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Abstract.13

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.
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Objective and Methods: We evaluated the protective role of PEA against amyloid-�42 (A�42) 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.
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Results: A�42 (0.5 �M; 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 �M). Basal glutamate levels
in cultured neurons and astrocytes from 3xTg-AD mice were lower than those observed in cultured cells from non-Tg mice.
A�42-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.
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Conclusion: The exposure to A�42 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 A�42-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 A�.
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INTRODUCTION31

Alzheimer’s disease (AD) is an age-dependent, mul-32

tifactorial neurodegenerative pathology resulting in33

the deterioration of selective cognitive performance34

including memory, and learning impairment [1–3].35

The neurodegenerative process in AD is character-36

ized by the presence of two classes of abnormal37

structures: extracellular amyloid plaques surrounded38

by activated microglia, reactive astrocytes, dystrophic39

neurites, and degenerating neurons [4], along with40

intraneuronal neurofibrillary tangles subsequent to an41

abnormal tau protein phosphorylation [5–7]. Although42

the classical so-called “amyloid cascade hypothesis”43

has been recently revisited, a large body of evidence44

suggests that the overexpression of the amyloid-� pro-45

tein precursor (A�PP) and subsequent generation of46

amyloid-� (A�) fragments is central to the neurode-47

generation observed in AD patients. A� appears to48

exert some of its neurotoxic effects through numerous49

secondary pathways, including tau hyperphosphory-50

lation and neurofibrillary tangle formation, oxidation,51

inflammation, demyelination, and excitotoxicity. For52

instance, both in vitro and in vivo findings have53

demonstrated that A� fragments promote a marked54

neuroinflammatory response, sustained by glial cells,55

accounting for the synthesis of different cytokines and56

proinflammatory mediators [8, 9]. As astrocytes out-57

number microglia in the brain and their activation58

seems to last longer, they may have a more impor-59

tant and sustained role over microglia in the enduring60

neuroinflammation in AD [10]. The secreted pro-61

inflammatory factors and alterations in the expression62

of several proteins that support and accelerate the neu-63

rodegenerative events [11], make neurons particularly64

vulnerable to cytotoxic events, including glutamate65

excitotoxicity [12]. In fact, it is well demonstrated66

that a sustained increase in extracellular glutamate67

levels, associated with overstimulation of N-methyl-68

D-aspartate (NMDA) receptors, may represent an69

additional pathogenetic basis of neurodegeneration70

in AD [13]. In this context, it is worth noting that71

astrocytes exert a central role in brain homeostasis,72

in particular via the numerous cooperative metabolic73

processes that they establish with neurons, such as74

the supply of energy metabolites and neurotransmit-75

ter recycling functions. Thus, it has been reported that76

impairments in astrocytic function play an important77

role in neuronal dysfunction, and could contribute to78

excitotoxic phenomena observed in the neurodegen-79

erative processes [14]. In view of the above, it seems80

clear that the neuroinflammatory process sustained by81

excessive and prolonged astrocyte activation might 82

alter neuron/astrocyte cooperation, thus causing dele- 83

terious effects on neurons and contributing to the AD 84

neuronal cell loss. A therapeutic approach aimed both 85

to neuroprotection and neuroinflammation reduction 86

may therefore prove effective in slowing the progres- 87

sion of the disease [15]. 88

Cannabinoids (CBs) or the modulation of the endo- 89

cannabinoid signals have been proposed as possible 90

therapeutic approaches to AD [16–18]. The endo- 91

cannabinoid system is extensively involved in the 92

neuroinflammatory process, exerting an inhibitory and 93

neuroprotective role both at the peripheral level, by 94

modulating plasma and tissue immune cells, and 95

on central glial cells [19, 20]. Anti-inflammatory 96

and neuroprotective functions have been particularly 97

attributed to the endocannabinoids belonging to the 98

acylethanolamide family, like anandamide as well 99

as to anandamide congeners oleoylethanolamide and 100

palmitoylethanolamide (PEA), since their production 101

is greatly increased in the sites of neuronal damage 102

[21]. In the central nervous system, PEA, produced 103

by neurons, microglia, and astrocytes, exerts a local 104

anti-injury function through a down-modulation of 105

mast cells and by protecting neurons from excito- 106

toxicity [22–24]. However, its exact biological roles 107

remain elusive. Recently, PEA has been defined 108

as a cannabinoid receptor-inactive endocannabinoid- 109

related molecule [23], with different mechanisms of 110

action such as the activation of a cell surface receptor 111

[CB2-like or the G-protein coupled receptor 55, orphan 112

(GPR55)] [25], the activation of a nuclear receptor of 113

the peroxisome proliferator-activated receptor (PPAR) 114

family [26, 27] and the action as “entourage” com- 115

pound enhancing endocannabinoid activity at their 116

receptors and/or inhibiting endocannabinoid degra- 117

dation [28]. In addition, in vitro and in vivo results 118

have suggested anti-inflammatory and neuroprotective 119

properties of PEA against A�-induced neurotoxicity 120

[29–32]. On the contrary, there are not exhaustive 121

data on the possible neuroprotective effects of PEA 122

in genetically modified mouse model of AD. 123

The triple-transgenic murine model of AD (3xTg- 124

AD), which harbors three mutant human genes 125

(A�PPSwe, PS1M146V, tauP301L) closely mimics many 126

aspects of AD in humans. In fact, these animals 127

are characterized by age-dependent build-up of both 128

plaques and tangles in the cerebral cortex, hip- 129

pocampus, and amygdala regions [33, 34]. Moreover, 130

evidence of progressive deficits in synaptic plasticity 131

and in cognitive functions has been shown in the 3xTg- 132

AD mice [33, 35]. It has also been reported that the 133
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primary neuronal cultures from 3xTg-AD mice repre-134

sent the first in vitro model of AD characterized by135

a simultaneous overexpression of A�PP, A�, and tau136

protein useful to evaluate cellular and molecular mech-137

anisms associated with the pathology of AD in order138

to investigate new pharmacological approaches [34].139

Based on the above findings, the main aim of the140

present study was to assess the protective effects of141

PEA on A�42-induced toxicity by studying cell viabil-142

ity and morphology. Moreover the ability of PEA to143

modulate the function of cortical glutamatergic neu-144

rons and astrocytes, by measuring basal endogenous145

glutamate release, was evaluated. All experiments were146

carried out in primary cultures of neurons and astro-147

cytes obtained from the cerebral cortex of wild-type148

(non-Tg) and 3xTg-AD mice. The cerebral cortex was149

chosen as the most representative area among the brain150

regions affected by AD.151

MATERIALS AND METHODS152

Animals153

Colonies of 3xTg-AD mice and wild type littermates154

(non-Tg) were established at the animal facilities of the155

Puglia and Basilicata Experimental Zooprophylactic156

Institute (Foggia, Italy), according to the procedures157

previously described [36]. The 3xTg-AD mice harbor-158

ing A�PPswe, PS1M146V, and tauP301L transgenes were159

genetically engineered by LaFerla and colleagues at the160

Department of Neurobiology and Behavior, University161

of California, Irvine [33, 37]. Genotypes were con-162

firmed by polymerase chain reaction (PCR) after tail163

biopsies [33]. The housing conditions were controlled164

(temperature 22◦C, light from 07:00–19:00, humid-165

ity 50%–60%), and fresh food and water were freely166

available.167

Experiments were carried out in strict accordance168

with the European Communities Council Directive169

(86/609/EEC) and the Guidelines released by the170

Italian Ministry of Health (D.L. 116/92) and (D.L.171

111/94-B). A formal approval to conduct the exper-172

iments described was obtained by the local Ethics173

Committee (University of Ferrara, Italy). Efforts were174

made to minimize the number of animals used and to175

reduce their discomfort.176

Primary cultures of cerebral cortical neurons177

Primary cultures of cortical neurons were prepared178

from embryonic day 18 (E18) non-Tg and 3xTg-AD179

mouse embryos and cultured as previously described180

[38]. Cortices free of meninges were dissociated in 181

0.025% (w/v) trypsin at 37◦C followed by mechanical 182

repeated gentle pipetting through wide- and narrow- 183

bore fire-polished Pasteur pipettes in culture medium 184

[Neurobasal medium (Gibco, Grand Island, NY, USA) 185

supplemented with 0.1 mM glutamine (Sigma Chemi- 186

cal Co., St. Louis, MO, USA), 10 �g/ml gentamicin 187

(Sigma Chemical Co.) and 2% B-27® Supplement 188

(50X), serum free (Gibco®)]. Cells were counted and 189

then plated on poly-L-lysine (5 �g/ml)-coated multi- 190

wells (24 wells; Nunc A/S, Roskilde, Denmark) at a 191

density of 200,000 cells per well and on 96-well at 192

a density of 50,000 cells per well. For immunocyto- 193

chemistry, the cells were plated on glass coverslips 194

at a concentration of 200,000 cells per well. Cultures 195

were grown at 37◦C in a humidified atmosphere, 5% 196

CO2/95% air. Cytosine arabinoside (10 �M; Sigma 197

Chemical Co.) was added within 24 h of plating to 198

prevent glial cell proliferation. After 8 days of in vitro 199

incubation (days in vitro: DIV), cultures were used for 200

experiments. 201

Primary cultures of cerebral cortical astrocytes 202

Primary cultures of cerebral cortical astrocytes were 203

obtained from newborn non-Tg and 3xTg-AD mice (1 204

or 2 days old) and cultured as described by Scuderi et 205

al. [30], with slight modifications. Cerebral cortices 206

were removed and dissociated by mild trypsiniza- 207

tion at 37◦C, followed by mechanical trituration to 208

obtain single cells. Cells were suspended in the culture 209

medium [DMEM, 5% inactivated fetal bovine serum 210

(Gibco), 100 IU/ml penicillin, and 100 �g/ml strep- 211

tomycin (all from Sigma-Aldrich, Milan, Italy)] and 212

then seeded in 75-cm2 flasks at a density of 3 × 106
213

cells/flask. The cells were incubated at 37◦C in a 214

humidified atmosphere, 5% CO2/95% air. The cul- 215

ture medium was replaced after 24 h and again twice 216

weekly until astrocytes were grown to form a mono- 217

layer firmly attached to the bottom of the flask (12 218

or 14 days after dissection). At cell confluence, flasks 219

were vigorously shaken to separate astrocytes (which 220

remained adherent in the bottom of the flasks) from 221

microglia and oligodendrocytes (which floated on the 222

supernatant). Collected astrocytes were counted and 223

then plated on poly-L-lysine (5 �g/ml)-coated mul- 224

tiwells (24 wells) at a density of 200,000 cells per 225

well and on 96-multiwell plates at a density of 50,000 226

cells per well. For immunocytochemistry, the cultured 227

astrocytes were plated on glass coverslips at a con- 228

centration of 200,000 cells per well. The purity of the 229

cells in culture was tested with monoclonal anti-glial 230
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fibrillary acidic protein (GFAP) and only cultures with231

more than 95% GFAP-positive cells were used for the232

experiments.233

Neuronal and astroglial culture pharmacological234

treatments235

Both neuronal and astroglial cultures were treated236

with A�42 (0.5 �M; Tocris Bioscience, Bristol, UK)237

for 24 h with or without PEA (0.1 �M; Tocris Bio-238

science, Bristol, UK), added 1 h before A�42 and239

maintained in contact with the cells during the pep-240

tide exposure. The concentration of the substances was241

chosen according to previous results [29, 30]. Cell via-242

bility, cell count and glutamate levels were assessed243

after 24 h of treatment.244

Neutral red assay245

The neutral red assay was used to assess cell viabil-246

ity [31, 39]. Cells were cultured in 96-multiwell plates247

and treated as described above. 24 h after pharmaco-248

logical treatments, the plates were incubated for 3 h at249

37◦C with a neutral red working solution (50 �g ml-1250

in PBS 1X without calcium and magnesium, Sigma-251

Aldrich, St. Louis, MO, USA). The cells were washed252

and the dye removed from each well through a destain253

solution (ethanol:deionized water: glacial acetic acid,254

50:49:1, v/v). The absorbance was read at 540 nm255

using a microplate absorbance reader (Sunrise, Tecan).256

The values of treated cells were referred to control257

non-exposed cultures, and expressed as percentage258

variation.259

Immunocytochemistry260

Cells were rinsed in 0.1 M PBS and then fixed261

with 4% paraformaldehyde in Sorensen’s buffer 0.1 M,262

pH 7.4, for 20 min. After rinsing in PBS (three263

times for 5 min each), the cells were incubated264

overnight at 4◦C in 0.3% Triton X-100/PBS solu-265

tion (v/v) containing the following primary antibodies:266

anti-microtubule-associated protein 2 (MAP2) (1:1000267

dilution, Chemicon, Temecula, CA) and anti-GFAP268

(1:200 dilution Chemicon, Temecula, CA). The cells269

were then washed three times with PBS and incubated270

for 60 min at room temperature with the proper sec-271

ondary antibodies: rhodamine-conjugated anti-rabbit272

antibody (1:100 dilution Chemicon, Temecula, CA)273

and fluorescein isothiocyanate-conjugated anti-mouse274

antibody (1:100 dilution Chemicon, Temecula, CA),275

respectively. Nuclei were stained with Hoechst 33258276

(1 �g/ml; Sigma Aldrich, St. Louis, MO, USA) added 277

to the secondary antibody solution. After 3 washes in 278

PBS, the cells were mounted in glycerol and PBS (3:1, 279

v/v) containing 0.1% 1,4-phenylenediamine and exam- 280

ined using a Nikon Microphot FXA microscope. For 281

cell counts, five separate non-overlapping fields were 282

randomly chosen in each coverslip and the images were 283

taken using the x20 objective. 284

Anti-MAP2 antibody, anti-GFAP antibody, 285

rhodamine-conjugated anti-rabbit antibody, and 286

fluorescein isothiocyanate-conjugated anti-mouse 287

antibody were purchased from Chemicon, Temecula, 288

CA. 289

Endogenous extracellular glutamate levels 290

On the day of the experiment, cells were rinsed twice 291

(1 min/rinse) by replacing the culture medium with a 292

warmed (37◦C) Krebs Ringer-bicarbonate buffer (mM: 293

NaCl 118.5, KCl 4.8, CaCl2 2.5, MgSO4 1.2, NaHCO3 294

25, NaH2PO4 1.2, glucose 11, pH 7.4). Thereafter, 295

400 �l of this solution were added to each plates and, 296

after 50 min, 100 �l of the solution were collected. 297

After rinsing, the procedure was repeated to collect 298

a second 50 min fraction. Then, cells were treated 299

by adding 400 �l of Krebs Ringer-bicarbonate buffer 300

containing A�42 (0.5 �M) and/or PEA (0.1 �M) and 301

a third fraction was collected 24 h later. Control cell 302

cultures were treated with Krebs Ringer-bicarbonate 303

buffer. The first two fractions were used to assess basal 304

endogenous glutamate levels. The effects of the treat- 305

ments on endogenous extracellular glutamate levels 306

during the third fraction were reported and expressed as 307

percentage changes of basal values, as calculated by the 308

means of the two fractions collected prior to treatment. 309

Endogenous glutamate levels were quantified using a 310

high-performance liquid chromatography/fluorimetric 311

detection system, including a precolumn derivatization 312

o-phthaldialdehyde reagent and a Chromsep 5 (C18) 313

column (3 mm internal diameter; 10 cm length). The 314

mobile phase (flow: 0.75 ml/min) consisted of 0.1 M 315

sodium acetate, 10% methanol, and 2.5% tetrahydro- 316

furan, pH 6.5. For fluorimetric detection, excitation 317

and emission wavelengths were set at 370 and 450 nm, 318

respectively. The limit of detection for glutamate was 319

30 fmol per sample [40]. 320

Statistical analysis 321

Results are expressed as means ± standard error 322

of mean. The statistical analysis was carried out 323

by analysis of variance (ANOVA) followed by the 324
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Newman-Keuls test for multiple comparisons. p < 0.05325

was the accepted level of significance.326

RESULTS327

Primary cultures of cerebral cortical neurons from328

3xTg-AD and non-Tg mice329

Effects of Aβ42 exposure in the presence and in the330

absence of PEA on cellular viability331

The exposure to A�42 (0.5 �M; 24 h) induced a sig-332

nificant decrease in the cell viability in cultured cortical333

neurons obtained from non-Tg mice (Fig. 1A), but not334

in cultured cortical neurons obtained from 3xTg-AD335

mice (Fig. 1B). Pretreatment with PEA (0.1 �M) fully336

counteracted A�42-induced decrease of cell viability in337

cultured cortical neurons obtained from non-Tg mice338

(Fig. 1A). By itself, PEA did not affect cell viability in339

cultured cortical neurons obtained from non-Tg mice340

(Fig. 1A) or 3xTg-AD mice (Fig. 1B).341

Effects of Aβ42 exposure in the presence and in the342

absence of PEA on endogenous extracellular343

glutamate levels344

Basal extracellular glutamate levels in cultured345

cortical neurons obtained from non-Tg mice were346

significantly higher than those observed in cul-347

tured cortical neurons obtained from 3xTg-AD mice348

(0.328 ± 0.029 �M and 0.063 ± 0.005 �M, respec-349

tively). A�42 (0.5 �M; 24 h) exposure reduced350

extracellular glutamate levels in cultured cortical neu-351

rons obtained from non-Tg mice (Fig. 2A), but not352

in cultured cortical neurons obtained from 3xTg-353

AD mice (Fig. 2B). Pretreatment with PEA (0.1 �M)354

counteracted A�42-induced decrease of extracellular355

glutamate levels in cultured cortical neurons obtained356

from non-Tg mice (Fig. 2A). By itself, PEA did not357

affect extracellular glutamate levels in cultured corti-358

cal neurons obtained from non-Tg mice (Fig. 2A) or359

3xTg-AD mice (Fig. 2B).360

Effects of Aβ42 exposure in the presence and in the361

absence of PEA on MAP-2 immunoreactivity in362

cultured cortical neurons from non-Tg mice and363

3xTg-AD mice364

In view of the above results, the possibility that365

A�42-exposure could affect morphological develop-366

ment and proliferation of cultured cortical neurons367

obtained from non-Tg mice, was explored. To this pur-368

pose, cultured cortical neurons were stained with an369

antibody for the neuronal marker MAP2, which can be370

considered an index of the integrity of the cytoskeleton371

Fig. 1. Effects of A�42 exposure (0.5 �M; 24 h), alone or in com-
bination with PEA (0.1 �M), 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 A�42 and maintained in contact
with the cells during A�42 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 + A�42 groups
according to analysis of variance followed by the Newman-Keuls
test for multiple comparisons.

in AD [41]. Control cultured cortical neurons presented 372

a high number of healthy neurons, which developed 373

a complex neuronal network characterized by highly 374

arborized dendritic trees and MAP2 immunoreactiv- 375

ity homogeneously distributed in the cell bodies and 376

dendrites (Fig. 3). On the contrary, in cultured cor- 377

tical neurons exposed to A�42 (0.5 �M; 24 h) the 378

neuronal network appeared fragmented (Fig. 3). In 379

particular, a dishomogeneous distribution of MAP2 380

immunoreactivity along the neurites was observed, and 381

the dendrites often appeared truncated. To quantify the 382

effect of A�42, the number of vital MAP-2 immunos- 383

tained cultured neurons was determined. As shown in 384
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Fig. 2. Effects of A�42 exposure (0.5 �M; 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 A�42 and main-
tained in contact with the cells during A�42 exposure (24 h). Each
histograms represents the mean ± S.E.M. (n = 32–42). ∗∗p < 0.01
significantly different from control, PEA and PEA + A�42 groups
according to analysis of variance followed by the Newman-Keuls
test for multiple comparisons.

Fig. 4, the number of neurons was significantly lower in385

cell cultures exposed to A�42 than in control cultures.386

Interestingly, pretreatment with PEA (0.1 �M), by387

itself ineffective, counteracted A�42-induced decrease388

of neuron number (Fig. 4).389

Finally, control cultured cortical neurons obtained390

from 3xTg-AD mice displayed morphological alter-391

ations similar to those observed in A�42-exposed392

cultured cortical neurons obtained from non-Tg mice393

(Fig. 5). The exposure to A�42 (0.5 �M) or PEA394

(0.1 �M) did not modify these alterations in cultured395

cortical neurons obtained from 3xTg-AD mice (data396

not shown).397

Primary cultures of cerebral cortical astrocytes 398

from 3xTg-AD and non-Tg mice 399

Effects of Aβ42 exposure in the presence and in the 400

absence of PEA on cellular viability 401

A�42 (0.5 �M; 24 h) exposure significantly 402

increased the astroglial proliferation, as indicated by 403

the enhanced cell viability measured in cultured corti- 404

cal astrocytes obtained from non-Tg mice (Fig. 6A). 405

On the contrary, A�42 exposure failed to modify 406

the cell viability value in cultured cortical astrocytes 407

obtained from 3xTg-AD mice (Fig. 6B). PEA pretreat- 408

ment (0.1 �M) counteracted A�42-induced astroglial 409

proliferation in cultured cortical astrocytes obtained 410

from non-Tg mice (Fig. 6A). By itself, PEA did 411

not affect cell viability in cultured cortical astrocytes 412

obtained from non-Tg mice (Fig 6A) or 3xTg-AD mice 413

(Fig. 6B). 414

Effects of Aβ42 exposure in the presence and in the 415

absence of PEA on endogenous extracellular 416

glutamate levels 417

Basal extracellular glutamate levels in cultured cor- 418

tical astrocytes obtained from non-Tg mice were 419

significantly higher than those observed in cultured 420

cortical astrocytes obtained from 3xTg-AD mice 421

(1.994 ± 0.122 �M and 0.087 ± 0.007 �M, respec- 422

tively). A�42 (0.5 �M; 24 h) exposure increased 423

extracellular glutamate levels in cultured cortical astro- 424

cytes obtained from non-Tg mice (Fig. 7A) but not 425

in cultured cortical astrocytes obtained from 3xTg- 426

AD mice (Fig. 7B). Pretreatment with PEA (0.1 �M) 427

counteracted A�42-induced increase of extracellu- 428

lar glutamate levels in cultured cortical astrocytes 429

obtained from non-Tg mice (Fig. 7A). By itself, PEA 430

did not affect extracellular glutamate levels in cultured 431

cortical astrocytes obtained from non-Tg (Fig. 7A) or 432

3xTg-AD mice (Fig. 7B). 433

Effects of Aβ42 exposure in the presence and in the 434

absence of PEA on GFAP immunoreactivity in 435

cultured cortical astrocytes from non-Tg mice and 436

3xTg-AD mice 437

Morphological changes induced by A�42 exposure 438

were also evaluated in GFAP immunostained cul- 439

tured cortical astrocytes obtained from non-Tg and 440

3xTg-AD mice. In control cultured cortical astrocytes, 441

GFAP positive cells showed numerous branched pro- 442

cesses, extending outward from the somata in multiple 443

directions (stellate shape), that are typical of healthy 444

astrocytes (Fig. 8). Following the exposure to A�42 445

(0.5 �M; 24 h), the morphology of cultured astrocytes 446
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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 A�42 (0.5 �M; 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 convolutions447

and swellings in the terminal part of the processes were448

clearly evident (Fig. 9). On the contrary, the exposure to449

A�42 (0.5 �M; 24 h) failed to affect the morphology450

of cultured astrocytes from 3xTg-AD mice (data not451

shown). To quantify the effect of A�42 exposure, the452

number of vital GFAP immunostained cultured astro-453

cytes from non-Tg mice was determined. As shown454

in Fig. 10, the number of astrocytes was significantly455

higher in cell cultures exposed to A�42 than in control456

cultures. Pretreatment with PEA (0.1 �M), by itself457

ineffective, counteracted the A�42-induced decrease458

of neuron number (Fig. 10).459

DISCUSSION460

In the present study we compared, for the first time,461

the effects of A�42 exposure on cell viability and glu-462

tamatergic transmission in primary cultures of cerebral463

cortex neurons and primary cultures of cerebral cortex464

astrocytes from 3xTg-AD and non-Tg (i.e., wild-type) 465

mice. Moreover, the possible protective role of PEA 466

against A�42 toxicity was also evaluated in 3xTg-AD 467

and non-Tg mouse cell cultures. 468

Primary cultures of cerebral cortex neurons 469

As expected, treatment with A�42 caused degener- 470

ation in cortical neurons obtained from non-Tg mice, 471

as demonstrated by the biochemical and morpholog- 472

ical approaches. In particular, after 24 h of A�42 473

exposure, a very small, but significant, decrease in 474

cell viability was observed, and this effect was also 475

associated with a reduction of vital MAP-2 immunos- 476

tained cultured neuron number. This latter parameter 477

has been used as an index of neurodegeneration since 478

MAP-2 cytoskeletal protein, predominantly expressed 479

in neurons, plays important roles in the outgrowth 480

of neuronal processes, synaptic plasticity, and neu- 481

ronal cell death. Staining of the neurites with MAP-2 482
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Fig. 4. Effects of A�42 exposure (0.5 �M; 24 h), alone or in com-
bination with PEA (0.1 �M), 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 + A�42 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 to483

A�42 revealed an abnormal outgrowth of these cell484

projections, mainly characterized by the fragmenta-485

tion of neuronal network, reaching in some cases the486

breakage of the neuronal processes. The impairment487

Fig. 6. Effects of A�42 exposure (0.5 �M; 24 h), alone or in com-
bination with PEA (0.1 �M), 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 A�42 and maintained in contact with
the cells during A�42 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 + A�42 groups
according to analysis of variance followed by the Newman-Keuls
test for multiple comparisons.

induced by A�42 in the neurite development observed 488

in the present study is in agreement with recent data, 489

reporting that axon degeneration in cultured hippocam- 490

pal neurons is a key component of neuronal death 491

following A�42 exposure [42]. Furthermore, a micro- 492

tubule deregulation after A�42 treatments has been 493

observed in other studies. In particular, Mota et al. [43] 494

documented A�42-induced decreases in total and poly- 495

merized levels of �-III tubulin along with polymerized 496

�-tubulin, and these alterations were correlated with a 497

reduced neurite length. Finally, A�42-induced micro- 498

tubule depletion and loss of spines [44] as well as a 499

retraction of synaptic contacts [45] were also observed. 500
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Fig. 7. Effects of A�42 exposure (0.5 �M; 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 A�42 and main-
tained in contact with the cells during A�42 exposure (24 h). Each
histograms represents the mean ± S.E.M. (n = 32–42). ∗∗p < 0.01
significantly different from control, PEA and PEA + A�42 groups
according to analysis of variance followed by the Newman-Keuls
test for multiple comparisons.

In cortical cell cultures from non-Tg mice, A�42501

treatment also impaired glutamatergic signaling as502

demonstrated by the reduction of extracellular glu-503

tamate levels. This effect is more evident than the504

observed A�42-induced reduction of cultured cell505

number. Although a direct correlation is not possible,506

this observation led to speculate that also other mecha-507

nism(s), such as impairment of neurite outgrowth and508

other nervous terminal injuries, could contribute to509

A�42-induced reduction of extracellular glutamate lev-510

els. The damage of nervous terminals could, in fact,511

impair the exocytotic mechanisms, leading to reduced512

glutamate efflux from cortical neurons. At this regard, 513

several studies showed synaptic dysfunction associ- 514

ated with A�42 exposure, particularly at presynaptic 515

level [46–50]. Deleterious effects of A�42 on multiple 516

steps of synaptic vesicle trafficking, leading to weaken 517

synaptic transmission have also been reported [51]. 518

A�42-treated neurons also displayed reduced number 519

of synaptic vesicles and a reduction in several presy- 520

naptic proteins [52]. A reduction in the density of 521

the vesicular glutamate transporter 1 (VGluT1) and 522

a decrease in the number of vGluT1-immunopositive 523

hippocampal nerve terminals were observed in a mouse 524

model of AD [53], suggesting a particular susceptibil- 525

ity of glutamatergic nerve terminals to A�42-induced 526

toxicity. In fact, intracellular accumulation of A� dra- 527

matically affects glutamatergic synaptic function at 528

both presynaptic and postsynaptic levels [54]. Finally, 529

there is strong evidence for A�42-induced impairments 530

in mitochondrial transport, dynamics and function that 531

contribute to synaptic degeneration [47, 55, 56]. 532

Interestingly, the exogenous A�42-induced reduc- 533

tions of cell viability and extracellular glutamate levels 534

were not observable in cortical cell cultures from 535

3xTg-AD mice. The discrepancies between the results 536

observed in cultured cells from the two genotypes 537

could be due to the expression of endogenous intra- 538

and extra-neuronal A� peptides in 3xTg-AD mouse- 539

derived cell cultures. In fact, an early in vitro A� 540

overexpression associated with increased A�42 lev- 541

els was evident in cultured cortical neurons of 6 DIV 542

obtained from 3xTg-AD mice [34]. Furthermore, an 543

altered calcium homeostasis and decreased glutamater- 544

gic response were also observed in cultured cortical 545

neurons from 3xTg-AD mice [34, 57–59]. In view of 546

these data, it could be suggested that in the present 547

study the exogenous A�42 was ineffective in 3xTg-AD 548

mice-derived cortical neurons as this cells at 8 DIV 549

were already exposed to a quite high concentration 550

of endogenous A� fragments. This view is supported 551

by i) the demonstration that control cultured corti- 552

cal neurons obtained from 3xTg-AD mice displayed 553

morphological alterations similar to those observed in 554

A�42-exposed cultured cortical neurons obtained from 555

non-Tg mice; ii) the evidence that basal extracellular 556

glutamate levels in cortical cell cultures from 3xTg- 557

AD mice were significantly lower than those measured 558

in non-Tg mouse cultured neurons. This finding is in 559

line with previous data demonstrating a modification 560

of the plasma membrane electrical excitability, lead- 561

ing to changes on synaptic function and consequently 562

on glutamate transmission [34]. Furthermore, in vivo 563

microdialysis studies reported a significant decrease 564
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A B

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 ×40).

Fig. 9. Representative fluorescence photomicrographs of GFAP immunoreactivity in primary cultures of cerebral cortical astrocytes from non-
Tg mice after 24 h of A�42 (0.5 �M) 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 ×40).

of basal glutamate release in the frontal cortex and565

hippocampus of 18-month-old 3xTg-AD-mice [36]566

and a reduction of KCl-stimulated glutamate release567

in the hippocampus of 17-month-old APdE9 mice568

[60]. Interestingly for the possible translational aspects 569

of the present findings, there are data in literature 570

reporting reduced glutamate tissue levels in AD brains 571

[60–62]. 572
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Fig. 10. Effects of A�42 exposure (0.5 �M; 24 h), alone or in com-
bination with PEA (0.1 �M), 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 + A�42 groups according to analysis of variance followed by
the Newman-Keuls test for multiple comparisons.

Primary cultures of cerebral cortex astrocytes573

It is known that astrocytes are the principal home-574

ostatic cells of the central nervous system. Although575

the role of astroglia in AD pathogenesis remains gen-576

erally unknown, the interest in astroglial remodeling577

in the course of neurodegeneration has increased sub-578

stantially during the last decade [63]. Thus, in the579

present study primary cultures of cerebral cortex astro-580

cytes have been chosen as an in vitro experimental581

model to study the contribution of astrocytes to the582

possible protective effects of PEA against A�42 tox-583

icity. A�42 exposure (24 h) induced a proliferation584

of cultured astrocytes from non-Tg mice. This result585

suggests that A�42 causes reactive astrogliosis [64]586

as previously observed in human AD tissues [64]587

and in cultured animal astrocytes [29, 30, 66]. It is588

worth noting that in the present study A�42 expo-589

sure also induced an alteration in the morphology590

of cultured astrocytes obtained from non-Tg mice,591

which represents another important sign of reactive592

astrogliosis. In particular, A�42 caused an alteration in593

the growth and development of astrocytic processes,594

with the appearance of convoluted processes and595

terminal swellings, while control cultures presented596

processes extending radially from the somata to the597

periphery. These A�42-induced changes in astrocyte598

morphology were probably indicative of an activa-599

tion state, at which the cells released proinflammatory600

mediators [67]. Interestingly, similar alterations have 601

been observed in 1–12 months 3xTg-AD mouse astro- 602

cytic morphology [68, 69], but not in the present study. 603

These A�42-induced effects probably indicated a rear- 604

rangement of cytoskeleton filaments, which could 605

modify the functionality of astrocytes. It has been 606

shown that in pathological conditions, such as in AD, 607

the activated glial cells produce inflammatory medi- 608

ators, including TNF-� and prostaglandin E2, which 609

increase intracellular Ca2+ levels in astrocytes, lead- 610

ing to the release of gliotransmitters, such as glutamate 611

[70]. In view of these findings, the effects of A�42 612

on astrocyte functionality have been assessed by eval- 613

uating extracellular glutamate levels. The exposure 614

of non-Tg mouse cultured astrocytes to A�42 (24 615

h) significantly increased extracellular glutamate lev- 616

els. A previous study demonstrated that astrocytes 617

exposed (72 h) to 10 �M A�25-35 exhibit increased 618

glutamate release [71]. This effect could be due at 619

least to two different mechanisms. Firstly, A�42 could 620

cause the release of pro-inflammatory cytokines by 621

cultured astrocytes [29, 67, 71] along with a conse- 622

quent increase of intracellular Ca2+ levels leading to 623

exocytotic glutamate release. Secondly, A�42 could 624

decrease glutamate uptake [72] and compromise the 625

activity of glutamate transporters GLT-1 and GLAST 626

[73, 74], thus reducing glutamate reuptake. Previous 627

studies reported a significant reduction in the activity 628

of glutamate transporters in human AD tissues [75, 76] 629

and in animal models of AD [77, 78]. Based on these 630

data, we expected to observe higher basal glutamate 631

levels in cultured astrocyte from 3xTg-AD mice than 632

in those from non-Tg mice. Surprisingly, an opposite 633

result was obtained. This finding could be the conse- 634

quence of increased glutamate reuptake in this specific 635

animal model of AD. In fact, an increase of GLT1 636

expression has been shown in frontal cortex of 3xTg- 637

AD mice [36]. Differently, Kulijewicz-Nawrot et al. 638

[79] did not find any changes in the expression of GLT- 639

1 in prefrontal cortex astrocytes from 3xTg-AD mice. 640

However, other mechanisms could underlie the reduc- 641

tion of basal glutamate levels in cultured astrocytes 642

from 3xTg-AD mice and other experiments will be 643

necessary to explain this phenomenon. 644

As observed in primary cultures of cerebral cor- 645

tex neurons, A�42-induced effects on extracellular 646

glutamate levels, cell viability, and cell morphology 647

have not been detected in 3xTg-AD mouse cultured 648

astrocytes. The loss of responsiveness to a chal- 649

lenge with A�42 in astrocytes from 3xTg-AD mice 650

was already observed in a recent work [63]. In par- 651

ticular, these authors observed significant effects of 652
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A�42 exposure on the expression of mGluR5 and653

inositol 1,4,5-trisphosphate receptor type 1 as well as654

on parameters of metabotropically stimulated [Ca2+]i655

transients in entorhinal cortex and hippocampal astro-656

cytes derived from non-Tg mice. These effects were657

absent in entorhinal cortex and hippocampal astro-658

cytes derived from 3xTg-AD mice. Furthermore, they659

demonstrated that senile plaque formation in 3xTg-660

AD mice triggers astrogliosis in hippocampal but not661

in entorhinal cortex astrocytes. The authors suggested662

that the expression of AD-related mutant genes in the663

transgenic mice could deregulate Ca2+ homeostasis664

and signaling in astroglia [63]. Therefore, we may665

speculate that also a deregulation in some pathways666

regulating glutamate release/efflux could be responsi-667

ble of the lack of A�42 effect in the cultured astrocytes668

from the animal model of AD.669

PEA-induced protection against Aβ42 toxicity670

An anti-inflammatory neuroprotective role has been671

suggested for the endogenous fatty acid amide PEA,672

member of N-acyl-ethanolamines [22, 23, 26, 32, 80].673

Furthermore, a recent study reported that PEA, by674

activating PPAR-�, rescues altered molecular path-675

ways as well as behavioral impairments that can mimic676

some early traits of AD. Based on these findings, in677

the present study the possible protective role of PEA678

against A�42 toxicity has been also investigated in pri-679

mary cultures of cortical neurons and astrocytes from680

both the mouse genotypes.681

PEA pretreatment counteracts the reduction of cell682

viability induced by A�42 in cultured cortical neu-683

rons from non-Tg mice. These data were in agreement684

with previous morphological and biochemical studies,685

showing that PEA pretreatment significantly reduced686

A�42-induced neuronal loss in rat organotypic hip-687

pocampal slice cultures and rat neuronal cultures [24,688

31]. The present results also suggested protective689

effects of PEA in non-Tg mouse cultured cortical astro-690

cytes, where the compound was able to prevent the691

A�42-induced cell proliferation. A similar result has692

been recently obtained in rat organotypic hippocam-693

pal slice cultures exposed to A�42 [30]. Furthermore,694

evidence that PEA reduced the astrocytic production695

of proinflammatory molecules and cytokine release696

in an in vitro model of A� neurotoxicity, has been697

also provided [29]. Interestingly, the present study also698

described, for the first time, a protective effect of PEA699

pretreatment on the A�42-induced alterations of gluta-700

matergic signaling, observed both in cultured neurons701

and in cultured astrocytes from non-Tg mice. Overall,702

these results suggest that PEA could be effective in 703

preventing not only the A�42-induced cell death, but 704

also the loss of functionality of cortical neurons and 705

astrocytes triggered by the exposure to the peptide. Fur- 706

ther studies are necessary for elucidating the possible 707

involvement of PPARs, GPR55, CB2, or other recep- 708

tors in the protective effects of PEA. However, recent 709

studies suggest some possibilities. Thus, the neuropro- 710

tective effect of PEA could be dependent on its ability 711

to counteract the inflammatory processes, through the 712

activation of the anti-inflammatory nuclear receptor 713

PPAR-� and the consequent gene expression regula- 714

tion [30]. Furthermore, PEA by activating PPAR-� 715

could enhance the number of peroxisomes and/or the 716

activity of the peroxisomal matrix protein catalase 717

counteracting the redox perturbation following the A� 718

excess [32]. 719

In the present study, we propose that the lack of 720

A�42-induced toxicity in cultured cells from 3xTg-AD 721

mice could be ascribed to the expression of endogenous 722

intra- and extra-neuronal A� peptides in this in vitro 723

animal model of AD (see above). Thus, one would 724

expect that PEA exerted by itself positive effects on 725

cell viability and functionality in primary cultures of 726

cerebral cortex neurons and astrocytes from 3xTg-AD 727

mice. On the contrary, the present results demonstrated 728

that PEA did not display any effects on cell viability 729

and extracellular glutamate levels in cultured cortical 730

neurons from 3xTg-AD mice. A possible explanation 731

of this result is that, in this study, the cultures were 732

used after 8 DIV, while early in vitro A� overexpres- 733

sion associated with increased A�42 levels was already 734

evident in cultured cortical neurons of 6 DIV obtained 735

from 3xTg-AD mice [34]. Furthermore, previous stud- 736

ies have demonstrated that the expression of fatty acid 737

amide hydrolase (FAAH) enzyme is elevated in astro- 738

cytes in AD [81] and in Down’s syndrome, sometimes 739

referred to as a human model of AD-like A� deposition 740

[82]. This could also contribute to the lack of effects 741

of PEA, which is a substrate of FAAH in cultured 742

astrocytes obtained from transgenic mice. 743

CONCLUSIONS 744

The present study indicates that PEA exerts differ- 745

ential effects against A�-induced toxicity in primary 746

cultures of cortical neurons and astrocytes from non- 747

Tg (wild-type) and 3xTg-AD mice. In particular, PEA 748

displays protective properties in wild-type mouse cell 749

cultures but not in 3xTg AD mouse neuronal cultured 750

cells overexpressing A�. Taken together, these find- 751
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ings suggest that the compound may be effective in the752

early AD or when A� is accumulating and initiating753

damage in the central nervous system. In this context,754

it will be relevant to evaluate the effects of PEA on cel-755

lular viability and glutamate release in vitro choosing756

a period of exposure of the 3xTg-AD mouse neurons757

to the toxic peptide preceding the development of A�758

accumulation and tau hyperphosphorylation [34, 83].759
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L, Botana LM (2011) 13-Desmethyl spirolide-C is neuropro- 1093

tective and reduces intracellular A� and hyperphosphorylated 1094

tau in vitro. Neurochem Int 59, 1056-1065. 1095


