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Abstract.

Background: Considering the heterogeneity of pathological changes occurring in Alzheimer’s disease (AD), a therapeutic
approach aimed both to neuroprotection and to neuroinflammation reduction may prove effective. Palmitoylethanolamide (PEA)
has attracted attention for its anti-inflammatory/neuroprotective properties observed in AD animal models.

Objective and Methods: We evaluated the protective role of PEA against amyloid-B4, (AB4,) toxicity on cell viability and
glutamatergic transmission in primary cultures of cerebral cortex neurons and astrocytes from the triple-transgenic murine model
of AD (3xTg-AD) and their wild-type littermates (non-Tg) mice.

Results: AB4, (0.5 uM; 24 h) affects the cell viability in cultured cortical neurons and astrocytes from non-Tg mice, but not
in those from 3xTg-AD mice. These effects were counteracted by the pretreatment with PEA (0.1 uM). Basal glutamate levels
in cultured neurons and astrocytes from 3xTg-AD mice were lower than those observed in cultured cells from non-Tg mice.
AP4-exposure reduced and increased glutamate levels in non-Tg mouse cortical neurons and astrocytes, respectively. These
effects were counteracted by the pretreatment with PEA. By itself, PEA did not affect cell viability and glutamate levels in
cultured cortical neuron and astrocytes from non-Tg or 3xTg-AD mice.

Conclusion: The exposure to AP, induced toxic effects on cultured cortical neurons and astrocytes from non-Tg mice, but not
in those from 3xTg-AD mice. Furthermore, PEA exerts differential effects against AR4,-induced toxicity in primary cultures of
cortical neurons and astrocytes from non-Tg and 3xTg-AD mice. In particular, PEA displays protective properties in non-Tg but
not in 3xTg-AD mouse neuronal cultured cells overexpressing Af3.
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INTRODUCTION

Alzheimer’s disease (AD) is an age-dependent, mul-
tifactorial neurodegenerative pathology resulting in
the deterioration of selective cognitive performance
including memory, and learning impairment [1-3].
The neurodegenerative process in AD is character-
ized by the presence of two classes of abnormal
structures: extracellular amyloid plaques surrounded
by activated microglia, reactive astrocytes, dystrophic
neurites, and degenerating neurons [4], along with
intraneuronal neurofibrillary tangles subsequent to an
abnormal tau protein phosphorylation [5—7]. Although
the classical so-called “amyloid cascade hypothesis”
has been recently revisited, a large body of evidence
suggests that the overexpression of the amyloid-3 pro-
tein precursor (ABPP) and subsequent generation of
amyloid-3 (AB) fragments is central to the neurode-
generation observed in AD patients. A appears to
exert some of its neurotoxic effects through numerous
secondary pathways, including tau hyperphosphory-
lation and neurofibrillary tangle formation, oxidation,
inflammation, demyelination, and excitotoxicity. For
instance, both in vitro and in vivo findings have
demonstrated that AR fragments promote a marked
neuroinflammatory response, sustained by glial cells,
accounting for the synthesis of different cytokines and
proinflammatory mediators [8, 9]. As astrocytes out-
number microglia in the brain and their activation
seems to last longer, they may have a more impor-
tant and sustained role over microglia in the enduring
neuroinflammation in AD [10]. The secreted pro-
inflammatory factors and alterations in the expression
of several proteins that support and accelerate the neu-
rodegenerative events [11], make neurons particularly
vulnerable to cytotoxic events, including glutamate
excitotoxicity [12]. In fact, it'is well demonstrated
that a sustained increase in extracellular glutamate
levels, associated with overstimulation of N-methyl-
D-aspartate (NMDA) teceptors, may represent an
additional pathogenetic basis of neurodegeneration
in AD [13]. In this context, it is worth noting that
astrocytes exert a central role in brain homeostasis,
in particular via the numerous cooperative metabolic
processes that they establish with neurons, such as
the supply of energy metabolites and neurotransmit-
ter recycling functions. Thus, it has been reported that
impairments in astrocytic function play an important
role in neuronal dysfunction, and could contribute to
excitotoxic phenomena observed in the neurodegen-
erative processes [14]. In view of the above, it seems
clear that the neuroinflammatory process sustained by

excessive and prolonged astrocyte activation might
alter neuron/astrocyte cooperation, thus causing dele-
terious effects on neurons and contributing to the AD
neuronal cell loss. A therapeutic approach aimed both
to neuroprotection and neuroinflammation reduction
may therefore prove effective in slowing the progres-
sion of the disease [15].

Cannabinoids (CBs) or the modulation of the endo-
cannabinoid signals have been proposed as possible
therapeutic approaches to AD [16-18]. The endo-
cannabinoid system is extensively involved in the
neuroinflammatory process, exerting an inhibitory and
neuroprotective role both at the peripheral level, by
modulating plasma and tissue immune cells, and
on central glial cells [19, 20]. Anti-inflammatory
and neuroprotective functions have been particularly
attributed to the endocannabinoids belonging to the
acylethanolamide family, like anandamide as well
as to-anandamide congeners oleoylethanolamide and
palmitoylethanolamide (PEA), since their production
is greatly increased in the sites of neuronal damage
[21]. In the central nervous system, PEA, produced
by neurons, microglia, and astrocytes, exerts a local
anti-injury function through a down-modulation of
mast cells and by protecting neurons from excito-
toxicity [22-24]. However, its exact biological roles
remain elusive. Recently, PEA has been defined
as a cannabinoid receptor-inactive endocannabinoid-
related molecule [23], with different mechanisms of
action such as the activation of a cell surface receptor
[CB2-like or the G-protein coupled receptor 55, orphan
(GPR55)] [25], the activation of a nuclear receptor of
the peroxisome proliferator-activated receptor (PPAR)
family [26, 27] and the action as “entourage” com-
pound enhancing endocannabinoid activity at their
receptors and/or inhibiting endocannabinoid degra-
dation [28]. In addition, in vitro and in vivo results
have suggested anti-inflammatory and neuroprotective
properties of PEA against AB-induced neurotoxicity
[29-32]. On the contrary, there are not exhaustive
data on the possible neuroprotective effects of PEA
in genetically modified mouse model of AD.

The triple-transgenic murine model of AD (3xTg-
AD), which harbors three mutant human genes
(ABPPsye, PS1Mmi46v, taupzoir) closely mimics many
aspects of AD in humans. In fact, these animals
are characterized by age-dependent build-up of both
plaques and tangles in the cerebral cortex, hip-
pocampus, and amygdala regions [33, 34]. Moreover,
evidence of progressive deficits in synaptic plasticity
and in cognitive functions has been shown in the 3xTg-
AD mice [33, 35]. It has also been reported that the
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primary neuronal cultures from 3xTg-AD mice repre-
sent the first in vitrro model of AD characterized by
a simultaneous overexpression of ABPP, AB, and tau
protein useful to evaluate cellular and molecular mech-
anisms associated with the pathology of AD in order
to investigate new pharmacological approaches [34].

Based on the above findings, the main aim of the
present study was to assess the protective effects of
PEA on AB4>-induced toxicity by studying cell viabil-
ity and morphology. Moreover the ability of PEA to
modulate the function of cortical glutamatergic neu-
rons and astrocytes, by measuring basal endogenous
glutamate release, was evaluated. All experiments were
carried out in primary cultures of neurons and astro-
cytes obtained from the cerebral cortex of wild-type
(non-Tg) and 3xTg-AD mice. The cerebral cortex was
chosen as the most representative area among the brain
regions affected by AD.

MATERIALS AND METHODS
Animals

Colonies of 3xTg-AD mice and wild type littermates
(non-Tg) were established at the animal facilities of the
Puglia and Basilicata Experimental Zooprophylactic
Institute (Foggia, Italy), according to the procedures
previously described [36]. The 3xTg-AD mice harbor-
ing ABPPgye, PS1v146v, and taupsg;L transgenes were
genetically engineered by LaFerla and colleagues at the
Department of Neurobiology and Behavior, University
of California, Irvine [33, 37]. Genotypes were con-
firmed by polymerase chain reaction (PCR) after tail
biopsies [33]. The housing conditions were controlled
(temperature 22°C, light from 07:00-19:00, humid-
ity 50%—-60%), and fresh food and water were freely
available.

Experiments were carried out in strict accordance
with the European Communities Council Directive
(86/609/EEC) and the Guidelines released by the
Italian Ministry of Health (D.L. 116/92) and (D.L.
111/94-B). A formal approval to conduct the exper-
iments described was obtained by the local Ethics
Committee (University of Ferrara, Italy). Efforts were
made to minimize the number of animals used and to
reduce their discomfort.

Primary cultures of cerebral cortical neurons

Primary cultures of cortical neurons were prepared
from embryonic day 18 (E18) non-Tg and 3xTg-AD
mouse embryos and cultured as previously described

[38]. Cortices free of meninges were dissociated in
0.025% (w/v) trypsin at 37°C followed by mechanical
repeated gentle pipetting through wide- and narrow-
bore fire-polished Pasteur pipettes in culture medium
[Neurobasal medium (Gibco, Grand Island, NY, USA)
supplemented with 0.1 mM glutamine (Sigma Chemi-
cal Co., St. Louis, MO, USA), 10 wg/ml gentamicin
(Sigma Chemical Co.) and 2% B-27® Supplement
(50X), serum free (Gibco®)]. Cells were counted and
then plated on poly-L-lysine (5 pg/ml)-coated multi-
wells (24 wells; Nunc A/S, Roskilde, Denmark) at a
density of 200,000 cells per well and on 96-well at
a density of 50,000:cells per well. For immunocyto-
chemistry, the cells were plated on glass coverslips
at a concentration of 200,000 cells per well. Cultures
were grown at-37°C in a humidified atmosphere, 5%
CO2/95% air. Cytosine arabinoside (10 wM; Sigma
Chemical Co.) was added within 24 h of plating to
prevent glial cell proliferation. After 8 days of in vitro
incubation (days in vitro: DIV), cultures were used for
experiments.

Primary cultures of cerebral cortical astrocytes

Primary cultures of cerebral cortical astrocytes were
obtained from newborn non-Tg and 3xTg-AD mice (1
or 2 days old) and cultured as described by Scuderi et
al. [30], with slight modifications. Cerebral cortices
were removed and dissociated by mild trypsiniza-
tion at 37°C, followed by mechanical trituration to
obtain single cells. Cells were suspended in the culture
medium [DMEM, 5% inactivated fetal bovine serum
(Gibco), 100 TU/ml penicillin, and 100 pg/ml strep-
tomycin (all from Sigma-Aldrich, Milan, Italy)] and
then seeded in 75-cm? flasks at a density of 3 x 10°
cells/flask. The cells were incubated at 37°C in a
humidified atmosphere, 5% CO2/95% air. The cul-
ture medium was replaced after 24 h and again twice
weekly until astrocytes were grown to form a mono-
layer firmly attached to the bottom of the flask (12
or 14 days after dissection). At cell confluence, flasks
were vigorously shaken to separate astrocytes (which
remained adherent in the bottom of the flasks) from
microglia and oligodendrocytes (which floated on the
supernatant). Collected astrocytes were counted and
then plated on poly-L-lysine (5 pg/ml)-coated mul-
tiwells (24 wells) at a density of 200,000 cells per
well and on 96-multiwell plates at a density of 50,000
cells per well. For immunocytochemistry, the cultured
astrocytes were plated on glass coverslips at a con-
centration of 200,000 cells per well. The purity of the
cells in culture was tested with monoclonal anti-glial
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fibrillary acidic protein (GFAP) and only cultures with
more than 95% GFAP-positive cells were used for the
experiments.

Neuronal and astroglial culture pharmacological
treatments

Both neuronal and astroglial cultures were treated
with AB42 (0.5 uM; Tocris Bioscience, Bristol, UK)
for 24 h with or without PEA (0.1 puM; Tocris Bio-
science, Bristol, UK), added 1 h before AB42 and
maintained in contact with the cells during the pep-
tide exposure. The concentration of the substances was
chosen according to previous results [29, 30]. Cell via-
bility, cell count and glutamate levels were assessed
after 24 h of treatment.

Neutral red assay

The neutral red assay was used to assess cell viabil-
ity [31, 39]. Cells were cultured in 96-multiwell plates
and treated as described above. 24 h after pharmaco-
logical treatments, the plates were incubated for 3 h at
37°C with a neutral red working solution (50 pg ml-1
in PBS 1X without calcium and magnesium, Sigma-
Aldrich, St. Louis, MO, USA). The cells were washed
and the dye removed from each well through a destain
solution (ethanol:deionized water: glacial acetic acid,
50:49:1, v/v). The absorbance was read at 540.nm
using a microplate absorbance reader (Sunrise, Tecan).
The values of treated cells were referred to control
non-exposed cultures, and expressed as percentage
variation.

Immunocytochemistry

Cells were rinsed in 0.1 M PBS and then fixed
with 4% paraformaldehyde in Sorensen’s buffer 0.1 M,
pH 7.4, for 20 min. After rinsing in PBS (three
times for 5 min each), the cells were incubated
overnight at 4°C in 0.3% Triton X-100/PBS solu-
tion (v/v) containing the following primary antibodies:
anti-microtubule-associated protein 2 (MAP2) (1:1000
dilution, Chemicon, Temecula, CA) and anti-GFAP
(1:200 dilution Chemicon, Temecula, CA). The cells
were then washed three times with PBS and incubated
for 60 min at room temperature with the proper sec-
ondary antibodies: rhodamine-conjugated anti-rabbit
antibody (1:100 dilution Chemicon, Temecula, CA)
and fluorescein isothiocyanate-conjugated anti-mouse
antibody (1:100 dilution Chemicon, Temecula, CA),
respectively. Nuclei were stained with Hoechst 33258

(1 pg/ml; Sigma Aldrich, St. Louis, MO, USA) added
to the secondary antibody solution. After 3 washes in
PBS, the cells were mounted in glycerol and PBS (3:1,
v/v) containing 0.1% 1,4-phenylenediamine and exam-
ined using a Nikon Microphot FXA microscope. For
cell counts, five separate non-overlapping fields were
randomly chosen in each coverslip and the images were
taken using the x20 objective.

Anti-MAP2 _antibody, anti-GFAP antibody,
rhodamine-conjugated anti-rabbit antibody, and
fluorescein isothiocyanate-conjugated anti-mouse
antibody were purchased from Chemicon, Temecula,
CA.

Endogenous extracellular glutamate levels

On the day of the experiment, cells were rinsed twice
(1 min/rinse) by replacing the culture medium with a
warmed (37°C) Krebs Ringer-bicarbonate buffer (mM:
NaCl 118.5, KC14.8, CaCl; 2.5, MgS0O4 1.2, NaHCO3
25, NaH>PO4 1.2, glucose 11, pH 7.4). Thereafter,
400 1 of this solution were added to each plates and,
after 50 min, 100 pl of the solution were collected.
After rinsing, the procedure was repeated to collect
a second 50 min fraction. Then, cells were treated
by adding 400 ul of Krebs Ringer-bicarbonate buffer
containing AB4> (0.5 uM) and/or PEA (0.1 M) and
a third fraction was collected 24 h later. Control cell
cultures were treated with Krebs Ringer-bicarbonate
buffer. The first two fractions were used to assess basal
endogenous glutamate levels. The effects of the treat-
ments on endogenous extracellular glutamate levels
during the third fraction were reported and expressed as
percentage changes of basal values, as calculated by the
means of the two fractions collected prior to treatment.
Endogenous glutamate levels were quantified using a
high-performance liquid chromatography/fluorimetric
detection system, including a precolumn derivatization
o-phthaldialdehyde reagent and a Chromsep 5 (C18)
column (3 mm internal diameter; 10 cm length). The
mobile phase (flow: 0.75 ml/min) consisted of 0.1 M
sodium acetate, 10% methanol, and 2.5% tetrahydro-
furan, pH 6.5. For fluorimetric detection, excitation
and emission wavelengths were set at 370 and 450 nm,
respectively. The limit of detection for glutamate was
30 fmol per sample [40].

Statistical analysis

Results are expressed as means =+ standard error
of mean. The statistical analysis was carried out
by analysis of variance (ANOVA) followed by the
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Newman-Keuls test for multiple comparisons. p <0.05
was the accepted level of significance.

RESULTS

Primary cultures of cerebral cortical neurons from
3xTg-AD and non-Tg mice

Effects of ABan exposure in the presence and in the
absence of PEA on cellular viability

The exposure to AB42 (0.5 wM; 24 h) induced a sig-
nificant decrease in the cell viability in cultured cortical
neurons obtained from non-Tg mice (Fig. 1A), but not
in cultured cortical neurons obtained from 3xTg-AD
mice (Fig. 1B). Pretreatment with PEA (0.1 uM) fully
counteracted AB42-induced decrease of cell viability in
cultured cortical neurons obtained from non-Tg mice
(Fig. 1A). By itself, PEA did not affect cell viability in
cultured cortical neurons obtained from non-Tg mice
(Fig. 1A) or 3xTg-AD mice (Fig. 1B).

Effects of ABan exposure in the presence and in the
absence of PEA on endogenous extracellular
glutamate levels

Basal extracellular glutamate levels in cultured
cortical neurons obtained from non-Tg mice were
significantly higher than those observed in cul-
tured cortical neurons obtained from 3xTg-AD mice
(0.328+0.029 pM and 0.063 £ 0.005 uM, respec-
tively). ABsz (0.5uM; 24 h) exposure reduced
extracellular glutamate levels in cultured cortical neu-
rons obtained from non-Tg mice (Fig. 2A), but not
in cultured cortical neurons obtained from 3xTg-
AD mice (Fig. 2B). Pretreatment with PEA“(0.1 nM)
counteracted AB4z-induced decrease of extracellular
glutamate levels in cultured cortical neurons obtained
from non-Tg mice (Fig. 2A). By itself, PEA did not
affect extracellular glutamate levels in cultured corti-
cal neurons obtained from non-Tg mice (Fig. 2A) or
3xTg-AD mice (Fig. 2B).

Effects of ABao exposure in the presence and in the
absence of PEA on MAP-2 immunoreactivity in
cultured cortical neurons from non-Tg mice and
3xTg-AD mice

In view of the above results, the possibility that
AB4p-exposure could affect morphological develop-
ment and proliferation of cultured cortical neurons
obtained from non-Tg mice, was explored. To this pur-
pose, cultured cortical neurons were stained with an
antibody for the neuronal marker MAP2, which can be
considered an index of the integrity of the cytoskeleton

—1 Control
zza PEA 0.1 uM
I AB; 0.5 uM

S A
125 PEA + Ay,

1004 ——

~
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Fig. 1. Effects of AB4, exposure (0.5 wM; 24 h), alone or in com-
bination with PEA (0.1 wM), on cell viability in primary cultures
of cerebral cortical neurons from non-Tg (A) and 3xTg-AD (B)
mice. PEA was added 1 h before A4, and maintained in contact
with the cells during AB4y exposure. Cell viability was assessed
by Neutral red assay and expressed as percentage of control values.
Each histogram represents the mean £+ S.E.M. (n=30-40). *p <0.05
significantly different from control, PEA and PEA + AB4, groups
according to analysis of variance followed by the Newman-Keuls
test for multiple comparisons.

in AD [41]. Control cultured cortical neurons presented
a high number of healthy neurons, which developed
a complex neuronal network characterized by highly
arborized dendritic trees and MAP2 immunoreactiv-
ity homogeneously distributed in the cell bodies and
dendrites (Fig. 3). On the contrary, in cultured cor-
tical neurons exposed to Af4y (0.5 uM; 24 h) the
neuronal network appeared fragmented (Fig. 3). In
particular, a dishomogeneous distribution of MAP2
immunoreactivity along the neurites was observed, and
the dendrites often appeared truncated. To quantify the
effect of AB42, the number of vital MAP-2 immunos-
tained cultured neurons was determined. As shown in
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Fig. 2. Effects of A4, exposure (0.5 wM; 24 h), alone or in com-
bination with PEA (0.1 M), on extracellular glutamate levels in
primary cultures of cerebral cortical neurons from non-Tg (A) and
3xTg-AD (B) mice. PEA was added 1 h before A4 and main-
tained in contact with the cells during AB4, exposure (24 h). Each
histograms represents the mean+ S.E.M. (n=32-42). **p<0.01
significantly different from control, PEA and PEA + A4, groups
according to analysis of variance followed by the Newman-Keuls
test for multiple comparisons.

Fig. 4, the number of neurons was significantly lower in
cell cultures exposed to AB42 than in control cultures.
Interestingly, pretreatment with PEA (0.1 uM), by
itself ineffective, counteracted AB42-induced decrease
of neuron number (Fig. 4).

Finally, control cultured cortical neurons obtained
from 3xTg-AD mice displayed morphological alter-
ations similar to those observed in Af42-exposed
cultured cortical neurons obtained from non-Tg mice
(Fig. 5). The exposure to AB4> (0.5 M) or PEA
(0.1 uM) did not modify these alterations in cultured
cortical neurons obtained from 3xTg-AD mice (data
not shown).

Primary cultures of cerebral cortical astrocytes
Jfrom 3xTg-AD and non-Tg mice

Effects of ABan exposure in the presence and in the
absence of PEA on cellular viability

ABs (0.5puM; 24 h) exposure significantly
increased the astroglial proliferation, as indicated by
the enhanced cell viability measured in cultured corti-
cal astrocytes obtained from non-Tg mice (Fig. 6A).
On the contrary, APBs> exposure failed to modify
the cell viability value in cultured cortical astrocytes
obtained from 3xTg-AD mice (Fig. 6B). PEA pretreat-
ment (0.1 wM) counteracted AR4»-induced astroglial
proliferation-in cultured cortical astrocytes obtained
from non-Tg mice (Fig. 6A). By itself, PEA did
not affect cell viability in cultured cortical astrocytes
obtained from non-Tg mice (Fig 6A) or 3xTg-AD mice
(Fig. 6B).

Effects of AP exposure in the presence and in the
absence of PEA on endogenous extracellular
glutamate levels

Basal extracellular glutamate levels in cultured cor-
tical astrocytes obtained from non-Tg mice were
significantly higher than those observed in cultured
cortical astrocytes obtained from 3xTg-AD mice
(1.994 +£0.122 uM and 0.087 £ 0.007 uM, respec-
tively). AB4z (0.5pnM; 24 h) exposure increased
extracellular glutamate levels in cultured cortical astro-
cytes obtained from non-Tg mice (Fig. 7A) but not
in cultured cortical astrocytes obtained from 3xTg-
AD mice (Fig. 7B). Pretreatment with PEA (0.1 pM)
counteracted APg4o-induced increase of extracellu-
lar glutamate levels in cultured cortical astrocytes
obtained from non-Tg mice (Fig. 7A). By itself, PEA
did not affect extracellular glutamate levels in cultured
cortical astrocytes obtained from non-Tg (Fig. 7A) or
3xTg-AD mice (Fig. 7B).

Effects of AB4o exposure in the presence and in the
absence of PEA on GFAP immunoreactivity in
cultured cortical astrocytes from non-Tg mice and
3xTg-AD mice

Morphological changes induced by A4, exposure
were also evaluated in GFAP immunostained cul-
tured cortical astrocytes obtained from non-Tg and
3xTg-AD mice. In control cultured cortical astrocytes,
GFAP positive cells showed numerous branched pro-
cesses, extending outward from the somata in multiple
directions (stellate shape), that are typical of healthy
astrocytes (Fig. 8). Following the exposure to Af42
(0.5 uM; 24 h), the morphology of cultured astrocytes

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

a7

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446



447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

M.C. Tomasini et al. / PEA and AB4y-Toxicity in 3xTg-AD Mice 7

Control

Fig. 3. Representative fluorescence photomicrographs of MAP2 immunoreactivity in primary cultures of cerebral cortical neurons from non-Tg
mice not exposed (left panel) and exposed to AB4z (0.5 uM; 24 h; right panels). Local neuronal network fragmentation was indicated by
the white arrows (right panels). Neurons were stained with anti-MAP2 antibody and observed in sample fields under fluorescent microscope

(magnification x40).

from non-Tg mice resulted changed since convolutions
and swellings in the terminal part of the processes were
clearly evident (Fig. 9). On the contrary, the exposure to
AB42 (0.5 uM; 24 h) failed to affect the morphology
of cultured astrocytes from 3xTg-AD mice (data not
shown). To quantify the effect of AB4 exposure, the
number of vital GFAP immunostained cultured astro-
cytes from non-Tg mice was determined. As shown
in Fig. 10, the number of astrocytes was significantly
higher in cell cultures exposed to AB4> than in control
cultures. Pretreatment with PEA (0.1 uM), by itself
ineffective, counteracted the A4p-induced decrease
of neuron number (Fig. 10).

DISCUSSION

In the present study we compared, for the first time,
the effects of AB4y exposure on cell viability and glu-
tamatergic transmission in primary cultures of cerebral
cortex neurons and primary cultures of cerebral cortex

astrocytes from 3xTg-AD and non-Tg (i.e., wild-type)
mice. Moreover, the possible protective role of PEA
against A4, toxicity was also evaluated in 3xTg-AD
and non-Tg mouse cell cultures.

Primary cultures of cerebral cortex neurons

As expected, treatment with AB4> caused degener-
ation in cortical neurons obtained from non-Tg mice,
as demonstrated by the biochemical and morpholog-
ical approaches. In particular, after 24 h of AB42
exposure, a very small, but significant, decrease in
cell viability was observed, and this effect was also
associated with a reduction of vital MAP-2 immunos-
tained cultured neuron number. This latter parameter
has been used as an index of neurodegeneration since
MAP-2 cytoskeletal protein, predominantly expressed
in neurons, plays important roles in the outgrowth
of neuronal processes, synaptic plasticity, and neu-
ronal cell death. Staining of the neurites with MAP-2
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—3 Control
ZZ2 PEA 0.1 M
I AB4; 0.5 M
120 - N PEA + ABy,
100 + I 7 ]
7)) —d—
z . N
o5 80 / \
o=
2 c
% S 604
O u-
26
& = 40-
<
=
20 4
0 % &

Fig. 4. Effects of AB4, exposure (0.5 wM; 24 h), alone or in com-
bination with PEA (0.1 uM), on the number of MAP2 positive
cells in primary cultures of cerebral cortical neurons from non-
Tg mice. Neurons were stained with anti-MAP2 antibody and
observed under fluorescent microscope. Each histograms represents
the mean £+ S.E.M. (n=_8/12). **p <0.01 significantly different from
control, PEA and PEA + A4, groups according to analysis of vari-
ance followed by the Newman-Keuls test for multiple comparisons.

Fig. 5. Representative fluorescence photomicrographs of MAP2
immunoreactivity in primary cultures of cerebral cortical neurons
from 3xTg-AD mice. Neurons were stained with anti-MAP2 anti-
body and observed in sample field under fluorescent microscope
(magnification x20).

antibody in non-Tg cortical cell cultures exposed to
A4y revealed an abnormal outgrowth of these cell
projections, mainly characterized by the fragmenta-
tion of neuronal network, reaching in some cases the
breakage of the neuronal processes. The impairment

— Control
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Il Ay, 0.5 uM
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3
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- v
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Fig. 6. Effects of AB4, exposure (0.5 wM; 24 h), alone or in com-
bination with PEA (0.1 wM), on cell viability in primary cultures
of cerebral cortical astrocytes from non-Tg (A) and 3xTg-AD (B)
mice. PEA was added 1 h before AB4, and maintained in contact with
the cells during AB42 exposure (24 h). Cell viability was assessed
by Neutral red assay and expressed as percentage of control values.
Each histogram represents the mean £ S.E.M. (n =30-40). *p <0.05
significantly different from control, PEA and PEA + A4, groups
according to analysis of variance followed by the Newman-Keuls
test for multiple comparisons.

induced by A4 in the neurite development observed
in the present study is in agreement with recent data,
reporting that axon degeneration in cultured hippocam-
pal neurons is a key component of neuronal death
following AB4, exposure [42]. Furthermore, a micro-
tubule deregulation after AB4; treatments has been
observed in other studies. In particular, Mota et al. [43]
documented AB4;-induced decreases in total and poly-
merized levels of B-1II tubulin along with polymerized
a-tubulin, and these alterations were correlated with a
reduced neurite length. Finally, AB4,-induced micro-
tubule depletion and loss of spines [44] as well as a
retraction of synaptic contacts [45] were also observed.
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Fig. 7. Effects of AP4y exposure (0.5 uM; 24 h), alone or in com-
bination with PEA (0.1 M), on extracellular glutamate levels in
primary cultures of cerebral cortical astrocytes from non-Tg (A) and
3xTg-AD (B) mice. PEA was added 1 h before AB42 and main-
tained in contact with the cells during AB4, exposure (24 h). Each
histograms represents the mean+ S.EM. (n=32-42). *p<0.01
significantly different from control, PEA and PEA + AB4> groups
according to analysis of variance followed by the Newman-Keuls
test for multiple comparisons.

In cortical cell cultures from non-Tg mice, AR
treatment also impaired glutamatergic signaling as
demonstrated by the reduction of extracellular glu-
tamate levels. This effect is more evident than the
observed APaso-induced reduction of cultured cell
number. Although a direct correlation is not possible,
this observation led to speculate that also other mecha-
nism(s), such as impairment of neurite outgrowth and
other nervous terminal injuries, could contribute to
AB42-induced reduction of extracellular glutamate lev-
els. The damage of nervous terminals could, in fact,
impair the exocytotic mechanisms, leading to reduced

glutamate efflux from cortical neurons. At this regard,
several studies showed synaptic dysfunction associ-
ated with AB4» exposure, particularly at presynaptic
level [46-50]. Deleterious effects of AB42 on multiple
steps of synaptic vesicle trafficking, leading to weaken
synaptic transmission have also been reported [51].
AB4p-treated neurons also displayed reduced number
of synaptic vesicles and a reduction in several presy-
naptic proteins [52]. A reduction in the density of
the vesicular glutamate transporter 1 (VGluT1) and
a decrease in the number of vGluT1-immunopositive
hippocampal nerve terminals were observed in amouse
model of AD [53], suggesting a particular susceptibil-
ity of glutamatergic nerve terminals to AB42-induced
toxicity. In fact, intracellular accumulation of A3 dra-
matically affects glutamatergic synaptic function at
both presynaptic and postsynaptic levels [54]. Finally,
there is strong evidence for AB4»-induced impairments
in mitochondrial transport, dynamics and function that
contribute to synaptic degeneration [47, 55, 56].
Interestingly, the exogenous AR4,-induced reduc-
tions of cell viability and extracellular glutamate levels
were not observable in cortical cell cultures from
3xTg-AD mice. The discrepancies between the results
observed in cultured cells from the two genotypes
could be due to the expression of endogenous intra-
and extra-neuronal AP peptides in 3xTg-AD mouse-
derived cell cultures. In fact, an early in vitro Ap
overexpression associated with increased A4 lev-
els was evident in cultured cortical neurons of 6 DIV
obtained from 3xTg-AD mice [34]. Furthermore, an
altered calcium homeostasis and decreased glutamater-
gic response were also observed in cultured cortical
neurons from 3xTg-AD mice [34, 57-59]. In view of
these data, it could be suggested that in the present
study the exogenous A4, was ineffective in 3xTg-AD
mice-derived cortical neurons as this cells at 8 DIV
were already exposed to a quite high concentration
of endogenous AR fragments. This view is supported
by i) the demonstration that control cultured corti-
cal neurons obtained from 3xTg-AD mice displayed
morphological alterations similar to those observed in
AB42-exposed cultured cortical neurons obtained from
non-Tg mice; ii) the evidence that basal extracellular
glutamate levels in cortical cell cultures from 3xTg-
AD mice were significantly lower than those measured
in non-Tg mouse cultured neurons. This finding is in
line with previous data demonstrating a modification
of the plasma membrane electrical excitability, lead-
ing to changes on synaptic function and consequently
on glutamate transmission [34]. Furthermore, in vivo
microdialysis studies reported a significant decrease
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Fig. 8. Representative fluorescence photomicrographs of GFAP immunoreactivity in primary cultures of cerebral cortical astrocytes from non-
Tg (A) and 3xTg-AD (B) mice. Astrocytes were stained with anti-GFAP antibody and observed in sample field under fluorescent microscope

(magnification x40).

Fig. 9. Representative fluorescence photomicrographs of GFAP immunoreactivity in primary cultures of cerebral cortical astrocytes from non-
Tg mice after 24 h of AB4 (0.5 wM) exposure. Alterations of the morphology are indicated by the white arrows. Astrocytes were stained with
anti-GFAP antibody and observed in sample fields under fluorescent microscope (magnification x40).

of basal glutamate release in the frontal cortex and
hippocampus of 18-month-old 3xTg-AD-mice [36]
and a reduction of KCl-stimulated glutamate release
in the hippocampus of 17-month-old APdE9 mice

[60]. Interestingly for the possible translational aspects
of the present findings, there are data in literature
reporting reduced glutamate tissue levels in AD brains
[60-62].

569

570

571

572



573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

M.C. Tomasini et al. / PEA and AB4y-Toxicity in 3xTg-AD Mice 11

— Control
150 Z2PEAO.IM X
B AB 4 0.5 uM
150] ESIPEA+AB,,
?E @ 120 - _— —r\
RN
30 / \
0 7 N

Fig. 10. Effects of AB4, exposure (0.5 pM; 24 h), alone or in com-
bination with PEA (0.1 uM), on the number of GFAP positive
cells (expressed as percentage of control value) in primary cul-
tures of cerebral cortical astrocytes from non-Tg mice. Astrocytes
were stained with anti-GFAP antibody and observed under fluo-
rescent microscope. Each histograms represents the mean £+ S.E.M.
(n=8/12). **p<0.01 significantly different from control, PEA and
PEA + ARy, groups according to analysis of variance followed by
the Newman-Keuls test for multiple comparisons.

Primary cultures of cerebral cortex astrocytes

It is known that astrocytes are the principal home-
ostatic cells of the central nervous system. Although
the role of astroglia in AD pathogenesis remains gen-
erally unknown, the interest in astroglial remodeling
in the course of neurodegeneration has increased sub-
stantially during the last decade [63]. Thus, in the
present study primary cultures of cerebral cortex astro-
cytes have been chosen as an in vitro experimental
model to study the contribution of astrocytes to the
possible protective effects of PEA against A4, tox-
icity. AB42 exposure (24 h) induced a proliferation
of cultured astrocytes from non-Tg mice. This result
suggests that AB4o causes reactive astrogliosis [64]
as previously observed in human AD. tissues [64]
and in cultured animal astrocytes [29, 30, 66]. It is
worth noting that in the present study AP42 expo-
sure also induced an alteration in the morphology
of cultured astrocytes obtained from non-Tg mice,
which represents another important sign of reactive
astrogliosis. In particular, AB4> caused an alteration in
the growth and development of astrocytic processes,
with the appearance of convoluted processes and
terminal swellings, while control cultures presented
processes extending radially from the somata to the
periphery. These AB4>-induced changes in astrocyte
morphology were probably indicative of an activa-
tion state, at which the cells released proinflammatory

mediators [67]. Interestingly, similar alterations have
been observed in 1-12 months 3xTg-AD mouse astro-
cytic morphology [68, 69], but not in the present study.
These AB4;-induced effects probably indicated a rear-
rangement of cytoskeleton filaments, which could
modify the functionality of astrocytes. It has been
shown that in pathological conditions, such as in AD,
the activated glial cells produce inflammatory medi-
ators, including TNF-a _and prostaglandin E2, which
increase intracellular Ca2t levels in astrocytes, lead-
ing to the release of gliotransmitters, such as glutamate
[70]. In view of these findings, the effects of APa4n
on astrocyte functionality have been assessed by eval-
uating extracellular glutamate levels. The exposure
of non-Tg mouse cultured astrocytes to ABsy (24
h) significantly increased extracellular glutamate lev-
els. A previous study demonstrated that astrocytes
exposed (72 'h) to 10 uM A2s5-35 exhibit increased
glutamate release [71]. This effect could be due at
least to two different mechanisms. Firstly, A4 could
cause the release of pro-inflammatory cytokines by
cultured astrocytes [29, 67, 71] along with a conse-
quent increase of intracellular Ca>* levels leading to
exocytotic glutamate release. Secondly, AB4 could
decrease glutamate uptake [72] and compromise the
activity of glutamate transporters GLT-1 and GLAST
[73, 74], thus reducing glutamate reuptake. Previous
studies reported a significant reduction in the activity
of glutamate transporters in human AD tissues [75, 76]
and in animal models of AD [77, 78]. Based on these
data, we expected to observe higher basal glutamate
levels in cultured astrocyte from 3xTg-AD mice than
in those from non-Tg mice. Surprisingly, an opposite
result was obtained. This finding could be the conse-
quence of increased glutamate reuptake in this specific
animal model of AD. In fact, an increase of GLT1
expression has been shown in frontal cortex of 3xTg-
AD mice [36]. Differently, Kulijewicz-Nawrot et al.
[79] did not find any changes in the expression of GLT-
1 in prefrontal cortex astrocytes from 3xTg-AD mice.
Howeyver, other mechanisms could underlie the reduc-
tion of basal glutamate levels in cultured astrocytes
from 3xTg-AD mice and other experiments will be
necessary to explain this phenomenon.

As observed in primary cultures of cerebral cor-
tex neurons, AP4z-induced effects on extracellular
glutamate levels, cell viability, and cell morphology
have not been detected in 3xTg-AD mouse cultured
astrocytes. The loss of responsiveness to a chal-
lenge with A4, in astrocytes from 3xTg-AD mice
was already observed in a recent work [63]. In par-
ticular, these authors observed significant effects of
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AB4 exposure on the expression of mGluRS and
inositol 1,4,5-trisphosphate receptor type 1 as well as
on parameters of metabotropically stimulated [Ca* i
transients in entorhinal cortex and hippocampal astro-
cytes derived from non-Tg mice. These effects were
absent in entorhinal cortex and hippocampal astro-
cytes derived from 3xTg-AD mice. Furthermore, they
demonstrated that senile plaque formation in 3xTg-
AD mice triggers astrogliosis in hippocampal but not
in entorhinal cortex astrocytes. The authors suggested
that the expression of AD-related mutant genes in the
transgenic mice could deregulate Ca>* homeostasis
and signaling in astroglia [63]. Therefore, we may
speculate that also a deregulation in some pathways
regulating glutamate release/efflux could be responsi-
ble of the lack of A4 effect in the cultured astrocytes
from the animal model of AD.

PEA-induced protection against ABa> toxicity

An anti-inflammatory neuroprotective role has been
suggested for the endogenous fatty acid amide PEA,
member of N-acyl-ethanolamines [22, 23, 26, 32, 80].
Furthermore, a recent study reported that PEA, by
activating PPAR-a, rescues altered molecular path-
ways as well as behavioral impairments that can mimic
some early traits of AD. Based on these findings, in
the present study the possible protective role of PEA
against A4 toxicity has been also investigated in pri-
mary cultures of cortical neurons and astrocytes from
both the mouse genotypes.

PEA pretreatment counteracts the reduction of cell
viability induced by A4, in cultured cortical neu-
rons from non-Tg mice. These data were in agreement
with previous morphological and biochemical studies,
showing that PEA pretreatment significantly reduced
AB42-induced neuronal loss in rat. organotypic hip-
pocampal slice cultures and rat neuronal cultures [24,
31]. The present results also suggested protective
effects of PEA in non-Tgmouse cultured cortical astro-
cytes, where the compound was able to prevent the
AB4z-induced cell proliferation. A similar result has
been recently obtained in rat organotypic hippocam-
pal slice cultures exposed to AB4z [30]. Furthermore,
evidence that PEA reduced the astrocytic production
of proinflammatory molecules and cytokine release
in an in vitro model of AP neurotoxicity, has been
also provided [29]. Interestingly, the present study also
described, for the first time, a protective effect of PEA
pretreatment on the AB4>-induced alterations of gluta-
matergic signaling, observed both in cultured neurons
and in cultured astrocytes from non-Tg mice. Overall,

these results suggest that PEA could be effective in
preventing not only the AB4>-induced cell death, but
also the loss of functionality of cortical neurons and
astrocytes triggered by the exposure to the peptide. Fur-
ther studies are necessary for elucidating the possible
involvement of PPARs, GPRS5, CB2, or other recep-
tors in the protective effects of PEA. However, recent
studies suggest some possibilities. Thus, the neuropro-
tective effect of PEA could be dependent on its ability
to counteract the inflammatory processes, through the
activation of the anti-inflammatory nuclear receptor
PPAR-a and the consequent gene expression regula-
tion [30]. Furthermore, PEA by activating PPAR-a
could enhance the number of peroxisomes and/or the
activity of the peroxisomal matrix protein catalase
counteracting the redox perturbation following the A3
excess [32].

In the present study, we propose that the lack of
AB4z-induced toxicity in cultured cells from 3xTg-AD
mice could be ascribed to the expression of endogenous
intra- and extra-neuronal AP peptides in this in vitro
animal model of AD (see above). Thus, one would
expect that PEA exerted by itself positive effects on
cell viability and functionality in primary cultures of
cerebral cortex neurons and astrocytes from 3xTg-AD
mice. On the contrary, the present results demonstrated
that PEA did not display any effects on cell viability
and extracellular glutamate levels in cultured cortical
neurons from 3xTg-AD mice. A possible explanation
of this result is that, in this study, the cultures were
used after 8 DIV, while early in vitro AP overexpres-
sion associated with increased A4, levels was already
evident in cultured cortical neurons of 6 DIV obtained
from 3xTg-AD mice [34]. Furthermore, previous stud-
ies have demonstrated that the expression of fatty acid
amide hydrolase (FAAH) enzyme is elevated in astro-
cytes in AD [81] and in Down’s syndrome, sometimes
referred to as a human model of AD-like A3 deposition
[82]. This could also contribute to the lack of effects
of PEA, which is a substrate of FAAH in cultured
astrocytes obtained from transgenic mice.

CONCLUSIONS

The present study indicates that PEA exerts differ-
ential effects against AB-induced toxicity in primary
cultures of cortical neurons and astrocytes from non-
Tg (wild-type) and 3xTg-AD mice. In particular, PEA
displays protective properties in wild-type mouse cell
cultures but not in 3xTg AD mouse neuronal cultured
cells overexpressing A. Taken together, these find-
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ings suggest that the compound may be effective in the
early AD or when A is accumulating and initiating
damage in the central nervous system. In this context,
it will be relevant to evaluate the effects of PEA on cel-
lular viability and glutamate release in vitro choosing
a period of exposure of the 3xTg-AD mouse neurons
to the toxic peptide preceding the development of A3
accumulation and tau hyperphosphorylation [34, 83].
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