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A B S T R A C T   

The 2-pentadecyl-2-oxazoline (PEA-OXA) is a natural compound with protective action in neuro-inflammation. 
We have previously shown that PEA-OXA behaves as an α2 adrenergic receptor (α2AR) antagonist and a putative 
protean agonist on histamine H3 receptors. Recently, neuroinflammation and monoaminergic neurotransmission 
dysfunction has drawn particular attention in Alzheimer Disease (AD) pathophysiology. In this context, the 
objective of this study was to investigate the effects of the dual-acting PEA-OXA in an AD-like model in mice. A 
combined computational and experimental approach was used to evaluate the ability of PEA-OXA to bind α2A- 
AR subtype, and to investigate the effects of PEA-OXA treatment on neuropathological (behavioural and func-
tional) effects induced by soluble Amyloid β 1–42 (sAβ1–42) intracerebroventricular injection. Computational 
analysis revealed the PEA-OXA ability to bind the α2A-AR, a pharmacological target for AD, in two alternative 
poses, one overlapping the Na+ binding site. In vivo studies indicated that chronic treatment with PEA-OXA (10 
mg/kg, os) restored the cognitive (discriminative and spatial memory) deficits and social impairments induced 
by sAβ injection. Consistently, electrophysiological analysis showed a recovery of the long-term potentiation in 
the hippocampus (Lateral Entorhinal Cortex-Dentate Gyrus pathway), while neuroinflammation, i.e., increased 
pro-inflammatory cytokines levels and microglia cells density were reduced. These data provide the basis for 
further investigation of the pro-cognitive aptitude of PEA-OXA by proposing it as an adjuvant in the treatment in 
AD, for which the available pharmacological approaches remain unsatisfactory. Moreover, this study offers new 
future direction in research investigating the role of α2AR in neuropsychiatric illness and therapies.   

1. Introduction 

Alzheimer’s disease (AD) is a very disabling neurodegenerative dis-
ease with progressive cognitive decline. It represents 60–70 % of cases of 

dementia and is the 7th leading cause of death globally [1,2]. AD carries 
permanent disability and a high comorbidity rate, with important health 
care costs [3]. Its high incidence is expected to increase over the years, 
given the progressive aging of the population [4]. The main 
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pathophysiological mechanisms are strongly linked to the Amyloid β 
(1− 42), (Aβ) cascade, which progressively leads to tau protein 
over-phosphorylation with the axons micro-tubular structure disorga-
nization and, hence, the progressive neuronal loss [5,6]. Recent evi-
dence indicates that, together with Aβ, hyper-phosphorylated tau has a 
synergistic pathophysiological role in synaptic remodeling, as well as in 
the recognized role of regulation of axonal cytoskeletal assembly. 
Furthermore, the neurofibrillary tangles themselves appear to undergo 
inter-synaptic trafficking with the consequent neurotoxic effect in 
different neuronal circuits. It seems important in the progression of the 
pathology, not only the neural and synapse loss, but the diffusion 
through the neural circuits of the hyper-phosphorylated tau or of the 
neurofibrillary tangles [7]. Aβ oligomers are derived from the amyloid 
precursor protein (APP), a neuroprotective protein under physiological 
conditions, which promotes survival, differentiation, and neurogenesis 
[8]. Areas with active neurogenesis such as the hippocampus, involved 
in learning and memory, are more precociously vulnerable to the toxic 
action of Aβ (1− 42) [9,10]. Despite advances in understanding the 
pathophysiology of AD, drugs aimed at neutralizing or reducing Aβ 
accumulation, or even secretase inhibitors, have failed in humans. Thus, 
targets available remain neurotransmitter- and/or receptor-based 
[11–13]. 

Several neurotransmitter pathways are involved in the cognitive 
dysfunction of AD. In addition to a severe deficit in the cholinergic 
system, changes in GABA, glutamate, and biogenic amines have been 
highlighted [14]. Among them, noradrenergic and histaminergic trans-
missions attracted particular attention [15,16]. Indeed, noradrenaline 
and histamine are involved in neuroinflammatory phenomena, neuro-
genesis, and several key mechanisms related to cognition and neuro-
plasticity [17–20]. There is evidence of severe neurodegeneration in the 
locus coeruleus (LC) as well as functional alteration of noradrenergic 
receptors in the AD brain. The morpho-functional changes of the 
noradrenergic tone are closely correlated with some hallmarks of AD: 
the number of amyloid plaques, neurofibrillary tangles, and worsening 
of the clinical condition [21]. It has emerged over the years the link 
between α2-adrenergic receptors (α2AR) and the regulation they exert 
on cortical cholinergic transmission through their presynaptic 
hetero-receptor action [22,23]. This suggests how pharmacologically 
interesting it could be to modulate cholinergic tone, but also other 
neurotransmissions apart from noradrenergic itself, with selective α2AR 
subtype receptors drugs [24]. 

Among the receptor systems affected by AD pathology, the adren-
ergic system is the one that is increasingly gaining attention, in light of 
its involvement in memory formation, neurogenesis, and contribution to 
the progression of neurodegenerative changes upon AD [25,26]. There is 
evidence that blocking these receptors can exert neuroprotective, 
neurogenic, and Aβ-reducing effects, both in vivo and in vitro [27,28]. 
These effects are not only due to a modulation of the releases of different 
neurotransmitters but also to their presence on the astrocytes where 
they actively contribute to the regulation of the metabolism and other 
essential functions linked to neuronal well-being [29]. 

Recently, an oxazoline derivative of aliamide palmitoylethanola-
mide, the 2-Pentadecyl-2-oxazoline (PEA-OXA), was isolated and 
extracted from green and roasted coffee beans and may, thus represents 
a “dietary molecule”. This dual-acting compound showed the ability to 
negatively modulate the activity of the N-Acylethanolamine Acid 
Amidase (NAAA), maximizing the action of PEA, and exerting neuro-
protective and anti-inflammatory properties [30]. In addition, a 
receptor-based activity of PEA-OXA has been recently demonstrated. 
Specifically, α2 antagonism and histaminergic modulation through H3 
receptors putative protean agonism have been described, suggesting a 
pro-cognitive potential in different animal models, specifically in 
cognitive impairments related to neuropathic pain and traumatic brain 
injury [31,32]. 

Considering these observations and previous results, this study 
aimed to test the ability of PEA-OXA to prevent and/or restore cognitive 

impairment in an AD-like mouse model, through a multidisciplinary 
approach. 

2. Materials and methods 

2.1. Animals 

A total number of 200 male CD1 mice (Envigo, Italy), 7–8 weeks old 
were used for the study. Mice were housed three per cage under 
controlled temperature (24 ± 1 ◦C) and humidity (55 ± 10 %) with a 12- 
hour light-dark cycle with food and water ad libitum. 

2.2. Study approval 

Experimental procedures were approved by the Animal Ethics 
Committee of the University of Campania L. Vanvitelli. Animal care was 
under the Dlgs 26/14 of the Italian law implementing the European 
Community (E.C. L358/1 18/ 12/86) guidelines about the experimental 
use of animals, minimizing the number and the suffering of animals to 
the essentials for achieving scientifically unbiased results, following 
ARRIVE guidelines. 

2.3. Drugs and chemicals 

2-Pentadecyl-2-oxazoline (PEA-OXA) was kindly provided by EPI-
TECH Group SpA, Saccolongo (PD). PEA-OXA was dissolved in 2.5 % 
Carboxymethyl cellulose (CMC) for oral use, daily administered for 7–14 
days, by gavage 2.0 at a dosage of 10 mg/kg in a final dose volume of 
100 μl. For the acute challenge PEA-OXA was dissolved in Kolliphor 5 % 
(Sigma-Aldrich) in a final dose volume of 100 μl, and intraperitoneally 
(i.p.) administered 1 h or 24 h before behavioural and electrophysio-
logical evaluations. The same volume of 2.5 CMC or 5 % Kolliphor was 
used as vehicle control. The dosage of PEA-OXA was chosen based on 
previous studies of our and other laboratories [30–33]. 

Soluble Amyloid-β (1− 42) human peptide (sAβ) was purchased by 
Tocris (Bristol, UK). Stock solution aliquots were obtained by making a 
1 mM DMSO solution to first dissolve pre-aggregates and then diluted to 
a 40 μM concentration with double-distilled water [34]. Finally, aliquots 
were stored at − 20 ◦C. The injected solution was freshly prepared 
before the surgery diluting the stock solution with sterile 
double-distilled water (vehicle) rising at a concentration of 4 μM as 
previously described [35,36]. 

2.4. Computational Methods for PEA-OXA binding site 

Starting ligand geometry was built with UCSF Chimera 1.17 [37] and 
energy was minimized as already described [31]. Docking studies were 
performed with AutoDock 4.2 [38] and Autodock Vina [39], by using a 
homology model of rat α2A, built using the available x-ray structure of 
the human orthologue (PDB id: 6kux) as a template with the MODELLER 
v10.1 program [40]. 50 Homology models were built using the align-
ment shown in Suppl. Fig. 1. The long, flexible, intracellular loop ILC3 
connecting helix 5 to helix 6 was shortened to eight residues. The best 
model in terms of both Modeller Objective Function and Dope score was 
selected for the subsequent docking calculations. Docking runs were 
carried out by either keeping fixed the whole protein or alternately 
allowing the rotation of selected residues, namely Trp387, Phe391, and 
Tyr416. Both proteins and ligands were processed with AutoDock Tools 
(ADT) package version 1.5.7 [38] to merge non-polar hydrogens and 
calculate Gasteiger charges. Grids for docking evaluation, with a spacing 
of 0.375 Å and 70 × 60 x 60 points centered on the binding site, were 
generated using the program AutoGrid 4.2 included in Autodock 4.2 
distribution. Docking runs were carried out using the Lamarckian ge-
netic algorithm (LGA), according to the protocol already published [41]. 

The complex selection was based on binding energy and the cluster 
population was completed by the addition of all hydrogen atoms and 
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underwent energy minimization. The energy-minimized complexes 
were embedded in a pre-equilibrated palmitoyl-oleoyl-phosphatidyl- 
choline (POPC) lipid bilayer and solvated in an aqueous medium using 
the CHARMM-GUI web interface (http://www.charmm-gui.org). Po-
tassium and chloride ions were added to ensure electric neutrality and 
0.15 M ionic strength. MD simulations were carried out with the PMED. 
CUDA module of the Amber20 package [42], using lipid 14 (lipids), 
ff14SB force (proteins), and gaff (ligand) force field parametrization. 
The system underwent 10,000 steps of energy minimization keeping the 
solute atoms harmonically restrained to their starting positions (Kr = 10 
kcal mol− 1 Å− 1). The system was gradually heated to 100 K for 500 ps 
keeping fixed solute and lipid atoms using a Langevin thermostat, fol-
lowed by subsequent heating up to the final temperature of 310 K for 1 
ns, keeping fixed the solute and lipid atoms, using an anisotropic 
Berendsen weak-coupling barostat to equilibrate the pressure. The sys-
tem then underwent equilibration with positional restraints on the so-
lute: 25 ns with restraints on all solute atoms (Kr = 5 kcal mol− 1 Å− 1), 
followed by 5 ns with restraints on Cα protein atoms alone (Kr = 5 kcal 
mol− 1 Å− 1). All restraints were then removed for production runs. The 
CPPTRAJ module and the UCSF Chimera 1.17 program were used to 
perform MD analysis and draw the figures, respectively. 

2.5. Alzheimer’s Disease-like model induction 

SAβ (5 μl) was slowly delivered through a 10 μl microsyringe 
(Hamilton) into the lateral ventricle following the coordinates AP =
− 0.5, ML = 1, DV = − 2.3, according to Paxinos and Franklin atlas [43]. 
Sham mice received an intracerebroventricular (i.c.v.) injection the 
same volume of vehicle. After injection, the needle was left in place for 
an additional 5 min period to prevent reflux of the solution along the 
needle insertion track. The establishment of AD-like symptoms is 
observed starting from the 7th-day post-injection, as previously 
described [35]. The site of injection was verified by identifying the 
needle track at the time of dissection. A representative image is shown in 
the Suppl. Fig. 2. 

2.6. Experimental design 

To test the efficacy of PEA-OXA in limiting or counteracting sAβ- 
induced AD-like symptoms we used preventive or therapeutic pharma-
cological administration regimens. In the first experiment, the chronic 
administration (PEA-OXA 10 mg/kg os or vehicle) was undertaken after 
recovery from sAβ or saline 0.9 % i.c.v. injection. Behavioural, 
biochemical, and morphological analyses were carried out between the 
7th-10th day post-surgery. Electrophysiological experiments were per-
formed after behavioural analysis assuring cognitive impairment 
development (11th-14th day post-surgery). Treatment was continued 
until sacrifice. In different experimental groups, the acute therapeutic 
potential was assessed by a single i.p. administration 7 days post- 
surgery, followed by behavioural or electrophysiological evaluations 
1 h and 24 h after treatment. Mice were casually randomized in four 
experimental groups for the preventive chronic treatment (Sham/veh, 
sham/PEA-OXA, saβ/veh, saβ/PEA-OXA), and six groups for the acute 
single injection (Sham/veh, sham/PEA-OXA 1 h, sham/PEA-OXA 24 h, 
saβ/veh, saβ/PEA-OXA 1 h, saβ/PEA-OXA 24 h). Each group was iden-
tified by an alphanumeric code and all experiments have been carried 
out by blind operators. 

2.7. Cognitive performance evaluation 

2.7.1. Novel object recognition test 
The three stages of novel object recognition were habituation, 

familiarization, and testing. Habituation consisted of a free exploration 
of a polyvinyl chloride (PVC) box (40 × 30 × 30 cm), illuminated by a 
weak light, for 10 min. During the familiarization session, each mouse 
was allowed to explore two identical objects placed in the back corners 

of the box (left and right) for 5 min. In the trial test (conducted an hour 
or 24 h after the acquisition), one of the two objects was swapped out for 
a new, different object. The duration of time spent exploring the objects 
was recorded. Results were reported as recognition index (R.I.) calcu-
lated by the formula: exploration time of the novel object – exploration 
time of familiar object/ total exploration time [44]. In the acute thera-
peutic testing, the drug or vehicle was administered 15 min before the 
acquisition trial. 

2.7.2. Y maze forced alternation test 
The Y-maze forced alternation test protocol, was adapted from Wolf 

et al., with minimal variations. The apparatus consisted of three 
enclosed arms (30 × 5 × 15 cm) converging in the centre. To reduce 
anxiety, light in the testing area was dimmed to 30 ± 5 lux. The test 
consisted in a 5.min trial in which the mouse was allowed to explore 
only two arms of the Y-maze. Mice were returned to their cages during 
an inter-trial interval of 30 min. In the retrieval trial (5 min), the block of 
the third arm was removed. The latency to enter the novel arm, the time 
spent to explore it (%), and the number of entries in the first minute of 
the retrieval trial were recorded. Mice that entered the novel arm less 
than three times were excluded [45]. 

2.8. Social behaviour 

2.8.1. Three chambers sociability test 
The test consisted of a habituation period (5 min), followed by two 

consecutive sessions (10+10 min), testing sociability and social recog-
nition memory, respectively. During the habituation, the mouse was 
allowed to freely explore the three chambers of the apparatus. Then, the 
mouse was brought into the centre chamber and temporarily held there. 
The following 10-minute sessions consists of placing an upside-down 
stainless-steel basket (6.5 × 15 cm) in one of the lateral chambers and 
an unfamiliar intruder in an identical upside-down cup in the opposite 
chamber. In the second session another intruder was introduced, 
exchanging the position of the first intruder. The time spent sniffing the 
basket or the intruders, and the number of entries into each lateral 
chamber were recorded [46]. 

2.9. In vivo electrophysiological recording 

2.9.1. Long-term potentiation (LTP) in the LEC-DG pathway 
Long Term Potentiation (LTP) was detected in the lateral entorhinal 

cortex-dentate gyrus (LEC-DG) pathway. Under urethane anaesthesia 
(1.5 g/kg i.p.) mice were fixed on a stereotaxic apparatus (Stoelting Co 
USA) to insert a stimulation electrode in the angular bundle of the lateral 
entorhinal cortex-LEC (AP: - 4.0 mm from bregma; ML: 4.5 mm from 
midline and DV: - 2.9 mm below the dura) and a recording electrode in 
the dentate gyrus-DG hilum (AP: - 2.1 mm from bregma, ML: 1.5 mm 
from midline and DV: - 1.2 mm below the dura mater), following Pax-
inos and Franklin atlas [43]. The stimulating and recording electrodes 
were slowly lowered in the mentioned areas until a field excitatory 
post-synaptic potential (fEPSP) appeared under low-frequency stimula-
tion (0.033 Hz). A 30-min stable baseline was recorded, followed by the 
delivery to the LEC of tetanus (theta burst stimulation, TBS) consisting of 
6 trains, 6 bursts, 6 pulses a 400 Hz, inter-burst interval: 200 ms, 
inter-train interval: 20 s [47]. Evoked responses after TBS, were recor-
ded for 90–120 min. Long Term Potentiation (LTP) establishment was 
considered when the amplitude and the slope of fEPSPs increased more 
than 20 % for at least 30 min after the TBS, as previously reported [48]. 
The fEPSPs recorded before and after LTP were stored for analysis of 
slope and spike amplitude (WinLTP 2.30, Bristol, UK). In LTP experi-
ments, all data points were normalized to the average baseline slope. 
The same protocol was applied for the preventive chronically treated 
dataset (daily vehicle or PEA-OXA 10 mg/kg os) and in acute challenge 
single administration of vehicle or PEA-OXA 10 mg/kg. In the latest 
dataset, the oral administration was technically limited by the 
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anaesthesia protocol that could influence the drug bioavailability, for 
this reason, we choose the i.p. route (1 h and 24 h before the LTP 
recording). 

2.10. Biomolecular analysis 

2.10.1. RNA extraction and semi-quantitative Real Time-PCR analysis 
Hippocampal RNA extraction was obtained using the RDP Trio™ 

(HIMEDIA®) kit, according to the Chomczynski and Sacchi protocol 
[49]. Spectrophotometry (Nanodrop™) was used to test the RNA con-
centration by determining the absorbance values at a wavelength (λ) of 
260 nm. The ratios A260/A280 and A260/A230 were detected to assess 
protein or organic solvent contaminations, respectively. The integrity 
and DNA genomic contamination was verified by electrophoresis. The 
reverse transcription was performed by using the 5X All-In-One RT 
Master Mix (abm®) according to the manufacturer’s instructions. 
Semi-quantitative Real Time-PCR analyses were carried out on 100 ng 
DNA-free RNA, using the PrimePCR™ SYBR® Green Assay (Bio-Rad 
Laboratories ®). The reaction mixture volume was 10 μl and each primer 
(Table 1) was used at a final concentration of 300 nM. Each experi-
mental set was run in triplicate using the BioRad CFX96 Real-Time PCR 
detection system (Bio-Rad Laboratories Inc.). Moreover, a non-reverse 
transcription control and a no template negative control were 
included. According to the manufacturer’s instructions, the thermocy-
cling protocol consisted of an activation cycle of 2 min at 95 ◦C followed 
by 40 cycles including a denaturation step (5 s at 95 ◦C), an annea-
ling/extension step (30 s at 60 ◦C), and an extension step at 72 ◦C using 
SYBR green as detection system. Melt curve analysis confirmed that a 
single PCR product was present. Relative changes in gene expression 
were quantified using the comparative Ct (ΔCt, ΔΔCt) method, and Ct 
values were normalized to an average of the endogenous housekeeping 
gene Gapdh. mRNA expression of target genes was defined as fold 
change (2ΔΔCt) in the expression level relative to the control group. 

2.10.2. Western blot 
Total proteins were extracted from the mice hippocampi resus-

pending tissues in RIPA buffer 1X and centrifugated at 12,000 rpm. 
Protein concentration was determined through the Bradford assay. A 
calibration curve was obtained using progressive Bovine Serum Albumin 
(BSA) dilutions of known concentrations. Using the standard curve, the 
concentration of each sample was determined according to its absor-
bance by interpolation. The absorbance was detected by using UV/VIS 
Spectrophotometer Jasco V-530. 50 μg of proteins were solubilized in 4X 
loading buffer, denaturized for 10 min at 95 ◦C, and separated on 8 or 10 
% polyacrylamide SDS-gel performing SDS-PAGE electrophoresis at 10 
V/cm. Then, the proteins were transferred to nitrocellulose membranes 
by using Trans-Blot Turbo Transfer System (Bio-Rad Laboratories, Her-
cules, CA, USA). After that, the membranes were blocked with TBST and 
0.5 % non-fat milk for 1 h at RT to reduce unspecific binding. The 
membranes were further incubated with primary antibodies, solved in a 

solution of 5 % nonfat milk in TBST, overnight at 4 ◦C. Primary anti-
bodies transglutaminase 2 (TG2) (®Zedira, cat. A033), GAPDH 
(®Elabscience, cat. E-AB-20032) were used, all diluted at 1:1000. 
Horseradish peroxidase (HRP)-conjugated goat anti-mouse (Cat. n. 
GxMu-003-DHRPX) and HRP-conjugated goat anti-rabbit (Cat. n. 
GtxRb-003-DHRPX) secondary antibodies were obtained from 
ImmunoReagents-Inc. Both secondary antibodies were used at a dilution 
of 1:5000. The protein bands were detected using enhanced chem-
iluminescence detection reagents ECL (Amersham Biosciences) and 
visualized on ChemiDoc XRS+ System (BIORAD). Band images were 
densitometrically analyzed by using ImageJ software, version 1.53c 26. 

2.11. Morphological analysis 

2.11.1. Tissue Preparation 
Mice were deeply anesthetized and transcardially perfused with sa-

line solution (Tris HCl 0.1 M/EDTA 10 mM) followed by 4 % para-
formaldehyde (PFA) in 0.01 M phosphate-buffered saline (PBS, pH 7.4). 
Brains collected for immunohistochemistry (IHC) were post-fixed for 24 
h in 4 % PFA, then soaked in 30 % sucrose phosphate-buffered saline, 
and frozen in chilled isopentane on dry ice. 

2.11.2. Immunohistochemistry 
Brain coronal slices (25 µm-thick) were obtained by sliding micro-

tome (Leica Biosystems) and processed for IHC. The following primary 
antibodies were used: mouse antibodies against the glial fibrillary acidic 
protein (GFAP) (1:2500; Sigma-Aldrich, Milano, Italy); rabbit antibodies 
against ionized calcium-binding adaptor molecule 1 (Iba1) (1:400; 
Wako Chemicals, Richmond, VA, USA). Briefly, sections were blocked in 
blocking solution (10 % serum, in 0.01 M PBS/0.25 % Triton-X100) for 
1 h at room temperature (RT). 

Each primary antibody was diluted in the blocking solution and 
incubated with free-floating sections for 48 h at 4 ◦C. After being washed 
in cold PBS, slices were incubated with the appropriate biotinylated 
secondary antibody (Vector Labs Inc., Burlingame, CA, USA; 1:200) for 
90 min at RT. Samples were then processed using the Vectastain avidin- 
biotin peroxidase kit (Vector Labs Inc., Burlingame, CA, USA) for 90 min 
at RT, washed in 0.05 M Tris-HCl and reacted with 3.3-diaminobenzi-
dine tetrahydrochloride (DAB; Sigma, 0.5 mg/ML in Tris-HCl) and 
0.01 % hydrogen peroxide. Sections were mounted on chrome 
alum–gelatin-coated slides, dehydrated and coverslipped. [50]. 

2.11.3. Cell count analysis 
IHC-stained sections were imaged using a Zeiss Axioscope 2 optical 

microscope equipped with a high-resolution digital camera (C4742–95, 
Hamamatsu Photonics, Italia), at a magnification of 10x, in grayscale 
mode. Measurements of the morphometric parameters of astrocytes and 
microglia were made using the image-assisted analysis system (MCID 
7.1; Res Imaging. Inc, Canada). The measurements of the GFAP and Iba1 
markers were made in the hippocampal regions dentate gyrus (DG), 

Table 1 
Primers for mRNA transcripts.  

Gene ID and reference sequence Forward Reverse 

GAPDH 
NM_001289726.1 

5′-GGGCATCTTGGGCTACACTGAGGACC-3′ 5′- GGGGGCCGAGTTGGGATAGGG-3′

TG2 
NM_009373.3 

5′-ACTTCGACGTGTTTGCCCACAT-3′ 5′-TTGATGTCCTCAGTGCCACACT-3′

IL6 
NM_031168.2 

5′-GATGGATGCTACCAAACTGGAT- 3′ 5′-CCAGGTAGCTATGGTACTCCAGA-3′

iNOS 
NM_010927.4 

5′-TGAGCTCATCTTTGCCACCA-3′ 5′-ACAGTTCCGAGCGTCAAAGA-3′

TNF-α 
NM_013693.3 

5’-ACTGAACTTCGGGGTGATCG-3’ 5’-ACTGATGAGAGGGAGGCCAT-3’ 

IL-1β 
NM_008361.4 

5′-TCGGACCCATATGAGCTGAAAG-3′ 5′-CCACAGGTATTTTGTCGTTGCT-3′

Primers for GAPDH, TG2, IL-6, iNOS, TNF-α and IL-1β. 
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Cornu Ammonis 1 (CA1), and 3 (CA3) and expressed as cell count, using 
a selected region of interest (ROI). Data were exported, and their mean 
was converted to a frequency-distributed histogram. Data are expressed 
in mean ± SEM. 

2.12. Statistical analysis 

Data were represented as mean ± SEM. The Kolmogorov– Smirnov 
test was used to test the normal distribution of data. All behavioural, 
electrophysiological, morphological, and biomolecular data were 
analyzed using two-way ANOVA followed by Tukey’s post hoc multi-
comparison test. P values < 0.05 were considered statistically signifi-
cant. Statistical analysis was performed using Prism/Graphpad 8.0 
software. All raw data are available on Mendeley Data Repository with 
the following identifier DOI: 10.17632/jc7jncy5fv.1. 

3. Results 

3.1. Identification of the putative binding modes of PEA-OXA at rat α2AR 
by homology modeling, molecular docking, and molecular dynamics 
simulations 

PEA-OXA was previously found to bind α2AR receptors with an IC50 
of 0.75 µM in a ligand binding assay using rat cerebral cortical mem-
branes and to act as an α2 antagonist in a low micromolar range [32]. 
α2AR include three highly homologous subtypes: α2A, α2B and α2C. 
Among these, the α2A subtype represents a promising target for AD, 
since its stimulation promotes Aβ generation and exacerbates AD-related 
pathology [51]. The lack of either any experimental data about receptor 
subtype selectivity or molecular insights into the binding mode for 
PEA-OXA prompted us to undertake a computational study focused on 
the α2A subtype, based on a molecular docking study followed by mo-
lecular dynamics (MD). The combination of docking and MD aims at a 
wider exploration of the conformational space accessible to the ligand 
within its binding site. This feature is particularly critical and chal-
lenging for PEA-OXA- α2AR complexes, because of the rather atypical 
chemical scaffold of PEA-OXA in comparison to canonical α2 ligands due 
to the absence of any positive charge and/or polar hydrogens, and to the 
elongated and highly flexible nature of the molecule. To better align 
computational with experimental data on binding, a homology model of 
the rat orthologue was built from the x-ray structure of the human 

α2A-adrenergic receptor, sharing > 90 % sequence identity, and used as 
the target in docking. Moreover, since rat and mouse α2A-adrenergic 
receptors share > 97 % of sequence identity, with most of the sub-
stitutions lying on the intracellular loop 3, far from the orthosteric 
binding site, no appreciable differences in the PEA-OXA binding are 
expected between the two orthologues. The representative binding 
poses from different docking runs (see the Methods section for details), 
collectively fit into a Y-shaped envelope in the binding site, as shown in  
Fig. 1A. The three arms of the “Y” correspond to the following binding 
subsites formed by polar residues interacting with the oxazoline ring: 1) 
Tyr1965.38, Ser2005.42 and Tyr3946.55 (subsite 1), 2) Ser902.61, 
Tyr1093.28, Asp1133.32 and Tyr4167.43 subsite 2) and 3) Cys1173.36, 
Trp3876.48, Ser1203.39 (subsite 3). The latter subsite is located deep in-
side the helical bundle, close to the Na+ ion binding site. This site, 
formed by Asp792.50 and Ser1203.39, is well-conserved within class A 
GPCRs and it is reported to negatively modulate the binding of agonists, 
without significantly affecting the binding of antagonists for α2AR 
[52–54]. The not-redundant representative docking poses from each 
binding site, namely pdock1, pdock2, and pdock3, underwent 100 ns of 
MD to assess their stability and to allow possible rear-
rangement/optimization from the starting docking poses. The com-
plexes drifting toward dissociation during the first 100 ns were 
discarded from further analysis. The MD trajectories resulting in either 
substantially unchanged starting docking pose, or rearrangement into a 
new stable pose were further prolonged to ensure the lack of any 
(further) drift over a time scale of 200 ns. While the pdock3 pose was 
stable, providing a substantially unchanged MD-refined binding mode 
(hereinafter referred to as pMD3), a rearrangement was observed for 
pdock1 and pdock2. In particular, pdock1 moved toward the pdock3 
binding site, giving rise to a new binding mode (hereinafter referred to 
as pMD1) with the oxazoline ring forming stable direct or 
water-mediated H-bonds with Cys1173.36, Trp3876.48, and Ser1203.39 

(see Fig. 1 B, panel a). pMD3, overlapping the same binding site, engages 
a stable stacking between the oxazoline ring and the Trp3876.48 side-
chain. Estimates of the electrostatic and van der Waals ligand-receptor 
interactions by a linear interaction energy (LIE) approach over the last 
100 ns of trajectory show that pMD1 is energetically favored over pMD3 
(− 52.2 ± 2.6 vs − 39.2 ± 2.0 kcal/mol) and was thus taken as repre-
sentative for this binding site. pdock2 rearranged to an MD-refined 
binding mode (hereinafter referred to as pMD2) in which the ligand is 
H-bonded to Trp3876.48 (direct) and Asp1133.32 (water-mediated) as 

Fig. 1. Starting docking poses of PEA-OXA at α2A-adrenergic receptor and representative MD frames of the most stable complexes. A Representative docking poses 
from the three binding sites discussed in the main text. A stick representation is used for heavy atoms of the ligand (colored in cyan) and for protein sidechains 
(colored in tan while the ribbon is in white) within 5 Å of the ligand. Hydrogen, nitrogen, oxygen, and sulfur atoms are painted white, blue, red, and yellow, 
respectively. Half-transparency is employed for the ribbon representation of protein regions overlying the ligand in the selected view. B Representative MD frames of 
ligand pMD1 (panel a) and pMD2 (panel b). A stick representation is used for heavy atoms of the ligand (colored in cyan) and for protein sidechains (colored in tan 
while the ribbon is in white) within 5 Å of the ligand. Water molecules within 10 Å from the ligand involved in H-bonds are shown in stick representation. Hydrogen, 
nitrogen, oxygen, and sulfur atoms are painted white, blue, red, and yellow, respectively. Half-transparency is employed for the ribbon representation of protein 
regions overlying the ligand in the selected view. A green wire representation is adopted for H-bonds. 
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shown in Fig. 1B, panel b. The LIE value of pMD2 is comparable to that 
of pMD1 (− 53.3 ± 2.3) vs − 52.2 ± 2.6 kcal/mol). The polar interaction 
with Asp1133.32 is typical of a canonical α2 ligand. The oxazoline ring is 
also stabilized by hydrophobic interactions with the surrounding aro-
matic residues Phe3906.51 and Phe3916.52. The root-mean-square devi-
ation (rmsd) values of pMD1 and pMD2 after the best fit of protein 
backbone over the last 200 ns of MD are shown in Suppl. Fig. 1A. The 
only rearrangement observed during this time scale is the conformation 
of the latter four (pMD1) or five (pMD2) carbon atoms of the alkyl chain. 
Finally, to get insight into possible PEA-OXA subtype selectivity, a 
comparative study at the level of protein sequences among the different 
subtypes including human, rat, and mouse orthologues was carried out 
and shown in Suppl. Fig. 1B. Since the residues forming either polar or 
hydrophobic interactions with PEA-OXA in the resulting poses are well 
conserved across the different subtypes, PEA-OXA can be considered a 
not-selective α2 antagonist. 

3.2. Repeated administrations of PEA-OXA ameliorate cognitive 
performance and social behaviour in sAβ injected mice 

The injection of sAβ induced cognitive impairments starting from the 
7th-day post-injection. The daily treatment with PEA-OXA (10 mg/kg, 
os), undertaken on the same day of surgery, ameliorated the cognitive 
performance in sAβ mice. No difference was observed in PEA-OXA 
treated Sham mice. Schematic experimental plan is given in Fig. 2A. 

The discriminative and spatial memory evaluation was carried out 
through Novel Object recognition and Y maze forced alternation test, 
respectively. In the Novel Object Recognition test, sAβ/veh mice showed 
a decreased recognition index (RI) compared to Sham/veh mice 1 h (RI: 
− 0.02 ± 0.04 vs 0.26 ± 0.05, P = 0.033, Fmodel(1,28) = 8.72) and 24 h 
(RI: 0.03 ± 0.09 vs 0.18 ± 0.01, P = 0.009, Fmodel(1,28) = 4.07) after 
acquisition trial. The chronic treatment with PEAOXA normalized the RI 
in sAβ mice in both test trials, 1 h (RI= 0.22 ± 0.04 8 vs − 0.02 ± 0.04, P 
= 0.01, Ftreatment(1,28) = 10.62, Fig. 2B) and 24 h (RI: 0.21 ± 0.09 vs 0.03 

± 0.09, Ftreatment(1,28) = 7.49, Fig. 2C). 
In Y maze forced alternation test, a decrease in time spent in the 

novel arm was observed in sAβ/veh group compared to Sham/veh mice 
(26.23 ± 3.29 s vs 40.88 ± 2.27 s, P = 0.03, F model(1,28) = 18.09). The 
parameter was normalized in sAβ/PEA-OXA group compared to vehicle- 
treated mice (43.11 ± 2.42 s vs 26.23 ± 3.29 s, P = 0.038, Ftreatment(1,28) 
= 17.3), (Fig. 2D). Conversely, the latency to enter in the novel arm was 
increased in sAβ/veh mice compared to Sham/veh group (16.1.3 ± 2.17 
vs 9 ± 1.69,P = 0.02, Fmodel(1,28) = 9.12) and decreased by PEA-OXA 
chronic treatment (7.13 ± 1.61 vs 16.1.3 ± 2.17,P = 0.02, Ftreatment 

(1,28) = 9.58), (Fig. 2E). 
In the three chambers sociability test, we obtained a significant in-

crease in socialization with the mouse, instead of the object, in the sAβ/ 
PEA-OXA group compared to vehicle-treated sAβ mice (interaction time: 
51.38 ± 10.61 s vs 19.62 ± 2.56 s, P = 0.002, F treatment(1,28) = 11.35), 
suggesting a beneficial effect in overall social behaviour (Fig. 2F). 

In addition, PEA-OXA treatment improved the social recognition 
memory, expressed as interaction time with the mouse II, resulted 
impaired in sAβ mice(interaction time: 38.00 ± 5.22 vs 16.5 ± 2.86 s, P 
= 0.03, Ftreatment(1,28) = 7.32), as compared to the controls (interaction 
time: 16.5 ± 2.86 s vs 45.63 ± 6.69 s, P = 0.002, Fmodel(1,28) = 17.40), 
(Fig. 2G). 

3.3. Repeated administrations of PEA-OXA partially revert the sAβ- 
induced LTP impairment in hippocampal DG 

To investigate the impact of sAβ on hippocampal long-term synaptic 
plasticity, we analysed the LEC-DG pathway, schematically represented 
in Fig. 3A,B. As previously reported [55] sAβ-injected mice showed 
impaired LTP in DG granule cells compared to vehicle-treated animals, 
confirming that Aβ oligomers cause memory impairment. Since the 
preventive chronic treatment with PEA-OXA restored cognitive behav-
iour impairments in sAβ-injected mice, we investigated its effect on LTP 
at LEC-DG connectivity. To achieve this goal, we first assessed the 

Fig. 2. Experimental plan, cognitive performance, and social behaviour A. Schematic timeline of the preventive treatment (veh or PEAOXA 10 mg/kg) experimental 
dataset. B, C show the recognition index (RI) of Novel Object Recognition test 1 h and 24 h after acquisition trial, respectively. D,E show the obtained in Forced 
Alternation Y-maze test. Specifically, latency to enter in the novel arm (seconds) and the % time spent in, respectively. E, F show the interaction time obtained in the I 
and the II session of Three Chambers Sociability test, respectively. All data are expressed as averaged mean ± SEM of 8 animals per group. Two-way ANOVA followed 
by Tukey’s post-hoc test was used for analysis. P < 0.05 was considered statistically significant. Symbols: * indicates significant differences vs sham/veh; # indicates 
significant differences vs sAβ/veh. 
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potential long-lasting modifications at synaptic strength in LEC-DG 
pathway in sAβ-injected mice treated with vehicle. As expected, LTP 
evoked at DG area of sham animals induced a significant increase of 
amplitude (30–60 min: 204.507 ± 25.5 %, vs 0–15 min: 100.96 ± 1.37 
%, P < 0.0001; Ftime(1,24):171.6) and slope values (224.89 ± 10.20 % vs 
0–15 min: 99.96 ± 1.10 %, P < 0.0001; Ftime(1,24):305), (Fig. 3C–F). 
Accordingly with behavioural observations, a theta burst stimulation in 
LEC failed to alter fEPSP amplitude (30–60 min: 98.85 ± 3.04 % vs 
0–15 min: 100 %; P > 0.99) and slope (99.26 ± 3.58 % vs 100.167 
± 0.67 %; P > 0.99), (Fig. 3C–F). Remarkable, the preventive chronic 
treatment with PEA-OXA, induced a significant increase of synaptic ef-
ficiency after the LTP induction in term of amplitude (30–60 min: 
149.62 ± 7.42 %, vs 0–15 min: 100 %, P = 0.021; Fig. 3C,D) and slope 
(132.71 ± 9.74 %, vs 0–15 min: 100 %, P < 0.0001; Fig. 3 E,F). Finally, 
no significant changes were observed in sham/PEA-OXA mice, neither in 
fEPSP amplitude (30–60 min: 190.12 ± 13.77 %, vs 0–15 min: 97.72 
± 2.69 %, P = 0.021; Fig. 2C,D) nor in slope (30–60 min: 206.53 
± 11.53 %, vs 0–15 min: 100.48 ± 1.58 %, P < 0.0001; Fig. 3C,D) after 
LEC TBS application (Fig. 3C–F). 

3.4. Repeated administrations of PEA-OXA reduce microglial recruitment 
and morphological changes in sAβ-injected mice 

We analyzed glial reactivity employing morphological markers for 
astrocytes and microglia in different hippocampal regions, namely 
dentate gyrus (DG), Cornu Ammonis (CA) 1, and 3. 

Microglial Iba1 staining showed an increased cell count in sAβ/ 
vehicle group compared to sham/veh mice in CA3 (69,79 ± 6,9 vs 
41,39 ± 7,04, P = 0.007, Fmodel(1,8) = 9.51), as shown in Fig. 4. The 
treatment with PEA-OXA drastically reduced microglial density as 

compared to the vehicle (38,00 ± 2,821 vs 69,79 ± 6,9; P = 0.03, 
Ftratment(1,8) = 12.79). Fig. 4 also suggests that the microglia morphology 
is affected by PEA-OXA treatment by shifting the ameboid inflammatory 
phenotype (sAβ/veh), toward the star-shaped appearance (sAβ/PEA- 
OXA). 

GFAP+ astrocytes count suggested an increasing trend in the sAβ/ 
PEA-OXA group compared to sham/veh mice in both CA1 (286,5 
± 44,77 vs 163,7 ± 42,51) and CA3 (148,0 ± 28,29 vs 84,80 ± 21,74), 
however without reaching significance (CA1: P = 0.33; CA3: P = 0.27) 
(Fig. 5). 

Taken together these data about glial reactivity showed conclusive 
evidence of microglial precocious activation following intraventricular 
sAβ injection that was more evident in hippocampal CA3 and prevented 
by PEA-OXA repeated administrations. The changes were consistent in 
both cell count and morphological appearance. 

3.5. Repeated administrations of PEA-OXA exert neuroprotective action 
against hippocampal damage induced by the injection of sAβ 

3.5.1. sAβ – induced neuroinflammatory cytokines expression decreases in 
sAβ injected mice chronically treated with PEA-OXA 

To evaluate inflammatory state, hippocampal cytokines mRNA levels 
were measured by Real Time PCR, as shown in Fig. 6A. 7 days post-sAβ 
(1− 42)-injection, sAβ/veh group showed higher levels of pro- 
inflammatory cytokines compared to Sham/veh control group, specif-
ically IL-6 (52.06 ± 0.79 vs 1, P < 0.0001, Fmodel(1,8) = 1220), iNOS 
(88.26 ± 1.45 vs 1, P < 0.0001, Fmodel(1,8) = 1855), TNF-α (24.31 ± 0.47 
vs 1, P < 0.0001, Fmodel(1,8) = 116.8) and IL-1β(32.16 ± 1.99 vs 1, 
P < 0.0001, Fmodel(1,8) = 145.9). Chronic PEA-OXA treatment down- 
regulated cytokines mRNA levels in sAβ mice [IL6: 6.4 ± 1.03 vs 

Fig. 3. In vivo recordings of long-term potentiation in LEC-DG pathway. A. Schematic representation of the position of the stimulating (lateral entorhinal cortex, 
LEC) and recording (dentate gyrus, DG) electrodes and the theta burst stimulation protocol (TBS) to evoke LTP in DG, consisted of 6 trains, 6 bursts, 6 pulses at 
400 Hz, interburst interval: 200 ms, intertrain interval: 20 s B. Representative traces of a single evoked field excitatory postsynaptic potentials (fEPSP) recorded in 
DG before and after TBS protocol (black arrow) C. Shows the time-dependent changes in the fEPSP amplitude after TBS protocol application. Data plotted as % 
amplitude from baseline (0–15 min). D. Bar histogram of amplitude data averaged 30–60 min after TBS and normalized respect to the baseline (mean ± SEM). Data 
were analyzed by Two-way ANOVA followed by Tukey’s post-hoc multicomparisons test, P < 0.05 was considered statistically significant. ◦indicates significant 
differences vs baseline (0–15 min); * indicates significant differences vs Sham/veh; # indicates significant differences vs sAβ/veh. E. Data points represent averaged 
slope (mean ± SEM) after TBS induction, normalized with respect to baseline values (0–15). F. Bar histogram of slope data averaged 30–60 min after TBS and 
normalized respect to the baseline (mean ± SEM). Data were analyzed by Two-way ANOVA followed by Tukey’s post-hoc multicomparisons test, P < 0.05 was 
considered statistically significant. ◦indicates significant differences vs baseline (0–15 min); * indicates significant differences vs Sham/veh; # indicates significant 
differences vs sAβ/veh. 
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52.06 ± 0.79, P < 0.0001, Ftreatment(1,8) = 782.21; iNOS: 2.17 ± 1.86 vs 
88.26 ± 1.45, P < 0.0001, Ftreatment(1,8) = 1756; TNF-α: 3.99 ± 1.37 vs 
24.31 ± 0.47, P < 0.0001, Ftreatment(1,8) = 62.18; IL-1β: 4.11 ± 1.22 vs 
32.16 ± 1.99, P < 0.0001, Ftreatment(1,8) = 94.02]. No significant differ-
ence was reported in Sham/PEA-OXA treated mice compared to Sham/ 
veh group. 

3.5.2. PEA-OXA chronic treatment down-regulates sAβ – induced 
Transglutaminase 2 expression in sAβ injected mice 

As a marker of inflammation the Transglutaminase 2 (TG2) mRNA 
and protein levels were determined by Real-Time PCR and Western Blot, 
respectively, in the hippocampus, as shown in Fig. 6B,C. Compared to 
control group, TG2 was up-regulated in sAβ/veh mice in both mRNA 
quote (3.69 ± 0.66 vs 1, P = 0.007, Fmodel(1,8) = 16.07) and protein 
relative expression (153.67 ± 2.4 vs 100, P < 0.0001, Fmodel(1,8) =

373.1). Chronic PEA-OXA treated sAβ mice showed reduced TG2levels, 
in both mRNA (1.97 ± 0.41 vs 3.69 ± 0.66, P = 0.017, Ftreatment(1,8) =

2.53) and protein (39.67 ± 2.4 vs 153.67 ± 2.4, P < 0.0001, Fmodel(1,8) 
= 569.3). No significant changes were found between Sham/veh and 
sham PEA-OXA groups. Full-length gels are shown in the Suppl. Fig. 3. 

3.6. Single administration of PEA-OXA reduces cognitive impairments 
and reverts the sAβ-induced LTP impairment in hippocampal DG 

To test the therapeutic potential of PEA-OXA when memory alter-
ations were established, we tested the effect of a single administration in 
both behavioural and electrophysiological tasks. We found that PEA- 
OXA (10 mg/kg i.p.) was able to normalize the impaired R.I. in NOR 
1 h test trial, as compared to vehicle in sAβ group (0.25 ± 0.11 vs − 0.04 
± 0.09, P = 0.0003, Ftreatment(1,28) = 10.23), observing a wearing off 
effect in the NOR 24 h trial (− 0.02 ± 0.07 vs − 0.004 ± 0.05). Results 
are shown in the Suppl. Fig. 4. No difference was observed in sham/PEA- 
OXA mice compared to control group. Accordingly, administering PEA- 
OXA 1 h before LTP recording, we found a significant enhancement of 

Fig. 4. Microglia evaluation in the Hippocam-
pus. Comparison of region-specific microglial 
response in the hippocampus. All hippocampus 
coronal sections (2.5x) DG, CA1, and CA3 (20x) 
regional expressions of Iba1 for the different 
groups are showed. Small boxes (40x) for each 
region are represented to visualize cellular 
morphology. Scale bars 50 µm. Data of cell 
count are expressed on the graph as mean 
± SEM. Two-way ANOVA followed by Tukey’s 
post hoc test was used for multicomparisons 
analysis. (* indicates significant differences vs 
sham/veh; # indicates significant differences vs 
sAβ/veh).   
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LTP in sAβ animals as compared to vehicle-injected mice (fEPSP 
amplitude 30–60 min: 138.99 ± 4.6 vs 98.34 ± 2, P = 0.004, Ftreatment 

(5,32) = 21.33; fEPSP slope 30–60 min: 149.64 ± 5.16 vs 99.26 ± 3.58, P 
= 0.0007, Ftreatment(5,32) = 23.75), as shown in Suppl. Fig. 4. On the 
contrary, the same treatment 24 h prior LTP induction did not affect LTP 
in sAβ-injected mice (fEPSP amplitude 30–60 min: 102.26 ± 8.26; 
fEPSP slope 30–60 min: 104.91 ± 4.92). Sham mice subjected to PEA- 
OXA acute treatment, showed modifications neither in basal synaptic 
properties including input-output (I-O) relationship nor in LTP 
magnitude. 

4. Discussion 

The objective of this study was to investigate the effect of the natural 
α2AR modulating compound PEA-OXA in limiting the cognitive deficits 
associated with the sAβ-induced AD-like model. This stems from the 
growing interest in the role of these receptors in several progressive 

neurodegenerative diseases [56–59]. In this study, we highlighted the 
effects of PEA-OXA, a natural molecule that we previously found to bind 
α2 and H3 receptors [31,32], in dementia-like behaviours induced by 
the sAβ. 

First, we focused our interest on PEA-OXA capability to act as an 
α2A-adrenergic antagonist, investigating in silico its ability to bind this 
subtype, a relevant pharmacological target in AD. Indeed, a computa-
tional approach combining molecular docking and molecular dynamics 
led to the identification of two spatially-close putative binding sites for 
PEA-OXA on the α2A-adrenergic receptor. In both poses, namely pMD1 
and pMD2, the oxazoline ring is involved in H-bonds with Trp3876.48, 
although the molecule features two distinct orientations, tilted by 90◦: in 
pMD1 it lies parallel to the helix bundle, accommodating the oxazoline 
ring in a narrow binding pocket close to the Na+ binding site, while in 
pMD2 it spans the orthosteric binding site perpendicularly to the helix 
bundle. In pMD1, the oxazoline ring forms a network of either direct or 
water-mediated H-bonds, in addition to those with Trp3876.48, 

Fig. 5. Astrocytes evaluation in the Hippo-
campus. Comparison of region-specific astro-
cytic response in the hippocampus. All 
hippocampus coronal sections (2.5x) DG, CA1, 
and CA3 (20x) regional expressions of GFAP for 
the different groups are demonstrated. Small 
boxes (40x) for each region are represented to 
visualize cellular morphology. Scale bars 
50 µm. Data of cell count are expressed on the 
graph as mean ± SEM. Two-way ANOVA for 
repeated measures followed by Tukey’s post 
hoc test was used for multicomparisons anal-
ysis. (* indicates significant differences vs 
Sham/veh; # indicates significant differences vs 
sAβ/veh).   
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Cys1173.36, Ser1203.39, and Asn4187.45, while the alkyl chain forms 
hydrophobic interactions with the residues facing the orthosteric ligand 
binding site. Instead, in pMD2, the oxazoline ring forms hydrophobic 
interactions with the aromatic residues Phe3906.51 and Phe3916.52 and 
engages a water-mediated H-bond with Asp113, a residue usually 
involved in H-bonds reinforced by ionic interactions with canonical α2- 
adrenergic ligands. In pMD2, the hydrophobic interactions of the ligand 
alkyl chain extend outside the ligand-binding site, to residues lying at 
the interface between helices H2 and H3. Both poses identified in this 
study differ from the classical orientation of canonical ligands, (e.g., 
catecholamines, imidazolines, and azepines). Most of these molecules 
have rigid aromatic scaffolds, polar hydrogens, and positive charges, 
which typically form a network of polar interactions involving 
Asp1133.32, Tyr4167.43, Ser2005.42, and Tyr3946,55. In this view, PEA- 
OXA represents a novel and atypical class of α2-adrenergic modulators 
due to either its elongated and flexible nature and the absence of any 
positive charge/polar hydrogens. As observed in both docking and MD 
studies, PEA-OXA, thanks to its negligible steric hindrance and pure H- 
bond acceptor oxazoline ring, can reach a deeper binding site not re-
ported before for other α2 adrenergic ligands, located within the helix 
bundle in spatial proximity to the Na+ binding site, a well-known 
negative modulator for this class of receptors. 

Considering such a unique interaction of PEA-OXA with α2 adreno-
ceptors, this is a molecule that, on one side, adds complexity to the 
mechanism of action, on the other side, has unique characteristics that 
give it further value. We have previously shown that PEA-OXA prevents 
social interaction impairments, aggressiveness, and depression in a 
traumatic brain injury model [32]. Since PEA-OXA was effective in 
ameliorating a wide range of symptoms including the recovery of spatial 

memory from mTBI, we investigated this molecule in other neuropsy-
chiatric conditions of different origins. This idea comes also from the 
evidence that both GABAergic and dopaminergic neurotransmission are 
improved in the mPFC after treatment with PEA-OXA, together with the 
normalization of neuronal activity [32]. Indeed, the crucial role of these 
two neurotransmissions in the genesis of various disorders in the 
neuropsychiatric field, from depression to psychosis and dementias, has 
been largely described [60–63]. 

PEA-OXA allowed the normal hippocampal neuroplasticity (recovery 
of the LTP in the DG) and the dopamine, norepinephrine, histamine, 
glutamate, and GABA released in the DG of the hippocampus of spared 
nerve injury (SNI) neuropathic mice. At the same time, it counteracted 
both depressive-like behaviors and cognitive impairment due to SNI 
[31]. More recently, PEA-OXA has also been shown to be effective in 
reducing behavioral disturbances associated with persistent stress from 
chronic social isolation in mice [64]. 

Noradrenergic neurons of the LC are among the first in the CNS to die 
at the onset of AD [56,65–67]. It is accepted that the agitation, 
aggressive behaviour, and sleep disturbances of AD [56,66,68] are 
connected to a maladaptive LC cell modulation aimed at compensating 
for the norepinephrine deficiency [68–70]. Therefore, the LC has been 
considered an important target for the pathophysiology of dementias 
and AD in the last years [71–74]. More recent evidence would even 
demonstrate the direct link between Aβ and α2AR. This direct allosteric 
interaction may lead to a sort of hijacking of the receptor towards the 
exclusive activation of a post-receptor pathway driving the 
over-activation of glycogen-synthase-3 kinase beta (GSK3). This kinase 
is responsible for tau over-phosphorylation [75,76] and could have a 
good relationship with the pathogenesis of both sporadic and familial 

Fig. 6. Hippocampal pro-inflammatory cytokine panel and TG2 evaluation. A. Relative mRNA expression of hippocampus neuroinflammatory cytokines detected by 
Real Time PCR. GAPDH was used as housekeeping gene to normalize. Data are shown as the mean ± SEM of three independent experiments. Two-way ANOVA for 
repeated measures followed by Tukey’s post hoc test was used for multicomparisons analysis. (* indicates significant differences vs sham/veh; # indicates significant 
differences vs sAβ/veh). B. Hippocampus Transglutaminase 2 (TG2) mRNA analyzed by Real Time PCR. C. Protein relative expression of hippocampal TG2 obtained 
by Western Blot. Data are shown as the mean ± SEM of three independent experiments, normalized respect to GAPDH, as housekeeping gene. Two-way ANOVA for 
repeated measures followed by Tukey’s post hoc test was used for multicomparisons analysis. (* indicates significant differences vs Sham/veh; # indicates significant 
differences vs sAβ/veh). 
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forms of AD [77–79]. In this contest, another aspect to be considered is 
the high expression of α2AR adrenoceptors in noradrenergic neurons, 
this makes LC neurons selectively vulnerable if assembly and activation 
of the Aβ/α2 receptor complexes occur. The α2AR upregulation in AD or 
other types of dementias has been shown also in the human brain [80]. 

The pharmacological block of the α2AR, causing an extracellular 
increase of norepinephrine, allows a greater activation of the β and 
α1AR, which are involved in neuroplasticity and neurotrophic actions. 
So much so that one of the possible adverse reactions of β-blockers or 
even some α1 antagonists (i.e tamsulosin) is depression, if not a sus-
pected increased risk of hypo-cognition [81,82]. Finally, the 
anti-inflammatory activity recognized of catecholamines in the CNS, in 
particular noradrenaline, in reducing the release of pro-inflammatory 
cytokines and facilitating the synthesis of IL4 or IL10 should be taken 
into consideration [15,83–85]. Indeed, we reported that PEA-OXA 
normalized the levels of some cytokines or neuro-inflammatory and 
pro-apoptotic factors (i.e TG2) in the hippocampus that were upregu-
lated by Aβ exposure (see below). Collectively, these considerations are 
strongly in line with the results obtained in this study. In fact, in a 
prophylactic regimen, PEA-OXA counteracted the cognitive damage, in 
terms of spatial and discriminatory memory. Moreover, it improved the 
social behaviour and retrieved the social recognition memory impair-
ment induced by Aβ. Consistently, this was accompanied by a normal-
izing effect of neuronal plasticity within the LEC-DG pathway (i.e. LTP), 
which is directly involved in memory and learning [44,86]. Moreover, it 
is interesting to note that long-term treatment was needed to induce 
lasting synaptic restoration with PEA-OXA. A single PEA-OXA challenge 
exerted a transient effect by improving the recognition index and 
neuronal plasticity. These ameliorative effects were perhaps due to a 
fleeting action on the noradrenergic system without exerting a lasting 
effect to ensure long-term synaptic remodelling and plasticity. 
Furthermore, PEA-OXA reduced the expression of involved genes in 
neuroinflammation. The analysis, carried out by ELISA on the dissected 
DG of the hippocampus, showed a reduction in the transcripts of IL1b, 
IL6, TNFa, and iNOS. 

Another important specific neurodegenerative diseases target [87, 
88] and neuroinflammation marker [89], TG2 was also downregulated 
in CA3 as a translated product. There is evidence that the 
calcium-dependent transamidation activity of TG2 plays a critical role in 
the formation of neurotoxic protein aggregates such as toxic and insol-
uble amyloid proteins that participate in the pathogenesis of various 
neurodegenerative diseases [90]. So far, many important and 
neurodegeneration-related TG2 substrates have been identified, 
including mutant huntingtin, α-synuclein and Aβ, tau. Therefore, the 
fact that PEA-OXA downregulated the TG2 (although very likely with 
indirect mechanisms) places this molecule in a position with an added 
value to its anti-neuroinflammatory capabilities. This deserves consid-
eration because the neo-formation of toxic peptides was inhibited by 
selective inhibitors of TG2 [91]. Therefore, being able to intervene with 
a natural molecule such as PEA-OXA could be a great opportunity to 
modulate the TG2-mediated proapoptotic pathways, as well as the mo-
lecular regulation systems underlying the progression of many pro-
gressive neurodegenerative disorders [92]. 

Behavioural and morpho-functional effects mediated by PEA-OXA 
were associated with the normalization of microglial density in the 
CA1 and CA3. 

The function of microglia in AD pathophysiology has been described 
as ambivalent [93,94]. On one hand, microglia release inflammatory 
mediators triggered by Aβ production and accumulation. On the other 
hand, microglial activation is critical in its physiological clearance [93]. 
In this context, uncontrolled activation as well as loss of microglial 
function can lead to a disease-promoting environment. Different mor-
phologies (hypertrophic and dystrophic microglia) have been found to 
play a role in brain aging and neuronal degeneration in AD, other types 
of dementia [95], and different cognitive deficits [96]. Even though we 
did not deeply analyse the microglial phenotypes in this study, the 

biomolecular changes observed at the same hippocampal level and 
microglial morphology allow us to assume that the increased microglial 
cells expressed a pro-inflammatory phenotype. Moreover, astrocytes 
demonstrated a non-significant involvement in the reactive gliosis 
phenomena of this model, confirming the different tuning of glial cells in 
maladaptive plasticity and neurodegeneration [97,98]. The relative 
quiescence of astrocytes in early neuroinflammatory changes of AD-like 
phenotype, further validates the pivotal role of microglia. The reduction 
of the neuroinflammatory processes induced by PEA-OXA in the CA1 
CA3 hippocampus could be also involved, at least in part, in its capa-
bility in restoring the plastic changes at the electrophysiological level. 
Indeed, it is known that CA1 and CA3 receive input from the DG in 
which we performed LTP analysis. 

5. Conclusions 

In conclusion our findings indicate that PEA-OXA prevents the sAβ- 
induced cognitive damage in mice, by restoring synaptic plasticity and 
reducing neuroinflammation at hippocampal level. Moreover, we sug-
gest that the intimate interaction of PEA-OXA with the α2AR could be 
correlated, at least in part, with these protective effects. Even though the 
noradrenergic "dysfunction" cannot be the only one responsible for the 
complex dimensions that characterize AD, it may be worth studying the 
pro-cognitive potential of the α2AR antagonists and therefore re- 
proposing their clinical tests in some forms of dementias. 

On these bases, PEA-OXA may be considered as a novel compound 
for future innovative approaches to dementia or AD for which the 
available drugs are poorly effective. However, further preclinical 
studies, employing α2AR ligands in putative translationally relevant 
models of neuropsychiatric illness, will be critical to validate α2-AR as 
pharmacological target in AD-like diseases. 
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