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1.1 Epidemiology of Alzheimer’s disease 

Alzheimer’s disease (AD) is a neurodegenerative disorder described for the first time 

more than one hundred years ago [Hippius and Neundörfer, 2003]. However, only recently 

we identified AD as the main cause of dementia, as well as one of the leading causes of death 

in the world [Prince et al., 2015]. The term “dementia” is generally used for indicate a 

clinical condition characterized by the impairment of cognitive abilities, often associated with 

behavioral alterations, which prevents sufferers from carrying out the most common daily 

activities, maintaining normal interpersonal relationships, communicating and leading an 

independent life. The 5
th

 edition of “The diagnostic and statistical manual of mental 

disorders” classified “dementia” as a neurocognitive disorder grouping it together with 

delirium, amnestic disorders and other cognitive disorders. Furthermore, the terms 

“dementia” and “mild cognitive impairment” (MCI) were replaced by “major and mild 

neurocognitive disorder”, respectively. Despite these changes, in continuity with the past and 

to avoid confusion, the old terminology remains the most used [American Psychiatric 

Association, 2013]. 

In 2015 it was calculated that in the world there are about 900 million people over the 

age of 60. Furthermore, since the life expectancy is rapidly growing, it was estimated that 

between 2015 and 2050 the number of elderly people will increase exponentially as well as 

the prevalence of chronic diseases, such as AD or other kind of dementia [Prince et al., 2015]. 

The most recent estimates about the worldwide prevalence of dementia found that in the 

world there are around 46.8 millions of people living with this disorder [Prince et al., 2015]. 

More in details, the number of European people with dementia is around 10.5 million; in the 

Americas, people with dementia are around 9.4 million while in Africa and Asia there are 

respectively 4 million and 22.9 million [Prince et al., 2015]. 

The prevalence estimates calculated also that the global number of people with dementia 

(46.8 million) is set to double every 20 years, thus reaching the value of 74.7 million of in 

2030 and 131.5 million in 2050 [Prince et al., 2015]. 

Currently, the 58% of worldwide people with dementia live in countries classified by the 

World Bank as countries with medium or low income per capita; this percentage is set to 

increase until reach the 63% in 2030 and the 68% in 2050 [Prince et al., 2015].. 

Regarding the global incidence of dementia, it was estimated that there are more than 

9.9 million of new cases each year, i.e. 1 case of dementia every 3.2 seconds. Globally, the 
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new cases of dementia are distributed as follow: 4.9 million of new cases in Asia (49% of the 

total), 2.5 million in Europe (25% of the total), 1.7 million in the Americas (18% of the total) 

and 0.8 million of new cases in Africa (8% of the total) [Prince et al., 2015]. 

Furthermore, it was also observed that incidence of dementia tends to increase exponentially 

with advancing age, doubling progressively every 6.3 years and thus passing from 3.9 

cases/year every 1.000 people aged between 60 and 64, to 104.8 cases/year every 1000 

people aged from 90 years onwards [Prince et al., 2015].   

From an economic point of view, another serious challenge that must be overcome is 

the growing demand for medical assistance from people with dementia as well as the 

unsustainable growth of the socio-economic costs derived from this disorder. In particular, in 

2010 the global costs of dementia were around 604 billion dollars, while in 2015 they 

increased to 818 billion dollars, an increase of 35.4% that correspond to 1.09% of the global 

GDP. Although the costs of dementia increased in all regions of the world, the greatest 

increases were observed in Africa and East Asia, where the prevalence rate is higher respect 

to the other regions [Prince et al., 2015].   

In conclusion, the analysis of the trends related to the prevalence and incidence of 

dementia showed that the trends remain unchanged over time and that the aging of the 

population is the only factor that determines the estimated increases [Prince et al., 2015].   

1.2 The main symptoms of AD 

AD is a multifactorial neurodegenerative disorder characterised by a gradual decline of 

one or more cognitive domains, such as the attention, the learning and memory, the language, 

the perceptual-motor skills, the executive functions and the social cognition. Furthermore, 

most individuals with AD also exhibit non cognitive or neuropsychiatric symptoms 

[American Psychiatric Association, 2013].  

The first symptoms of AD are often confused with the commonly observed cognitive 

impairments due to stress or to the ageing process [Waldemar et al., 2007] during which 

memory, general knowledge and vocabulary tend to remain fairly preserved while the speed 

processing of new information and executive functions deteriorate. However, short-term 

memory disorders remain one of the most common age-related cognitive deficits among older 

adults, who often complain of forgetting names and phone numbers or losing everyday 

objects such as keys. They also tend to remember only the essential points of what they have 
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learned and often make mistakes in remembering an event as they struggle to remember the 

details [Hales et al., 2015].  

The preclinical phase of AD, which represent the passage from the condition of full normality 

to that in which the disease is clearly manifested, consists in a transition phase also known as 

MCI (or mild neurocognitive disorder in DSM-V). Generally, people with MCI are more 

likely to develop AD than people without MCI. In these cases the MCI represents simply a 

prodromal phase of AD or other kind of dementia. However, people affected by MCI due to 

AD have biomarker evidence of AD-related brain changes (e.g.: elevated levels of Aβ in 

cerebrospinal fluid) and are characterized by a mild cognitive decline much higher respect to 

that is normally expected based on age and educational level. Despite the cognitive decline, 

people affected by MCI are still able to carry out their daily activities [Roberts and Knopman, 

2013]. Furthermore, it was also observed that not always the cognitive impairment does 

worsen over time: in some cases it remains stable while in other cases it may disappear and 

people return in normal health conditions (e.g.: drug-derived MCI) [Alzheimer’s Association, 

2019]. 

During the initial stages of AD, the first symptoms that occur and that can influence the 

development of more complex daily activities include memory disorders (especially short-

term memory) and learning, attention deficits, difficulties in planning as well as depression 

and apathy. These latter two symptoms are the most frequently observed neuropsychiatric 

symptoms in people with AD but also MCI [Alzheimer’s Association, 2019]. 

The progression of the disease causes a gradual worsening of the symptoms therefore, 

in the more advanced stages of AD, patients develop dementia which produces disabilities 

more and more serious and finally the death. Sometimes the progression of the disease can be 

interrupted even by short cognitive plateaus [Bozoki et al., 2009]. 

AD patients with dementia generally present dysfunctions in perceptive-motor abilities, such 

as agnosia and apraxia, and in language, such as aphasia. Agnosia represents the inability to 

recognize and identify objects; apraxia is a disorder that prevents precise movements while 

aphasia is a language disorder and is characterized by expressive problems, problems in 

understanding words and difficulties to find the right words.  

In addition to dementia, in the later stages of AD, patients also exhibit behavioral and 

neuropsychiatric symptoms such as agitation, irritability, resistance to health care provided 

by specialized staff, wandering, psychosis (auditory and/or visual hallucinations) as well as 

sundown syndrome (worsening of symptoms after the sunset) [Alzheimer’s Association, 

2019]. 



7 

 

In their last years of life, people with AD are characterized by severe dementia and therefore 

they present severe and persistent disabilities [Gill et al., 2010]. In particular, it is common to 

observe profound memory impairment, severe aphasia (complete inability to speak, write or 

understand words, both read and heard), dysphagia (difficulty in swallowing), incontinence, 

myoclonus, convulsions and gait disturbances. Furthermore, also the long-term memory, 

initially preserved, is compromised therefore patients are generally unable to recognize their 

family members and behavioral changes become more and more frequent [National Institute 

on Aging, 2015]. Despite these serious disabilities, at this stage some patients are still able to 

understand and produce emotional signals but they are generally bedridden and require 

constant healthcare [Mitchell, 2015]. Furthermore, due to the aforementioned impairments, 

AD patients are also very vulnerable to infections: pneumonia and other infections are 

frequent clinical complications in people with AD who can even cause death [Mitchell, 

2015]. 

Compared to cognitive disorders, neuropsychiatric symptoms are generally the main 

cause of suffering for family members and/or caregivers and are also the reason why AD 

patients need constant health care. The average survival of people with AD is around 10 

years. However, this value is influenced by the advanced age of most patients and is therefore 

not associated with disease progression; some patients can survive even for 20 years 

[American Psychiatric Association, 2013; Alzheimer’s Association, 2019]. 

The symptoms and the pathology do not differ much even when the age of onset of AD 

varies from one patient to another. Overall, younger patients are more likely to survive until 

the late stages of AD, while older people more likely present comorbidities that can affect the 

progression and the management of the disease. In elderly patients, the diagnosis of AD is 

often complicated because of the greater probability of comorbidities and mixed pathologies, 

and there is still no specific test that can determine whether a person is affected or not by AD.  

Although physicians are almost always able to determine whether a person is suffering 

from dementia or not, much more complicated it is to understand the exact cause of dementia. 

The diagnosis of AD is usually reached by exclusion following careful examination of the 

psycho-physical conditions of the single patients but, above all, thanks to the collaboration of 

various professional figures such as physicians, psychiatrists and neurologists [American 

Psychiatric Association, 2013; Alzheimer’s Association, 2019]. 
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1.3 The depression and the other neuropsychiatric symptoms in AD 

AD is a neurodegenerative disorder characterized by a progressive cognitive 

impairment and by the presence of several neuropsychiatric symptoms, which occur at least 

in one third of AD patients since the early stages of the disease [Assal and Cummings, 2002]. 

The main neuropsychiatric symptoms include anxiety, depression, sleep and appetite 

disorder, hyperactivity, aggression and hallucination [Aalten et al., 2007; Bellanti et al., 

2017]. Currently, the neuropsychiatric symptoms of AD are one of the main challenges that 

complicate the diagnosis and the treatment strategies but, most of all, affect the life quality of 

familiar and caregivers [Modrego, 2010]. 

Findings from several clinical studies estimated that major depression and depressive 

symptoms are the most commonly observed neuropsychiatric symptoms  in MCI and AD 

patients, with a prevalence of 20-30% for both symptoms [Pearlson et al., 1990; Assal and 

Cummings, 2002; Shim and Yang, 2006; Richard et al., 2013; Leong, 2014; Ismail et al., 

2017]. Respect to healthy control, AD patients with depression present a greater cognitive 

impairment which gets worse faster. In addition, Aβ plaques and NFT are more evident in the 

brain of AD patients with depression respect to AD patients without depression [Milwain and 

Nagy, 2005; Rapp et al., 2008]. A cohort study performed on 10,000 people found that late-

life depression is associated with a higher risk for AD [Singh-Manoux et al., 2017; Ownby et 

al., 2006] while other studies suggested that late-life depression is more likely a prodromal 

feature of upcoming AD, rather than a risk factor [Singh-Manoux et al., 2017]. 

Currently the debate on the link between depression and AD is still open as it has not yet 

been resolved whether depression is a risk factor or a prodromal symptom of impending AD. 

Since most of the time conventional antidepressants are not effective in AD patients with 

depression [Pomara and Sidtis, 2007], another important challenge that should be overcome 

is to understand the neuropathological mechanisms underlying depression, depressive 

symptoms and the other neuropsychiatric symptoms. 

One of the main supposed mechanisms that were associated to the onset of depression 

and other neuropsychiatric symptoms in MCI and AD patients is the dysregulation of the 

hypothalamic-pituitary-adrenal (HPA) axis [Swaab et al., 2005; Sotiropoulos et al., 2008]. 

To this regard, high glucocorticoids (GC) levels in the brain, in particular cortisol, were 

associated with neuronal dysfunction, brain atrophy, impaired cognition and neuropsychiatric 

symptoms, such as depression [Hartmann et al., 1997; Weiner et al., 1997; de Kloet et al., 

2005; Csernansky et al., 2006; Elgh et al., 2006]. On the other hand, GC receptors are 
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particularly abundant in the hippocampus, which is one of the main brain regions affected by 

AD, and their aberrant stimulation may interfere with many downstream pathways involved 

in neuronal and synaptic functions, leading to an increased apoptosis and neuronal loss 

[Sapolsky, 2000; Lee et al., 2002; Rein, 2016]. In line with these findings, several clinical 

studies observed significantly elevated GC levels in AD patients respect to control subjects 

[Hartmann et al., 1997; Weiner et al., 1997; Csernansky et al., 2006; Elgh et al., 2006] thus 

suggesting that HPA axis dysregulations may be correlated to AD neuropsychiatric 

symptoms, in particular depression, and probably also to the pathogenesis and/or progression 

of AD. 

Other potentially causal alterations were observed in AD patients with depression. 

Interestingly, it was observed that the pro-inflammatory cytokines tumor necrosis factor-α 

(TNF-α), interleukin-1β (IL-1β) and IL-6 resulted increased during depression and were also 

associated with cognitive impairment [Parissis et al., 2004; Suarez et al., 2004; Wuwongse et 

al., 2010]. Furthermore, in both depression and AD the monoaminergic neurotransmitter 

systems were downregulated [Reinikainen et al., 1990; Romano et al., 2014]. In line with 

these results, it was found that AD patients with depression showed neuronal degeneration at 

the level of the locus coeruleus and raphe nuclei [Zubenko et al.,1990]. Moreover, reduced 

levels of brain serotonin, norepinephrine and also neurotrophic factors were observed in 

depression, and chronic treatments with antidepressant drugs lead to an increase of both 

neurotransmitters and neurotrophic factors [Mattson, 2004; Chen and Skolnick, 2007]. 

Similar alterations of neurotransmitters were observed also in AD, as demonstrated recently 

in our study performed on a transgenic model of AD [Reinikainen et al., 1990; Romano et al., 

2014]. Since antidepressant drugs are ineffective in AD patients with depression [Pomara and 

Sidtis, 2007; Sepehry et al., 2012] and no new antidepressant drugs were approved until now 

by the European Medicines Agency (EMA) and/or Food and Drug Administration (FDA), the 

discovery of new therapeutic targets as well as new antidepressant drugs are surely required. 

1.4 The neuropathology of AD 

AD was described for the first time in 1906 by the clinical psychiatrist and neuroanatomist 

Alois Alzheimer [Hippius and Neundörfer, 2003].. The observations from the Dr. Aloise 

Alzheimer allowed to identify the two main hallmarks of AD which include the extracellular 

neuritic plaques, constituted mainly by Aβ peptides and surrounded by dystrophic neurites, as 

well as the intraneuronal neurofibrillary tangles (NFTs), constituted mainly by paired helical 



10 

 

filaments derived from the aggregation of hyperphosphorylated tau proteins (pTau) [Selkoe, 

2004]. 

A number of studies demonstrated that these protein aggregates are cytotoxic and interfere 

with the normal physiological processes of brain cells [Lambert et al., 1998; Götz et al., 

2001; Klein et al., 2001; Lewis et al., 2001; Klein, 2002; Oddo et al., 2003; Cleary et al., 

2005; Shankar et al., 2008; Lasagna-Reeves et al., 2012]. Unfolded protein aggregates are 

strictly associated with oxidative and inflammatory neuronal damages, which in turn produce 

synaptic dysfunctions, neuronal loss, gliosis and a marked atrophy of the affected brain 

regions [Querfurth and LaFerla, 2010]. In addition, it was observed that in the majority of the 

cases the neuronal loss start several years before the onset of the clinical symptoms. 

Based on the onset age of the first symptoms, it is possible to distinguish two different forms 

of AD: 

 early-onset AD (EOAD), which constitutes only 5% of all AD cases and occurs between 

30 and 65 years old in several individuals of the same family. In most of the cases, 

EOAD depends by at least a genetic mutation of one of the following genes: APP, PS-1 

and PS-2, encoding respectively for the amyloid-β precursor protein, the presenilin-1 and 

-2. In EOAD-affected families these mutations are transmitted by autosomal dominant 

inheritance (50% of the offspring will present the mutation). For these reasons, this form 

of AD is also defined as early-onset familial AD (eFAD). People who inherit a mutation 

in the APP or PS-1 gene develop AD 100% while people who inherit a mutation in the 

PS-2 gene have a 95% chance to develop the disease. Nevertheless, a small percentage of 

EOAD patients do not present mutations in the above genes and the causes responsible 

for this form of AD are still unknown [National Institute on Aging, 2015; Cacace et al., 

2016; Rosenberg et al., 2016]. 

 late-onset AD (LOAD), which represent the most common form of AD (95% of all AD 

patients). The first symptoms appear after the age of 65, there is no inheritance among 

generations therefore is also called “sporadic AD” (SAD). Currently, a specific gene 

whose mutation directly causes SAD is not yet identified. However, the onset of SAD 

seems to be correlated to the existence of several common genetic variants (alleles) of 

the following genes: APOE, BIN1, ABCA7, PICALM, MS4A4E/MS4A6A, CD2AP, 

CD33, EPHA1, CLU, CR1 e SORL1. Among these gene variants, the main risk factor is 

represented by the APOE ε4 allele, codifying for the apolipoprotein E ε4, which increase 

the risk to develop AD and reduce the onset age of the first clinical symptoms. People 
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with this variant may have 1 or 2 APOE ε4 alleles: those with two alleles have a higher 

risk factor to develop AD. Despite this, some people with APOE ε4 allele never develop 

the disease [National Institute on Aging, 2015; Cacace et al., 2016; Rosenberg et al., 

2016]. 

Both patients affected by eFAD or SAD share some clinical and neuropathological features, 

such as the extracellular accumulation of Aβ neuritic plaques and the intraneuronal 

accumulation of NFTs. These neuropathological lesions are generally accompanied by other 

mechanisms commonly observed, which include: chronic inflammation, oxidative stress, 

alteration of Ca
2+

 homeostasis, mitochondrial dysfunction, selective depletion of some 

neurotransmitter systems, synaptic loss, neuronal death, gliosis and brain atrophy [LaFerla 

and Oddo, 2005; Cacace et al., 2016; Rosenberg et al., 2016]. 

1.4.1 The processing and signaling pathway of APP protein 

 The Aβ protein is the main constituent of neuritic plaques, also known as senile 

plaques, which derive from the proteolysis of APP. APP is a transmembrane glycoprotein 

characterized by an extracellular domain containing the N-terminal end, a transmembrane 

domain and a short cytoplasmic chain containing the C-terminal end. In mammals, APP is a 

highly conserved protein that is expressed in most tissues and in particular in the nervous 

system. In humans the APP gene is located on chromosome 21 and its expression produce 

different isoforms characterized by a molecular weight between 110 and 140 kDa. The 

variability of the expression products depends both on the alternative splicing processes and 

on post-translational modifications, such as the proteolytic processing, the phosphorylation, 

the sulfation and the glycosylation [Weidemann et al., 1989; Hung and Selkoe, 1994].  

The alternative splicing process produces three main isoforms, which are APP695, APP751 

and APP770, consisting respectively of 695, 751 and 770 amino acids; APP695 is the most 

commonly expressed isoform in neurons [Selkoe, 2001]. 

 For a better understanding of the AD pathogenesis, it is essential to know in depth 

which mechanisms are involved in the trafficking of APP. One of the main mechanisms is 

certainly the proteolytic processing of APP, which is sequentially carried out by a group of 

enzymes or enzymatic complexes called α-, β- and γ-secretase.  

 Currently, three proteases characterized by α-secretase activity have been identified, all 

belonging to the a disintegrin and metalloproteinase (ADAM) family: ADAM9, ADAM10 
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and ADAM17 (also known as TNF-α converting enzyme (TACE)). Similarly to APP, all the 

α-secretase enzymes are transmembrane proteins [Allinson et al., 2003; Zhang et al., 2011]. 

 The main enzyme with β-secretase activity is the β-site cleaving APP enzyme-1 

(BACE-1), a transmembrane protein belonging to the aspartyl protease family.  

 The γ-secretase activity, instead, resides in a high molecular weight tetrameric 

enzymatic complex, known as γ-secretase, which consists in 4 subunits: the PS-1 or PS-2 

protein, responsible for the proteolytic activity of the enzymatic complex; the nicastrin and 

the anterior pharynx-defective-1 (APH-1) proteins, which contribute to the formation of the 

enzymatic complex, and the presenilin enhancer-2 (PEN-2), involved in the regulation of the 

proteolytic activity of the PS-1/2 subunit [Vassar et al., 1999]. 

 In addition to APP, the γ-secretase enzymatic complex presents several other substrates 

and is therefore involved in the regulation of various biological functions, such as the 

development and differentiation of stem cells. Other important substrates of γ-secretase 

enzyme include transmembrane receptors involved in important cellular signaling pathways, 

such as the Notch receptors, the insulin receptors and the growth hormone receptor. In the 

brain, the γ-secretase activity is also involved in the maintaining of synaptic contacts as it 

regulates the cutting of the neural cell adhesion molecules (cadherins and neurexins) 

[Dimitrov et al., 2013]. 

 The proteolytic processing of APP can follow two alternative pathways, defined as the 

non-amyloidogenic and the amyloidogenic pathways. The physiological processing of APP 

through the non-amyloidogenic pathway begins with the cutting of α-secretases ADAM that 

cut APP at the level of a specific cutting site (Lys16-Leu17) present into the Aβ domain. 

Therefore, the cleavage of APP by the α-secretase enzymes prevents the formation of Aβ and 

lead to the release in the extracellular environment of a large soluble fragment, named as 

secreted APP ectodomain α (sAPPα). Simultaneously, at the level of the cell membrane a C-

terminal fragment consisting of 83 amino acid residues, also known as C83 or CTF-α, is 

produced [Kojro and Fahrenholz, 2005]. Unlike Aβ, the sAPPα fragment is involved in the 

regulation of several physiological functions, such as the early development of the central 

nervous system (CNS), the proliferation of neuronal stem cells, the cell plasticity and 

survival, and has also a protective role against the excitotoxicity phenomena [Zhang et al ., 

2011]. As far as the C83 fragment, it is subsequently cleaved by the γ-secretase activity, 

which releases in the extracellular environment a short fragment of about 3 kDa, named P3, 

which is a truncated form of Aβ. At the level of the cell membrane, the γ-secretase activity 

produces the APP intracellular domain (AICD), which consists in a fragment of 
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approximately 50 amino acid residues that is able to translocate into the nucleus and regulate 

the transcription of several genes. 

 The processing of APP through the amyloidogenic pathway begins with the activation 

of the β-secretase enzyme BACE-1, which first cuts APP at the level of the β cutting site, 

different from that recognized by the α-secretases ADAM. The cleavage of APP by the β-

secretase activity leads to the release into the extracellular environment of a soluble fragment, 

named as secreted ectodomain APP β (sAPPβ). Simultaneously, at the level of the cell 

membrane a C-terminal fragment consisting of 99 amino acid residues, also known as C99 or 

CTF-β, is produced. 

Unlike the sAPPα fragment produced in the non-amyloidogenic pathway, sAPPβ is slightly 

smaller as it lacks the Aβ 1-16 sequence present at the level of the C-terminal region [Selkoe, 

2001]. Several studies showed that the sAPPβ fragment interact with the death receptor 6 

(DR6), also known as tumor necrosis factor receptor superfamily member 21 (TNFRSF21). 

In addition, sAPPβ was directly correlated with the axonal pruning and with neuronal death 

[Zhang et al., 2011]. Like the C83 fragment, also the C99 fragment is processed by the γ-

secretase, which initially cleaves the protein at the ε cutting site, located near the inner layer 

of the cell membrane. This proteolytic reaction produces two AICD domains, AICD 49-99 

and AICD 50-99, which differ from each other by a single amino acid. Subsequently, the γ-

secretase activity cleaves the residual fragment embedded in the cell membrane at the level of 

the γ cutting site, located near the N-terminal region, thus producing the Aβ peptide (about 4 

kDa) which is then released into the extracellular space. 

 The proteolytic activity mediated by the γ-secretase enzyme is unique since it occurs at 

the level of the APP transmembrane domain. This process, also called intramembranous 

proteolysis, is rather imprecise and produces heterogeneity in the resulting population of Aβ 

proteins, characterized by different C-terminal ends [Dimitrov et al., 2013]. The main 

isoforms of the soluble Aβ protein include: Aβ1-40 (<80% of the total Aβ), consisting in a 40 

amino acids long peptide that can deposit on the walls of blood vessels; Aβ1-38 (<20% of 

total Aβ), consisting in a 38 amino acids long peptide which hardly forms aggregates; Aβ1-42 

(10% of the total Aβ), consisting in a 42 amino acids long peptide which is more hydrophobic 

and more prone to form insoluble aggregates compared to other isoforms. In this regard, 

biochemical studies showed that the main component of senile plaques is the Aβ1-42 peptide 

[Tarasoff-Conway et al., 2015]. 
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 Until the early 90s it was thought that the formation of Aβ proteins was exclusively a 

pathological event. Subsequent studies showed that Aβ is commonly produced also in healthy 

cells [Busciglio et al., 1993; Haass et al., 1992]. A clinical study performed on healthy 

subjects found the presence of Aβ proteins in both cerebrospinal fluid and plasma, thus 

confirming that the various Aβ isoforms are normal products of the APP processing [Seubert 

et al., 1992; Shoji et al., 1992]. Several studies demonstrated also that Aβ proteins, in 

particular Aβ42, can aggregate each other and form oligomers containing 2-6 peptides 

(dimers, trimers, tetramers, etc.). Subsequently, these Aβ oligomers can interact to form 

prefibrillar amyloid aggregates called protofibrils, which consist in highly organized β-sheets. 

Aβ protofibrils, in turn, can interact themselves to form insoluble fibrillary structures of Aβ, 

also called amyloid fibrils. In the extracellular environment, insoluble fibrils form the so-

called Aβ plaques. However, it is interesting to note that recent studies suggested that Aβ 

neurotoxicity depend on soluble Aβ oligomers and prefibrillar aggregates rather than Aβ 

fibrils [Klein et al., 2001; Walsh and Selkoe, 1999]. In line with the previous findings, a 

study performed on a transgenic mouse model of AD that over-express APP showed that 

insoluble Aβ fibrils led to a reduced neuronal loss. In the same study, it was also highlighted 

a low correlation between the total Aβ levels and the degree of memory impairment observed 

in transgenic mice [Cleary et al., 2005]. Similarly, another preclinical study showed that the 

typical cognitive deficits of AD correlated better with the formation of soluble Aβ oligomers 

and with the prefibrillar aggregates rather than with the total Aβ levels [Kayed et al., 2003]. 

In particular, it appeared that the soluble Aβ oligomers was able to compromise the 

propagation of single action potentials and also altered LTP and LTD [Walsh et al., 2005; 

Querfurth and LaFerla, 2010]. Experiments performed on human cell lines suggested that the 

oligomerization process begins at the intracellular level [Walsh et al., 2000; Kawarabayashi 

et al., 2004; Takahashi et al., 2004]. These results were supported by further studies 

performed on a transgenic mouse model of AD, which showed that the formation of Aβ 

oligomers begins within cells rather than in the extracellular space [Oddo et al., 2006a]. 

Subsequent studies showed that the process of Aβ oligomerization occurs at the level of 

endosomal lipid rafts, which are small membrane domains rich in cholesterol and 

glycosphingolipids. Since the lipid membranes can influence the correct protein folding as 

well as the degree of protein aggregation, the lipid composition of the various cellular 

compartments could have a relevant role in the Aβ aggregation process. A clinical study 

performed on post-mortem human brain samples from both healthy and AD patients 

highlighted the intracellular presence of Aβ proteins in neurons, cerebellar and spinal cord 
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cells. Since the brain samples derived from patients between 38 to 83 years old, it was 

concluded that the intracellular accumulation of Aβ was not an age-related process [Grundke-

Iqbal et al., 1989]. Other findings suggested that the intracellular accumulation of Aβ was an 

early event in the progression of AD that precedes the extracellular accumulation of Aβ and 

therefore the formation of amyloid plaques. These conclusions were subsequently confirmed 

by other experiments performed on transgenic mice in which the formation of amyloid 

plaques did not occur early but was preceded by the intracellular accumulation of Aβ [Chui et 

al., 1999; Wirths et al., 2001].  

At the cellular level, the formation of Aβ aggregates can interfere with different biological 

processes: it can alter the Ca
2+

 homeostasis, it can produce mitochondrial dysfunction and 

oxidative stress, it can produce neuroinflammation and neuronal loss, it can cause the 

depletion of some neurotransmitters and it can also alter the expression of receptors and 

neurotrophins. The alteration of Ca
2+

 homeostasis is a common feature of several 

neurodegenerative diseases. Regarding AD, the high intracellular concentration of Ca
2+

 

seems to be involved in the stimulation of amyloidogenesis [Querfurth and LaFerla, 2010].  

In addition, studies performed on post-mortem human brain samples from AD patients, in 

particular hippocampus, temporal cortex, frontal cortex and cerebellum, showed a significant 

reduction in the number of mitochondria, a strong intraneuronal accumulation of damaged 

mitochondria as well as mitochondrial debris, such as membrane fragments, mtDNA and 

proteins (e.g. cytochrome oxidase-1) [Hirai et al., 2001; Gouras et al., 2005].  

These results are in line with other studies performed on different brain samples from both 

transgenic mouse models and AD patients, which showed that mitochondrial damages and 

oxidative stress are due to the cytotoxic action of Aβ and prefibrillar aggregates 

intracellularly accumulated during the progression of the disease. Often, cytoplasmic Aβ and 

prefibrillar aggregates can be observed at the mitochondrial level where they can interfere 

with the mitochondrial respiratory activity: in particular they can block the trafficking of 

proteins directed to mitochondria, they can interact with mitochondrial proteins, they can 

destroy the electron transport chain, they can increase the production of reactive oxygen and 

nitrogen species (ROS and RNS) and they can cause mitochondrial damages, thus preventing 

the normal functioning of neurons [Hauptmann et al., 2006; Reddy and Beal, 2008]. For these 

reasons, Aβ aggregates are thus considered a powerful generator of ROS and RNS as well as 

an initiator agent of oxidative stress and neuroinflammatory damages [Hensley et al., 1994; 

Combs et al., 2001].  
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 Regarding the ability of Aβ to produce neuronal and synaptic loss, some experiments 

performed on healthy mice and rats found that the intracerebroventricular (icv) administration 

of Aβ42 oligomers isolated from the brain of LOAD patients, compromised the synaptic 

structure, density and function, moreover inhibits the LTP and amplifies the LTD. In fact, the 

administration of Aβ42 oligomers reduced the number of dendritic spines and therefore 

altered the morphology of neuronal arborisation. Subsequently, similar experiments 

performed on healthy adult rats showed that soluble Aβ42 oligomers (but not the monomers) 

isolated directly from the cortex of AD patients, compromised cognitive performance of mice 

and reduced the synaptic number and function in a dose-dependent manner [Selkoe and 

Hardy, 2016]. It was also observed the ability of Aβ to alter the expression of some receptors. 

A study performed on human frontal cortex samples from AD patients showed that the 

expression levels of the presynaptic α7 nicotinic receptors (α7nAChR) increased in the early 

stages of AD while decreased during the progression of the disease [Maelicke et al., 2001; 

Ikonomovic et al., 2009]. Furthermore, it was observed that Aβ, in particular Aβ42, binds 

with high affinity the α7 nicotinic receptors, thus leading to the depletion of acetylcholine, to 

the loss of cholinergic neurons and to the impairment of cognitive functions [Wang et al., 

2000]. Other interesting findings obtained in human post-mortem hippocampal and temporal 

cortex samples from AD patients showed also a reduction in the mRNA and protein levels of 

the brain-derived neurotrophic factor (BDNF) [Connor et al., 1997]. Similarly, another 

experiment performed on human neuroblastoma cell line observed that the administration of 

oligomeric Aβ42, but not fibrillar, significantly reduced the levels of BDNF mRNA [Garzon 

and Fahnestock, 2007]. 

 Overall, the research carried out in the last years by laboratories and clinics around the 

world show that the excessive accumulation of Aβ, in particular of Aβ42, in the brains of 

subjects with AD, is the result of an imbalance in the mechanisms involved in the production 

and in the elimination of Aβ as well as other misfolded proteins. This imbalance can thus be 

considered as an important factor directly or indirectly involved in the pathogenesis of AD 

[Selkoe and Hardy, 2016]. In the brain the elimination of Aβ can occur both intracellularly 

and extracellularly. Intracellularly, in particular at a neuronal level, Aβ and its aggregates are 

eliminated by the following enzymes/mechanisms: 

 ubiquitin-proteasome system (UPS), involved in both the quality control and elimination 

of proteins [Zhang et al., 2017]; 
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 lysosomal cathepsins and endopeptidases [Mueller-Steiner et al., 2006; Butler et al., 2011; 

Wang et al., 2012]; 

 insulin-degrading enzyme (IDE), a thiol metalloendopeptidase involved in the degradation 

of Aβ and insulin monomers [Kurochkin et al., 2018]. 

Extracellularly, the main enzymes/mechanisms involved in the degradation of Aβ and its 

aggregates are the following: 

 neprilysin (NEP), a zinc-dependent metalloendopeptidase anchored to the extracellular 

membrane which is involved in the degradation of the Aβ monomers and oligomers 

[Shirotani et al., 2001; Madani et al., 2006; Spencer et al., 2008]; 

 matrix metallopeptidase (MMP), enzymes involved in the cleaving of the extracellular 

matrix components and Aβ [Hernandez-Guillamon et al., 2015; Taniguchi et al., 2017; 

Tuna et al., 2018]; 

 endothelin converting enzyme, zinc-dependent metallopeptidases involved in the 

proteolytic processing of both endothelin precursors and Aβ [Pacheco-Quinto et al., 2016, 

2019]; 

 tissue plasminogen activator, enzyme involved in the conversion of plasminogen to 

plasmin but also in the cleaving of Aβ [Bi Oh et al., 2015;]; 

 plasmin, serine protease involved in the degradation of fibrin [Baker et al., 2018]; 

 angiotensin-converting enzyme, involved in the conversion of angiotensin I to angiotensin 

II [Kaur et al., 2015; Larmuth et al., 2016]; 

 IDE [Kurochkin et al., 2018]; 

 astrocytes and microglial cells, phagocyte and degrade extracellular Aβ [Ries and Sastre, 

2016]. 

Several studies showed that in AD patients these enzymes/mechanisms involved in the 

elimination of Aβ are partially compromised. In particular, in the brain regions most affected 

by the accumulation of Aβ, like hippocampus and temporal gyrus, it was observed a reduced 

expression of the NEP enzyme [Yasojima et al., 2001; Wang et al., 2003]. The elimination of 

Aβ mediated by IDE enzyme is influenced by the competition between insulin and Aβ for 

degradation. To this regard, in hyperinsulinemic people it was observed a reduced elimination 

of Aβ (this phenomenon would partly explain the connection between type 2 diabetes and 

AD). Another characteristic observed in AD patients is the increased expression of MMP-2 

while in astrocytes surrounding Aβ plaques, MMP-2 levels were decreased [Wilcock et al., 

2004; Lim et al., 2011]. 
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Other alterations observed in AD patients included the UPS system. In particular, a selective 

decrease of the proteasome activity was demonstrated in the brain regions most affected by 

AD, such as the hippocampus, while in the brain regions normally not affected by the 

pathology, such as the cerebellum, no change in activity was detected. Furthermore, 

experiments performed on neuronal cell cultures showed that Aβ1-40 and Aβ1-42 oligomers 

significantly reduced the trypsin-like, chymotrypsin-like and peptidylglutamyl-peptide 

hydrolase activity of the 26S proteasome in a dose-dependent manner. In line with these 

findings, other experiments performed on transgenic mice overexpressing APP showed an 

inverse correlation between the Aβ1-42 levels and the proteasome activity. Similarly, a study 

performed on the triple transgenic mouse model of AD (3×Tg-AD) it was observed that the 

proteasome activity decreased significantly in 6- and 9-month-old mice but not in 12-month-

old mice. These age-dependent changes in proteasome activity correlated perfectly with the 

intracellular levels of Aβ, which are higher in younger mice (6- and 9-month-old) respect to 

older mice (12-month-old) [Oddo, 2008]. 

1.4.2 The processing and signaling pathway of Tau protein 

Tau protein was isolated for the first time in 1975 from a brain sample of pig. Initially it was 

identified as a heat-stable protein that facilitated microtubules assembly in vitro [Weingarten 

et al., 1975]. In not pathological conditions, tau is a soluble protein associated to 

microtubules which in the brain stimulates tubulin monomers to organize itself in order to 

form stable polymeric structures, named as microtubules [Weingarten et al., 1975]. 

Subsequent studies showed that tau can be phosphorylated by different enzymes and that 

phosphorylation negatively regulates the microtubule assembly process [Cleveland et al., 

1977; Jameson et al., 1980]. Initially, the discovery of tau protein did not arouse much 

interest in the scientific community. The situation changed when it was found that 

hyperphosphorylated tau is the main component of intraneuronal NFTs [Grundke-Iqbal et al., 

1986; Goedert et al., 1988]. NFTs are perinuclear filamentous inclusions formed by bundles 

of paired helical filaments, which in turn are formed mainly by hyperphosphorylated tau 

proteins (pTau). 

In AD patients, NFT are formed mainly in pyramidal neurons. In addition, the number of 

NFT is considered as a pathological marker of the severity of AD [Querfurth and LaFerla, 

2010]. Is interesting to note that NFT is a neuropathological marker also for other 

neurodegenerative pathologies, such as fronto-temporal degeneration with Parkinsonism 
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associated to chromosome 17, Pick's disease, progressive supranuclear palsy and corticobasal 

degeneration [LaFerla and Oddo, 2005]. Subsequent studies performed on post-mortem brain 

samples from AD patients showed clearly the impairment of the microtubule assembly 

process. This alteration was associated with the hyperphosphorylation of tau proteins. In 

physiological conditions, tau is an abundant soluble protein that promotes the assembly and 

stability of microtubules and vesicular transport in neuronal axons. In pathological conditions 

tau protein is phosphorylated in an aberrant manner at the level of specific residues and loses 

affinity for microtubules, thus tending to aggregate and form polymeric structures consisting 

in bundles of paired helical filaments [Querfurth and LaFerla, 2010; Grundke-Iqbal et al., 

1986; Goedert et al., 1992; Biernat et al., 1993; Bramblett et al., 1993]. Tau protein is 

encoded by a single gene (MAPT), located on the chromosome 17. The gene sequence 

consists of 15 exons that in the brain, during the alternative splicing process, produce 6 main 

protein isoforms [Godert et al., 1989; LaFerla and Oddo, 2005]. 

Each tau isoform presents near the C-terminal-end three or four repeated domains (3R or 4R), 

named as tubulin binding domains, which are fundamental to interact with microtubules. 

Furthermore, 4 isoforms on 6 have one or two acid domains (1N or 2N) near the N-terminal-

end, named as projection domains, which allow these isoforms to interact with other cellular 

components, such as the cell membrane. In the brain of an adult man, the more abundant 

protein isoforms are tau 3R and tau 4R, which are expressed approximately with a 1:1 ratio 

[Ballatore et al., 2007]. Interestingly, it seems that each isoform is expressed differently 

throught the life as each of them possesses a specific biological and physiological role 

[Godert et al., 1989; Utton et al., 2001]. The neurodegenerative diseases characterized by 

NFT are called taupatie and can be classified according to which isoform of tau protein is 

mainly present in the tangles. 

In AD brains, the intracellular NFT are formed mainly by the 3R and 4R isoforms. In the 

Pick's disease, NFT are formed mainly by the 3R isoforms while the NFT from progressive 

supranuclear palsy and corticobasal degeneration are formed mainly by the 4R isoforms. 

Furthermore, in AD the intracellular accumulation of NFT occurs only in neuronal cells while 

in the other tau pathologies the formation of NFT can involve also glial cells [Lee et al., 

2001]. While fronto-temporal degeneration with Parkinsonism is caused by mutations of the 

MAPT gene, no mutations of the same gene were correlated with AD. This evidence suggests 

that the tau pathology developed by AD patients is caused by other mechanisms that most 

probably directly involve Aβ [LaFerla and Oddo, 2005]. 
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 Clinical studies performed on cerebral spinal fluid from MCI patients showed a 

significant increase of phosphorylated tau proteins and total tau levels compared to healthy 

patients. These findings suggested that the cognitive impairment observed in MCI patients 

was correlated with the increased phosphorylation of tau and with the increased total tau 

levels. To this regard, it was proposed to use the phosphorylation levels and the total tau 

levels as biomarkers of impending AD [Wallin et al., 2006; Mattsson et al., 2009]. The 

physiological phosphorylation of the various tau isoforms occurs at the level of specific 

serine and threonine residues, which are recognized by different cell kinases. The 

phosphorylation sites followed by a proline residue are recognized and phosphorylated by the 

following enzymes: glycogen synthase kinase-3β (GSK-3β), cyclin-dependent kinase 5 (Cdk-

5) and by mitogen-activated kinase proteins (MAPK). 

Conversely, the phosphorylation sites that are not followed by a proline residue are 

recognized and phosphorylated by different kinases, such as protein kinase A (PKA) and 

protein kinase II Ca
2+

/calmodulin-dependent (CAMKII). The dephosphorylation of the 

aforementioned regulatory sites occurs by several phosphatases with a low specificity for the 

substrate. The main phosphatase involved in the dephosphorylation process of tau is the 

protein phosphatase 2A (PP2A) [Goedert et al., 1995]. 

Growing evidence indicate that tau hyperphosphorylation in AD is the result of an aberrant 

enzymatic activity. In particular, the excessive phosphorylation, the reduced phosphorylation 

or even both the activities, would cause the detachment of the tau proteins from the 

microtubules, the aggregation of tau proteins in paired helical filaments, the destabilization of 

the microtubules and thus the onset of the tau pathology [Querfurth and LaFerla, 2010]. 

Analyses performed on post-mortem brain samples showed that the phosphorylation of tau 

proteins in patients with AD is 3 or 4 times higher respect to the healthy patients [Garver et 

al., 1994; Matsuo et al., 1994]. 

It was demonstrated that the tau hyperphosphorylation occurs at the level of multiple 

regulatory sites and on the basis of the regulatory sites involved, also the effects may vary. 

The main alterations associated with tau hyperphosphorylation include the reduced ability of 

tau to bind the microtubules, the ability to sequester normal tau proteins or other microtubule-

associated proteins (MAP), as well as an increased propensity to form aggregates [Abraha et 

al., 2000; Haase et al., 2004]. 

Recent studies showed that tau phosphorylation is negatively regulated by the addition of β-

N-acetylglucosamine groups (GlcNAc) to the alcoholic oxygen of serine and threonine 

residues. This reaction, also known as O-acetylglucosamination, is a post-transcriptional 
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modification and is catalyzed by the enzyme O-GlcNAc transferase [Deng et al., 2008]. 

Interestingly, in the brains of AD patients it was observed a reduction of the tau levels 

containing the chemical group O-GlcNAc respect to the healthy patients [Li et al., 2006]. 

The O-acetylglucosamination of tau is catalyzed by the enzyme O-GlcNAc transferase which 

transfers a GlcNAc group from the uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc) 

donor molecule to the reaction substrate. Since the availability of UDP is limited and 

correlated with glucose metabolism, it is a limiting factor for this reaction. These findings 

suggested that a reduced metabolism of glucose in the brain can inhibit the O-

acetylglucosamination of tau and therefore favor its hyperphosphorylation, as the negative 

regulation promoted by the GlcNAc group is lacking [Gong et al., 2006]. 

Numerous studies showed that, similarly to Aβ oligomers, also the tau aggregates are 

cytotoxic and can produce cognitive dysfunctions [Santacruz et al., 2005; Khlistunova et al., 

2006; Oddo et al., 2006b]. Furthermore, the formation of NFT is also accelerated by several 

processes, both pathological and non-pathological, such as the increased oxidative stress, the 

increased stress of the endoplasmic reticulum associated with an excess of misfolded 

proteins, as well as the reduced functionality of the UPS system [López Salon et al., 2000; 

Hoozemans et al., 2005]. These evidence are also supported by the results of several studies 

performed on transgenic models in which a strong correlation between the formation of Aβ 

and the onset of the tau pathology was observed. In particular, the results from the study of 

Oddo and colleagues [2008] performed on 3×Tg-AD mice showed that by blocking the 

accumulation of Aβ42 is possible to slow down both the onset and the progression of AD-like 

pathology. Another study performed on the same animal model showed that the 

immunization of animals against Aβ increased the activity of the UPS system and favored the 

elimination of the fibrillar tau aggregates, consisting in hyperphosphorylated tau proteins 

[Oddo et al., 2004]. Furthermore, it was also demonstrated that the reduction of the soluble 

Aβ and tau oligomers led to an improvement of the cognitive functions of 3×Tg-AD mice 

[Oddo et al., 2006b]. Studies performed on neuronal cell cultures and 3×Tg-AD mice suggest 

that Aβ-dependent degeneration of neuronal cells, as well as cognitive dysfunctions observed 

in transgenic animal models, require the presence of endogenous tau protein [Querfurth And 

LaFerla, 2010]. Overall, these findings affirm that the amyloid pathology in AD is an 

essential mechanism that precedes and guides the formation of NFT and thus the 

development of the tau pathology [Hardy and Selkoe, 2002]. 
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1.5 Drugs currently used for the treatment of AD 

 AD is a neurodegenerative disorder characterized by a progressive cognitive 

impairment and by several neuropsychiatric symptoms, which include depression, apathy, 

agitation, aggression and psychosis [American Psychiatric Association, 2013; Prince et al., 

2015]. Currently, there are no definitive cures for AD and the available pharmacological 

treatments are not able to block or slow down the progressive neuronal loss that makes AD a 

fatal disease. 

Until now, the FDA and the EMA approved five drugs for the treatment of AD, which 

include the following molecules/formulations: rivastigmine, galantamine, donepezil, 

memantine and memantine combined with donepezil [Tricco et al., 2012; Hsu et al., 2018].  

The aforementioned drugs are considered as cognitive enhancers and can be classified in two 

main classes: the cholinesterase inhibitors, which include Donepezil, Rivastigmine and 

Galantamine, and the N-methyl-d-aspartate (NMDA) receptor antagonist, which includes 

Memantine [Tricco et al., 2012; Hsu et al., 2018]. Tacrine was the first approved 

cholinesterase inhibitor by FDA for the treatment of AD but because of its hepatotoxicity 

effects [Watkins et al., 1994] Tacrine is now discontinued in the United States. 

Pharmacological treatment with acetylcholinesterase inhibitors resulted in high 

concentrations of acetylcholine in the brain, led to a reduced Aβ aggregation and improved 

neuronal communications, thus decreasing cognitive impairment [Lyketsos et al., 2002]. 

Differentially, the pharmacological treatment of AD patients with the NMDA receptors 

antagonist Memantine showed neuroprotective effects and symptomatic improvements 

[Parsons et al., 2007]. These effects depend on the reduced neuronal Ca
2+

 ion influx and thus 

to a decreased neuronal excitation and excitotoxicity. 

 In order to block or slow down the progression of AD, the future treatments will be 

most effective if administered to patients with MCI due to AD or early during the AD 

progression. To this regard, is highly recommended the development of effective biomarker 

tests in order to identify the stages of disease as well as which patients should receive the 

appropriate treatment. Furthermore, biomarker tests will be also critical to evaluate the effects 

of the pharmacological treatments. 

Currently, also non-pharmacological therapies are indicated for the treatment of AD in order 

to maintain or improve cognitive functions, to reduce neuropsychiatric symptoms (e.g.: 

depression, apathy, wandering, sleep disturbances, agitation and aggression) and to increase 

the overall life quality of patients [Alzheimer’s Association, 2019]. The main non-



23 

 

pharmacological therapies include: a combination of aerobic and non-aerobic exercises, 

cognitive stimulation by object categorization activities or by reality orientation exercises, 

computerized memory training, listening of favourite music used as method to recall 

memories, using of special lighting to reduce sleep disorders [Alzheimer’s Association, 

2019]. 

1.6 New therapeutic targets for the treatment of AD 

 AD is a progressive neurodegenerative disorder and is considered as the leading cause 

of dementia [Prince et al., 2015]. Since there are no cures for the treatment of AD, to 

overcome this challenge new potential targets and new effective drugs are required. 

Currently, the treatments available for AD are not able to block or slow the progression of the 

disease, but only partially reduce the impact of neuropsychiatric disorders on family members 

and caregivers. Therefore, in this study we explored the possibility to use different 

therapeutic strategies based on the use of new molecular targets not yet deeply considered for 

the treatment of AD. In particular, we evaluated whether the enzyme mTOR and the enzyme 

FAAH could be considered as potential therapeutic targets for the treatment of AD. In 

addition, we evaluated also whether the protein FKBP51 could be considered a potential 

therapeutic target for the treatment of neuropsychiatric symptoms.  

1.6.1 The enzyme mTOR as drug target for AD 

 The mammalian target of rapamycin (mTOR) is an evolutionarily conserved 

serine/threonine protein kinase whose signalling modulates protein synthesis, cell growth and 

autophagy in response to several intracellular and extracellular signals pathway (growth 

factors, nutrients, energy levels and stress) [Crino, 2016]. Growing evidence showed that 

alterations of the mTOR signalling has been correlated with several neurological disorders 

including epilepsy, autism, intellectual disability, neurodegenerative disorders, CNS tumours, 

and hypoxic-ischaemic brain injury [Crino, 2016]. mTOR interacts with several proteins to 

form 2 different protein complexes, named as mTOR complex 1 and 2 (mTORC1 and 2) 

[Oddo, 2012]. mTORC1, which controls protein synthesis and degradation, is formed by 

mTOR, raptor, PRAS40 and mLT8 and its activity is inhibited by Rapamycin. mTORC2 is 

involved in the modulation of actin functions and is formed by mTOR, rictor, mLST8 and 

hSIN and is not inhibited by Rapamycin [Oddo, 2012]. 
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 Due to its role in the aging processes, recently the mTOR signaling received a growing 

attention from scientific community [Vellai et al., 2003; Powers et al., 2006]. 

Furthermore, the genetic and pharmacological inhibition of mTOR pathway has been shown 

to significantly increase the lifespan of several biological models including yeast, Drosophila 

and mammals [Vellai et al., 2003; Powers et al., 2006; Harrison et al., 2009; Majumder et al., 

2012]. A study performed on post-mortem brain samples from Down's syndrome and AD 

patients showed the up-regulation of the mTOR signaling, thus suggesting that altered levels 

of mTOR signalling may be harmful for both Down's syndrome and AD [An et al., 2003; Iyer 

et al., 2014]. Similarly, another study performed on transgenic models of AD and tuberous 

sclerosis found a strong correlation between the increased mTOR signaling with the 

neuropathological alterations and the cognitive deficits showed by transgenic animals 

[Ehninger et al., 2008; Caccamo et al., 2010, 2011; Magini et al., 2017].   

 Since AD and other neurodegenerative disorders are characterized by the formation of 

cytotoxic proteins and aggregates, the stimulation of autophagy may exert beneficial effects 

by decreasing the accumulation of aberrant proteins. To this regard, the inhibition of mTOR 

by Rapamycin in the triple transgenic mouse model of AD (3×Tg-AD) ameliorated cognitive 

deficits as well as Aβ and tau pathology developed by this AD model by increasing the 

autophagy process [Caccamo et al., 2010]. In line with these findings, the inhibition of 

mTOR produced beneficial effects also on a murine model of Down's syndrome as well as on 

apolipoprotein E4 transgenic mice with pre-symptomatic AD symptoms [Andrade-Talavera 

et al., 2015; Lin et al., 2017]. Despite these findings, recent studies demonstrated that long-

term treatment with mTOR inhibitors produced autophagy inhibition due to the development 

of mTORC1 resistance [Kurdi et al., 2016]. For these reasons, long-term use of mTOR 

inhibitors as treatment for AD is not useful but, conversely, was associated with the 

development of hyperglycemia, hyperlipidemia and insulin resistance in a mouse model of 

type 2 diabetes [Fraenkel et al., 2008]. 

 Based on these currently available findings, we evaluated whether the inhibition of the 

enzyme mTOR could be considered a potential therapeutic strategy for the treatment of AD. 

1.6.2 The enzyme FAAH as drug target for AD 

 Overwhelming evidence showed that the modulation of the endocannabinoid system is 

emerging as a potentially viable option for the treatment of AD. The endocannabinoid system 

include two main signaling molecules, the endocannabinoids anandamide (AEA) and 2-
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arachidonoyl glycerol (2-AG), their G protein-coupled cannabinoid receptors CB1 and CB2, 

and the enzymes responsible for the synthesis and metabolism of endocannabinoids [Di 

Marzo, 2008; Iannotti et al., 2016]. Endocannabinoids are lipid molecules synthesized on-

demand by the processing of local membrane phospholipids. The main enzymes responsible 

for the degradation of endocannabinoids are FAAH and monoacylglycerol lipase (MAGL), 

which metabolize AEA and 2-AG, respectively [Di Marzo, 2008; Iannotti et al., 2016]. 

 Interestingly, it was observed that AD and many other neurodegenerative disorders are 

characterized by decreased AEA levels. The same study found also that the decreased AEA 

levels were inversely correlated with the levels of Aβ [Jung et al., 2012]. Furthermore, 

increased expression levels of CB2 receptors and FAAH enzyme were observed in post-

mortem AD brains, respectively in microglial cells and astrocytes surrounding Aβ plaques, as 

a consequence of the AD neuroinflammatory processes [Benito et al., 2003]. To this regard, 

the increased expression levels of FAAH in astrocytes surrounding Aβ plaques might be 

correlated with the decreased AEA levels observed in AD brains, thus in turn with the 

decreased CB1-dependent neuroprotection activated by AEA. 

 Other interesting studies found that the increased tone of acylethanolamides was 

associated with neuroprotective, anti-inflammatory and anti-oxidant effects [Pazos et al., 

2004; Benito et al., 2007; Koppel and Davies, 2008; Chen et al., 2012; Zhang et al., 2014]. In 

line with these results, several preclinical studies demonstrated that the pharmacological 

increase of the endogenous tone of AEA by FAAH inhibition led to neuronal survival, 

cognitive improvements as well as to anxiolytic- and antidepressant-like effects [Ahn et al., 

2009; Kinsey et al., 2011; Tchantchou et al., 2014; Duan et al., 2017; Griebel et al., 2018]. 

FAAH is an integral membrane protein belonging to the class of serine hydrolase enzymes 

which catalyse the hydrolysis of ANA to arachidonic acid and ethanolamine. Several studies 

showed that also oleamide and 2-AG are substrates of the FAAH activity [Bisogno et al., 

2002]. The enzyme is characterized by a dimeric structure and it was found in microsomal 

and mitochondrial membranes. Crystallography studies revealed also that the crystal structure 

of FAAH present several channels that grant the enzyme simultaneous access to the 

membrane and to the cytoplasmic compartments of the cell [Bisogno et al., 2002; McKinney 

et al 2005]. A particular property of the FAAH enzyme is its capability to catalyse also the 

reverse hydrolysis reaction [Bisogno et al., 2002] 

 Based on these currently available findings, we evaluated whether the selective 

inhibition of the enzyme FAAH could be considered a potential therapeutic strategy for the 

treatment of AD. 
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1.6.3 The protein FKBP51 as drug target for neuropsychiatric symptoms of AD 

 AD is a progressive neurodegenerative disorder globally recognized as the leading 

cause of dementia as well as one of the main causes of death [Prince et al, 2015]. AD is 

characterized by a progressive cognitive and functional decline as well as by the appearance 

of non-cognitive or neuropsychiatric symptoms [American Psychiatric Association, 2013]. 

Although neuropsychiatric symptoms affect almost all of the AD patients (97%), they may 

fluctuate during the progression of AD [Tschanz et al., 2011] but rarely disappear [Steinberg 

et al., 2004]. The most common neuropsychiatric symptoms include depression, irritability, 

anxiety, agitation, apathy, delusions, hallucinations and psychosis. Neuropsychiatric 

symptoms are generally associated with a poor quality of life, internalization in specialist care 

institutions, elevated workload for caregivers and accelerated mortality [Balestreri et al., 

2000; Karttunen et al., 2011; Fischer et al., 2012; Peters et al., 2015]. Several population-

based studies highlighted that neuropsychiatric symptoms are often present together with 

mild cognitive impairment (MCI) even before the onset of AD or other kind of dementia 

[Lyketsos et al., 2002; Geda et al., 2008; Peters et al., 2012].  

Among neuropsychiatric symptoms, depression appears to be associated with cognitive 

decline and dementia, therefore depression represents a greater risk of progression to MCI, 

AD and vascular dementia [Hermida et al., 2012; Lopez-Anton et al., 2015]. Several studies 

support this theory. In particular, a meta-analysis study estimated that depression affects 

almost one third of people living with MCI [Ismail et al., 2017]. In addition, a cohort study 

performed on 10,000 people found that late-life depression is associated with a higher risk for 

AD or other kind of dementia [Singh-Manoux et al., 2017; Ownby et al., 2006]. Conversely, 

other studies suggested that late-life depression is more likely a prodromal feature of 

upcoming AD, rather than a risk factor [Singh-Manoux et al., 2017]. In accordance with these 

findings, Herman and Seroogy [2006] proposed that an aberrant physiological adaptation to 

recurring stress might lead to develop depressive symptoms and subsequently AD.  

Interesting results showed that dysfunctions in the neuroendocrine response to stress, guided 

mainly by the hypothalamic pituitary adrenal (HPA) axis, may be involved in the 

pathogenesis of AD [Sotiropoulos et al., 2008]. In particular, excessive glucocorticoids (GC) 

secretion in the brain was strongly associated with neuronal dysfunction, brain atrophy, 

impaired cognition and neuropsychiatric symptoms such as depression [Sotiropoulos et al., 

2008]. In this regard, it was suggested that excessive cortisol levels are causally related to 

depression [de Kloet et al., 2005]. Moreover, several clinical studies observed significantly 
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elevated GC levels in AD patients respect to control subjects [Hartmann et al., 1997; Weiner 

et al., 1997; Csernansky et al., 2006; Elgh et al., 2006] thus suggesting that HPA axis 

dysregulations may be correlated to AD neuropsychiatric symptoms, in particular depression, 

and probably also to the pathogenesis and/or progression of AD. 

 An important modulator of the HPA axis is the 51 kDa FK506-binding protein 

(FKBP51), a glucocorticoid receptor (GR) binding protein, which acts as a co-chaperone of 

heat shock protein 90 (Hsp90) and negatively regulates GR [Zannas et al., 2016].  

In vitro experiments showed that by interacting with GR, FKBP51 delay its nuclear 

translocation and repress the transcription of numerous GC-responsive genes [Davies et al., 

2002; Wochnik et al., 2005; Nicolaides et al., 2014]. 

From a molecular point of view, FKBP51 activity affects several brain regions and functions 

that are involved in anxiety, affective and psychotic disorders, including the hippocampus 

and the amygdala [Fani et al., 2013; Pagliaccio et al., 2014; Holz et al., 2015]. In particular, 

FKBP51 activity indirectly impacts neuronal function as it interacts with many downstream 

pathways involved in neuronal and synaptic functions [Rein, 2016]. 

Interestingly, a number of genetic studies observed that polymorphisms in the FKBP5 gene, 

coding for FKBP51 protein, is associated with an increased susceptibility to develop several 

phenotypes including major depression or depressive symptoms [Appel et al., 2011; 

Zimmermann et al., 2011; Dackis et al., 2012; Kohrt et al., 2015; VanZomeren-Dohm et al., 

2015], aggression and violent behaviours [Bevilacqua et al., 2012] and psychosis [Collip et 

al., 2013]. 

For these reasons, FKBP51 dysregulation may lead to an increased vulnerability of the brain 

to mental disorders, thus suggesting that FKBP51 represent a common risk factor for many 

stress-related conditions and neuropsychiatric disorders. 

 Based on these currently available findings, we evaluated by electrophysiological 

analysis whether the FKBP51 protein could be considered a potential therapeutic target for 

the treatment of depression and the other neuropsychiatric symptoms. 
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 Alzheimer’s disease (AD) is the most common neurodegenerative disorder and is 

generally recognized as the leading cause of dementia as well as one of the main causes of 

death [Prince et al., 2015]. Recently it has been estimated that there are more than 46,8 

million people worldwide affected by dementia. Since the worldwide numbers of older 

people as well as the average life expectancy are increasing, the prevalence of chronic 

diseases like AD and other kind of dementia are destined to increase dramatically in the next 

years. In particular, it has been calculated that this number will increase in the next twenty 

years, reaching 74.7 million in 2030 and 131.5 million in 2050 [Prince et al., 2015]. From an 

economic point of view, another serious challenge that must be overcome is the growing 

demand for medical assistance and caregivers as well as the unsustainable growth of the 

socio-economic costs derived from AD pathology. 

AD is characterized by a progressive impairment of cognitive functions, such as 

attention, memory, learning, language, motor-perceptive ability, executive functions and 

social cognition. Moreover AD patients are also affected by non-cognitive and 

neuropsychiatric symptoms, such as depression, apathy and psychosis [American Psychiatric 

Association, 2013]. There are two known forms of AD: the sporadic form, which represent 

the majority of AD cases (95%) and is characterized by an unknown aetiology, and the 

familial form, the most rare form of AD, which is caused by mutations in one of three genes, 

presenilin 1 (PSEN1), presenilin 2 (PSEN2) and amyloid precursor protein (APP) [Rosenberg 

et al., 2016]. 

The main neuropathological lesions observed in the brains of AD patients are the 

formation of extracellular neuritic plaques, formed mainly by amyloid-β peptide (Aβ), as well 

as the intraneuronal formation of neurofibrillary tangles (NFTs), formed mainly by the 

accumulation of hyperphosphorylated Tau proteins [Bloom, 2014].  

Currently the main mechanisms involved in AD pathogenesis have been extensively 

studied, and the major hypothesis supported by the scientific community is the “amyloid 

cascade hypothesis”, which suggests that AD is caused by an increased expression and an 

impaired clearance of Aβ [Rosenberg et al., 2016]. To this regard is widely accepted that Aβ 

and Tau aggregates are cytotoxic and can interfere with the normal vital processes of the 

brain cells [Zhao et al., 2009; Querfurth and LaFerla, 2010]. In fact the accumulation of these 

unfolded proteins can cause direct injury to neurons, leading to oxidative stress, 

neuroinflammation, synaptic dysfunctions, neuronal loss, astrocytosis, gliosis and a marked 

atrophy of the affected brain regions [Querfurth and LaFerla, 2010]. Although the amyloid 
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hypothesis is widely accepted, the molecular pathways that link Aβ accumulation with 

cognitive impairment as well as with the triggering of tau pathology has yet to be clarified. 

Currently, there are no definitive and effective cares that are able to prevent, block or 

just slow down the onset and the progression of AD. To date, the main Alzheimer’s drugs 

available on the market are just able to offers little benefits to patients but often these 

treatments are accompanied by several side effects. Drug discovery and development 

processes for AD are long and arduous [Cummings et al., 2019]. The last approved drug for 

the treatment of AD was memantine and dates back to 2002 in Europe 

[https://www.ema.europa.eu/en] and 2003 in USA [https://www.fda.gov/].  

On the bases of these premises, it’s growing the interest in the discovery and identification of 

novel therapeutic targets for the development of new promising drugs for the treatment of 

AD. 

In this study we evaluated a new potential therapeutic strategy for the treatment of AD 

based on the use of three different molecular targets, which include the mammalian target of 

Rapamicyne (mTOR), the fatty acid amide hydrolase (FAAH) and the 51 kDa FK506-

binding protein (FKBP51). In the following paragraphs the rationale behind the choice of 

these molecular targets will be explained in detail. 

2.1 Aim of the mTOR study 

Overwhelming evidence from both preclinical and clinical studies showed a primary 

role for the mTOR signaling in the pathogenesis of AD. In particular, recent findings from 

Oddo and colleagues showed a positive correlation between the aberrant mTor signalling 

with impaired cognition and neurodegeneration [Chang et al., 2002; An et al., 2003; Peel and 

Bredesen, 2003; Onuki et al., 2004; Griffin et al., 2005; Pei et al., 2008; Pei and Hugon, 

2008].  

In mammals, mTOR is a conserved Ser/Thr kinase that forms two enzymatic complexes, the 

mTOR complex 1 and 2 (mTORC1 and mTORC2) [Loewith et al., 2002; Wullschleger et al., 

2006]. mTORC1 is involved in the regulation of cell growth and metabolism in response to 

environmental signals and its enzymatic activity can be inhibited by rapamycin. In particular, 

mTORC1 seems to regulate the ribosome biogenesis, the translation process, the nutrient 

import, the synthesis of stress responsive transcription factors and the autophagy. Instead, 

mTORC2 is involved in actin organization and is rapamycin-insensitive [Loewith et al, 2002; 

Wullschleger et al, 2006]. Interestingly, recent studies performed on transgenic animals 
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suggested that mTOR signalling could affect synaptic functions and plasticity, and has an 

important role in memory consolidation [Tang et al., 2002; Parsons et al., 2006; Hoeffer et 

al., 2008; Hoeffer and Klann, 2010; Santini et al., 2014]. Moreover, it was observed that 

mTOR signalling is up regulated in both AD patients and AD animal models [An et al, 2003; 

Caccamo et al 2010; Oddo, 2012]. To this regard, also the relationship between the Aβ and 

tau pathology with the aberrant mTOR signalling was analysed. In particular, it was observed 

that the pharmacological reduction of mTOR activity by rapamycin rescued the Aβ-induced 

cognitive decline and ameliorated the AD neuropathology in the triple transgenic mouse 

model of AD (3×Tg-AD), which develops age-dependent Aβ plaques and NFTs associated 

with cognitive decline [Caccamo et al., 2014]. 

Based on these considerations, the aim of the mTOR project was to assess whether the 

pharmacological inhibition of mTOR by using a synthetic analogue of rapamycin, the 

everolimus, can be considered a valid therapeutic strategy for the treatment of AD. To reach 

this aim, a first cohort of 6-month-old-3×Tg-AD mice (n = 6 / group) was used to evaluate 

the effects of mTOR inhibition on brain Aβ and tau pathology. In particular, 6-month-old 

3×Tg-AD mice were intracerebroventricularly treated by osmotic pumps with vehicle or 

everolimus (10 μg/ml) for 14 days and sacrificed 1 month after the beginning of the 

pharmacological treatments. After the sacrifice, we evaluated the expression of the two main 

AD hallmarks in the frontal cortex and hippocampus of 3×Tg-AD mice by using western 

blotting and immunohistochemical analysis.  

A second cohort of 6-month-old 3×Tg-AD and Non-Tg mice (n = 10 / group) was used 

for behaviourally evaluate the effects of mTOR inhibition on learning and memory, as well as 

on the depressive- and anhedonia-like phenotypes. In particular, 1 month after the beginning 

of the pharmacological treatments (vehicle or everolimus), 7-month-old Non-Tg and 3×Tg-

AD mice underwent different behavioural paradigms: the Novel object recognition test 

(NORT) and the Morris water maze (MWM) for the memory capability, the forced 

swimming test (FST) and the Tail suspension test (TST) for the depressive-like phenotype. 

Finally, the Sucrose preference test (SPT) was used to evaluate the anhedonia-like behavior. 
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Fig. 1: Timeline of the project mTOR. To evaluate the effects of mTOR inhibition on AD-like pathology, two 

cohorts of 6-month-old mice were intracerebroventricularly treated with everolimus by osmotic pumps. 

 

2.2 Aim of the FAAH study  

The endocannabinoid system is a neuromodulatory system involved in a wide range of 

physiological processes, including cognitive functions, regulation of the mood, response to 

stress, inflammation and immunity response [Mackie, 2005; Iannotti et al., 2016]. Briefly, the 

endocannabinoid system is constituted by two main Gi/0 protein-coupled receptors, named as 

cannabinoid receptor type 1 and 2 (CB1 and CB2), by the endogenous ligands defined as 

endocannabinoids, which include the anandamide (AEA) and 2-Arachidonoylglycerol (2-

AG), as well as by the enzymes involved in both the synthesis and metabolism of 

endocannabinoids [Micale et al., 2013]. 

Growing evidence showed the primary role for the modulation of the endocannabinoid 

system in the pathogenesis of AD. To this regard, several studies performed on post-mortem 

brain samples from AD patients showed a reduced expression of the CB1 receptors respect to 

the brain samples derived from age-matched control group [Westlake et al., 1994; Ramirez et 

al., 2005; Solas et al., 2013]. Thanks to the use of selective radioligands in clinical studies, 

Farkas and colleagues observed increased levels of CB1 receptors during the early phases of 

AD while the progression of the disease was correlated with a reduction of CB1 receptors 

[Farkas et al., 2012]. Recently, in accordance with the findings of Kalifa and colleagues, our 

research group observed reduced levels of CB1 receptors in the basolateral amygdala and 

dorsal hippocampus of 12-month-old 3×Tg-AD mice [Bedse et al., 2014; Kalifa et al., 2011]. 

Furthermore, in both preclinical and clinical studies, a selective overexpression of CB2 
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receptors was observed in activated microglial cells and in the brain regions surrounding the 

Aβ plaques [Benito et al., 2003; Núñez et al., 2004, 2008; Horti et al., 2010; Solas et al., 

2013; Cassano et al., 2017]. Moreover a reduction of the anandamide (AEA) levels, an 

increased activity of the fatty acid amide hydrolase (FAAH) in the cerebral cortex, mainly at 

the level of activated astrocytes and in neuronal cells located near the Aβ plaques [Benito et 

al., 2003; Jung et al., 2012], as well as a reduced activity of the monoacylglycerol lipase 

(MAGL) and diacylglycerol lipase (DAGL) in the hippocampus, combined with a lack of 

activity of the serine hydrolase α/β hydrolase domain 6 (ABHD6) [Mulder et al., 2011] were 

observed in the brains of patients affected by AD and in AD mouse models. 

It is interesting to note that in the last years acylethanolamides, a class of bioactive lipid 

mediators, is receiving increasing attention for their protective role in neurological disorders 

[Iannotti et al., 2016]. Acylethanolamides are long-chain fatty acyl (C12-C22) amides of 

ethanolamine which are formed mostly from membrane phospholipids and free fatty acids 

and are involved in a myriad of signalling precesses [Tsuboi et al., 2013; Iannotti et al., 2016, 

Hussain et al., 2017]. The most characterized acylethanolamide include 

palmitoylethanolamide (PEA, C16:0), oleoylethanolamide (OEA, C18:1), 

stearoylethanolamide (SEA, C18:0), linoleoylethanolamide (LEA, C18:2), 

arachidonoylethanolamide (AEA/anandamide, C20:4) and docosahexaenoylethanolamide 

(DHEA, C22:6) [Hussain et al., 2017]. 

To this regard, several studies highlighted the neuroprotective, anti-inflammatory and anti-

oxidant effects associated to the increased tone of acylethanolamides [Pazos et al., 2004; 

Benito et al., 2007; Koppel and Davies, 2008; Chen et al., 2011; Chen et al., 2012; Zhang et 

al., 2014], which could be potentially used as a novel therapeutic strategy for the treatment of 

neurodegenerative disorders, such as AD. In line with these findings, in laboratory rodents it 

has been also demonstrated that the pharmacological inhibition of the enzyme FAAH 

increased the endogenous tone of AEA and other acylethanolamides, leading to neuronal 

survival, cognitive improvements as well as to anxiolytic- and antidepressant-like effects 

[Ahn et al., 2009; Kinsey et al., 2011; Tchantchou et al., 2014; Duan et al., 2017; Griebel et 

al., 2018]. 

Based on these findings, in the FAAH project we tested the hypothesis that a chronic 

treatment with the highly selective FAAH inhibitor PF-3845 could exert beneficial effects on 

the onset and/or the progression of the AD-like pathology developed by 3×Tg-AD mice.  

In order to reach this aim, one cohort of pre-symptomatic 4-month-old 3×Tg-AD male mice 

and their Non-Tg littermates (n = 40, 10 mice/group) were subcutaneously treated every other 
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day with PF-3845 (10 mg/Kg) or vehicle for 8 weeks. Moreover, to investigate whether the 

inhibition of FAAH was able also to block or slow down the progression of AD-like 

pathology, a second cohort of symptomatic 10-month-old 3×Tg-AD male mice and their 

Non-Tg littermates (n = 40, 10 mice/group) was subcutaneously treated every other day with 

PF-3845 or vehicle for 8 weeks. At the end of the treatments, all mice were behaviourally 

tested by the following paradigms: the novel object recognition test (NORT) and the Morris 

water maze test (MWM) were used to assess the learning and memory; the forced swimming 

test (FST) and the tail suspension test (TST) were used to analyse the depressive-like 

phenotype, while the SPT was used to evaluate the anhedonia-like behavior. 

For the biochemical evaluation, only the two cohorts of 4- and 10-month-old 3×Tg-AD 

mice were used. In particular, by western blot and immunohistochemistry analysis, we 

evaluated in frontal cortex and hippocampus whether the processing of human amyloid 

precursor protein (APP) and human tau protein, the levels of glycogen synthase kinase 3 β 

(GSK-3β) enzymes as well as several markers of neuroinflammation and the brain-derived 

neurotrophic factor (BDNF), were modulated by the inhibition of FAAH. 

 

Fig. 2: Timeline of the project FAAH. One cohort of pre-symptomatic 4-month-old 3×Tg-AD male mice and 

their Non-Tg littermates (n = 40, 10 mice/group) were subcutaneously treated every other day with PF-3845 (10 

mg/Kg) or vehicle for 8 weeks. A second cohort of symptomatic 10-month-old 3×Tg-AD male mice and their 

Non-Tg littermates (n = 40, 10 mice/group) was subcutaneously treated every other day with PF-3845 or vehicle 

for 8 weeks. At the end of the treatments, all mice were behaviourally tested by the following paradigms: 

NORT, SPT, TST, FST and MWM. After the sacrifice, only the brains from the two cohorts of 4- and 10-

month-old 3×Tg-AD mice were used for the western blot and immunohistochemistry analysis. 
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2.3 Aim of the FKBP51 study 

The majority of the patients affected by AD develop neuropsychiatric symptoms at 

some stage during the disease. In keeping with this observation, several studies showed that 

people with mild cognitive impairment (MCI) and AD present a higher frequency of 

neuropsychiatric symptoms respect to healthy population [Lyketsos et al., 2002; Geda et al., 

2008]. Among neuropsychiatric symptoms, the most commonly observed in MCI and early 

AD is depression as well as apathy, agitation, delusions, hallucinations, aggression, psychosis 

and altered circadian rhythms. 

Epidemiological studies showed that neuropsychiatric symptoms are often present 

together with MCI even before the onset of AD [Lyketsos et al., 2002; Geda et al., 2008; 

Peters et al., 2012]. Moreover, it was observed that depression is correlated with cognitive 

decline and dementia therefore depression is also considered as risk factor to progress into 

MCI and AD [Hermida et al., 2012; Lopez-Anton et al., 2015]. It is not a case that people 

affected by both MCI and depression, are more susceptible to progress in AD. To this regard, 

it was estimated that almost one third of MCI patients are affected by depression [Ismail et 

al., 2017]. Furthermore, a cohort study showed that also late-life depression is associated with 

a higher risk to develop AD or other kind of dementia [Ownby et al., 2006]. Nevertheless, 

another study suggested that late-life depression is just a prodromal symptom of upcoming 

AD, rather than a risk factor [Singh-Manoux et al., 2017]. 

In agreement with the aforementioned studies, it was proposed that dysregulations of 

the hypothalamic pituitary adrenal (HPA) axis, which guide the neuroendocrine response to 

stress, may be correlated with the onset of depressive symptoms and subsequently with AD 

[Sotiropoulos et al., 2008]. To this regard, excessive glucocorticoids (GC) levels in the brain 

were strongly associated with neuronal dysfunction, brain atrophy, impaired cognition and 

neuropsychiatric symptoms [Sotiropoulos et al., 2008]. In particular, it has been demonstrated 

that depression is associated with an increase of cortisol levels in the brain [de Kloet et al., 

2005].  

Interestingly, elevated GC levels were also observed in people affected by AD respect to 

healthy subjects [Hartmann et al., 1997; Weiner et al., 1997; Csernansky et al., 2006; Elgh et 

al., 2006] thus suggesting that dysfunctions of the HPA axis might be correlated to AD 

neuropsychiatric symptoms and likely also to the pathogenesis and/or progression of AD. 

A key regulator of the neuroendocrine response to stress is the 51 kDa FK506-binding protein 

(FKBP51),an intracellular protein which act as co-chaperone of the heat shock protein 90 
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(Hsp90) machinery and also as negative regulator of the glucocorticoid receptor (GR) 

[Zannas et al., 2016]. By interacting with GR, FKBP51 delaies the GR nuclear translocation 

and inhibits the transcription of the GC-responsive genes [Davies et al., 2002; Wochnik et al., 

2005; Nicolaides et al., 2014]. Recently, it was observed that FKBP51 interacts with a variety 

of downstream pathways involved in neuronal and synaptic functions [Rein, 2016]. 

Furthermore, FKBP51 activity affects several brain regions that are involved in anxiety, 

affective and psychotic disorders, including the hippocampus and the amygdala [Fani et al., 

2013; Pagliaccio et al., 2014; Holz et al., 2015]. Genetic studies also revealed different 

polymorphisms of the FKBP5 gene which were associated with an increased susceptibility to 

develop neuropsychiatric symptoms such as major depression [Appel et al., 2011; 

Zimmermann et al., 2011; Dackis et al., 2012; Kohrt et al., 2015; VanZomeren-Dohm et al., 

2015], aggression [Bevilacqua et al., 2012] and psychosis [Collip et al., 2013]. 

In accordance with these findings, we hypothesize that FKBP51 dysregulation may represent 

a genetic risk factor for the development of stress-related conditions and neuropsychiatric 

symptoms, such as depression occurring in AD. 

In particular in this part of the project we aimed to assess whether FKBP51 protein 

might be considered a potential target for the treatment of neuropsychiatric symptoms of AD; 

to reach such aim one cohort of 8-week-old male FKBP51-Nex Cre
+
 mice and their control 

littermates (FKBP51-Nex Cre
‒
 mice) were used (n = 12, 6 mice/group). The FKBP51-Nex 

Cre
+
 mouse model is a conditional model, which presents a Cre-mediated deletion of the 

exon 9 inside the FKBP5 gene. Since the expression of the Cre recombinase enzyme is under 

the control of the Nex promoter, the deletion of the exon 9 occurr only in the neurons that 

express the Nex regulatory sequence. In more detail, it was observed that the most prominent 

Cre activity occurred in the neocortex and hippocampus of FKBP51-Nex Cre
+
 mice 

[Goebbels et al., 2006]. In particular, by using electrophysiological techniques we performed 

field potential measurements of paired-pulse facilitation (PPF) and long-term potentiation 

(LTP) in the dorsal CA3-CA1 synapses of hippocampal brain slices of both FKBP51-Nex 

Cre
+
 and FKBP51-Nex Cre

‒
 mouse models. PPF and LTP are functional measurement of 

neuronal connection and communication, and are considered the main cellular mechanisms of 

learning and memory. 
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Fig. 3. Field potential measurements of PPF and LTP performed at the dorsal CA3-CA1 synapses in 

hippocampal brain slices from FKBP51-Nex Cre
+
 and FKBP51-Nex Cre

‒
 mice. 
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3.1 Animal models used in the mTOR study 

Due to the high complexity and the numerous neuropathological processes involved in 

AD, over the years different animal models have been developed, to recapitulate not only the 

main histopathological alterations typical of the human AD disease, but also to mimic the 

temporal progression of the disease. Several studies showed that the central injection and/or 

infusion of a preparation consisting of β-amyloid induces neuronal dysfunctions, neuronal 

loss and degeneration of cholinergic neurons in wild type animals tipici of AD [Flood et al., 

1991; Kowall et al., 1992; Nitta et al., 1994; Chen et al., 1996; Maurice et al., 1996; 

Sigurdsson et al., 1997; Nakamura et al., 2001]. 

Moreover, the considerable progress achieved in the field of genetic engineering have 

made possible to obtain a large number of transgenic mouse lines that have proved to be of 

great utility for the study of the different aspects of the AD neuropathology. Among the most 

frequently used transgenic mouse models there are those that over-express different isoforms 

of the mutated human transgene encoding the amyloid precursor protein (hAPP), the models 

that over-express the mutated human transgene encoding the tau protein (MAPT), those that 

over-express presenilin-1 (PS-1) or presenilin-2 (PS-2) and, finally, there are also models that 

over-express both human APP and PS1 transgenes (hAPP / PS-1) [Hall and Roberson, 2012]. 

Currently, no transgenic mouse models fully reproduce all the neuropathological features of 

AD [Wong et al., 2002]. In particular, most of the transgenic models used in the research do 

not faithfully reproduce the neuronal loss observed in human pathology, or develop excessive 

cognitive impairment and/ or motor deterioration [Lewis et al., 2000; Götz et al., 1995, 2001; 

Higuchi et al., 2002; Andorfer et al., 2003, 2005; Kreiner, 2015]. 

In this study, we used a well characterized transegenic model of AD, which will be 

described in detailes in the next paragraph. 

3.1.1  The triple-transgenic mouse model of AD 

Oddo and colleagues [Oddo et al., 2003a] developed a triple transgenic mouse model of 

AD, called as 3×Tg-AD. To ensure that the experimental model simultaneously shows the 

different histopathological hallmarks typical of AD, more transgenes have been introduced in 

the genotype of the same animal. In particular, the 3×Tg-AD model hosts three human 

mutated transgenes: the presenilin-1 transgene (PS1 M146V), the β-amyloid precursor 

protein transgene (APPswe) and the tau transgene (Tau P301L). This result can be achieved 

in two different ways: by crossing together independent transgenic lines or by using the 
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microinjection technique. With microinjection is possible to insert both pathological proteins 

and DNA constructs directly into the brain or in the germline of single transgenic animals, 

respectively [Götz et al., 2001; Lewis et al., 2001]. 

Rather than crossing single transgenic lines, Oddo and colleagues obtained their 

transgenic mouse model by microinjecting two additional transgenes, APPswe and Tau 

P301L, in the germline of a single transgenic mouse expressing the human mutated transgene 

PS1 M146V. In particular, two transgenic constructs containing the transgene APPswe or the 

transgene Tau P301L, both placed under the control of the murine promoter Thy 1.2, were 

microinjected into the zygotes taken from homozygous PS1 M146V knock in (PS1-KI) mice. 

Once the modified zygotes were implanted in pseudopregnant mice, the obtained progeny 

was then selected in order to obtain five founder mice expressing all the transgenes of the 

transgenic construct. Subsequently, the founder mice were backcrossed with PS1-KI mice 

and the genotype of the obtained progeny was analysed by Southern blotting. The results of 

the analysis showed that the APPswe and Tau P301L transgenes were co-integrated at the 

same locus level in most of the founder mice. Moreover, also the transmission frequency 

analysis showed in detail that in two transgenic lines, B1 and G6, no independent assortment 

of the transgenes was observed in different generations. Thanks to these results, Oddo and 

colleagues considered the microinjection of different transgenes as a valid and more effective 

tool for the generation of multi-transgenic mice [Oddo et al., 2003a]. 

This strategy produced numerous advantages: it facilitated the creation and maintenance of 

the colonies and also allowed to obtain mice characterized by the same genetic background. 

Furthermore, the penetrance of the phenotype was 100%, therefore both male and female 

3×Tg-AD mice was equally affected by the disease, thus distinguish this murine model from 

other transgenic models in which one gender is preferentially affected than the other [Guo et 

al., 1999]. The 3×Tg-AD model was the first transgenic model recapitulating the 

neuropathological markers of AD, the Aβ plaques and the neurofibrillary tangles (NFT), in 

the main brain regions affected by the disease. 

The numerous studies performed on this model showed that Aβ and tau pathologies get 

worse with age: the first observable histopathological lesion is represented by the intracellular 

accumulation of Aβ, a phenomenon that appears at 3-4 months of age in the cerebral cortex. 

Around 6 months of age the intracellular accumulation of Aβ becomes observable also in the 

hippocampus, in particular in the CA1 region, while in the frontal cortex the formation of Aβ 

plaques begins to become evident (extracellular deposition of Aβ). Around 12 months of age 

the extracellular deposition of Aβ becomes evident also in other cortical regions as well as in 
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the hippocampus. Using specific antibodies, Oddo and colleagues showed that the intra and 

extracellular accumulations of Aβ, present in both the cortical and the hippocampal regions, 

consisted predominantly of Aβ42 [Oddo et al., 2003a]. Furthermore, in older transgenic mice 

it was shown that many of these extracellular Aβ deposits were also positive for thioflavin S, 

thus indicating the presence of fibrillary structures. 

Concerning taupathy, in the 3×Tg-AD model it initially develops in the hippocampus 

and then reaches the cortical areas, in agreement with the progression of the disease observed 

in humans [Mesulam et al., 2000]. Initially, in the brains of 6-month-old 3×Tg-AD mice it is 

possible to detect immunohistochemically only the immunostaining of the human tau protein 

(specifically recognized by the HT7 antibody) derived from the expression of the Tau P301L 

transgene. Otherwise, in the brains of old 3×Tg-AD mice with 12-15 months of age begin to 

become detectable also the immunostaining derived from the intraneuronal accumulation of 

the NFT constituted by the hyperphosphorylated tau proteins (specifically recognized by the 

MC1, AT8 and AT180 antibodies). Since in Non-Tg mouse brains none of these antibodies is 

able to recognize the human tau protein or other immunoreactive structures, the tau 

immunostaining performed by Oddo and colleagues revealed an age- and region-dependent 

progression of the tau pathology in 3×Tg-AD mice [Oddo et al., 2003a]. 

As previously reported, it is known that in the 3×Tg-AD mouse model the Aβ 

pathology influences and guides the progression of the tau pathology [Götz et al., 2001; 

Lewis et al., 2001]. In accordance with the “amyloid hypothesis” [Hardy and Selkoe, 2002], 

Oddo and colleagues showed that the extracellular accumulation of Aβ precedes the 

formation of NFT, even if both transgenes are expressed at comparable levels [Oddo et al., 

2003b]. 

Overall, the 3×Tg-AD mouse model faithfully reproduces the main histopathological 

alterations observed until now in the human brains of AD patients as well as the progression 

of the pathology [Mesulam, 1999, 2000]. In addition to Aβ and tau pathology, the 3×Tg-AD 

mouse model develop also a cognitive decline that get worse over time, presents dysfunctions 

in synaptic plasticity and is characterized by the selective loss of α7 nicotinic receptors [Oddo 

et al., 2003a, 2005]. 

3.1.2  Breeding strategy 

In order to obtain homozygous mice for all human transgenes (PS1 M146V, Tau P301L 

and APPswe), Oddo and colleagues [Oddo et al., 2003a] crossed the hemizygous F1 mice to 



79 

 

each other. Respect to the hemizygous mice, the F2 mice showed a doubled dosage of the 

APPswe and Tau P301L transgenes as demonstrated by Southern Blot analyses. To confirm 

that the putative homozygous mice were effectively homozygous, they were back-crossed 

with Non-Tg mice. Since the next generation showed the 100% transmission of the 

transgenes, the putative homozygous mice were confirmed as homozygous. In conclusion, the 

efforts applied to obtain the triple transgenic model allowed Oddo and colleagues to establish 

two lines of transgenic mice, the B1 and G6 lines [Oddo et al., 2003a]. 

Afterwards, Oddo and colleagues characterized by immunoblot analysis the steady-

state expression levels of both the hAPP and Tau proteins in the brains of 4-month-old 

hemizygous and homozygous 3×Tg-AD mice from the B1 and G6 lines. The results showed 

that the levels of each transgenic product were approximately 3- to 4-fold higher than the 

endogenous levels in the hemizygous mice from B1 line while the protein levels observed in 

the homozygous mice from B1 line were approximately 6- to 8-fold higher than the 

endogenous levels. Similarly, the results from the G6 line showed that the steady-state 

expression levels of hAPP and Tau were approximately 2-fold and 4-fold higher compared to 

the endogenous levels, respectively in hemizygous and homozygous mice [Oddo et al., 

2003a]. 

Concerning the transgenic constructs, it was demonstrated that the mouse Thy1.2 promoter 

drive the transgenes expression exclusively in the central nervous system [Caroni, 1997]. 

Moreover, also the western blot analyses performed on multiple tissues taken from 3×Tg-AD 

mice of the B1 line showed that the expression of the hAPP and tau proteins was exclusively 

restricted to the central nervous system [Oddo et al., 2003a].  

To determine which region of the central nervous system expressed the hAPP and Tau 

proteins, Oddo and colleagues analysed by western blot different brain regions from 3×Tg-

AD mice. They showed that the brain regions characterized by the highest steady-state 

expression levels of APP and Tau were the hippocampus and the cerebral cortex, and to a 

lesser extent also the thalamus, the brain stem and the tectum [Oddo et al., 2003a]. 

Conversely, no expression of the human APP and Tau proteins was observed in the 

cerebellum. 

Finally, Oddo and colleagues investigated also the processing of the hAPP protein in 

the brain of 3×Tg-AD mice. In particular, by western blot and immunoprecipitation analyses, 

they found the presence of a 4 kDa peptide, Aβ, whose levels were approximately twice in 

homozygous mice respect to hemizygous mice while in Non-Tg mice this peptide was 

undetectable [Oddo et al., 2003a]. They also compared, by ELISA analyses, the levels of 
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Aβ40 and Aβ42 in the brain homogenates of Non-Tg as well as hemizygous and homozygous 

3×Tg-AD mice. As expected, they found an age-dependent increase of the Aβ peptide levels, 

in particular Aβ42, in the brains of homozygous 3×Tg-AD mice [Oddo et al., 2003a].   

3.2  The osmotic pumps implantation and i.c.v. administration of everolimus 

To evaluate the effects of everolimus when infused continuously into the brain, we 

decided to implant osmotic pumps subcutaneously on the back of mice. These minipumps 

(Alzet 1002; reservoir volume: 100 μl) were used to deliver everolimus at continuous and 

controlled rates (0.25 μl/h, for 2 weeks) into the right lateral ventricle of mice. Before to 

proceed with the implantation, the osmotic pumps were loaded with either vehicle or 

everolimus solutions delivered at 0.167 μg/μl/day.  

The vehicle solution consisted in 10% (v/v) DMSO in artificial cerebrospinal fluid (145 mM 

NaCl, 2.7 mM KCl, 1 mM MgCl2, 2.4 mM CaCl2 and 2 mM Na2HPO4) while the everolimus 

solution was prepared by dissolving everolimus at a concentration of 10 μg/ml in the vehicle 

solution. 

Once filled with vehicle or everolimus, in accordance with the manufacturer’s protocol, 

the minipumps were kept in 0.9% saline at 37°C overnight. Mice were then anesthetized with 

an i.p. injection of ketamine hydrochloride (1 mg/10 g) and xylazine (0.1 mg/10 g). 

Subsequently, the head and the back of the mice were shaved and a cannula was inserted into 

the right lateral ventricle by using the following stereotaxic coordinates from the bregma: 0.5 

mm anterior-posterior, 1.1 mm medio-lateral and 2.5 mm dorso-ventral to the skull [Franklin 

and Paxinos, 1997]. The cannula was secured to the mouse skull by using instant dental 

cement and via polyethylene tube it was connected to the minipump placed on the back. At 

the end of implantation, the mice were placed on a warming plate until recovery from 

anaesthesia and housed individually. 

It is important to underlie that the i.c.v. administration, strictly depends to the operating 

mechanism of the minipumps. In particular, the Alzet pumps operate tanks to an osmotic 

pressure difference between a compartment within the pump, named as the osmotic layer, and 

the tissue environment in which the pump is implanted. The high osmolality of the osmotic 

layer causes water to flux into the pump through a semipermeable membrane, which forms 

the outer surface of the pump. When the water enters into the osmotic layer, it compresses the 

flexible reservoir, displacing the vehicle or the pharmacological solution out from the pump 
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at a controlled, predetermined rate. Because the compressed reservoir cannot be refilled, the 

pumps are designed for single-use only [https://www.alzet.com/products/alzet_pumps/]. 

3.3  The western blot analyses 

To investigate whether the inhibition of mTOR by everolimus was able to slow down or 

reverse the early neuropathological lesions developed by the 3×Tg-AD mouse model, a first 

cohort of 6-month-old 3×Tg-AD mice (n = 10, 5 mice/group) was intracerebroventricularly 

infused with everolimus (10 μg/ml) or vehicle and sacrificed 1 month later. After the sacrifice 

of the mice, we collected their brains and cut them in half sagittally. For every mouse brain 

collected, the right brain hemisphere was used for western blot analyses while the left-brain 

hemisphere was used for the immunohistochemical analysis.  

For western blot analysis, we freshly dissected the right brain hemispheres in order to isolate 

the frontal cortex and the hippocampus. The isolated brain regions were then frozen in dry ice 

and stored at -80°C.  

For the protein extraction, the frozen frontal cortex and hippocampus brain regions were 

thawed in ice-cold RIPA buffer (pH 7.4) containing: 50 mM Tris-HCl (pH 7.4), 150 mM 

NaCl, 1% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA, 0.1% SDS and the protease 

inhibitors 1 mM phenylmethylsulfonyl fluoride, 10 μg/ml aprotinin, 0.1 mM leupeptin and 1 

mM sodium orthovanadate (all from Sigma-Aldrich). 

After that, brain tissues were homogenized by sonication (ultrasonic processor UP50H, 

Hielscher, USA) and the obtained brain homogenates were centrifuged at 4°C for 15 minutes 

at 14,000 rpm in order to separate proteins from cellular debris. Finally, the supernatants 

were extracted to determine by the Bradford assay the total protein concentration of each 

sample and then stored at -80°C until use. 

The western blot analyses were performed by taking from each brain sample the same 

amount of total proteins (30 µg/well). Based on their molecular weight, proteins were 

separated under reducing conditions by SDS-PAGE on 12% precast polyacrylamide gels 

(12% Mini-PROTEAN
®

 TGX™, Bio-Rad, Hercules, CA, USA). Once separated, proteins 

were transferred on nitrocellulose membranes. Subsequently, in order to saturate non-specific 

binding sites, membranes were incubated for 1 h in a blocking buffer containing 5% (w/v) 

non-fat dry milk powder in Tris-buffered saline-Tween 20 0.1% (TBS-T). Then membranes 

were incubated for 1 h at room temperature with one of the following primary antibodies: 

mouse monoclonal anti-β-amyloid 1-16 (1:1000, 6E10, SIG-39320, Signet Laboratories-
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Covance, Emeryville, CA, USA), mouse monoclonal anti-phospho-tau AT8 and AT180 

(1:1000, MN1020 and MN1040, Thermo Scientific, Waltham, MA, USA), rabbit polyclonal 

anti-beta site APP cleaving enzyme 1 (BACE-1) (1:1000, ab2077, Abcam plc, Cambridge, 

UK) and rabbit polyclonal anti-β-actin (1:5000, ab8227, Abcam plc, Cambridge, UK). 

After several washes in TBS-T, nitrocellulose membranes were incubated for 1 h with the 

proper horseradish peroxidase- (HRP)-conjugated secondary antibody: goat anti-mouse or 

goat anti-rabbit IgG (1:5000, Jackson Immunoresearch, Europe, Suffolk, UK). After the 

incubation with the secondary antibody, membranes were developed by using the 

chemiluminescent detection. In particular, membranes were exposed for 2 minutes to the 

reagents of a chemiluminescent HRP substrate kit (WesternBright™ ECL, Advansta 

Corporation, Menlo Park, CA, USA). The developed blots on the membranes were acquired 

by Chemi-Doc MP (Bio-Rad, Hercules, CA, USA) and the resulting images were analysed by 

using the Image Lab software version 6.0.1 (Bio-Rad, Hercules, CA. USA). 

To confirm that the protein loading was the same across the gel, the levels of protein detected 

were normalised with the levels of beta-actin, used as a loading control. Finally, results were 

expressed as percentage of vehicle-treated 3×Tg-AD mice. 

3.4  The immunohistochemical analyses 

After western blot analyses, in order to confirm the obtained results, we next investigated by 

immunohistochemical analysis, whether the inhibition of mTOR was able to reduce the 

intraneuronal accumulation of the human APP/Aβ and tau proteins. 

For the immunostaining analysis, we selected the following brain regions: frontal cortex, 

basolateral amygdala, subiculum and hippocampus, brain regions affected by both Aβ and tau 

pathology. To this regard, the immunohistochemical analysis was performed on the left brain 

hemispheres collected from the first cohort of 3×Tg-AD mice. In particular, the collected left 

brain hemispheres were placed for 48 h, at 4°C in a fixation solution (4% paraformaldehyde 

phosphate-buffered saline solution; 4% PFA-PBS, Santa Cruz Biotechnology, Dallas, Texas, 

USA). After fixation, brain hemispheres were placed overnight in a 25% sucrose-PBS 

solution, frozen in ice-cold 2-methylbutane (Sigma-Aldrich) and stored at -80°C until 

cryostat sectioning. 

Before to start the sectioning, the selected brain hemisphere was taken from -80°C and placed 

for at least 1 h in the cryostat chamber (-20°C). Briefly, brain coronal sections of 20 μm thick 

were cut at the cryostat (Microm™ HM550 Thermo Scientific) and thaw-mounted on 
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positively charged microscope slides. Subsequently, slides were washed with 0.1 M PBS pH 

7.4 and blocked in 5% normal donkey serum-PBS with 0.3% Triton X-100. After the 

blocking of the non-specific binding sites, the slides were incubated overnight, at 4°C with 

one of the following primary antibodies: mouse monoclonal anti-β-amyloid 1-16 (1:1000, 

6E10, SIG-39320, Signet Laboratories-Covance, Emeryville, CA, USA) and mouse 

monoclonal anti-tau (HT7) (1:1000, MN1000, Thermo Fisher Scientific, Rockford, IL, USA). 

After washing excess of antibody, sections were immunostained with 3,3’-diamobenzidine 

(DAB) by using the avidin-biotin-HRP complex (ABC) detecting method (1:200 dilution, 

Vector Laboratories). When the antigen was stained brown by the DAB-derived precipitated 

product, the staining reaction was blocked by several washes in PBS. Finally, the stained 

brain slices were dehydrated in ascending ethanol concentrations. The slides were then 

incubated for 5 min in xylene and mounted with coverslip and the Eukitt
®

 mounting medium 

(Sigma-Aldrich).   

The brain slices were observed under a Nikon Eclipse 80i microscope equipped with a colour 

charge-coupled device camera and controlled by the software NIS-Elements-BR (Nikon). For 

the semi-quantitative analysis of APP/Aβ and tau immunostaining, the brain slices were 

photographed in bright field at a 4× magnification. The mouse brain atlas [Franklin and 

Paxinos, 1997] was used as reference for the localization of the brain regions of interest. The 

human APP/Aβ and tau immunostaining were measured semi-quantitatively as optical 

density by using the image processing software ImageJ (NIH). For the background 

normalization, the average optical density of white matter or other non-immunoreactive brain 

regions within the same brain slice was considered. Finally, the optical densities were 

calculated as percentage of the vehicle-treated 3×Tg-AD mice, which were set to 100%. 

3.5  Behavioral tests 

To investigate the effects of mTOR inhibition by everolimus (10 μg/ml) on learning and 

memory as well as on the depressive- and the anhedonia-like phenotypes developed by the 

3×Tg-AD mouse model, a second cohort of 6-month-old male Non-Tg and 3×Tg-AD mice (n 

= 40, 10 mice/group) were used. In particular, at the end of the vehicle or everolimus 

treatments (1 month from the beginning), 7-month-old Non-Tg and 3×Tg-AD mice 

underwent the following behavioral experiments: the novel object recognition test (NORT) 

and the Morris water maze (MWM) were used to assess the short- and long-term memory, the 

forced swimming test (FST) and the tail suspension test (TST) were used to assess the 
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depressive-like phenotype, while the sucrose preference test (SPT) was used to evaluate the 

anhedonia-like phenotype. To reduce the stress derived from behavioral testing, we started to 

test the animals with the experimental procedures considered less stressful by using the 

following order: NORT, SPT, TST, FST and MWM.  

All behavioral tests were performed between 8:00 a.m. and 3:00 p.m. in a poorly illuminated 

environment. On the day of each test, mice were acclimated for about 60 min in the 

behavioral room. Moreover, the minimum interval between two consecutive procedures was 

2 days. The apparatus were cleaned with water and 70% alcohol solution after each run. The 

mice behaviour was recorded with a CCD camera sensitive to infrared lighting stored as 

MPEG files and analysed. Behaviours were evaluated by both direct observation and analysis 

of recorded videos by an observer unaware about the animal’s genotype and treatment. In 

addition, during the entire period of the behavioral procedures the mice were weighed every 

day (data not showed). 

3.5.1  Novel object recognition test  

The NORT, also known as, object recognition test is considered a relatively fast and efficient 

behavioral test for evaluating learning and memory in mice. It was described for the first time 

in 1988 by Ennaceur and Delacour; it was used primarily in rats but currently it has been 

successfully adapted also for mice [Akkerman et al., 2012; Antunes and Biala, 2012; van 

Goethem et al., 2012; Leger et al., 2013; Lueptow et al., 2016]. Basically, the test relies on at 

least 3 sessions: one habituation session, one training session, and one test session. The 

training session simply involves the exploration of two identical objects placed in the same 

cage or arena, while the test session involves the replacing of one of the previously explored 

objects with a novel object. Since rodents have a natural preference for novelty, a rodent that 

remembers the familiar object will spend more time to explore the new object [Berlyne, 

1950; Ennaceur and Delacour, 1988; Ennaceur, 2010]. Respect to other memory tests, the 

NORT present the advantage that it rely on the innate preference of rodents for exploring the 

novelty therefore, it is not necessary to perform numerous training sessions, there is no need 

to motivate the behavior, it require few time to be performed and is not very stressful for 

rodents [Willner, 1997; Anisman et al., 2001; Kim and Diamond, 2002; Aguilar-Valles et al., 

2005; Leussis and Bolivar, 2006; Hurst and West, 2010]. 
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The NORT can be easily modified to evaluate also different phases of learning and memory 

(e.g.: acquisition, consolidation or recall), to assess different retention intervals (e.g.: short-

term vs long-term memory) or to assess different types of memory (e.g., spatial memory). 

Initially, in our NORT paradigm, mice were isolated and habituated to an empty Plexiglas 

arena (45 × 25 × 20 cm) for 3 consecutive days. The fourth
 
day of training mice underwent an 

exploration session of 5 minutes in which the animals were allowed to explore two identical 

objects (A + A), placed symmetrically into the arena. The probe trial was performed 30 

minutes or 24 hours later, to assess both short- and long-term memory, respectively. In 

particular, during the probe trial started 30 minutes after the last training session, mice were 

allowed to explore for 5 minutes one familiar object and one new object (A + B). Instead, 

during the probe trial started 24 hours later, mice were allowed to explore for 5 minutes again 

one familiar object and another new object (A + C).  

Regarding the analysis of recorded videos, we considered as exploration behavior when the 

mouse pointed its head toward an object distant < 2.5 cm, with the neck extended and with 

moving vibrissae. Conversely, turning around, chewing and sitting on objects were not 

considered as exploratory behaviours. 

Since also the time of exploration was recorded, an object recognition index (ORI) were 

calculated by using the following formula: ORI = TN – TF / TN + TF, where TN and TF 

represent the times of exploring the familiar and the novel object, respectively [Martinez-

Coria et al., 2010]. Mice that did not explore both the object during the training sessions were 

discarded from further analysis. In order to prevent preference or phobic behaviours, the 

objects used in this paradigm were carefully selected. Moreover, to avoid olfactory cues the 

objects were carefully cleaned with 70% ethanol solution and the bedding was stirred after 

each trial. 

3.5.2  Sucrose preference test 

Anhedonia is the inability to experience pleasure from rewarding or other enjoyable activities 

and is one of the main symptoms of depression in humans. In mice, anhedonia is measured by 

the SPT which is based on two-bottle-choice paradigm. Briefly, a reduction in the sucrose 

solution consumption and thus in the preference for sweet solution in experimental mice 

respect to control mice, is indicative of anhedonia [Liu et al., 2018] 

In our SPT paradigm, as previously described by Romano and colleagues [Romano et al., 

2014], mice were single-housed in small cages (22.5 cm × 14 cm × 16.7 cm). Before to start 
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the test, mice underwent an adaptation period of 48 h in which they had free access to two 

kinds of solutions placed in different bottles: one bottle was filled with tap water while the 

other bottle was filled with a 2% sucrose solution. Moreover, 3 h before to start the test mice 

were food and liquids deprived. In the following 24 h, the water and the sucrose solution 

consumption, in presence of free access to food, were monitored. Finally, the sucrose 

preference was measured from the total amount of sucrose solution consumed, obtained by 

weighing the drinking bottles, and expressing the preference as percentage of the total 

amount of drunk liquids. 

3.5.3  Tail suspension test 

The TST is a mouse behavioral test mostly used for the screening of potential antidepressant 

drugs but is also commonly used for the evaluation of other procedures that are expected to 

influence depression related behaviours. It was described for the first time in 1985 [Steru et 

al., 1985] and the paradigm is based on the observation that animals subjected to the short-

term inescapable stress derived from their suspension by the tail, will result in an immobile 

posture. Since antidepressant drugs are able to reverse the immobility and promote escape-

related behaviours, TST is considered a useful tool for the screening of new drugs with 

antidepressant action. 

Briefly, in this test mice are suspended by their tails in a position that they cannot escape or 

grab on the nearby surfaces [Cryan et al., 2005]. In our paradigm, as previously described 

[Romano et al., 2014], mice were individually suspended by the tail from a lever (distance 

from the floor = 30 cm) in a white plastic box (30 × 30 × 30 cm). During the session test, 

mice were suspended for 6 minutes but only the last 4 minutes were used for the analysis. In 

particular, we recorded the number of seconds spent by the mice with a completely immobile 

posture, termed as immobility time. 

3.5.4  Forced swimming test 

Among all behavioural tests, the FST remains one of the most used tools for the screening of 

antidepressant drugs in rodents. This test was described for the first time in 1977 by Porsolt 

and colleagues [Porsolt et al., 1977]. The FST paradigm rely on the observation that rodents 

forced to swim in a confined space without possibility to escape, after a brief period of 

vigorous activity, they cease to struggle and remain to float passively making only 

movements necessary to keep the head above water. The occurring of immobility is a 
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phenomenon that is argued to reflect the so-called learned behavioral despair [Porsolt et al., 

1977]. This behavior, and thus the time of immobility, is reduced by antidepressants. 

As previously described [Bambico et al., 2010; Romano et al., 2014], in our FST paradigm 

mice were placed individually into cylindrical Plexiglas bins (20 × 50 cm) filled with water 

(25–27°C). Each cylindrical bin was filled for a depth of 20 cm, in order that animals could 

touch the bottom only with the tip of the tail. Fresh water was introduced prior to each test to 

prevent possible interferences of substances dissolved in the water during the behavioral test. 

Moreover, water temperature was maintained constant. All mice were forced to swim for 6 

minutes while the duration of immobility was observed and measured during the last 4 

minutes of the test. After recording, mice were rescued using a plastic grid and caged near a 

warm lamp. In total, each mouse was undergone to only one swimming test. 

3.5.5  Morris water maze test 

The MWT was described for the first time in 1984 by Richard Morris and it was developed as 

a method to assess spatial or place learning in rodents [Morris, 1984]. The MWM is not a 

maze in literal sense but it is characterized by an open circular pool that is approximately 

half-filled with water. It is considered a maze because the experimental animals must swim in 

the pool in order to locate a hidden platform that is placed in a fixed location but submerged 

below the water surface.  

The use of the MWM for assess learning and memory as well as the relationship between 

MWM performance and neurotransmitter systems were previously reviewed by several 

authors [Brandeis et al., 1989; McNamara and Skelton, 1993; D’Hooge and De Deyn, 2001]. 

In particular, the performances of experimental rodents underwent to MWM paradigm has 

been linked to long-term potentiation (LTP) and NMDA receptor function [Morris et al., 

1986; Jeffery and Morris, 1993; Bannerman et al., 1995; Moser et al., 1998], making this 

behavioral test a key technique in the hippocampal circuitry studies. Moreover, also the 

involvement of other secondary brain regions, like the entorhinal and perirhinal cortices, the 

prefrontal cortex, the cingulate cortex and the neostriatum, was demonstrated [D’Hooge and 

De Deyn, 2001].  

A standard MWM paradigm involves the designation of two imaginary axes that bisecting 

form an imaginary cross and divide the pool into four quadrants. Every end of the imaginary 

axes represents a cardinal point therefore the pool will be characterized by four positions, 

generally named as: North (N), South (S), East (E) and West (W). S represents the 
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experimenter’s position, N is the opposite point of the experimenter, while E and W 

represents the experimenter’s right and left, respectively. Usually, the platform is placed in 

one of the quadrants, located halfway between the centre and the pool wall.  

Basically, the MWM relies on distal cues that rodents can use to navigate from the start 

location of the pool to the submerged escape platform [Vorhees and Williams, 2006]. 

In our MWM paradigm, we used a circular tank of 1.2 meters in diameter and located in a 

room with several extra maze cues as previously described [Billings et al., 2005; Martinez-

Coria et al., 2010; Scuderi et al., 2018]. Briefly, mice were trained to swim until they reached 

a circular Plexiglas platform (Ø = 14 cm) submerged 1.5 cm below the water surface and thus 

invisible to the mouse during swimming. The water temperature was kept 25°C for all the 

duration of the test. The platform location was fixed equidistant from the centre of the tank 

and its walls. Mice were subjected to 4 training trials per day and were alternated among 4 

random starting points for 5 consecutive days. Once they reached the platform, mice were 

allowed to climb on it. When the mice failed to find the platform within 60 seconds, they 

were manually guided until the platform and were allowed to remain on it for 10 seconds. At 

the end of each trial, the tested mice were placed into a cage located under a warming lamp 

for 25 seconds, until the start of the next trial. After the last training session, mice were 

undergone to the probe trial consisting in a trial of 60 seconds without the platform. In order 

to assess the short- or the long-term memory, the probe trial started 1.5 or 24 hours later, 

respectively. During the test mice were monitored by a video camera mounted directly above 

the pool. All trials were stored on videos for subsequent analysis. The main parameters 

measured during the probe trial were the latency to cross the platform location and the time 

spent in the target quadrant [Billings et al., 2005; Martinez-Coria et al., 2010]. The 

performances of mice were monitored by using the EthoVision XT v.7 video tracking 

software system (Noldus Information Technology Inc., Leesburg, VA). 

3.6  Animal models used in the FAAH study 

In this study we focused on the inhibition of the fatty acid amide hydrolase (FAAH) enzyme 

as an additional therapeutic strategy for the treatment of AD. In particular, to assess whether 

the inhibition of FAAH was able to block or slow down the onset of AD-like pathology 

developed in the 3×Tg-AD mouse model, one cohort of pre-symptomatic 4-month-old 3×Tg-

AD male mice and their Non-Tg littermates (n = 40, 10 mice/group) were subcutaneously 

treated every other day with PF-3845 (10 mg/Kg) or vehicle for 8 weeks and sacrificed 3 
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months later. Moreover, to investigate whether the inhibition of FAAH was also able to block 

or slow down the progression of AD-like pathology, a second cohort of symptomatic 10-

month-old 3×Tg-AD male mice and their Non-Tg littermates (n = 40, 10 mice/group) was 

subcutaneously treated every other day with PF-3845 or vehicle for 8 weeks and sacrificed 3 

months later. 

In both the aforementioned groups of animals (pre-symptomatic and symptomatic mice) and 

their age-matched wild type littermates, we the effects of FAAH inhibitions on Aβ and tau 

pathologies, on neuroinflammation, on learning and memory, as well as on the depressive- 

and anhedonia-like phenotypes. 

3.6.1  The Triple-transgenic mouse model of AD 

In this study we used the 3×Tg-AD mouse model fully described in the paragraph 3.1.1. 

3.7  PF-3845 treatment  

To evaluate whether the selective FAAH inhibition was able to block or slow down both the 

onset and the progression of AD, two cohorts of 4- and 10-month-old 3×Tg-AD and Non-Tg 

mice (n = 40/cohort, 10 mice/group) were subcutaneously treated every other day with PF-

3845 (10 mg/Kg) or vehicle for 8 weeks. The vehicle solution was prepared by using 5% 

ethanol, 5% polyethylene glycol 400, 2% Tween
®
 80 and 88% saline while the PF-3845 

solution was prepared by dissolving the pure compound into the vehicle solution. 

PF-3845 is a biaryl ether piperidine that belongs to the class of irreversible inhibitors and 

display high potency and selectivity for the FAAH enzyme (Ki = 0.23 μM) [Ahn et al, 2009]. 

Just to compare, PF-3845 show a 10- to 20-fold higher Ki value for FAAH [Kathuria et al., 

2003], a longer duration of action in vivo and does not inhibit other serine hydrolases in 

peripheral tissue [Alexander and Cravatt, 2005; Zhang et al., 2007] respect to the most well-

studied FAAH inhibitor URB597. As revealed by an enzyme-coupled assay, PF-3845 exhibit 

a two-step mechanism for FAAH inactivation which involve a first reversible binding of the 

compound to the enzyme, followed by the formation of a covalent bond (carbamilation) with 

the catalytic residue Ser241 nucleophile [Ahn et al, 2009]. We chosen 10 mg/kg on the basis 

of previous studies reported in the literature showing anti-inflammatory, anti-allodynic and 

anxiolytic-like effects of PF-3845 in rodents [Ahn et al., 2009; Kinsey et al., 2011; Booker et 

al., 2012; Tchantchou et al., 2014]. 
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As far as the frequency of administration, we chosen to treat the mice every other day, since 

Ahn and colleagues [Ahn et al., 2009] showed that the FAAH inhibition exerted by 

pheripheral treatment of PF-3845 (10 mg/kg, i.p.) was still present (>75%) after 24 h from 

the injection. Finally we chose s.c. route of administration to allow a slower and continue 

release of the compound from the site of injection. 

3.8 The western blot analyses 

To investigate whether the inhibition of FAAH by PF-3845 was able to reverse or slow down 

the early neuropathological lesions developed by young 3×Tg-AD mice, a first cohort of 4-

month-old 3×Tg-AD mice and their Non-Tg littermates (n = 40, 10 mice/group) was 

subcutaneously treated every other day for 8 weeks with PF-3845 (10 mg/Kg) or vehicle and 

sacrificed 3 months later. Moreover, to evaluate whether the inhibition of FAAH by PF-3845 

was also able to block or slow down the progression of AD-like pathology, a second cohort 

of 10-month-old 3×Tg-AD mice and their Non-Tg littermates (n = 40, 10 mice/group) was 

used and treated following the same protocol used in the first cohort of mice. 

For biochemical analysis, we used only the young and old 3×Tg-AD mice (n = 20, 10 

mice/group). In particular, for the western blot analyses we sacrificed 6 mice/group and 

collected their brains. After that, we freshly dissected the frontal cortex and the hippocampus 

from the collected mouse brains. The isolated brain regions were then frozen in dry ice and 

stored at -80°C until use.  

For protein extraction, frozen frontal cortex and hippocampus brain regions were thawed in 

ice-cold RIPA buffer (pH 7.4). For more details about the western blot protocol see the 

paragraph 3.3. 

3.9  The immunohistochemical analyses 

The remaining 4 mice/group were intracardially perfused initially with saline solution and 

subsequently with 4% PBS-PFA solution. The perfused brains from young and old 3×Tg-AD 

mice were then collected and post-fixed for 48 h at 4°C in 4% PFA-PBS solution (Santa Cruz 

Biotechnology, Dallas, Texas, USA). Post-fixed brains were then places overnight in a 25% 

sucrose-PBS solution, frozen in ice-cold 2-methylbutane (Sigma-Aldrich) and stored at -80°C 

until cryostat sectioning. 

For more details about the immunohistochemical protocol see the paragraph 3.4. 
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3.10  Behavioral tests 

To evaluate the effects of FAAH inhibition by PF-3845 (10 mg/Kg) on learning and memory 

as well as on the depressive- and the anhedonia-like phenotypes in 3×Tg-AD mice, the two 

cohorts of 4- and 10-month-old male Non-Tg and 3×Tg-AD mice (n = 40/cohort, 10 

mice/group) were used. In particular, at the end of the vehicle or PF-3845 treatments (2 

month from the beginning), young and old Non-Tg and 3×Tg-AD mice underwent the 

following behavioral experiments: the NORT and the MWM used to assess the short- and 

long-term memory, the FST and the TST used to assess the depressive-like phenotype, while 

the SPT was used to evaluate the anhedonia-like phenotype. To reduce the stress derived 

from behavioral testing, we started to test the animals with the experimental procedures 

considered less stressful by using the following order: NORT, SPT, TST, FST and MWM. 

All behavioral tests were performed between 8:00 a.m. and 3:00 p.m. in a poorly illuminated 

environment. On the day of each tests, mice were acclimated for about 60 min in the 

behavioral room; the minimum interval between two consecutive procedures was 2 days. The 

apparatus was cleaned with water and 70% alcohol solution after each run. Behaviour was 

recorded with a CCD camera sensitive to infrared lighting, stored as MPEG files and 

analysed. Each behaviour was evaluated by both direct observation and analysis of recorded 

videos by an observer unaware about the animal’s genotype and treatment. During the entire 

period of the behavioral procedures the mice were weighed every day (data not showed). 

For more details about the NORT, SPT, TST, FST and MWM protocols see paragraphs 3.5.1 

to 3.5.5. 

3.11 Animal models used in FKBP51 study 

Neuropsychiatric symptoms are generally recognized as the most difficult AD symptoms to 

manage since they are associated to poor quality of life, AD patients internalization, elevated 

workload for caregivers and family members and accelerated mortality [Balestreri et al., 

2000; Karttunen et al., 2011; Fischer et al., 2012; Peters et al., 2015]. Several studies 

highlighted that neuropsychiatric symptoms are often present together with mild cognitive 

impairment (MCI) even before the onset of AD [Lyketsos et al., 2002; Geda et al., 2008; 

Peters et al., 2012]. Since depression appears to be associated with cognitive decline and 

dementia, depression might be recognized as a risk factor to progress to MCI and AD 

[Hermida et al., 2012; Lopez-Anton et al., 2015]. Several studies support this theory although 

the debate is still opened. To this regard, a meta-analysis study estimated that depression 
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affects almost one third of people living with MCI [Ismail et al., 2017]. Furthermore, a cohort 

study highlighted that late-life depression is associated with a higher risk for AD [Ownby et 

al., 2006; Singh-Manoux et al., 2017]. Other studies hypothesized that late-life depression is 

more likely a prodromal feature of upcoming AD [Singh-Manoux et al., 2017].  

On the bases of these findings, an interesting study proposed that also the recurring stress 

might be correlated with the development of depressive symptoms and subsequently with the 

onset of AD [Herman and Seroogy, 2006]. To this regard, an important role might be 

represented by the neuroendocrine response to stress and in particular to the hypothalamic 

pituitary adrenal (HPA) axis. Sotiropoulos and colleagues [2008] proposed that an altered 

activity of the HPA axis might be correlated with the pathogenesis of AD. 

 Indeed, it was demonstrated that excessive glucocorticoids (GC) levels in the brain were 

associated with neuronal dysfunction, brain atrophy, impaired cognition and neuropsychiatric 

symptoms such as depression [Sotiropoulos et al., 2008]. In particular, it was suggested that 

excessive cortisol levels are causally related to depression [de Kloet et al., 2005]. To this 

regard, clinical studies performed on AD patients found elevated GC levels in AD patients 

respect to healthy controls [Hartmann et al., 1997; Weiner et al., 1997; Csernansky et al., 

2006; Elgh et al., 2006] thus suggesting that HPA axis dysregulations may be correlated to 

neuropsychiatric symptoms and probably also to the onset and/or progression of AD.  

Inside the HPA axis, an important regulatory role is played by the 51 kDa FK506-binding 

protein (FKBP51), a glucocorticoid receptor (GR) binding protein, which acts as a co-

chaperone of heat shock protein 90 (Hsp90) and negatively regulates GR [Zannas et al., 

2016]. In vitro experiments demonstrated that the interaction of FKBP51 with GR delayed 

the nuclear translocation of FKBP51 and blocked the transcription of several GC-responsive 

genes [Davies et al., 2002; Wochnik et al., 2005; Nicolaides et al., 2014]. 

As demonstrated by several authors, the physiological activity of FKBP51 protein impacts on 

several brain regions and functions that are involved in anxiety, affective and psychotic 

disorders, including the hippocampus and the amygdala [Fani et al., 2013; Pagliaccio et al., 

2014; Holz et al., 2015]. Genetic studies discovered also that FKBP51 polymorphisms were 

associated directly with an increased susceptibility to develop neuropsychiatric symptoms, 

such as major depression or depressive symptoms [Appel et al., 2011; Zimmermann et al., 

2011; Dackis et al., 2012; Kohrt et al., 2015; VanZomeren-Dohm et al., 2015], aggression 

[Bevilacqua et al., 2012] and psychosis [Collip et al., 2013]. 
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For these reasons, FKBP51 dysregulation may lead to an increased vulnerability of the brain 

to mental disorders, thus suggesting that FKBP51 represent a common risk factor for many 

stress-related conditions and neuropsychiatric disorders.  

In order to assess whether the FKBP51 protein can be considered a potential target for the 

treatment of neuropsychiatric symptoms of AD, one cohort of 8-week-old male FKBP51-Nex 

Cre
+
 mice and their control littermates (FKBP51-Nex Cre

‒
 mice) were used (n = 12, 6 

mice/group). All experimental procedures were approved by the Committee on Animal 

Health and Care of the local governmental body and performed in strict compliance with the 

guidelines for the care and use of laboratory animals set by the European Community.  

3.11.1 The FKBP51-Nex Cre
+
 and the FKBP51-Nex Cre

‒
 mouse models 

For this study, the FKBP51-Nex Cre
+ 

and the FKBP51-Nex Cre
‒
 mice were used. The 

FKBP51-Nex Cre
+
 mouse model is a conditional model, which presents a Cre-mediated 

deletion of the exon 9 inside the FKBP5 gene. Since the Cre recombinase activity is under the 

control of the Nex promoter, the deletion is present only in the pyramidal neurons, which 

express the Nex regulatory sequence. In particular, the conditional inactivation affects only 

glutamatergic forebrain neurons of the following brain regions: olfactory bulbs, amygdala, 

hippocampus and neocortex [Goebbels et al., 2006]. As regard the control group, we used the 

FKBP51-Nex Cre
‒
 mouse model which presents the exon 9 inside the FKBP5 gene flanked 

by loxP sequences. Since in this model there is no Cre recombinase activity under the control 

of the Nex promoter, all FKBP51-Nex Cre
‒
 mice present a wild type phenotype.   

3.12 Breeding strategy 

The conditional knock-out (KO) mouse model FKBP51-Nex Cre
+
 and the respective control 

group FKBP51-Nex Cre
‒ 

were created thanks to the collaboration of the research group 

leaders Mathias V. Schmidt and Jan M. Deussing from the Max Planck Institute of Psychiatry 

(MPIP) in Munich. In particular, the FKBP51-Nex Cre mouse models were created by using 

the Cre/loxP recombination system. This system is based on the recombinant activity of the 

Cre recombinase enzyme derived from bacteriophage P1 which catalyse site-specific DNA 

recombination between 34 base pair repeats termed loxP [Orban et al., 1992; Tsien et al., 

1996]. The resultant DNA structures obtained after the Cre-mediated recombination depends 

on the orientation of the loxP sequences. Briefly, all the DNA sequences flanked by two 

direct repeats of loxP sites are excised from the genome by the Cre enzyme while the 
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sequences flanked by two inverted repeats of loxP sites are inverted [Orban et al., 1992; 

Tsien et al., 1996]. One of the most important advantages offered by this recombinant system 

is that it allows to obtain transgenic mice containing tissue- and site-specific DNA 

modifications [Orban et al., 1992; Tsien et al., 1996]. 

In order to obtain conditional FKBP51 KO mice, the exon 9 sequence inside the 

FKBP5 gene was flanked by two direct repeats of the loxP sites. In particular, the loxP 

sequences were inserted by homologous recombination into the genome of embryonic stem 

cells taken from C57BL/6 mice. These recombinant stem cells were then microinjected into 

zygotes taken from C57BL/6 mice. Once the modified zygotes were implanted in 

pseudopregnant C57BL/6 mice, the obtained progeny was then selected in order to obtain 

founder mice expressing the “floxed gene” (exon 9 of the FKBP5 gene). The same technique 

was repeated in order to obtain founder mice expressing the Cre recombinase enzyme under 

the control of the Nex promoter sequence.  

Once obtained, the transgenic mice harbouring the floxed FKBP5 gene were crossed 

with the transgenic mice expressing the Cre recombinase enzyme under the control of the 

Nex promoter. The resultant progeny obtained from the crossing was the FKBP51-Nex Cre
+ 

mouse model, which present an inactivated form of the FKBP51 protein only in the Nex
+
 

neuronal cells expressing the Cre recombinase enzyme. 

3.13  The field recording in dorsal hippocampus 

Field potential measurements of paired-pulse facilitation (PPF) and long-term potentiation 

(LTP) were performed at the dorsal CA3-CA1 synapses in hippocampal brain slices from 

FKBP51-Nex Cre
+
 and FKBP51-Nex Cre

‒
 mice. 

For the preparation of dorsal hippocampal brain slices, mice were anesthetized with 

isoflurane and decapitated. All following steps were done in ice-cold sucrose-based artificial 

cerebrospinal fluid (sucrose-aCSF) saturated with carbogen gas (95% O2 + 5% CO2). This 

solution (pH 7.4) consisted of: 87 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM 

NaHCO3, 7 mM MgCl2, 0.5 mM CaCl2, 10 mM glucose and 75 mM sucrose. After 

decapitation, the brain was rapidly removed from the cranial cavity and prepared for the 

slicing procedure by special transversal cuts in which we removed the cerebellum and the 

olfactory bulbs. Subsequently, 350 μm-thick horizontal slices containing the dorsal 

hippocampus were cut using a vibratome (HM650V; Thermo Scientific). 
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After preparation, brain slices were incubated in carbogenated aCSF (pH 7.4) for 30 min at 

34°C. The aCSF consisted of: 125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM 

NaHCO3, 1 mM MgCl2, 2 mM CaCl2 and 10 mM glucose. Afterwards, slices were stored at 

room temperature (23–25°C) for at least 90 min in carbogenated aCSF before 

electrophysiological measurements. 

All field-recording measurements were carried out at room temperature. Only the first three 

to four slices from the dorsal surface of the brain in which the CA1 region was clearly visible 

were used for the measurements. In the recording chamber, brain slices were fixed with a 

platinum frame/nylon string harp and continuously superfused with carbogenated aCSF (3 

ml/min flow rate). In particular, we evoked paired-pulse facilitation (PPF) and long-term 

potentiation (LTP) by electrical stimulation of the Schaffer collateral-commissural pathway. 

For the stimulation we used square pulse electrical stimuli delivered via a custom-made 

bipolar tungsten electrode (50 μm pole diameter, ∼0.5 MΩ nominal impedance).  

The resultant excitatory postsynaptic potentials (EPSPs) were extracellularly recorded using 

glass microelectrodes (filled with aCSF, ~1 MΩ open-tip resistance), which were placed into 

the CA1 stratum radiatum. For the LTP and PPF measurements, the intensity of voltage 

stimulation was adjusted in a manner to produce a field EPSP (fEPSP) of ∼50% of the 

amplitude at which a population spike appeared. Recording data were low-pass filtered and 

digitized at 1 kHz.  

LTP was induced by theta-burst stimulation (TBS), consisted in three trains of stimuli 

delivered 20 sec apart. Each train was composed of 10 stimulus epochs delivered at 5 Hz 

(200 ms apart) with each epoch consisting of four pulses at 100 Hz [Kumar, 2011]. 

The paired-pulse ratio (PPR) was calculated as fEPSP2 slope/fEPSP1 slope. In every slice, 

we first conducted “input-output” measurements at CA3-CA1 synapses and afterwards 

assessed PPF and LTP. 

3.14 Statistical analyses 

Behavioral data were analysed by two-way ANOVA with genotype (3×Tg-AD vs Non-Tg) 

and mTOR/FAAH inhibitor treatments (everolimus/PF-3845 vs vehicle) as between-subject 

factors. Tukey's test was used for multiple post hoc comparisons when required.  

Western blot bands were analysed by Image Lab software (Bio-Rad, v 6.0.1) and the results 

were analysed by unpaired Student's t test. The threshold for statistical significance was set at 

p < 0.05. All data were expressed as mean ± SEM. 
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Immunohistochemical results were calculated as a percentage of control (vehicle-treated 

3×Tg-AD). The intensity of human APP/Aβ and human tau immunostaining was measured 

semi-quantitatively using their regional optical density, obtained by ImageJ software. For 

each animal, measurements were obtained in at least 3 consecutive sections containing the 

region of interest. For each of these regions, the results were analysed by unpaired Student's 

t-test. The threshold for statistical significance was set at p < 0.05. All data were expressed as 

mean ± SEM. 

Paired-pulse facilitation (PPF) and Long-term potentiation (LTP) results were analysed by 

using the FitMaster software (HEKA, v 2x73.5). Two-way repeated measures ANOVA was 

used for the analysis of the data obtained from PPF experiments while the results from LTP 

experiments were analysed by unpaired Student's t-test. The threshold for statistical 

significance was set at p < 0.05. All data were expressed as mean ± SEM. 
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4.1 Everolimus treatment ameliorates Abeta and Tau pathology in 3×Tg-AD mice 

The results obtained by the semi-quantitative analysis of the immunoblotted bands showed 

that the mTOR inhibition exterted by everolimus treatment significantly decreased the levels 

of the human full-length APP and Aβ*56 oligomers both in the frontal cortex (tAPP = 3.129, 

df = 34, p < 0.01 and tAβ*56 = 2.404, df = 27, p < 0.05, respectively) and in the hippocampus 

(tAPP = 2.369, df = 32, p < 0.05 and tAβ*56  = 2.262, df = 28, p < 0.05, respectively) (Fig. 4, A-

D). No change in the expression of the enzyme BACE-1 was observed in both frontal cortex 

and hippocampus of everolimus-treated 3×Tg-AD mice (tBACE-1 = 1.081, df = 20, p = 0.2925 

and tBACE-1 = 1.182, df = 16, p = 0.2545, respectively) (Fig. 4, A-D).  

However a trend towards a decrease in the phosphorylation levels of the Ser202/Thr205 

residues of the human tau protein (recognized by the monoclonal antibody AT8) was 

observed in both frontal cortex and hippocampus of the everolimus-treated 3×Tg-AD mice 

(tAT8 = 1.953, df = 22, p = 0.0637 and tAT8 = 1.379, df = 17, p = 0.1857, respectively) (Fig. 4, 

E-H). Finally, everolimus treatment does not significantly affect the phosphorylation of the 

residues Thr231 of the human tau protein (recognized by the monoclonal antibody AT180) in 

both frontal cortex and hippocampus of 3×Tg-AD mice (tAT180 = 1.031, df =19, p = 0.3155 

and tAT180 = 1.676, df = 19, p = 0.1102, respectively) (Fig. 4, E-H).  

Overall, these results suggest that the inhibition of mTOR by the intrathecal infusion of 

everolimus significantly reduced the expression of APP and Aβ oligomers and, to a lesser 

extent, also the levels of phosphorylated tau protein. 
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Fig. 4: Everolimus treatment ameliorates Aβ and tau pathology in 3×Tg-AD mice. Results from western 

blot analyses performed on cortical and hippocampal homogenates collected from vehicle- and everolimus-

treated 3×Tg-AD mice. Data were normalized to β-actin levels and expressed as percentage of vehicle-treated 

3×Tg-AD mice. Data are expressed as Mean ± SEM and were analysed by unpaired student’s t-test. * p < 0.05, 

** p < 0.01. 
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4.2 Everolimus treatment reduces intraneuronal human APP/Abeta and Tau 

immunoreactivity in 3×Tg-AD mice 

Immunostaining analysis was performed on brain regions mainly affected by the AD 

pathology; these ares include the frontal cortex (FC), the basolateral amygdala (BLA), the 

subiculum (Sub), the dorsal CA1 and CA3 regions of hippocampus (dCA1 and dCA3, 

respectively), as well as the ventral CA1 and CA3 regions of hippocampus (vCA1 and vCA3, 

respectively).  

Surprisingly everolimus treatment induces a significant reduction of the human 

APP/Aβ immunostaining in all of the interested areas. In particular, a slight reduction of the 

APP/Aβ levels was observed in the FC (tAPP/Aβ = 2.391, df = 42, p < 0.05; Fig. 5, A-B) while 

a marked reduction of the immunostaining was observed in the BLA (tAPP/Aβ = 9.063, df = 30, 

p < 0.001; Fig. 5, C-D), in the Sub (tAPP/Aβ = 4.081, df = 19, p < 0.001; Fig. 5, E-F), in the 

dCA1 (tAPP/Aβ = 4.384, df = 54, p < 0.001 ; Fig. 5, G-H), in the dCA3 (tAPP/Aβ = 5.659, df = 

23, p < 0.001; Fig. 5, I-J), in the vCA1 (tAPP/Aβ = 3.120, df = 23, p < 0.01 ; Fig. 5, K-L) as 

well as in the vCA3 (tAPP/Aβ = 4.814, df = 21, p < 0.001; Fig. 5, M-N). Also the expression of 

human tau proteins in most of the analysed brain regions was blunted by everolimus 

treatment. In particular, we observed a marked reduction of the human tau optical density 

mainly in the FC (ttau = 5.597, df = 54, p < 0.001; Fig. 6, A-B) and in the dCA1 (ttau = 3.203, 

df = 71, p < 0.01; Fig. 6, E-F). While a slight but statistically significant reduction of the 

human tau immunostaining levels were observed in the BLA (ttau = 2.731, df = 24, p < 0.05; 

Fig. 6, C-D), in the dCA3 (ttau = 2.472, df = 48, p < 0.05; Fig. 6, G-H) and in the vCA1 (ttau = 

2.405, df = 22, p < 0.05; Fig. 6, I-J) of the everolimus-treated 3×Tg-AD mice. Otherwise, no 

significant reduction of the human tau levels were observed in the vCA3 region of 

everolimus-treated 3×Tg-AD mice (ttau = 1.790, df = 26, n.s.; Fig. 6, K-L). 
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Fig. 5. Everolimus treatment reduces intracellular human APP/Aβ immunoreactivity. Representative 

microphotographs oh human APP/Aβ immunostaining from brain coronal sections collected from vehicle- and 

everolimus-treated 3×Tg-AD mice. Scale bar was set at 100 μm for microphotographs and at 25 μm for inserts. 
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Fig. 6. Everolimus treatment reduces intracellular human tau immunoreactivity. Representative 

microphotographs oh human tau immunostaining from brain coronal sections collected from vehicle- and 

everolimus-treated 3×Tg-AD mice. Scale bar was set at 100 μm for microphotographs and at 25 μm for inserts. 
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4.3  Effects of Everolimus treatment on short- and long-term learning and memory in 

3×Tg-AD mice 

The NORT was performed by using two distinct retention intervals (30 min and 24 h) after 

the exploration time to evaluate both short- and long-term memory, respectively. The two-

way ANOVA analysis revealed a significant diffrence in the time spent to explore the novel 

object inside the arena among the different experimental groups of mice. In particular, the 

retention interval of 30 min (evaluation of short-term memory) revealed a significant effect of 

the interaction between genotype and treatment (Finteraction (1, 37) = 7.871, p < 0.01) while no 

significant differences were observed for the genotype (Fgenotype (1,37) = 1.916, n.s.) and the 

treatment (Ftreatment (1,37) = 0.249, n.s.). Moreover, the post hoc analysis with the multiple 

comparisons test showed that everolimus significantly increase the Object Recognition Index 

(ORI) in 3×Tg-AD mice respect to 3×Tg-AD mice treated with vehicle (p < 0.05, Fig. 7, A-

B). 

Regarding the retention interval at 24 h (evaluation of long-term memory), the two-way 

ANOVA analysis showed a significant effect of the genotype (Fgenotype (1,37) = 11.993, p < 

0.01), a significant effect of the interaction between genotype and treatment (Finteraction (1,37) = 

9.214, p < 0.01) and no significant effect of the treatment (Ftreatment (1,37) = 2.617, n.s.). Post 

hoc analysis showed that the treatment of 3×Tg-AD mice with everolimus significantly 

increased the exploration time of the novel object compared to 3×Tg-AD mice treated with 

vehicle which explored equally the novel object and the familiar one  (p < 0.05, Fig. 7, C-D). 

Furthermore, post hoc analysis revealed also that the treatment with everolimus did not 

produce any improvement in the exploration time of the novel object in Non-Tg mice. 

Regarding the MWM test, mice received 4 training trials per day for 5 consecutive days 

to find a hidden platform. The statistical analysis of the MWM results highlighted no 

significant differences in the escape latencies showed by the four experimental groups (Fig. 

7, E). After the removal of the platform, the effects of everolimus on short- and long-term 

memory of Non-Tg and 3×Tg-AD mice were assessed by performing the probe trial 

respectively 1.5 or 24 h after the last training session. In particular, at the time point of 1.5 h 

(short-term memory), the two-way ANOVA analysis showed significant effects of genotype 

(Fgenotype (1,36) = 19.390, p < 0.001), treatment (Ftreatment (1,36) = 4.968, p < 0.05) and of the 

interaction between genotype and treatment (Finteraction (1,36) = 13.069, p < 0.001) in the latency 

to cross the platform location. Moreover, a significant genotype (Fgenotype (1,36) = 9.468, p < 

0.01) and genotype by treatment effect (Finteraction (1,36) = 9.231, p < 0.01) was observed in the 



117 

 

time spent in the target quadrant by the four experimental groups while no significant 

differences were observed for the main factor treatment (Ftreatment (1,36) = 2.337, n.s.). As 

indicated by the post hoc analysis, 1.5 h after the removal of the platform, everolimus-treated 

3×Tg-AD mice showed a significant decrease in the latency to cross the platform location as 

well as a significant increase of the time spent in the quadrant, respect to vehicle-treated 

3×Tg-AD mice (p < 0.05, Fig. 7, F-G) 

At the time point of 24 h (long-term memory), the two-way ANOVA analysis showed a 

significant effect of the genotype (Fgenotype (1,36) = 8.409, p < 0.01) and the interaction between 

genotype and treatment (Finteraction (1,36) = 8.346, p < 0.01) in the latency to cross the platform 

location whilst no significant differences were observed for the main factor treatment 

(Ftreatment (1,36) = 1.270, n.s.). Similarly, also for the time spent in the target quadrant, a 

significant effect of the genotype (Fgenotype (1,36) = 6.186, p < 0.05) and the interaction between 

genotype and treatment (Finteraction (1,36) = 8.199, p < 0.01) was observed while no significant 

differences were observed for the main factor treatment (Ftreatment (1,36) = 3.617, n.s.). 

Post hoc analysis showed that 24 h after the removal of the platform transgenic mice treated 

with everolimus showed a significant decrease in the latency to cross the platform location as 

well as a significant increase of the time spent in the quadrant, compared to transgenic mice 

treated with vehicle (p < 0.05, Fig. 7, F-G). Despite the aforementioned effects, at both the 

time points (1.5 h and 24 h) everolimus-treated Non-Tg mice showed no significant changes 

in the latency to cross platform location and in the time spent in the target quadrant (Fig. 7, F-

G). 
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Fig. 7. Everolimus treatment ameliorates short- and long-term learning and memory, and the depressive-

like phenotype in 3×Tg-AD mice. Results from behavioral tests performed on Non-Tg and 3×Tg-AD mice 

treated with vehicle or everolimus in: novel object recognition test (NORT) (N: novel object; F: familiar object); 

Morris water maze (MWM); forced swim test (FST); tail suspension test (TST) and sucrose preference test 

(SPT). Data are presented as mean ± SEM and were analysed by two-way ANOVA. * p < 0.05 
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4.4  Effects of everolimus treatment on the depressive- and anhedonia-like phenotype 

of 3×Tg-AD mice 

The two-way ANOVA analysis of the FST results showed a significant effect of genotype 

(Fgenotype (1,37) = 18.975, p < 0.001) and treatment (Ftreatment (1,37) = 12.549, p < 0.01) while no 

effects were observed in the interaction between genotype and treatment (Finteraction (1,37) = 

1.999, n.s.). The post hoc multiple comparisons test revealed that everolimus treatment 

reduces the immobility time in 3×Tg-AD mice compared to transgenic mice treated with 

vehicle (p < 0.05, Fig. 7, H). No effects were observed in both groups of Non-Tg mice. 

The two-way ANOVA analysis of the TST results revealed a significant effect of the 

treatment (Ftreatment (1,37) = 6.846, p < 0.05) no significant effects of the genotype (Fgenotype (1,37) 

= 2.805, n.s.) and in the interaction between genotype and treatment (Finteraction (1,37) = 2.537, 

n.s.). The post hoc analyses showed that the infusion with everolimus significantly decreased 

the immobility time of 3×Tg-AD mice compared to vehicle-treated transgenic mice (p < 0.05, 

Fig. 7, I).  

Regarding the SPT, the two-way ANOVA analysis of the results showed a significant effect 

of genotype (Fgenotype (1,37) = 14.675, p < 0.001), treatment (Ftreatment (1,37) = 20.972, p < 0.001) 

and of the interaction between genotype and treatment (Finteraction (1,37) = 44.950, p < 0.001). 

The post hoc multiple comparisons test showed that the preference for the sweet solution 

significantly increased in the everolimus-treated transgenic mice (p < 0.05) reaching the 

preference levels of Non-Tg mice, in which no treatment effects were observed (Fig. 7, J-K). 

4.5 PF-3845 treatment ameliorates Abeta and tau pathology in 3×Tg-AD mice 

To assess whether the inhibition of FAAH by PF-3845 was able to block or slow down 

the onset of AD-like pathology developed by the 3×Tg-AD mouse model, one cohort of 4-

month-old 3×Tg-AD male mice and their wild type male littermates (Non-Tg) were 

subcutaneously treated every other day with PF-3845 or vehicle for 8 weeks and sacrificed 3 

months later. Moreover, to investigate whether the inhibition of FAAH by PF-3845 was able 

to block or slow down the progression of AD-like pathology in the same transgenic mouse 

model, a second cohort of 10-month-old 3×Tg-AD male mice and their Non-Tg male 

littermates was subcutaneously treated every other day with PF-3845 or vehicle for 8 weeks 

and sacrificed 3 months later. 

For the biochemical evaluation of the effects derived from the inhibition of FAAH on 

the onset and the progression of the AD-like pathology, only the two cohorts of 4- and 10-
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month-old 3×Tg-AD mice were used. In particular, by western blot analysis, we evaluated on 

freshly dissected frontal cortex and hippocampus whether the processing of human APP and 

tau proteins, the levels of GSK-3β enzymes as well as several markers of neuroinflammation 

and the neurotrophic factor BDNF, were modulated by the inhibition of FAAH with PF-3845.  

The results obtained from the semi-quantitative analysis of the immunoblotted bands showed 

that PF-3845 infusion significantly decreased the levels of the human full-length APP and 

Aβ*56 oligomers in the frontal cortex of both 7-month-old 3×Tg-AD mice (tAPP = 2.459, df = 

34, p < 0.05 and tAβ*56 = 2.690, df = 16, p < 0.05, respectively) and 13-month-old 3×Tg-AD 

mice (tAPP = 9.132, df = 16, p < 0.001 and tAβ*56 = 4.298, df = 16, p < 0.001) (Fig. 8, A-D). 

No change were observed in the expression of the enzyme BACE-1 in the frontal cortex of 

both young (tBACE-1 = 0.4537, df = 15, p = 0.6565) and old 3×Tg-AD mice treated with PF-

3845 (tBACE-1 = 0.7450, df = 20, p = 0.4649) (Fig. 8, A-D). 

Similarly to the results obtained in the frontal cortex, the inhibition of FAAH by PF-3845 

significantly decreased the levels of the human full-length APP in the hippocampus of both 7- 

(tAPP = 2.099, df = 32, p < 0.05) and 13-month-old 3×Tg-AD mice (tAPP = 3.678, df = 22, p < 

0.01) (Fig. 8, E-H). Concerning the levels of the Aβ*56 oligomers, a significant reduction 

was observed only in the hippocampus of 13-month-old 3×Tg-AD mice treated with PF-3845 

(tAβ*56 = 2.394, df = 22, p < 0.05) while no significant change was observed in the 

hippocampus of young transgenic mice (tAβ*56 = 0.9090, df =28, p = 0.3711) (Fig. 8, E-H). 

Furthermore, no change in the expression of the enzyme BACE-1 was observed in the 

hippocampus of both young (tBACE-1 = 0.01794, df = 28, p = 0.9858) and old 3×Tg-AD mice 

treated with PF-3845 (tBACE-1 = 0.3556, df = 26, p = 0.7250) (Fig. 8, E-H). 

Regarding the processing of the human tau protein, the semi-quantitative analysis of the 

immunoblotted bands revealed that the treatment with PF-3845 produced no significant 

change in the phosphorylation levels of the residues Ser202/Thr205 (AT8) and Thr231 

(AT180) of the human tau protein in the frontal cortex of 7-month-old 3×Tg-AD mice (tAT8 = 

0.2381, df = 16, p = 0.8148 and tAT180 = 1.943, df = 16, p = 0.0698, respectively) (Fig. 8, A-

B). Likewise, also the hippocampus of 7-month-old PF-3845-treated 3×Tg-AD mice did not 

showed significant change in the phosphorylation levels of the residues Ser202/Thr205 (AT8) 

and Thr231 (AT180) of the human tau protein (tAT8 = 0.5999, df = 16, p =0.5570 and tAT180 = 

1.137, df = 16, p = 0.2722, respectively) (Fig. 8, E-F). Nevertheless, a significant change was 

observed in the phosphorylation levels of the Ser202/Thr205 residues (AT8) of the human tau 

protein in both frontal cortex and hippocampus of 13-month-old transgenic mice treated with 

PF-3845 (tAT8 = 2.323, df =16, p < 0.05 and tAT8 = 2.478, df = 36, p < 0.06, respectively) (Fig. 
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8, C-D and G-H). Finally, no significant change was observed in the phosphorylation levels 

of the residue Thr231 (AT180) of the human tau protein in both frontal cortex and 

hippocampus of 13-month-old 3×Tg-AD mice treated with PF-3845 (tAT180 = 0.8817, df = 16, 

p = 0.3919 and tAT180 = 0.1480, df = 28, p = 0.8834, respectively) (Fig. 8, C-D and G-H). 

The contribution of the GSK-3β enzymes in the hyperphosphorylation of the tau protein 

during AD is well known, and based on this premise, we decided to analyse whether the 

expression and the activity levels of GSK-3β enzyme were influenced by the FAAH 

inhibition during the onset and the progression of AD-like pathology. In particular, by 

western blot analysis, we evaluated the total expression levels of GSK-3β, the 

phosphorylation levels of the Ser9 residue on GSK-3β enzyme (pGSK-3β Ser9: inactive form 

of GSK-3β) as well as the phosphorylation levels of the Tyr216 residue of GSK-3β enzyme 

(pGSK-3β Tyr216: active form of GSK-3β). 

The student’s t test analysis showed no significant change in the expression of GSK-3β 

in the frontal cortex of both 7- (tGSK-3β = 0.2676, df = 15, p = 0.7926) and 13-month-old 

3×Tg-AD mice treated with PF-3845 (tGSK-3β = 0.2866, df = 16, p = 0.7781) (Fig. 8, A-D). 

Similarly, also in the hippocampus the PF-3845 did not significantly alter the total levels of 

GSK-3β in both 7- (tGSK-3β = 1.316, df = 8, p = 0.2247) and 13-month-old transgenic mice 

(tGSK-3β = 1.236, df = 15, p = 0.2353) (Fig. 8, E-H). Regarding the phosphorylation levels of 

pGSK-3β Ser9, no significant change was observed in both the frontal cortex and the 

hippocampus of 7-month-old 3×Tg-AD mice treated with PF-3845 (tpGSK-3β Ser9 = 0.4153, df = 

9, p = 0.6876 and tpGSK-3β Ser9 = 0.2024, df = 15, p = 0.8424, respectively) (Fig. 8, A-B and E-

F). Moreover, we observed a trend toward an increase of the phosphorylation levels of 

pGSK-3β Ser9 in both the frontal cortex and hippocampus of 13-month-old 3×Tg-AD mice 

treated with PF-3845 (tpGSK-3β Ser9 = 1.405, df = 11, p = 0.1876 and tpGSK-3β Ser9 = 1.262, df = 7, 

p = 0.2473, respectively) (Fig. 8, C-D and G-H).  

Finally, no significant change was observed in the phosphorylation levels of pGSK-3β 

Tyr216 in the frontal cortex of both young (tpGSK-3β Tyr216 = 0.6415, df = 16, p = 0.5303) and 

old 3×Tg-AD mice treated with PF-3845 (tpGSK-3β Tyr216 = 0.6877, df = 19, p = 0.4999) (Fig. 8, 

A-D). Likewise, we did not observed any change in the phosphorylation levels of pGSK-3β 

Tyr216 in both the frontal cortex and hippocampus of 13-month-old 3×Tg-AD mice treated 

with PF-3845 (tpGSK-3β Tyr216 = 0.3903, df = 10, p = 0.7045 and tpGSK-3β Tyr216 = 0.9697, df = 10, 

p = 0.3551, respectively) (Fig. 8, C-D and G-H). 
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Fig. 8. PF-3845 infusion ameliorated Abeta and tau pathology in 3×Tg-AD mice. Results from western blot 

analyses performed on cortical and hippocampal homogenates collected from vehicle- and PF-3845-treated 

3×Tg-AD mice. Data were normalized to β-actin levels and expressed as percentage of vehicle-treated 3×Tg-

AD mice. Data are presented as mean ± SEM and were analysed by unpaired student’s t-test. * p < 0.05, ** p < 

0.01, *** p < 0.001. 
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4.6 PF-3845 treatment reduces reactive astrogliosis and increases BDNF levels in old 

3×Tg-AD mice 

By western blot analysis we evaluated the expression levels of cyclooxygenase-2 

(COX-2), glial fibrillary acidic protein (GFAP), ionized calcium binding adaptor molecule 1 

(Iba1) and the brain-derived neurotrophic factor (BDNF). 

The results obtained by the semi-quantitative analysis of the immunoblotted bands 

revealed that the treatment with PF-3845 induced no significant change in the expression of 

COX-2 in the frontal cortex of both 7- and 13-month-old 3×Tg-AD mice (tCOX-2 = 0.2356, df 

=16, p = 0.8168 and tCOX-2 = 0.04252, df = 22, p = 0.9665, respectively) (Fig. 9, A-D). 

Moreover, no significant change in the expression levels of COX-2 was observed in the 

hippocampus of both 7- and 13-month-old 3×Tg-AD mice treated with PF-3845 (tCOX-2 = 

0.5959, df = 16, p = 0.5596 and tCOX-2 = 1.106, df = 39, p = 0.2755, respectively) (Fig. 9, E-

H). The student’s t test analysis showed also that the levels of GFAP did not significantly 

changed in both the frontal cortex and hippocampus of 7-month-old 3×Tg-AD mice treated 

with PF-3845 (tGFAP = 0.7341, df = 15, p = 0.4742 and tGFAP = 1.367, df = 16, p = 0.1904, 

respectively) (Fig. 9, A-B and E-F). Conversely, a statistically significant change in the 

expression levels of GFAP was observed in both the frontal cortex and hippocampus of 13-

month-old transgenic mice treated with PF-3845 (tGFAP = 2.776, df = 25, p < 0.05 and tGFAP = 

3.189, df = 35, p < 0.01, respectively) (Fig. 9, C-D and G-H). Finally, no significant change 

in the expression levels of Iba-1 was observed in the frontal cortex of both 7- and 13-month-

old 3×Tg-AD mice treated with PF-3845 (tIba-1 = 0.4928, df = 27, p = 0.6261 and tIba-1 = 

0.5314, df = 40, p = 0.5980, respectively) (Fig. 9, A-D) as well as in the hippocampus of both 

young and old PF-3845-treated transgenic mice (tIba-1 = 0.1053, df = 27, p = 0.9169 and tIba-1 

= 0.7493, df = 47, p = 0.4574, respectively) (Fig. 9, E-H). 
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Fig. 9. PF-3845 infusion reduced reactive astrogliosis in old 3×Tg-AD mice. Results from western blot 

analyses performed on cortical and hippocampal homogenates collected from vehicle- and PF-3845-treated 

3×Tg-AD mice. Data were normalized to β-actin levels and expressed as percentage of vehicle-treated 3×Tg-

AD mice. Data are presented as mean ± SEM and were analysed by unpaired student’s t-test. * p < 0.05, ** p < 

0.01. 
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Concerning the expression of BDNF, the semi-quantitative analysis of the 

immunoblotted bands revealed that the inhibition of FAAH by PF-3845 did not significantly 

changed the expression of BDNF in the hippocampus of 7-month-old 3×Tg-AD mice (tBDNF = 

0.3696, df = 4, p = 0.7304) (Fig. 10, A-B) while a significant increase of BDNF levels was 

observed in the hippocampus of 13-month-old 3×Tg-AD mice (tBDNF = 4.284, df = 4, p < 

0.05) (Fig. 10, C-D). 

 

Fig. 10. PF-3845 treatment increases hippocampal BDNF levels in old 3×Tg-AD mice. Results from western 

blot analyses performed on hippocampal homogenates collected from vehicle- and PF-3845-treated 3×Tg-AD 

mice. Data were normalized to β-actin levels and expressed as percentage of vehicle-treated 3×Tg-AD mice. 

Data are presented as mean ± SEM and were analysed by unpaired student’s t-test. * p < 0.05. 
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4.7 PF-3845 treatment reduces intraneuronal human APP/Abeta immunoreactivity in 

3×Tg-AD mice 

The results obtained by the student’s t-test analysis of the immunostained brain regions from 

7-month-old 3×Tg-AD mice treated with PF-3845 showed a statistically significant reduction 

of the human APP/Aβ immunostaining in most of the analysed brain regions. In particular, a 

statistically significant reduction of the human APP/Aβ levels was observed in the FC (tAPP/Aβ 

= 2.356, df = 40, p < 0.05; Fig. 11, A-B), in the Sub (tAPP/Aβ = 3.398, df = 73, p < 0.01; Fig. 

11, E-F), in the dCA1 (tAPP/Aβ = 2.347, df = 125, p < 0.05; Fig. 11, G-H) and in the vCA1 

(tAPP/Aβ = 2.136, df = 84, p < 0.05; Fig. 11, K-L) of 7-month-old 3×Tg-AD mice treated with 

PF-3845. Conversely, no significant reduction of the human APP/Aβ immunostaining was 

observed in the BLA (tAPP/Aβ = 0.7521, df = 41, p = 0.4563; Fig. 11, C-D), in the dCA3 

(tAPP/Aβ = 0.2934, df = 46, p = 0.7706; Fig. 11, I-J) as well as in the vCA3 (tAPP/Aβ = 0.8349, 

df = 67, p = 0.4067; Fig. 11, M-N). 
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Fig.11. PF-3845 treatmnet reduces intracellular human APP/Aβ immunoreactivity in young 3×Tg-AD 

mice. Representative microphotographs oh human APP/Aβ immunostaining from brain coronal sections 

collected from 7-month-old 3×Tg-AD mice treated with vehicle or PF-3845. Scale bar was set at 100 μm for 

microphotographs and at 25 μm for inserts. 
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Similarly, the semi-quantitative analysis of the immunostained brain regions from 13-

month-old 3×Tg-AD mice treated with PF-3845 showed a more marked reduction of the 

human APP/Aβ levels in the FC (tAPP/Aβ = 8.034, df = 77, p < 0.001; Fig. 12, A-B), in the Sub 

(tAPP/Aβ = 7.330, df = 67, p < 0.001; Fig. 12, E-F), in the dCA1 (tAPP/Aβ = 3.228, df = 136, p < 

0.01; Fig. 12, G-H) as well as in the dCA3 (tAPP/Aβ = 6.647, df = 105, p < 0.001; Fig. 12, I-J). 

Furthermore, a statistically significant reduction of the human APP/Aβ levels was observed 

also in the BLA (tAPP/Aβ = 2.102, df = 60, p < 0.05; Fig. 12, C-D), in the vCA1 (tAPP/Aβ = 

2.151, df = 39, p < 0.05; Fig. 12, K-L) as well as in the vCA3 (tAPP/Aβ = 2.164, df = 37, p < 

0.05; Fig. 12, M-N) of 13-month-old 3×Tg-AD mice treated with PF-3845.  
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Fig.12. PF-3845 treatment reduces intracellular human APP/Aβ immunoreactivity in old 3×Tg-AD mice. 

Representative microphotographs oh human APP/Aβ immunostaining from brain coronal sections collected 

from 13-month-old 3×Tg-AD mice treated with vehicle or PF-3845. Scale bar was set at 100 μm for 

microphotographs and at 25 μm for inserts. 
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4.8 Effects of PF-3845 treatment on short- and long-term learning and memory in 

3×Tg-AD mice 

To investigate the effects of PF-3845 on learning and memory during the onset of AD- 

pathology developed by the 3×Tg-AD mouse model, two cohorts of 4-month-old 3×Tg-AD 

male mice and their wild type (Non-Tg) male littermates, were subcutaneously treated every 

other day with PF-3845 or vehicle for 8 weeks. We also investigate whether the inhibition of 

FAAH was able to block or slow down the progression of AD-like pathology: two additional 

cohorts of 10-month-old 3×Tg-AD male mice and their Non-Tg male littermates were 

subcutaneously treated every other day with PF-3845 or vehicle for 8 weeks.  

At the end of the treatments (2 months from the beginning), the four groups of mice 

underwent behavioral experiments. In particular, the short- and long-term memory of both 7- 

and 13-month-old male Non-Tg (n = 10) and 3×Tg-AD mice (n = 10) were analysed by using 

the following behavioral paradigms: the novel object recognition test (NORT) and the Morris 

water maze (MWM). 

The NORT was performed by using two distinct retention intervals (30 min and 24 h) 

after the exploration time in order to evaluate both short- and long-term memory, 

respectively.  

The results obtained by the two-way ANOVA analysis in the retention interval of 30 

min (evaluation of short-term memory) revealed a significant effect of the genotype (Fgenotype 

(1,39) = 7.987, p < 0.01) and a significant effect of the interacyion between genotype and 

treatment (Finteraction (1,39) = 4.709, p < 0.05); no significant effect was observed for the main 

factor treatment (Ftreatment (1,39) = 2.396,  n.s.). Moreover, the post hoc analysis with the 

multiple comparisons test showed a statistically significant higher Object Recognition Index 

(ORI) in 7-month-old 3×Tg-AD mice treated with PF-3845 respect to 7-month-old 3×Tg-AD 

mice treated with vehicle (p < 0.05, Fig. 13 A). Furthermore, post hoc analysis revealed also 

that the treatment with PF-3845 did not produce any increase of the ORI in Non-Tg mice 

(Fig. 13 A). 

Concerning the retention interval of 24 h (evaluation of long-term memory), the two-

way ANOVA analysis revealed a significant effect of the genotype (Fgenotype (1,39) = 4.424, p < 

0.05), treatment (Ftreatment (1,39) = 6.572, p < 0.05) and genotype x treatment interaction 

(Finteraction (1,39) = 24.966, p < 0.001). The post hoc multiple comparisons test showed a 

statistically significant higher ORI in 7-month-old 3×Tg-AD mice treated with PF-3845 

respect to 7-month-old 3×Tg-AD mice treated with vehicle (p < 0.001, Fig. 13 C). No 
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improvement of the ORI was observed in 7-month-old Non-Tg mice treated with vehicle or 

PF-3845 (Fig. 13 C). 

Subsequently, the two-way ANOVA analysis showed also a statistically significant change in 

the time spent to explore the novel object inside the arena by all the mouse cohorts with 13 

months of age. In particular, the retention interval of 30 min (short-term memory) revealed a 

significant effect of the genotype (Fgenotype (1,33) = 15.414, p < 0.001), treatment (Ftreatment (1,33) 

= 4.987, p < 0.05) and interaction between the two factors (Finteraction (1,33) = 8.060, p < 0.01). 

Moreover, the post hoc analyses showed a statistically significant higher ORI in 13-month-

old 3×Tg-AD mice treated with PF-3845 respect to 3×Tg-AD mice treated with vehicle (p < 

0.001, Fig. 13 B) while no effects were observed in 13-month-old Non-Tg mice treated with 

PF-3845 (Fig. 13 B). 

Similarly, during the retention interval of 24 h (long-term memory), the two-way 

ANOVA analysis showed a significant effect of the genotype (Fgenotype (1,33) = 15.227, p < 

0.001) and genotype x treatment interaction (Finteraction (1,33) = 5.723,  p < 0.05); no significant 

differences were observed for the main factor treatment (Ftreatment (1,33) = 4.008, n.s.). Also in 

this case, the following post hoc analysis showed that 13-month-old transgenic mice treated 

with PF-3845 showed a significantly higher ORI compared to 13-month-old 3×Tg-AD mice 

treated with vehicle (p < 0.001, Fig. 13 D). Furthermore, post hoc analysis revealed also that 

PF-3845 respect to vehicle did not produce any improvement of the ORI in the old Non-Tg 

mice (Fig. 13 D). 

Regarding the MWM test, mice received 4 training trials per day for 5 consecutive days to 

find a hidden platform. After the removal of the platform, the effects of PF-3845 on short- 

and long-term memory in both young and old Non-Tg and 3×Tg-AD mice were assessed by 

performing the probe trial respectively 1.5 or 24 h after the last training session.  

In particular, at the time point of 1.5 h (short-term memory), the two-way ANOVA 

analysis showed a significant effect of the treatment (Ftreatment (1,33) = 5.497, p < 0.05) and the 

interaction between genotype and treatment (Finteraction (1,33) = 5.200, p < 0.05); no significant 

differences were observed for the main factor genotype (Fgenotype (1,33) = 2.344, n.s.). 

Moreover, the post hoc multiple comparisons test showed that 7-month-old 3×Tg-AD mice 

treated with PF-3845 spent a significantly higher time in the target quadrant respect to the 7-

month-old vehicle-treated 3×Tg-AD mice (p < 0.01) (Fig. 13 E). Conversely, no effect of the 

PF-3845 treatment was observed in 7-month-old Non-Tg mice that spent the same time in the 

target quadrant respect to 7-month-old Non-Tg mice treated with vehicle (Fig. 13 E). 
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At the time point of 24 h (long-term memory), the two-way ANOVA analysis showed a 

significant effect of the genotype (Fgenotype (1,33) = 4.261, p < 0.05), treatment (Ftreatment (1,33) = 

6.280, p < 0.05) and genotype x treatment interaction (Finteraction (1,33) = 4.550, p < 0.05). Post 

hoc multiple comparison test showed that 7-month-old 3×Tg-AD mice treated with PF-3845 

spent a significantly higher time in the target quadrant respect to 7-month-old 3×Tg-AD mice 

treated with vehicle (p<0.01) (Fig. 13 G) while no effect on the time spent in the target 

quadrant was observed in young Non-Tg mice treated with vehicle or PF-3845 (Fig. 13 G). 

Regarding the 13-month-old mice, at the time point of 1.5 h (short-term memory), the 

two-way ANOVA analysis showed a significant effect of the treatment (Ftreatment (1,38) = 5.324, 

p < 0.05) and genotype x treatment interaction effect (Finteraction (1,38) = 6.237, p < 0.05); no 

significant differences were observed for the main factor genotype (Fgenotype (1,38) = 3.502, 

n.s.). The post hoc test showed that old 3×Tg-AD mice treated with PF-3845 spent more time 

in the target quadrant respect to 13-month-old vehicle-treated 3×Tg-AD mice (p < 0.01) (Fig. 

13 F). No effects of the vehicle or PF-3845 treatments on the time spent in the target quadrant 

were observed in 13-month-old Non-Tg mice (Fig. 13 F). 

Surprisingly, at the time point of 24 h (long-term memory), the two-way ANOVA 

analysis showed only a significant genotype effect (Fgenotype (1,38) = 16.996, p < 0.001) and no 

effect was observed for the treatment (Ftreatment (1,38) = 0.000338, n.s.) and interaction between 

genotype and treatment (Finteraction (1,38) = 1.882, n.s.). No changes in the time spent in the 

target quadrant were observed in both the 13-month-old Non-Tg and 3×Tg-AD mice treated 

with vehicle or PF-3845 (Fig. 13 H). 
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Fig. 13. Effects of PF-3845 infusion on learning and memory, and the depressive- and anhedonia-like 

phenotypes of 3×Tg-AD mice. Results from behavioral tests performed on 7- and 13-month-old Non-Tg and 

3×Tg-AD mice treated with vehicle or PF-3845 in: novel object recognition test (NORT); Morris water maze 

(MWM); forced swim test (FST); tail suspension test (TST) and sucrose preference test (SPT). Data are 

presented as mean ± SEM and were analysed by two-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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4.9 Effects of PF-3845 treatment on the depressive- and anhedonia-like phenotypes of 

3×Tg-AD mice  

The two-way ANOVA analysis of the FST results from the 7-month-old mice showed a 

significant genotype (Fgenotype (1,39) = 46.741, p < 0.001), treatment (Ftreatment (1,39) = 4.550, p < 

0.05) and genotype x treatment interaction effect (Finteraction (1,39) = 4.282, p < 0.05) in the 

immobility duration. The post hoc multiple comparisons test revealed that the immobility 

time of 7-month-old 3×Tg-AD mice treated with PF-3845 was significantly decreased respect 

to transgenic mice treated with vehicle (p < 0.001, Fig. 13 I). Conversely, no effects of the 

treatments on immobility time were observed in both groups of Non-Tg mice (Fig. 13 I). 

Similarly to young mice, also the statistical analysis of the FST results from 13-month-

old mice showed a significant genotype (Fgenotype (1,39) = 23.463, p < 0.001), treatment (Ftreatment 

(1,39) = 4.359, p < 0.05) and genotype x treatment interaction effect (Finteraction (1,39) = 5.754, p < 

0.05) in the immobility duration. In addition, the post hoc multiple comparisons test showed 

that the immobility time of 13-month-old 3×Tg-AD mice treated with PF-3845 was 

significantly decreased respect to transgenic mice treated with vehicle (p < 0.01, Fig. 13 J). 

On the contrary, no effects of the treatments on immobility time were observed in Non-Tg 

mice (Fig. 13 J). 

In accordance with the FST data, also the TST results from 7-month-old mice showed a 

significant genotype (Fgenotype (1,39) = 10.853, p < 0.01), treatment (Ftreatment (1,39) = 4.274, p < 

0.05) and genotype x treatment interaction effect (Finteraction (1,39) = 6.309, p < 0.05) in the 

immobility duration. Moreover, the post hoc multiple comparison test showed a statistically 

significant decrease of the immobility time in young 3×Tg-AD mice treated with PF-3845 

respect to young transgenic mice treated with vehicle (p < 0.01, Fig. 13 K). Conversely, no 

effect of the treatments were observed in young Non-Tg mice treated with vehicle or PF-3845 

(Fig. 13 K).  

The two-way ANOVA analysis of the TST results from the 13-month-old mice showed 

a significant genotype (Fgenotype (1,39) = 32.368, p < 0.001), treatment (Ftreatment (1,39) = 4.590, p < 

0.05) and genotype x treatment interaction effect (Finteraction (1,39) = 4.939, p < 0.05) in the 

immobility duration.  

As expected, also the following post hoc multiple comparisons test showed a statistically 

significant decrease in the immobility time of 13-month-old 3×Tg-AD mice treated with PF-

3845 respect to old transgenic mice treated with vehicle (p < 0.01, Fig. 13 L). Similarly to 
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young mice, also in older Non-Tg mice no effect of the treatments were observed in the 

duration of immobility time (Fig. 13 L). 

Regarding the SPT, the two-way ANOVA analysis of the results from 7-month-old 

mice showed a significant genotype (Fgenotype (1,39) = 15.593, p < 0.001), treatment (Ftreatment 

(1,39) = 11.517, p < 0.01) and genotype x treatment interaction effect (Finteraction (1,39) = 13.195, p 

< 0.001) in the preference for the sucrose solution. The post hoc multiple comparisons test 

showed that the preference for the sucrose solution significantly increased in young 

transgenic mice treated with PF-3845 (p < 0.001, Fig. 13 M) reaching the preference levels of 

Non-Tg mice, in which no treatment effects were observed (Fig. 13 M). Moreover, no 

differences were observed in the total fluid intake of all the young mice (Fig. 13 O).  

Finally, the two-way ANOVA analysis of the SPT results from 13-month-old mice 

showed a statistically significant genotype (Fgenotype (1,39) = 16.484, p < 0.001), treatment 

(Ftreatment (1,39) = 11.135, p < 0.01) and genotype x treatment interaction effect (Finteraction (1,39) = 

4.316, p < 0.05) in the preference for the sucrose solution. Also in this case, the following 

post hoc multiple comparisons test showed a statistically significant increase of the 

preference for the sweet solution in old transgenic mice treated with PF-3845 (p < 0.001, Fig. 

13 N) while no effect was observed in old Non-Tg mice treated with vehicle or PF-3845 (Fig. 

13 N). Moreover, we did not observe any difference of the total fluid intake from all the 13-

month-old mice treated with vehicle or PF-3845 (Fig. 13 P). 

4.10 Effects of FKBP51 mutation on paired-pulse facilitation and long term 

potentiation 

In order to assess whether the 51 kDa FK506-binding protein (FKBP51) can be 

considered a valid target for the pharmacological treatment of non-cognitive symptoms of 

AD, one cohort of 8-week-old male FKBP51-Nex Cre
+
 mice (n = 6) and their control 

littermates (FKBP51-Nex Cre
‒ 
mice; n = 6)

 
was used.  

In particular, by using electrophysiological techniques we performed field potential 

measurements of paired-pulse facilitation (PPF) and long-term potentiation (LTP) at the 

dorsal CA3-CA1 synapses in hippocampal brain slices from both FKBP51-Nex Cre mouse 

models. 

Interestingly, we detected differences in all neurophysiological parameters tested. 

Regarding short-term plasticity (PPF, Fig. 14 A), two-way ANOVA analysis showed a 

significant genotype (Fgenotype (1,43) = 23.08, p < 0.001), time points (Ftime points (4,172) = 59.18, p 
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< 0.001) and genotype x time points interaction effect (Finteraction (4,172) = 3.984, p < 0.01) in the 

paired-pulse facilitation. Moreover, post hoc multiple comparison test revealed a statistically 

significant decrease of the PPF, measured as paired-pulse ratio slope (PPR slope), in 

FKBP51-Nex Cre
+
 mice respect to FKBP51-Nex Cre

‒
 mice at the following interstimulus 

intervals (ISI): 25 milliseconds (p < 0.01), 50 milliseconds (p < 0.001) and 100 milliseconds 

(p < 0.001; Fig. 14 A).  

Finally, student’s t-test analysis revealed also a statistically significant decrease of the 

LTP slope measured in FKBP51-Nex Cre
+
 mice respect to control mice (tLTP = 3.318; p < 

0.01; Fig. 14, B-D). 
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Fig. 14. Effects of FKBP51 mutation on paired-pulse facilitation and long term potentiation. Results from 

field potential measurements of paired-pulse facilitation and long term potentiation at the dorsal CA3-CA1 

synapses in hippocampal brain slices from FKBP51-Nex Cre mice (PPR: paired-pulse ratio; ISI: inter-stimulus 

interval). For the PPF analyses 20 hippocampal brain slices from FKBP51-Nex Cre
+
 mice and 22 from 

FKBP51-Nex Cre
- 
mice were used. For the LTP analyses 21 hippocampal brain slices from FKBP51-Nex Cre

+
 

mice and 24 from FKBP51-Nex Cre
- 
mice were used. Data are presented as mean ± SEM and were analysed by 

two-way ANOVA for PPF or unpaired student’s t-test for LTP. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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The results of this study provide an extensive evaluation about the inhibition of mTOR 

or FAAH as new therapeutic strategy for the treatment of AD. Furthermore, this study 

provides also an initial but promising evaluation of the FKBP51 protein as new therapeutic 

target for the treatment of depression and other neuropsychiatric symptoms associated to AD. 

In particular, the results of the mTOR study demonstrated that the inhibition of mTOR 

by a short-term i.c.v. infusion of everolimus resulted in the recovery of cognitive 

performances and behavioral phenotype in 3×Tg-AD mice at the early stages of AD-like 

pathology. Furthermore, a reduction of the human APP/Aβ and human tau levels in frontal 

cortex and several limbic regions of the brain accompanied these effects. 

 Everolimus is a synthetic analogous of rapamycin that was developed to improve the 

pharmacokinetic characteristics of rapamycin [Lamming et al., 2013]. As mTOR inhibitor, 

everolimus was initially approved as immunosuppressive drug and subsequently was 

clinically evaluated for the treatment of different types of cancers [Lamming et al., 2013]. 

Nevertheless during the last years the research around mTOR inhibitors received a growing 

attention for their beneficial role in aging and neurological disorders; to our knowledge this is 

the first study that proposed the short-term inhibition of mTOR as therapeutic strategy for the 

treatment of the early AD stage. To this regard, no other studies regarding the use of 

everolimus in a murine model of AD are available.  

To reduce peripheral side effects as well as the immunosuppressive effects associated to the 

systemic inhibition of mTOR, in this study we proposed to infuse everolimus directly into the 

brain (right lateral ventricle) of 3×Tg-AD mice by osmotic pumps. 

Recently, a preclinical study performed on mice, evaluated the efficacy of everolimus 

treatment on mTOR inhibition when administered respectively for short- (3 days) or long-

periods (28 days) [Kurdi et al., 2016]. In particular, the authors investigated the effects of 

mTOR inhibition on the induction of autophagy and for this reason they focused the analysis 

not at brain level but in to the liver, which is known to react quickly and strongly to the 

treatment [Mizushima et al., 2003]. Our results show that the long-term administration of 

everolimus failed to inhibit mTOR while the short-term administration led to a strong 

inhibition of mTOR and to an improved stimulation of autophagy [Kurdi et al., 2016]. 

Similarly, also other preclinical and clinical studies demonstrated that chronic treatment with 

rapamycin and its analogs failed to inhibit mTOR signalling pathway [Juengel et al., 2012; 

Hassan et al., 2014; Wagle et al., 2014]. 
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 Overall, these data confirm that the short-term inhibition of mTOR with everolimus 

intracerebroventricularly administered by osmotic pumps was able to avoid everolimus 

resistance and to strongly decrease its peripheral immunosuppressive effects. 

Furthermore, preclinical studies performed on rodents showed that the inhibition of mTOR 

by the oral administration of everolimus was less effective, due to the low gastrointestinal 

absorption, to its first-pass metabolism and more importantly to the low ability of everolimus 

to penetrate the blood-brain barrier [Yokomasu et al., 2008; O'Reilly et al., 2009]. 

In line with these findings, we showed for the first time that the short-term inhibition of 

mTOR by everolimus in young 3×Tg-AD mice presenting AD-related cognitive impairments, 

significantly improved the cognitive performance of mice, as demonstrated by several 

behavioral paradigms. In particular, by MWN and NORT we observed a significant 

amelioration of both the short- and long-term memory, which were correlated to a general 

decrease of the human APP/Aβ and human tau levels, as assessed by western blot and 

immunohistochemical analysis.  

Furthermore, by FST and TST we studied the effects of mTOR inhibition on the depressive-

like behavior developed by 3×Tg-AD mice during the early stage of AD-like pathology. In 

addition, by SPT we evaluated also the effects of short-term treatment with everolimus on the 

anhedonia-like phenotype developed by the same mice. 

Although there are few and controversial data in the literature regarding the effects of 

everolimus on depressive- and anhedonia-like phenotype, in our study we demonstrated that 

the inhibition of mTOR by everolimus i.c.v. infusion, significantly reverted these phenotype 

in 3×Tg-AD mice. Since we did not explore the biochemical mechanisms underlying these 

behavioral outcame, we supposed that the inhibition of mTOR by everolimus is linked to the 

the increase of neurotransmitters observed in the brain of 3×Tg-AD mice. To this regard, 

Halloran and colleagues [2012] demonstrated that the antidepressant-like effects of 

rapamycin in mice were correlated with increased brain levels of serotonin, noradrenaline, 

dopamine and their metabolites [Halloran et al., 2012].  

All together, the results of the mTOR study demonstrated that the inhibition of mTOR in 

young 3×Tg-AD mice by administration of everolimus might be considered an effective 

therapeutic strategy for the treatment of the early stage of AD. 

As far as the FAAH study, the results demonstrated that the selective inhibition of FAAH by 

chronic s.c. administration of PF-3845 resulted in the recovery of cognitive performances, 

depressive-like phenotypes in both young and old 3×Tg-AD mice, corresponding to the onset 
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phase and to the progression phase of AD neuropathology, respectively. In addition to these 

effects, the selective and chronic FAAH inhibition decreased also the human APP/Aβ and 

human tau levels during both the onset and the progression stages of AD neuropathology. 

Surprisingly, FAAH inhibition decreased also astrogliosis and increased BDNF levels 

especially during the progression stage of AD neuropathology. This means that by blocking 

FAAH activity with the selective inhibitor PF-3845, we assessed whether an increased tone 

of AEA in the CNS of 3×Tg-AD mice was able to produce beneficial effects during the onset 

or the progression stage of AD.  

The endocannabinoid system represents a promising target for the treatment of 

neurodegenerative disorders due to its neuromodulatory role in several physiological 

processes, such as learning and memory [Marsicano and Lafenêtre, 2009; Zanettini et al., 

2011; Mechoulam and Parker, 2013; Kruk-Slomka et al., 2017], inflammation [Crowe et al., 

2014; Donvito et al., 2018] and immune response [Cabral et al., 2015a, 2015b; Acharya et al., 

2017; Oláh et al., 2017]. In particular, increasing evidence showed the primary role for the 

modulation of the endocannabinoid system in the pathogenesis of AD [Maroof et al., 2013; 

Basavarajappa et al., 2017; Aymerich et al., 2018; Talarico et al., 2019]. To this regard, 

several studies highlighted the neuroprotective, anti-inflammatory and anti-oxidants effects 

associated to the increased tone of acylethanolamides [Pazos et al., 2004; Benito et al., 2007; 

Koppel and Davies, 2008], which could be potentially used as a novel therapeutic strategy for 

AD. Interestingly, it was observed that the inhibition of the MAGL, which is the main 2-AG 

hydrolysing enzyme, decreased neuroinflammation and Aβ accumulation in murine models 

of AD [Chen et al., 2012; Piro et al., 2012]. Furthermore, several studies showed that 

increased brain levels of AEA, but not 2-AG, produced in rodents CB1-dependent anxiolytic- 

and antidepressant-like effects [Kathuria et al., 2003; Gobbi et al., 2005; Patel and Hillard, 

2006; Hill et al., 2007; Naidu et al., 2007; Moreira et al., 2008; Micale et al., 2009; Cippitelli 

et al., 2011].  

Although during the last years the research about the endocannabinoid system grown 

exponentially, to our knowledge this is the first study that proposed the selective and chronic 

inhibition of FAAH as therapeutic strategy in a murine model of AD. To this regard, no other 

studies regarding the use of PF-3845 in 3×Tg-AD mice are available. 

PF-3845 is a biaryl ether piperidine that belongs to the class of irreversible inhibitors 

and display high potency and selectivity for the FAAH enzyme (Ki = 0.23 μM) [Ahn et al, 

2009]. In literature, a number of studies described the main beneficial effects of this 

compound in several animal models. In particular, in a mouse model of traumatic brain injury 
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the inhibition of FAAH by PF-3845 produced neuronal survival, attenuated inflammation and 

improved functional recovery of mice [Tchantchou et al., 2014]. In line with these findings, 

both in vitro and in vivo experiments showed that PF-3845 produced anti-inflammatory 

effects in rodents and reduced the levels of pro-inflammatory mediators [Henry et al., 2017; 

Chen et al., 2018; Tanaka et al., 2019]. Among other effects evoked, PF-3845 produced anti-

hyperalgesic effects in a mouse model of depression [Fitzibbon et al., 2019] and in a rat 

model of neuropathic pain [Bhuniya et al., 2019], as well as produced anti-nociceptive effects 

in two different mouse models of allodynia [Booker et al., 2012; Ghosh et al., 2015]. 

Interestingly, in several mouse models of stress the selective inhibition of FAAH by PF-3845 

produced also anxiolytic-like effects [Kinsey et al., 2011; Duan et al., 2017; Bedse et al. 

2019] as well as antidepressant-like effects [Wang and Zhang, 2017]. 

Since the phase I clinical trial with the non-selective FAAH inhibitor BIA 10–2474 was 

discontinued due to severe adverse effects caused by the treatment [Kaur et al., 2016], in our 

project we tested the hypothesis that a chronic treatment with the highly selective FAAH 

inhibitor PF-3845 could exert beneficial effects on the onset and/or the progression of AD. 

The results of the FAAH project suggest that the selective inhibition of FAAH by PF-3845 

was able to restore the neuropathological lesions developed by the 3×Tg-AD mouse model. 

In particular, the western blot analysis showed a significant decrease in the levels of the 

human APP and Aβ*56 oligomers in the frontal cortex of both 7- and 13-month-old 3×Tg-

AD mice. Similarly, also in the hippocampus of both 7- and 13-month-old 3×Tg-AD mice we 

found a significant decrease in the levels of the human APP while Aβ*56 oligomers levels 

decreased only in the hippocampus of 13-month-old 3×Tg-AD mice treated with PF-3845. 

These results were also confirmed by immunohistochemical analysis in which we observed a 

general reduction of the human APP/Aβ immunostaining in most of the brain regions 

analysed. 

Therefore, these results support the hypothesis that FAAH inhibition reduced in both the 

frontal cortex and hippocampus the amyloidogenic processing of APP as well as the 

accumulation of Aβ, mainly during the progression stage and slightly also during the onset 

stage of AD neuropathology. 

 Regarding the processing of the human tau protein, the results of the western blot 

analysis revealed that the treatment with PF-3845 produced significant change in the 

phosphorylation levels of the residues Ser202/Thr205 only in the frontal cortex and 

hippocampus of 13-month-old 3×Tg-AD mice. These results confirm that the inhibition of 
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FAAH decreased just partially the tau pathology developed by 3×Tg-AD mice, especially 

during the progression stage of AD neuropathology. 

As known, neuroinflammation is an important feature of AD neuropathology, in which both 

activated astrocytes and microglia cells play a key role [Cai et al., 2014; Latta et al., 2015; 

Calsolaro and Edison, 2016; Regen et al., 2017]. In our study, by western blot analysis we 

found that the inhibition of FAAH by PF-3845 was able to significantly decrease the levels of 

GFAP in 13-month-old 3×Tg-AD mice. Since GFAP is one of the most used markers for 

astrocytes [Middeldorp and Hol, 2011], our results suggest that the inhibition of FAAH by 

PF-3845 was able to dampen the reactive astrogliosis.  

Moreover, we analysed also whether the increased levels of brain acylethanolamides 

following the inhibition of FAAH were able to affect the expression levels of BDNF in 

hippocampus. As demonstrated by western blot results, we observed a significant increase of 

BDNF levels only in the hippocampus of 13-months-old PF-3845-treated mice. Since BDNF 

is generally correlated to brain neuroplasticity [Lu et al., 2014; Leal et al., 2017; Kowiański 

et al., 2018], these results suggest that the selective inhibition of FAAH was able to modulate 

the hippocampal neurogenesis during the progression stage of AD neuropathology. 

 In line with these findings, we showed also that the chronic and selective inhibition of 

FAAH by PF-3845 in 3×Tg-AD mice presenting AD-related cognitive impairments 

significantly improved the cognitive performance of mice, as demonstrated by several 

behavioral paradigms. In particular, by NORT we observed a significant amelioration of the 

short- and long-term memory, in both 7- and 13-month-old mice. Similarly, by MWN we 

observed a significant amelioration of the short- and long-term memory but just in 7-month-

old mice while in 13-month-old mice we observed a significant amelioration of the short-

term memory. Furthermore, by FST and TST we evaluated the effects of FAAH inhibition on 

the depressive-like behavior developed by 3×Tg-AD mice during both the early stage and the 

progression stage of AD-like pathology. In addition, by SPT we evaluated also the effects of 

PF-3845 on the anhedonia-like phenotype developed by the same mice. To this regard, in our 

study we demonstrated that the selective and chronic inhibition of FAAH by s.c. infusion of 

PF-3845 significantly reverted these phenotype developed by 3×Tg-AD mice during both the 

stages of AD neuropathology. 

 All together, the results of the FAAH project demonstrated that the selective and 

chronic inhibition of FAAH by PF-3845 in 3×Tg-AD mice may be considered an effective 

therapeutic strategy, especially during the progression stage of AD. 
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 Regarding the FKBP51 project, the electrophysiological results from field potential 

measurements of PPF and LTP at the dorsal CA3-CA1 synapses demonstrated that FKBP51-

Nex Cre
+
 mice, which express an inactivated form of the FKBP51 protein only in the 

forebrain glutamatergic neurons, exhibit a strong reduction of the PPF and LTP respect to 

control mice, which are respectively functional measurement of short- and long-term synaptic 

plasticity. 

 As known, synapses mediate communication between neurons and the strength of this 

communication between synapses changes over time by a process called synaptic plasticity. 

Currently, two main types of plasticity have been proposed for explain these changes in 

synapses communication, named as “short-term plasticity” and “long-term plasticity” 

[Fröhlich, 2016].  

 Briefly, short-term plasticity refers to the modulation of synaptic strength on the time 

scale of milliseconds to seconds. Short-term plasticity depends on presynaptic mechanisms, 

named as “synaptic depression” or “synaptic facilitation”, in which synapses can respectively 

weaken or strengthen in an activity-dependent way [Zucker and Regehr, 2002; Regehr, 

2012]. Short-term plasticity is typically assessed with paired-pulse stimulation, consisting in 

double pulses in close succession. To this regard, in our study we compared short-term 

plasticity of FKBP51-Nex Cre
+
 mice respect to FKBP51-Nex Cre

‒
 mice by using the PPF 

protocol such that two consecutive presynaptic pulses caused two excitatory post-synaptic 

currents, in which the second one was strengthen respect to the first.  

 Overall, our results from PPF analysis showed that FKBP51-Nex Cre
‒
 mice present a 

significant impairment of the short-term synaptic plasticity.  

 Regarding the long-term plasticity, it refers to long-lasting changes of synaptic strength 

that form the basis of learning and memory [Fröhlich, 2016]. In particular, the basis of 

learning and memory depend on the ability of neuronal networks to change in response to 

external signals, to maintain these changes for prolonged periods and to retrieve these 

changes as previously experienced memories. At the cellular and synaptic level, the networks 

changes that allow the formation, the maintenance and the retrieval of memories are the 

changes in synaptic strength. In long-term plasticity, excitatory synapses can become stronger 

or weaker on longer time scales, by mechanisms named as long term potentiation (LTP) or 

long term depression (LTD)  [Fröhlich, 2016].  

 Long-term plasticity is typically assessed by inducing LTP or LTD experimentally with 

particular stimulatory patterns at the level of afferent pathways. The traditional approach for 

study the long-term plasticity in mammals provides the stimulation of the Schaffer collaterals 
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pathway of the hippocampus and the measurement of the postsynaptic response as amplitude 

of the EPSP [Fröhlich, 2016].  

 In our study, by the theta burst stimulation protocol we obtained a persistent LTP that 

remained constant for at least 1 hour of recording in both FKBP51-mouse models. As 

demonstrated by the results of LTP analysis, we demonstrated that FKBP51-Nex Cre
+
 mice 

present also a significant impairment of the long-term synaptic plasticity respect to control 

mice. 

 All together, the results from PPF and LTP analysis demonstrated the important role 

played by the FKBP51 protein in homeostatic synaptic plasticity and thus in neuronal 

function and communication. 

 As known, FKBP51 is also an important modulator of the HPA axis [Zannas et al., 

2016], whose dysregulation might be correlated to the pathogenesis of depression and other 

neuropsychiatric symptoms [Sotiropoulos et al., 2008]. Inside HPA axis, FKBP51 is a 

glucocorticoid receptor (GR) binding protein which acts as a co-chaperone of heat shock 

protein 90 (Hsp90) and negatively regulates GR [Zannas et al., 2016; Baker et al., 2018; 

Criado-Marrero et al., 2018]. 

De Kloet and colleagues [2005] suggested that excessive glucocorticoids levels, in particular 

cortisol, are causally related to depression. Furthermore, several clinical studies observed 

significantly elevated glucocorticoids levels in AD patients respect to control subjects 

[Hartmann et al., 1997; Weiner et al., 1997; Csernansky et al., 2006; Elgh et al., 2006] thus 

suggesting that HPA axis dysregulations may be correlated not only to depression and other 

neuropsychiatric symptoms, but most probably also to the pathogenesis and/or progression of 

AD. 

  As demonstrated by our electrophysiological results and also by other authors [Rein, 

2016; Qiu et al., 2019], FKBP51 activity indirectly impacts neuronal and synaptic functions 

further strengthening the existence of a link between FKBP51, neuropsychiatric symptoms 

and AD. Therefore, we suggest that FKBP51 might be considered a potential therapeutic 

target for the treatment of depression and other neuropsychiatric symptoms of AD. Moreover, 

as confirmed by the results, the FKBP51-Nex Cre
+
 mouse is an optimal model for continue to 

study more in detail the link between FKBP51, neuropsychiatric symptoms and AD. 
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In conclusion, the mTOR study demonstrated that the short-term inhibition of mTOR by 

everolimus was able to ameliorate the early stages of Abeta and tau pathology developed by 

the young adult 3×Tg-AD mice. In particular, we observed an improvement of the early 

cognitive impairment, an amelioration of the depressive- and anhedonia-like phenotypes as 

well as a reduction of human APP/Aβ and human tau levels. 

Similarly, the results obtained from the FAAH study suggested that the selective inhibition of 

FAAH by PF-3845 was able to restore the cognitive impairments developed by 3×Tg-AD 

mice and to rescue the depressive- and anhedonia-like behavior in both young pre-

symptomatic and old symptomatic mice. In addition, the selective inhibition of FAAH 

reduced the neuropathological lesions (Ab and tau pathology) developed by the 3×Tg-AD 

mouse model, to dampen the reactive astrogliosis and to modulate the hippocampal 

neurogenesis, especially during the late stages of AD-like pathology. Also the human 

APP/Aβ immunostaining results confirmed that the inhibition of FAAH was able to decrease 

the Aβ burden developed by the 3×Tg-AD mice, especially in the late stages of AD-like 

pathology. 

Regarding the FKBP51 study, the field recording results showed that FKBP51-Nex Cre 

mice
+
 display a strong reduction of the paired-pulse facilitation and long-term potentiation 

compared to control mice, thus suggesting the key role played by FKBP51 in both short- and 

long-term synaptic plasticity. Since PPF and LTP are functional measurements of neuronal 

connection and communication, and are considered as the main cellular mechanisms of 

learning and memory, the field recording results confirmed us the value of FKBP51 as 

potential target for the treatment of AD psychiatric symptoms. Moreover, the aforementioned 

results confirmed also that the FKBP51-Nex Cre
+
 mouse is an optimal model for study the 

link between FKBP51 and AD psychiatric symptoms. 

 


