkk-1 causes an increased activity of GSK3p
resulting in the hyperphosphorylation of tau protein. Here, we
show, for the first time in an in vivo model, the ability of PEA to
restore the alteration in the Wnt pathway caused by A 1-42
hippocampal infusion, and to reduce phosphorylated tau
protein overexpression. These findings indicate an important
neuroprotective function for this endogenous compound and,
once again, highlight an important involvement of PPAR-«. To
deeply investigate the effect of PEA on neuronal circuitry, we
decided to perform analysis on a neuronal marker, MAP-2.
Our findings showed an important role of PEA in restoring
MAP-2 expression that resulted reduced after Af injection,
confirming its neuroprotective effect.

Finally, we decided to perform a MWM test to evaluate the
effect of PEA on cognitive functioning. We found that A 1-42-
infused rats did not present deficits in the acquisition and in the
long-term retention of the task. This is of translational value
because clinical observations report that general and pro-
found learning dysfunctions do not occur in the early course of
AD. Importantly, we found that A 1-42 infusion in the dorsal
hippocampus results in reversal learning deficits, which could
be partially compared to working-like memory in humans.5°:°
Impairment of working memory has been found to be a
precocious marker for the future development of demen-
tia.6"2 Interestingly, PEA was able to restore the Af 1—42-
induced deficits, suggesting its capability to improve reversal
learning deficits.

The current investigation provides evidence that PEA, by
activating PPAR-«, rescues altered molecular pathways as
well as behavioral impairments that can mimic some early
traits of AD. Considering the extreme safety and tolerability of
PEA in humans, our findings offer new opportunity in the
already fruitless world of AD treatment.

Materials and Methods

Animals. Male adult Sprague-Dawley rats (250-275¢ at the time of surgery;
Charles River Laboratories, Calco, ltaly) were individually housed in a temperature-
controlled (20 £ 1 °C) vivarium and maintained under a 12 h light/dark cycle (07:00
AM lights on — 07:00 PM lights off). Food and water were available ad libitum. All
experiments were carried out during the light phase. All procedures were approved
by the Italian Ministry of Health (Rome, Italy) and performed in compliance with the
guidelines of the European Communities Council (2010/63/UE).

Surgical procedures. Rats (n=9-12 for each experimental group) were
anesthetized intraperitoneally (i.p.) with sodium pentobarbital (50 mg/kg), placed in a
stereotaxic frame and unilaterally inoculated with human A 1-42 (Tocris Cookson,
Bristol, UK) into the dorsal hippocampus (coordinates relative to the bregma:
AP: —3mm, ML: +2.2mm, and DV: — 2.8 mm).% The coordinates and dose of A
1-42 were chosen according to literature and the results of a series of pilot
experiments.% The peptide was dissolved in artificial cerebral-spinal liquid (aCSF) to
the concentration of 2 ug/ul. Fibrillar amyloid was formed by incubation at least for
24 at 37 °C.% A volume of 2.5 ul was injected using a microdialysis pump, keeping
the flow to the constant value of 0.5 zl/min. Injection needles were left in place for
additional 60's to facilitate the diffusion of solution. Control rats underwent the same
procedure and were inoculated with an equivalent volume of aCSF.

Drug treatment. PEA and GW6471 were both from Tocris (Bristol, UK). PEA
and GW6471 were dissolved in saline:PEG:Tween-80 in a 90:5:5 ratio (v/v)
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(Sigma-Aldrich, Milan, Italy). Control rats were i.p. given an equivalent volume of
the proper vehicle. Vehicle, PEA (10 mg/kg), GW6471 (2 mg/kg), or both drugs
were i.p. administered once a day for seven consecutive days, starting from the
day of the surgery. The doses were chosen according to literature and the results
of a series of pilot experiments®®5” (data not shown).

Biochemical evaluations

Tissue collection: Twenty-eight days after surgery, rats were killed by
decapitation. For immunoblotting, ELISA, and RT-PCR experiments, hippocampi
were isolated and frozen using 2-methylbutane. We focused on the hippocampus,
which is one of the brain areas earliest and most severely affected by AD. For
morphological analysis, whole brains were frozen in 2-methylbutane and stored at
—80°C.

Reverse transcriptase-polymerase chain reaction. Total RNA was
extracted from homogenized hippocampi ipsilateral to the injection site using the
lysis reagent provided in NZY Total RNA isolation kit (NZYTech, Lda., Lisbon,
Portugal) according to the manufacturer's protocol. The extracted RNA was
subjected to DNase | (NZYTech, Lda) treatment at 25 °C for 15min and eluted in
30 ul of RNase-free water. The total RNA concentration was determined by
Nanodrop 1000 spectrophotometer (Thermo-scientific, Rockford, IL, USA) and
purity of sample was determined according to the 260/280nm ratio. One
microgram of RNA was reversed transcribed into complementary DNA (cDNA)
using oligo(dT) and random primers included in the First-strand cDNA synthesis kit
(NZYTech, Lda.); then RNA/DNA hybrids were digested with RNase H from E.
coli; according to the manufacturer’s specifications. All PCR experiments were
performed using Supreme NZYTagq DNA polymerase (NZYTech, Lda.) with
specific primers for Rattus norvegicus GFAP (forward primer 5'-TGG CCA CCA GTA
ACA TGC AA-3'; reverse primer 5'-CTC GAT GTC CAG GGC TAG CT-3'), S100B
(forward primer 5'-TCA GGG AGA GAG GGT GAC AA-3'; reverse primer 5'-ACA
CTC CCC ATC CCC ATC TT-3'), and GAPDH (forward primer 5'-GCG AGA TCC
CGC TAA CAT CAA ATG G-3; reverse primer 5'-GCC ATC CAC AGT CTT CTG
AGT GGC-3') sequences, with the latter used as a housekeeping gene.

Each PCR was preceded by incubation for 5min at 95°C to activate
Tag-polymerase enzyme and followed by 7 min at 72 °C to finish the extension of
amplified sequences.

PCR amplification products were separated on 1.5% agarose gel (BioRad
Laboratories, Milan, Italy) stained with GelRed (Biotium Inc., Hayward, CA, USA),
visualized by ultraviolet light, acquired by Versadoc (BioRad Laboratories) and
analyzed by a densitometry computer programme (ImageJ software v1.44p,
NIH, Bethesda, MD, USA).

Western blot. Western blot analyses were performed on rat-isolated
hippocampal region ipsilateral to the injection site. Each portion was suspended
in ice-cold hypotonic lysis buffer (TrisHCI pH 7.5 50mM, NaCl 150mM,
ethylenediaminetetraacetic acid (EDTA) 1mM, 1% Triton X-100) supplemented
with the proper protease inhibitor cocktail (PMSF 1mM, aprotinin 10 ug/ml,
leupeptin 0,1 mM, all from Sigma-Aldrich). After incubation for 40 min at + 4 °C,
homogenates were centrifuged at 14000r.p.m. for 15min and the supernatant
removed and stored in aliquots at — 80 °C until use.

Equivalent amounts (50 ) of each sample calculated by Bradford assay were
resolved on 12% acrylamide SDS-PAGE precast gels (BioRad Laboratories).
Proteins were transferred onto nitrocellulose. Membranes were blocked with 5%
w/v no-fat dry milk powder in Tris-buffered saline-Tween 0,1% (TBS-T) for 1h
before overnight incubation at 4 °C with one of the following primary antibodies:
rabbit anti-GFAP (1:50000, Abcam plc, Cambridge, UK), rabbit anti-S100B
(1:1000, Epitomics, Burlingame, CA, USA), rabbit anti-iINOS (1:9000,
Sigma- Aldrich), rabbit anti-COX-2 (1:1000, Cell Signaling Technology, Inc,
Danvers, MA, USA), rabbit anti-f-actin (1:1500, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), rabbit anti- f-catenin (1: 1000, Cell Signaling Technology,
Inc), rabbit anti-BACE1 (1:1000, Abcam plc), anti-APP (1:1000, Cell Signaling
Technology, Inc), rabbit anti-Dkk-1 (1:1000, Santa Cruz Biotechnology), rabbit
anti-phosphoGSK3 ([ser9],1: 1000, Cell Signaling Technology, Inc), rabbit anti-
phospho-tau ([Ser396], 1:500, Novus Biologicals, Littleton, CO, USA), goat anti-
tau (1:500, Santa Cruz Biotechnology). After being extensively washed in TBS-T,
membranes were incubated for 1h at 25 °C in the proper secondary horseradish
peroxidase-conjugated antibodies (HRP-conjugated goat anti-rabbit 1gG,
1:30000, Jackson Immunoresearch Europe, Suffolk, UK; HRP-conjugated rabbit
anti-goat, 1:5000, Abcam plc). The immunocomplexes were visualized using an



ECL kit (Amersham, Bucks, UK). Protein expression was quantified by
densitometric scanning of the X-ray films with a GS 700 Imaging Densitometer
(Bio-Rad laboratories) and a computer programme (ImagedJ software).

Enzyme-linked immunosorbent assay. Hippocampal regions ipsilateral
to the injection site were homogenized in lysis buffer (Tris-HCI pH 7.5 20 mM, NaCl
137 mM, NP40 1%, glycerol 10%, sodium orthovanadate 0.5mM) containing a mix of
protease inhibitors (PMSF 1 mM, aprotinin 10 pg/ml, leupeptin 1 ug/ml, all from
Sigma-Aldrich), in a 5:1 ratio pl lysis buffer/mg tissue by a mechanical
homogenization potter. The homogenates were centrifuged at 14000r.p.m., at
+4°C for 30min and the supernatant was immediately used for the assay. The
concentrations of S100B, TNFz, and IL-15 were measured with commercially
available ELISA kit (Invitrogen, Milan, Italy) according to the procedures recommended
by the manufacturer. The intensity of the colored product, recorded at 450 nm with an
Epoch Microplate Spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA),
was directly proportional to the concentration of cytokines in the sample.

Immunofluorescence. Extracted brains were transversely cut using a
cryostat to obtain coronal sections containing the hippocampal region. Sections
(10-um thickness) were fixed for 4min at room temperature with 4%
paraformaldeyde (Merck, Darmstadt, Germany) in 0.12M phosphate buffer, pH
7.4. After quenching auto-fluorescence with 0.05M ammonium chloride, and
saturation of non-specific sites with 3% normal donkey serum (BioCell Research
Laboratories, Newport Beach, CA, USA), sections were incubated ovemight at 4 °C
with 0.5% albumin bovine serum/0.25% Triton-TBS solution containing one of the
following primary antibodies: rabbit anti-GFAP (1:500; Abcam plc), rabbit anti-
S100B (1:1000, BD Transduction Laboratories, San Jose, CA, USA), mouse anti-
MAP-2 (1:250, Novus Biologicals). After washing, the sections were incubated with
donkey Cy3-labeled anti-rabbit (or anti-mouse) IgG (1:400; Jackson Immuno-
Research Laboratories, West Grove, PA, USA). Negative controls were performed
substituting specific Igs with an equivalent amount of non-specific Igs and omitting
primary antibodies. After a final wash with PBS, slides were mounted with
Vectashield mounting medium, containing DAPI for nuclear staining (Vector
Laboratories, Burlingame, CA, USA). Pictures were taken using a fluorescence
microscope (Eclipse E600; Nikon Instruments S.p.A., Firenze, Italy). Analysis of
signal intensity was measured semiquantitatively in each slice as optical density
(OD) and considering the averaged OD of non-immunoreactive regions of the brain
for background normalization using a specific computer program (ImageJ software).
Because many variables affect the staining intensity of a tissue section, during the
acquisition of images, we set the same value of gain and exposure for each channel.

Morris water maze test

Task procedures: Eighteen days after surgery, rats were handled 1 min per
day for three consecutive days before training on the MWM task. The maze,
located in a room containing several visual cues, was a circular tank (1.83m in
diameter and 0.58 m in height) filled with water (23-24 °C) to a depth of 20 cm.
During the spatial training and reversal learning, a hidden transparent Perspex
platform (2025 cm) was submerged 2.5 cm below the surface of the water in the
northwest quadrant of the maze. The experiments were performed according to
the procedure previously described.®®%°

Spatial training (acquisition): Days 1-3. Rats were given a daily training
session of four trials (60 s each one) for three consecutive days. On each trial, the
animal was placed in the tank facing the wall at one of the four designated start
positions and allowed to escape onto the hidden platform. If an animal failed to
find the platform within 60's during the first day of the training, it was manually
guided to the platform. The rat was allowed to remain on the platform for 10's and
was then placed into a holding cage for 25s until the start of the next trial. The
time each animal spent to reach the platform was recorded as the escape latency.

Probe (memory retention). Day 4. The retention of the spatial training was
assessed 24 h after the last training session. At the probe test, the platform was
removed and rats were returned to the water maze for a 60-s trial. The parameter
measured was the time spent by rats to reach the position were the platform was
previously located (escape latency).

Reversal learning. Day 5. Rats were given a single training session of five
trials (60 s each one); the platform was placed into the quadrant on the opposite
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side where the platform was previously located. On each trial, the animal was
placed in the tank facing the wall at one of the four designated start positions and
allowed to escape onto the hidden platform. If an animal failed to find the platform
within 60 s during the first trial, it was manually guided to the platform. The rat was
allowed to remain on the platform for 10 s and was then placed into a holding cage
for 15s until the start of the next trial. The time each animal spent to reach the
platform was recorded as the escape latency.

Behavioral data from the acquisition, probe, and reversal learing were acquired
and analyzed using an automated video-tracking system (Smart, Panlab, Harvard
Apparatus, Cornella (Barcelona), Spain). The escape latency for the spatial training
and reversal learning working memory, and the amount of time rats spent in the
target zone in the probe test were analyzed.

Statistics. Analysis was performed using GraphPad Prism version 4.0
(GraphPad Software, San Diego, CA, USA). Data were analyzed by one
or two-way analysis of variance and multiple comparisons were performed
using the Bonferroni’s post hoc test, when applicable. Data are shown as
mean + standard error of the mean (S.E.M.) as specified in the figure legends.
Differences between mean values were considered statistically significant
when P<0.05.
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