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1.1 Disease Overview 

Alzheimer’s Disease (AD) represents the most common form of dementia among elderly, affecting 

around 10 and 40% of people over the age of 65 and 85, respectively and it is a progressive, 

irreversible neurodegenerative disorder, ultimately leading to death. It is clinically characterized 

by age-related memory loss and cognitive impairment, often accompanied by personality 

changes1–3. These damages are closely correlated to brain atrophy and cortical thinning4,5, 

together with neuronal injury in areas where synaptic disruption, gliosis and loss of information 

integration are seen as well6. Even though alterations have been found in the frontal, parietal and 

occipital lobes7, one of the most compromised regions is the hippocampus, which is fundamental 

for mnemonic processes8. Indeed, episodic and spatial memory are damaged at first, followed by 

executive functions in later stages of the disease9,10. 

From a biological point of view, this disease is characterized by extracellular amyloid plaques, 

containing Aβ40 as well as Aβ42 peptides, and intra-neuronal neurofibrillary tangles, which consist 

of hyper-phosphorylated tau protein. Despite being always present in demented patients, they are 

not considered absolute markers for the pathology, since they have both been found also in aged 

healthy individuals. Moreover, given that the disease progresses slowly, AD diagnosis is often 

delayed until pathological symptoms become evident11, making clinical interventions more 

difficult. However, neither reduced hippocampal volume nor is not always positively correlated to 

cognitive impairment, since it could also be a normal part of ageing12. 

 

1.2 Epidemiology 

AD estimated prevalence in 2015 was 44 million people all over the world and this number is 

expected to double by 205013. According to the 2016 CENSIS-AIMA report, 600,000 AD patients 

are present in Italy and 50,000 new cases are diagnosed every year. These figures are destined to 

rise in an exponential manner in the near future and, for this reason, finding a cure is essential to 

manage this severe disease that is quickly spreading worldwide14 and that represents a high 

burden not only for the patients and their families but also for the healthcare system. In the Italian 

population between 65 and 84 years old, AD incidence is 6.6 affected people every 1000 

inhabitants per year and its prevalence is 4.4%15. However, this number increases with age, 
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reaching 8% in people between 80 and 84 years old and it is higher in females, most likely because 

they live longer than males15 but also due to biological factors and lifestyle experiences1. 

 

1.3 Pathological forms 

There are two different forms of this pathology, the sporadic or late-onset AD (LOAD), accounting 

for 95% of all cases and depending on multiple factors, such as environment and genetic 

predisposition9,16 and the familial or early-onset AD (EOAD), typical of young individuals (normally 

under 65 years old) and linked to autosomal dominant missense mutations in three different 

genes17,18. 

 

 Early-Onset AD 

The first mutation is located on chromosome 21 and encodes the amyloid precursor protein (APP), 

which not only might regulate calcium and metal ions homeostasis, cholesterol binding and cell 

growth but could also stimulate fibroblasts proliferation and cell adhesion19. Differently, the 

second and the third gene, situated on chromosome 14 and 1, respectively, are responsible for the 

production of presenilin-1 (PSEN-1) and presenilin-2 (PSEN-2), which are subunits of the γ-

secretase enzymatic core and have a role in autophagy-mediated degradation of protein 

aggregates20. Most of the mutations affecting these proteins are considered causative, because 

they lead to an impairment in the amyloidogenic pathway, inducing an increased accumulation of 

Aβ42
21. 

 

 Late-Onset AD 

On the contrary, the risk factors for LOAD can be either susceptibility genes or environmental 

elements22 and it has been proposed that they could have an additive effect, so that the more 

they are in an individual, the worse will be the developed pathology22. The strongest genetic 

component affecting AD manifestation is represented by apolipoproteinE (ApoE), which is a 299-

amino-acids-long glycoprotein normally produced by astrocytes and microglia but that could also 

be expressed by neurons, following stress or cellular damage23,24. It binds and transports lipids 

through both lymphatic and circulatory system, so that its functional alterations result in increased 
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plasma levels of cholesterol and triglycerides25. Moreover, its gene displays three different alleles 

(ε2, ε3 and ε4)24, which influence the shape of ApoE protein and its ability to facilitate Aβ 

clearance, a process that strictly depends on the bond between amyloid and ApoE itself26. Indeed, 

homozygous or heterozygous subjects for ApoEε4, which show the worst efficacy in transporting 

Aβ27 and the most abundant deposition of this peptide, together with glucose hypometabolism, 

mitochondrial anomalies and oxidative stress24, have a very higher risk of developing AD compared 

to non-carriers28,29. Also, the presence of this allele might be helpful to identify diseased 

individuals, since their brain functional connectivity shows an altered resting state, which could be 

early detected with fMRI30. On the other hand, the lower prevalence of ApoEε2 in demented 

patients highlights its protective role in the pathology28,31. 

However, thanks to genome-wide association studies (GWASs), many other genes have been 

identified as potential risk factors for developing AD and many of them, such as CD33, TREM2, 

ABCA7, CLU, CR1, CD2AP, MS4A and MEF2C, are related to the immune system25. 

Beyond genetics, LOAD has also strong environmental components that could facilitate its onset 

and the best-known among them is ageing, which doubles the risk of developing this pathology 

every 5 years after age 6532. Apart from that, another recognized predisposing factor is 

hypercholesterolemia. Indeed, AD patients usually display high plasma levels of both cholesterol 

and its oxidation derivatives oxysterols33 It has been demonstrated that APP metabolism and 

trafficking, secretases activity and Aβ synthesis are influenced by cholesterol distribution within 

the membranes and changes in the levels of this molecule cause lipid rafts impairment, which 

negatively influences APP cleavage by γ-secretase in these areas33. Thus, inhibition of cholesterol 

synthesis have been shown to reduce the activity of this enzyme and to increase α-secretase one, 

promoting neuroprotection34. 

Instead, a different link has been found between AD and obesity, which alters brain homeostasis 

causing inflammation and oxidative stress35. Indeed, this food disorder is correlated to an up-

regulation of pro-inflammatory adipokines and a down-regulation of anti-inflammatory factors, 

such as BDNF36. This imbalance induces neuroinflammatory processes as well as impaired 

neurogenesis and synaptic plasticity, promoting neurodegeneration37. Lastly, other predisposing 

factors to AD pathology seem to be hyperhomocysteinemia and hypertension, which has been 

linked to brain atrophy as well as NFTs formation. 
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1.4 Aetiology 

To date, AD aetiology has not been clearly elucidated yet, given that this disease is very complex 

and multifactorial. Thus, it is more likely due to a combination of different factors rather than to 

one single cause. However, several theories have been proposed, in the attempt to explain its 

pathogenesis. 

 

 Amyloid cascade hypothesis 

The most popular is the amyloid cascade hypothesis, which asserts that AD originates from a 

series of anomalies in both the productive and secretive pathway of APP. This is a transmembrane 

glycoprotein of type I expressed in neuronal tissues, which mostly undergoes a non-amyloidogenic 

consecutive cleavage, before by α-secretases such as ADAM10, ADAM17 or ADAM1938,39 and after 

by γ-secretase, which is a heteromeric complex containing presenilin-1 (PSEN-1) or presenilin-2 

(PSEN-2), nicastrin (NCSTN), anterior pharynx defensive phenotype 1 (APH-1) and PS-enhancer-2 

(PEN-2)40. The first cut generates a soluble APPα (sAPPα) peptide, endowed with trophic and 

neuroprotective functions and a C83 carboxi-terminal fragment, whereas the second one 

produces a small AICD portion and a p3-peptide41,42. 

However, a second amyloidogenic processing pathway for APP exists. In this case, the first 

cleavage is performed by a β-secretase enzyme, such as BACE1, which generates a soluble APPβ 

(sAPPβ) peptide and a C99 carboxyl fragment, whereas the second γ-secretase-dependent cut 

produces AICD and amyloid-β43. This poorly soluble molecule is further secreted through 

exocytosis from either the endoplasmic reticulum or the endosomal-lysosomal system in the 

interstitial fluid44 and, once in the extracellular space, it is prone to aggregate and accumulate in 

plaques45. 

It is possible to identify several amyloid peptides that differ for their length and, among them, the 

most abundant is normally Aβ40
46. Nevertheless, senile plaques mainly contain Aβ42, which is not 

only easier to aggregate but also far more toxic than its shorter form and is greatly produced in 

AD, generating a higher Aβ42/Aβ40 ratio that has been linked to LOAD47. However, the excessive 

amount of this longer peptide has been shown to depend on mutations in the APP gene in EOAD 

as well, even though the total Aβ amount seems unchanged. 
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The amyloid peptide is resistant to proteolytic degradation and the amino acids sequence 

between position 25 and 35 seems to be the most neurotoxic, even though the mechanisms 

underlying this effect have not been fully understood yet48,49. Even though this molecule is 

physiologically cleared from the brain, it often misfolds, acquiring a β-sheet configuration that 

spontaneously tends to dimerize50. In a similar way, these dimers form oligomers, which might 

assume a fibrillar or a non-fibrillar conformation51 and, interestingly, appear to be the most toxic 

species. Lastly, their accumulation originate plaques, which have been recently shown to be 

biologically inert41,52. 

It is believed that oligomers trigger synaptic failure and neurodegeneration53,54, inflammation 55, 

oxidative stress56–58, membrane increased permeability and thinning59,60, cholinergic receptors 

impairment61 NMDA receptors over-stimulation62 and DNA modifications63. Moreover, they can 

generate hydrogen peroxide and hydroxyl radicals that cause lipid peroxidation, impairing ATPases 

and glucose transporters, ultimately leading to an imbalance in calcium and energy homeostasis64–

66. On the other hand, they have been shown to impair mitochondrial electron transport chain, 

promoting the dysfunction of these organelles and leading to cell death67–69. However, all these 

damaging effects seem to depend on a critical oligomers concentration, which acts as a threshold 

to originate the down-stream signalling, together with hippocampal atrophy and dementia70. 

Nonetheless, plaques density has been demonstrated to correlate with the probability of MCI-to-

AD progression but not with cognitive impairment in AD patients71–75, thus amyloid aggregation 

does not seem the only pathogenic trigger. 

Indeed, the ineffective clearance of this peptide might generate toxic species and has been 

thought to have a role in the disease as well. The proposed mechanism posits that cerebral Aβ 

concentrations increase because of ageing and due to the reduced expression of both lipoprotein 

receptor-related protein-1 (LRP-1), which is responsible for amyloid passage from brain to blood 

and Aβ degrading enzymes, such as neprilysin and insulin-degrading enzyme76,77. In support of this 

hypothesis, enhancing amyloid elimination in AD mouse models improved cognitive symptoms78–80 

and it has been demonstrated that age increases Aβ deposition but not its production, indicating 

that its clearance might be defective58,81. However, although this peptide has an undeniable role in 

AD pathogenesis, it is not believed to be the only aetiological factor82. 
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 Cholinergic hypothesis 

Indeed, the cholinergic hypothesis considers the role of acetylcholine in the onset of the disease, 

given that AD patients display a massive loss of cholinergic neurons in both the basal forebrain and 

the hippocampus, which are important regions for attention, learning and memory83–85. This 

damage is associated to alterations of choline uptake, acetylcholine release, expression of 

nicotinic and muscarinic receptors as well as axonal transport86–88 and these deficits could be 

identified by the down-regulation of specific markers, such as acetyltransferase and 

acetylcholinesterase, which accompanies cognitive impairment onset89. 

Moreover, deficiencies in the cholinergic system might affect the glutamatergic one, which is also 

impaired in AD, since they strictly interact during neurotransmission47,90. Indeed, acetylcholine is 

thought to be protective against NMDA glutamate receptors hyperactivation91–93, which could be 

also induced by amyloid-β94,95 and is responsible for calcium overload, generation of free radicals 

and neuronal death96,97. All these processes have been observed in AD and have led to the 

development of pharmacological strategies targeting both the cholinergic and the glutamatergic 

system but, albeit their impaired neurotransmission has an important role in the pathology, it 

could not be considered its definitive cause48,98. 

 

 Tau hypothesis 

As a secondary trigger of this disease, a third hypothesis points at tau protein, which is normally 

present in neuronal axons, where it is responsible for microtubules stabilization99,100. It is encoded 

by microtubule-associated protein tau (MAPT) gene, which could generate 6 isoforms that differ 

for the number of exons that their mRNAs contain101 and it is physiologically highly soluble. 

However, due to a dysfunctional phosphorylation process, it becomes hyper-phosphorylated in AD 

and it reduces the interactions with microtubules, starting to aggregate with cytoskeletal proteins 

within neurons and leading to impaired axonal transport and mitochondrial damage100,102–104. As it 

happens for Aβ, tau deposition correlates with disease progression105 and recruits soluble 

monomeric species to the already formed NFTs106,107. Moreover, the accumulated protein is 

acetylated, probably because of post-translational modifications occurring after fibrillization108 

and oligomers seem to be the most detrimental structures109–111. 
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In spite of their similarities, the relationship between tau and Aβ has not been clearly elucidated 

yet103,112 but most of the data claim that tauopathy derives from amyloid peptide accumulation113–

115. On the contrary, some studies suggest that tau might mediate Aβ toxicity116–118. In support of 

this hypothesis, it has been demonstrated that neurons without tau gene are protected from Aβ-

induced cell death119. 

 

 Mitochondrial and calcium hypothesis 

Beyond amyloid peptide, tau protein and cholinergic neurons degeneration, which are still 

considered the main culprits in AD aetiology, some other processes have been shown to be 

severely impaired in the pathology and, thus, could represent causative factors. One of these is 

oxidative stress, which is a condition of lost balance between the production of reactive oxygen 

species (ROS) and anti-oxidants120,121, leading to protein misfolding122, lipid peroxidation and 

increased apoptosis123. These molecules are highly present in AD brains, together with alterations 

in the antioxidant enzymes124. It has been hypothesized that Aβ aggregation could cause ROS 

production, which in turn boost amyloid and tau accumulation but the precise mechanisms 

underlying this process have not been clarified yet125,126. 

In addition, oxidative stress deeply affects neuronal mitochondria, disrupting their functions and 

inducing caspases activation and cell death127–131. Interestingly, mitochondrial impairment as well 

as calcium dysregulation is also considered one of the possible aetiological factors in AD. Indeed, 

the cellular homeostasis of this vital ion is indispensable to survive and depends on the activity of 

endoplasmic reticulum, mitochondria and specific pumps132,133. These systems are damaged in AD 

neurons and their impairment causes a calcium overload, which is followed by energetic failure, 

Aβ and tau abnormal production and apoptosis134–137. Moreover, this process is stimulated by the 

amyloid peptide138–140, which has also been demonstrated to impair mitochondrial biogenesis in 

pathological subjects131,141. On the other hand, the endosomal-lysosomal pathway seems to be 

dysfunctional too. Given that it regulates APP and tau metabolism142, its defects might be 

responsible for AD pathogenesis143,144. 
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 Neuroinflammatory and vascular hypothesis 

Beyond these cellular mechanisms, another important trigger of the disease appears to be 

neuroinflammation, which strongly depends on activated microglia17,145 and lastly, a vascular 

hypothesis has been theorized to explain BBB disruption as well as the reduction in cerebral blood 

flow observed in demented subjects146. 

Therefore, AD is a complex pathology not ascribable to one specific cause but rather depending on 

multiple factors, strictly connected one to each other. Thus, untangling this intricate scenario is 

mandatory, in order to develop efficient therapies to halt or reverse this tremendous disease. 

 

1.5 Diagnosis 

The pathology displays different degrees of severity, identified as a preclinical phase, an amnestic 

Mild Cognitive Impairment (aMCI) stage and, lastly, an overt dementia. 

 

 Stages and clinical tests 

The preclinical phase starts early in the lifetime of an individual and is totally asymptomatic at the 

beginning, even though amyloid has already started to accumulate and aggregate147,148. Later on, 

some CSF and brain biomarkers become detectable but still cognitive symptoms are lacking5,149–151 

until the end of the preclinical stage, when the impairment can be observed by means of specific 

tests such as Montreal Cognitive Assessment (MoCA), Alzheimer’s Disease Assessment Scale 

Cognitive subscale (ADAS-Cog), Disability Assessment of Dementia (DAD) and Mini-Mental State 

Examination (MMSE)152–154. This one, in particular, establishes different categories based on the 

guidelines from the National Institute for Health and Care Excellence (NICE). So, according to the 

obtained score, it is possible to identify mild (score 21-26), moderate (score 15-20), moderately 

severe (score 10-14) and severe (score <10) dementia155. 

The MCI stage is characterized by reduced cognitive abilities, although the subject is still 

independent and active156,157. It manifests as a decline in memory, attention, language and 

executive functions, which can be more or less evident. To date, there are no validated tests to 

confirm this diagnosis, so that the patient has to rely on the experience of the clinician158. If 
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cognitive impairment is accompanied by the presence of CSF and imaging biomarkers, an 

underlying AD pathology is highly probable but, if these molecules are not detectable, most likely 

MCI symptoms are not related to AD158. 

The definitive diagnosis of this disease is possible post-mortem only, after the identification of its 

main hallmarks in the brain159, so clinicians normally evaluate its putative presence using specific 

guidelines established by the National Institute of Neurological and Communicative Disorders and 

Stroke and the Alzheimer’s Disease and Related Disorders Association (NINCDS/ADRDA) together 

with the Diagnostic and Statistical Manual of Mental Disorders (DSM-V) criteria160. The main signs 

defining this disease include a strong cognitive impairment, which interferes with daily activities 

and behavioural anomalies not ascribable to other neuropsychiatric conditions159. 

 

 Imaging 

However, the diagnosis of probable AD is hardly ever based just on these standards and often 

requires additional tools like neuroimaging techniques, which include Magnetic Resonance (MRI) 

and Positron Emission Tomography (PET)161,162. The first one provides high-resolution cerebral 

pictures to highlight abnormalities in anatomical and functional connectivity networks30,158,163, 

whereas the second one allows the in vivo visualization of brain amyloid by means of the 

Pittsburgh compound B (PiB). Indeed, this molecule is very helpful in identifying Aβ spreading and 

burden, since it is able to detect its fibrillar form with high sensitivity70,164, helping clinicians to 

stage AD70,164. In addition, PET might be used to track tau protein and its tangles, empowering the 

analysis154 and, when fluoro-deoxyglucose (FDG) is employed as a tracer, this technique can reveal 

the lower glucose consumption of AD brains, compared to healthy ones165,166. Indeed, the 

pathology seems to be related also to metabolic disturbances, which might be explained with an 

impaired glucose transport through the blood-brain barrier (BBB) or a reduced energy demand for 

synaptic activity or a lesion in metabolic enzymes167–169. 

Despite their usefulness, brain imaging techniques are really expensive and require trained staff to 

run the machines, so that these examinations are not the best screening methods for wide groups 

of patients. For these reasons, clinical tests are often accompanied by biomarkers analysis, which 

can be very useful for an early identification of the disease, given that the pathological process 

begins decades before overt dementia onset170–172. 
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 Biomarkers 

Three proteins in the cerebrospinal fluid (CSF) are considered the best direct indicators of AD 

pathology available to date and, when combined, they give accuracy around 90%158,159. They are 

represented by Aβ42 (associated with cortical amyloid), total tau (correlated to the intensity of 

neuronal degeneration) and phosphorylated tau in position 181 (p-tau181, marker of tangle 

pathology)173. Compared to healthy controls, individuals with AD exhibit low levels of the first one 

and high levels of the other two174, which might also indicate MCI-to-AD progression158,175–177. 

Moreover, the tau(s)-to-Aβ42 ratio has been shown to be predictive of cognitive decline in both 

MCI and mild-demented subjects178–180. 

However, in order to increase diagnostic accuracy, other CSF biomarkers have been searched. 

They are linked to different processes, such as amyloid production and deposition, neurofibrillary 

tangles formation, synapses loss or neuronal degeneration and, among them, it is worth to 

mention sAPPα181, BACE1182,183, Aβ40 and other truncated forms184, neuroserpin185, transthyretin, 

cystatin C, p-tau231186, oxysterols187, cytokines, chemokines, glia-derive proteins and ApoE, whose 

levels in the CSF varies according to the genotype26. 

Even though some of them were more concentrated in AD patients and were useful to predict 

pathological deterioration, others were not very promising, given that their levels were unchanged 

in both the healthy and diseased cohort. Also, despite the fact that these substances are easily 

measurable using commercially available assays, these techniques are subjected to high variations 

among different laboratories, since there are no standardized guidelines for samples 

processing188,189. Moreover, although these molecules are highly concentrated in the CSF, this 

biological fluid is not devoid of disadvantages. Indeed, the lumbar puncture for its collection is 

very invasive and it is not suitable neither for the initial diagnosis nor for the follow-up screenings. 

Thus, several studies focused on peripheral blood, which is inexpensive, easily accessible and 

contains cytokines as well as growth factors, which could represent good biomarker candidates190. 

In addition, it has been shown recently that lymphocytes and platelets share biochemical 

similarities with neurons and display the same anomalies found in psychiatric disorders, such as 

oxidative stress, mitochondrial dysfunction, cell cycle alterations, elevated apoptosis and impaired 

calcium homeostasis191–203. Moreover, expressing both APP and tau, they could represent a valid 

and abundant source to detect AD molecular changes204. 
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Unfortunately, none of these biomarkers has shown high specificity yet, so that the combination 

of different diagnostic tools is still the best way to identify the pathology205. 

 

1.6 Pharmacological Therapy 

AD is considered a syndrome rather than a disease and its multifactorial nature complicates its 

cure206. Indeed, there are no definitive pharmacological treatments available nowadays but both 

symptomatic and aetiology-based therapies have been tried. 

 

 Acetylcholinesterase inhibitors 

The election drugs in the first case are acetylcholinesterase inhibitors (AChEI), such as donepezil, 

rivastigmine and galantamine, which promote higher ACh levels in the brain by inhibiting its 

degrading enzyme acetylcholinesterase207. Thus, they exert their positive action by restoring 

cholinergic transmission, which is altered due to abnormal Aβ accumulation208,209. Moreover, they 

have also displayed the ability to regulate α-secretase activity as well as the inflammatory 

response210. Excluding tacrine, which has been shown to be hepatotoxic, these substances are well 

tolerated and they have dose-dependent adverse effects211
. 

 

 Anticholinergic drugs 

On the other hand, several studies have tried to treat early symptoms of dementia targeting both 

muscarinic and nicotinic receptors by means of anti-cholinergic drugs that seem to ameliorate 

cognitive impairment in prodromal AD subjects, even though they display several side effects, 

such as constipation or urinary retention212. Thus, a long therapy with these medications is not 

recommended, given that they have been shown to increase AD risk and that this outcome is 

much more pronounced in older adults, due to decreased acetylcholine synthesis and increased 

BBB permeability212,213. 
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 NMDA antagonists 

Another option is to use NMDA receptors antagonists like memantine, which was approved by 

Food and Drug Administration (FDA) for the treatment of moderate-to-severe and it is used off-

label in mild-to-moderate AD211. This molecule acts by blocking over-stimulation of glutamate 

receptors and by attenuating tau phosphorylation and it can be administered alone or in 

combination with AChEI214. 

 

 Serotonin receptors antagonists 

Lastly, some pharmacological trials have focused on serotonin receptors, which are present in 

some areas involved in learning and memory and, when inhibited, seem to improve cholinergic 

transmission207,215. 

 

 Aetiology-based treatments 

Differently, aetiology-based treatments have focused on the amyloid-β peptide, which is still 

considered one of the main culprits of AD pathology. The first drugs were designed to modify the 

amyloidogenic pathway, inhibiting the over-activation of β- and γ-secretases216, whereas other 

molecules were developed to induce the up-regulation of α-secretases like ADAM10 or MMP-9217. 

Unfortunately, some trials targeting BACE1 were unsuccessful because of problems in drug 

delivery and toxicity218, while interfering with γ-secretase activity has shown severe side effects, 

since this process induces deficiencies in BDNF axonal trafficking and signalling219 On the contrary, 

potentiating α-secretase cleavage has been demonstrated to prevent the formation of Aβ peptide. 

In addition, some pharmacological treatments have been developed to avoid amyloid plaques 

deposition, through Aβ monomers stabilization and have been tested in clinical trials, displaying 

important side effects215,220. Another option could be stimulating ApoE transcription by means of 

specific agonists, in order to increase Aβ clearance. 

Also, other strategies have tried to inhibit tau hyper-phosphorylation and aggregation, without 

showing any clinical benefit207 and molecules suited for other pathologies have been 

experimented as well. Among them, statins were thought to have a positive effect on dementia, 

due to their role in cholesterol reduction but they actually failed in preventing cognitive decline221. 

Differently, anti-oxidants and anti-inflammatory drugs have shown mixed results222. 
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 Immunization 

However, in recent years, a different treatment has been suggested and it consists in both active 

and passive immunization. 

In the first case, aggregated Aβ1-42, in combination with different adjuvants, has displayed the 

ability to reduce both plaques and cognitive deficits in vivo80,223, so different vaccines have 

entered clinical trials but some of them seem to trigger damaging immune responses224–226. 

In the second approach, peripherally administered anti-Aβ antibodies efficiently prevented fibrils 

formation and ameliorated behaviour227, through either Aβ aggregates disassembly or microglia 

activation78,228. Moreover, a peripheral sink effect has been theorized and it hypothesizes that 

amyloid deposition could be blocked by means of soluble Aβ sequestration, which seems 

responsible for the drawn out of the same molecule from the brain. However, these antibodies 

showed some disadvantages, such as difficulty in target selection and BBB penetration, expensive 

costs, need for repeated injections, immune system activation and haemorrhagic risk229,230. 

Furthermore, since its accumulation seems to be better correlated with cognitive impairment in 

AD than amyloid deposition, tau protein has started to be considered a good candidate for passive 

immunotherapy71,231,232. Indeed, different compounds have been developed to target its hyper-

phosphorylated form and are currently in clinical trials207,233. 

Thus, the best strategies might be the ones targeting both Aβ and tau oligomers, which appear to 

be the most toxic species234,235, without affecting the physiological function of these proteins and, 

for this purpose, antibodies specific for some conformations only have been designed235,236. 

 

1.7 Non-pharmacological Therapy 

Even though pharmacological treatments are still the most common therapies to treat AD, several 

studies have focused on preventive drug-free strategies, which can be associated to either lifestyle 

or diet. 
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 Life-style 

The first group include physical activity, mental challenges, energy restriction and socialization237. 

Indeed, exercise has been shown to stimulate neurotrophins release at both central and 

peripheral level238,239 as well as free radicals reduction. Moreover, engaging mental tasks and 

activities could protect against cognitive decline, increasing neuronal density, which is responsible 

for brain plasticity237. 

 

 Diet 

On the other hand, different food compounds have shown neuroprotective properties. Among 

them, folic acid blocks Aβ accumulation, whereas flavonoids inhibit acetylcholinesterase activity 

and glutamate release240. Also, resveratrol is an anti-aging molecule capable of ameliorating 

mitochondrial dysfunction241,242 and probiotics have anti-inflammatory effects, exerted by their 

action on the microbiota-gut-brain axis243. 

Therefore, a definitive treatment for AD has not been discovered yet and both pharmacological 

and non-pharmacological therapies are aimed at ameliorating symptoms or preventing them. 

Given that this pathology starts long before the overt dementia stage, it is mandatory to improve 

techniques for an early diagnosis. Indeed, reversing cognitive decline becomes more difficult as AD 

progresses, since mental deterioration is too extended. Thus, medications should be administered 

in pre-clinical or mild clinical phases, in order to increase their efficacy and minimize brain 

impairment244–246. Moreover, changings in biomarkers levels during the pathology would be more 

helpful than their measure at the baseline only, since it would allow a better diagnosis as well as a 

prognosis hypothesis188,247. 

For these reasons, it is fundamental to continue searching not only for AD aetiology but also for a 

causative treatment, which could definitely halt or reverse a severe pathology that is quickly 

spreading worldwide and represents a plight of an ageing population. 
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1.8 BPSD 

The term Behavioural and Psychological Symptoms of Dementia (BPSD) was introduced in 1994 by 

the International Psychogeriatric Association248,249. 

 

 Overview 

It represents an umbrella concept to describe a wide variety of disturbances usually manifesting 

during the course of AD pathology. These symptoms include anxiety250, agitation251, apathy252,253, 

depression254,255, psychosis, aggression256, euphoria, disinhibition257, hallucination254,257, elation, 

delusion258,259, misidentification, dysphoria, irritability, wandering, aberrant motor behaviour, 

eating disorders260 and sleep disturbances318
. According to the Cache County study, they have a 

97% prevalence in dementia261 and almost all patients experience at least one of them during the 

course of the disease262. They can appear at any time263 and usually they worsen from mild to 

severe AD264,265, albeit some studies suggest that they may be more common in moderate 

pathological stages266. Moreover, they can be either episodic or persistent over long periods and 

they are thought to be predictive of poorer outcomes, such as faster cognitive deterioration and 

early death. Also, these symptoms negatively impact not only on the patient itself but also on its 

caregivers, which experience reduced quality of life267, worse health268, stress and depression269. 

Indeed, most of demented subjects are nursed by their relatives262 but the more BPSD increase, 

the higher family burden becomes, making home-care impossible. Thus, the presence of these 

symptoms often leads to a premature institutionalization, increasing the healthcare costs270,271.  

It has been demonstrated that BPSD may accompany not only overt dementia but also MCI272. 

Indeed, 35-75% of these patients experience at least one symptom and the most common are 

depression, apathy and anxiety followed by either irritability or agitation273. All of them are 

associated to later conversion to AD and, therefore, they could represent a clinical indicator to 

identify prodromal disease274. 

Considering demented patients, there are differences among symptoms included in BPSD 

spectrum, according to the clinical tests used to measure them and also depending on AD 

pathological stage. Indeed, hyperactivity and apathy show high persistence and incidence, which 

are moderate for depression and anxiety and low for psychotic symptoms275,276. Moreover, all 

these disturbances have been associated to a significant decline in cognitive functions and 
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memory266,277. In some studies, they worsen in early and moderate dementia and become stable 

in the final stages266. Also, affective symptoms are usually seen in milder impairment and younger 

age at pathology onset, whereas psychosis is typical of severe conditions and older-age 

onset278,279. 

 

 Clusters and tests 

In order to help their analysis, BPSD can be categorized either into clusters or factors. In the first 

case, patients are grouped based on their symptom profile, leading to non-overlapping clusters 

whereas, in the second one, the groups depend on the symptom itself, so that individuals may 

belong to more than one group280,281. The categories include affective symptoms (dysphoria and 

anxiety but also apathy), psychosis (delusions and hallucinations), hyperactivity (mainly irritability 

and aggression but also disinhibition and aberrant motor behaviour) and euphoria. The most 

problematic disturbance is apathy, since it is important for predicting poorer outcomes and is 

observed to be loading on any factor253. These clusters may slightly differ among the studies, 

according to the clinical instrument used to measure BPSD280,282. 

The main one is the NeuroPsychiatric Inventory (NPI), which allows the quantification of the 

frequency and severity of 12 different symptoms283,284 and its score usually increases over time. 

This test is administered to the caregivers, together with the Caregiver Burden Inventory (CBI), in 

order to evaluate also the distress experienced during patients’ assistance. However, similar 

results in BPSD assessment are obtained using other clinical scales285, such as Behavioural 

Pathology in Alzheimer’s Disease Scale286, Neurobehavioral Rating Scale287 and Behaviour Rating 

Scale for Dementia288, suggesting that these disturbances are not specific to NPI. These general 

instruments take into account not only symptoms alone but also correlations among them but, 

sometimes, this approach could introduce errors. For this reason, individual-symptom studies 

might be useful, even though they may hide the interactions among all disturbances. The most 

employed scales to assess BPSD individually analyse depression (NeuroPsychiatric Inventory 

Depression subscale (NPI-D) and Geriatric Depression Scale (GDS)) and agitation/aggression 

(Cohen-Mansfield Agitation Inventory (CMAI) and Behavioural Pathology in Alzheimer’s Disease 

(Behave-AD) aggressiveness sub-scale). 
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 Aetiology 

Unfortunately, BPSD biological causes have not been clarified yet. Some genetic associations have 

been found for psychosis and hyperactivity but not for affective symptoms289 and the frequency of 

ApoE have been linked to aggression and psychosis290,291. Nevertheless, no genes seem to have a 

strong influence on BPSD manifestations. Moreover, higher serum Aβ40/Aβ42 ratio has shown 

connections to early-onset depression, whereas psychosis has been associated to serum BDNF 

levels292, greater intracellular accumulation of hyper-phosphorylated tau and its CSF levels293,294. In 

addition, plasma GABA has been positively correlated with depression and apathy scores on 

NPI295, whereas higher Aβ42 accumulation has been related to agitation and psychosis values296,297. 

Besides biological triggers, environmental factors such as overstimulation and surroundings 

together with physical factors like pain and dehydration are believed to influence BPSD 

appearance298. However, whether these disturbances reflect neuropathological changes in AD or 

represent patients’ reaction to cognitive impairment has not been established to date. Thus, 

unrevealing the biological processes underlying these disabling symptoms is fundamental to find a 

cure. 

 

 Treatment 

Given the lack of knowledge about BPSD causes, a definite pharmacological treatment has not 

been identified yet. There are no compounds approved by FDA, thus all drugs are used off-label. 

The most employed symptomatic therapies include antidepressants, mood stabilizers, cognitive 

enhancers and antipsychotics299. Indeed, these molecules, together with neuroleptics, have been 

useful in managing aggression and agitation but a long-term treatment is characterized by an 

increase in adverse events300. On the contrary, antidepressants are efficient in treating BPSD and 

they are well-tolerated by demented elderly patients, although they have shown side effects as 

well301,302. 

Apart from these compounds, also cholinesterase inhibitors have been used to manage 

neuropsychiatric disturbances. Indeed, donepezil improves affective and psychotic symptoms but 

it has uncertain effects on hyperactivity and no influence on elation303,304, whereas galantamine 

has been useful in reducing psychotic but not affective disorders305. Nevertheless, these molecules 

are associated to severe adverse effects and this is also the case for benzodiazepines304,306–308. 
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Beyond drug-mediated approaches, non-pharmacological therapies exist and include behavioural 

and environmental interventions, such as aromatherapy, massage, acupuncture, cognitive and 

memory training, reminiscence therapy, light therapy, Snoezelen room therapy, physical activity 

and walking programmes263,309,310. Moreover, caregiver support is fundamental to ameliorate 

BPSD. Indeed, when family members are properly taught how to manage these symptoms, 

improvements in patients’ condition have been shown263,311–313. Although not devoid of any risk309, 

all these alternative approaches should be employed as a first-line treatment for neuropsychiatric 

disturbances314 but they are seldom included in clinical care because standard guidelines are still 

missing, as well as specialized staff, instruments and training programmes for caregivers315,316. 

Given the unknown and complex aetiology of BPSD, a multidimensional assessment of patients’ 

condition is essential, to better target their needs and tailor interventions317. One single treatment 

approach is unlikely, due to the variety of symptoms. Even though is not clear whether their 

treatment slows dementia decline318, multiple therapies might be helpful in reducing these severe 

and disabling disturbances, in order to mitigate both patients’ and families’ stress load and to 

reduce healthcare system economic burden. 
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Chapter 2 

Neuroinflammation 
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2.1 Brain-periphery communication 

The word neuroinflammation describes a damaging condition of the nervous system, 

characterized by the activation of the immune response and considered very peculiar because of 

the structure of the CNS itself. Indeed, it is surrounded by mechanical and biological barriers to 

protect the brain from external insults, it has a limited regenerative capacity and any impairment 

could lead to a definitive loss of function. For these reasons, neuroinflammatory processes 

contribute to neurodegeneration, dementia and functional impairment319 and their involvement in 

AD is suggested by the presence of inflammatory mediators in AD brains320,321, which are 

responsible for behavioural and metabolic changes and by the protective effect of non-steroidal 

anti-inflammatory drugs (NSAIDs) against disease development322. Moreover, chronic conditions 

with a systemic inflammatory component are able to prime the brain323,324, which is particularly 

sensitive to inflammation-driven damage in some areas325. Also, the mechanisms of 

neuroinflammation in these pathologies are similar to the ones observed in aging, strengthening 

the contribution of this process to AD development326. The goal of neuroinflammation in the 

presence of a CNS disease would be to limit the extent of the pathology and to clear tissue 

damage, promoting its repair and regeneration. Unfortunately, if uncontrolled, this useful process 

could acquire a damaging role and could lead to neuronal loss and dysfunction327,328. 

Since the brain has been considered an immune-privileged organ for a long time329, the infiltration 

of immune cells in the CNS was thought to be possible just in the presence of a blood-brain barrier 

breach, which is always accompanied by the production of pro-inflammatory cytokines and glial 

activation330. However, many studies have demonstrated that immune cells have various non-

inflammatory roles in the brain and that there is a close strictly controlled relationship between 

the CNS and the peripheral immune system331,332. Indeed, cytokines influence spreads to a central 

level through several routes and ultimately impact on neuronal development, plasticity and 

function333,334. The main way allowing these molecules to enter and affect the CNS is represented 

by circumventricular organs, which lack the blood-brain barrier but other paths exist, such as 

cytokines stimulation of endothelial cells to secrete immune factors into the brain, direct 

transportation of peripheral cytokines through the BBB by means of saturable carriers and 

activation of the vagal afferents by circulating cytokines335. 
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The bi-directional communication between CNS and peripheral immune system is known as 

neuro-immune axis336 and deeply involves the neuro-endocrine system. Indeed, the main 

mediators of these interactions are not only cytokines and chemokines but also neurotransmitters 

and hormones, which guarantee adequate reactions to endogenous and exogenous stimuli, in 

order to respond in an adaptive physiological manner. The various stressors cause the activation 

of the hypothalamic-pituitary-adrenal (HPA) axis and of the sympathetic nervous system (SNS), 

which leads to the release of glucocorticoids and catecholamines, respectively337,338. These 

molecules are necessary to transfer the stress information from the brain to peripheral organs, so 

that the body can react properly336,339. Cytokines in particular are able to stimulate the production 

of cortisol, whose levels are altered in depressed subjects340–342. The HPA axis activity is also 

potentiated by activated microglia through the release of IL-1β. Moreover, hormones influence 

microglial function by inhibiting phagocytosis, reducing ROS production and NOS release343. 

Thus, various molecules and mechanisms account for the interaction between CNS and peripheral 

immune system and they are different in physiological and pathological conditions. The fine-tuned 

control of this communication is strictly related to the final neuroprotective or neurotoxic 

outcome and, to better understand it, it is indispensable to analyse the cellular populations 

involved in these processes. 

 

2.2 Cytokines 

These molecules, being the main mediators of the immune system, are necessary to maintain 

neuronal integrity but they may also have harmful effects in some circumstances, depending on 

their concentration, on the cells that are activated and on the presence of other factors in the 

microenvironment320,344. This is especially true for pro-inflammatory cytokines, such as IL-1β, IL-6, 

TNF-α and IFN-γ, whose levels can increase not only following an inflammatory stimulus but also 

because of stress345, leading to damaged neurogenesis and impaired neuronal homeostasis346,347. 

Indeed, IL-1β regulates BDNF activity but also stimulates immune cells to produce other pro-

inflammatory cytokines, activates microglia and favours neurodegeneration by enhancing tau 

hyper-phosphorylation348,349. In a similar way, IL-6 influences Long Term Potentiation and memory 

but mediates the synthesis of acute phase proteins too344,348. Likewise, TNF-α modulates the 

synaptic strength and preservation but, on the other hand, has a role in apoptosis, 
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neurodegenerative processes, excitotoxicity and decreased proliferation350 and, similarly, IFN-γ 

enhances neurogenesis but might also reduce it351. Not only pro-inflammatory cytokines but also 

anti-inflammatory ones are very important to regulate microglial function. They include TGF-β, IL-

4, IL-10 and IL-13352–354, which showed the ability to modulate Aβ-induced production of pro-

inflammatory mediators355,356. Moreover, these factors are essential to allow tissue remodelling 

after injury and especially IL-10 is very effective in protecting the environment from different 

insults357–359. 

Alterations in cytokines levels are detected during an infection and are responsible for a set of 

changes overall known as sickness behaviour360,361. This condition, depicted by a depressive-like 

mood, lethargic features and disinterest in exploring the surroundings, eating and drinking362, 

underlines the important relationship between immunological mechanisms and behavioural 

disturbances and reinforces the involvement of the immune system in generating brain 

vulnerability to psychiatric disorders363–365. Indeed, elevated concentrations of IL-1β, IL-6, IL-12 

and TNF-α have been found in various mental disorders such as autism and schizophrenia366–369. 

On the other hand, chronic psychosocial stress is able to influence and activate the immune 

function336,370 and it is responsible for the up-regulation of pro-inflammatory mediators in 

peripheral leucocytes339,371. 

 

2.3 Microglia 

Microglia are considered the resident macrophages of the CNS and represent approximately 10%-

15% of all brain cells372,373. They derive from an erythromyeloid progenitor in the yolk sac, which 

differentiates during embryonic development thanks to the interaction between colony 

stimulating factor-1 receptor (CSF1R) and its ligands colony stimulating factor-1 (CSF1) and IL-

34374–377. This primitive microglial cell divides and, by means of active blood circulation374,378, 

colonizes the brain in a heterogeneous manner374,378,379 even in the post-natal period, once BBB is 

closed, demonstrating that this population self-renews and is replenished by proliferating 

microglial precursors throughout adult life374,378–380. 
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 Healthy microglia 

Microglia were initially described using a dichotomous paradigm, distinguishing between a 

ramified static condition and an amoeboid inflamed one, even though it is now clear that this 

second activated state can be displayed also in the absence of neuroinflammation and this mainly 

happens during foetal development and early post-natal life381,382. In the first case, the 

physiological quiescent cells, also known as resting, possess ramified processes to constantly 

screen the microenvironment383–385. Indeed, they are endowed with immune functions such as 

debris removal, infections restriction and tissue reparation but, on the other hand, they are also 

very important to maintain brain homeostasis during development, adulthood and aging386. 

Speaking of this non-immune context, they are implicated in multiple functions like activity-

dependent synaptic pruning and stripping, excitatory synapsis maturation, axons growth, neuronal 

differentiation, astrocytes proliferation, angiogenesis and apoptosis387–390. To carry these tasks 

out, these cells count on a unique transcriptional signature TGF-β-dependent391 and release 

trophic factors like BDNF, NGF, IGF-1 and GDNF, neurotransmitters and neuromodulators384,392, 

which influence astrocytes and neurons393. 

Moreover, microglia constitutively express pattern recognition receptors (PRRs) and Toll-like 

receptors (TLRs)394–396, which bind pathogen- and damage-associated molecular patterns (PAMPs 

and DAMPs, respectively), such as bacterial molecules, neuronal ATP or aberrant endogenous 

proteins397,398. Once these cells come in contact with an activating stimulus, they retract their 

branches to acquire a condensed structure399 and they rapidly move towards the lesion site400,401, 

where they promote an inflammatory response, which depends from surface receptors for 

complement, cytokines, chemokines and major histocompatibility complex II (MHC-II)402,403 and 

which is normally self-limited, in order to restore tissue homeostasis400,404. Given their elevated 

plasticity, microglial cells are able to change their phenotype and function according to external 

stimuli, which deeply affect their differentiation, switching them towards a neuroprotective or a 

neurotoxic phenotype405,406. Indeed, following activation, these cells either assume an M1 pro-

inflammatory or an M2 anti-inflammatory phenotype. In the first case, LPS or IFN-γ usually 

represent the trigger, whereas, in the second one, the response is initiated by IL-4 or IL-13. The 

M1-microglia produce TNF-α, IL-1β, IL-6, NOS, superoxide, hydrogen peroxide and matrix 

metalloproteinases, which are helpful in host defence but can also damage neurons407. On the 

contrary, M2-microglia release IL-10 and arginase-1 that promote tissue remodelling and 
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repair387,408. Although these extreme phenotypes are useful to describe microglia activation, 

transcriptome-based studies have demonstrated that there are many other dynamic intermediate 

heterogeneous functional states, which reflect a continuous spectrum rather than discrete 

groups407,409,410 and this huge diversity is finely controlled by cytokines, which are fundamental in 

both physiological and pathological conditions in the brain. 

 

 Microglia and ageing 

Ageing is associated to immune senescence, that is overall deterioration of the immune system411, 

which leads to a decreased capacity of fighting infections in elderly412,413. Indeed, in these subjects, 

microglia repairing abilities become dysregulated and these cells acquire an irregular distribution 

and shorter cellular processes414–416, converting to a basal chronic mild activated state 

characterized by a decreased responsiveness to anti-inflammatory signals like TGF-β and IL-4417–419 

and by the upregulated expression of many inflammatory markers such as MHC-II and CD86420,421. 

This sensitization, which accounts for impaired physiological roles as well as for exaggerated 

immune responses to stimuli, is normally called microglial priming335,418,422,423 and it might 

represent either a compensatory mechanism for microglia declining function or their incapability 

to return to a basal state380,424,425. A further boost to these primed cells comes from the 

upregulation of pro-inflammatory factors together with a deficit in the anti-inflammatory ones, 

which is typical of aged brains418,426 and establishes a chronic enhanced activation of the immune 

system. This condition has been linked to an increased risk of developing cognitive dysfunctions, 

brain disorders and neurodegenerative diseases427 and, indeed, ageing is considered a risk factor 

for cognitive decline, even though cognitive decline is not always present in ageing428,429. 

 

 Microglia and AD 

Due to homeostatic mechanisms failure, uncontrolled immune reactions have been observed in 

AD as well. Indeed, Aβ aggregates cause neuronal stress and hypersensitization of microglia430, 

inducing their activation. This process is considered an early event in the pathology405,431 and, if 

these activated cells are not able to return to a basal state, it is responsible for disease 

worsening432,433 and represents one of the main hallmarks of persistent and damaging 

neuroinflammation377,434,435. This condition is usually accompanied by chronic stimulation of 
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perivascular macrophages and astrocytes proliferation, since Aβ is able to induce the inflammatory 

process not only by indirect microglial stimulation but also through the inflammasome activation 

and the recruitment of reactive astrocytes and monocytes436–438. Moreover, the amyloid peptide is 

considered a direct trigger for inflammation, because its fibrils favour IL-1β-positive microglia 

recruitment at deposition sites and these cells seem to be involved in Aβ phagocytosis320,439–441. In 

support of this evidence, it has been shown that a strong pro-inflammatory stimulus within the 

CNS reduces amyloid load by enhancing microglial phagocytic activity and release of neurotrophic 

factors442, even though some studies have demonstrated that these cells might no longer be able 

to process and degrade Aβ443,444. Thus, their beneficial role in preventing plaques formation is not 

permanent, since they soon become dysfunctional because of the altered expression of pro-

inflammatory mediators430,445. These are thought to contribute to AD, given that their excessive 

concentration is profoundly harmful to neurons and brain microenvironment. Indeed, higher 

levels of IL-1β, iNOS, IL-6, TNF-α, chemokines, adhesion molecules and acute phase proteins are 

usually associated to an M1-phenotype in central immune cells and result in their long-lasting 

activation, which produces ROS, RNS and other neurotoxic substances, generating a vicious cycle 

of neuroinflammation446–451. Thus, this process might have a neuroprotective or a cytotoxic role, 

depending on the context and its precise function in the disease has not been clearly clarified 

yet452. Recent data seem to indicate that the microglial M1 phenotype is typical of early 

pathology453, whereas the M2a state is more frequent in the advanced one and yields to greater 

Aβ deposits, because its phagocytic activity is impaired454. 

Moreover, abnormal cytokines levels are believed to be involved in the genesis of non-cognitive 

symptoms in AD patients455,456, in which higher CSF levels of IL-6 and IL-8 or IL-10 have been 

associated to increased or lower NPI scores, respectively284,457,458, as well as to depression and 

anxiety459–461. The same molecules have been found to be elevated in the serum and in the CSF of 

the same subjects462–465 and some polymorphisms in immune genes represent even a risk factor 

for the pathology466–468. One of these genetic variants is located in the triggering receptor 

expressed on myeloid cells 2 (TREM2) gene, which promotes the M2a activation state of microglia 

and has been linked to an increased risk of late-onset AD469,470. Other susceptibility alleles have 

been found in the CD33 gene, responsible for inhibiting directly microglial Aβ uptake and in the 

ApoE one, which is involved in the amyloid peptide clearance469,471–473. 
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Even though Aβ represents a trigger for microglial cells, it has also been shown to prevent plaques 

formation in immunization trials474 and LPS stimulation lowered amyloid deposition as well, 

stimulating microglia clearing properties475. On the contrary, these cells are also identified in 

neurofibrillary tangles and they are able to influence tau phosphorylation but, in this case, LPS 

peripheral injection exacerbates the pathology rather than ameliorating it476,477. Thus, even 

though both Aβ and tau elicit microglial activation478,479, they stimulate different aspects of the 

neuroinflammatory response linked to these cells and sometimes it is difficult to identify if the 

immune response has a beneficial or a toxic role in the brain. 

To date, PET exams demonstrate that AD patients have an increased number of activated 

microglial cells, which well correlates with memory impairment431,480 but the tracer normally 

employed as activation marker does not reflect the whole functional spectrum of microglia481,482. 

For this reason, it is more informative to parallel PET results with cytokines measurement in the 

CSF462, even though both methods are not very practical, because either they are expensive or 

risky. Moreover, they could be influenced by peripheral cells entering the brain and expressing 

CNS antigens483. Indeed, it is now clear that microglia, monocytes and macrophages share many 

surface markers and also that the central immune response parallels the one outside the CNS484. 

Thus, many concepts related to these peripheral cells have been also applied to 

neuroinflammation355. 

 

2.4 Peripheral Monocytes 

Monocytes derive from a haematopoietic precursor located in the bone marrow, which is able to 

self-renew and gives rise to incompletely differentiated cells belonging to the phagocytes 

system485,486. Similarly to microglia, the main cytokine driving monocytes development is M-CSF, 

also known as CSF-1, which seems to stimulate their production by inhibiting their apoptotic 

death487,488. 

 

 Healthy monocytes 

These cells are characterized by the expression of CD115, CD11c, CD14 and CD16 in humans or 

CD115, CD11b and Ly6C in mice489,490, whereas the chemokines receptors CX3CR1 and CCR2 are 
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typical of both species. Moreover, in humans, depending on the levels of these markers, it is 

possible to identify different subsets called classical (CD14++ CD16-), intermediate (CD14++ CD16+) 

and non-classical (CD14+ CD16++)489,491,492. These subgroups become two in mice, since they 

possess a pro-inflammatory subpopulation (CX3CR1low CCR2+ Ly6Chigh) and an anti-inflammatory 

one (CX3CR1high CCR2- Ly6Clow)493,494, which is responsible for patrolling the luminal endothelium 

thanks to the interaction between LFA-1 and ICAM-1495–497. However, even though this subdivision 

is useful to identify the main function of these cells, it is now clear that their composition, like the 

microglial one, is more complex and wide. 

Monocytes represent phagocytes involved in the organism defence against external or internal 

stressors. For this reason, they are endowed with scavenger receptors, low-density lipoprotein 

receptors, TLRs, chemokines and cytokines receptors, allowing them to recognize PAMPs and 

DAMPs490,498,499 and they also express MHC-II, which makes them able to present antigens500,501. 

Indeed, being circulating phagocytes, they monitor the environment to maintain homeostasis and, 

in physiological conditions, they are able to enter the CNS either through the blood-CSF barrier or 

across the subarachnoid space502–504. This transfer of immune cells with intact BBB has been 

recently confirmed by the discovery of a lymphatic system in the dural sinuses332. Once in the 

target tissue, monocytes differentiate in macrophages505, which are important for phagocytic 

activity, host defence, removal of apoptotic cells, remodelling of extracellular matrix, tissue 

homeostasis and development506,507. Indeed, they are a source of growth factors to perform 

tissue-repair508,509 and, just like microglia, they show the ability to polarize their phenotype 

towards a wide functional spectrum510. This is characterized by an M1-pro-inflammatory state, 

which is important as a defence mechanism against microbes or by different non-classical 

activation ones511,512. These are classified as M2a-wound healing (stimulated by IL-4 and IL-13, 

involved in extracellular matrix remodelling and characterized by high IL-1Ra and arginase 

expression), M2b (stimulated by immune complexes, TLR activation and IL-1R ligands, 

characterized by high arginase, IL-1β, TNF-α, IL-6 and low IL-12 expression and identified by the 

specific marker CD86) and regulatory-M2c (stimulated by IL-10, involved in anti-inflammatory 

functions and characterized by high TGF-β and IL-10 expression)513,514. This last state can also be 

induced by the glucocorticoids produced following HPA axis activation and it helps the survival of 

organisms515. 
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Given their repairing properties, macrophages always try to restore homeostasis alone but, if 

inflammation is highly severe, they might need external help, so they recruit neutrophils and 

monocytes from the periphery. 

 

 Monocytes and AD 

Many evidences suggest that a systemic inflammatory response could strongly result in leucocytes 

infiltration from the blood to the parenchymal perivascular space of the CNS, leading to 

neuroinflammation and neurodegeneration504. Indeed, the initial trigger activates microglia, which 

release pro-inflammatory mediators favouring BBB permeabilization to monocytes516,517. 

Moreover, these migrating cells are sensitive to chemokines gradients and their recruitment into 

the brain is assisted by the upregulation of adhesion molecules on the endothelium, in order to 

guide their rolling and diapedesis518–520. 

In physiological circumstances, monocytes are restricted to CNS borders but, during aging and 

pathological conditions, monopoiesis is highly induced by GM-CSF upregulation521 and BBB 

permeability increases522, so that these peripheral cells can quickly and easily reach the brain 

when required, acquiring different phenotypes according to the entrance site523 and expressing 

chemokines receptors that guide them towards the injured site524–526. Even though they share the 

same morphology, these infiltrating monocytes might be distinguished from resident microglia 

thanks to specific markers and they seem to have distinct roles in pathological conditions like 

AD442,527. Indeed, whether microglia prevent amyloid plaques formation, monocytes-derived 

macrophages clear Aβ deposits more efficiently494,526,528. This microglial cells inability to recognize 

damaging molecules most likely stems from their long-life exposure to CNS environment, which 

induces a tolerance state in them and makes the presence of additional phagocytes 

necessary529,530. Their brain infiltration is further supported by different studies demonstrating 

that the immune cells found around amyloid plaques do not belong only to the resident microglial 

pool but also to the myeloid progenitors one441,531. Indeed, preventing monocytes recruitment 

increased Aβ deposits, confirming their important clearance role526. However, despite their 

essential function, these cells have been shown to display poor differentiation and impaired 

phagocytosis both during aging and AD532,533 and their number is decreased in MCI patients 

compared to AD ones534. 
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There are different chemokines responsible for peripheral monocytes attraction to the CNS, such 

as CCL7 or CCL5 but the main one is CCL2, which is also known as monocyte chemoattractant 

protein (MCP-1)528,535,536. Following an inflammatory stimulus, this molecule is strongly 

upregulated and induces an increased differentiation of bone marrow precursors537,538. On the 

other hand, it seems to regulate BBB permeability to facilitate leucocytes transmigration and, 

indeed, it has been shown to contribute to barrier opening during their extravasation539,540. Also, 

its mRNA levels are altered in peripheral cells of AD patients and Aβ is able to induce its 

production, stimulating monocytes infiltration and differentiation in macrophages in a dose-

dependent manner541. Moreover, it is highly produced by microglia surrounding amyloid plaques 

in the brain542,543 and it is believed to intensify their formation by enhancing ApoE 

expression544,545. It also displays higher levels in the CSF, serum, plasma and PBMC of both AD 

patients and MCI-to-AD ones and this increase not only is considered an early event in the 

pathogenesis546 but also seems to correlate with a faster cognitive decline247,547. However, it is not 

clear whether this molecule represents a risk or a protective factor, because in some 

circumstances it seems to boost microglial Aβ uptake544. Some studies have demonstrated that 

knocking-out the CCL2 receptor (CCR2), which is mainly expressed on the surface of 

monocytes548,549, reduces both their migration to the CNS and anxiety-like behaviour, underlining 

CCR2 important role in peripheral cells infiltration and strengthening the influence of this process 

on the genesis of psychiatric disturbances550–552. 

In addition, peripheral immune challenges, as well as ageing, represent a second hit for already 

primed immune cells455,553,554 and enhance their activation. In case of underlying AD pathology, 

these stimulations induce cognitive and behavioural impairments, together with further disease 

progression555–558 but it is not clear yet whether they contribute to initiate AD or if they just 

accelerate it427,559,560. Also, these deficits are accompanied by increased levels of pro-inflammatory 

cytokines561. On the other hand, the chronic inflammatory condition responsible for microglial 

priming can cause BBB damages in early pathological stages562,563. This barrier is very important to 

eliminate the amyloid peptide in collaboration with the peripheral immune system, through 

different mechanisms like Aβ oligomer enzymatic degradation, Aβ transport by special carriers or 

cerebral interstitial fluid, Aβ phagocytosis by patrolling monocytes or microglia526,564. Moreover, 

perivascular macrophages, which represent a distinct cellular population replenished by circulating 

monocytes and expressing CD163 as well as CD206, act as antigen-presenting cells and actively 
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respond to brain inflammation, lowering amyloid deposits and helping BBB with Aβ 

clearance374,377,565. 

However, when the peptide accumulation in the perivascular space worsens, it is responsible for 

the decreased expression of tight junctions between endothelial cells and causes an increased BBB 

permeability. Due to this leakage, blood-born molecules highly concentrate in this area and trigger 

BBB total breakdown563. 

 

2.5 Neutrophils 

Representing 50-70% of human circulating leukocytes, neutrophils are actively involved in acute 

inflammation and they quickly localize in the injured area to promote pathogens killing and 

clearance. 

 

 Neutrophils in Physiology 

In physiological conditions, these polymorphonucleates derive from bone marrow precursors that 

differentiate due to GM-CSF exposure566 but the mature cells are also found in spleen, liver and 

lung567. They are very short-lived and, following cellular ageing, they up-regulate CXCR4 that 

guides them back to the bone marrow, in order to be eliminated. Moreover, they contain 

azurophilic granules filled with myeloperoxidase (MPO), secondary granules containing lactoferrin 

and gelatinase granules including MMP-9568, which are all used to fight infections. However, given 

that the content of these organelles is highly damaging for the host itself, neutrophils’ response to 

pathogens has to be strictly regulated. Normally, they are able to remove these inflammatory 

triggers by means of phagocytosis, degranulation or Neutrophil Extracellular Traps (NETs) release. 

 

 Neutrophils Extracellular Traps 

In case of infection, immune resident sentinels in the damaged area produce inflammatory 

mediators that induce changes on the endothelial surface, in order to facilitate neutrophils 

recruitment 569. Following an IL-1β or a TNF-α chemotactic gradient, these cells start to roll inside 

blood vessels and contact the ICAMs proteins on the endothelium with their lymphocyte function-

associated antigen (LFA-1). This bond might slow down neutrophils rolling 567,570, which is followed 



32 
 

by full arrest and crawling 571,572. This process is necessary for these cells to transmigrate through 

both the endothelium and the basement membrane, involving several adhesion and junction 

proteins 573,574. Once neutrophils reach the injured tissue, they orchestrate an immune response to 

eliminate the inflammatory trigger and NETs release represents a recently discovered mechanism 

used by these activated cells to trap and eliminate extracellular pathogens575. These assemblies 

consist in large, web-like structures containing cytosol and granules proteins such as neutrophil 

elastase (NE), myeloperoxidase (MPO), cathepsin G, calprotectin, cathelicidins, defensins, which 

are all attached to decondensed chromatin575 mainly deriving from nuclear DNA but also from the 

mitochondrial one576. Their release, which is called NETosis577, starts with neutrophils’ 

depolarization, inducing nuclear envelope disassembly and chromatin decondensation577,578. This 

process causes DNA to mix with granules proteins and it is often accompanied by modifications 

like histone deamination or citrullination579,580. Next, following plasma membrane 

permeabilization, the cellular content expands outside the cells, few hours later their activation 

and eliminates the inflammatory trigger. NETosis are normally stimulated by large pathogens that 

could not be ingested by phagocytosis and strictly depend on ROS production as well as NE nuclear 

translocation, in order to elicit chromatin decondensation581,582. Moreover, it has been 

demonstrated that NETs formation might be promoted by neutrophils interaction with platelets 

formerly stimulated by LPS583. 

 

 Neutrophils and AD 

Several evidences have shown that circulating neutrophils infiltrate AD brains in different mouse 

models and accumulate near amyloid plaques in a non-random manner584. In line with that, 

oligomeric and fibrillary Aβ peptide seems to suppress the apoptosis of these cells585 and to induce 

their chemotaxis through both LFA-1 transition to its high-affinity state and ICAM up-regulation586, 

which facilitate cellular adhesion to vessels endothelium for subsequent extravasation586. It has 

been proposed that plaque-associated glial cells might release chemokines to attract neutrophils 

and that these cells migrate towards amyloid deposits to engulf them and to allow their further 

elimination by microglia584,587. However, even though their role in the pathology is still debated, 

there are evidences of IL-17 and NETs presence in AD mice brains586, where they have been 

demonstrated to induce cognitive deficits and neuropathological changes584,586. These 

impairments appear to be rescued by neutrophils depletion as well as by the transient blockage of 
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LFA-1 integrin, which controls their vascular adhesion, extravasation and intraparenchymal 

motility586 raising the possibility of a therapeutic treatment limiting their migration and 

infiltration586,588,589. Moreover, the animals in which cognitive functions were restored displayed 

less microgliosis, leading to the hypothesis of a neutrophils-dependent glial cells activation that 

establishes an inflammatory vicious cycle590,591. 

Similarly, neutrophils and NETs have been also identified in both blood vessels and brain 

parenchyma of human AD patients, indicating a possible damaging role for their 

transmigration584,586. Indeed, the toxic phenotype acquired by these peripheral cells following 

activation has already been shown to compromise BBB and neurons592–594. Moreover, NETs were 

observed near amyloid deposits in diseased subjects595 and seem to degrade Aβ fibrils into 

oligomers that could, in turn, boost neutrophils stimulation. Also, upregulated levels of pro-

inflammatory cytokines have been detected in brain as well as CSF of both AD patients and MCI 

ones, in comparison with healthy individuals and it has been proposed that they could contribute 

to intravascular NETosis596. On the other hand, some studies have demonstrated that AD is 

associated to an increased number of neutrophils, which also display a more elevated oxidative 

stress burden. Furthermore, in diseased subjects, a higher neutrophil/lymphocyte ratio (NLR) has 

been identified and it could be used as a marker to recognize peripheral inflammation in the 

pathology597, even though this parameter displayed limitations in predicting MCI-to-AD 

transition598. 

For these reasons, neutrophils seem to be deeply involved in the inflammatory response 

accompanying neurodegeneration and their role in AD offers new possibilities as regards 

pharmacological therapy. Thus, they deserve a comprehensive study, in order to unravel their 

beneficial and detrimental functions in the pathological context. 

 

 Neutrophils and Inflammasome 

As previously said, NETs contain decondensed chromatin and it has been demonstrated that 

histones released in the extracellular space act as DAMPs, boosting the inflammatory response 

through the stimulation of TLRs and NLRP3 inflammasome599, which was first described in 2002600 

and consists of an intracellular protein complex formed by nucleotide-binding oligomerization 

domain-like receptor family, pyrin domain-containing-3 (NLRP3) sensor, apoptosis-associated 

speck–caspase recruit domain (ASC) adaptor and pro-caspase-1601. Its activation is normally 
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triggered by several microbes or aggregated Aβ602 and leads to caspase-1 production, followed by 

IL-1β cleavage603. However, this is a two-steps process involving a priming phase to transcribe 

NLRP3 as well as pro-IL-1β and a second stage characterized by the assembly of the whole 

complex. To date, amyloid peptide phagocytosis is believed to be the first stimulus in NLRP3 

inflammasome activation602, whereas CD36 represents a mediator to convey the signal from Aβ to 

NLRP3 protein604 and, in accordance with these data, high levels of IL-1β and active caspase-1 have 

been found in brains of AD patients. On the contrary, the concentration of these proteins is 

unaltered in healthy subjects, suggesting that they could assemble the inflammasome complex 

but, differently from diseased individuals, they lack the indispensable signals to trigger its 

activation605. 

Interestingly, familial AD mouse models deficient in either NLRP3 or caspase-1 gene have shown 

improvements in cognitive decline, no spine loss in cortical neurons as well as reduced amyloid 

deposition605, even though APP processing and expression were unaffected. Moreover, they 

displayed increased microglial Aβ phagocytosis, raising the possibility that inflammasome 

activation contributes to AD pathogenesis also through the impairment of this process605. 

Given that the abnormal activation of NLRP3 inflammasome has been linked to multiple impaired 

functions606,607, this process should be strictly controlled and could represent a target for a 

pharmacological therapy aimed to ameliorating AD symptoms. 

 

2.6 Delirium 

Delirium is one of the most common acute-onset and severe neuropsychiatric syndromes affecting 

hospitalized elderly patients. 

 

 Overview 

According to the DSM-V, it is characterized by impaired consciousness, heterogeneity, fluctuation 

over time608–610 and inattention, which is considered its hallmark feature611,612. These symptoms 

are often accompanied by other disturbances609 either cognitive (memory deficits, disorientation 

or language difficulties), emotional or behavioural (sleep-wake disorders, affective lability, 

psychosis, delusions and motor problems)613–615. This syndrome is described as a confusional state 
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due to a dysfunctional homeostatic reaction following precipitating factors called direct brain 

insults, such as changes in medication, surgery, trauma, or metabolic imbalances611,616,617. 

However, there are also major predisposing elements to this condition. Indeed, individuals with 

more vulnerable brains because of advanced age or pre-existing dementia613,618, can manifest 

delirium following mild noxious stimuli, which would be harmless to healthy people619. Linking 

these aberrant stress responses to the pathology is definitely more difficult because they consist 

mainly in the activation of the hypothalamic-pituitary-adrenal (HPA) axis and in peripheral or 

systemic infections333, which don’t involve directly the brain and make delirium under-diagnosed 

in 32-66% of patients620–622. 

 

 Clinical features 

The overall prevalence of this pathology among bedridden patients is higher than 10% but it rises 

to 20% in older ones and exceeds 50% in post-operative hip fracture subjects623. Depending on the 

level of arousal, delirium can be hypoactive, hyperactive or mixed624,625 and in all these variants 

there may be HPA axis activation. The mixed type is the most common626 but shifts between 

hypoactive and hyperactive forms are also frequently observed627. This condition is usually a 

transient disorder, lasting hours to days but some patients experience longer episodes called 

persistent delirium and still exhibit symptoms months after the onset628. Regardless of its duration, 

this pathology is associated with longer periods of hospitalization, higher mortality, increased 

likelihood of dementia and acceleration of pre-existing cognitive decline618,629–631. Prior 

impairment in cognition, especially, is the most common risk factor involved in the development 

of delirium superimposed on dementia (DSD). Its prevalence in demented patients, ranging from 

13% to 89%618,632, is much more higher than that in cognitively unimpaired individuals and up to 

76% of DSD subjects die within one year from the first episode618,633. However, identifying this 

particular condition is quite challenging, because confusion in older patients is often ascribed to 

ageing or dementia itself and is not considered as an acute disorder634. Despite the existence of 

screening tools to detect delirium like the Memorial Delirium Assessment Scale635, the Delirium 

Rating Scale–Revised–98636 and the Cognitive Test for Delirium637, a deep knowledge of the 

baseline cognitive performance of the patient is necessary. Otherwise, the neuropsychological 

impairment measured by these tests could be attributed to mild or severe AD, also given that 

inattention is present in both early and advanced stages of the disease638. It has been proposed 
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that delirium may become a chronic disorder in demented subjects, manifesting with persistent 

symptoms interrupted by acute episodes639,640 and it would be useful to develop objective 

assessment of attention and detailed evaluation of consciousness levels641,642 to help 

distinguishing between the two conditions. 

 

 Aetiology 

As regards delirium causes, they have not been fully identified yet624 but the two main hypothesis 

point to cholinergic deficiency and neuroinflammation. 

The first theory argues that the CNS modulates the innate immune response by means of the so-

called cholinergic anti-inflammatory pathway, that is the descendent part of the anti-

inflammatory reflex, comprising afferent and efferent fibres of the vagus nerve643. Indeed, its 

activation leads to the suppression of LPS-induced systemic inflammation643,644, through the 

peripheral release of acetylcholine. This neurotransmitter exerts its anti-inflammatory effect by 

binding to the α7 nicotinic receptor, which is expressed especially in the spleen but also in 

microglial645 and immune cells643,646. This homeostatic mechanism is necessary to maintain the 

pro-inflammatory responses within an adequate range643 and its efficacy depends on the 

expression of acetylcholine receptors in periphery647. Cholinergic signalling in the brain is 

important for arousal, sleep, attention and mnemonic processes648. In confirmation of this 

involvement, when inflammation interferes with ACh release, transient deficits of the working 

memory are detected649,650. Moreover, anticholinesterase drugs used for AD could be beneficial 

for delirium651–653 which, on the contrary, may be induced by side effects of anticholinergic 

treatments654,655. Thus, an altered cholinergic function seems to have an important role in 

cognition disturbances and could also be considered as a risk marker for delirium itself656. Indeed, 

individuals developing this post-operative condition show lower plasma cholinesterase activity 

even before surgery whereas high serum anticholinergic activity is associated with a severe 

pathology657. 

The second theory, instead, claims that delirium is precipitated by systemic inflammation658–660. 

Indeed, this condition can induce acute changes in working memory in both aged and already-

experiencing-neurodegeneration animals661. These alterations are comparable to those observed 

in elderly and demented patients according to DSM-IV and, usually, after these episodes, these 

subjects’ cognitive deficits get worse. 
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The body response to an infection or surgical intervention is known as sickness behaviour662 and it 

is characterized by the production and release of pro-inflammatory cytokines, activation of the 

inflammatory pathways and recruitment of immune cells. Moreover, it accounts for mood 

changes, fatigue, psychomotor slowing, lack of energies and motivation, anorexia, sleep 

disturbances, depression, anhedonia, anxiety and memory deficits663. Anti-inflammatory 

mediators are able to restore homeostasis but if they fail in counteracting this acute reaction, the 

pro-inflammatory response will be too strong and harmful to the tissue itself. An imbalance of this 

sensitive mechanism is believed to be responsible for delirium664,665 but it might not be sufficient 

to induce this condition in healthy brains666. However, if a trigger like genetic predisposition, 

ageing or neurodegeneration is already present, even mild inflammatory stimuli can cause 

excessive and uncontrolled reactions leading to severe cognitive deficits629,667. Moreover, every 

successive challenge is more difficult to recover668. Thus, delirium can be considered a 

maladaptive response of the brain to systemic inflammation, due to a lower functional reserve 

and its seriousness depends also on the area affected by prior vulnerability669. 

Consistent with cytokines’ pathogenic role, higher plasma levels of IL-6, IL-8, IL-10 and C-reactive 

protein have been found in delirium patients611,670,671 whereas, comparing pre- and post-operative 

subjects, only IL-8 has shown increased concentrations in CSF672. Although these results have not 

always been confirmed673, raised pro-inflammatory mediators such as TNF-α and IL-6 have been 

associated to more severe neuropsychiatric manifestations and faster cognitive decline in AD 

patients460,670,674, since they are able to boost ROS production and neuronal cell death675. These 

outcomes are supported by different animal studies, in which systemic administration of LPS 

induces a robust immune response, responsible for behavioural anomalies similar to those 

experienced by delirious subjects667. Beyond evaluating the pro-inflammatory reaction per se, it 

could be useful to take into account both pro- and anti-inflammatory mediators’ levels in different 

body fluids, to monitor the homeostatic breakdown in its entirety676. Moreover, HPA axis’ 

dysfunction is often observed in elderly and demented patients and it is responsible for immune 

changes and cognitive deterioration677–680. Indeed, in delirious subjects and also in healthy ones 

after systemic injection of LPS or IL-1β681, elevated plasma and CSF cortisol levels have been found. 

Moreover, high concentrations of this substance may be responsible for delirium precipitation in 

vulnerable subjects682,683 and restoring their corticosteroids’ baseline requires longer time684,685. 

On the other hand, HPA axis activation leads to glucocorticoids’ production and these molecules 

can contribute to microglial priming in some cases, even though they have an anti-inflammatory 
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function686,687. Indeed, delirium patients show not only microglia but also astrocytes 

activation670,688. 

 

 Therapy 

Given the multifactorial aetiology of delirium, there are no safe and effective licensed treatments 

available to date. Pharmacological approaches are aimed at reducing symptoms using 

antipsychotics or sedatives689 but these medicaments have severe adverse effects690, are not 

always effective691 and, in some cases, may aggravate confusion and prolong its duration692. Thus, 

delirium prevention is achieved using other strategies, including early ambulation, frequent 

orientation to surroundings, consistent use of hearing aids and glasses, cognitive stimulation, 

optimal nutrition and hydration693. Indeed, the incidence of this pathology has been demonstrated 

to be higher in hospitalized subjects than in home-treated ones694,695. Even though their efficacy is 

not always evident, non-pharmacological treatments are preferred as first-line intervention to 

avoid a complicated condition, which is very stressful not only for the patient itself but also for the 

caregiver613,614. 

Although delirium represents a huge medical problem, there is no widely accepted animal model 

to study this condition to date. This is due to its multifactorial aetiology and also to its clinical 

characteristics. Indeed, being inattention its main hallmark, prefrontal cortex abnormalities are 

clearly involved in its pathogenesis696,697. However, most of research considering inflammation and 

cognitive disturbances concentrates on hippocampus only, which is not the area responsible for 

pathological symptoms. Thus, to achieve significant results, it could be useful to change the 

experimental paradigm, in order to focus on brain areas really implicated in this condition. 
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Chapter 3 

TSPO/DBI system 
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3.1 TSPO Overview 

In contrast to Central Benzodiazepine Receptor (CBR), which is expressed in the CNS only698,699, 

Translocator Protein 18-kDa (TSPO) is a peripheral site for benzodiazepines’ (BDZ) binding700,701. 

Indeed, after being first described in 1977, it was called Peripheral Benzodiazepine Receptor (PBR), 

because of its ability to form a high affinity complex with diazepam701. Although its mRNA is 

ubiquitously present in the whole body, PBR expression is not homogeneous among and within 

different tissues701, probably because of a distinct translational regulation702. The highest levels 

are detected in endocrine tissues such as adrenal glands and gonads701, whereas intermediate 

levels are typical of kidney and heart. Instead, PBR is present in very low levels in liver and healthy 

brain701,703, in which it is mainly found in ependymal cells, choroid plexus704,705, some neuronal 

populations701,706, microglia707,708 and reactive astrocytes709. Moreover, it is also expressed in 

platelets as well as in polymorphonucleates710 and peripheral blood mononuclear cells, especially 

monocytes711,712. 

As concerns subcellular localization, this receptor is mainly placed on the outer mitochondrial 

membrane701 but it has been found also on the plasma membrane of some cells like erythrocytes 

and monocytes713,714, in the nucleus714–716 and in microsomal compartments such as Golgi 

apparatus, lysosomes and peroxisomes715. 

 

 Structure 

TSPO is an integral membrane protein that consists of 169 aminoacids forming a five α-helices 

structure, with an extra-mitochondrial C-terminal and an intra-mitochondrial N-terminal717–719. It 

crosses the lipid bilayer because of its high hydrophobic properties and tryptophan 

abundance718,720. Moreover, the C-terminal contains a CRAC motif, which is able to recognize and 

bind a cholesterol molecule with high affinity721, providing that the site is not mutated in specific 

positions722. 

 

 Gene 

This protein is encoded by a highly conserved single-copy gene located on chromosome 22q13.3 

and containing 4 exons and 3 introns723. It is an ancient but non-essential gene724 and this 
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characteristic makes it more suitable to be involved in disease pathogenesis725. Moreover, exon 2 

contains a single-nucleotide polymorphism (SNP) classified rs6971, which causes a non-

conservative alanine-to-threonine substitution in position 147. Being it near the CRAC motif717,721, 

it has been suggested that it could affect cholesterol binding726,727. Indeed, the threonine allelic 

variant has been associated with reduced pregnenolone production by immune cells in both 

heterozygous and homozygous individuals728, suggesting its dominant effect in altering 

neurosteroids’ production. Given the role of these molecules in mood control706, the SNP has 

shown a higher frequency in patients suffering from depression and adult separation anxiety728. 

Moreover, it seems to increase susceptibility to panic disorder729 and to be associated with bipolar 

disorder diagnosis730. Thus, this mutation seems to be linked to different psychiatric conditions 

and deserves further detailed studies. 

 

3.2 TSPO in Physiology 

Even though CBR and PBR share a common ligand, they have different pharmacological, structural 

and functional properties. 

Indeed, the first one forms a complex with central GABAA receptor, which is responsible for 

inhibitory neurotransmission whereas the second one is an 18 kDa protein, ubiquitously expressed 

throughout the body731, whose function has not been clearly elucidated yet. Given its channel-like 

structure732 and its high affinity for cholesterol, PBR was thought to act as a carrier to move this 

molecule from cytoplasm into the mitochondria733. Thus, its name was changed into TSPO to 

underline its transporter role, which seemed to establish a link between cholesterol mitochondrial 

import and steroids’ biosynthesis701,706. 

 

 Functions 

Indeed, this receptor is considered to have an important role in neurosteroidogenesis and 

neurosteroids’ biosynthesis, of which it controls the rate-limiting step734. This hypothesis was 

supported not only by TSPO interaction with steroidogenic acute regulatory protein (StAR), 

necessary for cholesterol binding to TSPO itself735 but also by several animal experiments showing 

that functional inactivation of this protein causes an early embryonic lethal phenotype732. 
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However, this findings have recently been confuted by both in vitro and in vivo techniques, 

claiming that TSPO is not indispensable for steroidogenesis and might not even be involved in 

cholesterol transport724. However, some evidences still support its involvement in the process. 

Indeed, TSPO is a functional monomer but it also forms oligomers with itself or other proteins736. 

Its oligomeric shift could be induced by the dimerization of cholesterol molecules, given that their 

binding domain points toward the lipid bilayer717 and could be important for the transporter 

functions of this receptor. 

Beyond this controversial but most characterized role, TSPO has been implicated in many other 

cellular processes, such as regulation of cellular proliferation737, respiration731 and mitochondrial 

swelling738, calcium signalling739, immunomodulation740,741, porphyrin transport and heme 

biosynthesis742, anion transport743 and apoptosis744. As concerns this last case, TSPO has been 

shown to regulate cytochrome C release from mitochondria and caspase activation745, in response 

to cellular death signals such as oxidative stress, growth factor removal or exposure to cytokines 

like TNF-α746. Indeed, the receptor is considered one of the main components of the mitochondrial 

permeability transition pore (MPTP), together with voltage-dependent anion channel (VDAC), 

adenine nucleotide translocase (ANT) and other proteins732. Its over-expression has been shown to 

affect mitochondrial dynamics and ROS production as well as pore opening747 but recent studies 

have questioned its role, which is still under debate, demonstrating that this protein might not be 

necessary for the process748. 

TSPO also acts as an oxygen sensor749, having protective effects from ROS damage and its low 

expression levels in neurons could explain the vulnerability of these cells. Moreover, it has been 

related to membrane biogenesis750 and lipid metabolism, because of its interaction with ACBP, 

which is involved in fatty acids processing751. 

 

 Endogenous ligands 

Given its multiple putative roles, TSPO has several different endogenous ligands in addition to 

cholesterol and porphyrins701,732. The main one is an 11-kDa polypeptide known as diazepam-

binding inhibitor (DBI) because of its ability to inhibit diazepam binding to its GABAA and 

peripheral receptors752, of which it is a negative allosteric modulator753. It is also called acyl-CoA 

binding protein and it is encoded by a single gene widely expressed in the CNS but mostly in glial 

cells754. The proteolytic cleavage of this molecule gives rise to more selective peptides named 
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endozepines, such as triakontatetraneuropeptide and octadecaneuropeptide, which stimulate 

steroids’ biosynthesis755. Their local production is upregulated following increased TSPO 

expression756 or Aβ stimulation757. Indeed, high levels of these peptides have been found the CSF 

of AD patients758. It has been demonstrated that all these endogenous TSPO ligands in vitro are 

able to stimulate chemotaxis759,760, enhance the oxidative burst761 and inflammatory cytokines’ 

production762, whereas they have the opposite effect in vivo741. 

 

3.3 TSPO in Pathology 

Despite TSPO low levels in the brain, various physiological and pathological circumstances can 

modulate its expression. 

 

 Functions 

Indeed, its density is highly increased in activated microglia763 and astrocytes703, infiltrating 

macrophages and some neurons701,703,764, following hormonal fluctuations especially involving the 

hypothalamic-pituitary-adrenal axis765, ageing, diseased states such as obesity or cancer, acute 

and chronic neurodegenerative conditions like AD734,766 or peripheral injury706. Thus, it can be 

considered a stress-responsive protein, since its levels rise as a consequence of different damaging 

conditions708 and according to lesion’s severity. 

 

 Exogenous ligands 

This peculiarity makes TSPO a good marker of reactive gliosis and neuroinflammation in different 

neurodegenerative conditions and also a helpful tool to identify accurately the injured brain 

area706,767. Indeed, high-affinity compounds were developed in the 80s768, to allow in vivo 

visualization of activated microglia769 and infiltrating macrophages in the CNS770, using positron 

emission tomography (PET) or single-photon emission computed tomography (SPECT) exams767,771. 

The first prototypical synthetic molecule to detect TSPO is a non-benzodiazepine isoquinoline 

carboxamide known as PK11195768, which is able to penetrate intact blood-brain barrier772 and to 

bind selectively to its target773. The second classical ligand, instead, is the benzodiazepine Ro5-

4864774, which requires other components than TSPO to perform its functions. Both compounds 
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don’t recognize GABAA receptors768,775 and they have distinct thermodynamic properties as well as 

different binding sites on TSPO717,776. Indeed, PK11195 and Ro5-4864 are considered an antagonist 

and an agonist of this receptor, respectively777,778 and their binding is up-regulated together with 

TSPO levels in the damaged CNS779. Despite their opposite action on the same receptor, they both 

regulate MPTP opening, inducing or impeding apoptosis according to the cellular 

microenvironment and alter mitochondrial respiration780. Moreover, they can stimulate 

neurosteroids’ production by microglia and astrocytes, increasing cholesterol translocation into 

the mitochondria701,706,734, although some results regarding this pharmacological ability are 

conflicting781. It has also been demonstrated that they might be therapeutic in neurodegenerative 

conditions such as AD, because they have a neuroprotective effect that depends on their ability to 

increase cell survival and neurosteroids’ concentration782. Indeed, they are beneficial in limiting 

neuroinflammation706, reducing microglia, macrophages and astrocytes activation, ROS and pro-

inflammatory cytokines production783. Moreover, they regulate the viability and function of 

immune cells784, boosting especially monocytes chemotaxis760. The biggest problem linked to the 

usage of classical tracers such as PK11195 and Ro5-4864 is the presence of a high number of 

binding sites, which are present on platelets, monocytes, erythrocytes and plasma proteins785 and 

results in a low free fraction of the ligands, impeding their accurate measurement. For this reason, 

many other second-generation molecules have been developed, in order to increase the signal-to-

noise ratio767. These ligands have an increased brain permeability and include imidazopyridines, 

benzothiazepines, benzoxazepines, indoleacetamide and phenoxyphenylacetamide derivatives, 

pyrazolopyrimidines and vinca alkaloids700,706. Despite their better imaging capabilities compared 

to PK11195 and Ro5-4864, these compounds have displayed differential binding depending on the 

TSPO genetic polymorphism rs6971785,786, which is considered part of the binding pocket717. 

Indeed, because of its presence, the European population can be classified in 49% of alanine 

homozygous-high (HAB), 42% of heterozygous-medium (MAB) and 9% of threonine homozygous-

low (LAB) binders786,787 and these differences should be taken into account when performing PET 

exams, in order to avoid incorrect results, reduce sample size and increase statistical power. 

However, despite the numerous first or second-generation tracers, none of them has shown clear 

practical advantages compared to the others yet. 

In addition to all these ligands, TSPO is also a target for benzodiazepines, which modulate 

circulating steroids levels734,788 and bind also to the CBR in the CNS701. Because of their anxiolytic, 

anticonvulsant, antispasmodic and sedative-hypnotic action, exerted enhancing the GABAergic 
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transmission789,790, they are widely employed to treat anxiety, insomnia and depression, even 

though they induce tolerance790. Taking the cue from benzodiazepines’ role in these pathologies, 

other synthetic TSPO-binding compounds have been successfully used to treat anxiety791 and to 

reduce neurologic and psychiatric diseases706,791, underlining TSPO potential involvement in mood 

control. In support of this hypothesis, altered PK11195 binding has been found on platelets and 

lymphocytes of patients suffering from anxiety disorders792. On the other hand, Ro5-4864 has 

shown anxiogenic properties793. Moreover, TSPO expression is reduced in PBMC of subjects 

diagnosed with anxiety794,795, generalized anxiety792, social anxiety796, adult separation anxiety797, 

post-traumatic stress disorder798 and panic disorder797. On the contrary, increased TSPO densities 

have been shown in major depressed799 and in schizophrenic patients367,800, even though these 

results have not always been confirmed801. Higher levels of this receptor have been found also in 

degenerated brains802 and alterations in the number of binding sites are typical of stressful 

conditions803. 

Thus, TSPO appears to be an important element to produce neurosteroids, which are very 

important in physiological and pathological conditions but represents also a useful tool to both 

diagnose CNS damage and treat some psychiatric disorders. For this reason, further research 

regarding this receptor, its properties and functions is required, especially in light of the recent 

controversial results questioning its role throughout the body. 

 

3.4 Neurosteroids 

Circulating steroids are mainly produced by gonads, adrenal glands and other endocrine tissues 

but the term neurosteroids is only referred to the ones synthetized into the nervous system. 

 

 Overview 

This synthesis starts during development and remains into adulthood, in a region-specific manner 

depending on neurosteroidogenic enzymes and TSPO expression804. Indeed, this receptor controls 

the rate-limiting step of the synthesis process805, represented by cholesterol import from 

cytoplasm into mitochondria734,806,807. Since the inner-mitochondrial membrane (IMM) is poor of 

this hydrophobic molecule, the protein StAR delivers it to TSPO808, which is necessary to transfer it 
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from the OMM to the IMM, where the cytochrome P450 cholesterol-side-chain-cleavage enzyme 

(P450scc or CYP11A1) metabolizes it to generate pregnenolone (PREG)734,809. After processing, this 

precursor reaches the endoplasmic reticulum734, to give rise to all other neurosteroids701,734,766, 

classified in 3β-hydroxysteroids (pregnenolone sulphate (PS), dehydroepiandrosterone (DHEA) and 

dehydroepiandrosterone sulphate (DHEA-S)), pregnane steroids (progesterone (PROG), 

dihydroprogesterone (DHP), allopregnanolone (3a,5a-THP), deoxycorticosterone (DOC), 

dihydrodeoxycorticosterone (DHDOC) and tetrahydrodeoxycorticosterone (3a,5a-THDOC)) and 

androstanes (androstanol and androsterone)810. 

 

 Functions 

These molecules have different physiological neuroprotective effects such as inducing specific 

gene expression, sustaining the development and establishment of neural circuitry, ameliorating 

neuroinflammation, improving neuro-regeneration and controlling neurotransmission811,812. In 

particular, they are neuroactive endogenous positive or negative modulators of the GABAergic 

transmission813–816 and some of them, such as DHEA, also enhance NMDA receptor activity. Thus, 

being able to activate GABAA receptor signalling, most of neurosteroids have anxiolytic and 

analgesic properties816, even though they occupy a different binding site from BDZ815,816 and, for 

this reason, they have an important role in neuropsychiatric conditions817,818. Indeed, alterations 

of their levels have been associated to different pathologies involving cognitive function and 

behaviour706. For example, lower levels of DHEA have been found in patients suffering from major 

depressive disorder819, whereas a decrease in CSF concentrations of pregnane steroids such as 

allopregnanolone is involved in post-traumatic stress disorder (PTSD)820. Allopregnanolone is also 

reduced following prolonged isolation821 or  stressors exposure822 and this reduction is responsible 

for behavioural anxiety, depression, schizophrenia and impulsive aggression823. In support of these 

evidences, TSPO ligands have shown in vitro and in vivo neuroprotective properties, consisting in 

the activation of neurosteroids production, which increases their levels in the brain and 

peripherally782,791,824,825. Higher concentrations of these molecules appear beneficial not only to 

brain cells but also to the patient’s mood, especially because neurosteroids stimulate 

neurotrophins production. 
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Chapter 4 

Neurotrophins 
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4.1 Neurotrophins Overview 

Neurotrophic factors are endogenous secreted proteins important for proliferation, 

differentiation, developmental survival, neuroplasticity, pruning and myelination throughout 

life826,827. Among them, neurotrophins are the most powerful and best characterized. The first one 

was called Nerve-Growth Factor (NGF) and was described in 1949 by Hamburger and Levi-

Montalcini, which formulated the neurotrophic factor hypothesis828–830. It states that developing 

PNS and CNS neurons need to retrogradely transport NGF into signalling endosomes through the 

innervating axons, from its production sites in target organs to the neuronal soma, in order to 

survive828,829. Nowadays, this endogenous compound belongs to the classical neurotrophins family 

together with Brain-Derived Neurotrophic Factor (BDNF), neurotrophine-3 (NT-3), neurotrophine-

4/5 (NT-4/5) and neurotrophine-6 (NT-6)831–841. 

Beyond their main role in supporting neuronal survival826, all these molecules have other functions 

such as modulation of network construction, neuronal migration and refinement of local 

connections826,842, thus being indispensable mediators of axonal and dendritic growth and 

remodelling not only during the development but also in adulthood. Moreover, they are needed 

for receptor trafficking, neurotransmitter release, synapse formation and synaptic function843 but 

they can also promote cellular death, depending on their biological form, the circumstances, the 

receptor and the pathway activated844. In some cases, they contradict the neurotrophic factor 

hypothesis because they can be transported anterogradely to deliver signals to post-synaptic 

cells845. 

Neurotrophins are synthesized in the rough endoplasmic reticulum and stored into secretory 

vesicles. They signal either through p75 neurotrophin receptor (p75NTR)846,847 or tropomyosin-

related kinase (Trk) receptor tyrosin kinases848. Although NGF, BDNF, NT3 and NT4/5 have the 

same affinity for the p75NTR, they show preferential binding for the Trk family members848. To be 

activated, they require a dimerization process for tyrosine trans-phosphorylation849 and this could 

lead to the formation of Trk homo-dimers or Trk-p75NTR hetero-dimers846. Both receptors are 

expressed in specific areas within the nervous system and their levels are tightly regulated by 

dephosphorylation and degradation. 
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4.2 Nerve Growth Factor 

Nerve Growth Factor (NGF) is a highly conserved glycoprotein850 consisting of three subunits with 

different tasks: inactive α-NGF, biologically active β-NGF and processing γ-NGF. A single gene on 

chromosome 1 encodes the pro-NGF precursor851,852, which undergoes a plasmin-mediated 

proteolytic cleavage of its signal peptide to produce mature 13-kDa NGF853. For a long time, pro-

NGF was thought to be cut intracellularly and released as mature NGF in the extracellular space, in 

an activity-dependent manner854,855. On the contrary, it has been demonstrated that pro-NGF is 

secreted together with proteases and zymogens, which cleave it outside the cell and regulate the 

degradation of its very transient mature form, making the immature one predominant in human 

CNS856. 

It has important roles in neuronal survival, growth and maintenance857 and it exerts these 

functions following p75NTR or TrkA receptor binding858. However, it can also induce apoptosis 

through p75NTR-sortilin activation859. Whichever receptor it binds, it needs non-covalent homo-

dimerization to activate its pathways860. Its expression varies between developmental and adult 

stage861 and it has been observed in neurons, glial cells, astrocytes and oligodendrocytes862. In the 

periphery, it has been found on platelets, muscle cells, Schwann cells and macrophages863. Its 

constitutive synthesis correlates with innervation density and influences axonal terminal 

sprouting, dendritic arborisation, neuropeptides and neurotransmitters production864. 

 

4.3 Brain-Derived Neurotrophic Factor 

Brain-Derived Neurotrophic Factor has a complex genomic structure and possesses elaborated 

mechanisms to regulate its transcription, translation and post-translational modifications865. BDNF 

gene is located on chromosome 11 and gives rise to many alternative transcripts with different 

distributions and functions, according to the specific signalling pathway stimulated866. BDNF 

protein is synthesized as pro-isoform and cleaved to produce the mature form867, the levels of 

which are affected by nutrition, metabolism, behaviour and stress868. 
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 BDNF in the central nervous system 

BDNF is widely expressed throughout the CNS869 by neurons, microglia, astrocytes and vascular 

endothelial cells. Its expression and secretion are activity-dependent and very abundant in brain 

areas requiring high plasticity870. Indeed, BDNF is important for regulating synaptic structure, 

axonal sprouting, dendritic proliferation and adult neurogenesis871, which are essential for spatial 

learning, memory and mood control872. All these trophic effects are activated following mature 

BDNF dimers binding to TrkB receptors873, whereas the interaction between pro-BDNF and 

p75NTR stimulates the apoptotic pathway in peripheral neurons and glia874,875. Given its 

capabilities, this neurotrophin helps protecting neuronal cells from damage and its expression is 

altered by various brain insults876,877. Indeed, its chronic deficiency causes learning deficits878 and 

its receptors are decreased in the pituitary gland during ageing, providing an explanation for the 

endocrine alterations seen in elder people879. Moreover, its gene contains a Val66Met (rs6265) 

polymorphism, which influences the trafficking and secretion of BDNF880, possibly impacting on 

memory performances881, even though some recent results concluded that this SNP is not 

associated to protein peripheral levels882. 

 

 BDNF in periphery 

Even though the brain is the main organ producing BDNF, other non-neuronal tissues have also 

been proposed as its sources883. Among them, murine skeletal muscle has been largely considered, 

because it has been shown to express BDNF mRNA, whose levels increase following histone 

deacetylases inhibition884. This process is controlled by physical exercise, thus raising the 

possibility of a muscular-dependent BDNF release885. Although some studies indicated that higher 

concentrations of this neurotrophin derive from neurons within the skeletal muscle beds886,887, it 

has been demonstrated that this protein is also produced by the very own contracting skeletal 

muscle cells, where it seems to enhance fat oxidation in an autocrine or paracrine manner888. 

Thus, it is rather unlikely that this muscular-derived BDNF is released in the circulation and 

operates in a hormone-like fashion888. Nevertheless, BDNF is considered a myokine, which is a 

word describing several molecules originating from the muscle fibres and acting in an endocrine or 

local way889, in order to regulate intramuscular neurons survival, growth and maintenance890 as 

well as skeletal muscle metabolism. Moreover, being a component of the hypothalamic pathway, 

it is also important to control body mass and energy homeostasis891. According to different animal 
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studies, physical exercise has been shown to exert a neuroprotective and neuro-regenerative role 

on hippocampus and cognition892,893, probably through the up-regulation of peripheral BDNF 

levels894. However, these evidences are less consistent in humans, either they are elderly or MCI 

patients895. 

Further evidences supporting the link between the skeletal muscle and BDNF come from ALS 

research field and, in particular, from the myocyte enhancer factor 2 (MEF2) family of 

transcription factors, which includes four different isoforms (MEF2A-D) that are highly expressed 

in the brain as well as in myocytes896. In the first area, they are important for neuronal survival and 

synapses growth897, whereas in the second one they guide skeletal, cardiac and smooth muscles 

development898. In addition, MEF2C and MEF2D expression has been detected in both 

lymphocytes and macrophages, having the role of boosting their proliferation and immune 

response, which are critical functions for modulating ALS pathology899,900. Moreover, these 

isoforms are directly involved in BDNF control, since they induce the production of distinct 

transcripts of its gene901 and this interaction is further corroborated by recent data showing that 

BDNF down-regulation in PBMC of sporadic and SOD1+ ALS patients might be connected to a 

MEF2C/MEF2D dysregulated activity902. 

On the other hand, another pathway has recently been highlighted in animal studies and it 

involves the myokine irisin, which is formed by the proteolytic cleavage of the transmembrane 

fibronectin type III domain-containing protein 5 (FNDC5)903. Through the circulation, the fragment 

reaches the adipose tissue, where it activates thermogenesis and exerts positive effects on 

adipocytes904. However, it could also cross the BBB to enter the CNS and, in this case, it stimulates 

BDNF production and hippocampal cells proliferation905,906. Irisin expression in the brain, as well as 

in the skeletal muscle, increases following sustained physical activity and decreases in connection 

with a sedentary lifestyle907, indeed it has been called exercise hormone903. Several human studies 

have reported correlations between irisin concentration in the serum of healthy adults and their 

cognitive performances908, whereas others have underlined positive associations of irisin levels 

with serum BDNF909. Thus, this myokine might represent the missing link connecting physical 

exercise to cognition and BDNF could embody the mediator of its effects907,908. However, since 

there are evidences of unchanged irisin levels after prolonged training, it might be possible that 

this molecule rises transiently after acute bouts of exercise and then returns to the basal 

condition910,911. 
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Therefore, given its multiple inducing pathways, BDNF not only plays a fundamental role in the 

central metabolism but it also seems to have an important function in the periphery. 

 

4.4 Neurotrophins and Inflammation 

These neurotrophins are deeply influenced by neuroinflammatory conditions, which impair 

neuronal survival, proliferation and integration in brain circuits912, thus ultimately influencing 

cognition913,914. Indeed, in vivo administration of pro-inflammatory cytokines or LPS mainly 

reduces BDNF gene expression but also decreases NGF and NT-3 levels915 and it has been 

demonstrated that peripheral immune challenges can affect specific isoforms of BDNF916, although 

how these inflammatory stimuli affect this molecule is not clear to date. Since a glucocorticoids-

dependent reduction in neurotrophins levels has been observed917, the hypothalamus-pituitary 

(HPA) axis, which is highly stimulated by pro-inflammatory cytokines918, might be involved. 

Anyway, these mediators act also on glutamate and GABA919, which are both able to modulate 

BDNF. Thus, the neuroinflammatory effect on this trophic molecule could depend on multiple 

mechanisms. 

However, not only BDNF but also NGF is affected by inflammation. Indeed, its levels are up-

regulated at the damaged site, due to the action of pro-inflammatory cytokines such as IL-1β, TNF-

α and IL-6920,921, which stimulate its production in neurons, Schwann cells, astrocytes, microglia, 

endothelial cells and other cell types922–924. Moreover, immune cells enhance their basal NGF 

production upon activation925, together with TrkA receptors as well926–929, demonstrating that this 

neurotrophin might affect the immune response. Indeed, it seems to act directly on monocytes 

migration, neutrophils and macrophages infiltration and it is believed to keep them in a state of 

alert, so that they can answer faster to danger signals930. On the other hand, it is essential for the 

activation of anti-inflammatory pathways that counteract an excessive inflammation931. This effect 

is mediated by both a direct and an indirect action on immune cells and might explain NGF 

increase as an attempt to restore homeostasis. 
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4.5 Neurotrophins and Ageing 

Neurotrophins are affected not only by neuroinflammation but also by ageing and AD, which are 

correlated with cognitive decline. Indeed, these factors and their receptors are both reduced in 

the afflicted brain regions of demented subjects and this reduction can be evident prior to 

symptoms’ onset, suggesting that it could cause or accelerate the disease932. In addition, lower 

serum BDNF levels have been detected in elderly women933 and high concentrations of the same 

molecule have been found around amyloid plaques, due to the presence of activated microglia 

and astrocytes934,935. It has also been demonstrated that Aβ is able to alter TrkB isoforms, which 

are also regulated by PS-1 gene936 and that a reduction in BDNF retrograde axonal transport is 

present in AD mouse models937. Moreover, some polymorphisms in neurotrophins genes have 

been identified as risk factors938. Indeed, carriers of the Met BDNF allele have shown increased 

brain atrophy and faster cognitive decline939 whereas carriers of both Met BDNF allele and ApoEε4 

are characterized by enhanced neurodegeneration940. 

Not only BDNF but also NGF seems involved in dementia. Indeed, the cognitive decline is due to 

the deterioration of the basal forebrain cholinergic neurons, which are responsible for the 

modulation of memory, learning and attention941. These cells are highly vulnerable and affected in 

AD942,943 and continuously depend on NGF during post-natal stages944. They are the major cellular 

group expressing this neurotrophin together with its TrkA receptors in the CNS and this high 

expression is also typical of their projection areas945 and is essential for their survival during 

development946. Given the important role of this molecule in their maintenance, it was 

hypothesized that their damage in AD could depend on NGF deficits947. Thus, the exogenous 

neurotrophin was employed in some animal experiments and clinical trials but, even though the 

treatment succeeded in rescuing basal forebrain cholinergic neurons’ down-regulation and 

atrophy948,949, many side effects and complications arose, making this therapy not suitable950,951. In 

addition, it was demonstrated that mature NGF mRNA levels do not change during AD and pro-

NGF quantity is even increased952,953, together with the activity of NGF-degrading enzyme, 

whereas TrkA receptors are deeply reduced954. On the contrary, p75NTR expression is stimulated 

by amyloid peptide, which may mimic NGF functions and could decrease its own aggregation due 

to NGF receptors over-expression955. The same alterations were observed in MCI patients and also 

following Aβ oligomers injection in the brain, suggesting that NGF dysfunction could be a an early 

sign of the disease956. Moreover, lack of mature NGF causes atrophy, loss of cholinergic neurons 
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and amyloid plaques deposition957,958. On the contrary, in aged animals NGF was found to be 

highly peroxynitrated and therefore biologically inactive, indicating that its deficits might not 

depend on a failure in its extracellular metabolism. The increased NGF brain levels are mirrored by 

higher concentrations of this molecule in the CSF of AD patients, although it is not clear if this 

increase is due to the mature or the precursor form959. Furthermore, some NGF polymorphisms 

have been associated to early-onset or late-onset AD but these results haven’t been definitively 

confirmed yet960. 

Considering neurotrophins involvement in AD, these molecules might have a therapeutic effect, 

because they are able to restore cognitive functions without reducing neuropathology961. In 

particular, BDNF has been shown to protect neurons from cytotoxic Aβ fragments962 and also to 

inhibit β-amyloid production by inducing the expression of SORLA protein, which reduces APP 

processing and plaques formation963. Moreover, it is able to reduce tau hyper-phosphorylation964 

and prevents septal cholinergic neurons from dying965. Given its pharmacological properties, 

different strategies to counteract AD have been based on enhancing BDNF signalling, either by the 

direct administration of the exogenous compound or by the activation of its receptors966. On the 

other hand, NGF has been shown to activate the APP non-amyloidogenic processing pathway, to 

reduce Aβ production967 and its concentration in CSF of AD patients968. However, its employment 

has been correlated to aberrant neurite sprouting969 and increased tau hyper-phosphorylation970. 

Thus, there are no effective treatments to reverse the pathology and different reasons account for 

neurotrophins’ failures in clinical trials, such as limited access to the CNS and short biological half-

life971. Recently, some neurotrophins’ receptors agonists have been developed to bypass these 

problems but targeting the appropriate cell type, without affecting healthy tissue, is still 

challenging972. Other strategies aim to enhance trophic factors’ expression but they are not used 

as a routine therapy, because both delivery and induction of these molecules require invasive 

surgery and causes neuropathic pain. 

 

4.6 Neurotrophins and BPSD 

Beyond their role in neuroinflammation and AD, neurotrophins have also been linked to 

neuropsychiatric disturbances. Indeed, reduced BDNF levels have been found in brains from 
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depressed and suicidal victims973, as well as in animal models of depression974. In support of these 

observations, BDNF has been shown to have a role in the treatment of patients suffering from 

major depression975. Since inflammation might contribute to the development of neuropsychiatric 

diseases461,976 and given BDNF involvement in these pathologies, their presence have been 

attributed to the activation of the immune system. In agreement with this hypothesis, LPS brain 

infusion induces anxious and depressed behaviour, which is associated to decreased BDNF 

expression977. Instead, the levels of this neurotrophin are up-regulated following the 

administration of anti-depressant drugs978,979 and this molecule, together with other 

neurotrophins, can be considered a valid biomarker reflecting emotional state980. Similarly, higher 

concentrations of BDNF have been found in schizophrenia and bipolar disease patients981,982 and 

also aggressiveness was positively correlated with plasma BDNF levels983. 

Moreover, since this molecule has neurotrophic functions also on motor-neurons, its down-

regulation could account for ALS neurodegeneration984, which has been linked to immune 

alterations as well. Indeed, it has been demonstrated that BDNF dysfunction might be responsible 

for depressed mood and severe functional loss in ALS patients, strengthening its role in influencing 

both the nervous and the immune system985. 

Thus, neurotrophins have important roles in maintaining homeostasis and ensuring the correct 

development of the CNS. Since they are similarly affected by neuroinflammation, AD and 

neuropsychiatric disturbances, it is reasonable to hypothesize that the three processes are deeply 

connected and might refer to several common pathological pathways. 
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5.1 TSPO/DBI System (part 1) 

 Scientific Background 

Nowadays, AD is recognized as the third leading cause of death and the number of affected 

subjects is continuously rising, together with population ageing. The most critical aspect of this 

pathology is represented by BPSD, which often lead to the premature institutionalization of 

patients, increasing the costs of health care. This early hospitalization is especially due to 

disturbances such as psychosis, aggression and agitation, which need to be treated by qualified 

staff. Indeed, dealing with this kind of symptoms is very difficult for the caregivers, who 

consequently experience high stress burdens if they have to manage the diseased subjects without 

the help of clinical experts. To date, BPSD biological causes have not been clarified yet. Therefore, 

pharmacological treatments are only symptomatic and, most of the time, they display severe side 

effects that make their use more limited. 

Even though the mechanisms underlying these disturbances are still unknown, multiple evidences 

seem to relate behavioural anomalies to immune system dysregulation. In support of this 

hypothesis, many studies have demonstrated that systemic infections can cause non-cognitive 

symptoms very similar to the ones observed in AD. Indeed, in a rat model, LPS-induced sepsis gave 

rise to long-term consequences, which include behavioural deficits, neuronal loss and reduced 

cholinergic innervation986 and the same outcome was described before, in a model of 

neuroinflammation induced by both acute and chronic LPS injections987,988. Thus, peripheral 

infections have been demonstrated to account for behavioural and emotional changes, which are 

often experienced by not only inflamed subjects but also AD patients. 

Another evidence for the involvement of the immune system in the genesis of non-cognitive 

disturbances derives from a clinical condition known as delirium that is characterized by 

neuropsychiatric symptoms very similar to BPSD. Its causes have not been established yet but 

several studies demonstrated that its pathogenesis might be correlated to a higher production of 

pro-inflammatory mediators, which are no longer balanced by the anti-inflammatory ones989. 

Indeed, systemic LPS injections can trigger exaggerated CNS inflammation and sickness behaviour 

responses990,991, which might represent predisposing factors to future dementia. 

Thus, systemic inflammatory conditions as well as neuroinflammation seem to be somehow 
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related to behavioural disturbances, although the underlying mechanisms have not been 

elucidated yet. In this context, our interest concentrated on the TSPO/DBI system. Indeed, these 

elements are both highly expressed in brain and CSF of AD patients992,993 but they are also 

detected in periphery, where TSPO densities on PBMC plasma membrane are modulated by stress 

as well as anxiety994–998. Also, the severity index of this symptom has been correlated to the 

concentration of this receptor on platelets membrane999 and, additionally, it accounts for the 

impaired ability of this transporter to regulate monocytes chemotaxis1000,1001. Moreover, a 

decreased TSPO expression has been found in both PBMC and platelets of patients suffering from 

schizophrenia and post-traumatic stress disorder1002,1003, whereas its increased levels have been 

associated to the occurrence of depression1004. Finally, some polymorphisms in the TSPO gene 

have been linked to panic disorder1005, strengthening the possible link between this receptor and 

behavioural anomalies. 

This relationship is further supported by the role of TSPO in neurosteroids production. Indeed, it 

represents a cholesterol transporter to move this precursor from the cytoplasm to the 

mitochondria1006–1008 and start neurosteroidogenesis. Interestingly, neurosteroids are either 

agonists or antagonists of the GABAA receptors in the CNS but they also exert their functions in the 

peripheral nervous system1009–1021. Here, altered levels of these molecules have been measured 

during ageing or inflammation1022–1025 and their dysregulation has been linked to stress and 

behavioural complications, such as depression, anxiety, post-traumatic stress disorders and 

schizophrenia1026–1035. Nevertheless, these anomalies have been attributed either to increased or 

decreased concentrations of neurosteroids, implicating that they might have different effects 

according to the environment and the pathway they activate. On the other hand, some of these 

molecules have been shown to be altered in AD patients295,1036,1037, in which an up-regulation of 

neurosteroidogenic enzymes has been also detected1038, together with increased DBI CSF 

levels1039. These evidences underline neurosteroids influence on the genesis of behavioural 

disturbances and reinforce the hypothesis of a possible role for the TSPO/DBI system in mediating 

these effects. 

 

 Aim of the study 

In light of the complex scenario pictured above, the main aim of this study is to characterize the 

TSPO/DBI system, as regards its neurosteroidogenic role, in AD patients as well as in healthy 
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controls, in order to unravel potential alterations that might account for behavioural 

manifestations in the diseased cohort. 

For this purpose, we took advantage of the peripheral localization of this system, given that 

reaching it into the CNS is complicated due to the presence of the BBB. However, the bi-directional 

communication existing between brain and periphery provides the possibility to study central 

alterations at a systemic level. Thus, we collected whole blood samples from our subjects and we 

processed them to isolate both PBMC and serum to perform our analyses. In order to examine the 

TSPO/DBI system at different levels, we decided to evaluate several parameters, such as TSPO 

gene expression, DBI and BDNF serum levels and CDR. The reason why we chose BDNF lies into the 

neurosteroidogenic pathway, indeed this neurotrophin is a down-stream product of TSPO 

activation and, similarly, CDR is a ratio deeply influenced by DHEA-S, which is a by-product of the 

same process. 

To investigate more in depth the putative role of the TSPO/DBI system in the genesis of 

behavioural anomalies, we screened our AD patients for the presence of the agitation/aggression 

symptom, which is the most difficult to manage for caregivers and also the most frequent cause of 

institutionalization. In this cohort, we performed the same analyses listed in the paragraph above, 

hoping to unravel a potential marker that could identify this disturbance. Moreover, given that the 

subjects displaying this anomaly are also characterized by motor hyperactivity, we also examined 

their irisin serum levels, since this molecule has been related to physical activity as well as BDNF 

production, providing a link to the TSPO/DBI system. 

On the other hand, we concentrated on two single-nucleotide polymorphisms, rs6971 in the TSPO 

gene and rs6265 in the BDNF one, that have been correlated to mood disturbances and BDNF 

production, respectively. We were interested in analysing the putative influence of these SNPs on 

the TSPO/DBI system and, for this aim, we examined the previous data collected in our AD 

subjects, dividing them according to their genotypes. 

All the parameters we investigated were correlated to a panel of clinical, demographic and social 

data regarding the patients, in order to highlight any possible influence of these factors on 

pathological manifestations. 

Furthermore, we explored if the potential modifications in the TSPO/DBI system are specific for 

amyloidopathy (AD) or if they are present in other pathogenic contexts characterized by cognitive 
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impairment. To do so, we enrolled subjects affected by an amnesic Mild Cognitive Impairment 

(aMCI) as well as other forms of cognitive deterioration (NDCI) and we screened both these 

populations for DBI serum levels. In the second cohort, we also measured the concentration of this 

molecule in the CSF, to verify the possible existence of a correlation in DBI levels between this 

biological fluid and serum. On the other hand, we also examined DBI serum levels in a few subjects 

affected by delirium, which is known to lead to behavioural disturbances similar to BPSD. 

Moreover, in these individuals we assessed the serum concentration of two pro-inflammatory 

cytokines (TNF-α and IL-6), which are supposed to be increased, given the strong systemic 

inflammatory response typical of delirium clinical condition. 

In case of neuroinflammation, an increased motility of peripheral cells towards the CNS has been 

reported by several studies and seems to boost the central inflammatory process. Since TSPO has 

been shown to regulate monocytes migration, we also examined the potential impact of TSPO/DBI 

system alterations on this specific cellular function. For this purpose, we performed two types of 

chemotaxis assays using a THP-1 monocyte-like cell line1040 as well as peripheral monocytes from 

AD patients and healthy controls and we stimulated them with different substances, such as Aβ. 

Indeed, this peptide has a central role in AD pathology and we were interested in verifying if it 

could represent a disease-specific trigger for peripheral monocytes to migrate towards amyloid 

deposition sites. Moreover, we exposed our cells to the compound Ro5-4864, which is known to 

inhibit the TSPO receptor, in order to see if this inhibition could influence monocytes motility. 

Thus, in the first part of this study we tried to identify possible alterations of the TSPO/DBI 

peripheral system which could account for either variations in neurosteroids levels or in 

monocytes chemotaxis that, in turn, might be responsible for the behavioural anomalies observed 

in AD patients. Moreover, we tried to detect a biological marker among the parameters we 

analysed, so that it could be used to characterize behaviourally-disturbed subjects in clinical trials. 

Indeed, the actual available instruments are not totally reliable because they depend on the 

opinion of the caregivers and not directly on the patients themselves. 
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5.2 Neutrophils (part 2) 

 Scientific Background 

The role of neuroinflammation in AD pathogenesis has already been recognized but only recently 

neutrophils have arisen as important elements of this complex scenario. Indeed, these cells have 

been found in brain vessels and parenchyma of both 3xTg-AD and 5xFAD mouse models, where 

they seem to release intravascular as well as intraparenchymal NETs1041. These structures are 

endowed with the ability to eliminate pathogens but they might also induce cytokines over-

production and NLRP3 inflammasome activation, leading to neuronal damage. Moreover, 

neutrophils have been shown to extravasate from systemic circulation via an LFA-1/ICAM-

dependent mechanism and, in the CNS, they have been detected in close proximity to amyloid 

plaques1041. Indeed, MPO+ cells have been identified in these areas and this labelling has been 

confirmed to co-localize with NE and citrullinated histone H3, which are both markers of NETs. 

Similar results have been observed in AD patients, which display activated neutrophils not only in 

brain blood vessels but also near Aβ deposits, reinforcing the important role of these cells and 

their transmigration in disease pathogenesis1041–1044. 

 

 Aim of the study 

Considering the findings described in the paragraph above, the aim of the second part of this study 

is to search for the putative presence of infiltrating neutrophils in a context of NLRP3 

inflammasome deficiency superimposed on a genetic AD condition as well as in the genetic AD 

pathology per se. 

For this purpose, we analysed the brains of 5-month-old (young) and 15-month-old (old) mice, 

belonging to four different genetic backgrounds, which include wild type (WT), APP/PS1 (AD 

mouse model), Nlrp3-/- (wild-type mouse deficient for the inflammasome) and APP/PS1/Nlrp3-/- 

(AD mouse model deficient for the inflammasome). Moreover, every age and genotype were 

considered in an untreated control condition (CTRL), 2 days (2d) and 10 days (10d) after one single 

intraperitoneal LPS injection that was aimed to activate a strong inflammatory response. 

Nevertheless, given that this bacterial PAMP represents a trigger for NLRP3 inflammasome, 

animals deficient for this complex were expected to display a very mild inflammation. After 
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animals were sacrificed, their brains were cut and the slices were preserved in sodium azide 

before performing immunohistochemistry. 

All the samples were stained for microglia and amyloid deposits as well as for activated 

neutrophils and we analysed both plaque-associated and plaque-free areas, in order to detect any 

possible variation depending on Aβ presence. Also, we manually counted the positive cells in our 

brain slices to highlight any potential difference deriving from the genetic background or the age. 

Thus, the overall goal is to shed light on neutrophils role not only in a mouse model of Alzheimer’s 

Disease but also in a particular background of inflammasome deficiency, which has previously 

showed beneficial effects in ameliorating cognitive deficits typical of this neurodegenerative 

pathology1045. 
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Chapter 6 

Materials and Methods 
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6.1 Main Study 

 Recruited subjects 

Following ethical approval and informed consent, AD patients were recruited at the Alzheimer 

Evaluative Unit (UVA, Unità Valutativa Alzheimer) of the Neurological Clinic at San Gerardo 

Hospital (Monza, Italy), with the collaboration of the Neurological Clinic at A. Manzoni Hospital 

(Lecco, Italy). The subjects were diagnosed probable dementia and Alzheimer’s disease according 

to the criteria of the Diagnostic and Statistical Manual of Mental Disorders (DSM-V) as well as of 

the National Institute of Neurological and Communicative Disorders and Stroke/Alzheimer’s 

Disease and Related Disorders Association (NINCDS/ADRDA), respectively. 

Following ethical approval and informed consent, the aMCI subjects were initially characterized by 

a clinical and psychometric evaluation. The diagnosis was confirmed by means of MRI and FDG-

PET. The subjects underwent blood withdrawal and Flutemetamol-PET during pharmacological 

trials in the San Gerardo Hospital, before the start of experimental drugs therapy. 

The NCDI cohort was selected among the patients of the Alzheimer Evaluative Unit (UVA, Unità 

Valutativa Alzheimer) of the Neurological Clinic at San Gerardo Hospital (Monza, Italy) as well as 

from the patients institutionalized in the same hospital. These subjects were evaluated by means 

of clinical, psychometric and imaging (MRI and PET) assessments but their population was 

heterogeneous, including individuals with deficits ascribable to different types of dementia 

involving frontal functions (executive or linguistic). The differential diagnosis was set between 

frontal-expressed AD vs. FTD, CBS or PSP. For this reason, these patients underwent blood 

withdrawal and lumbar puncture to define their protein accumulation profile (Aβ vs. Tau). 

Healthy controls were age- and sex-matched with AD subjects and they were recruited among 

patients’ relatives at the Neurological Clinic of the San Gerardo Hospital (Monza, Italy), following 

informed consent. The exclusion criteria to select this cohort were as the same as the ones 

employed to select the AD population. All the recruited subjects had a sedentary life-style and 

they did not practice sport or regular physical activity. 
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Inclusion criteria 

The patients included in the study had a probable AD diagnosis according to the DSM-V and 

NINCDS-ADRDA criteria as well as an MMSE ≤ 26. The healthy controls had an MMSE > 26 and 

were available to undergo blood withdrawal. 

Exclusion criteria 

The subjects with the following features were excluded from the study: 

- positive anamnesis for major cranial trauma 

- chronic intestinal inflammatory diseases 

- hypo- and hyperthyroidism 

- kidney or liver insufficiency 

- abuse of alcohol, drugs or other substances 

- major depressive disorder 

- malignant neoplasms, especially the ones involving lungs, ovary, pancreas and blood 

The subjects that were following a pharmacological therapy with these drugs were excluded as 

well, even though they did not fulfil any of the criteria above listed: 

- corticosteroids 

- immune-suppressors 

- anti-neoplastic drugs 

Cognitive deterioration and previous or on-going neurologic/psychiatric pathologies were also 

considered exclusion criteria to recruit healthy controls. 

Patients’ examination 

Enrolled AD subjects were interviewed as regards clinical and pharmacological anamnesis and they 

were administered the following clinical tests: 

- Mini-Mental State Examination (MMSE) to evaluate their global cognitive performances1046 

- Neuro-Psychiatric Inventory (NPI) to evaluate their neuropsychiatric symptoms and the 

distress of their caregivers284 

- Caregiver Burden Inventory (CBI) to evaluate caregivers’ stress burden1047 
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 PBMC and serum samples preparation 

Every subject in this study underwent blood withdrawal (15 ml) to collect 3 different aliquots: 

- whole blood in K3EDTA to obtain PBMC pellet (5 ml) 

- whole blood in K3EDTA to perform genetic analyses (5 ml) 

- whole blood without anti-coagulant to obtain serum (5 ml) 

PBMC separation 

Whole blood was diluted 1:1 with physiologic solution (NaCl), layered on an equal volume of 

density gradient medium (Lympholyte) and centrifuged (490 ×g, 30 min, 18 °C). The PBMC were 

collected at the plasma-Lympholyte interface, washed in physiologic solution and stored at -80 °C. 

Serum separation 

After 1 h incubation at 37 °C, whole blood was centrifuged (2800 ×g, 15 min, RT). Serum was 

collected and stored at -80 °C. 

 

 CSF samples preparation 

The NDCI subjects underwent lumbar puncture with a 21-gauge needle to extract CSF (5 ml), 

which was collected in a polypropylene tube. Part of the CSF sample was used to perform routine 

analyses (leucocytes and erythrocytes count, glucose and total proteins concentration), whereas 

the remaining was centrifuged (2000 ×g, 10 min, RT) and stored at -80 °C. 

 

 DBI concentration measurement 

The serum and CSF DBI concentrations were measured using a commercially available kit (human 

DBI (ACBP) ELISA kit - AbFrontier). The samples were previously diluted 1:60 (serum) and 1:100 

(CSF) in distilled water and the assay was performed according to the manufacturer instructions. 

Briefly, samples were loaded into the plate wells, incubated (2 h, RT) and washed 3 times before 

adding the primary antibody (1 h, RT). After 3x washes, they were incubated with the secondary 

antibody (30 min, RT), washed 3 times and incubated with TMB to start the colorimetric reaction, 

which was stopped using the stop solution provided by the kit. DBI concentration was determined 

spectrophotometrically at 450 nm and it was quantified according to the standard curve. 
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 CSF measurement of Aβ1-42, t-tau and p-tau 

The CSF Aβ1-42, t-tau and p-tau concentrations were measured using commercially available kits for 

diagnostics (Innotest β-amyloid 1-42; Innotest hTAU-Ag; Innotest Phosphotau (181P) – Fujirebio, 

Europe Ghent, Belgium), following the manufacturer instructions. 

 

 RNA extraction and cDNA synthesis 

Total RNA was extracted from PBMC using the RNeasy Mini kit (Qiagen), according to the 

manufacturer instructions. RNA concentration was determined spectrophotometrically at 260 nm. 

cDNA was synthesized from RNA using the SuperScript™ VILO™ cDNA Synthesis Kit (Invitrogen®) at 

the following conditions: 10 min at 25 °C and 60 min at 42 °C. The reaction was terminated at 85 

°C for 5 min and cDNAs were stored at -20 °C. 

 

 Real-time PCR (qPCR) 

For the analysis of TSPO mRNA levels, the cDNAs obtained from 1500 ng RNA were amplified in 

duplicate in the ABI Prism 7500 HTSequence Detection System (Applied Biosystems™) using 

TaqMan® Gene Expression Assay (Applied Biosystems™, TSPO assay ID: Hs00559362_m1; β-actin 

assay ID: Hs99999903_m1) at the following conditions: 50 °C for 2 min, 95 °C for 10 min, 40 cycles 

of: 95 °C for 15 s and 60 °C for 60 s. For relative quantification of the target vs. β-actin mRNA, the 

comparative CT method was used as previously described1048. 

 

 DNA extraction and genotyping 

Total DNA was extracted from whole blood using the QIAamp DNA Blood Mini kit (Qiagen), 

according to the manufacturer instructions and DNA concentration was determined 

spectrophotometrically at 260 nm. Then, 200 ng DNA were amplified in a thermo-cycler at the 

following conditions: 94 °C for 5 min, 35 cycles of: 94 °C for 30 s and 67 °C (TSPO) or 72 °C (BDNF) 

for 30 s, 72 °C for 7 min.  

The following primer pairs (Sigma-Aldrich) were used: TSPO-F (CCTTGGTGGATCTCCTGCTGGT) and 

TSPO-R (ACATCACAAGCGTGATGGCACC); BDNF-F (AAAGAAGCAAACATCCGAGGACAAG) and BDNF-R 

(ATTCCTCCAGCAGAAAGAGAAGAGG). Each DNA sample was loaded on 2% agarose gel to evaluate 

DNA quality and genotyped using Sanger sequencing method in the laboratory directed by Prof. 
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Romina Combi (University of Milan-Bicocca, Monza, Italy). The data were analysed using 

ChromasPro v.1.34 software (Technelysium Ltd, South Brisbane, Australia). 

 

 ApoE genotyping 

The ApoE genotyping was performed digesting DNA with restriction enzymes (HhaI) and loading 

the amplification product of this digestion on 4% agarose gel, according to1049. 

 

 CDR quantification 

Serum DHEA-S and cortisol levels were determined by means of electrochemiluminescence (Cobas 

C6000 E601, Roche Diagnostics, Mannheim, Germany) in the analyses laboratory of the San 

Gerardo Hospital (Monza, Italy). CDR was calculated as cortisol-to-DHEA-S molar ratio. 

 

 BDNF concentration measurement 

The serum BDNF concentration was measured using a commercially available kit (Promega BDNF 

Emax® ImmunoAssay System). The samples were previously diluted 1:128 in distilled water and 

the assay was performed according to the manufacturer instructions. Briefly, samples were loaded 

into the plate wells, incubated (2 h, RT) and washed 5 times before adding the primary antibody (2 

h, RT). After 5x washes, they were incubated with the secondary antibody (1 h, RT), washed 5 

times and incubated with TMB to start the colorimetric reaction, which was stopped after 10 min 

using HCl 1N. BDNF concentration was determined spectrophotometrically at 450 nm and it was 

quantified according to the standard curve. 

 

 Irisin concentration measurement 

The serum irisin concentration was measured using a commercially available kit (Phoenix 

Pharmaceuticals, Burlingame, CA). The samples were previously diluted 1:5 in distilled water and 

the assay was performed according to the manufacturer instructions. Briefly, samples were loaded 

into the plate wells together with the primary antibody, incubated (2 h, RT) and washed 3 times 

before adding the secondary antibody (1 h, RT). Then, TMB was added to the wells (1h, RT) and 

the reaction was stopped using HCl 1N. Irisin concentration was determined 

spectrophotometrically at 450 nm and it was quantified according to the standard curve. 
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 Chemotaxis 

The chemotaxis experiments were performed using two different assays. 

μ-slide chambers (Ibidi®) 

The THP-1 cells were suspended in gel matrix to reach the final concentration of 3×106 cells/ml, 

then 6 μl of this suspension were loaded in the central channel of the μ-slide chamber and set 

aside until the gel was solid. Later, one lateral chamber was filled with cellular medium alone and 

the other one with cellular medium and 15 μl of chemoattractant (MCP-1 10 ng/ml or Aβ 125 nM). 

Cellular migration was recorded by means of time-lapse microscopy and the migratory trajectories 

of 20 cells/chamber were designed using the Chemotaxis and Migration Tool (Ibidi®). The Forward 

Migration Index (FMI, parallel component of the chemotactic gradient) was used to measure 

cellular motility: higher migration rates correspond to higher FMI values. 

Boyden chambers (Corning™ Transwell™) 

The PBMC pellets obtained from whole blood were resuspended in RPMI cellular medium and 

incubated at 37 °C for 24 h to separate lymphocytes from monocytes. Adherent monocytes were 

collected and suspended in cellular medium to reach the final concentration of 5×105 cells/ml. 600 

μl of each chemoattractant solution (MCP-1 10 ng/ml or Aβ 125 nM, 1.25 nM, 125 pM) or inhibitor 

solution (Ro5-4864 10 µM, 25 µM, 50 µM) were loaded in the lower chamber of each well and an 

insert was added to separate this part from the upper one by means of a filter (pores Ø: 5 μm). 

100 μl of the cellular suspension were loaded in the upper chamber and the plate was incubated 

at 37 °C for 90 min. After the incubation, the filters were fixed, coloured with a modified-Giemsa 

staining, removed from the inserts, mounted on glass slides and observed at the optical 

microscope (magnification 10x). Nucleated cells in 10 optical fields/filter were counted and their 

number was used as a chemotactic index. 

 

 Animals and ages 

All the animals were provided by Michael T. Heneka research group (University of Bonn Medical 

Centre, Bonn, Germany). APP/PS1 transgenic animals were obtained from The Jackson Laboratory 

(number 005864) on the C57BL/6 background. NLRP3-deficient animals (Millennium 

Pharmaceuticals) were backbred onto C57BL/6 mice genotype to more than 99% C57BL/6, which 
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was confirmed by microsatellite analysis. All mice were housed under standard conditions at 22 °C 

and a 12 h light:dark cycle with free access to food and water. Animal care and handling was 

performed according to the Declaration of Helsinki and approved by the local ethical committees. 

The following animal groups were analysed: WT, Nlrp3−/−, APP/PS1, APP/PS1/Nlrp3−/−. 

 

 Tissue preparation 

Mice were deeply anaesthetized and transcardially perfused with 15 ml phosphate-buffered saline 

(PBS). The brains were removed from the skull. One hemisphere was frozen immediately for 

biochemical analysis and the other was either fixed in 4% paraformaldehyde or frozen over a 

mixture of dry ice and isopentane. 

 

 Immunohistochemistry 

Free-floating 40 µm serial sections were cut on a vibratome (Leica). Sections were stored in 0.1% 

NaN3, PBS. For immunohistochemistry, antigen-retrieval was performed before starting the 

staining. The slices were immersed in sodium citrate buffer and heated at 90 °C for 30 min. Then, 

sections were washed three times for 7 min in PBS-T (PBS, 0.1% Triton X-100), blocked in 1% BSA 

in PBS-T (blocking buffer) for 1 h at RT and incubated O. N. at 4 °C with the primary antibody in 

blocking buffer. Specificity controls were performed by staining with the secondary reagent and 

omission of the primary antibodies. Sections were washed three times in PBS-T, incubated with 

Alexa-488- or Alexa-594-conjugated secondary antibodies (1:500, Invitrogen®), together with 

methoxy-X04 (1:1000, Abcam) and DAPI (1:1000) for 1 h at 37 °C, incubated with 1% Sudan Black 

for 20 min at RT and washed three times with PBS for 10 min. Sections were mounted using 

Immomount (Thermo). The following primary antibodies were used with respective 

concentrations: goat polyclonal anti-MPO (1:20, R&D Systems), rabbit polyclonal anti-NE (1:100, 

Abcam), rat monoclonal anti-GFAP (1:1000, Invitrogen®), rabbit polyclonal anti-Iba1 (1:400, 

Wako), goat polyclonal anti-Iba1 (1:400, Novus), rabbit polyclonal anti-Ki67 (1:1000, Abcam). 

Fluorescence microscopy was performed on an Olympus BX61 equipped with a spinning disk unit, 

using Cell P 3.5 software (Olympus). The final processing was done using Fiji (ImageJ software). 
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 Statistical analyses 

Statistical analyses were performed using Prism 7 (GraphPad Software). Data are expressed 

throughout the study as mean ± standard deviation (SD). Two-tailed Student's t-test or one-way 

ANOVA, followed by post-hoc test as specified, were used to assess the significance of differences 

between two or more groups, respectively. Correlation was computed with the two tailed 

Pearson's r-test. The significance of differences in frequency between two groups was evaluated 

by means of the χ2 test. Values that differ by two standard deviations from the mean value of 

each group were excluded from the analysis. 

 

6.2 Appendix 

 Recruited subjects 

Following ethical approval and informed consent, ALS patients were recruited at NEMO Clinical 

Centre of the Niguarda Hospital (Milan, Italy), with the collaboration of the Neurological Clinic at 

the San Gerardo Hospital (Monza, Italy). The subjects were diagnosed sporadic ALS (probable or 

defined) according to El Escorial Criteria1050 and they were all home-nursed by their main 

caregivers, which were interviewed to collect information about patients’ behavioural 

disturbances. Beyond being administered ALSFRS-r, DPI, FAB1051 and MoCA153, the patients were 

screened for demographic, social and clinical data listed in Table 7. Liver and kidney functionality 

was standard for every subject, including the ones treated with Riluzole. 

Healthy controls were matched for age and sex with ALS patients and they were recruited among 

patients’ relatives at the Neurological Clinic of the San Gerardo Hospital (Monza, Italy), following 

informed consent. 

Cancer as well as autoimmune or inflammatory diseases were considered exclusion criteria. 

Healthy controls were not affected by any other neurological or psychiatric pathology and they 

were not in treatment with psychoactive drugs. Their MMSE was always >26. 
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Chapter 7 

Results (part 1) 

  



73 
 

7.1 Alzheimer’s Disease 

 Recruited population 

For the first part of this work, we recruited n=60 Alzheimer’s Disease patients (AD), which were 

diagnosed the pathology according to the NINCDS/ADRDA as well as DSM-V criteria and that were 

characterized for many different parameters listed in Table 1. As underlined by the aim of this 

project, we are particularly interested in behavioural manifestations, which are present in 93% of 

our diseased individuals. To strengthen our analyses, we considered agitation/aggression (AA) not 

only as a domain of the NPI-12 test but also as an independent index, in order to evaluate the 

percentage of patients displaying this symptom (40% in our population). Moreover, we 

extrapolated its specific score (AA score = frequency × severity) and we calculated the time lag 

between the onset of the pathology and the earliest appearance of these disturbances (O/AA-lag). 

In parallel, we recruited n=30 non-demented healthy controls (CTRL), matched with the diseased 

subjects for age and sex. 

Both populations were screened for markers belonging to the TSPO/DBI peripheral system, in 

order to highlight potential differences between the two cohorts. 

 

 BPSD distribution, clustering and severity 

Analysing the AD population for BPSD distribution, we observed that the 93% of our patients 

displayed a positive NPI-12 score. The most frequent registered symptom in these subjects was 

apathy (73%), followed by depression (48.6%) and agitation/aggression (47.5%) (Fig. 1). 

Moreover, grouping the behavioural manifestations in clusters, we established that 19% of AD 

patients were ascribable to one cluster only, whereas 27% to two, 30% to three and 24% to four of 

them (Fig. 2). Also, considering the whole population, 81% of diseased subjects displayed 

symptoms belonging to more than one cluster, even though it was always possible to determine 

the predominant one. 
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 AD (n=60) CTRL (n=30)  

Sex (% M) 25 (42%) 14 (47%) n. s. 

Age (ys) 78 ± 6 (69-88) 79 ± 6 (66-86) n. s. 

Level of education (ys) 6 ± 2.7 (3-13) N/D N/A 

Disease duration (mo) 39.8 ± 24.3 (4-96) N/A  

MMSE (score) 17.79 ± 5.7 (4-26) >26 p<0.001 

CDR 1 / 2 / 3 (%) 57% / 36% / 7 % N/A  

BPSD+ (n, %) 55 (92%) N/A  

NPI-12 (score) 18.49 ± 2.31 (0-86) N/A  

AA+ (n, %) 24 (40%) N/A  

AA (score) 5.8 ± 3.4 (0-12) N/A  

O/AA-lag (mo) 27.1 ± 26.3* (0-79) N/A *median, interquartile 
range: 19, 0-56 

CBI (score) 24 ± 19 (0-61) N/A  

Social support (%) Familiar assistant: 17% 
NHC facility: 4% 

N/A  

Antipsychotic therapy (%) 25% N/A  

Haloperidol equivalents 0.69 ± 0.41 (0.16-1.48) N/A n=12 (20%) 

AChEI (n, %) 44 (74%) N/A  

Memantine (n, %) 21 (35%) N/A  

ApoE genotype (%) 2/2 2/3 3/3 3/4 4/4 N/P  

2% 5% 39% 44% 10% 

 
Table 1: Complete list of the clinical, demographic and social information about AD and CTRL recruited populations. 

The social support refers to non-domestic help, such as a family assistant or a nursing home care (NHC) facility. The 

antipsychotics dosage was expressed in terms of haloperidol equivalents
1052

 (two-tailed Student’s t-test, mean ± SD) 

(N/A: not applicable; N/D: non determined; range intervals in brackets). 

 

 

Figure 1: BPSD distribution in the recruited AD population. The NPI-12 score is positive in 93% of the patients and the 

main symptoms they display are apathy, depression and agitation/aggression. 
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Figure 2: Clusters of BPSD in our AD patients population. The frequency of the psychomotor cluster mainly derives 

from the agitation/aggression domain (63%) and it is only partially influenced by the aberrant motor behaviour one 

(37%). 

 

As regards clinical data concerning BPSD severity, we detected an inverse correlation between 

NPI-12 and MMSE scores (r=-0.50, p<0.001) (Fig. 3A). On the contrary, NPI-12 score was directly 

correlated to the CBI one (r=0.60, p<0.001) (Fig. 3B) as well as to disease duration (r=0.46, 

p<0.001) (Fig. 3C).  

 

 

Figure 3: Correlations between clinical data. (A) Inverse correlation between NPI-12 and MMSE scores. Worse BPSD 

manifestations correspond to a more severe cognitive impairment (**p<0.001). (B) Direct correlation between NPI-12 

and CBI scores. More severe BPSD disturbances are accompanied by higher stress burdens for the caregivers 

(**p<0.001). (C) Direct correlation between NPI-12 score and disease duration. Behavioural symptoms increase 

together with disease duration and patients affected for longer times display worse BPSD (**p<0.001). 

 

 DBI serum levels 

Measuring the serum DBI concentration in both AD and CTRL populations, we observed a 

significant 118% increase of this value in the diseased cohort compared to the healthy one (39.9 ± 
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17.0 vs. 18.3 ± 8.3 ng/ml, p<0.0001) (Fig. 4). As for TSPO gene expression, no differences emerged 

after stratifying the patients according to dementia severity, pharmacological therapy or ApoE 

genotype. 

 

 

Figure 4: DBI serum levels in AD patients and healthy controls. DBI concentration is increased by 118% in AD patients 

compared to CTRL (***p<0.0001, two-tailed Student’s t-test, mean ± SD). 

 

 TSPO expression in PBMC 

We evaluated the expression of the TSPO gene in PBMC isolated from the whole blood of both AD 

and CTRL subjects and we did not find significant changes in its mRNA levels between the two 

groups (1.30 ± 1.0 vs. 1.70 ± 2.70 RQ, n.s.) (Fig. 5). Similarly, no differences emerged after 

stratifying the patients according to dementia severity, pharmacological therapy or ApoE 

genotype. 

 

 

Figure 5: TSPO gene expression in PBMC of AD patients and healthy controls. TSPO gene expression is unchanged 

between the two groups. Relative Quantification (RQ) of TSPO mRNA is calculated as ratio to β-actin (two-tailed 

Student’s t-test, mean ± SD). 
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 Markers of the TSPO/DBI peripheral system 

We analysed the amount of serum BDNF as well as Cortisol-to-DHEA-S Ratio (CDR), which are 

linked to TSPO activation. Indeed, the first one represents an end product of this process, whereas 

the second one is a ratio strictly dependent on the concentration of DHEA-S, which is considered a 

by-product of TSPO stimulation. However, comparing AD to CTRL group, there were significant 

differences neither in BDNF serum levels (Fig. 6) nor in CDR (Fig. 7). Moreover, no changes in these 

markers arose after stratifying the patients according to dementia severity, pharmacological 

therapy or ApoE genotype. 

 

 

Figure 6: BDNF serum levels in AD patients and healthy controls. BDNF is unchanged between the two groups (two-

tailed Student’s t-test, mean ± SD). 

 

 

Figure 7: CDR in AD patients and healthy controls. CDR is unchanged between the two groups. The molar ratio is 

calculated to cortisol (two-tailed Student’s t-test, mean ± SD). 
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 Dichotomization of AD patients according to AA 

We used the presence of the agitation/aggression (AA) symptom to identify in our AD population a 

subgroup of subjects called AA+ (AA score > 0), which we contrasted with other patients not 

displaying this disturbance and, thus, called AA- (AA score = 0). Their full characterization is shown 

in Table 2. 

 

 AD AA+ (n=24) AD AA- (n=36)  

Sex (% M) 13 (53%) 20 (55%) n. s. 

Age (ys) 78.7 ± 6 (69-85) 77.9 ± 4 (67-70) n. s. 

Level of education (ys) 5.5 ± 2.0 (3-13) 6.3 ± 2.4 (3-13) n. s. 

Disease duration (mo) 46.5 ± 27.0 (12-92) 34.5 ± 21.0 (10-96) n. s. 

MMSE (score) 16.0 ± 6.4 (4-24) 18.6 ± 4.8 (9-26) p<0.03 

NPI-12 (score) 37.17 ± 16.67 (16-86) 13.48 ± 12.42 (0-46) p<0.0001 

AA (score) 6.1 ± 3.2 (1-12) N/A N/A 

O/AA-lag (mo) 27.8 ± 26.2 (0-79) N/A N/A 

CBI (score) 37.25 ± 15.72 (9-61) 17.2 ± 15.3 (0-56) p<0.0001 

Social support (%) Familiar assistant: 33% 
NHC facility: 3% 

Familiar assistant: 8.3% 
NHC facility: 5% 

°χ
2
 5.7, p<0.05 

Antipsychotic therapy (%) 54% 8.3% °χ
2
 9.1, p<0.003 

Haloperidol equivalents 0.75 ± 0.42 (0.33-1.48) 0.16; 0.82  

AChEI (n, %) 75% 72% n. s. 

Memantine (n, %) 32% 38% n. s. 

 
Table 2: Complete list of the clinical, demographic and social information about AA+ and AA- patients in the 

recruited AD population. The social support refers to non-domestic help, such as a family assistant or a nursing home 

care facility. The antipsychotics dosage was expressed in terms of haloperidol equivalents
1052

 (two-tailed Student’s t-

test except when specified χ2 test, mean ± SD) (*median, interquartile range: 19, 0-56; N/A: not applicable; N/P: not 

performed; range intervals in brackets). 

 

Comparing the clinical data from both groups, we identified some differences mostly related to 

cognitive decline and BPSD manifestations. Indeed, the AA+ cohort displays lower MMSE scores (-

2.6 point on average, p<0.05) (Fig. 8) as well as higher NPI-12 (+37.17%, p<0.001) (Fig. 9) and CBI 

(+216%, p<0.001) (Fig. 10) scores than the AA- one. Moreover, AA+ patients more frequently need 

a family assistant in comparison to the AA- subjects (χ2 5.7, p<0.05). 
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Figure 8: MMSE score in AD patients with (AA+) and without (AA-) agitation/aggression symptom. MMSE score is 

lower in AA+ patients (*p<0.05, two-tailed Student’s t-test, mean ± SD). 

 

 
Figure 9: NPI-12 score in AD patients with (AA+) and without (AA-) agitation/aggression symptom. NPI-12 score is 

higher in AA+ patients (**p<0.01, two-tailed Student’s t-test, mean ± SD). 

 

 
Figure 10: CBI score in AD patients with (AA+) and without (AA-) agitation/aggression symptom. CBI score is higher 

in AA+ patients (**p<0.01, two-tailed Student’s t-test, mean ± SD). 
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Even though we did not observe any significant difference in the level of education comparing AA+ 

and AA- subjects, we found an inverse correlation between this parameter and the 

agitation/aggression NPI score (NPI-AA) in AA+ patients only (r=−0.65, p<0.05) (Fig. 11). 

In a similar way to what we did in the whole AD population, we screened the AA+ and the AA- 

subgroups for biological markers of the TSPO/DBI peripheral system. 

 

 

Figure 11: Inverse correlation between the level of education and the NPI-AA score in AA+ patients. Higher NPI-AA 

scores correspond to lower levels of education (*p<0.05). 

 

 TSPO expression in PBMC after AA dichotomization 

Considering the expression of the TSPO gene, we detected a modest decrease in AA+ patients 

compared to AA- ones (1.36 ± 0.70 vs. 1.67 ± 0.80 RQ, p<0.05) (Fig. 12). However, other 

parameters such as serum DBI, serum BDNF and CDR were unchanged between the two groups 

(data not shown). 

 

Figure 12: TSPO gene expression in PBMC of AA+ and AA- patients as well as healthy controls. TSPO gene expression 

is slightly lower in AA+ subjects. Relative Quantification (RQ) of TSPO mRNA is calculated as ratio to β-actin (*p<0.05, 

two-tailed Student’s t-test, mean ± SD). 
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 Irisin serum levels 

The AA domain is typically characterized by an active motor behaviour and irisin production has 

been shown to be influenced by physical activity, thus we measured the serum concentration of 

this peptide in our AD subpopulations to check if it could be influenced by AA disturbances. We 

found a slight increase in irisin serum levels in the AA+ subgroup compared to the AA- one (20.5 ± 

3.40 vs. 18.6 ± 2.10 ng/ml, p<0.05) (Fig. 13) but, on the contrary, there were no differences 

between AD and CTRL cohorts (19.3 ± 2.70 vs. 19.8 ± 3.30 ng/ml, n.s.). 

 

Figure 13: Irisin serum levels in AA+ and AA- patients as well as healthy controls. Irisin is modestly increased by 10% 

in AA+ patients compared to AA- ones (*p<0.05, two-tailed Student’s t-test, mean ± SD). 

 

Surprisingly, we did not find any correlation between irisin and BDNF serum concentrations, even 

though the first one has been shown to influence the production of this neurotrophin but, on the 

other hand, we observed a direct correlation of irisin serum levels with the duration of AA 

symptoms (r=0.74, p<0.05) (Fig. 14). 

Following these general analyses of the TSPO/DBI peripheral system, we investigated the putative 

role of two different well-known polymorphisms in affecting some of its markers. 

 

 Influence of the TSPO polymorphism rs6971 

This polymorphism, identified as rs6971, is located in the TSPO gene and is an Ala147Thr 

substitution, which is found in the Caucasian population with these allelic frequencies: 49% 

Ala/Ala (G/G), 42% Ala/Thr (G/A) and 9% Thr/Thr (A/A). 
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Figure 14: Direct correlation between irisin serum levels and the duration of AA symptom in AA+ patients. Irisin 

lower concentrations are found in subjects which have been manifesting AA disturbances for shorter times (*p<0.05). 

 

These proportions were maintained in our AD population (Fig. 15) but we did not find any 

significant difference among the allelic subgroups as regards TSPO gene expression in PBMC (Fig. 

16), NPI-12 scores (Fig. 17) or other markers related to the TSPO/DBI peripheral system (data not 

shown). 

 

 

Figure 15: Distribution of the rs6971 TSPO polymorphism in our AD patients. The allelic frequencies reflect the ones 

described in literature. 

 

Diversely, we observed a slight increase in DBI serum levels in the heterozygous subjects 

compared to the alanine homozygous ones (p<0.01) (Fig. 18). 
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Figure 16: TSPO gene expression in PBMC of AD patients sorted by TSPO rs6971 polymorphism. TSPO gene 

expression is unchanged among the groups. Relative Quantification (RQ) of TSPO mRNA is calculated as ratio to β-

actin (one-way ANOVA, followed by Bonferroni’s post-hoc test, mean ± SD). 

 

 

Figure 17: NPI-12 score in AD patients sorted by TSPO rs6971 polymorphism. NPI-12 score is unchanged among the 

groups (one-way ANOVA, followed by Bonferroni’s post-hoc test, mean ± SD). 

 

 

Figure 18: DBI serum levels in AD patients sorted by TSPO rs6971 polymorphism. DBI is mildly increased in G/A 

patients compared to G/G (**p<0.01, one-way ANOVA, followed by Bonferroni’s post-hoc test, mean ± SD). 
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 Influence of the BDNF polymorphism rs6265 

This polymorphism, recognized as rs6265, is situated in the BDNF gene and is a Val66Met 

substitution, which is observed in the Caucasian population with these allelic frequencies: 65% 

Val/Val (G/G), 32% Val/Met (G/A) and 3% Met/Met (A/A). 

As it was for rs6971, the genotypes of our AD population reflected this distribution (Fig. 19) but, 

again, we did not identify any significant difference among the subgroups neither in serum BDNF 

levels (Fig. 20) nor in MMSE or NPI-12 scores. 

 

 

Figure 19: Distribution of the rs6265 BDNF polymorphism in our AD patients. The allelic frequencies reflect the ones 

described in literature. 

 

 

Figure 20: BDNF serum levels in AD patients sorted by BDNF rs6265 polymorphism. BDNF is unchanged among the 

subgroups (one-way ANOVA, followed by Bonferroni’s post-hoc test, mean ± SD). 
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7.2 Mild Cognitive Impairment 

 Recruited population 

To verify if the increase in serum DBI levels that we observed in AD patients is specific for this 

pathology, we also recruited n=33 subjects classified in a prodromal AD stage, since they display 

an amnesic mild cognitive impairment (aMCI) together with neurodegeneration (confirmed by 

positive brain MRI and 18F-FDG PET). Not only they were characterized for different parameters 

(Table 3) but also they underwent a Flutemetamol-PET, in order to distinguish between amyloid 

positive (Amy+) and amyloid negative (Amy-) individuals, depending on the presence of amyloid 

deposits. 

 MCI (n=33)  

Sex (% M) 60% 

Age (ys) 71 ± 6 (55-82) 

Level of education (ys) 10 ± 4.7 (2-18) 

MMSE (score) 26 ± 12.4 (24-29) 

AChEI (n, %) 0% 

Memantine (n, %) 0% 

Amyloid PET (% positive) 70% 

ApoE genotype N/A 

 
Table 3: Complete list of the clinical and demographic information about aMCI recruited population. The 

Flutemetamol-PET is positive in 23 subjects (70%) (mean ± SD) (N/A: not applicable; range intervals in brackets). 

 

 DBI serum levels 

We measured DBI serum concentration in our aMCI subjects and we compared these data with 

the ones from our initial cohorts of AD patients and healthy controls. Interestingly, the aMCI 

population showed a significant 52% increase (p=0.0192) and a significant 30% decrease 

(p=0.0003) in DBI serum levels compared to CTRL and AD groups, respectively (Fig. 21). 
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Figure 21: DBI serum levels in AD patients, aMCI subjects and healthy controls. DBI serum concentration is increased 

by 52% in aMCI compared to CTRL and decreased by 30% in aMCI compared to AD (***p<0.0001, one-way ANOVA, 

followed by Bonferroni’s post-hoc test, mean ± SD). 

 

Moreover, comparing Amy+ and Amy- subjects, we did not find any significant change in DBI 

serum levels (Fig. 22) as well as in other clinical-demographic parameters (data not shown). 

 

 

Figure 22: DBI serum levels in Amy+ (n=23) and Amy- (n=10) subjects. DBI serum concentration is unchanged 

between the two groups (p=0.46, two-tailed Student’s t-test, mean ± SD). 
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7.3 Non-Determined Cognitive Impairment 

 Recruited population 

Beyond AD and aMCI population, we recruited a third cohort of n=38 patients displaying cognitive 

impairment, which could not be classified directly as AD subjects since they showed 

heterogeneous aspects in both clinical tests and imaging exams, ascribable to different types of 

dementia. Thus, after the first characterization, which is listed in Table 4, they underwent lumbar 

puncture to analyse their CSF profile of AD core markers Aβ, t-tau and p-tau. 

 

 NDCI (n=38)  

Sex (% M) 47% 

Age (ys) 71.4 ± 9 (51-83) 

Level of education (ys) 6.1 ± 2.8 (3-17) 

Disease duration (mo) 35.8 ± 22.43 (1-93)  

MMSE (score) 21.0 ± 5.5 (10-28) 

MMSE>26 17% 

CDR 1 / 2 / 3 (%) 47% / 36% / 0% 

AChEI (n, %) 31% 

Memantine (n, %) 13% 

 
Table 4: Complete list of the demographic and clinical information about NDCI recruited population. The MMSE was 

above the threshold for cognitive impairment in 17% of the subjects (mean ± SD) (range intervals in brackets). 

 

The typical AD profile is distinguished by Aβ<500 pg/ml and t-tau>300 pg/ml, thus we used the 

same cut-off to discriminate among our NDCI population. According to the CSF concentration of 

these indicators, 15 subjects were considered non-AD (Aβ>500 pg/ml), 17 were confirmed AD 

(Aβ<500 pg/ml and t-tau>300 pg/ml) and 6 were classified as suspect-AD (Aβ<500 pg/ml and t-

tau<300 pg/ml). These subpopulations were screened for different parameters (Table 5) but these 

factors did not show significant changes among the subgroups (data not shown). 
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 AD (n=17)  Suspect AD (n=6) Not AD (n=15) 

Sex (% M) 40% 33% 60% 

Age (ys) 71 ± 10.1 (51-83) 71 ± 7.7 (62-82) 72 ± 8.7 (59-82) 

Level of education (ys) 8.6 ± 3.8 (5-17) 5.7 ± 2 (4-8) 10.7 ± 5.3 (3-16) 

Disease duration (mo) 37.6 ± 27.2 (1-93)  25.5 ± 16.5 (9-45) 36.5 ± 17.5 (9-69) 

MMSE (score) 19 ± 5.9 (10-27) 21 ± 4.2 (16-26) 23 ± 5 (14-28) 

 
Table 5: Complete list of the demographic and clinical information about AD, suspect-AD and non-AD subjects in the 

initial NDCI population. The small differences in these parameters among the groups were not statistically significant 

(one-way ANOVA, mean ± SD) (range intervals in brackets). 

 

 DBI serum and CSF levels 

As we did for our earliest cohort of AD patients and for aMCI subjects, we measured DBI serum 

levels in these NDCI subpopulations and we compared them with our initial healthy controls. 

Interestingly, DBI serum concentration was increased by 61% in AD individuals compared to non-

AD ones (p=0.045), whereas the apparent increase in suspect-AD subjects compared to non-AD 

ones was not significant (Fig. 23). 

 

Figure 23: DBI serum levels in AD (n=17), suspect-AD (n=6), non-AD (n=15) subjects and healthy controls. DBI serum 

concentration is higher in AD than in non-AD (***p<0.0001, one-way ANOVA, followed by Bonferroni’s post-hoc test, 

mean ± SD). 

 



89 
 

Considering the same subgroups, we also compared the DBI CSF levels among them but we did not 

observe any significant difference (Fig. 24). 

 

 

Figure 24: DBI CSF levels in AD (n=17), suspect-AD (n=6) and non-AD (n=15) subjects. DBI CSF concentration is 

unchanged among the subgroups (p=0.25, one-way ANOVA, mean ± SD). 

 

On the contrary, comparing DBI concentrations between serum and CSF in the whole NDCI 

population, we observed a significant 52% increase of DBI levels in the serum compartment (Fig. 

25) and similar results were detected considering the NDCI subgroups separately (data not 

shown).  

 

Figure 25: DBI CSF and serum levels in NDCI recruited population. DBI concentration is higher in the serum than in 

CSF (p=0.0047, two-tailed Student’s t-test, mean ± SD). 

 

Interestingly, analysing the whole NDCI population, we also found a direct correlation between 

DBI CSF concentration and its levels in serum (r=0.45, p=0.0052) (Fig. 26). 
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Figure 26: Direct correlation between DBI CSF levels and DBI serum levels in NDCI patients. DBI CSF concentration is 

significantly correlated to DBI serum one (p=0.0052). 

 

 DBI CSF levels and AD core-markers 

In order to highlight a possible relationship between DBI CSF levels and AD core-markers, we 

analysed its correlations with Aβ, t-tau and p-tau. Whether we did not find any with the first 

marker (data not shown), we identified an interesting correlation of DBI CSF concentration with 

both t-tau (r=0.63, p<0.0001) (Fig. 27A) and p-tau (r=0.46, p=0.0036) (Fig. 27B). 

 

Figure 27: (A) Direct correlation between DBI and t-tau CSF levels in NDCI patients (***p<0.0001). (B) Direct 

correlation between DBI and p-tau CSF levels in NDCI patients (*p<0.05). 

 

 DBI serum and CSF levels after AA dichotomization 

Among the AD cohort identified in our NDCI population, we selected 12 patients which were 

administered clinical tests for cognitive impairment and BPSD measurement, such as MMSE, NPI-
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12 and CBI. Moreover, we dichotomized them according to the presence of the AA symptom and 

we calculated the AA score (Table 6). We did not find any difference between the two groups as 

regards the collected parameters except for NPI-12, which was higher in AA+ patients than in AA- 

ones (34.0 ± 10.7 vs. 15.6 ± 12.6, p=0.04). 

We analysed DBI levels in AA+ and AA- subjects, considering both serum and CSF compartments. 

However, we did not find any difference in DBI serum or CSF concentration between the two 

groups. Similarly, we did not observe any significant change comparing DBI serum levels to its CSF 

ones within both AA+ and AA- cohorts (Fig. 28). 

 

 AA (n=12) AD AA+ (n=6) AD AA- (n=6) 

Sex (% M) 25% 33% 17% 

Age (ys) 70.3 ± 9.5 (51-82)  72 ± 9 (59-82) 68.8 ± 10.4 (51-79) 

Level of education (ys) 7.7 ± 3.9 (4-17) 6.8 ± 3.5 (4-13) 8.5 ± 4.4 (5-17) 

Disease duration (mo) 25.2 ± 11.1 (9-44) 19.2 ± 7.3 (9-27) 31.2 ± 11.5 (11-44) 

MMSE (score) 23.1 ± 3.8 (15-27) 22.8 ± 3 (19-27) 23.3 ± 4.8 (15-27) 

NPI-12 (score) 24.8 ± 14.7 (2-48) 34 ± 10.7 (21-48) 15.6 ± 12.6 (2-33) 

AA (score) 1.8 ± 3.4 (0-12) 3.7 ± 4.3 (1-12) N/A 

CBI (score) 17.7 ± 13.4 (1-36) 21.7 ± 12 (7-35) 13.8 ± 14.6 (1-36) 

 
Table 6: Complete list of the demographic and clinical information about 12 AD subjects in the initial NDCI 

population. They were characterized for behavioural disturbances and divided in AA+ and AA- patients, according to 

the presence of the AA symptom. Only the NPI-12 was higher in the AA+ subjects that in the AA- ones (p=0.04, 

Student’s t-test, mean ± SD) (range intervals in brackets). 

 

 

Figure 28: DBI CSF and serum levels in 12 AD subjects of the recruited NDCI population dichotomized for AA 

symptom. DBI concentration is unchanged in both CSF and serum between AA+ and AA- subject. DBI levels are 

unchanged also between serum and CSF within both AA+ and AA- populations (two-tailed Student’s t-test, mean ± 

SD). 
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7.4 Delirium 

 Recruited population 

In addition to our main populations, we also recruited n=6 patients that developed delirium during 

their hospitalization, which was ascribable to different reasons, including cerebrovascular 

accidents and brain tumours. Delirium was suspected based on the 4AT score (a score ≥4 is 

indicative of possible delirium ± cognitive impairment). Patients characteristics are included in 

Table 7. 

 Delirium (n=6)  

Sex (% M) 3 (50%) 

Age (ys) 73.7 ± 9.7 (54-79)* 

4AT score° 10.9 ± 2.6 (6-12) 

Ammonia (µM)
#, a

 47.0 ± 13.3 (33-69) 

Sodium
#, b

 138.5 ± 5.9 (125-144) 

Potassium
#, c

 4.2 ± 0.4 (3.7-4.8) 

Hyperkinetic form (%) 5 (83.3%) 

Previous history of cognitive impairment/dementia (%) 3 (50%) 

 
Table 7: Complete list of the demographic and clinical information about 6 delirium subjects. Delirium is suspected 

based on the 4AT score. (*median: 77.5 ys; °a score ≥4 is indicative of possible delirium ± cognitive impairment; 

#serum determinations; 
a
all values within reference range (40-80 µg/dL); 

b
only one patient below reference range 

values (136-145 mEq/L); 
c
all values within reference range (3.5-5.1 mEq/L) (range intervals in brackets). 

 

 DBI serum levels 

As regards DBI serum concentration in delirium patients, this peptide was 3-fold higher than in 

healthy controls and increased by +80% compared to AD subjects (Fig. 29). 

 

 Pro-inflammatory cytokines measurement 

Since delirium is characterized by a strong systemic inflammatory response, we measured the 

serum concentration of both pro-inflammatory cytokines TNF-α and IL-6 not only in our delirium 

cohort but also in a subgroup of n=24 AD patients and n=8 healthy controls. 
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Figure 29: DBI serum levels in delirium subjects, AD patients and healthy controls. DBI concentration in delirium 

subjects is 3-fold higher than in healthy controls (*p<0.05) and is increased by 80% compared to AD patients 

(**p<0.01) (one-way ANOVA, followed by Tukey’s multiple comparison test, mean ± SD). 

 

According to our results, TNF-α did not show any change among the three groups, neither after its 

reassessment considering clinical and demographic variables (Fig. 30A). On the contrary, IL-6 was 

significantly increased in delirium patients compared to both AD subject and healthy controls (5-

fold increase, p<0.001) (Fig. 30B). 

These evidences were not modified by clinical or demographic data and, in particular, behavioural 

data failed to segregate with cytokine serum levels. 

 

 

Figure 30: Cytokine serum levels in delirium subjects, AD patients (n=24) and healthy controls (n=8). (A) TNF-α 

serum levels are unchanged among the groups (p=0.34). (B) IL-6 serum levels are 5-fold higher in delirium patients 

than in AD patients as well as healthy controls (**p<0.001). Even discarding the upper outlier in the delirium group the 

result significance is maintained (One-way ANOVA, followed by Tukey’s multiple comparison test, mean ± SD). 
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7.5 Monocytes Chemotaxis 

Beyond being involved in neurosteroids’ production, TSPO has been demonstrated to regulate 

monocytes migration. Thus, we evaluated this process in response to either an oligomeric Aβ 

stimulus or a Ro5-4864 inhibition, using two different cellular types as well as chemotaxis assays. 

 

 THP-1 cellular migration in µ-slide chemotaxis chambers 

THP-1 cells, deriving from acute myeloid leukaemia and resembling primary monocytes from 

several point of views, represented a perfect cellular model to perform preliminary studies on 

putative Aβ-induced cellular migration using µ-slide chemotaxis chambers. This tool allowed us to 

observe THP-1 motility in time-lapse microscopy and to measure quantitative parameters such as 

direction, velocity and Forward Migration Index (FMI). This factor is defined as the parallel 

component of the chemotactic gradient and the more its values differ from 0, the wider is cellular 

migration. 

The cells were administered either Aβ 125 nM or MCP-1 10 ng/ml, which was chosen as a positive 

control, being the most potent chemoattractant for monocytes. 

As shown by Fig. 31, both substances induced a 100% increase in THP-1 cells chemotaxis 

compared to the basal condition (FMI: Aβ 0.36 ± 0.02 vs. MCP-1 0.35 ± 0.04 vs. basal 0.18 ± 0.04; 

p<0.01 Aβ vs. basal; p<0.01 MCP-1 vs. basal). 

 

 Healthy controls monocytes migration in Boyden chambers 

In parallel with THP-1 cells chemotaxis, we tested the effect of Aβ and MCP-1 in inducing the same 

process in human monocytes from elderly healthy controls. For this purpose, we used Boyden 

chambers that provided us the possibility to calculate the Chemotactic Index, which is recognized 

as a measure of cellular migration. We stimulated the cells with three different concentrations of 

Aβ oligomers, in order to highlight any potential dose-dependent difference in monocytes motility. 

Comparing the basal condition with Aβ-treated cells, we did not detect any change in their 

migration for Aβ 125 or 1.25 nM, whereas cellular chemotaxis increased by 150% following the 

administration of Aβ 125 pM (p<0.05), a concentration which is placed within the detectable range 



95 
 

in human biological fluids. However, this effect was very mild in comparison with the one exerted 

by MCP-1, which boosted monocytes migration by 900% (p<0.01) (Fig. 32). 

 

 

Figure 31: Forward Migration Index of THP-1 cells in µ-slide chemotaxis chambers. THP-1 cells migration increases, in 

comparison with the basal, after stimulation with MCP-1 10 ng/ml (**p<0.01) as well as Aβ 125 nM (**p<0.01). (One-

way ANOVA, followed by Bonferroni’s post-hoc test, mean ± SD). 

 

In order to verify if the Aβ-induced migration that we observed was TSPO-dependent, we treated 

the same cells with Ro5-4864, which is known to inhibit this receptor. We tested this compound in 

different concentrations (10 µM, 25 µM and 50 µM), alone or in combination with Aβ. Besides 

confirming once again the strong chemoattractant effect of Aβ 125 pM, the results showed a 

strong inhibitory effect of Ro5-4864 on Aβ-induced chemotaxis. Indeed, when this synthetic 

molecule was present in the medium together with Aβ, the cellular migration was significantly 

lower than the one boosted by Aβ alone, especially at Ro5-4864 concentrations of 25 and 50 µM 

(Aβ: 4.41 ± 2.45 vs. Ro5 25 µM: 1.15 ± 0.35, p<0.05; Aβ: 4.41 ± 2.45 vs. Ro5 50 µM: 0.95 ± 0.85, 
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p<0.05) (Fig. 33). As expected, monocytes stimulation with Ro5-4864 alone did not exhibit any 

significant difference compared to the basal condition. 

 

Figure 32: Elderly healthy controls monocytes chemotaxis in Boyden chambers. Aβ 125 nM as well 1.25 nM 

concentrations don’t have any effect in inducing monocytes chemotaxis in comparison to the basal condition (red 

line), whereas Aβ 125 pM increases their migration rate by 150% (*p<0.05). Nevertheless, MCP-1 has the strongest 

chemoattractant effect and stimulates monocytes chemotaxis by 900% compared to the basal condition (**p<0.01). 

(One-way ANOVA, followed by Bonferroni’s post-hoc test, mean ± SD) (representative Aβ 125 pM staining). 

 

 

Figure 33: Elderly healthy controls monocytes chemotaxis in Boyden chambers. Aβ 125 pM confirms a strong effect 

in inducing monocytes chemotaxis in comparison to the basal condition (red line) (*p<0.05), whereas Ro5-4864 at 

medium and high concentrations significantly reduces monocytes migration when administered in combination with 

Aβ (Ro5 25 and 50 µM: *p<0.05, one-way ANOVA, followed by Tukey’s post-hoc test, mean ± SD). 
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 Monocytes migration in AD patients 

To highlight any potential difference in monocytes chemotaxis between healthy controls and AD 

patients, we stimulated this process in two small subgroups (n=5) of both populations using Aβ 

125 pM as chemoattractant. We observed that the migration rate of the monocytes isolated from 

AD patients was 100% higher than the one from healthy controls cells (4.4 ± 0.6 vs. 2.0 ± 0.4, 

p<0.01) (Fig. 34). 

 

Figure 34: Aβ-induced chemotaxis of two subgroups (n=5) of healthy controls and AD patients. Aβ 125 pM induces a 

stronger chemotactic response (indicated as number of migrated cells) in monocytes from AD patients than in ones 

from healthy controls (**p<0.01) (Student’s t-test, mean ± SD). 
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Chapter 8 

Results (part 2) 
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8.1 Neutrophils Infiltration 

 Experimental design 

We performed immunohistochemical analyses on mouse brain slices that were kindly provided by 

the research group headed by Prof. Michael T. Heneka at the University of Bonn Medical Centre 

(Bonn, Germany). The samples belonged to 4 genetic backgrounds (WT, Nlrp3-/-, APP/PS1, 

APP/PS1/Nlrp3-/-), 2 ages (5 and 15 months old) and 3 different treatments (untreated (CTRL), 2 

days (2d) and 10 days (10d) after a single LPS injection), according to the diagram in Fig. 35, for a 

total of 24 different conditions. 

 

Figure 35: Diagram reporting the experimental design to perform immunohistochemistry on mouse brain slices. The 

samples derived from WT, Nlrp3
-/-

, APP/PS1 and APP/PS1/Nlrp3
-/-

 mice, which were considered in their young (5 m. o.) 

as well as old (15 m. o.) age. For each genetic background and age, three different conditions were analysed: 

untreated (CTRL), 2 and 10 days after LPS injection (2d and 10d, respectively). 

 

To identify the putative presence of activated neutrophils, we stained our brain slices with MPO 

together with NE, which are both recognized as markers of NETs. In addition, we labelled the 

tissue with methoxy-X04 and DAPI, in order to visualize amyloid deposits and cell nuclei, 

respectively. With the aim to highlight any Aβ-dependent effect in cellular infiltration, we analysed 

our brain slices distinguishing between plaque-associated and plaque-free areas. 
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 Plaque-free areas analysis 

Considering plaque-free areas, we did not detect any positive cell in brain slices, regardless of mice 

genotype, age and treatment (Fig. 36, pictures from WT and Nlrp3-/- mice not shown). 

 

Figure 36: Representative fluorescence microscopy pictures of plaque-free areas in brain slices from APP/PS1 and 

APP/PS1/Nlrp3
-/-

 mice belonging to different age and treatment groups. There are no MPO
+
/NE

+
 cells in plaque-free 

areas, independently from animal genotype, age or treatment. Nuclei are visualized using the fluorescent nuclear dye 

DAPI (blue). Scale bar: 20 µm. 

  



101 
 

 Plaque-associated areas analysis 

Given that amyloid plaques represent one of the main hallmarks of AD pathology, we did not 

detect them neither in WT nor in Nlrp3-/- mice brain slices. Thus, we excluded these samples from 

further analyses. On the contrary, considering the brains of APP/PS1 as well as APP/PS1/Nlrp3-/- 

animals, not only we observed MPO and NE labelling (Fig. 37, 38A) but we also verified that these 

markers were co-localizing within the tissue (Fig. 38B). Moreover, these MPO+/NE+ cells were 

mainly identified in close proximity to Aβ deposits. 

 

Figure 37: Representative fluorescence microscopy pictures of plaque-associated areas in brain slices from APP/PS1 

and APP/PS1/Nlrp3
-/-

 mice belonging to different age and treatment groups. MPO
+
 (green) and NE

+
 (red) signals are 

co-localizing in all the samples and the cells labelled by these two markers (see representative white arrows) are 

highly concentrated around amyloid plaques (see representative dotted circles). Nuclei and amyloid plaques are 

visualized using the fluorescent nuclear dye DAPI (blue) and the chemical Mx04 (blue but more visible in the red 

channel because of the strong DAPI signal), respectively. Scale bar: 20 µm. 
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Figure 38: (A) Representative fluorescence microscopy picture of an MPO
+
/NE

+
 cell in a plaque-associated area in an 

APP/PS1 15 m. o. 2d mouse. MPO (green) and NE (red) co-staining. Nuclei and amyloid plaque are visualized using the 

fluorescent nuclear dye DAPI (blue) and the chemical Mx04 (blue but more visible in the red channel because of the 

strong DAPI signal), respectively. Scale bar: 200 µm. (B): Representative orthogonal view of a fluorescence 

microscopy picture showing an MPO
+
/NE

+
 cell in a plaque-associated area in an APP/PS1 15 m. o. 2d mouse. As 

shown by the orthogonal view, MPO and NE labellings are co-localizing in the same cell. Nucleus is visualized using the 

fluorescent nuclear dye DAPI (blue). Scale bar: 200 µm. 

 

To highlight potential differences related to genetic background, age or treatment, we quantified 

the number of labelled neutrophils in the samples. In order to do that, we counted the positive 

cells in 4 optical fields (OF) per slice and we analysed 2 slices per brain, which means 8 optical 

fields per brain. 

According to our manual count (Fig. 39A), the number of MPO+/NE+ cells infiltrating the brain of 

APP/PS1 mice increased in 15-month-old animals compared to the 5-month-old ones, in both 2-

days and 10-days-post-LPS treated groups (0.25 ± 0.46 vs. 2.0 ± 1.20 cells/OF, p=0.0119 and 0.50 ± 

0.76 vs. 3.38 ± 1.19 cells/OF, p<0.0001, respectively). Similarly, a higher cell number was detected 

in brain slices of APP/PS1/Nlrp3-/- mice 2 days as well as 10 days after LPS injection (1.75 ± 1.04 vs. 

4.38 ± 1.51, p<0.0001 and 1.75 ± 1.98 vs. 5.0 ± 1.85, p<0.0001, respectively). 

Interestingly, we observed an increase in the number of infiltrated neutrophils in 15-month-old 

APP/PS1 mice 2-days as well as 10-days post-LPS injection rather than in the untreated ones (0.75 

± 0.46 vs. 2.0 ± 1.20, p=0.0387 and 0.75 ± 0.46 vs. 3.38 ± 1.19, p<0.0001, respectively) (Fig. 39B). 

On the other hand, 15-month-old APP/PS1/Nlrp3-/- mice showed a higher number of cells per 
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optical field when comparing animals sacrificed 2 or 10 days post-LPS treatment to the untreated 

ones (0.50 ± 0.54 vs. 4.38 ± 1.51, p<0.0001 and 0.50 ± 0.54 vs. 5.0 ± 1.85, p<0.0001, respectively). 

A similar effect was detected in APP/PS1/Nlrp3-/- 5 m. o. LPS-treated mice but its statistical 

significance was weaker than the ones reported above (data not shown). 

In addition, considering old animals only, APP/PS1/Nlrp3-/- mice displayed a significant increase in 

the number of infiltrating neutrophils compared to the APP/PS1 ones, in both 2 or 10 days post-

LPS treated groups (2.00 ± 1.20 vs. 4.38 ± 1.51, p<0.0003 and 3.36 ± 1.89 vs. 5.0 ± 1.85, p=0.0226, 

respectively) (Fig. 39C). 

 

 

Figure 39: (A) Neutrophils manual count. The number of MPO
+
/NE

+
 cells in each optical field increases in APP/PS1 as 

well as in APP/PS1/Nlrp3
-/-

 older animals compared to the young ones in both LPS-treated groups (APP/PS1 2d: 

*p=0.0119; APP/PS1 10d: ***p<0.0001; APP/PS1/Nlrp3
-/-

 2d: ***p<0.0001; APP/PS1/Nlrp3
-/-

 10d: ***p<0.0001).(Two-

way ANOVA, followed by Tukey’s multiple comparisons test, mean ± SD). 

 

Since positive cells to our labelling were found in close proximity to amyloid plaques only, we 

performed some additional experiments to exclude that MPO and NE could be expressed by 

microglia, which has already been demonstrated to cluster around Aβ deposits. To do that, we co-

stained our samples using either MPO or NE with Iba1, which is considered the main microglial 

marker and we did not observe any co-localization between these proteins (Fig. 40A-B). 
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Figure 39: (B) Neutrophils manual count. The number of infiltrated neutrophils increases in LPS-treated mice 

compared to the untreated ones, regardless of their genetic background and this effect is much more evident in older 

animals than in younger ones (APP/PS1 15 m. o. 2d: *p=0.0387; APP/PS1 15 m. o. 10d: ***p<0.0001; APP/PS1/Nlrp3
-/-

 

15 m. o. 2d: ***p<0.0001; APP/PS1/Nlrp3
-/-

 15 m. o. 10d: ***p<0.0001). (Two-way ANOVA, followed by Tukey’s 

multiple comparisons test, mean ± SD). 

 

 

Figure 39: (C) Neutrophils manual count. In 15 m. o. animals, the number of infiltrated neutrophils increases in 

APP/PS1/Nlrp3
-/-

 mice compared to the APP/PS1 ones, 2 or 10 days after LPS injection (2d: ***p=0.0003; 10d: 

*p=0.0226). (Two-way ANOVA, followed by Tukey’s multiple comparisons test, mean ± SD). 
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Figure 40: Representative fluorescence microscopy pictures of a plaque-associated area in an APPPS1 15 m. o. 2d 

mouse. Iba1
+
 (green) and MPO

+
 (A) or NE+ (B) (red) signals are not co-localizing around amyloid plaques. Amyloid 

plaques are visualized using the chemical Mx04 (blue). Scale bar: 20 µm. 

 

 Technical issues 

It has to be mentioned that we displayed an aspecific signal in all the samples we stained. This 

labelling appeared in form of nuclei, which were diffused in the whole tissue and we hypothesized 

that it could most likely depend on an interaction between Sudan Black and the detergent 

contained in the washing buffer, rather than on the MPO and NE antibodies. To verify this 

assumption, we stained several WT 5 m. o. CTRL brain slices for non-proliferating (Iba1+) as well as 

proliferating (Ki-67+) microglial cells and we observed the same aspecific signal (Fig. 41A). Further 

attempts to stain the same sample for microglia (Iba+) and astrocytes (GFAP+) without detergent 

were done and they were successful in removing the nuclei-like signal (Fig. 41B) but, even though 

this new protocol was effective, we could not perform again immunohistochemistry on the mice 

slices included in our experimental design because they were no longer available. 

 

Figure 41: (A) Representative fluorescence microscopy picture of a WT 5 m. o. CTRL mouse brain slice. Aspecific 

nuclei (see white arrows) are diffused in the whole slice. Non-proliferating microglia is stained with Iba1 (green), 

whereas the proliferating one is labelled with Ki-67 (red). Nuclei are visualized using the fluorescent nuclear dye DAPI 

(blue). Scale bar: 20 µm. (B) Representative fluorescence microscopy picture of a WT 5 m. o. CTRL mouse brain slice. 

With the new protocol, the aspecific signal disappeared and microglia (green) as well as astrocytes (red) are clearly 

visible. Nuclei are visualized using the fluorescent nuclear dye DAPI (blue). Scale bar: 20 µm. 
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Chapter 9 

Discussion 

  



107 
 

9.1 Discussion of the Study 

This study was aimed to investigate some biological mechanisms potentially involved in the 

genesis of several behavioural disturbances often associated to Alzheimer’s Disease. Moreover, it 

intended to examine the pathological contribution of peripheral inflammatory responses exerted 

by monocytes and neutrophils in boosting central neuroinflammation. 

For our first purpose, we characterized behavioural anomalies in a cohort of subjects that were 

diagnosed AD according to their clinical as well as neuropsychological profile and we measured 

their behavioural manifestations by means of NPI-12, which is the most common caregiver-based 

scale employed to quantify BPSD. It has to be noticed that the individuals displaying a major 

expression of these symptoms might have been deleted from the sample due to the tight 

exclusion criteria but this choice, on the other hand, allowed us to better define the experimental 

groups and to avoid aspecific alterations of the measured parameters. However, the behavioural 

disturbances were extremely frequent in the recruited population, being present in more than 

90% of AD subjects and this percentage paralleled the one reported by Corbett et al.1053. Apathy 

was confirmed to be the most recurrent manifestation, followed by depression and 

agitation/aggression. These data were in line with the ones reported in literature, except for 

depressive disturbances, which have been shown to have a 20% prevalence1054 but that were 

much more common in our cohort. On the other hand, the distribution of BPSD in syndromic 

clusters revealed that apathetic manifestations were still the most represented, followed by 

affective and psychomotor ones. Their frequencies were congruous with the data reported by 

Spalletta et al.1055, which grouped BPSD using the same clusters. Moreover, in their study as well 

as in ours, more than 80% of patients belonged to more than one cluster. As regards BPSD as a 

whole, the inverse correlation of NPI-12 score to the MMSE one, together with the direct 

correlation between NPI-12 score and disease duration, indicate that BPSD frequency as well as 

severity increase in parallel with cognitive impairment, as previously shown by Cerejeira et al.989. 

Also, the direct correlation between NPI-12 and CBI scores suggests that BPSD are essentially 

involved in generating caregiver stress burden. 

However, it is worth to notice that behavioural anomalies are inhomogeneous and this feature is 

responsible for the first bias of our study. Indeed, the same NPI-12 scores could be associated to 
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completely different behavioural manifestations profiles. Thus, these disturbances are 

characterized by huge dissimilarities as concerns their clinical as well as therapeutic treatment. 

For these reasons, we dichotomized our AD population according to the presence or absence of 

the agitation/aggression symptom, which is not only the most difficult to manage for the caregiver 

but also represents the main cause to demand for medical and pharmacological help. Also, 

displaying evident alterations, this anomaly is very easy to identify and facilitates the research for 

a link between BPSD and clinical or biological parameters. 

Comparing AA+ subjects to the AA- ones, we did not find any significant difference in age, sex, 

level of education as well as disease duration between the two groups. On the contrary, we 

observed a lower MMSE score in AA+ patients, which was consistent with the hypothesis from 

Förstl and Kurz, stating that agitation/aggression symptom is typical of advanced dementia 

stages1056. 

Moreover, NPI-12 score was significantly higher in AA+ subjects than in AA- ones and this evidence 

might be explained suggesting that the agitation/aggression symptom is more frequently reported 

by the caregiver in comparison to other BPSD, because of its complicated features. In line with 

that, the CBI scores registered in caregivers of AA+ patients were much more higher than the ones 

recorded in caregivers dealing with non-aggressive subjects and this finding highlights the strong 

impact deriving from agitation/aggression in complicating AD patients nursing. This concept is 

strengthened by the observation that AA+ patients showed a more frequent use of antipsychotics 

and were more often assisted by caregivers external to their families, even though their cognitive 

impairment, determined by MMSE, was only mildly higher than the one detected in AA- subjects. 

Furthermore, we examined the severity of the agitation/aggression symptom calculating the AA 

score, which represents a sub-scale of NPI-12. Thus, even though this measure is not very specific 

for the analysis of AA disturbances, it was helpful in this explorative study because it considered 

AA in relation to other BPSD rather than alone. Nevertheless, future studies might employ 

dedicated scales for agitation, such as the Cohen-Mansfield Agitation Inventory. Interestingly, we 

found an inverse correlation of the AA score with the years of education in agitated patients, 

although this second parameter did not show any significant difference between AA+ and AA- 

subjects. This finding suggests that a wider cognitive reserve, deriving from a longer education, 

might limit the severity of AA symptoms by stimulating inhibitory mechanisms, even though it is 

not protective against the appearance of these disturbances1057. This evidence underlines the 
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need to examine in details the role of cognitive reserve in modulating BPSD manifestations by 

means of specific tests like CRIq. 

The ApoE genotype, despite influencing the risk for AD onset, did not display any involvement in 

modulating BPSD incidence in our diseased cohort. 

Beyond characterizing behavioural anomalies from a clinical point of view, we also performed 

laboratory tests on biological samples collected right after NPI-12 administration and deriving 

from different diseased cohorts (AD, MCI, NDCI and delirium) as well as healthy controls, with the 

aim to investigate potential peripheral alterations in the TSPO/DBI system, which we hypothesized 

to be involved in BPSD genesis, in order to unravel a biomarker that could be useful to recognize 

either AD or BPSD. 

The TSPO receptor, together with its endogenous ligand DBI, has been shown to be expressed in 

peripheral tissues1058. Moreover, it has been demonstrated that a bi-directional communication 

between systemic and CNS immunity exists1059, raising the possibility to identify 

neuroinflammation-related biochemical changes not only in the brain but also in peripheral 

biological fluids. This opportunity offers a great advantage, since the procedure to obtain blood 

samples is minimally invasive and inexpensive. 

The soluble mediator DBI was quantified in serum samples and it displayed increased levels in AD 

patients (+118%) compared to healthy controls. Also, in the AD cohort, the concentration of this 

peptide did not show any correlation with MMSE score or dementia severity, expressed by CDR 

score. As far as we know, there are no other studies in literature analysing DBI in AD patients 

serum. 

The real peripheral function of the TSPO endogenous ligand has not been established yet and its 

role is still under debate. Its increased levels in AD patients might indicate that this peptide has a 

role in the pathology. On the other hand, the intact liver and kidney functions of the diseased 

subjects as well as their complete blood count with differential within the ranges provided by our 

analyses laboratory allowed us to exclude a DBI degradation deficiency, thus its higher 

concentration is reasonably ascribable to its increased synthesis. However, the source of this up-

regulated process has still to be identified, since many different tissues are able to produce this 

peptide. Whether DBI increased serum concentration leads to the onset of pathological 
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disturbances or represents a compensatory mechanism to fight disease alterations has not been 

clarified to date but our evidence reflects a process occurring at a central level. 

Indeed, Ferrarese et al. previously demonstrated the presence of higher DBI levels in the CSF of AD 

patients compared to healthy controls and they suggested that this increase might be correlated 

to cognitive decline1039. However, DBI functions in the CNS have not been defined completely but 

a few studies proposed that this peptide could be endowed with anxiogenic properties, since it 

acts as an inverse agonist of the GABAA receptor. On the other hand, it is reasonable to 

hypothesize that DBI is involved in neurosteroidogenesis, since this process is mediated by its 

receptor TSPO. Moreover, neurosteroids are direct modulators of the GABAA receptor and they 

promote the synthesis of neurotrophins such as BDNF, which are key mediators in the 

neurodegenerative process. 

Thus, even though the real function of DBI is still largely unknown, its regulatory role on the 

GABAergic system has been already demonstrated and it might influence the genesis of BPSD in 

AD subjects. 

However, some literature data underline that DBI CSF increased levels are found not only in AD 

patients but also in other neurodegenerative diseases displaying dementia traits, such as 

dementia-associated Parkinson’s Disease1039,1060. Also, Ferrarese et al. found a reduced DBI 

concentration in CSF of patients suffering from Huntington chorea and hypothesized that this 

alteration could be due to GABAergic neurons degeneration. Thus, this peptide might not 

represent neither a specific biomarker nor a useful diagnostic tool to identify AD pathology, also 

given the wide overlap in its serum measurements between diseased subjects and healthy 

controls. 

In order to examine the specificity of DBI as a marker of AD, we recruited other two diseased 

cohorts, represented by an MCI population as well as a group of patients displaying cognitive 

impairment, which has not been clearly classified yet (NDCI). 

In MCI subjects, DBI serum concentration displayed values in-between healthy controls and AD 

patients, showing a 52% increase compared to the first population and a 30% decrease compared 

to the second one. On the other hand, we characterized MCI patients by Flutemetamol-PET, which 

is a marker for amyloidopathy and we compared DBI serum levels between prodromal AD patients 

(PET positive) and cognitive deteriorated subjects not presenting amyloid deposits (PET negative). 
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Our findings revealed higher DBI serum levels in the first group and this increase might represent 

an early alteration in AD pathology, which is detectable in its prodromal stage. However, the 

overlap in DBI serum values between amyloid-PET positive and negative cohorts indicates that this 

marker is not specific for AD but rather correlates with degenerative dementias. 

In NDCI subjects, we measured DBI CSF levels together with AD core markers and this examination 

allowed us to distinguish three different subgroups, depending on their Aβ profile: AD, suspect AD 

and non-AD. Moreover, we also analysed DBI serum levels, which were very different between AD 

and healthy controls as well as between AD and non-AD. Despite the limitations deriving from the 

small sample size, DBI CSF levels were not very dissimilar among AD, suspect AD and non-AD. 

However, considering all patients together, DBI serum concentration was 52% higher in serum 

than in CSF. 

In light of these observations, we verified the putative existence of a serum-CSF relationship and 

we found a direct correlation in DBI levels between the compartments. This evidence might 

contribute to a better understanding of central processes, given that it is easier to explore 

periphery rather than CNS. The DBI passage most likely occurs at the blood-brain barrier 

fenestrated capillaries, driven by a serum-to-CSF gradient. 

In the same cohort of patients we investigated the presence of potential correlations between CSF 

levels of DBI and Aβ, t-tau or p-tau. We observed a positive correlation between DBI CSF levels and 

t-tau or p-tau, which might indicate a role for DBI as a marker of neurodegeneration without any 

specificity, as stated by previous literature. 

Moreover, given DBI function as a GABAA inverse agonist, we examined its levels in relation to the 

agitation/aggression symptom in a subgroup of AD patients, selected among NDCI population. DBI 

levels were overlapping in AA+ and AA- patients and we did not find any correlation of DBI serum 

or CSF concentration with NPI-12, CBI or AA score. However, considering the small sample size, 

these data need to be confirmed, especially as regards CSF measurements. 

In addition, we analysed DBI serum levels in a small cohort of delirium subjects that were 

hospitalized due to different causes and we observed that DBI was increased in delirium patients 

compared to both AD ones and healthy controls. Even though this result should be considered as 

preliminary, because of the limited number of individuals screened, it might strengthen DBI role as 

a GABAA inverse agonist. Indeed, more than 80% of our delirium patients showed a hyperkinetic 
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phenotype, which might be reasonably explained by a reduction in the GABAergic transmission. 

Moreover, the higher DBI serum levels observed in this cohort in comparison with the AD one 

might be a consequence of the acute inflammatory condition typical of delirium subjects, which 

discriminate them from AD patients, rather displaying chronic inflammation, and that could 

enhance the activation of the TSPO/DBI system. Pro-inflammatory cytokines serum measurement 

confirmed the acute inflammatory on-going process, since IL-6 levels were significantly higher in 

delirium subjects compared to AD and healthy control ones. 

Thus, our data indicate that DBI increase in AD patients is not specific for this disease, since it is 

found in similar pathological conditions. The serum and CSF compartments seem to be somehow 

related but, at the moment, their association to BPSD, in particular agitation/aggression, has still 

to be verified. 

Beyond DBI, we also analysed the TSPO receptor in lympho-monocytes (PBMC) and we quantified 

its gene expression by measuring the correspondent mRNA levels, which were unchanged 

between AD patients and healthy controls. 

On the contrary, the increased expression of TSPO gene in cerebral areas affected by inflammatory 

and neurodegenerative processes has already been described in literature1058. Indeed, this 

receptor is used a marker for activated microglia in PET studies, in which it is employed as a target 

for tracers such as PK11195. Moreover, TSPO is expressed on peripheral monocytes and it has 

been shown to regulate their chemotaxis through the blood-brain barrier, in order to boost their 

migration towards inflamed brain areas where they can differentiate in blood-derived 

macrophages, which are able to support resident microglia impaired activity1001. 

However, our study demonstrated that the increased TSPO levels detected in the brains of our AD 

patients by a PK11195-PET are not associated to the induction of TSPO gene expression in PBMC. 

This could depend on the fact that TSPO synthesis might be activated in peripheral monocytes 

following their migration and exposure to a pro-inflammatory milieu. On the other hand, TSPO 

increased levels in the CNS might be correlated to a reduced degradation of this receptor rather 

than to its increased synthesis and future analyses of the total as well as membrane TSPO protein 

will be useful to verify this second hypothesis. Indeed, they will unravel any putative increase in 

TSPO receptor protein, regardless of its unchanged mRNA levels. Moreover, it has to be noticed 

that mRNA quantification was performed in the whole PBMC population, in which lymphocytes 
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are 4-fold more represented than monocytes, in order to analyse the cells immediately after their 

isolation from the patients and to avoid incubation times that could eliminate potential variations 

induced by soluble factors released in the blood. Thus, lymphocytes richness in the samples that 

we analysed might have masked some differences belonging to the monocytes population only. 

On the other hand, we were also interested in evaluating the impact of rs6971 TSPO 

polymorphism on the TSPO/DBI system. Indeed, this SNP regulates PK11195 binding to the TSPO 

receptor and it has been associated to anxiety disturbances1061. Its frequencies in our AD 

population were congruous with the ones described in literature but we did not observe any 

significant difference in PBMC TSPO gene expression among the allelic sub-groups, always taking 

into account that its mRNA levels did not reflect directly the protein amount in our samples. 

On the contrary, we identified a slight increase in DBI serum levels in the subjects expressing the 

A/A polymorphism compared to the ones expressing the G/G variant. However, this evidence has 

to be interpreted considering that the patients expressing the A/A SNP in our cohort were less 

represented than the others and this disparity might have influenced the absence of statistical 

significance. Moreover, the subjects expressing the G/A polymorphism displayed mildly increased 

DBI serum levels compared to the ones expressing the G/G allelic variant and this finding might be 

linked to the presence of the A allele. For this reasons, it might be useful to extend the study to a 

wider population, in order to verify if the levels of DBI in the A/A group increase enlarging the 

sample size. 

Nonetheless, the small differences observed in DBI serum levels among the rs6971 SNP subgroups 

were not paralleled by significant variations in NPI-12 scores, confirming that this polymorphism 

does not affect BPSD manifestations. 

Despite the absence of an evident induction of TSPO gene expression in PBMC of AD patients, we 

hypothesized that the increased serum levels of its ligand DBI could be sufficient to determine an 

over-stimulation of the molecular mechanisms down-stream TSPO activation, which are 

represented by neurosteroids and BDNF production as well as by monocytes chemotaxis. 

Thus, in the attempt to study the neurosteroidogenic down-stream pathway of the TSPO/DBI 

system, we measured the serum levels of DHEA-S, a neurosteroid produced following cholesterol 

mitochondrial import driven by TSPO1058. Comparing AD patients to healthy controls, we did not 

find any difference neither in DHEA-S serum levels nor in its molar ratio with cortisol (CDR), which 
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is also known as stress balance. In a previous study, Pluchino et al. hypothesized that DHEA-S 

could influence cognitive performances in AD subjects, given its negative allosteric modulatory 

properties on the GABAA receptor, the inhibition of which has been associated to cognitive 

impairment1062. However, these results are controversial. Indeed, Leblhuber et al. found lower 

DHEA-S serum levels in AD patients than in healthy controls1063, whereas Carlson et al. did not 

observe any significant difference between the two groups as regards DHEA-S serum levels and 

CDR1064. For these reasons, further investigations are needed to clarify the potential pathogenic 

role of neurosteroids in AD pathology. 

Moreover, considering BDNF important role in maintaining structural integrity and function of 

neuronal circuits, we quantified the serum levels of this neurotrophin in both AD and control 

populations and we did not detect any significant difference between the two cohorts. In a 

previous study, Christensen et al. found reduced BDNF levels in the hippocampus and serum of AD 

subjects1065 and, similarly, Laske et al. reported lower concentrations of this neurotrophin in both 

CSF and blood of AD patients1066. Nevertheless, another study did not identify any difference in 

BDNF serum and CSF levels between AD patients and controls1067, questioning its precise role in 

the pathology. 

In this study, we also analysed the rs6265 BDNF polymorphism, whose distribution in our AD 

population reflected the one found in literature. Even though this SNP has been associated to 

lower BDNF brain levels1068 as well as to reduced hippocampal volume, increased risk for AD and 

worse cognitive performances, the evidences existing in literature are not conclusive. However, 

we did not identify any significant difference in BDNF serum levels in our AD population following 

its stratification for the rs6265 polymorphism and this evidence is in line with the data from 

Trajkovska et al.1069. 

Even though our analyses evidenced a clear difference in DBI serum levels between AD patients 

and healthy controls, the evaluation of the same parameter in AA+ and AA- AD subgroups showed 

modest results. 

The initial hypothesis stated that an over-stimulation of the TSPO/DBI system, together with the 

activation of monocytes migration, could contribute to the development of behavioural 

disturbances, in light of the limited evidences showing that the activation of peripheral innate 

immunity in animal models could generate symptoms similar to BPSD1070. In this context, DBI 
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could sustain this process through TSPO binding, given its positive role in regulating monocytes 

chemotaxis1001. 

On the other hand, this activity is also exerted by benzodiazepines, which are known for inducing 

BPSD in demented patients. 

However, the results obtained in this study indicate that neither DBI nor the substances produced 

by the TSPO/DBI pathway (DHEA-S and BDNF) show significant differences in their serum 

concentration between AA+ and AA- subjects. Moreover, DBI could represent a promising 

biomarker for BPSD not only because of its TSPO activating function but also due to its role as an 

inverse agonist of the GABAA receptor. Nevertheless, despite its higher levels in AD patients 

compared to healthy controls, this increase doesn’t correlate with BPSD onset, at least as regards 

the agitation/aggression symptom. 

On the contrary, we detected a small reduction in TSPO gene expression in PMBC of AA+ patients 

compared to AA- ones and this evidence excludes that an increased TSPO peripheral synthesis 

could be implicated in the genesis of agitation/aggression. In this case, the quantification of TSPO 

protein, including the transmembrane one, together with the putative confirmation of its 

reduction in agitated patients, might support the hypothesis of a correlation between reduced 

TSPO expression and BPSD genesis. 

Pursuing the aim to identify a biomarker for behavioural disturbances, we examined irisin as a 

potential indicator of BPSD linked to motor hyperactivity, such as agitation/aggression. This 

parameter would overcome the limits connected to the employment of caregiver-based clinical 

scales, which are exposed to biases deriving from the personality as well as the personal 

expectations of the caregiver itself. The availability of unbiased BPSD biomarkers would guarantee 

a better identification of patients that need pharmacological therapy and would offer suitable 

outcomes to define the efficacy of new treatments in clinical trials. An appropriate example in this 

sense is represented by actigraphy, which consists in the registration of a patient’s motor activity 

through the application of a movement sensor. These studies demonstrated that the registered 

motor activity correlates with the severity of the symptom reported by the caregiver1071 and also 

detects positive responses to pharmacological treatments for agitation, which could not be 

appreciated using caregiver-based clinical scales1072. To date, there are no studies in literature that 

explore biochemical BPSD biomarkers in large AD patients cohorts. 
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Irisin is a myokine that is released by muscles during physical exercise. It is particularly interesting 

because of its stimulating action on motor activity1073, which suggests a possible role for this 

molecule as a factor stimulating agitation. 

As expected, our data evidenced a slight increase in irisin serum concentration in patients 

displaying agitation/aggression compared to AA- ones as well as to healthy controls. Moreover, a 

correlation between irisin serum levels and the duration of AA manifestations has been 

demonstrated. There are no other studies that explored irisin levels in patients affected by 

neurodegenerative diseases. 

Our data indicate that BPSD displaying an increased motor activity lead to the release of myokines 

in the circulation and that the extent of this release correlates with the fraction of disease 

duration which follows AA onset. Thus, it seems that irisin increase is linked to the chronic 

expression of agitation/aggression symptom rather than to the severity of single episodes. 

It has to be mentioned that the mildly increased irisin levels detected in AA+ patients, together 

with the wide overlap of its measurements between these subjects and AA- ones, prevent this 

molecule from being considered a useful biomarker to identify the presence of 

agitation/aggression in AD patients. 

Similarly, the absence of an evident correlation between irisin serum levels and the severity of AA, 

expressed by NPI and CBI scores, thwarted also this parameter from being applied to define 

severity and nursing impact of the agitation symptoms. However, if a reduction in irisin levels were 

demonstrated in agitated patients after the introduction of treatments aimed at controlling this 

disturbance, this marker could become a useful outcome to define the efficacy of drugs therapies 

for controlling agitation in AD patients. Moreover, this evidence stimulates the research to find 

other biochemical or instrumental parameters that could be used as direct indicators to identify 

and quantify BPSD. 

Despite serum quantifications of the TSPO/DBI system down-stream elements did not shown any 

alteration in AD patients compared to healthy controls, we also investigated the role of this 

system in monocytes migration. The chemotaxis experiments demonstrated that the monocytes 

isolated from AD subjects display a higher migration rate than the ones from healthy controls 

when stimulated by oligomeric Aβ, which represents one of the main hallmarks in AD pathology. 

Before testing the motility of AD patients’ monocytes, we demonstrated the chemoattractant role 
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of this substance on myeloid leukaemia cells as well as on monocytes isolated from healthy 

volunteers. In the second case, Aβ displayed chemoattractant properties only when its 

concentration was as the same order of magnitude as the one detected in biological fluids (125 

pM), whereas higher concentrations, which are normally used to perform toxicity assays, were less 

efficient in inducing chemotaxis, most likely because they activated cellular processes leading to 

monocytes death or dysfunction. 

However, the stimulatory effect of oligomeric Aβ on chemotaxis might suggest a new mechanism 

by which this substance could contribute to neuronal damage. Indeed, since this peptide is present 

in the brain in early stages of AD, it could act as a trigger of neuroinflammation, recruiting 

monocytes in amyloid deposits-rich areas and favouring the neuronal impairment induced by the 

production of immune mediators. 

These results confirmed the data from Zhang et al., which described an increased ability of 

monocytes isolated from AD patients to cross a model of endothelial barrier when stimulated by 

Aβ1074. 

Interestingly, Aβ-induced chemotaxis in healthy volunteers monocytes was totally abrogated by 

the combined administration of Aβ 125 pM and Ro5-4864, which is a well-known TSPO inhibitor 

and this evidence demonstrates that the cellular migration we observed was actually TSPO-

dependent. Moreover, Ro5-4864 effect was comparable at the concentrations of 25 and 50 µM, 

most likely because the binding sites of this compound were completely saturated. As expected, 

this molecule did not exhibit any further inhibitory action on monocytes chemotaxis when 

administered alone, since its function occurs only via TSPO receptor and not through other 

pathways. 

The comparison of monocytes chemotaxis between agitated and non-agitated patients represents 

an important future goal, since it will be helpful to define the possible contribution of alterations 

in peripheral monocytes activity in inducing BPSD. 

Beyond investigating the role of monocytes in the processes underlying neuroinflammation, in the 

second part of this study we also concentrated our attention on peripheral neutrophils. Indeed, 

these cells have been shown to extravasate and infiltrate AD mouse models brains, where they 

localize near amyloid plaques1041. Moreover, their activation is characterized by the release of 
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Neutrophils Extracellular Traps that, representing NLRP3 inflammasome triggers, could stimulate 

it, leading to further neuronal damage1075. 

We evaluated the putative infiltration of neutrophils in APP/PS1 mice per se and crossed into 

Nlrp3-/- ones, in order to obtain APP/PS1/Nlrp3-/- mice, which were incapable of assembling the 

inflammasome. Heneka et al.1045 have already shown the influence of this complex on cognitive 

performances in AD and our NLRP3-deficient model allowed us to unravel inflammasome potential 

contribution to peripheral cells migration in the pathology. 

Our results showed that neutrophils brain infiltration was totally absent in WT as well as Nlrp3-/- 

animals, regardless of their age. This finding is reasonable considering that these models displayed 

a healthy phenotype, without any evidence of previous cerebral damage, in both their young and 

old age. Moreover, even though we injected some of them with LPS to induce systemic 

inflammation, we did not observe any cellular migration in these LPS-treated animals as well. We 

might speculate that one LPS injection is not sufficient to stimulate neutrophils infiltration in the 

brain, since it represents a single trigger in a healthy background. This theory has already been 

proposed as regards microglia, which need priming before activating exaggerated inflammatory 

responses following a systemic damaging stimulus1076. Similarly, neutrophils might exert their 

functions in periphery following LPS injection but, being in a healthy environment, they might not 

be primed and prone to activate excessive immune reactions leading to their extravasation. Also, 

the absence of the inflammasome in Nlrp3-/- animals might favour this limited immune response, 

given that this complex normally activates the production of IL-1β, which is one of the most 

effective cytokines in boosting strong inflammatory responses. 

On the contrary, we observed neutrophils infiltration in the brains of both APP/PS1 as well as 

APP/PS1/Nlrp3-/- mice and this phenomenon was detected in close proximity to amyloid plaques 

only. Indeed, we did not identify any positive cell in plaque-free areas, confirming the previous 

findings from Zenaro et al.1041, which showed neutrophils presence in mouse brain parenchyma in 

Aβ deposits-rich regions. Moreover, considering each genotype per se, we found higher numbers 

of infiltrated neutrophils in old animals than in the young ones and this is most likely due to the 

increased amyloid deposition that occurs in the brain as the underlying AD pathology progresses. 

In support of this assumption, Zenaro et al.1041 demonstrated that Aβ is responsible for the 

adhesion of neutrophils to vessels endothelium and this process is considered essential for their 

migration. 
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On the other hand, regardless of their genotype, LPS-treated animals displayed a huge neutrophils 

infiltration compared to the CTRL ones. This might also depend on our previous priming 

hypothesis and, in this case, a single injection of LPS superimposed on an AD pathological 

condition might represent a second trigger that could activate several mechanisms driving 

neutrophils migration. It is interesting to note that, in both APP/PS1 as well as APP/PS1/Nlrp3-/- 

mice, the infiltration of peripheral neutrophils was higher in animals sacrificed 10 days after LPS 

administration rather than in the ones sacrificed 2 days post-LPS injection. This finding is somehow 

controversial, since 10 days after the LPS stimulus the recovery mechanisms should have already 

started to heal the tissue. However, it has to be considered that the genetic background of our 

animals is pathological and homeostatic mechanisms might be easily dysfunctional. Thus, the 

strong neutrophils migration that occurs after 2 days might induce a chronic inflammatory 

response sustained by the production of specific mediators which, in turn, attract to the CNS other 

peripheral cells. This speculation is further strengthened by the increased KC-GRO levels that 

Heneka’s research group found in the brains of the same LPS-treated animals (unpublished data). 

Indeed, this molecule is considered to be the main chemokine driving neutrophils chemotaxis. 

As regards the comparison between APP/PS1 and APP/PS1/Nlrp3-/- mice, we detected an increase 

in neutrophils infiltration in old LPS-treated NLRP3-deficient animals but this evidence deserves 

more detailed studies. Indeed, it seems in contrast with the findings from Heneka et al. which 

demonstrated that Nlrp3-/- animals display decreased amyloid amounts and deposition1045. 

Nevertheless, the available data are not enough to hypothesize a congruent explanation for this 

discrepancy and other analyses will be necessary. On the other hand, it has to be considered that 

we identified only activated neutrophils through their NETs expression but we might have missed 

a non-activated sub-population that could be detected using other markers, such as Gr-1 and that 

could be useful to clarify the whole scenario regarding neutrophils infiltration. 
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10.1 Conclusion of the Study 

In this study we analysed several components of the TSPO/DBI system and we investigated their 

potential alterations in AD pathology, in order to unravel any possible influence of these variations 

in BPSD genesis, through the regulation of neurosteroidogenesis and monocytes chemotaxis. 

Moreover, we examined the contribution of peripheral neutrophils to AD brain inflammation. 

Our findings demonstrated that, despite the unchanged TSPO gene expression in the disease, the 

endogenous ligand of this receptor, DBI, shows clear variations in AD patients, suggesting its 

possible role as biomarker. However, we verified that this molecule is also altered in MCI as well as 

in other disorders displaying cognitive deterioration and in delirium, underlining its aspecificity for 

AD pathology and raising the possibility to use it as a marker for degeneration in wider terms. 

Also, this assumption is further strengthened by CSF DBI correlation to AD-core markers of 

neurodegeneration t-tau and p-tau, rather than Aβ. 

On the other hand, we revealed a potential communication between serum and CSF, highlighted 

by the correlation of DBI levels between the two compartments. However, this association seems 

not to be linked to the agitation/aggression symptom that, up to date, lacks unbiased biomarkers 

useful for its identification. In the attempt to determine one, we examined the myokine irisin, 

which has been associated to physical activity but the results in this sense were not definitive. 

As concerns the influence of peripheral inflammation in AD, we examined both peripheral 

monocytes as well as neutrophils, confirming their altered TSPO-dependent chemotaxis in the first 

case and their infiltration in AD mice brains in the second one. 

However, investigating different pathologies by means of various tests generated discrepancies in 

our data, thus future experiments will be aimed to solve the biases existing in this study. Also, they 

will explore more widely the TSPO/DBI system in its multiple functions, in order to elucidate its 

potential contribution to BPSD genesis. 

In particular, imaging studies will be introduced, in order to highlight any potential involvement of 

alterations in different cerebral areas in the development of neuropsychiatric symptoms. Also, we 

will correlate DBI serum levels in AD patients with the amplitude of neuroinflammation 

determined by means of PK11195 PET, with the aim to verify if this peptide could represent a 

peripheral biomarker of this central process. 
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On the other hand, we will investigate DBI concentration in different non-AD dementia conditions 

and we will examine the association between DBI potential increase and cortical atrophy 

distribution profiles or cortical hypometabolism, determined by MRI and FDG-PET, respectively, in 

both AD and non-AD demented subjects, in order to define any putative topographic specificity of 

DBI as a neurodegeneration marker. 

In addition, we will quantify TSPO protein on PBMC from AA+ and AA- AD subjects as well as 

healthy controls, to highlight any possible difference that did not emerge from the mRNA levels 

quantification and to verify if the decreased TSPO gene expression observed in AA+ group is 

accompanied by TSPO protein reduction as well. 

Moreover, we will analyse monocytes chemotaxis in the AD population dichotomized for AA 

symptoms not only with chemoattractants but also with TSPO antagonists, to examine if the 

increased motility of patients’ monocytes actually derives from an over-stimulation of the 

TSPO/DBI system. 

Considering AA symptoms, we will measure irisin concentration in AA+ patients before 

administering drugs against agitation, to verify the usefulness of this molecule as a surrogate 

biomarker to evaluate the efficacy of the pharmacological therapy in agitated AD subjects. On the 

other hand, we will stratify these patients for symptoms different from AA, in order to search for 

biomarkers related to depression and apathy. 

Lastly, we will analyse the effect of cognitive reserve on BPSD onset, frequency and severity. This 

parameter will be quantified in relation to both education years and other questionnaires 

examining the intellectual daily stimulation of the patients. 

Indeed, these wide spectrum analyses are necessary, since the biological basis of BPSD are still 

unknown and there is a huge need to clarify them, so that a proper pharmacological therapy could 

be administered to suffering patients. A better therapy, arising from a deeper understanding of 

the mechanisms driving these neuropsychiatric disturbances, could lead to their desirable 

reduction in diseased cohorts, which, in turn, results in the improvement of patients’ and 

caregivers’ quality of life as well as in a decreased economic burden for the healthcare system. 
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11.1 Beyond AD 

Even though BPSD are very frequent and common in Alzheimer’s Disease, this is not the only 

pathology displaying these symptoms. Indeed, other forms of dementia have been associated to 

behavioural disturbances and, among them, the best-characterized is Fronto-Temporal Dementia 

(FTD), which consists in frontal as well as temporal brain lobes neurodegeneration and atrophy, 

leading to personality and mood changes, language alterations or aphasia. 

Interestingly, in recent years FTD has been shown to share some clinical features with 

Amyotrophic Lateral Sclerosis (ALS) that, in turn, is often accompanied by fronto-temporal 

cognitive deficits1077. This concept has taken a while to be accepted, since ALS has always been 

considered a progressive neurodegenerative disorder involving motor-neurons but not cognitive 

functions. On the contrary, it is now clear that these processes are impaired in ALS and that this 

pathology presents neuropsychological alterations as well1078–1082. For these reasons, a continuum 

between FTD and ALS has been hypothesized and some intermediate pathological forms have 

been recognized1083,1084. Among them, ALS-ci (cognitive impairment) and ALS-bi (behavioural 

impairment) are particularly interesting, because they strengthen the link between a motor-

neurons disease and several clinical features typical of dementia, raising the possibility to identify 

a common aetiological pathway in neurodegeneration. The ALS-ci variant is characterized by 

cognitive dysfunctions in the frontal lobe but it doesn’t normally display mnemonic deficits or 

motor patterns alterations1085, whereas ALS-bi exhibits behavioural disturbances such as apathy or 

depression but not cognitive impairment1086–1088. Both forms deserve clinical attention, especially 

in light of important choices regarding life-ending therapies for ALS subjects. Indeed, if they are 

affected by not only motor impairments but also dementia-like symptoms, they might not be able 

to evaluate properly their situation and to make the best decisions for themselves and their 

families. Moreover, the additional presence of behavioural problems in ALS patients often 

intensifies the stress burden of the caregivers, increasing the risk for their burn-out1089,1090. 

Considering the recently discovered role of neuropsychological symptoms in motor-neurons 

disease, we decided to extend our study on the TSPO-DBI system to an ALS population, with the 

aim to highlight any potential alteration of this pathway in these subjects. In order to do that, we 

recruited n=54 ALS patients as well as n=25 sex- and age-matched healthy controls (CTRL) (for the 

details about the populations see Table 8), which were screened for DBI serum levels and TSPO 
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gene expression. The diseased cohort was evaluated by means of clinical tests like ALSFRS-r 

(Amyotrophic Lateral Sclerosis Functional Rating Scale-revised), DPI (Disease Progression Index), 

FAB (Frontal Assessment Battery) and MoCA (Montreal Cognitive Assessment). Moreover, a 

subgroup of patients was assessed for cognitive (n=30) and behavioural (n=26) impairment using 

ALSCBS-ci and ALSCBS-bi (ALS-Cognitive Behavioural Screen), respectively. 

 

 CTRL (n=25) ALS (n=54) 

Sex (M/F) 17/8 40/14 

Age (ys) 62.7 ± 12.5 (39-86) 63 ± 11.5 (38-88) 

Duration (mo) N/A 45.9 ± 43 (7-236.5) 

Onset location (S/B) N/A 49/5 

ALSFRS-r N/A 30 ± 9.2 (10-47) 

DPI N/A 0.58 ± 0.36 (0.3-1.5) 

FAB N/A 14.7 ± 3 (3.8-18) 

MoCA N/A 21.5 ± 4.4 (8.7-30) 

ALSCBS-ci N/A 13.8 ± 4.4 (4-19) 

ALSCBS-bi N/A 32.1 ± 9.5 (12-45) 

PEG (Y/N) N/A 7/47 

NIV (Y/N) N/A 21/33 

Riluzole, 50 mg bid (Y/N) N/A 8/46 

 
Table 8: Complete list of the clinical, demographic and social information about ALS and CTRL recruited populations. 

ALSCBS-ci and ALSCBS-bi were collected in a subgroup of 30 and 26 patients, respectively (mean ± SD, range) (N/A: not 

applicable; range intervals in brackets). 

 

As regards the results we obtained, we observed a higher DBI serum concentration in ALS patients 

than in healthy controls (5-fold increase, p<0.001) (Fig. 42). On the other hand, even though DBI 

serum levels did not show any correlation with ALSFRS-r or disease duration, they displayed a 

negative correlation with DPI (r=-0.29, p= 0.03) (Fig. 43). However, this association was lost 

correcting the analysis for multiple correlations. Moreover, dividing ALS patients for disease 

progression velocity, according to the cut-off in Kimura et al.1091, we did not find any significant 

difference in DBI serum concentration among the subgroups (data not shown). 
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Also, we sorted our ALS cohort by FAB as well as MoCA scores but we did not identify any 

difference in DBI serum levels between the group below and the one above the cut-off value of 

these tests (data not shown). 

Similar results were obtained separating ALS patients depending on their ALSCBS-ci score. This test 

was administered to 30 subjects only and 23.3% of them displayed pathological scores (ALSCBS-

ci+) but DBI serum concentration in this group did not show any significant change compared to 

the one in the non-pathological individuals (ALSCBS-ci-) (Fig. 44). 

 

 

Figure 42: DBI serum levels in ALS patients and healthy controls. DBI concentration displays a 5-fold increase in ALS 

patients compared to CTRL (***p<0.0001, two-tailed Student’s t-test, mean ± SD). 

 

 

Figure 43: Inverse correlation between DBI serum levels and DPI in ALS patients. Higher DBI serum levels are 

correlated to a slower-progressing disease (*p=0.03). This correlation is lost correcting the analysis for multiple 

correlations. 
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Figure 44: DBI serum levels in a subgroup of ALS patients dichotomized according to the ALSCBS-ci score (n=30). No 
differences are found in DBI serum concentration between the pathological group (ALSCBS-ci+) and the non-
pathological one (ALSCBS-ci-) (two-tailed Student’s t-test, mean ± SD). 

 

On the contrary, we observed an inverse correlation between DBI serum levels and ALSCBS-bi 

scores (r=-0.44, p<0.03), which were registered in a subgroup of 26 patients (Fig. 45). 

 

Figure 45: Inverse correlation between DBI serum levels and ALSCBS-bi scores in a subgroup of ALS patients (n=26). 

Higher DBI serum levels are correlated to lower ALSCBS-bi scores (*p<0.03, n=30). 

 

Moreover, dichotomizing these subjects for the presence (ALSbi) or absence (ALSnobi) of 

behavioural anomalies, according to the cut-off in Woolley and Katz1092, we detected a higher 

serum concentration in the first cohort than in the second one (Fig. 46). 
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Figure 46: DBI serum concentration in a subgroup of ALS patients dichotomized for the presence or absence of 

behavioural anomalies (n=26). The subgroup displaying behavioural anomalies (ALSbi) shows a higher DBI serum 

concentration compared to the one without behavioural disturbances. DBI serum levels in both ALS subgroups are 

significantly higher than the ones in the control group (***p<0.0001, one-way ANOVA, followed by Newman-Keuls 

post-hoc test; *p<0.001 vs. both ALS groups; °p<0.05 vs. ALSnobi). 

 

Lastly, we measured TSPO gene expression in PBMC of 20 ALS patients as well as 16 CTRL and we 

observed an increase in the mRNA of this protein in the diseased subjects compared to the healthy 

ones (3-fold increase, p<0.0001) (Fig. 47). However, this data did not show any correlation to DBI 

serum levels in the same populations. No changes were found between ALS and CTRL subjects in 

TSPO activation by-products DHEA-S and cortisol (Fig. 48A, B). 

 

 

Figure 47: TSPO gene expression in PBMC of ALS patients and healthy controls subgroups. TSPO gene expression is 

increased in ALS patients compared to healthy controls (3-fold increase, ***p<0.0001). Relative Quantification (RQ) of 

TSPO mRNA is calculated as ratio to β-actin (two-tailed Student’s t-test, mean ± SD). 
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Figure 48: DHEA-S and cortisol serum levels in ALS patients. (A) DHEA-S serum levels in ALS patients are unchanged 

compared to healthy controls (not represented, average range from analyses laboratory: 65-368 μg/dL). (B) Cortisol 

serum levels in ALS patients are unchanged compared to healthy controls (not represented, normality range from 

analyses laboratory: 62-194 ng/ml). (two tailed Student’s t- test, mean ± SD). 

 

Our analyses on the TSPO/DBI system were aimed to identify a potential unbiased biomarker that 

could be used to detect behavioural anomalies in ALS patients, independently from the 

employment of caregiver-based clinical scales. Indeed, even though the validity of these 

instruments has already been demonstrated1093, they could lead to an under- as well as over-

estimate of behavioural disturbances in ALS subjects. 

Our results indicate that DBI serum levels are increased in the ALS cohort compared to the healthy 

controls but the findings previously reported in this study showed that the same increase was 

detected also in our AD population, suggesting that DBI might represent an aspecific marker of 

degeneration. 

Moreover, DBI serum levels do not display any correlation with ALSFRS-r scores or disease 

duration but they exhibit an inverse correlation with DPI. However, this association is lost 

following patients’ stratification according to Kimura and colleagues1091. Similarly, we did not 

observe any significant difference in DBI serum concentration dichotomizing ALS patients 

according to their ALSCBS-ci scores. 

On the contrary, we identified a negative correlation between DBI serum levels and ALSCBS-bi 

scores, which indicates that the serum concentration of this peptide increases in parallel with 

behavioural manifestations. This association is maintained stratifying our cohort in a subgroup 
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displaying behavioural anomalies and another one not displaying them, according to Woolley cut-

off1082. 

Concerning the TSPO/DBI system, we also measured TSPO gene expression in PBMC and we 

observed increased TSPO mRNA levels in ALS patients compared to healthy controls. Even though 

this evidence might suggest an up-regulation of TSPO receptor, we are not able to confirm this 

hypothesis, given that the data reporting TSPO protein expression are not available to date. 

In light of these findings, it is fascinating to hypothesize that DBI could represent a marker for 

behavioural disturbances and, perhaps, might contribute to their genesis. Moreover, the entire 

TSPO/DBI system could be dysfunctional. However, our data in ALS are preliminary and prevent us 

from excessive speculations. Further studies are needed, in order to clarify the role of this system 

in a severe condition which is no longer considered only a motor-neurons disease but that is now 

recognized in its various forms, including the ones displaying cognitive and behavioural anomalies. 

  



131 
 

 

 

 

Chapter 12 

Bibliography 

 

  



132 
 

12.1 Bibliography 

 

1. 2016 Alzheimer’s disease facts and figures. Alzheimers Dement. J. Alzheimers Assoc. 12, 459–509 (2016). 

2. Whitehouse, P. J. & George, D. The myth of Alzheimer’s: What you aren’t being told about today’s most 

dreaded diagnosis. (Macmillan, 2008). 

3. Wilson, R. S. et al. The natural history of cognitive decline in Alzheimer’s disease. Psychol. Aging 27, 1008–

1017 (2012). 

4. Chincarini, A. et al. Local MRI analysis approach in the diagnosis of early and prodromal Alzheimer’s disease. 

NeuroImage 58, 469–480 (2011). 

5. Price, J. L. et al. Neuron number in the entorhinal cortex and CA1 in preclinical Alzheimer disease. Arch. Neurol. 

58, 1395–1402 (2001). 

6. Serrano-Pozo, A., Frosch, M. P., Masliah, E. & Hyman, B. T. Neuropathological alterations in Alzheimer disease. 

Cold Spring Harb. Perspect. Med. 1, a006189 (2011). 

7. Sanz-Arigita, E. J. et al. Loss of ‘small-world’ networks in Alzheimer’s disease: graph analysis of FMRI resting-

state functional connectivity. PloS One 5, e13788 (2010). 

8. Putcha, D. et al. Hippocampal hyperactivation associated with cortical thinning in Alzheimer’s disease 

signature regions in non-demented elderly adults. J. Neurosci. Off. J. Soc. Neurosci. 31, 17680–17688 (2011). 

9. Burns, A. & Iliffe, S. Alzheimer’s disease. BMJ 338, b158 (2009). 

10. Forstl, H. & Kurz, A. Clinical features of Alzheimer’s disease. Eur. Arch. Psychiatry Clin. Neurosci. 249, 288–290 

(1999). 

11. Jack, C. R. J. et al. Tracking pathophysiological processes in Alzheimer’s disease: an updated hypothetical 

model of dynamic biomarkers. Lancet Neurol. 12, 207–216 (2013). 

12. Driscoll, I. et al. Longitudinal pattern of regional brain volume change differentiates normal aging  from MCI. 

Neurology 72, 1906–1913 (2009). 

13. Van Cauwenberghe, C., Van Broeckhoven, C. & Sleegers, K. The genetic landscape of Alzheimer disease: clinical 

implications and perspectives. Genet. Med. Off. J. Am. Coll. Med. Genet. 18, 421–430 (2016). 

14. Winblad, B. et al. Defeating Alzheimer’s disease and other dementias: a priority for European science and 

society. Lancet Neurol. 15, 455–532 (2016). 

15. Ferrarese, C. et al. Malattie del sistema nervoso. (McGraw-Hill, 2011). 

16. Mendez, M. F. Early-onset Alzheimer’s disease: nonamnestic subtypes and type 2 AD. Arch. Med. Res. 43, 677–

685 (2012). 

17. Blennow, K., de Leon, M. J. & Zetterberg, H. Alzheimer’s disease. Lancet Lond. Engl. 368, 387–403 (2006). 

18. Huang, Y. & Mucke, L. Alzheimer mechanisms and therapeutic strategies. Cell 148, 1204–1222 (2012). 

19. Barrett, P. J. et al. The amyloid precursor protein has a flexible transmembrane domain and binds cholesterol. 

Science 336, 1168–1171 (2012). 

20. Sorrentino, P., Iuliano, A., Polverino, A., Jacini, F. & Sorrentino, G. The dark sides of amyloid in Alzheimer’s 

disease pathogenesis. FEBS Lett. 588, 641–652 (2014). 

21. Bagyinszky, E., Youn, Y. C., An, S. S. A. & Kim, S. The genetics of Alzheimer’s disease. Clin. Interv. Aging 9, 535–

551 (2014). 

22. McDonald, R. J., Craig, L. A. & Hong, N. S. The etiology of age-related dementia is more complicated than we 

think. Behav. Brain Res. 214, 3–11 (2010). 

23. Huang, Y. & Mahley, R. W. Apolipoprotein E: structure and function in lipid metabolism, neurobiology, and 

Alzheimer’s diseases. Neurobiol. Dis. 72 Pt A, 3–12 (2014). 

24. Liu, C.-C., Liu, C.-C., Kanekiyo, T., Xu, H. & Bu, G. Apolipoprotein E and Alzheimer disease: risk, mechanisms and 

therapy. Nat. Rev. Neurol. 9, 106–118 (2013). 

25. Ridge, P. G., Ebbert, M. T. W. & Kauwe, J. S. K. Genetics of Alzheimer’s disease. BioMed Res. Int. 2013, 254954 

(2013). 



133 
 

26. Castellano, J. M. et al. Human apoE isoforms differentially regulate brain amyloid-beta peptide clearance. Sci. 

Transl. Med. 3, 89ra57 (2011). 

27. Wollmer, M. A. Cholesterol-related genes in Alzheimer’s disease. Biochim. Biophys. Acta 1801, 762–773 

(2010). 

28. Alonso Vilatela, M. E., Lopez-Lopez, M. & Yescas-Gomez, P. Genetics of Alzheimer’s disease. Arch. Med. Res. 

43, 622–631 (2012). 

29. Mahley, R. W. & Rall, S. C. J. Apolipoprotein E: far more than a lipid transport protein. Annu. Rev. Genomics 

Hum. Genet. 1, 507–537 (2000). 

30. Sheline, Y. I. et al. APOE4 allele disrupts resting state fMRI connectivity in the absence of amyloid plaques or 

decreased CSF Abeta42. J. Neurosci. Off. J. Soc. Neurosci. 30, 17035–17040 (2010). 

31. Michaelson, D. M. APOE epsilon4: the most prevalent yet understudied risk factor for Alzheimer’s disease. 

Alzheimers Dement. J. Alzheimers Assoc. 10, 861–868 (2014). 

32. Fjell, A. M., McEvoy, L., Holland, D., Dale, A. M. & Walhovd, K. B. What is normal in normal aging? Effects of 

aging, amyloid and Alzheimer’s disease on the cerebral cortex and the hippocampus. Prog. Neurobiol. 117, 20–

40 (2014). 

33. Lim, W. L. F., Martins, I. J. & Martins, R. N. The involvement of lipids in Alzheimer’s disease. J. Genet. Genomics 

Yi Chuan Xue Bao 41, 261–274 (2014). 

34. Kim, Y., Kim, C., Jang, H. Y. & Mook-Jung, I. Inhibition of Cholesterol Biosynthesis Reduces gamma-Secretase 

Activity and Amyloid-beta Generation. J. Alzheimers Dis. JAD 51, 1057–1068 (2016). 

35. Verdile, G. et al. Inflammation and Oxidative Stress: The Molecular Connectivity between Insulin Resistance, 

Obesity, and Alzheimer’s Disease. Mediators Inflamm. 2015, 105828 (2015). 

36. Aguilar-Valles, A., Inoue, W., Rummel, C. & Luheshi, G. N. Obesity, adipokines and neuroinflammation. 

Neuropharmacology 96, 124–134 (2015). 

37. Bernardino, L. et al. Tumor necrosis factor-alpha modulates survival, proliferation, and neuronal 

differentiation in neonatal subventricular zone cell cultures. Stem Cells Dayt. Ohio 26, 2361–2371 (2008). 

38. De Strooper, B. Proteases and proteolysis in Alzheimer disease: a multifactorial view on the disease process. 

Physiol. Rev. 90, 465–494 (2010). 

39. Leao, R. N., Colom, L. V., Borgius, L., Kiehn, O. & Fisahn, A. Medial septal dysfunction by Abeta-induced KCNQ 

channel-block in glutamatergic neurons. Neurobiol. Aging 33, 2046–2061 (2012). 

40. De Strooper, B. Aph-1, Pen-2, and Nicastrin with Presenilin generate an active gamma-Secretase complex. 

Neuron 38, 9–12 (2003). 

41. Sun, X., Chen, W.-D. & Wang, Y.-D. beta-Amyloid: the key peptide in the pathogenesis of Alzheimer’s disease. 

Front. Pharmacol. 6, 221 (2015). 

42. Turner, P. R., O’Connor, K., Tate, W. P. & Abraham, W. C. Roles of amyloid precursor protein and its fragments 

in regulating neural activity, plasticity and memory. Prog. Neurobiol. 70, 1–32 (2003). 

43. Zhang, Y., Thompson, R., Zhang, H. & Xu, H. APP processing in Alzheimer’s disease. Mol. Brain 4, 3 (2011). 

44. Xu, H. et al. Generation of Alzheimer beta-amyloid protein in the trans-Golgi network in the apparent absence 

of vesicle formation. Proc. Natl. Acad. Sci. U. S. A. 94, 3748–3752 (1997). 

45. Goedert, M. & Spillantini, M. G. A century of Alzheimer’s disease. Science 314, 777–781 (2006). 

46. Lu, J.-X. et al. Molecular structure of beta-amyloid fibrils in Alzheimer’s disease brain tissue. Cell 154, 1257–

1268 (2013). 

47. Mohandas, E., Rajmohan, V. & Raghunath, B. Neurobiology of Alzheimer’s disease. Indian J. Psychiatry 51, 55–

61 (2009). 

48. Pena, F., Gutierrez-Lerma, A., Quiroz-Baez, R. & Arias, C. The role of beta-amyloid protein in synaptic function: 

implications for Alzheimer’s disease therapy. Curr. Neuropharmacol. 4, 149–163 (2006). 

49. Siegel, G. J., Chauhan, N. & Karczma, A. G. Links between Amyloid and Tau Biology in Alzheimer’s Disease and 

their Cholinergic Aspects. in Exploring the Vertebrate Central Cholinergic Nervous System 597–656 (Springer, 

2007). 

50. Chiti, F. & Dobson, C. M. Amyloid formation by globular proteins under native conditions. Nat. Chem. Biol. 5, 

15–22 (2009). 



134 
 

51. Selkoe, D. J. Toward a comprehensive theory for Alzheimer’s disease. Hypothesis: Alzheimer’s disease is 

caused by the cerebral accumulation and cytotoxicity of amyloid beta-protein. Ann. N. Y. Acad. Sci. 924, 17–25 

(2000). 

52. Bernstein, S. L. et al. Amyloid-beta protein oligomerization and the importance of tetramers and dodecamers 

in the aetiology of Alzheimer’s disease. Nat. Chem. 1, 326–331 (2009). 

53. Hardy, J. A. & Higgins, G. A. Alzheimer’s disease: the amyloid cascade hypothesis. Science 256, 184–185 (1992). 

54. Selkoe, D. J. The molecular pathology of Alzheimer’s disease. Neuron 6, 487–498 (1991). 

55. Verdier, Y. & Penke, B. Binding sites of amyloid beta-peptide in cell plasma membrane and implications for 

Alzheimer’s disease. Curr. Protein Pept. Sci. 5, 19–31 (2004). 

56. Bush, A. I. et al. Rapid induction of Alzheimer A beta amyloid formation by zinc. Science 265, 1464–1467 

(1994). 

57. Frederickson, C. J., Koh, J.-Y. & Bush, A. I. The neurobiology of zinc in health and disease. Nat. Rev. Neurosci. 6, 

449–462 (2005). 

58. Greenough, M. A., Camakaris, J. & Bush, A. I. Metal dyshomeostasis and oxidative stress in Alzheimer’s 

disease. Neurochem. Int. 62, 540–555 (2013). 

59. Hane, F., Drolle, E., Gaikwad, R., Faught, E. & Leonenko, Z. Amyloid-beta aggregation on model lipid 

membranes: an atomic force microscopy study. J. Alzheimers Dis. JAD 26, 485–494 (2011). 

60. Sokolov, Y. et al. Soluble amyloid oligomers increase bilayer conductance by altering dielectric structure. J. 

Gen. Physiol. 128, 637–647 (2006). 

61. Ni, R., Marutle, A. & Nordberg, A. Modulation of alpha7 nicotinic acetylcholine receptor and fibrillar amyloid-

beta  interactions in Alzheimer’s disease brain. J. Alzheimers Dis. JAD 33, 841–851 (2013). 

62. Roberson, E. D. et al. Reducing endogenous tau ameliorates amyloid beta-induced deficits in an Alzheimer’s 

disease mouse model. Science 316, 750–754 (2007). 

63. Geng, J., Zhao, C., Ren, J. & Qu, X. Alzheimer’s disease amyloid beta converting left-handed Z-DNA back to 

right-handed B-form. Chem. Commun. Camb. Engl. 46, 7187–7189 (2010). 

64. Mark, R. J., Pang, Z., Geddes, J. W., Uchida, K. & Mattson, M. P. Amyloid beta-peptide impairs glucose 

transport in hippocampal and cortical neurons: involvement of membrane lipid peroxidation. J. Neurosci. Off. 

J. Soc. Neurosci. 17, 1046–1054 (1997). 

65. Starkov, A. A. & Beal, F. M. Portal to Alzheimer’s disease. Nat. Med. 14, 1020–1021 (2008). 

66. Supnet, C. & Bezprozvanny, I. Neuronal calcium signaling, mitochondrial dysfunction, and Alzheimer’s disease. 

J. Alzheimers Dis. JAD 20 Suppl 2, S487-498 (2010). 

67. Canevari, L., Clark, J. B. & Bates, T. E. beta-Amyloid fragment 25-35 selectively decreases complex IV activity in 

isolated mitochondria. FEBS Lett. 457, 131–134 (1999). 

68. Parks, J. K., Smith, T. S., Trimmer, P. A., Bennett, J. P. J. & Parker, W. D. J. Neurotoxic Abeta peptides increase 

oxidative stress in vivo through NMDA-receptor and nitric-oxide-synthase mechanisms, and inhibit complex IV 

activity and induce  a mitochondrial permeability transition in vitro. J. Neurochem. 76, 1050–1056 (2001). 

69. Pereira, C., Santos, M. S. & Oliveira, C. Mitochondrial function impairment induced by amyloid beta-peptide on 

PC12 cells. Neuroreport 9, 1749–1755 (1998). 

70. Villemagne, V. L. et al. Amyloid beta deposition, neurodegeneration, and cognitive decline in sporadic 

Alzheimer’s disease: a prospective cohort study. Lancet Neurol. 12, 357–367 (2013). 

71. Arriagada, P. V., Growdon, J. H., Hedley-Whyte, E. T. & Hyman, B. T. Neurofibrillary tangles but not senile 

plaques parallel duration and severity of  Alzheimer’s disease. Neurology 42, 631–639 (1992). 

72. Forsberg, A. et al. PET imaging of amyloid deposition in patients with mild cognitive impairment. Neurobiol. 

Aging 29, 1456–1465 (2008). 

73. Mattsson, N. et al. CSF biomarkers and incipient Alzheimer disease in patients with mild cognitive impairment. 

JAMA 302, 385–393 (2009). 

74. Waragai, M. et al. Comparison study of amyloid PET and voxel-based morphometry analysis in mild cognitive 

impairment and Alzheimer’s disease. J. Neurol. Sci. 285, 100–108 (2009). 

75. Wolk, D. A. et al. Amyloid imaging in mild cognitive impairment subtypes. Ann. Neurol. 65, 557–568 (2009). 



135 
 

76. Miners, J. S., Baig, S., Tayler, H., Kehoe, P. G. & Love, S. Neprilysin and insulin-degrading enzyme levels are 

increased in Alzheimer disease in relation to disease severity. J. Neuropathol. Exp. Neurol. 68, 902–914 (2009). 

77. Wang, D.-S., Dickson, D. W. & Malter, J. S. beta-Amyloid degradation and Alzheimer’s disease. J. Biomed. 

Biotechnol. 2006, 58406 (2006). 

78. Lemere, C. A. Immunotherapy for Alzheimer’s disease: hoops and hurdles. Mol. Neurodegener. 8, 36 (2013). 

79. Madeo, J. & Frieri, M. Alzheimer’s disease and immunotherapy. Aging Dis. 4, 210–220 (2013). 

80. Wisniewski, T. & Sigurdsson, E. M. Murine models of Alzheimer’s disease and their use in developing 

immunotherapies. Biochim. Biophys. Acta 1802, 847–859 (2010). 

81. Bush, A. I. & Tanzi, R. E. Therapeutics for Alzheimer’s disease based on the metal hypothesis. Neurother. J. Am. 

Soc. Exp. Neurother. 5, 421–432 (2008). 

82. Herrup, K. The case for rejecting the amyloid cascade hypothesis. Nat. Neurosci. 18, 794–799 (2015). 

83. Contestabile, A. The history of the cholinergic hypothesis. Behav. Brain Res. 221, 334–340 (2011). 

84. Francis, P. T., Palmer, A. M., Snape, M. & Wilcock, G. K. The cholinergic hypothesis of Alzheimer’s disease: a 

review of progress. J. Neurol. Neurosurg. Psychiatry 66, 137–147 (1999). 

85. Terry, A. V. J. & Buccafusco, J. J. The cholinergic hypothesis of age and Alzheimer’s disease-related cognitive 

deficits: recent challenges and their implications for novel drug development. J. Pharmacol. Exp. Ther. 306, 

821–827 (2003). 

86. Mesulam, M. The cholinergic lesion of Alzheimer’s disease: pivotal factor or side show? Learn. Mem. Cold 

Spring Harb. N 11, 43–49 (2004). 

87. Shen, J. & Wu, J. Nicotinic Cholinergic Mechanisms in Alzheimer’s Disease. Int. Rev. Neurobiol. 124, 275–292 

(2015). 

88. Wenk, G. L. Neuropathologic changes in Alzheimer’s disease: potential targets for treatment. J. Clin. Psychiatry 

67 Suppl 3, 3–7; quiz 23 (2006). 

89. Schaeffer, E. L. & Gattaz, W. F. Cholinergic and glutamatergic alterations beginning at the early stages of 

Alzheimer disease: participation of the phospholipase A2 enzyme. Psychopharmacology (Berl.) 198, 1–27 

(2008). 

90. Dong, X., Wang, Y. & Qin, Z. Molecular mechanisms of excitotoxicity and their relevance to pathogenesis of 

neurodegenerative diseases. Acta Pharmacol. Sin. 30, 379–387 (2009). 

91. Beck, J., Lenart, B., Kintner, D. B. & Sun, D. Na-K-Cl cotransporter contributes to glutamate-mediated 

excitotoxicity. J. Neurosci. Off. J. Soc. Neurosci. 23, 5061–5068 (2003). 

92. Lin, H. et al. Axonal alpha7 nicotinic ACh receptors modulate presynaptic NMDA receptor expression and 

structural plasticity of glutamatergic presynaptic boutons. Proc. Natl. Acad. Sci. U. S. A. 107, 16661–16666 

(2010). 

93. Szado, T. et al. Phosphorylation of inositol 1,4,5-trisphosphate receptors by protein kinase B/Akt inhibits Ca2+ 

release and apoptosis. Proc. Natl. Acad. Sci. U. S. A. 105, 2427–2432 (2008). 

94. Parameshwaran, K., Dhanasekaran, M. & Suppiramaniam, V. Amyloid beta peptides and glutamatergic 

synaptic dysregulation. Exp. Neurol. 210, 7–13 (2008). 

95. Snyder, E. M. et al. Regulation of NMDA receptor trafficking by amyloid-beta. Nat. Neurosci. 8, 1051–1058 

(2005). 

96. Jung, K.-H. et al. Augmentation of nitrite therapy in cerebral ischemia by NMDA receptor inhibition. Biochem. 

Biophys. Res. Commun. 378, 507–512 (2009). 

97. Navarro, A. & Boveris, A. The mitochondrial energy transduction system and the aging process. Am. J. Physiol. 

Cell Physiol. 292, C670-686 (2007). 

98. Doggrell, S. A. & Evans, S. Treatment of dementia with neurotransmission modulation. Expert Opin. Investig. 

Drugs 12, 1633–1654 (2003). 

99. Roberson, E. D. et al. Reducing endogenous tau ameliorates amyloid beta-induced deficits in an Alzheimer’s 

disease mouse model. Science 316, 750–754 (2007). 

100. Wang, Y. & Mandelkow, E. Tau in physiology and pathology. Nat. Rev. Neurosci. 17, 5–21 (2016). 

101. Goedert, M., Klug, A. & Crowther, R. A. Tau protein, the paired helical filament and Alzheimer’s disease. J. 

Alzheimers Dis. JAD 9, 195–207 (2006). 



136 
 

102. Grundke-Iqbal, I. et al. Abnormal phosphorylation of the microtubule-associated protein tau (tau) in Alzheimer 

cytoskeletal pathology. Proc. Natl. Acad. Sci. U. S. A. 83, 4913–4917 (1986). 

103. Ittner, L. M. & Gotz, J. Amyloid-beta and tau--a toxic pas de deux in Alzheimer’s disease. Nat. Rev. Neurosci. 

12, 65–72 (2011). 

104. Kuret, J. et al. Evaluating triggers and enhancers of tau fibrillization. Microsc. Res. Tech. 67, 141–155 (2005). 

105. Jack, C. R. J. et al. Hypothetical model of dynamic biomarkers of the Alzheimer’s pathological cascade. Lancet 

Neurol. 9, 119–128 (2010). 

106. Clavaguera, F. et al. Transmission and spreading of tauopathy in transgenic mouse brain. Nat. Cell Biol. 11, 

909–913 (2009). 

107. Guo, J. L. & Lee, V. M.-Y. Seeding of normal Tau by pathological Tau conformers drives pathogenesis of 

Alzheimer-like tangles. J. Biol. Chem. 286, 15317–15331 (2011). 

108. Irwin, D. J. et al. Acetylated tau, a novel pathological signature in Alzheimer’s disease and other tauopathies. 

Brain J. Neurol. 135, 807–818 (2012). 

109. Lasagna-Reeves, C. A. et al. Identification of oligomers at early stages of tau aggregation in Alzheimer’s 

disease. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 26, 1946–1959 (2012). 

110. Maeda, S. et al. Granular tau oligomers as intermediates of tau filaments. Biochemistry (Mosc.) 46, 3856–3861 

(2007). 

111. Walsh, D. M. & Selkoe, D. J. A beta oligomers - a decade of discovery. J. Neurochem. 101, 1172–1184 (2007). 

112. Yoshiyama, Y., Lee, V. M. Y. & Trojanowski, J. Q. Therapeutic strategies for tau mediated neurodegeneration. J. 

Neurol. Neurosurg. Psychiatry 84, 784–795 (2013). 

113. Gotz, J., Chen, F., van Dorpe, J. & Nitsch, R. M. Formation of neurofibrillary tangles in P301l tau transgenic mice 

induced by Abeta 42 fibrils. Science 293, 1491–1495 (2001). 

114. Nelson, P. T. et al. Correlation of Alzheimer disease neuropathologic changes with cognitive status: a review of 

the literature. J. Neuropathol. Exp. Neurol. 71, 362–381 (2012). 

115. Wang, H.-Y., Li, W., Benedetti, N. J. & Lee, D. H. S. Alpha 7 nicotinic acetylcholine receptors mediate beta-

amyloid peptide-induced tau protein phosphorylation. J. Biol. Chem. 278, 31547–31553 (2003). 

116. Bertram, L. & Tanzi, R. E. The genetic epidemiology of neurodegenerative disease. J. Clin. Invest. 115, 1449–

1457 (2005). 

117. Lewis, J. et al. Enhanced neurofibrillary degeneration in transgenic mice expressing mutant tau and APP. 

Science 293, 1487–1491 (2001). 

118. Roberson, E. D. et al. Amyloid-beta/Fyn-induced synaptic, network, and cognitive impairments depend on tau 

levels in multiple mouse models of Alzheimer’s disease. J. Neurosci. Off. J. Soc. Neurosci. 31, 700–711 (2011). 

119. Rapoport, M., Dawson, H. N., Binder, L. I., Vitek, M. P. & Ferreira, A. Tau is essential to beta -amyloid-induced 

neurotoxicity. Proc. Natl. Acad. Sci. U. S. A. 99, 6364–6369 (2002). 

120. Gandhi, S. & Abramov, A. Y. Mechanism of oxidative stress in neurodegeneration. Oxid. Med. Cell. Longev. 

2012, 428010 (2012). 

121. Lin, M. T. & Beal, M. F. Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases. Nature 

443, 787–795 (2006). 

122. Abdul, H. M. & Butterfield, D. A. Involvement of PI3K/PKG/ERK1/2 signaling pathways in cortical neurons to 

trigger  protection by cotreatment of acetyl-L-carnitine and alpha-lipoic acid against. Free Radic. Biol. Med. 42, 

371–384 (2007). 

123. Zhao, L. N., Long, H., Mu, Y. & Chew, L. Y. The toxicity of amyloid beta oligomers. Int. J. Mol. Sci. 13, 7303–7327 

(2012). 

124. Pratico, D. Oxidative stress hypothesis in Alzheimer’s disease: a reappraisal. Trends Pharmacol. Sci. 29, 609–

615 (2008). 

125. Makhaeva, G. F. et al. Conjugates of gamma-Carbolines and Phenothiazine as new selective inhibitors of 

butyrylcholinesterase and blockers of NMDA receptors for Alzheimer Disease. Sci. Rep. 5, 13164 (2015). 

126. Zhao, Y. & Zhao, B. Oxidative stress and the pathogenesis of Alzheimer’s disease. Oxid. Med. Cell. Longev. 

2013, 316523 (2013). 



137 
 

127. Grivennikova, V. G. & Vinogradov, A. D. Generation of superoxide by the mitochondrial Complex I. Biochim. 

Biophys. Acta 1757, 553–561 (2006). 

128. Hirai, K. et al. Mitochondrial abnormalities in Alzheimer’s disease. J. Neurosci. Off. J. Soc. Neurosci. 21, 3017–

3023 (2001). 

129. Su, B. et al. Oxidative stress signaling in Alzheimer’s disease. Curr. Alzheimer Res. 5, 525–532 (2008). 

130. Zhang, L., Zhao, B., Yew, D. T., Kusiak, J. W. & Roth, G. S. Processing of Alzheimer’s amyloid precursor protein 

during H2O2-induced apoptosis in human neuronal cells. Biochem. Biophys. Res. Commun. 235, 845–848 

(1997). 

131. Zhu, X. et al. Mitochondrial abnormalities and oxidative imbalance in Alzheimer disease. J. Alzheimers Dis. JAD 

9, 147–153 (2006). 

132. Korol, T. Y., Kostyuk, E. & Kostyuk, P. Disruption of calcium homeostasis in Alzheimer’s disease. 

Neurophysiology 40, 385–392 (2008). 

133. Magi, S. et al. Intracellular Calcium Dysregulation: Implications for Alzheimer’s Disease. BioMed Res. Int. 2016, 

6701324 (2016). 

134. Fonseca, A. C., Cardoso, S. M. & Pereira, C. F. Calcium and redox homeostasis in Alzheimer’s disease: a focus 

on the endoplasmic reticulum. Ther. Targets Neurol. Dis. 2, (2014). 

135. Hagenston, A. M., Rudnick, N. D., Boone, C. E. & Yeckel, M. F. 2-Aminoethoxydiphenyl-borate (2-APB) increases 

excitability in pyramidal neurons. Cell Calcium 45, 310–317 (2009). 

136. Small, D. H. Dysregulation of calcium homeostasis in Alzheimer’s disease. Neurochem. Res. 34, 1824–1829 

(2009). 

137. Stutzmann, G. E., Caccamo, A., LaFerla, F. M. & Parker, I. Dysregulated IP3 signaling in cortical neurons of 

knock-in mice expressing an Alzheimer’s-linked mutation in presenilin1 results in exaggerated Ca2+ signals and 

altered membrane excitability. J. Neurosci. Off. J. Soc. Neurosci. 24, 508–513 (2004). 

138. Arispe, N., Rojas, E. & Pollard, H. B. Alzheimer disease amyloid beta protein forms calcium channels in bilayer 

membranes: blockade by tromethamine and aluminum. Proc. Natl. Acad. Sci. U. S. A. 90, 567–571 (1993). 

139. Crompton, M., Barksby, E., Johnson, N. & Capano, M. Mitochondrial intermembrane junctional complexes and 

their involvement in cell death. Biochimie 84, 143–152 (2002). 

140. Giorgio, V. et al. Cyclophilin D in mitochondrial pathophysiology. Biochim. Biophys. Acta 1797, 1113–1118 

(2010). 

141. Calkins, M. J., Manczak, M., Mao, P., Shirendeb, U. & Reddy, P. H. Impaired mitochondrial biogenesis, defective 

axonal transport of mitochondria, abnormal mitochondrial dynamics and synaptic degeneration in a mouse 

model of Alzheimer’s disease. Hum. Mol. Genet. 20, 4515–4529 (2011). 

142. Funderburk, S. F., Marcellino, B. K. & Yue, Z. Cell ‘self-eating’ (autophagy) mechanism in Alzheimer’s disease. 

Mt. Sinai J. Med. N. Y. 77, 59–68 (2010). 

143. Boland, B. et al. Autophagy induction and autophagosome clearance in neurons: relationship to autophagic 

pathology in Alzheimer’s disease. J. Neurosci. Off. J. Soc. Neurosci. 28, 6926–6937 (2008). 

144. Rusten, T. E. & Simonsen, A. ESCRT functions in autophagy and associated disease. Cell Cycle Georget. Tex 7, 

1166–1172 (2008). 

145. Ben Haim, L., Carrillo-de Sauvage, M.-A., Ceyzeriat, K. & Escartin, C. Elusive roles for reactive astrocytes in 

neurodegenerative diseases. Front. Cell. Neurosci. 9, 278 (2015). 

146. Di Marco, L. Y. et al. Vascular dysfunction in the pathogenesis of Alzheimer’s disease--A review of 

endothelium-mediated mechanisms and ensuing vicious circles. Neurobiol. Dis. 82, 593–606 (2015). 

147. Elman, J. A. et al. Neural compensation in older people with brain amyloid-beta deposition. Nat. Neurosci. 17, 

1316–1318 (2014). 

148. Morris, J. C. Early-stage and preclinical Alzheimer disease. Alzheimer Dis. Assoc. Disord. 19, 163–165 (2005). 

149. Braak, H. & Braak, E. Frequency of stages of Alzheimer-related lesions in different age categories. Neurobiol. 

Aging 18, 351–357 (1997). 

150. Hulette, C. M. et al. Neuropathological and neuropsychological changes in ‘normal’ aging: evidence for  

preclinical Alzheimer disease in cognitively normal individuals. J. Neuropathol. Exp. Neurol. 57, 1168–1174 

(1998). 



138 
 

151. Markesbery, W. R. et al. Neuropathologic substrate of mild cognitive impairment. Arch. Neurol. 63, 38–46 

(2006). 

152. Kahle-Wrobleski, K., Corrada, M. M., Li, B. & Kawas, C. H. Sensitivity and specificity of the mini-mental state 

examination for identifying  dementia in the oldest-old: the 90+ study. J. Am. Geriatr. Soc. 55, 284–289 (2007). 

153. Nasreddine, Z. S. et al. The Montreal Cognitive Assessment, MoCA: a brief screening tool for mild cognitive 

impairment. J. Am. Geriatr. Soc. 53, 695–699 (2005). 

154. Sperling, R. A. et al. Amyloid-related imaging abnormalities in amyloid-modifying therapeutic trials: 

recommendations from the Alzheimer’s Association Research Roundtable Workgroup. Alzheimers Dement. J. 

Alzheimers Assoc. 7, 367–385 (2011). 

155. Chen, J.-Y., Stern, Y., Sano, M. & Mayeux, R. Cumulative risks of developing extrapyramidal signs, psychosis, or 

myoclonus in the course of Alzheimer’s disease. Arch. Neurol. 48, 1141–1143 (1991). 

156. Petersen, R. C. Mild cognitive impairment as a diagnostic entity. J. Intern. Med. 256, 183–194 (2004). 

157. Petersen, R. C. et al. Mild cognitive impairment: clinical characterization and outcome. Arch. Neurol. 56, 303–

308 (1999). 

158. Albert, M. S. et al. The diagnosis of mild cognitive impairment due to Alzheimer’s disease: recommendations 

from the National Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for 

Alzheimer’s disease. Alzheimers Dement. J. Alzheimers Assoc. 7, 270–279 (2011). 

159. McKhann, G. M. et al. The diagnosis of dementia due to Alzheimer’s disease: recommendations from the 

National Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s 

disease. Alzheimers Dement. J. Alzheimers Assoc. 7, 263–269 (2011). 

160. McKhann, G. et al. Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA Work Group  under 

the auspices of Department of Health and Human Services Task Force on Alzheimer’s Disease. Neurology 34, 

939–944 (1984). 

161. Walhovd, K. B. et al. Combining MR imaging, positron-emission tomography, and CSF biomarkers in the 

diagnosis and prognosis of Alzheimer disease. AJNR Am. J. Neuroradiol. 31, 347–354 (2010). 

162. Xu, L. et al. Prediction of Progressive Mild Cognitive Impairment by Multi-Modal Neuroimaging Biomarkers. J. 

Alzheimers Dis. JAD 51, 1045–1056 (2016). 

163. Higuchi, M. et al. 19F and 1H MRI detection of amyloid beta plaques in vivo. Nat. Neurosci. 8, 527–533 (2005). 

164. Maruyama, M. et al. Imaging of tau pathology in a tauopathy mouse model and in Alzheimer patients 

compared to normal controls. Neuron 79, 1094–1108 (2013). 

165. Friedland, R. P. et al. Regional cerebral metabolic alterations in dementia of the Alzheimer type: positron 

emission tomography with [18F]fluorodeoxyglucose. J. Comput. Assist. Tomogr. 7, 590–598 (1983). 

166. de Leon, M. J. et al. Positron emission tomographic studies of aging and Alzheimer disease. AJNR Am. J. 

Neuroradiol. 4, 568–571 (1983). 

167. Beal, M. F. Aging, energy, and oxidative stress in neurodegenerative diseases. Ann. Neurol. 38, 357–366 

(1995). 

168. Blass, J. P. & Zemcov, A. Alzheimer’s disease. A metabolic systems degeneration? Neurochem. Pathol. 2, 103–

114 (1984). 

169. Swerdlow, R. et al. Brain glucose metabolism in Alzheimer’s disease. Am. J. Med. Sci. 308, 141–144 (1994). 

170. Bateman, R. J. et al. Clinical and biomarker changes in dominantly inherited Alzheimer’s disease. N. Engl. J. 

Med. 367, 795–804 (2012). 

171. Fagan, A. M. et al. Inverse relation between in vivo amyloid imaging load and cerebrospinal fluid Abeta42 in 

humans. Ann. Neurol. 59, 512–519 (2006). 

172. Reiman, E. M. et al. Brain imaging and fluid biomarker analysis in young adults at genetic risk for autosomal 

dominant Alzheimer’s disease in the presenilin 1 E280A kindred: a case-control study. Lancet Neurol. 11, 

1048–1056 (2012). 

173. Jagust, W. J. et al. Relationships between biomarkers in aging and dementia. Neurology 73, 1193–1199 (2009). 

174. Blennow, K., Hampel, H., Weiner, M. & Zetterberg, H. Cerebrospinal fluid and plasma biomarkers in Alzheimer 

disease. Nat. Rev. Neurol. 6, 131–144 (2010). 



139 
 

175. Blom, E. S. et al. Rapid progression from mild cognitive impairment to Alzheimer’s disease in subjects with 

elevated levels of tau in cerebrospinal fluid and the APOE epsilon4/epsilon4 genotype. Dement. Geriatr. Cogn. 

Disord. 27, 458–464 (2009). 

176. Dubois, B. et al. Advancing research diagnostic criteria for Alzheimer’s disease: the IWG-2 criteria. Lancet 

Neurol. 13, 614–629 (2014). 

177. Petersen, R. C. et al. Mild cognitive impairment: ten years later. Arch. Neurol. 66, 1447–1455 (2009). 

178. Craig-Schapiro, R. et al. YKL-40: a novel prognostic fluid biomarker for preclinical Alzheimer’s disease. Biol. 

Psychiatry 68, 903–912 (2010). 

179. Fagan, A. M. et al. Cerebrospinal fluid tau/beta-amyloid(42) ratio as a prediction of cognitive decline in 

nondemented older adults. Arch. Neurol. 64, 343–349 (2007). 

180. Li, G. et al. CSF tau/Abeta42 ratio for increased risk of mild cognitive impairment: a follow-up study. Neurology 

69, 631–639 (2007). 

181. Rosen, C. et al. Cerebrospinal fluid profiles of amyloid beta-related biomarkers in Alzheimer’s disease. 

Neuromolecular Med. 14, 65–73 (2012). 

182. Mulder, S. D. et al. BACE1 activity in cerebrospinal fluid and its relation to markers of AD pathology. J. 

Alzheimers Dis. JAD 20, 253–260 (2010). 

183. Zetterberg, H. et al. Elevated cerebrospinal fluid BACE1 activity in incipient Alzheimer disease. Arch. Neurol. 

65, 1102–1107 (2008). 

184. Fagan, A. M. et al. Cerebrospinal fluid tau and ptau(181) increase with cortical amyloid deposition in 

cognitively normal individuals: implications for future clinical trials of Alzheimer’s disease. EMBO Mol. Med. 1, 

371–380 (2009). 

185. Fabbro, S. & Seeds, N. W. Plasminogen activator activity is inhibited while neuroserpin is up-regulated in  the 

Alzheimer disease brain. J. Neurochem. 109, 303–315 (2009). 

186. Buerger, K. et al. No correlation between CSF tau protein phosphorylated at threonine 181 with neocortical 

neurofibrillary pathology in Alzheimer’s disease. Brain J. Neurol. 130, e82 (2007). 

187. De Strooper, B. & Karran, E. The Cellular Phase of Alzheimer’s Disease. Cell 164, 603–615 (2016). 

188. Craig-Schapiro, R. et al. Multiplexed immunoassay panel identifies novel CSF biomarkers for Alzheimer’s 

disease diagnosis and prognosis. PloS One 6, e18850 (2011). 

189. Hu, W. T. et al. Biomarker discovery for Alzheimer’s disease, frontotemporal lobar degeneration, and 

Parkinson’s disease. Acta Neuropathol. (Berl.) 120, 385–399 (2010). 

190. Lista, S., Faltraco, F., Prvulovic, D. & Hampel, H. Blood and plasma-based proteomic biomarker research in 

Alzheimer’s disease. Prog. Neurobiol. 101–102, 1–17 (2013). 

191. Behari, M. & Shrivastava, M. Role of platelets in neurodegenerative diseases: a universal pathophysiology. Int. 

J. Neurosci. 123, 287–299 (2013). 

192. Bonda, D. J. et al. Neuronal failure in Alzheimer’s disease: a view through the oxidative stress looking-glass. 

Neurosci. Bull. 30, 243–252 (2014). 

193. Catricala, S., Torti, M. & Ricevuti, G. Alzheimer disease and platelets: how’s that relevant. Immun. Ageing A 9, 

20 (2012). 

194. de las Cuevas, N. et al. Cell cycle and Alzheimer’s disease: studies in non-neuronal cells. J. Appl. Biomed. 8, 

121–130 (2010). 

195. Esteras, N. et al. Downregulation of extracellular signal-regulated kinase 1/2 activity by calmodulin KII 

modulates p21Cip1 levels and survival of immortalized lymphocytes  from Alzheimer’s disease patients. 

Neurobiol. Aging 34, 1090–1100 (2013). 

196. Freson, K., Labarque, V., Thys, C., Wittevrongel, C. & Geet, C. V. What’s new in using platelet research? To 

unravel thrombopathies and other human  disorders. Eur. J. Pediatr. 166, 1203–1210 (2007). 

197. Jaworska, A., Dzbek, J., Styczynska, M. & Kuznicki, J. Analysis of calcium homeostasis in fresh lymphocytes from 

patients with sporadic  Alzheimer’s disease or mild cognitive impairment. Biochim. Biophys. Acta 1833, 1692–

1699 (2013). 

198. Leuner, K. et al. Mitochondrion-derived reactive oxygen species lead to enhanced amyloid beta formation. 

Antioxid. Redox Signal. 16, 1421–1433 (2012). 



140 
 

199. Leuner, K. et al. Peripheral mitochondrial dysfunction in Alzheimer’s disease: focus on lymphocytes. Mol. 

Neurobiol. 46, 194–204 (2012). 

200. Nelson, O. et al. Mutagenesis mapping of the presenilin 1 calcium leak conductance pore. J. Biol. Chem. 286, 

22339–22347 (2011). 

201. Pletscher, A. & Laubscher, A. Blood platelets as models for neurons: uses and limitations. J. Neural Transm. 

Suppl. 7–16 (1980). 

202. Talib, L. L., Joaquim, H. P. & Forlenza, O. V. Platelet biomarkers in Alzheimer’s disease. World J. Psychiatry 2, 

95–101 (2012). 

203. Wojda, U. & Kuznicki, J. Alzheimer’s disease modeling: ups, downs, and perspectives for human induced 

pluripotent stem cells. J. Alzheimers Dis. JAD 34, 563–588 (2013). 

204. Mukaetova-Ladinska, E. et al. Platelet Tau Protein as a Potential Peripheral Biomarker in Alzheimer’s disease: 

An Explorative Study. Curr. Alzheimer Res. (2013). 

205. Consensus report of the Working Group on: ‘Molecular and Biochemical Markers of Alzheimer’s Disease’. The 

Ronald and Nancy Reagan Research Institute of the Alzheimer’s Association and the National Institute on Aging 

Working Group. Neurobiol. Aging 19, 109–116 (1998). 

206. Yan, C. et al. Sex- and brain size-related small-world structural cortical networks in young adults: a DTI 

tractography study. Cereb. Cortex N. Y. N 1991 21, 449–458 (2011). 

207. Godyn, J., Jonczyk, J., Panek, D. & Malawska, B. Therapeutic strategies for Alzheimer’s disease in clinical trials. 

Pharmacol. Rep. PR 68, 127–138 (2016). 

208. Garcia-Osta, A. & Alberini, C. M. Amyloid beta mediates memory formation. Learn. Mem. Cold Spring Harb. N 

16, 267–272 (2009). 

209. Puzzo, D., Gulisano, W., Arancio, O. & Palmeri, A. The keystone of Alzheimer pathogenesis might be sought in 

Abeta physiology. Neuroscience 307, 26–36 (2015). 

210. Camps, P. et al. Novel donepezil-based inhibitors of acetyl- and butyrylcholinesterase and 

acetylcholinesterase-induced beta-amyloid aggregation. J. Med. Chem. 51, 3588–3598 (2008). 

211. Chu, L. W. Alzheimer’s disease: early diagnosis and treatment. Hong Kong Med. J. Xianggang Yi Xue Za Zhi 18, 

228–237 (2012). 

212. Karimi, S., Dharia, S. P., Flora, D. S. & Slattum, P. W. Anticholinergic burden: clinical implications for seniors and 

strategies for clinicians. Consult. Pharm. J. Am. Soc. Consult. Pharm. 27, 564–582 (2012). 

213. Bowie, M. W. & Slattum, P. W. Pharmacodynamics in older adults: a review. Am. J. Geriatr. Pharmacother. 5, 

263–303 (2007). 

214. Wang, X., Blanchard, J., Grundke-Iqbal, I. & Iqbal, K. Memantine Attenuates Alzheimer’s Disease-Like 

Pathology and Cognitive Impairment. PloS One 10, e0145441 (2015). 

215. Folch, J. et al. Current Research Therapeutic Strategies for Alzheimer’s Disease Treatment. Neural Plast. 2016, 

8501693 (2016). 

216. Chen, M. The Maze of APP Processing in Alzheimer’s Disease: Where Did We Go Wrong in Reasoning? Front. 

Cell. Neurosci. 9, 186 (2015). 

217. Corbett, G. T., Gonzalez, F. J. & Pahan, K. Activation of peroxisome proliferator-activated receptor alpha 

stimulates. Proc. Natl. Acad. Sci. U. S. A. 112, 8445–8450 (2015). 

218. Kumar, A. et al. Current and novel therapeutic molecules and targets in Alzheimer’s disease. J. Formos. Med. 

Assoc. Taiwan Yi Zhi 115, 3–10 (2016). 

219. Weissmiller, A. M. et al. A gamma-secretase inhibitor, but not a gamma-secretase modulator, induced defects 

in BDNF axonal trafficking and signaling: evidence for a role for APP. PloS One 10, e0118379 (2015). 

220. Awasthi, M., Singh, S., Pandey, V. P. & Dwivedi, U. N. Alzheimer’s disease: An overview of amyloid beta 

dependent pathogenesis and its therapeutic implications along with in silico approaches emphasizing the role 

of  natural products. J. Neurol. Sci. 361, 256–271 (2016). 

221. McGuinness, B., Craig, D., Bullock, R. & Passmore, P. Statins for the prevention of dementia. Cochrane 

Database Syst. Rev. CD003160 (2016). doi:10.1002/14651858.CD003160.pub3 

222. Waite, L. M. Treatment for Alzheimer’s disease: has anything changed? Aust. Prescr. 38, 60–63 (2015). 



141 
 

223. Schenk, D. et al. Immunization with amyloid-beta attenuates Alzheimer-disease-like pathology in the PDAPP 

mouse. Nature 400, 173–177 (1999). 

224. Frost, J. L. et al. Pyroglutamate-3 amyloid-beta deposition in the brains of humans, non-human primates, 

canines, and Alzheimer disease-like transgenic mouse models. Am. J. Pathol. 183, 369–381 (2013). 

225. Winblad, B. et al. Safety, tolerability, and antibody response of active Abeta immunotherapy with CAD106 in 

patients with Alzheimer’s disease: randomised, double-blind, placebo-controlled, first-in-human study. Lancet 

Neurol. 11, 597–604 (2012). 

226. Wisniewski, T. Active immunotherapy for Alzheimer’s disease. Lancet Neurol. 11, 571–572 (2012). 

227. Solomon, B. Antibody-mediated immunotherapy for Alzheimer’s disease. Curr. Opin. Investig. Drugs Lond. 

Engl. 2000 8, 519–524 (2007). 

228. Farlow, M. R. & Brosch, J. R. Immunotherapy for Alzheimer’s disease. Neurol. Clin. 31, 869–878 (2013). 

229. Bard, F. et al. Epitope and isotype specificities of antibodies to beta -amyloid peptide for protection against 

Alzheimer’s disease-like neuropathology. Proc. Natl. Acad. Sci. U. S. A. 100, 2023–2028 (2003). 

230. Scheltens, P. et al. Alzheimer’s disease. Lancet Lond. Engl. 388, 505–517 (2016). 

231. Bancher, C., Braak, H., Fischer, P. & Jellinger, K. A. Neuropathological staging of Alzheimer lesions and 

intellectual status in Alzheimer’s and Parkinson’s disease patients. Neurosci. Lett. 162, 179–182 (1993). 

232. Terry, R. D. The pathogenesis of Alzheimer disease: an alternative to the amyloid hypothesis. J. Neuropathol. 

Exp. Neurol. 55, 1023–1025 (1996). 

233. Sigurdsson, E. M. Tau immunotherapy and imaging. Neurodegener. Dis. 13, 103–106 (2014). 

234. Lambert, M. P., Velasco, P. T., Viola, K. L. & Klein, W. L. Targeting generation of antibodies specific to 

conformational epitopes of amyloid beta-derived neurotoxins. CNS Neurol. Disord. Drug Targets 8, 65–81 

(2009). 

235. Lee, E. B. et al. Targeting amyloid-beta peptide (Abeta) oligomers by passive immunization with a 

conformation-selective monoclonal antibody improves learning and memory in Abeta  precursor protein (APP) 

transgenic mice. J. Biol. Chem. 281, 4292–4299 (2006). 

236. Moretto, N. et al. Conformation-sensitive antibodies against alzheimer amyloid-beta by immunization  with a 

thioredoxin-constrained B-cell epitope peptide. J. Biol. Chem. 282, 11436–11445 (2007). 

237. Jedrziewski, M. K., Ewbank, D. C., Wang, H. & Trojanowski, J. Q. The Impact of Exercise, Cognitive Activities, 

and Socialization on Cognitive Function: Results From the National Long-Term Care Survey. Am. J. Alzheimers 

Dis. Other Demen. 29, 372–378 (2014). 

238. Erickson, K. I. et al. Exercise training increases size of hippocampus and improves memory. Proc. Natl. Acad. 

Sci. U. S. A. 108, 3017–3022 (2011). 

239. Mattson, M. P. Lifelong brain health is a lifelong challenge: from evolutionary principles to empirical evidence. 

Ageing Res. Rev. 20, 37–45 (2015). 

240. Boudouda, H. B. et al. Antibacterial, antioxidant, anti-cholinesterase potential and flavonol glycosides of 

Biscutella raphanifolia (Brassicaceae). Pak. J. Pharm. Sci. 28, 153–158 (2015). 

241. Diaz-Gerevini, G. T. et al. Beneficial action of resveratrol: How and why? Nutr. Burbank Los Angel. Cty. Calif 32, 

174–178 (2016). 

242. Kim, Y. A., Kim, G.-Y., Park, K.-Y. & Choi, Y. H. Resveratrol inhibits nitric oxide and prostaglandin E2 production 

by lipopolysaccharide-activated C6 microglia. J. Med. Food 10, 218–224 (2007). 

243. Duncan, S. H. & Flint, H. J. Probiotics and prebiotics and health in ageing populations. Maturitas 75, 44–50 

(2013). 

244. Becker, R. E., Greig, N. H. & Giacobini, E. Why do so many drugs for Alzheimer’s disease fail in development? 

Time for new methods and new practices? J. Alzheimers Dis. JAD 15, 303–325 (2008). 

245. Chetelat, G. et al. Relationship between atrophy and beta-amyloid deposition in Alzheimer disease. Ann. 

Neurol. 67, 317–324 (2010). 

246. Jelic, V. & Winblad, B. Treatment of mild cognitive impairment: rationale, present and future strategies. Acta 

Neurol. Scand. Suppl. 179, 83–93 (2003). 

247. Westin, K. et al. CCL2 is associated with a faster rate of cognitive decline during early stages of Alzheimer’s 

disease. PloS One 7, e30525 (2012). 



142 
 

248. Finkel, S. I., Costa e Silva, J., Cohen, G., Miller, S. & Sartorius, N. Behavioral and psychological signs and 

symptoms of dementia: a consensus statement on current knowledge and implications for research and 

treatment. Int. Psychogeriatr. 8 Suppl 3, 497–500 (1996). 

249. Workgroup, A. C. W. American Geriatrics Society identifies five things that healthcare providers and patients 

should question. J Am Geriatr Soc 61, 622–631 (2013). 

250. Qazi, A., Shankar, K. & Orrell, M. Managing anxiety in people with dementia. A case series. J. Affect. Disord. 76, 

261–265 (2003). 

251. Mega, M. S., Cummings, J. L., Fiorello, T. & Gornbein, J. The spectrum of behavioral changes in Alzheimer’s 

disease. Neurology 46, 130–135 (1996). 

252. Marin, R. S., Firinciogullari, S. & Biedrzycki, R. C. The sources of convergence between measures of apathy and 

depression. J. Affect. Disord. 28, 117–124 (1993). 

253. Starkstein, S. E., Jorge, R., Mizrahi, R. & Robinson, R. G. A prospective longitudinal study of apathy in 

Alzheimer’s disease. J. Neurol. Neurosurg. Psychiatry 77, 8–11 (2006). 

254. Burns, A., Jacoby, R. & Levy, R. Psychiatric phenomena in Alzheimer’s disease. III: Disorders of mood. Br. J. 

Psychiatry J. Ment. Sci. 157, 81–6, 92–94 (1990). 

255. Frisoni, G. B. et al. Behavioral syndromes in Alzheimer’s disease: description and correlates. Dement. Geriatr. 

Cogn. Disord. 10, 130–138 (1999). 

256. Gilley, D. W., Wilson, R. S., Beckett, L. A. & Evans, D. A. Psychotic symptoms and physically aggressive behavior 

in Alzheimer’s disease. J. Am. Geriatr. Soc. 45, 1074–1079 (1997). 

257. Teri, L. et al. Assessment of behavioral problems in dementia: the revised memory and behavior problems 

checklist. Psychol. Aging 7, 622–631 (1992). 

258. Burns, A., Jacoby, R. & Levy, R. Psychiatric phenomena in Alzheimer’s disease. I: Disorders of thought content. 

Br. J. Psychiatry J. Ment. Sci. 157, 72–6, 92–94 (1990). 

259. Hirono, N. et al. Factors associated with psychotic symptoms in Alzheimer’s disease. J. Neurol. Neurosurg. 

Psychiatry 64, 648–652 (1998). 

260. Burns, A., Jacoby, R. & Levy, R. Psychiatric phenomena in Alzheimer’s disease. IV: Disorders of behaviour. Br. J. 

Psychiatry J. Ment. Sci. 157, 86–94 (1990). 

261. Savva, G. M. et al. Prevalence, correlates and course of behavioural and psychological symptoms of dementia 

in the population. Br. J. Psychiatry J. Ment. Sci. 194, 212–219 (2009). 

262. Steinberg, M. et al. Point and 5-year period prevalence of neuropsychiatric symptoms in dementia: the  Cache 

County Study. Int. J. Geriatr. Psychiatry 23, 170–177 (2008). 

263. Kales, H. C., Gitlin, L. N. & Lyketsos, C. G. Assessment and management of behavioral and psychological 

symptoms of dementia. BMJ 350, h369 (2015). 

264. Lovheim, H., Sandman, P.-O., Karlsson, S. & Gustafson, Y. Behavioral and psychological symptoms of dementia 

in relation to level of cognitive impairment. Int. Psychogeriatr. 20, 777–789 (2008). 

265. Purandare, N. & Burns, A. Behavioural and psychological symptoms of dementia. Rev. Clin. Gerontol. 10, 245–

260 (2000). 

266. Holtzer, R. et al. Psychopathological features in Alzheimer’s disease: course and relationship with  cognitive 

status. J. Am. Geriatr. Soc. 51, 953–960 (2003). 

267. Rocca, P. et al. Neuropsychiatric symptoms underlying caregiver stress and insight in Alzheimer’s  disease. 

Dement. Geriatr. Cogn. Disord. 30, 57–63 (2010). 

268. Clyburn, L. D., Stones, M. J., Hadjistavropoulos, T. & Tuokko, H. Predicting caregiver burden and depression in 

Alzheimer’s disease. J. Gerontol. B. Psychol. Sci. Soc. Sci. 55, S2-13 (2000). 

269. Kamiya, M., Sakurai, T., Ogama, N., Maki, Y. & Toba, K. Factors associated with increased caregivers’ burden in 

several cognitive stages  of Alzheimer’s disease. Geriatr. Gerontol. Int. 14 Suppl 2, 45–55 (2014). 

270. Beeri, M. S., Werner, P., Davidson, M. & Noy, S. The cost of behavioral and psychological symptoms of 

dementia (BPSD) in community dwelling Alzheimer’s disease patients. Int. J. Geriatr. Psychiatry 17, 403–408 

(2002). 

271. Black, W. & Almeida, O. P. A systematic review of the association between the Behavioral and Psychological 

Symptoms of Dementia and burden of care. Int. Psychogeriatr. 16, 295–315 (2004). 



143 
 

272. Lyketsos, C. G. et al. Prevalence of neuropsychiatric symptoms in dementia and mild cognitive impairment: 

results from the cardiovascular health study. JAMA 288, 1475–1483 (2002). 

273. Apostolova, L. G. & Cummings, J. L. Neuropsychiatric manifestations in mild cognitive impairment: a systematic 

review of the literature. Dement. Geriatr. Cogn. Disord. 25, 115–126 (2008). 

274. Feldman, H. et al. Behavioral symptoms in mild cognitive impairment. Neurology 62, 1199–1201 (2004). 

275. Devanand, D. P. et al. The course of psychopathologic features in mild to moderate Alzheimer disease. Arch. 

Gen. Psychiatry 54, 257–263 (1997). 

276. Eustace, A. et al. A longitudinal evaluation of behavioural and psychological symptoms of probable Alzheimer’s 

disease. Int. J. Geriatr. Psychiatry 17, 968–973 (2002). 

277. Scarmeas, N. et al. Disruptive behavior as a predictor in Alzheimer disease. Arch. Neurol. 64, 1755–1761 

(2007). 

278. Hollingworth, P. et al. Four components describe behavioral symptoms in 1,120 individuals with late-onset 

Alzheimer’s disease. J. Am. Geriatr. Soc. 54, 1348–1354 (2006). 

279. Spalletta, G. et al. Neuropsychiatric symptoms and syndromes in a large cohort of newly diagnosed, untreated 

patients with Alzheimer disease. Am. J. Geriatr. Psychiatry Off. J. Am. Assoc. Geriatr. Psychiatry 18, 1026–1035 

(2010). 

280. van der Linde, R. M., Dening, T., Matthews, F. E. & Brayne, C. Grouping of behavioural and psychological 

symptoms of dementia. Int. J. Geriatr. Psychiatry 29, 562–568 (2014). 

281. Spalletta, G. et al. Cognition and behaviour are independent and heterogeneous dimensions in Alzheimer’s 

disease. J. Neurol. 251, 688–695 (2004). 

282. Garre-Olmo, J., Lopez-Pousa, S., Vilalta-Franch, J., de Gracia Blanco, M. & Vilarrasa, A. B. Grouping and 

trajectories of neuropsychiatric symptoms in patients with Alzheimer’s disease. Part II: two-year patient 

trajectories. J. Alzheimers Dis. JAD 22, 1169–1180 (2010). 

283. Cummings, J. L. The Neuropsychiatric Inventory: assessing psychopathology in dementia patients. Neurology 

48, S10-16 (1997). 

284. Cummings, J. L. et al. The Neuropsychiatric Inventory: comprehensive assessment of psychopathology in 

dementia. Neurology 44, 2308–2314 (1994). 

285. van der Linde, R. M., Stephan, B. C. M., Dening, T. & Brayne, C. Instruments to measure behavioural and 

psychological symptoms of dementia. Int. J. Methods Psychiatr. Res. 23, 69–98 (2014). 

286. Reisberg, B. et al. Behavioral symptoms in Alzheimer’s disease: phenomenology and treatment. J. Clin. 

Psychiatry 48 Suppl, 9–15 (1987). 

287. Sultzer, D. L., Levin, H. S., Mahler, M. E., High, W. M. & Cummings, J. L. Assessment of cognitive, psychiatric, 

and behavioral disturbances in patients with dementia: the Neurobehavioral Rating Scale. J. Am. Geriatr. Soc. 

40, 549–555 (1992). 

288. Overall, J. E. & Gorham, D. R. The brief psychiatric rating scale. Psychol. Rep. 10, 799–812 (1962). 

289. Borroni, B. et al. Genetic correlates of behavioral endophenotypes in Alzheimer disease: role of COMT, 5-

HTTLPR and APOE polymorphisms. Neurobiol. Aging 27, 1595–1603 (2006). 

290. Craig, D., Hart, D. J., McCool, K., McIlroy, S. P. & Passmore, A. P. Apolipoprotein E e4 allele influences 

aggressive behaviour in Alzheimer’s disease. J. Neurol. Neurosurg. Psychiatry 75, 1327–1330 (2004). 

291. Zdanys, K. F. et al. Apolipoprotein E epsilon4 allele increases risk for psychotic symptoms in Alzheimer’s 

disease. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 32, 171–179 (2007). 

292. Donovan, N. J. et al. Regional cortical thinning predicts worsening apathy and hallucinations across the 

Alzheimer disease spectrum. Am. J. Geriatr. Psychiatry Off. J. Am. Assoc. Geriatr. Psychiatry 22, 1168–1179 

(2014). 

293. Koppel, J. et al. Elevated CSF Tau is associated with psychosis in Alzheimer’s disease. Am. J. Psychiatry 170, 

1212–1213 (2013). 

294. Murray, P. S. et al. Hyperphosphorylated tau is elevated in Alzheimer’s disease with psychosis. J. Alzheimers 

Dis. JAD 39, 759–773 (2014). 

295. Lanctôt, K. L., Herrmann, N., Rothenburg, L. & Eryavec, G. Behavioral correlates of GABAergic disruption in 

Alzheimer’s disease. Int. Psychogeriatr. 19, 151–158 (2007). 



144 
 

296. Nagata, T. et al. Plasma BDNF levels are correlated with aggressiveness in patients with amnestic mild 

cognitive impairment or Alzheimer disease. J. Neural Transm. Vienna Austria 1996 121, 433–441 (2014). 

297. Murray, P. S. et al. β-Amyloid 42/40 ratio and kalirin expression in Alzheimer disease with psychosis. 

Neurobiol. Aging 33, 2807–2816 (2012). 

298. Husebo, B. S., Ballard, C. & Aarsland, D. Pain treatment of agitation in patients with dementia: a systematic 

review. Int. J. Geriatr. Psychiatry 26, 1012–1018 (2011). 

299. Gitlin, L. N., Corcoran, M., Winter, L., Boyce, A. & Hauck, W. W. A randomized, controlled trial of a home 

environmental intervention: effect on efficacy and upset in caregivers and on daily function of persons with 

dementia. The Gerontologist 41, 4–14 (2001). 

300. Schneider, L. S., Dagerman, K. & Insel, P. S. Efficacy and adverse effects of atypical antipsychotics for dementia: 

meta-analysis of randomized, placebo-controlled trials. Am. J. Geriatr. Psychiatry Off. J. Am. Assoc. Geriatr. 

Psychiatry 14, 191–210 (2006). 

301. Drye, L. T. et al. Changes in QTc interval in the citalopram for agitation in Alzheimer’s disease (CitAD) 

randomized trial. PloS One 9, e98426 (2014). 

302. Kirby, D., Harrigan, S. & Ames, D. Hyponatraemia in elderly psychiatric patients treated with Selective 

Serotonin Reuptake Inhibitors and venlafaxine: a retrospective controlled study in an inpatient unit. Int. J. 

Geriatr. Psychiatry 17, 231–237 (2002). 

303. Cummings, J. L., McRae, T. & Zhang, R. Effects of donepezil on neuropsychiatric symptoms in patients with 

dementia and severe behavioral disorders. Am. J. Geriatr. Psychiatry Off. J. Am. Assoc. Geriatr. Psychiatry 14, 

605–612 (2006). 

304. Gauthier, S. et al. Efficacy of donepezil on behavioral symptoms in patients with moderate to severe  

Alzheimer’s disease. Int. Psychogeriatr. 14, 389–404 (2002). 

305. Herrmann, N., Rabheru, K., Wang, J. & Binder, C. Galantamine treatment of problematic behavior in Alzheimer 

disease: post-hoc analysis of pooled data from three large trials. Am. J. Geriatr. Psychiatry Off. J. Am. Assoc. 

Geriatr. Psychiatry 13, 527–534 (2005). 

306. Fox, C. et al. Efficacy of memantine for agitation in Alzheimer’s dementia: a randomised double-blind placebo 

controlled trial. PloS One 7, e35185 (2012). 

307. Meehan, K. M. et al. Comparison of rapidly acting intramuscular olanzapine, lorazepam, and placebo: a  

double-blind, randomized study in acutely agitated patients with dementia. Neuropsychopharmacol. Off. Publ. 

Am. Coll. Neuropsychopharmacol. 26, 494–504 (2002). 

308. Olin, J. & Schneider, L. Galantamine for Alzheimer’s disease. Cochrane Database Syst. Rev. CD001747 (2002). 

doi:10.1002/14651858.CD001747 

309. O’Neil, M. E. et al. A systematic evidence review of non-pharmacological interventions for behavioral 

symptoms of dementia. (Department of Veterans Affairs Washington, DC, 2011). 

310. Teri, L. & Logsdon, R. G. Identifying pleasant activities for Alzheimer’s disease patients: the pleasant events 

schedule-AD. The Gerontologist 31, 124–127 (1991). 

311. Belle, S. H. et al. Enhancing the quality of life of dementia caregivers from different ethnic or racial groups: a 

randomized, controlled trial. Ann. Intern. Med. 145, 727–738 (2006). 

312. Brodaty, H. & Arasaratnam, C. Meta-analysis of nonpharmacological interventions for neuropsychiatric 

symptoms of dementia. Am. J. Psychiatry 169, 946–953 (2012). 

313. Trinh, N.-H., Hoblyn, J., Mohanty, S. & Yaffe, K. Efficacy of cholinesterase inhibitors in the treatment of 

neuropsychiatric symptoms and functional impairment in Alzheimer disease: a meta-analysis. JAMA 289, 210–

216 (2003). 

314. American Association for Geriatric Psychiatry. Consensus statement on improving the quality of mental health 

care in US nursing homes: management of depression and behavioral symptoms associated with dementia. J. 

Am. Geriatr. Soc. 51, 1287 (2003). 

315. Cohen-Mansfield, J., Juravel-Jaffe, A., Cohen, A., Rasooly, I. & Golander, H. Physicians’ practice and familiarity 

with treatment for agitation associated with dementia in Israeli nursing homes. Int. Psychogeriatr. 25, 236–244 

(2013). 



145 
 

316. Molinari, V. et al. Provision of psychopharmacological services in nursing homes. J. Gerontol. B. Psychol. Sci. 

Soc. Sci. 65B, 57–60 (2010). 

317. Kane, R. L. & Kane, R. A. Assessment in long-term care. Annu. Rev. Public Health 21, 659–686 (2000). 

318. Rabins, P. et al. Risk factors for severe dementia from a population-based sample of incident Alzheimer’s 

Disease: The Cache County Dementia Progression Study. Alzheimers Dement. 7, S356 (2011). 

319. Czirr, E. & Wyss-Coray, T. The immunology of neurodegeneration. J. Clin. Invest. 122, 1156–1163 (2012). 

320. Akiyama, H. et al. Inflammation and Alzheimer’s disease. Neurobiol. Aging 21, 383–421 (2000). 

321. Eikelenboom, P., Zhan, S. S., van Gool, W. A. & Allsop, D. Inflammatory mechanisms in Alzheimer’s disease. 

Trends Pharmacol. Sci. 15, 447–450 (1994). 

322. Vlad, S. C., Miller, D. R., Kowall, N. W. & Felson, D. T. Protective effects of NSAIDs on the development of 

Alzheimer disease. Neurology 70, 1672–1677 (2008). 

323. Drake, C. et al. Brain inflammation is induced by co-morbidities and risk factors for stroke. Brain. Behav. 

Immun. 25, 1113–1122 (2011). 

324. Yaffe, K. et al. The metabolic syndrome, inflammation, and risk of cognitive decline. JAMA 292, 2237–2242 

(2004). 

325. Qin, L. et al. Systemic LPS causes chronic neuroinflammation and progressive neurodegeneration. Glia 55, 

453–462 (2007). 

326. Allison, D. J. & Ditor, D. S. The common inflammatory etiology of depression and cognitive impairment: a 

therapeutic target. J. Neuroinflammation 11, 151 (2014). 

327. Frank-Cannon, T. C., Alto, L. T., McAlpine, F. E. & Tansey, M. G. Does neuroinflammation fan the flame in 

neurodegenerative diseases? Mol. Neurodegener. 4, 47 (2009). 

328. Rivest, S. Regulation of innate immune responses in the brain. Nat. Rev. Immunol. 9, 429–439 (2009). 

329. Shrestha, R., Millington, O., Brewer, J. & Bushell, T. Is central nervous system an immune-privileged site? 

Kathmandu Univ. Med. J. KUMJ 11, 102–107 (2013). 

330. Denes, A., Thornton, P., Rothwell, N. J. & Allan, S. M. Inflammation and brain injury: acute cerebral ischaemia, 

peripheral and central inflammation. Brain. Behav. Immun. 24, 708–723 (2010). 

331. Holmes, C. & Butchart, J. Systemic inflammation and Alzheimer’s disease. Biochem. Soc. Trans. 39, 898–901 

(2011). 

332. Louveau, A., Harris, T. H. & Kipnis, J. Revisiting the Mechanisms of CNS Immune Privilege. Trends Immunol. 36, 

569–577 (2015). 

333. Cunningham, C. & Maclullich, A. M. J. At the extreme end of the psychoneuroimmunological spectrum: 

delirium as a maladaptive sickness behaviour response. Brain. Behav. Immun. 28, 1–13 (2013). 

334. Deverman, B. E. & Patterson, P. H. Cytokines and CNS development. Neuron 64, 61–78 (2009). 

335. Dilger, R. N. & Johnson, R. W. Aging, microglial cell priming, and the discordant central inflammatory response  

to signals from the peripheral immune system. J. Leukoc. Biol. 84, 932–939 (2008). 

336. Wohleb, E. S., McKim, D. B., Sheridan, J. F. & Godbout, J. P. Monocyte trafficking to the brain with stress and 

inflammation: a novel axis of immune-to-brain communication that influences mood and behavior. Front. 

Neurosci. 8, 447 (2014). 

337. Hanke, M. L., Powell, N. D., Stiner, L. M., Bailey, M. T. & Sheridan, J. F. Beta adrenergic blockade decreases the 

immunomodulatory effects of social disruption stress. Brain. Behav. Immun. 26, 1150–1159 (2012). 

338. Wohleb, E. S. et al. beta-Adrenergic receptor antagonism prevents anxiety-like behavior and microglial 

reactivity induced by repeated social defeat. J. Neurosci. Off. J. Soc. Neurosci. 31, 6277–6288 (2011). 

339. Powell, N. D. et al. Social stress up-regulates inflammatory gene expression in the leukocyte transcriptome via 

beta-adrenergic induction of myelopoiesis. Proc. Natl. Acad. Sci. U. S. A. 110, 16574–16579 (2013). 

340. Janssen, D. G. A., Caniato, R. N., Verster, J. C. & Baune, B. T. A psychoneuroimmunological review on cytokines 

involved in antidepressant treatment response. Hum. Psychopharmacol. 25, 201–215 (2010). 

341. Kenis, G. & Maes, M. Effects of antidepressants on the production of cytokines. Int. J. Neuropsychopharmacol. 

5, 401–412 (2002). 

342. Miller, A. H., Maletic, V. & Raison, C. L. Inflammation and its discontents: the role of cytokines in the 

pathophysiology of major depression. Biol. Psychiatry 65, 732–741 (2009). 



146 
 

343. Vegeto, E. et al. Estrogen prevents the lipopolysaccharide-induced inflammatory response in microglia. J. 

Neurosci. Off. J. Soc. Neurosci. 21, 1809–1818 (2001). 

344. Eyre, H. & Baune, B. T. Neuroplastic changes in depression: a role for the immune system. 

Psychoneuroendocrinology 37, 1397–1416 (2012). 

345. Garcia-Bueno, B., Caso, J. R. & Leza, J. C. Stress as a neuroinflammatory condition in brain: damaging and 

protective mechanisms. Neurosci. Biobehav. Rev. 32, 1136–1151 (2008). 

346. Kubera, M., Obuchowicz, E., Goehler, L., Brzeszcz, J. & Maes, M. In animal models, psychosocial stress-induced 

(neuro)inflammation, apoptosis and  reduced neurogenesis are associated to the onset of depression. Prog. 

Neuropsychopharmacol. Biol. Psychiatry 35, 744–759 (2011). 

347. Stepanichev, M., Dygalo, N. N., Grigoryan, G., Shishkina, G. T. & Gulyaeva, N. Rodent models of depression: 

neurotrophic and neuroinflammatory biomarkers. BioMed Res. Int. 2014, 932757 (2014). 

348. Audet, M.-C. & Anisman, H. Interplay between pro-inflammatory cytokines and growth factors in depressive 

illnesses. Front. Cell. Neurosci. 7, 68 (2013). 

349. Tong, L. et al. Brain-derived neurotrophic factor-dependent synaptic plasticity is suppressed by  interleukin-

1beta via p38 mitogen-activated protein kinase. J. Neurosci. Off. J. Soc. Neurosci. 32, 17714–17724 (2012). 

350. Khairova, R. A., Machado-Vieira, R., Du, J. & Manji, H. K. A potential role for pro-inflammatory cytokines in 

regulating synaptic plasticity in major depressive disorder. Int. J. Neuropsychopharmacol. 12, 561–578 (2009). 

351. Baron, R. et al. IFN-gamma enhances neurogenesis in wild-type mice and in a mouse model of Alzheimer’s 

disease. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 22, 2843–2852 (2008). 

352. Colton, C. A. Heterogeneity of microglial activation in the innate immune response in the brain. J. 

Neuroimmune Pharmacol. Off. J. Soc. NeuroImmune Pharmacol. 4, 399–418 (2009). 

353. Rubio-Perez, J. M. & Morillas-Ruiz, J. M. A review: inflammatory process in Alzheimer’s disease, role of 

cytokines. ScientificWorldJournal 2012, 756357 (2012). 

354. Wyss-Coray, T. Inflammation in Alzheimer disease: driving force, bystander or beneficial response? Nat. Med. 

12, 1005–1015 (2006). 

355. Colton, C. A. et al. Expression profiles for macrophage alternative activation genes in AD and in mouse models 

of AD. J. Neuroinflammation 3, 27 (2006). 

356. Szczepanik, A. M., Funes, S., Petko, W. & Ringheim, G. E. IL-4, IL-10 and IL-13 modulate A beta(1--42)-induced 

cytokine and chemokine production in primary murine microglia and a human monocyte cell line. J. 

Neuroimmunol. 113, 49–62 (2001). 

357. Frenkel, D. et al. Nasal vaccination with myelin oligodendrocyte glycoprotein reduces stroke size by inducing 

IL-10-producing CD4+ T cells. J. Immunol. Baltim. Md 1950 171, 6549–6555 (2003). 

358. Frenkel, D. et al. A nasal proteosome adjuvant activates microglia and prevents amyloid deposition. Ann. 

Neurol. 63, 591–601 (2008). 

359. Planas, A. M. & Chamorro, A. Regulatory T cells protect the brain after stroke. Nat. Med. 15, 138–139 (2009). 

360. Biesmans, S. et al. Systemic immune activation leads to neuroinflammation and sickness behavior in mice. 

Mediators Inflamm. 2013, 271359 (2013). 

361. Dantzer, R., Aubert, R., Konsman, J., Laye, S. & Parnet, P. Sickness Behavior: A Neuroimmune-Based Response. 

Neuro-Immune Interact. Neurol. Psychiatr. Disord. 169 (2012). 

362. Dantzer, R., Bluthe, R.-M., Kent, S. & Goodall, G. 8-Behavioral Effects of Cytokines: An Insight into Mechanisms 

of Sickness Behavior. Methods Neurosci. 17, 130–150 (1993). 

363. Capuron, L. et al. Depressive symptoms and metabolic syndrome: is inflammation the underlying link? Biol. 

Psychiatry 64, 896–900 (2008). 

364. Capuron, L. et al. Relationship between adiposity, emotional status and eating behaviour in obese women: 

role of inflammation. Psychol. Med. 41, 1517–1528 (2011). 

365. Walker, A. K., Kavelaars, A., Heijnen, C. J. & Dantzer, R. Neuroinflammation and comorbidity of pain and 

depression. Pharmacol. Rev. 66, 80–101 (2014). 

366. Alexopoulos, G. S. & Morimoto, S. S. The inflammation hypothesis in geriatric depression. Int. J. Geriatr. 

Psychiatry 26, 1109–1118 (2011). 



147 
 

367. Doorduin, J. et al. Neuroinflammation in schizophrenia-related psychosis: a PET study. J. Nucl. Med. Off. Publ. 

Soc. Nucl. Med. 50, 1801–1807 (2009). 

368. Schmitt, A. et al. Increased serum interleukin-1beta and interleukin-6 in elderly, chronic schizophrenic patients 

on stable antipsychotic medication. Neuropsychiatr. Dis. Treat. 1, 171–177 (2005). 

369. Vargas, D. L., Nascimbene, C., Krishnan, C., Zimmerman, A. W. & Pardo, C. A. Neuroglial activation and 

neuroinflammation in the brain of patients with autism. Ann. Neurol. 57, 67–81 (2005). 

370. Reader, B. F. et al. Peripheral and central effects of repeated social defeat stress: monocyte trafficking, 

microglial activation, and anxiety. Neuroscience 289, 429–442 (2015). 

371. Cole, S. W. et al. Transcriptional modulation of the developing immune system by early life social adversity. 

Proc. Natl. Acad. Sci. U. S. A. 109, 20578–20583 (2012). 

372. Perry, V. H. & Gordon, S. Macrophages and microglia in the nervous system. Trends Neurosci. 11, 273–277 

(1988). 

373. Perry, V. H. & Teeling, J. Microglia and macrophages of the central nervous system: the contribution of 

microglia priming and systemic inflammation to chronic neurodegeneration. Semin. Immunopathol. 35, 601–

612 (2013). 

374. Ginhoux, F. et al. Fate mapping analysis reveals that adult microglia derive from primitive macrophages. 

Science 330, 841–845 (2010). 

375. Matcovitch-Natan, O. et al. Microglia development follows a stepwise program to regulate brain homeostasis. 

Science 353, aad8670 (2016). 

376. Pixley, F. J. & Stanley, E. R. CSF-1 regulation of the wandering macrophage: complexity in action. Trends Cell 

Biol. 14, 628–638 (2004). 

377. Prinz, M. & Priller, J. Microglia and brain macrophages in the molecular age: from origin to neuropsychiatric 

disease. Nat. Rev. Neurosci. 15, 300–312 (2014). 

378. Alliot, F., Godin, I. & Pessac, B. Microglia derive from progenitors, originating from the yolk sac, and which 

proliferate in the brain. Brain Res. Dev. Brain Res. 117, 145–152 (1999). 

379. Soulet, D. & Rivest, S. Bone-marrow-derived microglia: myth or reality? Curr. Opin. Pharmacol. 8, 508–518 

(2008). 

380. Ajami, B., Bennett, J. L., Krieger, C., Tetzlaff, W. & Rossi, F. M. V. Local self-renewal can sustain CNS microglia 

maintenance and function throughout  adult life. Nat. Neurosci. 10, 1538–1543 (2007). 

381. Crain, J. M., Nikodemova, M. & Watters, J. J. Microglia express distinct M1 and M2 phenotypic markers in the 

postnatal and adult central nervous system in male and female mice. J. Neurosci. Res. 91, 1143–1151 (2013). 

382. Cunningham, C. L., Martinez-Cerdeno, V. & Noctor, S. C. Microglia regulate the number of neural precursor 

cells in the developing cerebral cortex. J. Neurosci. Off. J. Soc. Neurosci. 33, 4216–4233 (2013). 

383. Morris, G. P., Clark, I. A., Zinn, R. & Vissel, B. Microglia: a new frontier for synaptic plasticity, learning and 

memory, and neurodegenerative disease research. Neurobiol. Learn. Mem. 105, 40–53 (2013). 

384. Nimmerjahn, A., Kirchhoff, F. & Helmchen, F. Resting microglial cells are highly dynamic surveillants of brain 

parenchyma in vivo. Science 308, 1314–1318 (2005). 

385. Streit, W. J., Graeber, M. B. & Kreutzberg, G. W. Functional plasticity of microglia: a review. Glia 1, 301–307 

(1988). 

386. Schwartz, M., Kipnis, J., Rivest, S. & Prat, A. How do immune cells support and shape the brain in health, 

disease, and aging? J. Neurosci. Off. J. Soc. Neurosci. 33, 17587–17596 (2013). 

387. Czeh, M., Gressens, P. & Kaindl, A. M. The yin and yang of microglia. Dev. Neurosci. 33, 199–209 (2011). 

388. Eyo, U. B. & Dailey, M. E. Microglia: key elements in neural development, plasticity, and pathology. J. 

Neuroimmune Pharmacol. Off. J. Soc. NeuroImmune Pharmacol. 8, 494–509 (2013). 

389. Kettenmann, H., Kirchhoff, F. & Verkhratsky, A. Microglia: new roles for the synaptic stripper. Neuron 77, 10–

18 (2013). 

390. Streit, W. J. & Xue, Q.-S. Life and death of microglia. J. Neuroimmune Pharmacol. Off. J. Soc. NeuroImmune 

Pharmacol. 4, 371–379 (2009). 

391. Butovsky, O. et al. Identification of a unique TGF-beta-dependent molecular and functional signature  in 

microglia. Nat. Neurosci. 17, 131–143 (2014). 



148 
 

392. Elkabes, S., DiCicco-Bloom, E. M. & Black, I. B. Brain microglia/macrophages express neurotrophins that 

selectively regulate microglial proliferation and function. J. Neurosci. Off. J. Soc. Neurosci. 16, 2508–2521 

(1996). 

393. Sofroniew, M. V. & Vinters, H. V. Astrocytes: biology and pathology. Acta Neuropathol. (Berl.) 119, 7–35 

(2010). 

394. Bsibsi, M., Ravid, R., Gveric, D. & van Noort, J. M. Broad expression of Toll-like receptors in the human central 

nervous system. J. Neuropathol. Exp. Neurol. 61, 1013–1021 (2002). 

395. Mishra, B. B., Gundra, U. M. & Teale, J. M. Expression and distribution of Toll-like receptors 11-13 in the brain 

during murine neurocysticercosis. J. Neuroinflammation 5, 53 (2008). 

396. Olson, J. K. & Miller, S. D. Microglia initiate central nervous system innate and adaptive immune responses 

through multiple TLRs. J. Immunol. Baltim. Md 1950 173, 3916–3924 (2004). 

397. Hanke, M. L. & Kielian, T. Toll-like receptors in health and disease in the brain: mechanisms and therapeutic 

potential. Clin. Sci. Lond. Engl. 1979 121, 367–387 (2011). 

398. Nakamura, Y. Regulating factors for microglial activation. Biol. Pharm. Bull. 25, 945–953 (2002). 

399. Lynch, M. A. The multifaceted profile of activated microglia. Mol. Neurobiol. 40, 139–156 (2009). 

400. Davalos, D. et al. ATP mediates rapid microglial response to local brain injury in vivo. Nat. Neurosci. 8, 752–758 

(2005). 

401. Sieger, D., Moritz, C., Ziegenhals, T., Prykhozhij, S. & Peri, F. Long-range Ca2+ waves transmit brain-damage 

signals to microglia. Dev. Cell 22, 1138–1148 (2012). 

402. Hanisch, U.-K. Microglia as a source and target of cytokines. Glia 40, 140–155 (2002). 

403. Tuppo, E. E. & Arias, H. R. The role of inflammation in Alzheimer’s disease. Int. J. Biochem. Cell Biol. 37, 289–

305 (2005). 

404. Ousman, S. S. & Kubes, P. Immune surveillance in the central nervous system. Nat. Neurosci. 15, 1096–1101 

(2012). 

405. Hanisch, U.-K. & Kettenmann, H. Microglia: active sensor and versatile effector cells in the normal and 

pathologic brain. Nat. Neurosci. 10, 1387–1394 (2007). 

406. Schwartz, M., Butovsky, O., Bruck, W. & Hanisch, U.-K. Microglial phenotype: is the commitment reversible? 

Trends Neurosci. 29, 68–74 (2006). 

407. Mosser, D. M. & Edwards, J. P. Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol. 8, 

958–969 (2008). 

408. Cherry, J. D., Olschowka, J. A. & O’Banion, M. K. Neuroinflammation and M2 microglia: the good, the bad, and 

the inflamed. J. Neuroinflammation 11, 98 (2014). 

409. Olah, M., Biber, K., Vinet, J. & Boddeke, H. W. G. M. Microglia phenotype diversity. CNS Neurol. Disord. Drug 

Targets 10, 108–118 (2011). 

410. Xue, J. et al. Transcriptome-based network analysis reveals a spectrum model of human macrophage 

activation. Immunity 40, 274–288 (2014). 

411. Ron-Harel, N. & Schwartz, M. Immune senescence and brain aging: can rejuvenation of immunity reverse 

memory loss? Trends Neurosci. 32, 367–375 (2009). 

412. Castle, S. C. Clinical relevance of age-related immune dysfunction. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. 

Am. 31, 578–585 (2000). 

413. Zanni, F. et al. Marked increase with age of type 1 cytokines within memory and effector/cytotoxic CD8+ T 

cells in humans: a contribution to understand the relationship between inflammation and immunosenescence. 

Exp. Gerontol. 38, 981–987 (2003). 

414. Damani, M. R. et al. Age-related alterations in the dynamic behavior of microglia. Aging Cell 10, 263–276 

(2011). 

415. Streit, W. J., Sammons, N. W., Kuhns, A. J. & Sparks, D. L. Dystrophic microglia in the aging human brain. Glia 

45, 208–212 (2004). 

416. Wong, W. T. Microglial aging in the healthy CNS: phenotypes, drivers, and rejuvenation. Front. Cell. Neurosci. 

7, 22 (2013). 



149 
 

417. Fenn, A. M., Henry, C. J., Huang, Y., Dugan, A. & Godbout, J. P. Lipopolysaccharide-induced interleukin (IL)-4 

receptor-alpha expression and corresponding sensitivity to the M2 promoting effects of IL-4 are impaired in 

microglia of aged mice. Brain. Behav. Immun. 26, 766–777 (2012). 

418. Sierra, A., Gottfried-Blackmore, A. C., McEwen, B. S. & Bulloch, K. Microglia derived from aging mice exhibit an 

altered inflammatory profile. Glia 55, 412–424 (2007). 

419. Wynne, A. M., Henry, C. J., Huang, Y., Cleland, A. & Godbout, J. P. Protracted downregulation of CX3CR1 on 

microglia of aged mice after lipopolysaccharide challenge. Brain. Behav. Immun. 24, 1190–1201 (2010). 

420. Harry, G. J. Microglia during development and aging. Pharmacol. Ther. 139, 313–326 (2013). 

421. Lourbopoulos, A., Erturk, A. & Hellal, F. Microglia in action: how aging and injury can change the brain’s 

guardians. Front. Cell. Neurosci. 9, 54 (2015). 

422. Godbout, J. P. et al. Exaggerated neuroinflammation and sickness behavior in aged mice following activation of 

the peripheral innate immune system. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 19, 1329–1331 (2005). 

423. Norden, D. M. & Godbout, J. P. Review: microglia of the aged brain: primed to be activated and resistant to 

regulation. Neuropathol. Appl. Neurobiol. 39, 19–34 (2013). 

424. Luo, X.-G., Ding, J.-Q. & Chen, S.-D. Microglia in the aging brain: relevance to neurodegeneration. Mol. 

Neurodegener. 5, 12 (2010). 

425. Streit, W. J. & Xue, Q.-S. The Brain’s Aging Immune System. Aging Dis. 1, 254–261 (2010). 

426. Ye, S. M. & Johnson, R. W. An age-related decline in interleukin-10 may contribute to the increased expression 

of interleukin-6 in brain of aged mice. Neuroimmunomodulation 9, 183–192 (2001). 

427. Bilbo, S. D. & Schwarz, J. M. Early-life programming of later-life brain and behavior: a critical role for the  

immune system. Front. Behav. Neurosci. 3, 14 (2009). 

428. Lindeboom, J. & Weinstein, H. Neuropsychology of cognitive ageing, minimal cognitive impairment, 

Alzheimer’s disease, and vascular cognitive impairment. Eur. J. Pharmacol. 490, 83–86 (2004). 

429. VanGuilder, H. D. et al. Concurrent hippocampal induction of MHC II pathway components and glial activation 

with advanced aging is not correlated with cognitive impairment. J. Neuroinflammation 8, 138 (2011). 

430. Hickman, S. E., Allison, E. K. & El Khoury, J. Microglial dysfunction and defective beta-amyloid clearance 

pathways in aging Alzheimer’s disease mice. J. Neurosci. Off. J. Soc. Neurosci. 28, 8354–8360 (2008). 

431. Cagnin, A. et al. In-vivo measurement of activated microglia in dementia. Lancet Lond. Engl. 358, 461–467 

(2001). 

432. Mhatre, S. D., Tsai, C. A., Rubin, A. J., James, M. L. & Andreasson, K. I. Microglial malfunction: the third rail in 

the development of Alzheimer’s disease. Trends Neurosci. 38, 621–636 (2015). 

433. Mrak, R. E. & Griffin, W. S. T. Glia and their cytokines in progression of neurodegeneration. Neurobiol. Aging 

26, 349–354 (2005). 

434. Lull, M. E. & Block, M. L. Microglial activation and chronic neurodegeneration. Neurother. J. Am. Soc. Exp. 

Neurother. 7, 354–365 (2010). 

435. Wyss-Coray, T. & Mucke, L. Inflammation in neurodegenerative disease--a double-edged sword. Neuron 35, 

419–432 (2002). 

436. Bruunsgaard, H., Pedersen, M. & Pedersen, B. K. Aging and proinflammatory cytokines. Curr. Opin. Hematol. 8, 

131–136 (2001). 

437. Fagiolo, U. et al. Increased cytokine production in mononuclear cells of healthy elderly people. Eur. J. Immunol. 

23, 2375–2378 (1993). 

438. Gonzalez-Velasquez, F. J. & Moss, M. A. Soluble aggregates of the amyloid-beta protein activate endothelial 

monolayers for adhesion and subsequent transmigration of monocyte cells. J. Neurochem. 104, 500–513 

(2008). 

439. Lampron, A., Elali, A. & Rivest, S. Innate immunity in the CNS: redefining the relationship between the CNS and 

Its environment. Neuron 78, 214–232 (2013). 

440. Liu, S. et al. TLR2 is a primary receptor for Alzheimer’s amyloid beta peptide to trigger neuroinflammatory 

activation. J. Immunol. Baltim. Md 1950 188, 1098–1107 (2012). 

441. Simard, A. R. & Rivest, S. Neuroprotective properties of the innate immune system and bone marrow stem 

cells in Alzheimer’s disease. Mol. Psychiatry 11, 327–335 (2006). 



150 
 

442. Lai, A. Y. & McLaurin, J. Clearance of amyloid-beta peptides by microglia and macrophages: the issue of what, 

when and where. Future Neurol. 7, 165–176 (2012). 

443. Majumdar, A. et al. Degradation of fibrillar forms of Alzheimer’s amyloid beta-peptide by macrophages. 

Neurobiol. Aging 29, 707–715 (2008). 

444. Paresce, D. M., Chung, H. & Maxfield, F. R. Slow degradation of aggregates of the Alzheimer’s disease amyloid 

beta-protein by microglial cells. J. Biol. Chem. 272, 29390–29397 (1997). 

445. Krabbe, G. et al. Functional impairment of microglia coincides with Beta-amyloid deposition in mice with 

Alzheimer-like pathology. PloS One 8, e60921 (2013). 

446. Das, S. & Basu, A. Inflammation: a new candidate in modulating adult neurogenesis. J. Neurosci. Res. 86, 1199–

1208 (2008). 

447. Gonzalez, H., Elgueta, D., Montoya, A. & Pacheco, R. Neuroimmune regulation of microglial activity involved in 

neuroinflammation and neurodegenerative diseases. J. Neuroimmunol. 274, 1–13 (2014). 

448. McGeer, E. G. & McGeer, P. L. Inflammatory processes in Alzheimer’s disease. Prog. Neuropsychopharmacol. 

Biol. Psychiatry 27, 741–749 (2003). 

449. Ouchi, N., Parker, J. L., Lugus, J. J. & Walsh, K. Adipokines in inflammation and metabolic disease. Nat. Rev. 

Immunol. 11, 85–97 (2011). 

450. Pratico, D. & Trojanowski, J. Q. Inflammatory hypotheses: novel mechanisms of Alzheimer’s 

neurodegeneration and new therapeutic targets? Neurobiol. Aging 21, 441-5; discussion 451-453 (2000). 

451. Teeling, J. L. & Perry, V. H. Systemic infection and inflammation in acute CNS injury and chronic 

neurodegeneration: underlying mechanisms. Neuroscience 158, 1062–1073 (2009). 

452. Streit, W. J., Walter, S. A. & Pennell, N. A. Reactive microgliosis. Prog. Neurobiol. 57, 563–581 (1999). 

453. Sudduth, T. L., Wilson, J. G., Everhart, A., Colton, C. A. & Wilcock, D. M. Lithium treatment of APPSwDI/NOS2-/- 

mice leads to reduced hyperphosphorylated tau, increased amyloid deposition and altered inflammatory 

phenotype. PloS One 7, e31993 (2012). 

454. Koenigsknecht-Talboo, J. & Landreth, G. E. Microglial phagocytosis induced by fibrillar beta-amyloid and IgGs 

are differentially regulated by proinflammatory cytokines. J. Neurosci. Off. J. Soc. Neurosci. 25, 8240–8249 

(2005). 

455. Pimplikar, S. W. Neuroinflammation in Alzheimer’s disease: from pathogenesis to a therapeutic target. J. Clin. 

Immunol. 34 Suppl 1, S64-69 (2014). 

456. Waldemar, G. et al. Recommendations for the diagnosis and management of Alzheimer’s disease and other 

disorders associated with dementia: EFNS guideline. Eur. J. Neurol. 14, e1-26 (2007). 

457. Eikelenboom, P. et al. Neuroinflammation in Alzheimer’s disease and prion disease. Glia 40, 232–239 (2002). 

458. Holmgren, S. et al. Neuropsychiatric symptoms in dementia-a role for neuroinflammation? Brain Res. Bull. 108, 

88–93 (2014). 

459. Baune, B. T. et al. Inflammatory biomarkers predict depressive, but not anxiety symptoms during aging: the 

prospective Sydney Memory and Aging Study. Psychoneuroendocrinology 37, 1521–1530 (2012). 

460. Holmes, C., Cunningham, C., Zotova, E., Culliford, D. & Perry, V. H. Proinflammatory cytokines, sickness 

behavior, and Alzheimer disease. Neurology 77, 212–218 (2011). 

461. Zunszain, P. A., Hepgul, N. & Pariante, C. M. Inflammation and depression. Curr. Top. Behav. Neurosci. 14, 135–

151 (2013). 

462. Fagan, A. M. & Perrin, R. J. Upcoming candidate cerebrospinal fluid biomarkers of Alzheimer’s disease. 

Biomark. Med. 6, 455–476 (2012). 

463. Giometto, B., Argentiero, V., Sanson, F., Ongaro, G. & Tavolato, B. Acute-phase proteins in Alzheimer’s disease. 

Eur. Neurol. 28, 30–33 (1988). 

464. Singh, V. K. & Guthikonda, P. Circulating cytokines in Alzheimer’s disease. J. Psychiatr. Res. 31, 657–660 (1997). 

465. Swardfager, W. et al. A meta-analysis of cytokines in Alzheimer’s disease. Biol. Psychiatry 68, 930–941 (2010). 

466. Franceschi, C. et al. Neuroinflammation and the genetics of Alzheimer’s disease: the search for a pro-

inflammatory phenotype. Aging Milan Italy 13, 163–170 (2001). 

467. Nicoll, J. A. et al. Association of interleukin-1 gene polymorphisms with Alzheimer’s disease. Ann. Neurol. 47, 

365–368 (2000). 



151 
 

468. Papassotiropoulos, A. et al. A genetic variation of the inflammatory cytokine interleukin-6 delays the initial 

onset and reduces the risk for sporadic Alzheimer’s disease. Ann. Neurol. 45, 666–668 (1999). 

469. Guerreiro, R. et al. TREM2 variants in Alzheimer’s disease. N. Engl. J. Med. 368, 117–127 (2013). 

470. Takahashi, K., Prinz, M., Stagi, M., Chechneva, O. & Neumann, H. TREM2-transduced myeloid precursors 

mediate nervous tissue debris clearance and facilitate recovery in an animal model of multiple sclerosis. PLoS 

Med. 4, e124 (2007). 

471. Bradshaw, E. M. et al. CD33 Alzheimer’s disease locus: altered monocyte function and amyloid biology. Nat. 

Neurosci. 16, 848–850 (2013). 

472. Jiang, Q. et al. ApoE promotes the proteolytic degradation of Abeta. Neuron 58, 681–693 (2008). 

473. Naj, A. C. et al. Common variants at MS4A4/MS4A6E, CD2AP, CD33 and EPHA1 are associated with late-onset 

Alzheimer’s disease. Nat. Genet. 43, 436–441 (2011). 

474. Wenk, G. L. Neuropathologic changes in Alzheimer’s disease. J. Clin. Psychiatry 64 Suppl 9, 7–10 (2003). 

475. DiCarlo, G., Wilcock, D., Henderson, D., Gordon, M. & Morgan, D. Intrahippocampal LPS injections reduce 

Abeta load in APP+PS1 transgenic mice. Neurobiol. Aging 22, 1007–1012 (2001). 

476. Kitazawa, M., Oddo, S., Yamasaki, T. R., Green, K. N. & LaFerla, F. M. Lipopolysaccharide-induced inflammation 

exacerbates tau pathology by a cyclin-dependent kinase 5-mediated pathway in a transgenic model of 

Alzheimer’s disease. J. Neurosci. Off. J. Soc. Neurosci. 25, 8843–8853 (2005). 

477. Lee, D. C. et al. LPS- induced inflammation exacerbates phospho-tau pathology in rTg4510 mice. J. 

Neuroinflammation 7, 56 (2010). 

478. Heppner, F. L., Ransohoff, R. M. & Becher, B. Immune attack: the role of inflammation in Alzheimer disease. 

Nat. Rev. Neurosci. 16, 358–372 (2015). 

479. Huang, H.-C. & Jiang, Z.-F. Accumulated amyloid-beta peptide and hyperphosphorylated tau protein: 

relationship and links in Alzheimer’s disease. J. Alzheimers Dis. JAD 16, 15–27 (2009). 

480. Xiang, Z., Haroutunian, V., Ho, L., Purohit, D. & Pasinetti, G. M. Microglia activation in the brain as 

inflammatory biomarker of Alzheimer’s disease neuropathology and clinical dementia. Dis. Markers 22, 95–

102 (2006). 

481. Colton, C. A. & Wilcock, D. M. Assessing activation states in microglia. CNS Neurol. Disord. Drug Targets 9, 174–

191 (2010). 

482. Venneti, S., Lopresti, B. J. & Wiley, C. A. The peripheral benzodiazepine receptor (Translocator protein 18kDa) 

in microglia: from pathology to imaging. Prog. Neurobiol. 80, 308–322 (2006). 

483. Melief, J. et al. Phenotyping primary human microglia: tight regulation of LPS responsiveness. Glia 60, 1506–

1517 (2012). 

484. Gordon, S. & Taylor, P. R. Monocyte and macrophage heterogeneity. Nat. Rev. Immunol. 5, 953–964 (2005). 

485. Geissmann, F. et al. Development of monocytes, macrophages, and dendritic cells. Science 327, 656–661 

(2010). 

486. Varol, C. et al. Monocytes give rise to mucosal, but not splenic, conventional dendritic cells. J. Exp. Med. 204, 

171–180 (2007). 

487. Hume, D. A., Pavli, P., Donahue, R. E. & Fidler, I. J. The effect of human recombinant macrophage colony-

stimulating factor (CSF-1) on the murine mononuclear phagocyte system in vivo. J. Immunol. Baltim. Md 1950 

141, 3405–3409 (1988). 

488. Sunderkotter, C. et al. Subpopulations of mouse blood monocytes differ in maturation stage and inflammatory 

response. J. Immunol. Baltim. Md 1950 172, 4410–4417 (2004). 

489. Geissmann, F., Jung, S. & Littman, D. R. Blood monocytes consist of two principal subsets with distinct 

migratory properties. Immunity 19, 71–82 (2003). 

490. Ginhoux, F. & Jung, S. Monocytes and macrophages: developmental pathways and tissue homeostasis. Nat. 

Rev. Immunol. 14, 392–404 (2014). 

491. Cros, J. et al. Human CD14dim monocytes patrol and sense nucleic acids and viruses via TLR7 and TLR8 

receptors. Immunity 33, 375–386 (2010). 

492. Serbina, N. V., Jia, T., Hohl, T. M. & Pamer, E. G. Monocyte-mediated defense against microbial pathogens. 

Annu. Rev. Immunol. 26, 421–452 (2008). 



152 
 

493. Auffray, C., Sieweke, M. H. & Geissmann, F. Blood monocytes: development, heterogeneity, and relationship 

with dendritic cells. Annu. Rev. Immunol. 27, 669–692 (2009). 

494. Naert, G. & Rivest, S. A deficiency in CCR2+ monocytes: the hidden side of Alzheimer’s disease. J. Mol. Cell Biol. 

5, 284–293 (2013). 

495. Auffray, C. et al. Monitoring of blood vessels and tissues by a population of monocytes with patrolling 

behavior. Science 317, 666–670 (2007). 

496. Carlin, L. M. et al. Nr4a1-dependent Ly6C(low) monocytes monitor endothelial cells and orchestrate their 

disposal. Cell 153, 362–375 (2013). 

497. Nahrendorf, M. et al. The healing myocardium sequentially mobilizes two monocyte subsets with divergent 

and complementary functions. J. Exp. Med. 204, 3037–3047 (2007). 

498. Noh, H., Jeon, J. & Seo, H. Systemic injection of LPS induces region-specific neuroinflammation and 

mitochondrial dysfunction in normal mouse brain. Neurochem. Int. 69, 35–40 (2014). 

499. Ostanin, D. V. et al. T cell transfer model of chronic colitis: concepts, considerations, and tricks of the trade. 

Am. J. Physiol. Gastrointest. Liver Physiol. 296, G135-146 (2009). 

500. Aloisi, F., Ria, F. & Adorini, L. Regulation of T-cell responses by CNS antigen-presenting cells: different roles for 

microglia and astrocytes. Immunol. Today 21, 141–147 (2000). 

501. Huber, S. et al. Cutting edge: TGF-beta signaling is required for the in vivo expansion and immunosuppressive 

capacity of regulatory CD4+CD25+ T cells. J. Immunol. Baltim. Md 1950 173, 6526–6531 (2004). 

502. Hickey, W. F., Vass, K. & Lassmann, H. Bone marrow-derived elements in the central nervous system: an 

immunohistochemical and ultrastructural survey of rat chimeras. J. Neuropathol. Exp. Neurol. 51, 246–256 

(1992). 

503. Imai, F. et al. Migration activity of microglia and macrophages into rat brain. Neurosci. Lett. 237, 49–52 (1997). 

504. Ransohoff, R. M., Kivisakk, P. & Kidd, G. Three or more routes for leukocyte migration into the central nervous 

system. Nat. Rev. Immunol. 3, 569–581 (2003). 

505. Ginhoux, F. et al. Langerhans cells arise from monocytes in vivo. Nat. Immunol. 7, 265–273 (2006). 

506. Gordon, S., Pluddemann, A. & Martinez Estrada, F. Macrophage heterogeneity in tissues: phenotypic diversity 

and functions. Immunol. Rev. 262, 36–55 (2014). 

507. Wynn, T. A., Chawla, A. & Pollard, J. W. Macrophage biology in development, homeostasis and disease. Nature 

496, 445–455 (2013). 

508. Mantovani, A. et al. The chemokine system in diverse forms of macrophage activation and polarization. Trends 

Immunol. 25, 677–686 (2004). 

509. Pollard, J. W. Trophic macrophages in development and disease. Nat. Rev. Immunol. 9, 259–270 (2009). 

510. Martinez, F. O. & Gordon, S. The M1 and M2 paradigm of macrophage activation: time for reassessment. 

F1000prime Rep. 6, 13 (2014). 

511. Mantovani, A., Sica, A. & Locati, M. Macrophage polarization comes of age. Immunity 23, 344–346 (2005). 

512. Mills, C. D., Kincaid, K., Alt, J. M., Heilman, M. J. & Hill, A. M. M-1/M-2 macrophages and the Th1/Th2 

paradigm. J. Immunol. Baltim. Md 1950 164, 6166–6173 (2000). 

513. Edwards, J. P., Zhang, X., Frauwirth, K. A. & Mosser, D. M. Biochemical and functional characterization of three 

activated macrophage populations. J. Leukoc. Biol. 80, 1298–1307 (2006). 

514. Mosser, D. M. The many faces of macrophage activation. J. Leukoc. Biol. 73, 209–212 (2003). 

515. Sternberg, E. M. Neural regulation of innate immunity: a coordinated nonspecific host response to  pathogens. 

Nat. Rev. Immunol. 6, 318–328 (2006). 

516. Lossinsky, A. S. & Shivers, R. R. Structural pathways for macromolecular and cellular transport across the 

blood-brain barrier during inflammatory conditions. Review. Histol. Histopathol. 19, 535–564 (2004). 

517. Rogers, J. & Lue, L. F. Microglial chemotaxis, activation, and phagocytosis of amyloid beta-peptide as linked 

phenomena in Alzheimer’s disease. Neurochem. Int. 39, 333–340 (2001). 

518. Man, S., Ubogu, E. E. & Ransohoff, R. M. Inflammatory cell migration into the central nervous system: a few 

new twists on  an old tale. Brain Pathol. Zurich Switz. 17, 243–250 (2007). 



153 
 

519. Sawicki, C. M. et al. Social defeat promotes a reactive endothelium in a brain region-dependent manner  with 

increased expression of key adhesion molecules, selectins and chemokines associated with the recruitment of 

myeloid cells to the brain. Neuroscience 302, 151–164 (2015). 

520. Wilson, E. H., Weninger, W. & Hunter, C. A. Trafficking of immune cells in the central nervous system. J. Clin. 

Invest. 120, 1368–1379 (2010). 

521. Burgess, A. W. & Metcalf, D. The nature and action of granulocyte-macrophage colony stimulating factors. 

Blood 56, 947–958 (1980). 

522. Farrall, A. J. & Wardlaw, J. M. Blood-brain barrier: ageing and microvascular disease--systematic review and 

meta-analysis. Neurobiol. Aging 30, 337–352 (2009). 

523. Shechter, R., London, A. & Schwartz, M. Orchestrated leukocyte recruitment to immune-privileged sites: 

absolute barriers  versus educational gates. Nat. Rev. Immunol. 13, 206–218 (2013). 

524. Gate, D., Rezai-Zadeh, K., Jodry, D., Rentsendorj, A. & Town, T. Macrophages in Alzheimer’s disease: the blood-

borne identity. J. Neural Transm. Vienna Austria 1996 117, 961–970 (2010). 

525. Rezai-Zadeh, K., Gate, D., Gowing, G. & Town, T. How to get from here to there: macrophage recruitment in 

Alzheimer’s disease. Curr. Alzheimer Res. 8, 156–163 (2011). 

526. Simard, A. R., Soulet, D., Gowing, G., Julien, J.-P. & Rivest, S. Bone marrow-derived microglia play a critical role 

in restricting senile plaque formation in Alzheimer’s disease. Neuron 49, 489–502 (2006). 

527. Yamasaki, R. et al. Differential roles of microglia and monocytes in the inflamed central nervous system. J. Exp. 

Med. 211, 1533–1549 (2014). 

528. El Khoury, J. et al. Ccr2 deficiency impairs microglial accumulation and accelerates progression of Alzheimer-

like disease. Nat. Med. 13, 432–438 (2007). 

529. London, A., Cohen, M. & Schwartz, M. Microglia and monocyte-derived macrophages: functionally distinct 

populations that act in concert in CNS plasticity and repair. Front. Cell. Neurosci. 7, 34 (2013). 

530. Malm, T., Koistinaho, M., Muona, A., Magga, J. & Koistinaho, J. The role and therapeutic potential of 

monocytic cells in Alzheimer’s disease. Glia 58, 889–900 (2010). 

531. Simard, A. R. & Rivest, S. Bone marrow stem cells have the ability to populate the entire central nervous 

system into fully differentiated parenchymal microglia. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 18, 998–

1000 (2004). 

532. Fiala, M. et al. Ineffective phagocytosis of amyloid-beta by macrophages of Alzheimer’s disease patients. J. 

Alzheimers Dis. JAD 7, 221-32; discussion 255-262 (2005). 

533. Hearps, A. C. et al. Aging is associated with chronic innate immune activation and dysregulation of monocyte 

phenotype and function. Aging Cell 11, 867–875 (2012). 

534. Lunnon, K. et al. Mitochondrial dysfunction and immune activation are detectable in early Alzheimer’s disease 

blood. J. Alzheimers Dis. JAD 30, 685–710 (2012). 

535. Serbina, N. V. & Pamer, E. G. Monocyte emigration from bone marrow during bacterial infection requires 

signals  mediated by chemokine receptor CCR2. Nat. Immunol. 7, 311–317 (2006). 

536. Shi, C. & Pamer, E. G. Monocyte recruitment during infection and inflammation. Nat. Rev. Immunol. 11, 762–

774 (2011). 

537. Brown, Z. et al. Chemokine gene expression and secretion by cytokine-activated human microvascular 

endothelial cells. Differential regulation of monocyte chemoattractant protein-1  and interleukin-8 in response 

to interferon-gamma. Am. J. Pathol. 145, 913–921 (1994). 

538. Shi, C. et al. Bone marrow mesenchymal stem and progenitor cells induce monocyte emigration in response to 

circulating toll-like receptor ligands. Immunity 34, 590–601 (2011). 

539. Roberts, T. K. et al. CCL2 disrupts the adherens junction: implications for neuroinflammation. Lab. Investig. J. 

Tech. Methods Pathol. 92, 1213–1233 (2012). 

540. Stamatovic, S. M. et al. Monocyte chemoattractant protein-1 regulation of blood-brain barrier permeability. J. 

Cereb. Blood Flow Metab. Off. J. Int. Soc. Cereb. Blood Flow Metab. 25, 593–606 (2005). 

541. Fiala, M. et al. Amyloid-beta induces chemokine secretion and monocyte migration across a human blood--

brain barrier model. Mol. Med. Camb. Mass 4, 480–489 (1998). 



154 
 

542. Conductier, G., Blondeau, N., Guyon, A., Nahon, J.-L. & Rovere, C. The role of monocyte chemoattractant 

protein MCP1/CCL2 in neuroinflammatory diseases. J. Neuroimmunol. 224, 93–100 (2010). 

543. Ishizuka, K. et al. Identification of monocyte chemoattractant protein-1 in senile plaques and reactive microglia 

of Alzheimer’s disease. Psychiatry Clin. Neurosci. 51, 135–138 (1997). 

544. Kiyota, T. et al. CCL2 accelerates microglia-mediated Abeta oligomer formation and progression of 

neurocognitive dysfunction. PloS One 4, e6197 (2009). 

545. Yamamoto, M. et al. Overexpression of monocyte chemotactic protein-1/CCL2 in beta-amyloid precursor 

protein transgenic mice show accelerated diffuse beta-amyloid deposition. Am. J. Pathol. 166, 1475–1485 

(2005). 

546. Galimberti, D. et al. Serum MCP-1 levels are increased in mild cognitive impairment and mild Alzheimer’s 

disease. Neurobiol. Aging 27, 1763–1768 (2006). 

547. Harries, L. W. et al. Leukocyte CCR2 expression is associated with mini-mental state examination score  in 

older adults. Rejuvenation Res. 15, 395–404 (2012). 

548. Mack, M. et al. Expression and characterization of the chemokine receptors CCR2 and CCR5 in mice. J. 

Immunol. Baltim. Md 1950 166, 4697–4704 (2001). 

549. Saederup, N. et al. Selective chemokine receptor usage by central nervous system myeloid cells in. PloS One 5, 

e13693 (2010). 

550. D’Mello, C., Le, T. & Swain, M. G. Cerebral microglia recruit monocytes into the brain in response to tumor 

necrosis factoralpha signaling during peripheral organ inflammation. J. Neurosci. Off. J. Soc. Neurosci. 29, 

2089–2102 (2009). 

551. Sawada, A. et al. Suppression of bone marrow-derived microglia in the amygdala improves anxiety-like 

behavior induced by chronic partial sciatic nerve ligation in mice. Pain 155, 1762–1772 (2014). 

552. Wohleb, E. S., Powell, N. D., Godbout, J. P. & Sheridan, J. F. Stress-induced recruitment of bone marrow-

derived monocytes to the brain promotes anxiety-like behavior. J. Neurosci. Off. J. Soc. Neurosci. 33, 13820–

13833 (2013). 

553. Bilbo, S. D. Early-life infection is a vulnerability factor for aging-related glial alterations and cognitive decline. 

Neurobiol. Learn. Mem. 94, 57–64 (2010). 

554. Hagberg, H., Gressens, P. & Mallard, C. Inflammation during fetal and neonatal life: implications for neurologic 

and neuropsychiatric disease in children and adults. Ann. Neurol. 71, 444–457 (2012). 

555. Barrientos, R. M. et al. Brain-derived neurotrophic factor mRNA downregulation produced by social isolation is 

blocked by intrahippocampal interleukin-1 receptor antagonist. Neuroscience 121, 847–853 (2003). 

556. Barrientos, R. M. et al. Peripheral infection and aging interact to impair hippocampal memory consolidation. 

Neurobiol. Aging 27, 723–732 (2006). 

557. Chen, J. et al. Neuroinflammation and disruption in working memory in aged mice after acute stimulation of 

the peripheral innate immune system. Brain. Behav. Immun. 22, 301–311 (2008). 

558. Godbout, J. P. et al. Aging exacerbates depressive-like behavior in mice in response to activation of the 

peripheral innate immune system. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 33, 

2341–2351 (2008). 

559. Cunningham, C. Microglia and neurodegeneration: the role of systemic inflammation. Glia 61, 71–90 (2013). 

560. Zhang, R. et al. Systemic immune system alterations in early stages of Alzheimer’s disease. J. Neuroimmunol. 

256, 38–42 (2013). 

561. Puntener, U., Booth, S. G., Perry, V. H. & Teeling, J. L. Long-term impact of systemic bacterial infection on the 

cerebral vasculature and  microglia. J. Neuroinflammation 9, 146 (2012). 

562. Pimentel-Coelho, P. M. & Rivest, S. The early contribution of cerebrovascular factors to the pathogenesis of 

Alzheimer’s disease. Eur. J. Neurosci. 35, 1917–1937 (2012). 

563. Zlokovic, B. V. Neurovascular pathways to neurodegeneration in Alzheimer’s disease and other disorders. Nat. 

Rev. Neurosci. 12, 723–738 (2011). 

564. Sagare, A. et al. Clearance of amyloid-beta by circulating lipoprotein receptors. Nat. Med. 13, 1029–1031 

(2007). 



155 
 

565. Hawkes, C. A. & McLaurin, J. Selective targeting of perivascular macrophages for clearance of beta-amyloid in  

cerebral amyloid angiopathy. Proc. Natl. Acad. Sci. U. S. A. 106, 1261–1266 (2009). 

566. Lieschke, G. J. et al. Mice lacking granulocyte colony-stimulating factor have chronic neutropenia, granulocyte 

and macrophage progenitor cell deficiency, and impaired neutrophil mobilization. Blood 84, 1737–1746 

(1994). 

567. Summers, C. et al. Neutrophil kinetics in health and disease. Trends Immunol. 31, 318–324 (2010). 

568. Hager, M., Cowland, J. B. & Borregaard, N. Neutrophil granules in health and disease. J. Intern. Med. 268, 25–

34 (2010). 

569. Sadik, C. D., Kim, N. D. & Luster, A. D. Neutrophils cascading their way to inflammation. Trends Immunol. 32, 

452–460 (2011). 

570. Zarbock, A., Ley, K., McEver, R. P. & Hidalgo, A. Leukocyte ligands for endothelial selectins: specialized 

glycoconjugates that mediate rolling and signaling under flow. Blood 118, 6743–6751 (2011). 

571. Kolaczkowska, E. & Kubes, P. Neutrophil recruitment and function in health and inflammation. Nat. Rev. 

Immunol. 13, 159–175 (2013). 

572. Rossi, B., Angiari, S., Zenaro, E., Budui, S. L. & Constantin, G. Vascular inflammation in central nervous system 

diseases: adhesion receptors controlling leukocyte-endothelial interactions. J. Leukoc. Biol. 89, 539–556 

(2011). 

573. DiStasi, M. R. & Ley, K. Opening the flood-gates: how neutrophil-endothelial interactions regulate 

permeability. Trends Immunol. 30, 547–556 (2009). 

574. Phillipson, M. & Kubes, P. The neutrophil in vascular inflammation. Nat. Med. 17, 1381–1390 (2011). 

575. Brinkmann, V. et al. Neutrophil extracellular traps kill bacteria. Science 303, 1532–1535 (2004). 

576. Lood, C. et al. Neutrophil extracellular traps enriched in oxidized mitochondrial DNA are interferogenic and 

contribute to lupus-like disease. Nat. Med. 22, 146–153 (2016). 

577. Fuchs, T. A. et al. Novel cell death program leads to neutrophil extracellular traps. J. Cell Biol. 176, 231–241 

(2007). 

578. Metzler, K. D., Goosmann, C., Lubojemska, A., Zychlinsky, A. & Papayannopoulos, V. A myeloperoxidase-

containing complex regulates neutrophil elastase release and actin dynamics during NETosis. Cell Rep. 8, 883–

896 (2014). 

579. Rohrbach, A. S., Slade, D. J., Thompson, P. R. & Mowen, K. A. Activation of PAD4 in NET formation. Front. 

Immunol. 3, 360 (2012). 

580. Wang, Y. et al. Human PAD4 regulates histone arginine methylation levels via demethylimination. Science 306, 

279–283 (2004). 

581. Branzk, N. et al. Neutrophils sense microbe size and selectively release neutrophil extracellular traps in 

response to large pathogens. Nat. Immunol. 15, 1017–1025 (2014). 

582. Papayannopoulos, V., Metzler, K. D., Hakkim, A. & Zychlinsky, A. Neutrophil elastase and myeloperoxidase 

regulate the formation of neutrophil extracellular traps. J. Cell Biol. 191, 677–691 (2010). 

583. Clark, S. R. et al. Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic blood. Nat. 

Med. 13, 463–469 (2007). 

584. Baik, S. H. et al. Migration of neutrophils targeting amyloid plaques in Alzheimer’s disease mouse model. 

Neurobiol. Aging 35, 1286–1292 (2014). 

585. Park, H.-Y. et al. Modulation of neutrophil apoptosis by beta-amyloid proteins. Int. Immunopharmacol. 6, 

1061–1069 (2006). 

586. Zenaro, E. et al. Neutrophils promote Alzheimer’s disease-like pathology and cognitive decline via. Nat. Med. 

21, 880–886 (2015). 

587. Nordstedt, C. et al. Human neutrophil phagocytic granules contain a truncated soluble form of the Alzheimer 

beta/A4 amyloid precursor protein (APP). J. Biol. Chem. 269, 9805–9810 (1994). 

588. Kenne, E., Erlandsson, A., Lindbom, L., Hillered, L. & Clausen, F. Neutrophil depletion reduces edema formation 

and tissue loss following traumatic  brain injury in mice. J. Neuroinflammation 9, 17 (2012). 

589. Zenaro, E., Piacentino, G. & Constantin, G. The blood-brain barrier in Alzheimer’s disease. Neurobiol. Dis. 107, 

41–56 (2017). 



156 
 

590. Silva, M. T. Neutrophils and macrophages work in concert as inducers and effectors of adaptive immunity 

against extracellular and intracellular microbial pathogens. J. Leukoc. Biol. 87, 805–813 (2010). 

591. Soehnlein, O. & Lindbom, L. Phagocyte partnership during the onset and resolution of inflammation. Nat. Rev. 

Immunol. 10, 427–439 (2010). 

592. Allen, C. et al. Neutrophil cerebrovascular transmigration triggers rapid neurotoxicity through release of 

proteases associated with decondensed DNA. J. Immunol. Baltim. Md 1950 189, 381–392 (2012). 

593. Kebir, H. et al. Human TH17 lymphocytes promote blood-brain barrier disruption and central nervous system 

inflammation. Nat. Med. 13, 1173–1175 (2007). 

594. Siffrin, V. et al. In vivo imaging of partially reversible th17 cell-induced neuronal dysfunction in the course of 

encephalomyelitis. Immunity 33, 424–436 (2010). 

595. Azevedo, E. P. C. et al. Amyloid fibrils trigger the release of neutrophil extracellular traps (NETs), causing fibril 

fragmentation by NET-associated elastase. J. Biol. Chem. 287, 37206–37218 (2012). 

596. Keshari, R. S. et al. Cytokines induced neutrophil extracellular traps formation: implication for the 

inflammatory disease condition. PloS One 7, e48111 (2012). 

597. Kuyumcu, M. E. et al. The evaluation of neutrophil-lymphocyte ratio in Alzheimer’s disease. Dement. Geriatr. 

Cogn. Disord. 34, 69–74 (2012). 

598. Rembach, A. et al. An increased neutrophil-lymphocyte ratio in Alzheimer’s disease is a function of  age and is 

weakly correlated with neocortical amyloid accumulation. J. Neuroimmunol. 273, 65–71 (2014). 

599. Allam, R., Kumar, S. V. R., Darisipudi, M. N. & Anders, H.-J. Extracellular histones in tissue injury and 

inflammation. J. Mol. Med. Berl. Ger. 92, 465–472 (2014). 

600. Martinon, F., Burns, K. & Tschopp, J. The inflammasome: a molecular platform triggering activation of 

inflammatory caspases and processing of proIL-beta. Mol. Cell 10, 417–426 (2002). 

601. Schroder, K., Zhou, R. & Tschopp, J. The NLRP3 inflammasome: a sensor for metabolic danger? Science 327, 

296–300 (2010). 

602. Halle, A. et al. The NALP3 inflammasome is involved in the innate immune response to amyloid-beta. Nat. 

Immunol. 9, 857–865 (2008). 

603. Garlanda, C., Dinarello, C. A. & Mantovani, A. The interleukin-1 family: back to the future. Immunity 39, 1003–

1018 (2013). 

604. Sheedy, F. J. et al. CD36 coordinates NLRP3 inflammasome activation by facilitating intracellular nucleation of 

soluble ligands into particulate ligands in sterile inflammation. Nat. Immunol. 14, 812–820 (2013). 

605. Heneka, M. T. et al. NLRP3 is activated in Alzheimer’s disease and contributes to pathology in APP/PS1 mice. 

Nature 493, 674–678 (2013). 

606. Franchi, L., Munoz-Planillo, R. & Nunez, G. Sensing and reacting to microbes through the inflammasomes. Nat. 

Immunol. 13, 325–332 (2012). 

607. Menu, P. & Vince, J. E. The NLRP3 inflammasome in health and disease: the good, the bad and the ugly. Clin. 

Exp. Immunol. 166, 1–15 (2011). 

608. Burns, A., Gallagley, A. & Byrne, J. Delirium. J. Neurol. Neurosurg. Psychiatry 75, 362–367 (2004). 

609. Cerejeira, J. & Mukaetova-Ladinska, E. B. A clinical update on delirium: from early recognition to effective 

management. Nurs. Res. Pract. 2011, 875196 (2011). 

610. Meagher, D. More attention, less confusion: time to lessen the burden of delirium. Int. Rev. Psychiatry 

Abingdon Engl. 21, 1–3 (2009). 

611. Inouye, S. K. Delirium in older persons. N. Engl. J. Med. 354, 1157–1165 (2006). 

612. Rudolph, J. L. & Marcantonio, E. R. Review articles: postoperative delirium: acute change with long-term 

implications. Anesth. Analg. 112, 1202–1211 (2011). 

613. Fong, T. G., Tulebaev, S. R. & Inouye, S. K. Delirium in elderly adults: diagnosis, prevention and treatment. Nat. 

Rev. Neurol. 5, 210–220 (2009). 

614. MacLullich, A. M. J. & Hall, R. J. Who understands delirium? Age Ageing 40, 412–414 (2011). 

615. Saxena, S. & Lawley, D. Delirium in the elderly: a clinical review. Postgrad. Med. J. 85, 405–413 (2009). 

616. Broadhurst, C. & Wilson, K. Immunology of delirium: new opportunities for treatment and research. Br. J. 

Psychiatry J. Ment. Sci. 179, 288–289 (2001). 



157 
 

617. Brown, T. M. & Boyle, M. F. Delirium. BMJ 325, 644–647 (2002). 

618. Fick, D. M., Agostini, J. V. & Inouye, S. K. Delirium superimposed on dementia: a systematic review. J. Am. 

Geriatr. Soc. 50, 1723–1732 (2002). 

619. Maclullich, A. M. J., Ferguson, K. J., Miller, T., de Rooij, S. E. J. A. & Cunningham, C. Unravelling the 

pathophysiology of delirium: a focus on the role of aberrant stress responses. J. Psychosom. Res. 65, 229–238 

(2008). 

620. Collins, N., Blanchard, M. R., Tookman, A. & Sampson, E. L. Detection of delirium in the acute hospital. Age 

Ageing 39, 131–135 (2010). 

621. Inouye, S. K. Delirium in hospitalized older patients: recognition and risk factors. J. Geriatr. Psychiatry Neurol. 

11, 118-25; discussion 157-158 (1998). 

622. Ryan, D. J. et al. Delirium in an adult acute hospital population: predictors, prevalence and detection. BMJ 

Open 3, (2013). 

623. Bucht, G., Gustafson, Y. & Sandberg, O. Epidemiology of delirium. Dement. Geriatr. Cogn. Disord. 10, 315–318 

(1999). 

624. Lipowski, Z. J. Delirium (acute confusional states). JAMA 258, 1789–1792 (1987). 

625. Liptzin, B. & Levkoff, S. E. An empirical study of delirium subtypes. Br. J. Psychiatry J. Ment. Sci. 161, 843–845 

(1992). 

626. O’Keeffe, S. T. Clinical subtypes of delirium in the elderly. Dement. Geriatr. Cogn. Disord. 10, 380–385 (1999). 

627. Caraceni, A. & Grassi, L. Delirium: acute confusional states in palliative medicine. (Oxford University Press, 

2011). 

628. Meagher, D., Adamis, D., Trzepacz, P. & Leonard, M. Features of subsyndromal and persistent delirium. Br. J. 

Psychiatry J. Ment. Sci. 200, 37–44 (2012). 

629. Fong, T. G. et al. Delirium accelerates cognitive decline in Alzheimer disease. Neurology 72, 1570–1575 (2009). 

630. MacLullich, A. M. J., Beaglehole, A., Hall, R. J. & Meagher, D. J. Delirium and long-term cognitive impairment. 

Int. Rev. Psychiatry Abingdon Engl. 21, 30–42 (2009). 

631. Morandi, A. et al. The Diagnosis of Delirium Superimposed on Dementia: An Emerging Challenge. J. Am. Med. 

Dir. Assoc. 18, 12–18 (2017). 

632. Fick, D. M., Kolanowski, A. M., Waller, J. L. & Inouye, S. K. Delirium superimposed on dementia in a 

community-dwelling managed care population: a 3-year retrospective study of occurrence, costs, and 

utilization. J. Gerontol. A. Biol. Sci. Med. Sci. 60, 748–753 (2005). 

633. Davis, D. H. J. et al. Delirium is a strong risk factor for dementia in the oldest-old: a population-based cohort 

study. Brain J. Neurol. 135, 2809–2816 (2012). 

634. Inouye, S. K., Foreman, M. D., Mion, L. C., Katz, K. H. & Cooney, L. M. J. Nurses’ recognition of delirium and its 

symptoms: comparison of nurse and researcher ratings. Arch. Intern. Med. 161, 2467–2473 (2001). 

635. Breitbart, W. et al. The Memorial Delirium Assessment Scale. J. Pain Symptom Manage. 13, 128–137 (1997). 

636. Trzepacz, P. T. et al. Validation of the Delirium Rating Scale-revised-98: comparison with the delirium  rating 

scale and the cognitive test for delirium. J. Neuropsychiatry Clin. Neurosci. 13, 229–242 (2001). 

637. Hart, R. P. et al. Validation of a cognitive test for delirium in medical ICU patients. Psychosomatics 37, 533–546 

(1996). 

638. Perry, R. J. & Hodges, J. R. Attention and executive deficits in Alzheimer’s disease. A critical review. Brain J. 

Neurol. 122 ( Pt 3), 383–404 (1999). 

639. Cole, M. G. & Mccusker, J. Delirium in older adults: a chronic cognitive disorder? Int. Psychogeriatr. 28, 1229–

1233 (2016). 

640. Cole, M. G. et al. Partial and No Recovery from Delirium in Older Hospitalized Adults: Frequency and Baseline 

Risk Factors. J. Am. Geriatr. Soc. 63, 2340–2348 (2015). 

641. Brown, L. J. E. et al. Differential effects of delirium on fluid and crystallized cognitive abilities. Arch. Gerontol. 

Geriatr. 52, 153–158 (2011). 

642. Tieges, Z., McGrath, A., Hall, R. J. & Maclullich, A. M. J. Abnormal level of arousal as a predictor of delirium and 

inattention: an exploratory study. Am. J. Geriatr. Psychiatry Off. J. Am. Assoc. Geriatr. Psychiatry 21, 1244–

1253 (2013). 



158 
 

643. Tracey, K. J. Reflex control of immunity. Nat. Rev. Immunol. 9, 418–428 (2009). 

644. Tracey, K. J. Understanding immunity requires more than immunology. Nat. Immunol. 11, 561–564 (2010). 

645. De Simone, R., Ajmone-Cat, M. A., Carnevale, D. & Minghetti, L. Activation of alpha7 nicotinic acetylcholine 

receptor by nicotine selectively up-regulates cyclooxygenase-2 and prostaglandin E2 in rat microglial cultures. 

J. Neuroinflammation 2, 4 (2005). 

646. Rosas‐Ballina, M. & Tracey, K. Cholinergic control of inflammation. J. Intern. Med. 265, 663–679 (2009). 

647. Livolsi, A. et al. Constitutive overexpression of muscarinic receptors leads to vagal hyperreactivity. PloS One 5, 

e15618 (2010). 

648. Perry, E., Walker, M., Grace, J. & Perry, R. Acetylcholine in mind: a neurotransmitter correlate of 

consciousness? Trends Neurosci. 22, 273–280 (1999). 

649. Field, R. H., Gossen, A. & Cunningham, C. Prior pathology in the basal forebrain cholinergic system predisposes 

to inflammation-induced working memory deficits: reconciling inflammatory and cholinergic hypotheses of 

delirium. J. Neurosci. Off. J. Soc. Neurosci. 32, 6288–6294 (2012). 

650. Taepavarapruk, P. & Song, C. Reductions of acetylcholine release and nerve growth factor expression are 

correlated with memory impairment induced by interleukin-1beta administrations: effects of omega-3 fatty 

acid EPA treatment. J. Neurochem. 112, 1054–1064 (2010). 

651. Fischer, P. Successful treatment of nonanticholinergic delirium with a cholinesterase inhibitor. J. Clin. 

Psychopharmacol. 21, 118 (2001). 

652. Wengel, S. P., Roccaforte, W. H. & Burke, W. J. Donepezil improves symptoms of delirium in dementia: 

implications for future research. J. Geriatr. Psychiatry Neurol. 11, 159–161 (1998). 

653. Wengel, S. P., Burke, W. J. & Roccaforte, W. H. Donepezil for postoperative delirium associated with 

Alzheimer’s disease. J. Am. Geriatr. Soc. 47, 379–380 (1999). 

654. Han, L. et al. Use of medications with anticholinergic effect predicts clinical severity of delirium symptoms in 

older medical inpatients. Arch. Intern. Med. 161, 1099–1105 (2001). 

655. Itil, T. & Fink, M. Anticholinergic drug-induced delirium: experimental modification, quantitative EEG and 

behavioral correlations. J. Nerv. Ment. Dis. 143, 492–507 (1966). 

656. Cerejeira, J. et al. Low preoperative plasma cholinesterase activity as a risk marker of postoperative delirium in 

elderly patients. Age Ageing 40, 621–626 (2011). 

657. Trzepacz, P. T. Is there a final common neural pathway in delirium? Focus on acetylcholine and dopamine. 

Semin. Clin. Neuropsychiatry 5, 132–148 (2000). 

658. George, J., Bleasdale, S. & Singleton, S. J. Causes and prognosis of delirium in elderly patients admitted to a 

district general hospital. Age Ageing 26, 423–427 (1997). 

659. Lerner, A. J., Hedera, P., Koss, E., Stuckey, J. & Friedland, R. P. Delirium in Alzheimer disease. Alzheimer Dis. 

Assoc. Disord. 11, 16–20 (1997). 

660. Rahkonen, T., Luukkainen-Markkula, R., Paanila, S., Sivenius, J. & Sulkava, R. Delirium episode as a sign of 

undetected dementia among community dwelling elderly subjects: a 2 year follow up study. J. Neurol. 

Neurosurg. Psychiatry 69, 519–521 (2000). 

661. Murray, C. et al. Systemic inflammation induces acute working memory deficits in the primed brain:  relevance 

for delirium. Neurobiol. Aging 33, 603–616.e3 (2012). 

662. Hart, B. L. Biological basis of the behavior of sick animals. Neurosci. Biobehav. Rev. 12, 123–137 (1988). 

663. Capuron, L. et al. Neurobehavioral effects of interferon-alpha in cancer patients: phenomenology and 

paroxetine responsiveness of symptom dimensions. Neuropsychopharmacol. Off. Publ. Am. Coll. 

Neuropsychopharmacol. 26, 643–652 (2002). 

664. Cerejeira, J., Firmino, H., Vaz-Serra, A. & Mukaetova-Ladinska, E. B. The neuroinflammatory hypothesis of 

delirium. Acta Neuropathol. (Berl.) 119, 737–754 (2010). 

665. Hshieh, T. T., Fong, T. G., Marcantonio, E. R. & Inouye, S. K. Cholinergic deficiency hypothesis in delirium: a 

synthesis of current evidence. J. Gerontol. A. Biol. Sci. Med. Sci. 63, 764–772 (2008). 

666. van Munster, B. C. et al. Cortisol, interleukins and S100B in delirium in the elderly. Brain Cogn. 74, 18–23 

(2010). 



159 
 

667. Cunningham, C. et al. Systemic inflammation induces acute behavioral and cognitive changes and accelerates 

neurodegenerative disease. Biol. Psychiatry 65, 304–312 (2009). 

668. Field, R., Campion, S., Warren, C., Murray, C. & Cunningham, C. Systemic challenge with the TLR3 agonist poly 

I:C induces amplified IFNalpha/beta and IL-1beta responses in the diseased brain and exacerbates chronic 

neurodegeneration. Brain. Behav. Immun. 24, 996–1007 (2010). 

669. Greene, N. H. et al. Measures of executive function and depression identify patients at risk for postoperative 

delirium. Anesthesiology 110, 788–795 (2009). 

670. van Gool, W. A., van de Beek, D. & Eikelenboom, P. Systemic infection and delirium: when cytokines and 

acetylcholine collide. Lancet Lond. Engl. 375, 773–775 (2010). 

671. Khan, B. A., Zawahiri, M., Campbell, N. L. & Boustani, M. A. Biomarkers for delirium--a review. J. Am. Geriatr. 

Soc. 59 Suppl 2, S256-261 (2011). 

672. MacLullich, A. M. J. et al. Cerebrospinal fluid interleukin-8 levels are higher in people with hip fracture with 

perioperative delirium than in controls. J. Am. Geriatr. Soc. 59, 1151–1153 (2011). 

673. de Rooij, S. E., van Munster, B. C., Korevaar, J. C. & Levi, M. Cytokines and acute phase response in delirium. J. 

Psychosom. Res. 62, 521–525 (2007). 

674. Marcantonio, E. R. et al. Serum biomarkers for delirium. J. Gerontol. A. Biol. Sci. Med. Sci. 61, 1281–1286 

(2006). 

675. Perry, V. H., Nicoll, J. A. R. & Holmes, C. Microglia in neurodegenerative disease. Nat. Rev. Neurol. 6, 193–201 

(2010). 

676. Cerejeira, J., Nogueira, V., Luis, P., Vaz-Serra, A. & Mukaetova-Ladinska, E. B. The cholinergic system and 

inflammation: common pathways in delirium pathophysiology. J. Am. Geriatr. Soc. 60, 669–675 (2012). 

677. de Leon, M. J. et al. Abnormal cortisol response in Alzheimer’s disease linked to hippocampal atrophy. Lancet 

Lond. Engl. 2, 391–392 (1988). 

678. O’Connor, J. C. et al. Regulation of IGF-I function by proinflammatory cytokines: at the interface of 

immunology and endocrinology. Cell. Immunol. 252, 91–110 (2008). 

679. Sapolsky, R. M., Krey, L. C. & McEwen, B. S. The adrenocortical axis in the aged rat: impaired sensitivity to both 

fast and delayed feedback inhibition. Neurobiol. Aging 7, 331–335 (1986). 

680. Wolf, O. T. Stress and memory in humans: twelve years of progress? Brain Res. 1293, 142–154 (2009). 

681. Grigoleit, J.-S. et al. Dose-dependent effects of endotoxin on neurobehavioral functions in humans. PloS One 6, 

e28330 (2011). 

682. Dubovsky, A. N., Arvikar, S., Stern, T. A. & Axelrod, L. The neuropsychiatric complications of glucocorticoid use: 

steroid psychosis revisited. Psychosomatics 53, 103–115 (2012). 

683. Swigar, M. E., Kolakowska, T. & Quinlan, D. M. Plasma cortisol levels in depression and other psychiatric 

disorders: a study of  newly admitted psychiatric patients. Psychol. Med. 9, 449–455 (1979). 

684. Magri, F. et al. Stress and dementia: the role of the hypothalamicpituitary-adrenal axis. Aging Clin. Exp. Res. 

18, 167–170 (2006). 

685. Otte, C. et al. A meta-analysis of cortisol response to challenge in human aging: importance of gender. 

Psychoneuroendocrinology 30, 80–91 (2005). 

686. Munhoz, C. D., Sorrells, S. F., Caso, J. R., Scavone, C. & Sapolsky, R. M. Glucocorticoids exacerbate 

lipopolysaccharide-induced signaling in the frontal cortex and hippocampus in a dose-dependent manner. J. 

Neurosci. Off. J. Soc. Neurosci. 30, 13690–13698 (2010). 

687. de Pablos, R. M. et al. Stress increases vulnerability to inflammation in the rat prefrontal cortex. J. Neurosci. 

Off. J. Soc. Neurosci. 26, 5709–5719 (2006). 

688. Cunningham, C., Wilcockson, D. C., Campion, S., Lunnon, K. & Perry, V. H. Central and systemic endotoxin 

challenges exacerbate the local inflammatory response and increase neuronal death during chronic 

neurodegeneration. J. Neurosci. Off. J. Soc. Neurosci. 25, 9275–9284 (2005). 

689. Inouye, S. K., Westendorp, R. G. J. & Saczynski, J. S. Delirium in elderly people. Lancet Lond. Engl. 383, 911–922 

(2014). 

690. Ballard, C. G., Waite, J. & Birks, J. Atypical antipsychotics for aggression and psychosis in Alzheimer’s disease. 

Cochrane Libr. (2006). 



160 
 

691. Neufeld, K. J., Yue, J., Robinson, T. N., Inouye, S. K. & Needham, D. M. Antipsychotic Medication for Prevention 

and Treatment of Delirium in Hospitalized Adults: A Systematic Review and Meta-Analysis. J. Am. Geriatr. Soc. 

64, 705–714 (2016). 

692. Friedman, J. I., Soleimani, L., McGonigle, D. P., Egol, C. & Silverstein, J. H. Pharmacological treatments of non-

substance-withdrawal delirium: a systematic review of prospective trials. Am. J. Psychiatry 171, 151–159 

(2014). 

693. Martinez, F. T., Tobar, C., Beddings, C. I., Vallejo, G. & Fuentes, P. Preventing delirium in an acute hospital 

using a non-pharmacological intervention. Age Ageing 41, 629–634 (2012). 

694. Caplan, G. A. et al. Hospital in the home: a randomised controlled trial. Med. J. Aust. 170, 156–160 (1999). 

695. Isaia, G. et al. Delirium in elderly home-treated patients: a prospective study with 6-month follow-up. Age 

Dordr. Neth. 31, 109–117 (2009). 

696. Corbetta, M. & Shulman, G. L. Control of goal-directed and stimulus-driven attention in the brain. Nat. Rev. 

Neurosci. 3, 201–215 (2002). 

697. Sarter, M. & Paolone, G. Deficits in attentional control: cholinergic mechanisms and circuitry-based treatment 

approaches. Behav. Neurosci. 125, 825–835 (2011). 

698. Macdonald, R. & Barker, J. L. Benzodiazepines specifically modulate GABA-mediated postsynaptic inhibition in 

cultured mammalian neurones. Nature 271, 563–564 (1978). 

699. TAKAHASHI, H., NAGASHIMA, A. & KOSHINO, C. Effect of gamma-aminobutyryl-choline upon the electrical 

activity of the cerebral cortex. Nature 182, 1443–1444 (1958). 

700. Liu, G.-J. et al. The 18 kDa translocator protein, microglia and neuroinflammation. Brain Pathol. Zurich Switz. 

24, 631–653 (2014). 

701. Papadopoulos, V. et al. Translocator protein (18kDa): new nomenclature for the peripheral-type 

benzodiazepine receptor based on its structure and molecular function. Trends Pharmacol. Sci. 27, 402–409 

(2006). 

702. Giatzakis, C. & Papadopoulos, V. Differential utilization of the promoter of peripheral-type benzodiazepine 

receptor by steroidogenic versus nonsteroidogenic cell lines and the role of Sp1  and Sp3 in the regulation of 

basal activity. Endocrinology 145, 1113–1123 (2004). 

703. Chen, M.-K. & Guilarte, T. R. Translocator protein 18 kDa (TSPO): molecular sensor of brain injury and repair. 

Pharmacol. Ther. 118, 1–17 (2008). 

704. Benavides, J. et al. Labelling of ‘peripheral-type’ benzodiazepine binding sites in the rat brain by using [3H]PK 

11195, an isoquinoline carboxamide derivative: kinetic studies and autoradiographic localization. J. 

Neurochem. 41, 1744–1750 (1983). 

705. Gehlert, D. R., Yamamura, H. I. & Wamsley, J. K. Autoradiographic localization of ‘peripheral-type’ 

benzodiazepine binding sites in the rat brain, heart and kidney. Naunyn. Schmiedebergs Arch. Pharmacol. 328, 

454–460 (1985). 

706. Rupprecht, R. et al. Translocator protein (18 kDa) (TSPO) as a therapeutic target for neurological and 

psychiatric disorders. Nat. Rev. Drug Discov. 9, 971–988 (2010). 

707. Casellas, P., Galiegue, S. & Basile, A. S. Peripheral benzodiazepine receptors and mitochondrial function. 

Neurochem. Int. 40, 475–486 (2002). 

708. Gavish, M. et al. Enigma of the peripheral benzodiazepine receptor. Pharmacol. Rev. 51, 629–650 (1999). 

709. Maeda, J. et al. Phase-dependent roles of reactive microglia and astrocytes in nervous system injury as 

delineated by imaging of peripheral benzodiazepine receptor. Brain Res. 1157, 100–111 (2007). 

710. Bond, P. A., Cundall, R. L. & Rolfe, B. [3H] diazepam binding to human granulocytes. Life Sci. 37, 11–16 (1985). 

711. Ferrarese, C. et al. Characterization of peripheral benzodiazepine receptors in human blood mononuclear cells. 

Neuropharmacology 29, 375–378 (1990). 

712. Zavala, F., Haumont, J. & Lenfant, M. Interaction of benzodiazepines with mouse macrophages. Eur. J. 

Pharmacol. 106, 561–566 (1984). 

713. Cahard, D. et al. Subcellular localization of peripheral benzodiazepine receptors on human leukocytes. Lab. 

Investig. J. Tech. Methods Pathol. 70, 23–28 (1994). 



161 
 

714. Olson, J. M., Ciliax, B. J., Mancini, W. R. & Young, A. B. Presence of peripheral-type benzodiazepine binding 

sites on human erythrocyte membranes. Eur. J. Pharmacol. 152, 47–53 (1988). 

715. O’Beirne, G. B., Woods, M. J. & Williams, D. C. Two subcellular locations for peripheral-type benzodiazepine 

acceptors in rat liver. Eur. J. Biochem. 188, 131–138 (1990). 

716. Woods, M. J., Zisterer, D. M. & Williams, D. C. Two cellular and subcellular locations for the peripheral-type 

benzodiazepine receptor in rat liver. Biochem. Pharmacol. 51, 1283–1292 (1996). 

717. Jaremko, L., Jaremko, M., Giller, K., Becker, S. & Zweckstetter, M. Structure of the mitochondrial translocator 

protein in complex with a diagnostic  ligand. Science 343, 1363–1366 (2014). 

718. Joseph-Liauzun, E., Delmas, P., Shire, D. & Ferrara, P. Topological analysis of the peripheral benzodiazepine 

receptor in yeast mitochondrial membranes supports a five-transmembrane structure. J. Biol. Chem. 273, 

2146–2152 (1998). 

719. Sprengel, R. et al. Molecular cloning and expression of cDNA encoding a peripheral-type benzodiazepine 

receptor. J. Biol. Chem. 264, 20415–20421 (1989). 

720. Bernassau, J. M., Reversat, J. L., Ferrara, P., Caput, D. & Lefur, G. A 3D model of the peripheral benzodiazepine 

receptor and its implication in intra mitochondrial cholesterol transport. J. Mol. Graph. 11, 236–244, 235 

(1993). 

721. Li, H. & Papadopoulos, V. Peripheral-type benzodiazepine receptor function in cholesterol transport. 

Identification of a putative cholesterol recognition/interaction amino acid sequence and consensus pattern. 

Endocrinology 139, 4991–4997 (1998). 

722. Jamin, N. et al. Characterization of the cholesterol recognition amino acid consensus sequence of  the 

peripheral-type benzodiazepine receptor. Mol. Endocrinol. Baltim. Md 19, 588–594 (2005). 

723. Riond, J. et al. Molecular cloning and chromosomal localization of a human peripheral-type benzodiazepine 

receptor. Eur. J. Biochem. 195, 305–311 (1991). 

724. Stocco, D. M. The role of PBR/TSPO in steroid biosynthesis challenged. Endocrinology 155, 6–9 (2014). 

725. Domazet-Loso, T. & Tautz, D. An ancient evolutionary origin of genes associated with human genetic diseases. 

Mol. Biol. Evol. 25, 2699–2707 (2008). 

726. Li, F., Liu, J., Valls, L., Hiser, C. & Ferguson-Miller, S. Identification of a key cholesterol binding enhancement 

motif in translocator protein 18 kDa. Biochemistry (Mosc.) 54, 1441–1443 (2015). 

727. Li, F., Liu, J., Zheng, Y., Garavito, R. M. & Ferguson-Miller, S. Protein structure. Crystal structures of translocator 

protein (TSPO) and mutant mimic of a human polymorphism. Science 347, 555–558 (2015). 

728. Costa, B. et al. The spontaneous Ala147Thr amino acid substitution within the translocator protein influences 

pregnenolone production in lymphomonocytes of healthy individuals. Endocrinology 150, 5438–5445 (2009). 

729. Nakamura, K. et al. Evidence that variation in the peripheral benzodiazepine receptor (PBR) gene influences 

susceptibility to panic disorder. Am. J. Med. Genet. Part B Neuropsychiatr. Genet. Off. Publ. Int. Soc. Psychiatr. 

Genet. 141B, 222–226 (2006). 

730. Colasanti, A. et al. Bipolar Disorder is associated with the rs6971 polymorphism in the gene encoding  18 kDa 

Translocator Protein (TSPO). Psychoneuroendocrinology 38, 2826–2829 (2013). 

731. Anholt, R. R., Pedersen, P. L., De Souza, E. B. & Snyder, S. H. The peripheral-type benzodiazepine receptor. 

Localization to the mitochondrial outer membrane. J. Biol. Chem. 261, 576–583 (1986). 

732. Papadopoulos, V. et al. Peripheral benzodiazepine receptor in cholesterol transport and steroidogenesis. 

Steroids 62, 21–28 (1997). 

733. West, L. A. et al. Steroidogenic acute regulatory protein and peripheral-type benzodiazepine receptor 

associate at the mitochondrial membrane. Endocrinology 142, 502–505 (2001). 

734. Lacapere, J. J. & Papadopoulos, V. Peripheral-type benzodiazepine receptor: structure and function of a 

cholesterol-binding protein in steroid and bile acid biosynthesis. Steroids 68, 569–585 (2003). 

735. Papadopoulos, V. & Miller, W. L. Role of mitochondria in steroidogenesis. Best Pract. Res. Clin. Endocrinol. 

Metab. 26, 771–790 (2012). 

736. Lacapere, J. J. et al. Structural and functional study of reconstituted peripheral benzodiazepine receptor. 

Biochem. Biophys. Res. Commun. 284, 536–541 (2001). 



162 
 

737. Alho, H., Varga, V. & Krueger, K. E. Expression of mitochondrial benzodiazepine receptor and its putative 

endogenous ligand diazepam binding inhibitor in cultured primary astrocytes and C-6 cells: relation to cell 

growth. Cell Growth Differ. Mol. Biol. J. Am. Assoc. Cancer Res. 5, 1005–1014 (1994). 

738. Moreno-Sanchez, R. et al. Inhibition of substrate oxidation in mitochondria by the peripheral-type 

benzodiazepine receptor ligand AHN 086. Biochem. Pharmacol. 41, 1479–1484 (1991). 

739. Hong, S. H., Choi, H. B., Kim, S. U. & McLarnon, J. G. Mitochondrial ligand inhibits store-operated calcium influx 

and COX-2 production  in human microglia. J. Neurosci. Res. 83, 1293–1298 (2006). 

740. Lenfant, M., Haumont, J. & Zavala, F. In vivo immunomodulating activity of PK 1195, a structurally unrelated 

ligand for ‘peripheral’ benzodiazepine binding sites--I. Potentiation in mice of the humoral response to sheep 

red blood cells. Int. J. Immunopharmacol. 8, 825–828 (1986). 

741. Zavala, F. Benzodiazepines, anxiety and immunity. Pharmacol. Ther. 75, 199–216 (1997). 

742. Guilarte, T. R., Loth, M. K. & Guariglia, S. R. TSPO Finds NOX2 in Microglia for Redox Homeostasis. Trends 

Pharmacol. Sci. (2016). doi:10.1016/j.tips.2016.02.008 

743. Basile, A. S., Lueddens, H. W. & Skolnick, P. Regulation of renal peripheral benzodiazepine receptors by anion 

transport inhibitors. Life Sci. 42, 715–726 (1988). 

744. Hirsch, T. et al. PK11195, a ligand of the mitochondrial benzodiazepine receptor, facilitates the induction of 

apoptosis and reverses Bcl-2-mediated cytoprotection. Exp. Cell Res. 241, 426–434 (1998). 

745. Zamzami, N. & Kroemer, G. The mitochondrion in apoptosis: how Pandora’s box opens. Nat. Rev. Mol. Cell Biol. 

2, 67–71 (2001). 

746. Gottlieb, R. A. Mitochondria: execution central. FEBS Lett. 482, 6–12 (2000). 

747. Gatliff, J. et al. TSPO interacts with VDAC1 and triggers a ROS-mediated inhibition of mitochondrial quality 

control. Autophagy 10, 2279–2296 (2014). 

748. Sileikyte, J. et al. Regulation of the mitochondrial permeability transition pore by the outer membrane does 

not involve the peripheral benzodiazepine receptor (Translocator Protein of 18 kDa (TSPO)). J. Biol. Chem. 289, 

13769–13781 (2014). 

749. Yeliseev, A. A., Krueger, K. E. & Kaplan, S. A mammalian mitochondrial drug receptor functions as a bacterial 

‘oxygen’ sensor. Proc. Natl. Acad. Sci. U. S. A. 94, 5101–5106 (1997). 

750. Papadopoulos, V. On the role of the translocator protein (18-kDa) TSPO in steroid hormone biosynthesis. 

Endocrinology 155, 15–20 (2014). 

751. Wade, F. M., Wakade, C., Mahesh, V. B. & Brann, D. W. Differential expression of the peripheral 

benzodiazepine receptor and gremlin during adipogenesis. Obes. Res. 13, 818–822 (2005). 

752. Costa, E. & Guidotti, A. Diazepam binding inhibitor (DBI): a peptide with multiple biological actions. Life Sci. 49, 

325–344 (1991). 

753. Bormann, J., Ferrero, P., Guidotti, A. & Costa, E. Neuropeptide modulation of GABA receptor C1- channels. 

Regul. Pept. Suppl. 4, 33–38 (1985). 

754. Mocchetti, I. & Santi, M. R. Diazepam binding inhibitor peptide: cloning and gene expression. 

Neuropharmacology 30, 1365–1371 (1991). 

755. Papadopoulos, V., Berkovich, A., Krueger, K. E., Costa, E. & Guidotti, A. Diazepam binding inhibitor and its 

processing products stimulate mitochondrial steroid biosynthesis via an interaction with mitochondrial 

benzodiazepine receptors. Endocrinology 129, 1481–1488 (1991). 

756. Lacor, P. et al. Regulation of the expression of peripheral benzodiazepine receptors and their endogenous 

ligands during rat sciatic nerve degeneration and regeneration: a role for PBR in neurosteroidogenesis. Brain 

Res. 815, 70–80 (1999). 

757. Tokay, T. et al. Beta-amyloid peptide stimulates endozepine release in cultured rat astrocytes through 

activation of N-formyl peptide receptors. Glia 56, 1380–1389 (2008). 

758. Ferrarese, C. et al. Cerebrospinal fluid levels of diazepam-binding inhibitor in neurodegenerative disorders 

with dementia. Neurology 40, 632–635 (1990). 

759. Ruff, M. R. et al. Benzodiazepine receptor-mediated chemotaxis of human monocytes. Science 229, 1281–1283 

(1985). 



163 
 

760. Sacerdote, P., Locatelli, L. D. & Panerai, A. E. Benzodiazepine induced chemotaxis of human monocytes: a tool 

for the study of benzodiazepine receptors. Life Sci. 53, 653–658 (1993). 

761. Zavala, F. & Lenfant, M. Peripheral benzodiazepines enhance the respiratory burst of macrophage-like P388D1 

cells stimulated by arachidonic acid. Int. J. Immunopharmacol. 9, 269–274 (1987). 

762. Taupin, V., Herbelin, A., Descamps-Latscha, B. & Zavala, F. Endogenous anxiogenic peptide, ODN-diazepam-

binding inhibitor, and benzodiazepines enhance the production of interleukin-1 and tumor necrosis factor by 

human monocytes. Lymphokine Cytokine Res. 10, 7–13 (1991). 

763. Bae, K.-R., Shim, H.-J., Balu, D., Kim, S. R. & Yu, S.-W. Translocator protein 18 kDa negatively regulates 

inflammation in microglia. J. Neuroimmune Pharmacol. Off. J. Soc. NeuroImmune Pharmacol. 9, 424–437 

(2014). 

764. Jayakumar, A. R., Panickar, K. S. & Norenberg, M. D. Effects on free radical generation by ligands of the 

peripheral benzodiazepine receptor in cultured neural cells. J. Neurochem. 83, 1226–1234 (2002). 

765. Papadopoulos, V., Nowzari, F. B. & Krueger, K. E. Hormone-stimulated steroidogenesis is coupled to 

mitochondrial benzodiazepine receptors. Tropic hormone action on steroid biosynthesis is inhibited by 

flunitrazepam. J. Biol. Chem. 266, 3682–3687 (1991). 

766. Papadopoulos, V., Liu, J. & Culty, M. Is there a mitochondrial signaling complex facilitating cholesterol import? 

Mol. Cell. Endocrinol. 265–266, 59–64 (2007). 

767. Chauveau, F., Boutin, H., Van Camp, N., Dolle, F. & Tavitian, B. Nuclear imaging of neuroinflammation: a 

comprehensive review of [11C]PK11195 challengers. Eur. J. Nucl. Med. Mol. Imaging 35, 2304–2319 (2008). 

768. Le Fur, G. et al. Peripheral benzodiazepine binding sites: effect of PK 11195,. Life Sci. 32, 1839–1847 (1983). 

769. Banati, R. B. et al. The peripheral benzodiazepine binding site in the brain in multiple sclerosis: quantitative in 

vivo imaging of microglia as a measure of disease activity. Brain J. Neurol. 123 ( Pt 11), 2321–2337 (2000). 

770. Myers, R. et al. Macrophage and astrocyte populations in relation to [3H]PK 11195 binding in rat cerebral 

cortex following a local ischaemic lesion. J. Cereb. Blood Flow Metab. Off. J. Int. Soc. Cereb. Blood Flow Metab. 

11, 314–322 (1991). 

771. Miyoshi, M. et al. Quantitative analysis of peripheral benzodiazepine receptor in the human brain using PET 

with 11C-AC-5216. J. Nucl. Med. 50, 1095–1101 (2009). 

772. Petit-Taboue, M. C. et al. Brain kinetics and specific binding of [11C]PK 11195 to omega 3 sites in baboons: 

positron emission tomography study. Eur. J. Pharmacol. 200, 347–351 (1991). 

773. Banati, R. B. et al. Positron emission tomography and functional characterization of a complete PBR/TSPO 

knockout. Nat. Commun. 5, 5452 (2014). 

774. Braestrup, C. & Squires, R. F. Specific benzodiazepine receptors in rat brain characterized by high-affinity 

(3H)diazepam binding. Proc. Natl. Acad. Sci. U. S. A. 74, 3805–3809 (1977). 

775. Benavides, J. et al. ‘Peripheral type’ benzodiazepine binding sites in rat adrenals: binding studies with [3H]PK 

11195 and autoradiographic localization. Arch. Int. Pharmacodyn. Ther. 266, 38–49 (1983). 

776. Farges, R. et al. Site-directed mutagenesis of the peripheral benzodiazepine receptor: identification of amino 

acids implicated in the binding site of Ro5-4864. Mol. Pharmacol. 46, 1160–1167 (1994). 

777. Benavides, J. et al. Opposite effects of an agonist, RO5-4864, and an antagonist, PK 11195, of the peripheral 

type benzodiazepine binding sites on audiogenic seizures in DBA/2J mice. Life Sci. 34, 2613–2620 (1984). 

778. Le Fur, G. et al. Differentiation between two ligands for peripheral benzodiazepine binding sites,  [3H]RO5-

4864 and [3H]PK 11195, by thermodynamic studies. Life Sci. 33, 449–457 (1983). 

779. Banati, R. B. Visualising microglial activation in vivo. Glia 40, 206–217 (2002). 

780. Waterfield, J. D., McGeer, E. G. & McGeer, P. L. The peripheral benzodiazepine receptor ligand PK 11195 

inhibits arthritis in the. Rheumatol. Oxf. Engl. 38, 1068–1073 (1999). 

781. Tu, L. N., Zhao, A. H., Stocco, D. M. & Selvaraj, V. PK11195 effect on steroidogenesis is not mediated through 

the translocator protein (TSPO). Endocrinology 156, 1033–1039 (2015). 

782. Barron, A. M. et al. Ligand for translocator protein reverses pathology in a mouse model of Alzheimer’s 

disease. J. Neurosci. Off. J. Soc. Neurosci. 33, 8891–8897 (2013). 

783. Choi, J., Ifuku, M., Noda, M. & Guilarte, T. R. Translocator protein (18 kDa)/peripheral benzodiazepine receptor 

specific ligands induce microglia functions consistent with an activated state. Glia 59, 219–230 (2011). 



164 
 

784. Veenman, L., Papadopoulos, V. & Gavish, M. Channel-like functions of the 18-kDa translocator protein (TSPO): 

regulation of apoptosis and steroidogenesis as part of the host-defense response. Curr. Pharm. Des. 13, 2385–

2405 (2007). 

785. Kreisl, W. C. et al. Comparison of [(11)C]-(R)-PK 11195 and [(11)C]PBR28, two radioligands for translocator 

protein (18 kDa) in human and monkey: Implications for positron emission tomographic imaging of this 

inflammation biomarker. NeuroImage 49, 2924–2932 (2010). 

786. Kreisl, W. C. et al. A genetic polymorphism for translocator protein 18 kDa affects both in vitro and  in vivo 

radioligand binding in human brain to this putative biomarker of neuroinflammation. J. Cereb. Blood Flow 

Metab. Off. J. Int. Soc. Cereb. Blood Flow Metab. 33, 53–58 (2013). 

787. Owen, D. R. J. et al. Variation in binding affinity of the novel anxiolytic XBD173 for the 18 kDa translocator 

protein in human brain. Synap. N. Y. N 65, 257–259 (2011). 

788. Marc, V. & Morselli, P. L. Effect of diazepam on plasma corticosterone levels in the rat. J. Pharm. Pharmacol. 

21, 784–786 (1969). 

789. Mohler, H. GABA(A) receptor diversity and pharmacology. Cell Tissue Res. 326, 505–516 (2006). 

790. Uusi-Oukari, M. & Korpi, E. R. Regulation of GABA(A) receptor subunit expression by pharmacological agents. 

Pharmacol. Rev. 62, 97–135 (2010). 

791. Rupprecht, R. et al. Translocator protein (18 kD) as target for anxiolytics without benzodiazepine-like side 

effects. Science 325, 490–493 (2009). 

792. Ferrarese, C. et al. Decreased density of benzodiazepine receptors in lymphocytes of anxious patients: reversal 

after chronic diazepam treatment. Acta Psychiatr. Scand. 82, 169–173 (1990). 

793. File, S. E. & Lister, R. G. The anxiogenic action of Ro 5-4864 is reversed by phenytoin. Neurosci. Lett. 35, 93–96 

(1983). 

794. Nakamura, K., Fukunishi, I., Nakamoto, Y., Iwahashi, K. & Yoshii, M. Peripheral-type benzodiazepine receptors 

on platelets are correlated with the degrees of anxiety in normal human subjects. Psychopharmacology (Berl.) 

162, 301–303 (2002). 

795. Nudmamud, S. et al. Stress, anxiety and peripheral benzodiazepine receptor mRNA levels in human 

lymphocytes. Life Sci. 67, 2221–2231 (2000). 

796. Johnson, M. R. et al. Abnormal peripheral benzodiazepine receptor density associated with generalized social 

phobia. Biol. Psychiatry 43, 306–309 (1998). 

797. Pini, S. et al. Peripheral-type benzodiazepine receptor binding sites in platelets of patients with panic disorder 

associated to separation anxiety symptoms. Psychopharmacology (Berl.) 181, 407–411 (2005). 

798. Gavish, M. et al. Altered platelet peripheral-type benzodiazepine receptor in posttraumatic stress  disorder. 

Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 14, 181–186 (1996). 

799. Setiawan, E. et al. Role of translocator protein density, a marker of neuroinflammation, in the brain during 

major depressive episodes. JAMA Psychiatry 72, 268–275 (2015). 

800. van Berckel, B. N. et al. Microglia activation in recent-onset schizophrenia: a quantitative (R)-[11C]PK11195 

positron emission tomography study. Biol. Psychiatry 64, 820–822 (2008). 

801. Holmes, S. E. et al. In vivo imaging of brain microglial activity in antipsychotic-free and medicated  

schizophrenia: a [11C](R)-PK11195 positron emission tomography study. Mol. Psychiatry 21, 1672–1679 

(2016). 

802. Cosenza‐Nashat, M. et al. Expression of the translocator protein of 18 kDa by microglia, macrophages and 

astrocytes based on immunohistochemical localization in abnormal human brain. Neuropathol. Appl. 

Neurobiol. 35, 306–328 (2009). 

803. Ferrarese, C. et al. Diazepam binding inhibitor (DBI) increases after acute stress in rat. Neuropharmacology 30, 

1445–1452 (1991). 

804. Cheney, D. L., Uzunov, D., Costa, E. & Guidotti, A. Gas chromatographic-mass fragmentographic quantitation of 

3 alpha-hydroxy-5 alpha-pregnan-20-one (allopregnanolone) and its precursors in blood and brain of  

adrenalectomized and castrated rats. J. Neurosci. Off. J. Soc. Neurosci. 15, 4641–4650 (1995). 

805. Stocco, D. M. Intramitochondrial cholesterol transfer. Biochim. Biophys. Acta 1486, 184–197 (2000). 



165 
 

806. Miller, W. L. Steroidogenic acute regulatory protein (StAR), a novel mitochondrial cholesterol  transporter. 

Biochim. Biophys. Acta 1771, 663–676 (2007). 

807. Papadopoulos, V., Lecanu, L., Brown, R. C., Han, Z. & Yao, Z.-X. Peripheral-type benzodiazepine receptor in 

neurosteroid biosynthesis, neuropathology and neurological disorders. Neuroscience 138, 749–756 (2006). 

808. Miller, W. L. Congenital lipoid adrenal hyperplasia: the human gene knockout for the steroidogenic acute 

regulatory protein. J. Mol. Endocrinol. 19, 227–240 (1997). 

809. Miller, W. L. & Auchus, R. J. The molecular biology, biochemistry, and physiology of human steroidogenesis 

and  its disorders. Endocr. Rev. 32, 81–151 (2011). 

810. Stoffel-Wagner, B. Neurosteroid metabolism in the human brain. Eur. J. Endocrinol. 145, 669–679 (2001). 

811. Belelli, D. & Lambert, J. J. Neurosteroids: endogenous regulators of the GABA(A) receptor. Nat. Rev. Neurosci. 

6, 565–575 (2005). 

812. Compagnone, N. A. & Mellon, S. H. Neurosteroids: biosynthesis and function of these novel neuromodulators. 

Front. Neuroendocrinol. 21, 1–56 (2000). 

813. Baulieu, E. E. Neurosteroids: a novel function of the brain. Psychoneuroendocrinology 23, 963–987 (1998). 

814. Lambert, J. J., Cooper, M. A., Simmons, R. D. J., Weir, C. J. & Belelli, D. Neurosteroids: endogenous allosteric 

modulators of GABA(A) receptors. Psychoneuroendocrinology 34 Suppl 1, S48-58 (2009). 

815. Rupprecht, R. Neuroactive steroids: mechanisms of action and neuropsychopharmacological properties. 

Psychoneuroendocrinology 28, 139–168 (2003). 

816. Rupprecht, R. & Holsboer, F. Neuroactive steroids: mechanisms of action and neuropsychopharmacological 

perspectives. Trends Neurosci. 22, 410–416 (1999). 

817. Bristot, G. et al. Progesterone and its metabolites as therapeutic targets in psychiatric disorders. Expert Opin. 

Ther. Targets 18, 679–690 (2014). 

818. Schule, C., Nothdurfter, C. & Rupprecht, R. The role of allopregnanolone in depression and anxiety. Prog. 

Neurobiol. 113, 79–87 (2014). 

819. Herbert, J. Neurosteroids, brain damage, and mental illness. Exp. Gerontol. 33, 713–727 (1998). 

820. Rasmusson, A. M. et al. Decreased cerebrospinal fluid allopregnanolone levels in women with posttraumatic 

stress disorder. Biol. Psychiatry 60, 704–713 (2006). 

821. Dong, E. et al. Brain 5alpha-dihydroprogesterone and allopregnanolone synthesis in a mouse model  of 

protracted social isolation. Proc. Natl. Acad. Sci. U. S. A. 98, 2849–2854 (2001). 

822. Zhang, L.-M. et al. Anxiolytic-like effects of YL-IPA08, a potent ligand for the translocator protein (18 kDa) in 

animal models of post-traumatic stress disorder. Int. J. Neuropsychopharmacol. 17, 1659–1669 (2014). 

823. Backstrom, T. et al. Allopregnanolone and mood disorders. Prog. Neurobiol. 113, 88–94 (2014). 

824. Mukhin, A. G., Papadopoulos, V., Costa, E. & Krueger, K. E. Mitochondrial benzodiazepine receptors regulate 

steroid biosynthesis. Proc. Natl. Acad. Sci. U. S. A. 86, 9813–9816 (1989). 

825. Pericic, D., Lakic, N. & Manev, H. Effect of diazepam on plasma corticosterone levels. Psychopharmacology 

(Berl.) 83, 79–81 (1984). 

826. Huang, E. J. & Reichardt, L. F. Neurotrophins: roles in neuronal development and function. Annu. Rev. 

Neurosci. 24, 677–736 (2001). 

827. Skaper, S. D. The neurotrophin family of neurotrophic factors: an overview. Methods Mol. Biol. Clifton NJ 846, 

1–12 (2012). 

828. HAMBURGER, V. & LEVI-MONTALCINI, R. Proliferation, differentiation and degeneration in the spinal ganglia of 

the chick embryo under normal and experimental conditions. J. Exp. Zool. 111, 457–501 (1949). 

829. Levi-Montalcini, R. The nerve growth factor: thirty-five years later. Biosci. Rep. 7, 681–699 (1987). 

830. Yuen, E. C., Howe, C. L., Li, Y., Holtzman, D. M. & Mobley, W. C. Nerve growth factor and the neurotrophic 

factor hypothesis. Brain Dev. 18, 362–368 (1996). 

831. Berkemeier, L. R. et al. Neurotrophin-5: a novel neurotrophic factor that activates trk and trkB. Neuron 7, 857–

866 (1991). 

832. Cohen, S., Levi-Montalcini, R. & Hamburger, V. A NERVE GROWTH-STIMULATING FACTOR ISOLATED FROM 

SARCOM AS 37 AND 180. Proc. Natl. Acad. Sci. U. S. A. 40, 1014–1018 (1954). 

833. Ebendal, T. Function and evolution in the NGF family and its receptors. J. Neurosci. Res. 32, 461–470 (1992). 



166 
 

834. Hallbook, F., Ibanez, C. F. & Persson, H. Evolutionary studies of the nerve growth factor family reveal a novel 

member abundantly expressed in Xenopus ovary. Neuron 6, 845–858 (1991). 

835. Hohn, A., Leibrock, J., Bailey, K. & Barde, Y. A. Identification and characterization of a novel member of the 

nerve growth factor/brain-derived neurotrophic factor family. Nature 344, 339–341 (1990). 

836. Ip, N. Y. et al. Mammalian neurotrophin-4: structure, chromosomal localization, tissue distribution, and 

receptor specificity. Proc. Natl. Acad. Sci. U. S. A. 89, 3060–3064 (1992). 

837. Jones, K. R. & Reichardt, L. F. Molecular cloning of a human gene that is a member of the nerve growth factor 

family. Proc. Natl. Acad. Sci. U. S. A. 87, 8060–8064 (1990). 

838. Lad, S. P., Neet, K. E. & Mufson, E. J. Nerve growth factor: structure, function and therapeutic implications for 

Alzheimer’s disease. Curr. Drug Targets CNS Neurol. Disord. 2, 315–334 (2003). 

839. LEVI-MONTALCINI, R. & HAMBURGER, V. Selective growth stimulating effects of mouse sarcoma on the 

sensory and sympathetic nervous system of the chick embryo. J. Exp. Zool. 116, 321–361 (1951). 

840. Maisonpierre, P. C. et al. Neurotrophin-3: a neurotrophic factor related to NGF and BDNF. Science 247, 1446–

1451 (1990). 

841. Rosenthal, A. et al. Primary structure and biological activity of a novel human neurotrophic factor. Neuron 4, 

767–773 (1990). 

842. Poo, M. M. Neurotrophins as synaptic modulators. Nat. Rev. Neurosci. 2, 24–32 (2001). 

843. Lu, B., Pang, P. T. & Woo, N. H. The yin and yang of neurotrophin action. Nat. Rev. Neurosci. 6, 603–614 (2005). 

844. Lee, F. S., Kim, A. H., Khursigara, G. & Chao, M. V. The uniqueness of being a neurotrophin receptor. Curr. Opin. 

Neurobiol. 11, 281–286 (2001). 

845. Altar, C. A. et al. Anterograde transport of brain-derived neurotrophic factor and its role in the brain. Nature 

389, 856–860 (1997). 

846. Bibel, M., Hoppe, E. & Barde, Y. A. Biochemical and functional interactions between the neurotrophin 

receptors trk and p75NTR. EMBO J. 18, 616–622 (1999). 

847. Radeke, M. J., Misko, T. P., Hsu, C., Herzenberg, L. A. & Shooter, E. M. Gene transfer and molecular cloning of 

the rat nerve growth factor receptor. Nature 325, 593–597 (1987). 

848. Klein, R., Jing, S. Q., Nanduri, V., O’Rourke, E. & Barbacid, M. The trk proto-oncogene encodes a receptor for 

nerve growth factor. Cell 65, 189–197 (1991). 

849. Bibel, M. & Barde, Y. A. Neurotrophins: key regulators of cell fate and cell shape in the vertebrate nervous 

system. Genes Dev. 14, 2919–2937 (2000). 

850. Gotz, R. & Schartl, M. The conservation of neurotrophic factors during vertebrate evolution. Comp. Biochem. 

Physiol. Pharmacol. Toxicol. Endocrinol. 108, 1–10 (1994). 

851. Edwards, R. H., Selby, M. J. & Rutter, W. J. Differential RNA splicing predicts two distinct nerve growth factor 

precursors. Nature 319, 784–787 (1986). 

852. Francke, U., de Martinville, B., Coussens, L. & Ullrich, A. The human gene for the beta subunit of nerve growth 

factor is located on the proximal short arm of chromosome 1. Science 222, 1248–1251 (1983). 

853. Miranda, E. & Lomas, D. A. Neuroserpin: a serpin to think about. Cell. Mol. Life Sci. CMLS 63, 709–722 (2006). 

854. Blochl, A. & Thoenen, H. Characterization of nerve growth factor (NGF) release from hippocampal neurons: 

evidence for a constitutive and an unconventional sodium-dependent regulated pathway. Eur. J. Neurosci. 7, 

1220–1228 (1995). 

855. Seidah, N. G. et al. Cellular processing of the nerve growth factor precursor by the mammalian pro-protein 

convertases. Biochem. J. 314 ( Pt 3), 951–960 (1996). 

856. Bruno, M. A. & Cuello, A. C. Activity-dependent release of precursor nerve growth factor, conversion to 

mature nerve growth factor, and its degradation by a protease cascade. Proc. Natl. Acad. Sci. U. S. A. 103, 

6735–6740 (2006). 

857. Allen, S. J., Watson, J. J., Shoemark, D. K., Barua, N. U. & Patel, N. K. GDNF, NGF and BDNF as therapeutic 

options for neurodegeneration. Pharmacol. Ther. 138, 155–175 (2013). 

858. Chao, M. V. & Hempstead, B. L. p75 and Trk: a two-receptor system. Trends Neurosci. 18, 321–326 (1995). 

859. Nykjaer, A. et al. Sortilin is essential for proNGF-induced neuronal cell death. Nature 427, 843–848 (2004). 



167 
 

860. Barbacid, M., Lamballe, F., Pulido, D. & Klein, R. The trk family of tyrosine protein kinase receptors. Biochim. 

Biophys. Acta 1072, 115–127 (1991). 

861. Cirulli, F., Alleva, E., Antonelli, A. & Aloe, L. NGF expression in the developing rat brain: effects of maternal 

separation. Brain Res. Dev. Brain Res. 123, 129–134 (2000). 

862. Du, Y. & Dreyfus, C. F. Oligodendrocytes as providers of growth factors. J. Neurosci. Res. 68, 647–654 (2002). 

863. Taniuchi, M., Clark, H. B., Schweitzer, J. B. & Johnson, E. M. J. Expression of nerve growth factor receptors by 

Schwann cells of axotomized peripheral nerves: ultrastructural location, suppression by axonal contact, and 

binding properties. J. Neurosci. Off. J. Soc. Neurosci. 8, 664–681 (1988). 

864. Sofroniew, M. V., Howe, C. L. & Mobley, W. C. Nerve growth factor signaling, neuroprotection, and neural 

repair. Annu. Rev. Neurosci. 24, 1217–1281 (2001). 

865. Aid, T., Kazantseva, A., Piirsoo, M., Palm, K. & Timmusk, T. Mouse and rat BDNF gene structure and expression 

revisited. J. Neurosci. Res. 85, 525–535 (2007). 

866. Pruunsild, P., Sepp, M., Orav, E., Koppel, I. & Timmusk, T. Identification of cis-elements and transcription 

factors regulating neuronal activity-dependent transcription of human BDNF gene. J. Neurosci. Off. J. Soc. 

Neurosci. 31, 3295–3308 (2011). 

867. Ahmed, A. O., Mantini, A. M., Fridberg, D. J. & Buckley, P. F. Brain-derived neurotrophic factor (BDNF) and 

neurocognitive deficits in people with schizophrenia: a meta-analysis. Psychiatry Res. 226, 1–13 (2015). 

868. Fuchikami, M., Morinobu, S., Kurata, A., Yamamoto, S. & Yamawaki, S. Single immobilization stress 

differentially alters the expression profile of transcripts of the brain-derived neurotrophic factor (BDNF) gene 

and histone acetylation at its promoters in the rat hippocampus. Int. J. Neuropsychopharmacol. 12, 73–82 

(2009). 

869. Murer, M. G., Yan, Q. & Raisman-Vozari, R. Brain-derived neurotrophic factor in the control human brain, and 

in Alzheimer’s  disease and Parkinson’s disease. Prog. Neurobiol. 63, 71–124 (2001). 

870. Bramham, C. R. & Messaoudi, E. BDNF function in adult synaptic plasticity: the synaptic consolidation 

hypothesis. Prog. Neurobiol. 76, 99–125 (2005). 

871. Cowansage, K. K., LeDoux, J. E. & Monfils, M.-H. Brain-derived neurotrophic factor: a dynamic gatekeeper of 

neural plasticity. Curr. Mol. Pharmacol. 3, 12–29 (2010). 

872. Denny, C. A. et al. Hippocampal memory traces are differentially modulated by experience, time, and adult 

neurogenesis. Neuron 83, 189–201 (2014). 

873. Islam, O., Loo, T. X. & Heese, K. Brain-derived neurotrophic factor (BDNF) has proliferative effects on neural 

stem cells through the truncated TRK-B receptor, MAP kinase, AKT, and STAT-3 signaling pathways. Curr. 

Neurovasc. Res. 6, 42–53 (2009). 

874. Hibbert, A. P., Kramer, B. M. R., Miller, F. D. & Kaplan, D. R. The localization, trafficking and retrograde 

transport of BDNF bound to p75NTR in sympathetic neurons. Mol. Cell. Neurosci. 32, 387–402 (2006). 

875. Teng, H. K. et al. ProBDNF induces neuronal apoptosis via activation of a receptor complex of p75NTR and 

sortilin. J. Neurosci. Off. J. Soc. Neurosci. 25, 5455–5463 (2005). 

876. Tapia-Arancibia, L., Rage, F., Givalois, L. & Arancibia, S. Physiology of BDNF: focus on hypothalamic function. 

Front. Neuroendocrinol. 25, 77–107 (2004). 

877. Yan, Q. et al. Expression of brain-derived neurotrophic factor protein in the adult rat central  nervous system. 

Neuroscience 78, 431–448 (1997). 

878. Petzold, A., Psotta, L., Brigadski, T., Endres, T. & Lessmann, V. Chronic BDNF deficiency leads to an age-

dependent impairment in spatial learning. Neurobiol. Learn. Mem. 120, 52–60 (2015). 

879. Rage, F., Silhol, M., Biname, F., Arancibia, S. & Tapia-Arancibia, L. Effect of aging on the expression of BDNF and 

TrkB isoforms in rat pituitary. Neurobiol. Aging 28, 1088–1098 (2007). 

880. Huang, R., Huang, J., Cathcart, H., Smith, S. & Poduslo, S. E. Genetic variants in brain-derived neurotrophic 

factor associated with Alzheimer’s disease. J. Med. Genet. 44, e66 (2007). 

881. Chen, Z.-Y. et al. Variant brain-derived neurotrophic factor (BDNF) (Met66) alters the intracellular trafficking 

and activity-dependent secretion of wild-type BDNF in neurosecretory  cells and cortical neurons. J. Neurosci. 

Off. J. Soc. Neurosci. 24, 4401–4411 (2004). 



168 
 

882. Terracciano, A. et al. Genetics of serum BDNF: meta-analysis of the Val66Met and genome-wide association 

study. World J. Biol. Psychiatry Off. J. World Fed. Soc. Biol. Psychiatry 14, 583–589 (2013). 

883. Vohra, P. K. et al. TRPC3 regulates release of brain-derived neurotrophic factor from human airway smooth 

muscle. Biochim. Biophys. Acta 1833, 2953–2960 (2013). 

884. Avila, A. M. et al. Trichostatin A increases SMN expression and survival in a mouse model of spinal muscular 

atrophy. J. Clin. Invest. 117, 659–671 (2007). 

885. McGee, S. L. & Hargreaves, M. Exercise and myocyte enhancer factor 2 regulation in human skeletal muscle. 

Diabetes 53, 1208–1214 (2004). 

886. Dupont-Versteegden, E. E. et al. Exercise-induced gene expression in soleus muscle is dependent on time after 

spinal cord injury in rats. Muscle Nerve 29, 73–81 (2004). 

887. Gomez-Pinilla, F., Ying, Z., Opazo, P., Roy, R. R. & Edgerton, V. R. Differential regulation by exercise of BDNF 

and NT-3 in rat spinal cord and skeletal muscle. Eur. J. Neurosci. 13, 1078–1084 (2001). 

888. Matthews, V. B. et al. Brain-derived neurotrophic factor is produced by skeletal muscle cells in response to 

contraction and enhances fat oxidation via activation of. Diabetologia 52, 1409–1418 (2009). 

889. Hartwig, S. et al. Secretome profiling of primary human skeletal muscle cells. Biochim. Biophys. Acta 1844, 

1011–1017 (2014). 

890. Pedersen, B. K. Muscles and their myokines. J. Exp. Biol. 214, 337–346 (2011). 

891. Wisse, B. E. & Schwartz, M. W. The skinny on neurotrophins. Nat. Neurosci. 6, 655–656 (2003). 

892. Dinoff, A. et al. The Effect of Exercise Training on Resting Concentrations of Peripheral Brain-Derived 

Neurotrophic Factor (BDNF): A Meta-Analysis. PloS One 11, e0163037 (2016). 

893. Erickson, K. I. et al. Brain-derived neurotrophic factor is associated with age-related decline in hippocampal 

volume. J. Neurosci. Off. J. Soc. Neurosci. 30, 5368–5375 (2010). 

894. Matthews, D. R. et al. Homeostasis model assessment: insulin resistance and beta-cell function from fasting 

plasma glucose and insulin concentrations in man. Diabetologia 28, 412–419 (1985). 

895. Szuhany, K. L., Bugatti, M. & Otto, M. W. A meta-analytic review of the effects of exercise on brain-derived 

neurotrophic factor. J. Psychiatr. Res. 60, 56–64 (2015). 

896. Yu, Y. T. et al. Human myocyte-specific enhancer factor 2 comprises a group of tissue-restricted MADS box 

transcription factors. Genes Dev. 6, 1783–1798 (1992). 

897. Flavell, S. W. et al. Activity-dependent regulation of MEF2 transcription factors suppresses excitatory synapse 

number. Science 311, 1008–1012 (2006). 

898. Black, B. L. & Olson, E. N. Transcriptional control of muscle development by myocyte enhancer factor-2 (MEF2) 

proteins. Annu. Rev. Cell Dev. Biol. 14, 167–196 (1998). 

899. Aude-Garcia, C. et al. Dual roles for MEF2A and MEF2D during human macrophage terminal differentiation and 

c-Jun expression. Biochem. J. 430, 237–244 (2010). 

900. Wilker, P. R. et al. Transcription factor Mef2c is required for B cell proliferation and survival after antigen 

receptor stimulation. Nat. Immunol. 9, 603–612 (2008). 

901. Lyons, M. R., Schwarz, C. M. & West, A. E. Members of the myocyte enhancer factor 2 transcription factor 

family differentially regulate Bdnf transcription in response to neuronal depolarization. J. Neurosci. Off. J. Soc. 

Neurosci. 32, 12780–12785 (2012). 

902. Arosio, A. et al. MEF2D and MEF2C pathways disruption in sporadic and familial ALS patients. Mol. Cell. 

Neurosci. 74, 10–17 (2016). 

903. Bostrom, P. et al. A PGC1-alpha-dependent myokine that drives brown-fat-like development of white fat and 

thermogenesis. Nature 481, 463–468 (2012). 

904. Kristof, E., Doan-Xuan, Q.-M., Bai, P., Bacso, Z. & Fesus, L. Laser-scanning cytometry can quantify human 

adipocyte browning and proves effectiveness of irisin. Sci. Rep. 5, 12540 (2015). 

905. Phillips, C., Baktir, M. A., Srivatsan, M. & Salehi, A. Neuroprotective effects of physical activity on the brain: a 

closer look at trophic factor signaling. Front. Cell. Neurosci. 8, 170 (2014). 

906. Zsuga, J., Tajti, G., Papp, C., Juhasz, B. & Gesztelyi, R. FNDC5/irisin, a molecular target for boosting reward-

related learning and motivation. Med. Hypotheses 90, 23–28 (2016). 



169 
 

907. Wrann, C. D. et al. Exercise induces hippocampal BDNF through a PGC-1alpha/FNDC5 pathway. Cell Metab. 18, 

649–659 (2013). 

908. Belviranli, M., Okudan, N., Kabak, B., Erdogan, M. & Karanfilci, M. The relationship between brain-derived 

neurotrophic factor, irisin and cognitive  skills of endurance athletes. Phys. Sportsmed. 44, 290–296 (2016). 

909. Kuster, O. C. et al. Novel Blood-Based Biomarkers of Cognition, Stress, and Physical or Cognitive Training in 

Older Adults at Risk of Dementia: Preliminary Evidence for a Role of  BDNF, Irisin, and the Kynurenine Pathway. 

J. Alzheimers Dis. JAD 59, 1097–1111 (2017). 

910. Huh, J. Y., Mougios, V., Skraparlis, A., Kabasakalis, A. & Mantzoros, C. S. Irisin in response to acute and chronic 

whole-body vibration exercise in humans. Metabolism. 63, 918–921 (2014). 

911. Zugel, M. et al. The role of sex, adiposity, and gonadectomy in the regulation of irisin secretion. Endocrine 54, 

101–110 (2016). 

912. Ekdahl, C. T., Claasen, J.-H., Bonde, S., Kokaia, Z. & Lindvall, O. Inflammation is detrimental for neurogenesis in 

adult brain. Proc. Natl. Acad. Sci. U. S. A. 100, 13632–13637 (2003). 

913. Belarbi, K., Arellano, C., Ferguson, R., Jopson, T. & Rosi, S. Chronic neuroinflammation impacts the recruitment 

of adult-born neurons into behaviorally relevant hippocampal networks. Brain. Behav. Immun. 26, 18–23 

(2012). 

914. Jakubs, K. et al. Inflammation regulates functional integration of neurons born in adult brain. J. Neurosci. Off. J. 

Soc. Neurosci. 28, 12477–12488 (2008). 

915. Guan, Z. & Fang, J. Peripheral immune activation by lipopolysaccharide decreases neurotrophins in the cortex 

and hippocampus in rats. Brain. Behav. Immun. 20, 64–71 (2006). 

916. Chapman, T. R. et al. Aging and infection reduce expression of specific brain-derived neurotrophic factor 

mRNAs in hippocampus. Neurobiol. Aging 33, 832.e1-14 (2012). 

917. Gubba, E. M., Fawcett, J. W. & Herbert, J. The effects of corticosterone and dehydroepiandrosterone on 

neurotrophic factor mRNA expression in primary hippocampal and astrocyte cultures. Brain Res. Mol. Brain 

Res. 127, 48–59 (2004). 

918. Rivest, S. Interactions between the immune and neuroendocrine systems. Prog. Brain Res. 181, 43–53 (2010). 

919. Di Filippo, M. et al. Effects of central and peripheral inflammation on hippocampal synaptic plasticity. 

Neurobiol. Dis. 52, 229–236 (2013). 

920. Aalto, K., Korhonen, L., Lahdenne, P., Pelkonen, P. & Lindholm, D. Nerve growth factor in serum of children 

with systemic lupus erythematosus is correlated with disease activity. Cytokine 20, 136–139 (2002). 

921. Bracci-Laudiero, L. et al. Modification of lymphoid and brain nerve growth factor levels in systemic lupus 

erythematosus mice. Neurosci. Lett. 204, 13–16 (1996). 

922. von Boyen, G. B. T. et al. Nerve growth factor secretion in cultured enteric glia cells is modulated by 

proinflammatory cytokines. J. Neuroendocrinol. 18, 820–825 (2006). 

923. Freund, V. et al. Upregulation of nerve growth factor expression by human airway smooth muscle cells in 

inflammatory conditions. Eur. Respir. J. 20, 458–463 (2002). 

924. Olgart, C. & Frossard, N. Human lung fibroblasts secrete nerve growth factor: effect of inflammatory cytokines 

and glucocorticoids. Eur. Respir. J. 18, 115–121 (2001). 

925. Kobayashi, H., Gleich, G. J., Butterfield, J. H. & Kita, H. Human eosinophils produce neurotrophins and secrete 

nerve growth factor on immunologic stimuli. Blood 99, 2214–2220 (2002). 

926. Brodie, C. & Gelfand, E. W. Functional nerve growth factor receptors on human B lymphocytes. Interaction 

with. J. Immunol. Baltim. Md 1950 148, 3492–3497 (1992). 

927. Caroleo, M. C., Costa, N., Bracci-Laudiero, L. & Aloe, L. Human monocyte/macrophages activate by exposure to 

LPS overexpress NGF and NGF receptors. J. Neuroimmunol. 113, 193–201 (2001). 

928. Ehrhard, P. B., Erb, P., Graumann, U. & Otten, U. Expression of nerve growth factor and nerve growth factor 

receptor tyrosine kinase Trk in activated CD4-positive T-cell clones. Proc. Natl. Acad. Sci. U. S. A. 90, 10984–

10988 (1993). 

929. Laurenzi, M. A., Barbany, G., Timmusk, T., Lindgren, J. A. & Persson, H. Expression of mRNA encoding 

neurotrophins and neurotrophin receptors in rat thymus, spleen tissue and immunocompetent cells. 



170 
 

Regulation of neurotrophin-4 mRNA expression by mitogens and leukotriene B4. Eur. J. Biochem. 223, 733–741 

(1994). 

930. Barada, K. A. et al. Up-regulation of nerve growth factor and interleukin-10 in inflamed and non-inflamed 

intestinal segments in rats with experimental colitis. Cytokine 37, 236–245 (2007). 

931. Boisse, L., Chisholm, S. P., Lukewich, M. K. & Lomax, A. E. Clinical and experimental evidence of sympathetic 

neural dysfunction during inflammatory bowel disease. Clin. Exp. Pharmacol. Physiol. 36, 1026–1033 (2009). 

932. Blurton-Jones, M. et al. Neural stem cells improve cognition via BDNF in a transgenic model of Alzheimer 

disease. Proc. Natl. Acad. Sci. U. S. A. 106, 13594–13599 (2009). 

933. Weinstein, G. et al. Serum brain-derived neurotrophic factor and the risk for dementia: the Framingham Heart 

Study. JAMA Neurol. 71, 55–61 (2014). 

934. Burbach, G. J. et al. Induction of brain-derived neurotrophic factor in plaque-associated glial cells of aged 

APP23 transgenic mice. J. Neurosci. Off. J. Soc. Neurosci. 24, 2421–2430 (2004). 

935. Rantamaki, T. et al. The impact of Bdnf gene deficiency to the memory impairment and brain pathology of 

APPswe/PS1dE9 mouse model of Alzheimer’s disease. PloS One 8, e68722 (2013). 

936. Wong, J., Higgins, M., Halliday, G. & Garner, B. Amyloid beta selectively modulates neuronal TrkB alternative 

transcript expression with implications for Alzheimer’s disease. Neuroscience 210, 363–374 (2012). 

937. Poon, W. W. et al. beta-Amyloid impairs axonal BDNF retrograde trafficking. Neurobiol. Aging 32, 821–833 

(2011). 

938. Honea, R. A. et al. Characterizing the role of brain derived neurotrophic factor genetic variation in Alzheimer’s 

disease neurodegeneration. PloS One 8, e76001 (2013). 

939. Lim, Y. Y. et al. BDNF Val66Met, Abeta amyloid, and cognitive decline in preclinical Alzheimer’s disease. 

Neurobiol. Aging 34, 2457–2464 (2013). 

940. Adamczuk, K. et al. Polymorphism of brain derived neurotrophic factor influences beta amyloid load in 

cognitively intact apolipoprotein E epsilon4 carriers. NeuroImage Clin. 2, 512–520 (2013). 

941. Bartus, R. T., Dean, R. L. 3rd, Beer, B. & Lippa, A. S. The cholinergic hypothesis of geriatric memory dysfunction. 

Science 217, 408–414 (1982). 

942. Mufson, E. J., Counts, S. E., Perez, S. E. & Ginsberg, S. D. Cholinergic system during the progression of 

Alzheimer’s disease: therapeutic implications. Expert Rev. Neurother. 8, 1703–1718 (2008). 

943. Whitehouse, P. J. et al. Alzheimer’s disease and senile dementia: loss of neurons in the basal forebrain. Science 

215, 1237–1239 (1982). 

944. Cuello, A. C. Effects of trophic factors on the CNS cholinergic phenotype. Prog. Brain Res. 109, 347–358 (1996). 

945. Mufson, E. J., Bothwell, M., Hersh, L. B. & Kordower, J. H. Nerve growth factor receptor immunoreactive 

profiles in the normal, aged human basal forebrain: colocalization with cholinergic neurons. J. Comp. Neurol. 

285, 196–217 (1989). 

946. Chen, K. S. et al. Disruption of a single allele of the nerve growth factor gene results in atrophy  of basal 

forebrain cholinergic neurons and memory deficits. J. Neurosci. Off. J. Soc. Neurosci. 17, 7288–7296 (1997). 

947. Hefti, F. & Weiner, W. J. Nerve growth factor and Alzheimer’s disease. Ann. Neurol. 20, 275–281 (1986). 

948. Bruno, M. A. et al. Long-lasting rescue of age-associated deficits in cognition and the CNS cholinergic 

phenotype by a partial agonist peptidomimetic ligand of TrkA. J. Neurosci. Off. J. Soc. Neurosci. 24, 8009–8018 

(2004). 

949. Martinez-Serrano, A., Hantzopoulos, P. A. & Bjorklund, A. Ex vivo gene transfer of brain-derived neurotrophic 

factor to the intact rat forebrain: neurotrophic effects on cholinergic neurons. Eur. J. Neurosci. 8, 727–735 

(1996). 

950. Eriksdotter Jonhagen, M. et al. Intracerebroventricular infusion of nerve growth factor in three patients with 

Alzheimer’s disease. Dement. Geriatr. Cogn. Disord. 9, 246–257 (1998). 

951. Tuszynski, M. H. et al. A phase 1 clinical trial of nerve growth factor gene therapy for Alzheimer disease. Nat. 

Med. 11, 551–555 (2005). 

952. Fahnestock, M., Michalski, B., Xu, B. & Coughlin, M. D. The precursor pro-nerve growth factor is the 

predominant form of nerve growth factor in brain and is increased in Alzheimer’s disease. Mol. Cell. Neurosci. 

18, 210–220 (2001). 



171 
 

953. Peng, S., Wuu, J., Mufson, E. J. & Fahnestock, M. Increased proNGF levels in subjects with mild cognitive 

impairment and mild Alzheimer disease. J. Neuropathol. Exp. Neurol. 63, 641–649 (2004). 

954. Counts, S. E. et al. Reduction of cortical TrkA but not p75(NTR) protein in early-stage Alzheimer’s disease. Ann. 

Neurol. 56, 520–531 (2004). 

955. Arevalo, M.-A., Roldan, P. M., Chacon, P. J. & Rodriguez-Tebar, A. Amyloid beta serves as an NGF-like 

neurotrophic factor or acts as a NGF antagonist depending on its concentration. J. Neurochem. 111, 1425–

1433 (2009). 

956. Bruno, M. A. et al. Amyloid beta-induced nerve growth factor dysmetabolism in Alzheimer disease. J. 

Neuropathol. Exp. Neurol. 68, 857–869 (2009). 

957. Capsoni, S. & Cattaneo, A. On the molecular basis linking Nerve Growth Factor (NGF) to Alzheimer’s disease. 

Cell. Mol. Neurobiol. 26, 619–633 (2006). 

958. Ruberti, F. et al. Phenotypic knockout of nerve growth factor in adult transgenic mice reveals severe deficits in 

basal forebrain cholinergic neurons, cell death in the spleen, and skeletal muscle dystrophy. J. Neurosci. Off. J. 

Soc. Neurosci. 20, 2589–2601 (2000). 

959. Blasko, I. et al. Measurement of thirteen biological markers in CSF of patients with Alzheimer’s disease and 

other dementias. Dement. Geriatr. Cogn. Disord. 21, 9–15 (2006). 

960. Alberts, M. J. et al. Genetic linkage analysis of nerve growth factor (beta) in familial Alzheimer’s disease. Ann. 

Neurol. 30, 216–219 (1991). 

961. Allen, S. J., Watson, J. J. & Dawbarn, D. The neurotrophins and their role in Alzheimer’s disease. Curr. 

Neuropharmacol. 9, 559–573 (2011). 

962. Arancibia, S. et al. Protective effect of BDNF against beta-amyloid induced neurotoxicity in vitro and in vivo in 

rats. Neurobiol. Dis. 31, 316–326 (2008). 

963. Rohe, M. et al. Brain-derived neurotrophic factor reduces amyloidogenic processing through control of SORLA 

gene expression. J. Neurosci. Off. J. Soc. Neurosci. 29, 15472–15478 (2009). 

964. Elliott, E., Atlas, R., Lange, A. & Ginzburg, I. Brain-derived neurotrophic factor induces a rapid 

dephosphorylation of tau protein through a PI-3 Kinase signalling mechanism. Eur. J. Neurosci. 22, 1081–1089 

(2005). 

965. Kitiyanant, N., Kitiyanant, Y., Svendsen, C. N. & Thangnipon, W. BDNF-, IGF-1- and GDNF-secreting human 

neural progenitor cells rescue amyloid beta-induced toxicity in cultured rat septal neurons. Neurochem. Res. 

37, 143–152 (2012). 

966. Chen, Q. et al. A novel neurotrophic drug for cognitive enhancement and Alzheimer’s disease. PloS One 6, 

e27865 (2011). 

967. Yang, C. et al. Enhancement of the nonamyloidogenic pathway by exogenous NGF in an Alzheimer transgenic 

mouse model. Neuropeptides 48, 233–238 (2014). 

968. Ferreira, D. et al. Brain changes in Alzheimer’s disease patients with implanted encapsulated cells releasing 

nerve growth factor. J. Alzheimers Dis. JAD 43, 1059–1072 (2015). 

969. Marei, H. E. S. et al. Human olfactory bulb neural stem cells mitigate movement disorders in a rat model of 

Parkinson’s disease. J. Cell. Physiol. 230, 1614–1629 (2015). 

970. Covaceuszach, S. et al. Development of a non invasive NGF-based therapy for Alzheimer’s disease. Curr. 

Alzheimer Res. 6, 158–170 (2009). 

971. Stankowski, J. N. & Gupta, R. Therapeutic targets for neuroprotection in acute ischemic stroke: lost in 

translation? Antioxid. Redox Signal. 14, 1841–1851 (2011). 

972. Webster, N. J. G. & Pirrung, M. C. Small molecule activators of the Trk receptors for neuroprotection. BMC 

Neurosci. 9 Suppl 2, S1 (2008). 

973. Dwivedi, Y. et al. Altered gene expression of brain-derived neurotrophic factor and receptor tyrosine kinase B 

in postmortem brain of suicide subjects. Arch. Gen. Psychiatry 60, 804–815 (2003). 

974. Duman, R. S. & Monteggia, L. M. A neurotrophic model for stress-related mood disorders. Biol. Psychiatry 59, 

1116–1127 (2006). 

975. Pezet, S. & Malcangio, M. Brain-derived neurotrophic factor as a drug target for CNS disorders. Expert Opin. 

Ther. Targets 8, 391–399 (2004). 



172 
 

976. Dantzer, R., O’Connor, J. C., Freund, G. G., Johnson, R. W. & Kelley, K. W. From inflammation to sickness and 

depression: when the immune system subjugates the brain. Nat. Rev. Neurosci. 9, 46–56 (2008). 

977. Hritcu, L. & Gorgan, L. D. Intranigral lipopolysaccharide induced anxiety and depression by altered BDNF mRNA 

expression in rat hippocampus. Prog. Neuropsychopharmacol. Biol. Psychiatry 51, 126–132 (2014). 

978. Molteni, R. et al. Synergistic mechanisms in the modulation of the neurotrophin BDNF in the rat prefrontal 

cortex following acute agomelatine administration. World J. Biol. Psychiatry Off. J. World Fed. Soc. Biol. 

Psychiatry 11, 148–153 (2010). 

979. Schmidt, H. D. & Duman, R. S. The role of neurotrophic factors in adult hippocampal neurogenesis, 

antidepressant treatments and animal models of depressive-like behavior. Behav. Pharmacol. 18, 391–418 

(2007). 

980. Piccinni, A. et al. Plasma and serum brain-derived neurotrophic factor (BDNF) in depressed patients during 1 

year of antidepressant treatments. J. Affect. Disord. 105, 279–283 (2008). 

981. Barbosa, I. G. et al. Executive dysfunction in euthymic bipolar disorder patients and its association with plasma 

biomarkers. J. Affect. Disord. 137, 151–155 (2012). 

982. Gama, C. S. et al. Serum levels of brain-derived neurotrophic factor in patients with schizophrenia  and bipolar 

disorder. Neurosci. Lett. 420, 45–48 (2007). 

983. Nagata, T. et al. Plasma BDNF levels are correlated with aggressiveness in patients with amnestic mild 

cognitive impairment or Alzheimer disease. J. Neural Transm. Vienna Austria 1996 121, 433–441 (2014). 

984. He, Y.-Y., Zhang, X.-Y., Yung, W.-H., Zhu, J.-N. & Wang, J.-J. Role of BDNF in central motor structures and motor 

diseases. Mol. Neurobiol. 48, 783–793 (2013). 

985. Tremolizzo, L. et al. BDNF Serum Levels with Respect to Multidimensional Assessment in Amyotrophic Lateral 

Sclerosis. Neurodegener. Dis. 16, 192–198 (2016). 

986. Semmler, A. et al. Long-term cognitive impairment, neuronal loss and reduced cortical cholinergic innervation 

after recovery from sepsis in a rodent model. Exp. Neurol. 204, 733–740 (2007). 

987. Willard, L. B., Hauss-Wegrzyniak, B. & Wenk, G. L. Pathological and biochemical consequences of acute and 

chronic neuroinflammation within the basal forebrain cholinergic system of rats. Neuroscience 88, 193–200 

(1999). 

988. Hauss-Wegrzyniak, B., Vraniak, P. D. & Wenk, G. L. LPS-induced neuroinflammatory effects do not recover with 

time. Neuroreport 11, 1759–1763 (2000). 

989. Cerejeira, J., Nogueira, V., Luis, P., Vaz-Serra, A. & Mukaetova-Ladinska, E. B. The cholinergic system and 

inflammation: common pathways in delirium pathophysiology. J. Am. Geriatr. Soc. 60, 669–675 (2012). 

990. Cunningham, C. et al. Systemic inflammation induces acute behavioral and cognitive changes and accelerates 

neurodegenerative disease. Biol. Psychiatry 65, 304–312 (2009). 

991. Weberpals, M. et al. NOS2 gene deficiency protects from sepsis-induced long-term cognitive deficits. J. 

Neurosci. Off. J. Soc. Neurosci. 29, 14177–14184 (2009). 

992. Cagnin, A., Kassiou, M., Meikle, S. R. & Banati, R. B. In vivo evidence for microglial activation in 

neurodegenerative dementia. Acta Neurol. Scand. Suppl. 185, 107–114 (2006). 

993. Ferrarese, C. et al. Characterization of peripheral benzodiazepine receptors in human blood mononuclear cells. 

Neuropharmacology 29, 375–378 (1990). 

994. Gavish, M., Katz, Y., Bar-Ami, S. & Weizman, R. Biochemical, physiological, and pathological aspects of the 

peripheral benzodiazepine receptor. J. Neurochem. 58, 1589–1601 (1992). 

995. Drugan, R. C. Peripheral benzodiazepine receptors: molecular pharmacology to possible physiological 

significance in stress-induced hypertension. Clin. Neuropharmacol. 19, 475–496 (1996). 

996. Rocca, P. et al. Peripheral-type benzodiazepine receptors in anxiety disorders. Acta Psychiatr. Scand. 84, 537–

544 (1991). 

997. Weizman, R. et al. Peripheral benzodiazepine binding sites on platelet membranes are increased during 

diazepam treatment of anxious patients. Eur. J. Pharmacol. 138, 289–292 (1987). 

998. Ferrarese, C. et al. Decreased density of benzodiazepine receptors in lymphocytes of anxious patients: reversal 

after chronic diazepam treatment. Acta Psychiatr. Scand. 82, 169–173 (1990). 



173 
 

999. Nakamura, K., Fukunishi, I., Nakamoto, Y., Iwahashi, K. & Yoshii, M. Peripheral-type benzodiazepine receptors 

on platelets are correlated with the degrees of anxiety in normal human subjects. Psychopharmacology (Berl.) 

162, 301–303 (2002). 

1000. Sacerdote, P., Locatelli, L. D. & Panerai, A. E. Benzodiazepine induced chemotaxis of human monocytes: a tool 

for the study of benzodiazepine receptors. Life Sci. 53, 653–658 (1993). 

1001. Sacerdote, P., Panerai, A. E., Frattola, L. & Ferrarese, C. Benzodiazepine-induced chemotaxis is impaired in 

monocytes from patients with generalized anxiety disorder. Psychoneuroendocrinology 24, 243–249 (1999). 

1002. Ritsner, M. et al. Decreased platelet peripheral-type benzodiazepine receptors in persistently violent 

schizophrenia patients. J. Psychiatr. Res. 37, 549–556 (2003). 

1003. Gavish, M. et al. Altered platelet peripheral-type benzodiazepine receptor in posttraumatic stress  disorder. 

Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 14, 181–186 (1996). 

1004. Setiawan, E. et al. Role of translocator protein density, a marker of neuroinflammation, in the brain during 

major depressive episodes. JAMA Psychiatry 72, 268–275 (2015). 

1005. Nakamura, K. et al. Evidence that variation in the peripheral benzodiazepine receptor (PBR) gene influences 

susceptibility to panic disorder. Am. J. Med. Genet. Part B Neuropsychiatr. Genet. Off. Publ. Int. Soc. Psychiatr. 

Genet. 141B, 222–226 (2006). 

1006. Baulieu, E. E. Neurosteroids: a new function in the brain. Biol. Cell 71, 3–10 (1991). 

1007. Casellas, P., Galiegue, S. & Basile, A. S. Peripheral benzodiazepine receptors and mitochondrial function. 

Neurochem. Int. 40, 475–486 (2002). 

1008. Lacapere, J. J. & Papadopoulos, V. Peripheral-type benzodiazepine receptor: structure and function of a 

cholesterol-binding protein in steroid and bile acid biosynthesis. Steroids 68, 569–585 (2003). 

1009. Lundgren, P., Strömberg, J., Bäckström, T. & Wang, M. Allopregnanolone-stimulated GABA-mediated chloride 

ion flux is inhibited by 3beta-hydroxy-5alpha-pregnan-20-one (isoallopregnanolone). Brain Res. 982, 45–53 

(2003). 

1010. Wang, M. et al. 3beta -hydroxypregnane steroids are pregnenolone sulfate-like GABA(A) receptor antagonists. 

J. Neurosci. Off. J. Soc. Neurosci. 22, 3366–3375 (2002). 

1011. Olbrich, L. et al. Rapid impact of progesterone on the neuronal growth cone. Endocrinology 154, 3784–3795 

(2013). 

1012. Verkhratsky, A. & Steinhäuser, C. Ion channels in glial cells. Brain Res. Brain Res. Rev. 32, 380–412 (2000). 

1013. Coggeshall, R. E. & Carlton, S. M. Ultrastructural analysis of NMDA, AMPA, and kainate receptors on 

unmyelinated and myelinated axons in the periphery. J. Comp. Neurol. 391, 78–86 (1998). 

1014. Demêmes, D., Lleixa, A. & Dechesne, C. J. Cellular and subcellular localization of AMPA-selective glutamate 

receptors in the mammalian peripheral vestibular system. Brain Res. 671, 83–94 (1995). 

1015. Palacios, G., Muro, A., Verdú, E., Pumarola, M. & Vela, J. M. Immunohistochemical localization of the sigma1 

receptor in Schwann cells of rat sciatic nerve. Brain Res. 1007, 65–70 (2004). 

1016. Belelli, D. & Lambert, J. J. Neurosteroids: endogenous regulators of the GABA(A) receptor. Nat. Rev. Neurosci. 

6, 565–575 (2005). 

1017. Wessel, L., Olbrich, L., Brand-Saberi, B. & Theiss, C. New aspects of progesterone interactions with the actin 

cytoskeleton and neurosteroidogenesis in the cerebellum and the neuronal growth cone. J. Histochem. 

Cytochem. Off. J. Histochem. Soc. 62, 835–845 (2014). 

1018. Holsboer, F. Psychiatric implications of altered limbic-hypothalamic-pituitary-adrenocortical activity. Eur. Arch. 

Psychiatry Neurol. Sci. 238, 302–322 (1989). 

1019. Crawley, J. N., Glowa, J. R., Majewska, M. D. & Paul, S. M. Anxiolytic activity of an endogenous adrenal steroid. 

Brain Res. 398, 382–385 (1986). 

1020. Flood, J. F., Morley, J. E. & Roberts, E. Memory-enhancing effects in male mice of pregnenolone and steroids 

metabolically derived from it. Proc. Natl. Acad. Sci. U. S. A. 89, 1567–1571 (1992). 

1021. Rupprecht, R. & Holsboer, F. Neuroactive steroids: mechanisms of action and neuropsychopharmacological 

perspectives. Trends Neurosci. 22, 410–416 (1999). 

1022. Chen, C. C. G. & Parker, C. R. Adrenal androgens and the immune system. Semin. Reprod. Med. 22, 369–377 

(2004). 



174 
 

1023. Gomez-Merino, D., Chennaoui, M., Burnat, P., Drogou, C. & Guezennec, C. Y. Immune and hormonal changes 

following intense military training. Mil. Med. 168, 1034–1038 (2003). 

1024. Guazzo, E. P., Kirkpatrick, P. J., Goodyer, I. M., Shiers, H. M. & Herbert, J. Cortisol, dehydroepiandrosterone 

(DHEA), and DHEA sulfate in the cerebrospinal fluid of man: relation to blood levels and the effects of age. J. 

Clin. Endocrinol. Metab. 81, 3951–3960 (1996). 

1025. Ozasa, H., Kita, M., Inoue, T. & Mori, T. Plasma dehydroepiandrosterone-to-cortisol ratios as an indicator of 

stress in gynecologic patients. Gynecol. Oncol. 37, 178–182 (1990). 

1026. Sarkar, J., Wakefield, S., MacKenzie, G., Moss, S. J. & Maguire, J. Neurosteroidogenesis is required for the 

physiological response to stress: role of neurosteroid-sensitive GABAA receptors. J. Neurosci. Off. J. Soc. 

Neurosci. 31, 18198–18210 (2011). 

1027. van Broekhoven, F. & Verkes, R. J. Neurosteroids in depression: a review. Psychopharmacology (Berl.) 165, 97–

110 (2003). 

1028. Nothdurfter, C., Baghai, T. C., Schüle, C. & Rupprecht, R. Translocator protein (18 kDa) (TSPO) as a therapeutic 

target for anxiety and neurologic disorders. Eur. Arch. Psychiatry Clin. Neurosci. 262 Suppl 2, S107-112 (2012). 

1029. Rasmusson, A. M., Vythilingam, M. & Morgan, C. A. The neuroendocrinology of posttraumatic stress disorder: 

new directions. CNS Spectr. 8, 651–656, 665–667 (2003). 

1030. Yehuda, R., Brand, S. R., Golier, J. A. & Yang, R.-K. Clinical correlates of DHEA associated with post-traumatic 

stress disorder. Acta Psychiatr. Scand. 114, 187–193 (2006). 

1031. Butterfield, M. I. et al. Neuroactive steroids and suicidality in posttraumatic stress disorder. Am. J. Psychiatry 

162, 380–382 (2005). 

1032. Erb, J. L. et al. Discrimination between schizophrenic and control subjects by means of plasma 

dehydroepiandrosterone measurements. J. Clin. Endocrinol. Metab. 52, 181–186 (1981). 

1033. Oertel, G., Benes, P., Schirazi, M., Holzmann, H. & Hoffmann, G. Interaction between dehydroepiandrosterone, 

cyclic adenosine-3’, 5’-monophosphate and glucose-6-phosphate-dehydrogenase in normal and diseased 

subjects. Experientia 30, 872–873 (1974). 

1034. Tourney, G. & Erb, J. L. Temporal variations in androgens and stress hormones in control and schizophrenic 

subjects. Biol. Psychiatry 14, 395–404 (1979). 

1035. Oades, R. D. & Schepker, R. Serum gonadal steroid hormones in young schizophrenic patients. 

Psychoneuroendocrinology 19, 373–385 (1994). 

1036. Birzniece, V. et al. Neuroactive steroid effects on cognitive functions with a focus on the serotonin and GABA 

systems. Brain Res. Rev. 51, 212–239 (2006). 

1037. Naylor, J. C. et al. Allopregnanolone levels are reduced in temporal cortex in patients with Alzheimer’s disease 

compared to cognitively intact control subjects. Biochim. Biophys. Acta 1801, 951–959 (2010). 

1038. Luchetti, S., Huitinga, I. & Swaab, D. F. Neurosteroid and GABA-A receptor alterations in Alzheimer’s disease, 

Parkinson’s disease and multiple sclerosis. Neuroscience 191, 6–21 (2011). 

1039. Ferrarese, C. et al. Cerebrospinal fluid levels of diazepam-binding inhibitor in neurodegenerative disorders 

with dementia. Neurology 40, 632–635 (1990). 

1040. Chanput, W., Mes, J. J. & Wichers, H. J. THP-1 cell line: an in vitro cell model for immune modulation approach. 

Int. Immunopharmacol. 23, 37–45 (2014). 

1041. Zenaro, E. et al. Neutrophils promote Alzheimer’s disease-like pathology and cognitive decline via. Nat. Med. 

21, 880–886 (2015). 

1042. Savage, M. J. et al. Cathepsin G: localization in human cerebral cortex and generation of amyloidogenic 

fragments from the beta-amyloid precursor protein. Neuroscience 60, 607–619 (1994). 

1043. Pereira, H. A., Kumar, P. & Grammas, P. Expression of CAP37, a novel inflammatory mediator, in Alzheimer’s 

disease. Neurobiol. Aging 17, 753–759 (1996). 

1044. Baik, S. H. et al. Migration of neutrophils targeting amyloid plaques in Alzheimer’s disease mouse model. 

Neurobiol. Aging 35, 1286–1292 (2014). 

1045. Heneka, M. T. et al. NLRP3 is activated in Alzheimer’s disease and contributes to pathology in APP/PS1 mice. 

Nature 493, 674–678 (2013). 



175 
 

1046. Folstein, M. F., Folstein, S. E. & McHugh, P. R. “Mini-mental state”: a practical method for grading the cognitive 

state of patients for the clinician. J. Psychiatr. Res. 12, 189–198 (1975). 

1047. Novak, M. & Guest, C. Caregiver response to Alzheimer’s disease. Int. J. Aging Hum. Dev. 28, 67–79 (1989). 

1048. Sala, G. et al. Vesicular monoamine transporter 2 mRNA levels are reduced in platelets from patients with 

Parkinson’s disease. J. Neural Transm. Vienna Austria 1996 117, 1093–1098 (2010). 

1049. Hixson, J. E. & Vernier, D. T. Restriction isotyping of human apolipoprotein E by gene amplification and 

cleavage with HhaI. J. Lipid Res. 31, 545–548 (1990). 

1050. Brooks, B. R. El Escorial World Federation of Neurology criteria for the diagnosis of amyotrophic lateral 

sclerosis. J. Neurol. Sci. 124, 96–107 (1994). 

1051. Dubois, B., Slachevsky, A., Litvan, I. & Pillon, B. The FAB A frontal assessment battery at bedside. Neurology 55, 

1621–1626 (2000). 

1052. Tremolizzo, L., Tironi, M., Ferrarese, C. & Appollonio, I. Neuroleptic equivalent dose differences and behavioral 

and psychological symptoms of dementia. Dement. Geriatr. Cogn. Disord. 35, 118–120 (2013). 

1053. Corbett, A., Smith, J., Creese, B. & Ballard, C. Treatment of behavioral and psychological symptoms of 

Alzheimer’s disease. Curr. Treat. Options Neurol. 14, 113–125 (2012). 

1054. Byers, A. L. & Yaffe, K. Depression and risk of developing dementia. Nat. Rev. Neurol. 7, 323–331 (2011). 

1055. Spalletta, G. et al. Neuropsychiatric symptoms and syndromes in a large cohort of newly diagnosed, untreated 

patients with Alzheimer disease. Am. J. Geriatr. Psychiatry Off. J. Am. Assoc. Geriatr. Psychiatry 18, 1026–1035 

(2010). 

1056. Förstl, H. & Kurz, A. Clinical features of Alzheimer’s disease. Eur. Arch. Psychiatry Clin. Neurosci. 249, 288–290 

(1999). 

1057. Stern, Y. Cognitive reserve in ageing and Alzheimer’s disease. Lancet Neurol. 11, 1006–1012 (2012). 

1058. Rupprecht, R. et al. Translocator protein (18 kDa) (TSPO) as a therapeutic target for neurological and 

psychiatric disorders. Nat. Rev. Drug Discov. 9, 971–988 (2010). 

1059. Perry, V. H., Nicoll, J. A. R. & Holmes, C. Microglia in neurodegenerative disease. Nat. Rev. Neurol. 6, 193–201 

(2010). 

1060. Ferrero, P. et al. Diazepam binding inhibitor-like immunoreactivity (DBI-LI) in human CSF. Correlations with 

neurological disorders. J. Neurol. Sci. 87, 327–349 (1988). 

1061. Costa, B. et al. Role of translocator protein (18 kDa) in adult separation anxiety and attachment style in 

patients with depression. Curr. Mol. Med. 12, 483–487 (2012). 

1062. Pluchino, N. et al. Steroid hormones and BDNF. Neuroscience 239, 271–279 (2013). 

1063. Leblhuber, F. et al. Antiglucocorticoid effects of DHEA-S in Alzheimer’s disease. Am. J. Psychiatry 149, 1125–

1126 (1992). 

1064. Carlson, L. E., Sherwin, B. B. & Chertkow, H. M. Relationships between dehydroepiandrosterone sulfate 

(DHEAS) and cortisol (CRT) plasma levels and everyday memory in Alzheimer’s disease patients compared to 

healthy controls. Horm. Behav. 35, 254–263 (1999). 

1065. Christensen, R., Marcussen, A. B., Wörtwein, G., Knudsen, G. M. & Aznar, S. Abeta(1-42) injection causes 

memory impairment, lowered cortical and serum BDNF levels, and decreased hippocampal 5-HT(2A) levels. 

Exp. Neurol. 210, 164–171 (2008). 

1066. Laske, C. et al. BDNF serum and CSF concentrations in Alzheimer’s disease, normal pressure hydrocephalus 

and healthy controls. J. Psychiatr. Res. 41, 387–394 (2007). 

1067. Nagahara, A. H. et al. Neuroprotective effects of brain-derived neurotrophic factor in rodent and primate 

models of Alzheimer’s disease. Nat. Med. 15, 331–337 (2009). 

1068. Bueller, J. A. et al. BDNF Val66Met allele is associated with reduced hippocampal volume in healthy subjects. 

Biol. Psychiatry 59, 812–815 (2006). 

1069. Trajkovska, V. et al. Measurements of brain-derived neurotrophic factor: methodological aspects and 

demographical data. Brain Res. Bull. 73, 143–149 (2007). 

1070. Godbout, J. P. et al. Exaggerated neuroinflammation and sickness behavior in aged mice following activation of 

the peripheral innate immune system. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 19, 1329–1331 (2005). 



176 
 

1071. Nagels, G. et al. Actigraphic measurement of agitated behaviour in dementia. Int. J. Geriatr. Psychiatry 21, 

388–393 (2006). 

1072. Mahlberg, R. & Walther, S. Actigraphy in agitated patients with dementia. Monitoring treatment outcomes. Z. 

Gerontol. Geriatr. 40, 178–184 (2007). 

1073. Zhang, W. et al. Irisin: A myokine with locomotor activity. Neurosci. Lett. 595, 7–11 (2015). 

1074. Zhang, K. et al. CXCL1 contributes to β-amyloid-induced transendothelial migration of monocytes in 

Alzheimer’s disease. PloS One 8, e72744 (2013). 

1075. Allam, R., Kumar, S. V. R., Darisipudi, M. N. & Anders, H.-J. Extracellular histones in tissue injury and 

inflammation. J. Mol. Med. Berl. Ger. 92, 465–472 (2014). 

1076. Perry, V. H. & Holmes, C. Microglial priming in neurodegenerative disease. Nat. Rev. Neurol. 10, 217–224 

(2014). 

1077. Lomen-Hoerth, C. et al. Are amyotrophic lateral sclerosis patients cognitively normal? Neurology 60, 1094–

1097 (2003). 

1078. Barson, F. P., Kinsella, G. J., Ong, B. & Mathers, S. E. A neuropsychological investigation of dementia in motor 

neurone disease (MND). J. Neurol. Sci. 180, 107–113 (2000). 

1079. Neary, D., Snowden, J. S. & Mann, D. M. Classification and description of frontotemporal dementias. Ann. N. Y. 

Acad. Sci. 920, 46–51 (2000). 

1080. Ringholz, G. M. et al. Prevalence and patterns of cognitive impairment in sporadic ALS. Neurology 65, 586–590 

(2005). 

1081. Strong, M. J. et al. A prospective study of cognitive impairment in ALS. Neurology 53, 1665–1670 (1999). 

1082. Woolley, S. C. & Katz, J. S. Cognitive and behavioral impairment in amyotrophic lateral sclerosis. Phys. Med. 

Rehabil. Clin. N. Am. 19, 607–617, xi (2008). 

1083. Sala, G. et al. A panel of macroautophagy markers in lymphomonocytes of patients with amyotrophic lateral 

sclerosis. Amyotroph. Lateral Scler. Off. Publ. World Fed. Neurol. Res. Group Mot. Neuron Dis. 13, 119–124 

(2012). 

1084. Strong, M. J. et al. Consensus criteria for the diagnosis of frontotemporal cognitive and behavioural  

syndromes in amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. Off. Publ. World Fed. Neurol. Res. Group 

Mot. Neuron Dis. 10, 131–146 (2009). 

1085. Abrahams, S., Leigh, P. N. & Goldstein, L. H. Cognitive change in ALS: a prospective study. Neurology 64, 1222–

1226 (2005). 

1086. Grossman, A. B., Woolley-Levine, S., Bradley, W. G. & Miller, R. G. Detecting neurobehavioral changes in 

amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. Off. Publ. World Fed. Neurol. Res. Group Mot. Neuron 

Dis. 8, 56–61 (2007). 

1087. Patten, S. B., Svenson, L. W., White, C. M., Khaled, S. M. & Metz, L. M. Affective disorders in motor neuron 

disease: a population-based study. Neuroepidemiology 28, 1–7 (2007). 

1088. Wicks, P. et al. Prevalence of depression in a 12-month consecutive sample of patients with ALS. Eur. J. Neurol. 

14, 993–1001 (2007). 

1089. Chio, A. et al. Neurobehavioral symptoms in ALS are negatively related to caregivers’ burden and  quality of 

life. Eur. J. Neurol. 17, 1298–1303 (2010). 

1090. Lillo, P., Mioshi, E. & Hodges, J. R. Caregiver burden in amyotrophic lateral sclerosis is more dependent on 

patients’  behavioral changes than physical disability: a comparative study. BMC Neurol. 12, 156 (2012). 

1091. Kimura, F. et al. Progression rate of ALSFRS-R at time of diagnosis predicts survival time in ALS. Neurology 66, 

265–267 (2006). 

1092. Woolley, S. C. & Katz, J. S. Cognitive and behavioral impairment in amyotrophic lateral sclerosis. Phys. Med. 

Rehabil. Clin. N. Am. 19, 607–617, xi (2008). 

1093. Tremolizzo, L. et al. Behavioural But Not Cognitive Impairment Is a Determinant of Caregiver Burden in  

Amyotrophic Lateral Sclerosis. Eur. Neurol. 75, 191–194 (2016). 

 


