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Abstract 

Introduction: Memory alterations are one of the main hallmarks of Alzheimer’s disease (AD). 

Long-term memory storage requires the synthesis of new proteins and synaptic 

modifications. The aims of this PhD study were hence to (i) investigate the best approach to 

use [11C]leucine to measure the cerebral protein synthesis rate (PSR) in-vivo, (ii) evaluate the 

PSR in an animal model for AD, the TgF344-AD rats, and (iii) investigate synaptic density with 

[18F]UCB-H in the same model compared to wild type (WT). In parallel behavioural tests were 

performed in TG and WT. 

Methods: Wistar and 6, 12 and 18 months old TG and WT rats were scanned for 60 min with 

[11C]leucine with a Siemens Inveon PET-CT. Arterial blood activity was monitored online 

(Twilite®) and in discrete blood samples (Wistar rats, n=11; WT, n=4; TG, n=5) by γ-counting 

of whole blood and plasma and cold AA quantification in plasma. The sensitivity of 

[11C]leucine PET was assessed in Wistar rats by injection of PSR inhibitor anisomycin 

(60mg/kg) 10min prior to PET acquisition. A different cohort of 7 and 15 months old of age 

WT and TG rats were scanned with [18F]UCB-H (baseline scans). Non-specific binding was 

measured in additional rats by injecting cold UCB-J (1mg/kg) 10min prior to [18F]UCB-H 

injection (block scans). Data were expressed as normalised uptake values (NUVND) of the 

ratio between the 9-20 minutes SUV of the baseline over the blocked (non-displaceable 

SUVUCB-J) SUV for each ROI. For both [11C]leucine and [18F]UCB-H studies, PET images were 

quantified in BrainVisa and Anatomist software using 28 brain ROIs based on a MRI rat brain 

atlas. Open field (OF), Morris water maze (MWM) and reversal Morris water maze (RMWM) 

were all performed at 6, 12 and 18 months of age. Smell tests (ST) were performed only at 

12 and 18 months of age. All behavioural tests were analysed using the ANYMAZE software. 

All data were analysed by using GraphPad Prism 8.4.1.  

Results: 

[11C]leucine study: the concentration of unlabelled leucine in plasma was statistically 

different between arterial and venous samples and between strains (Wistar vs. Fischer-344), 

with no significant difference found between WT and TG. Anisomycin administration 

significantly reduced the net uptake rate constant (Kcplx) of [11C]leucine and PSR (from -77% 

to -89%) proving the sensitivity of the method to this acute pharmacological inhibition of 

PSR. For the longitudinal study, averaged population-based whole-blood and plasma input 

function (IF) and cold leucine concentration were used to calculate Kcplx and PSR respectively. 
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Kcplx, but not PSR, was significantly decreased in TG (genotype effect in a mixed-analysis 

model) in the hippocampus (p=0.0442), whole brain (p=0.0448), globus pallidus (p=0.0325) 

and the caudate putamen (p=0.0423). In the globus pallidus Kcplx and PSR were significantly 

reduced (-15%, p=0.0427 and p=0.0488 respectively, unpaired t-test) in TG vs. WT at 18 

months of age.  

[18F]UCB-H study: pre-saturation with UCB-J blocked up to 70% of the specific binding signal 

and removed regional differences. Due to the significant variation of non-specific binding 

with age and genotype, a population-based SUVUCB-J was used to calculate the NUVND for 

each group. TG rats had a significantly lower NUVND than WT at 7m of age in the frontal (-

17%, p=0.0028) and motor cortex (-16%, p=0.0066), hippocampus (-12%, p=0.0256), 

thalamus (-13%, p=0.0202), cerebellum (-17%, p=0.0012), caudate putamen (-15%, 

p=0.0096) and globus pallidus (-13%, p=0.0177) but not in temporal cortex (p=0.0699). There 

was an age effect of in both WT and TG so that the 15m WT rats were significantly lower 

than at 7m and TG were no longer significantly different from WT at 15m.  Behaviour: In the 

MWM, WT and TG were able to learn the platform position at all age. In the RMWM, all rats 

showed an inability to reverse their spatial memory (no statistical differences were found 

between age or genotype). In the ST, rats memorise an odour when presented twice after an 

interval time of 30 minutes in WT rats at 12 (p≤0.001) and 18 months of age (p=0.0265) but 

were unable to recognise predator urine at 12 and 18 months. in the OF, rats showed 

elevated levels of anxiety, confirmed by the total inability to explore a new environment.  

Conclusion: [11C]Leucine PET is sensitive to measuring brain PSR in rat CNS. However, 

modelling the data is challenging. Population-based IF returned modest changes in Kcplx and 

PSR in the TG vs. WT. [18F]UCB-H study showed a decreased uptake in TG rats vs. WT at 7m, 

while normal ageing affected [18F]UCB-H uptake in both genotypes. Despite this, the TG 

model displaying brain alterations characteristic of AD pathology and these methods provide 

a good platform for investigating the role of the PSR and alterations in synaptic density for 

clinical application. 
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1 Introduction 

Alzheimer’s disease (AD) is a neurodegenerative pathology affecting mainly elderly 

people one in eight people over the age of 65 and half of those over 85 have AD [1]. It is 

estimated that approximately 46.8 million people worldwide had dementia in 2015 [2]. The 

main symptoms of Alzheimer’s are memory loss, confusion and brain pathology like 

neuronal and synaptic connections loss, presence of neurofibrillary tangles (NFT) and β-

amyloid plaques [1]. Alzheimer’s disease was first described by the German physician Dr 

Alois Alzheimer in 1906. His first patient was a 51-year-old woman Auguste Deter, who 

showed strange behaviours and cognitive symptoms, depression and hallucinations. Post-

mortem analysis of her brain showed the presence of senile plaques, neurofibrillary tangles 

(NFT), ventricular enlargement and shrinkage of grey matter [3]. Since the discovery of AD, 

different studies have been done trying to understand better this condition. In 1984 the 

cerebrovascular amyloid protein was purified by Glenner and Wong [4]. In 1986, Tau protein 

was identified as a key component of NFTs, the second pathological feature in AD [5]. In 

1991, the first APP transgenic mouse model was created [6] and in 1997 Tacrine, a reversible 

inhibitor of acetylcholinesterase, was used as first drug trial to improve the symptoms of AD. 

The first transgenic rat model was developed in 2004 and in the same year the first report 

describing the use of the radiolabelled PET tracer, Pittsburgh compound B ([11C]PiB) to study 

amyloid load by PET was published [7]. 

1.1 Genetics causes and risk factors for Alzheimer’s disease 

Patients affected by AD are usually classified as either late-onset AD (LOAD) or early-

onset AD (EOAD) (Figure 1) according to the age at which symptoms start. The majority of 

patients develop the symptoms after the age of 65 (LOAD) and only 2-10% have an early 

onset (EOAD) [8], presenting the first symptoms between 30 and 65 years of age [9]. 

Dominant mutations in genes such as amyloid precursor protein (APP), presenilin1 (PSEN1) 

and presenilin2 (PSEN2) are the main cause of familial EOAD (Figure 1) although some 

sporadic forms without any dominant mutations in these genes have been reported 

(sporadic EOAD) [10]; conversely other genetic and environmental risk factors are associated 

with LOAD [11]. 
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Figure 1: Age of Alzheimer’s disease onset as a function of the genes involved. People 
affected by Down’s syndrome have a high risk to develop AD at an earlier age. Early onset 
AD starts before 65 years of age and the late onset after 65 years. Different gene 
mutations are involved in the developing of AD. APOE, apolipoprotein E gene; APP, 
amyloid precursor protein gene; EOAD, early onset Alzheimer’s disease; LOAD, late-onset 
Alzheimer’s disease; PSEN1/2, presenilin 1/2 gene [10]. 

APP genes are located on chromosome 21 and 49 multiples mutations have been 

discovered thus far. The most well-known APP mutations are dominant and present in the 

sites of the APP protein cut by β and γ-secretase. For example, the Swedish APP mutation, in 

which lysine–methionine is replaced by asparagine–leucine, the Tottori mutation 

(Asp678Asn) and the Leuven mutations (Glu682Lys) are the most common mutation 

affecting the N-terminus of the Aβ domain adjacent to the β-secretase site. The London 

mutation (V717I) is the most common affecting the γ-site. There are also two recessive 

mutations (A673V and E693Δ) which can cause EOAD [12]. Different studies have evaluated 

that individuals with Down syndrome (trisomy 21) develop the AD pathology faster than 

normal individuals, due to an over-expression of APP [10]. Mutations can also affect PSEN1 

and PSEN2 genes which are both encoding proteins of the γ-secretase complex which cut 

membrane proteins such as APP. These two genes have a high homology (60%) [13] and 

mutations in PSEN1 are more common in AD than PSEN2 mutations [8]. The genes PSEN1 

and PSEN2 are located on chromosome 14 and chromosome 1 respectively. PSEN1 is present 
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principally in the plasma membrane (PM) but also in other compartments such as the 

endoplasmic reticulum (ER), Golgi and mitochondria and is responsible for protein cleavage 

of many type-I transmembrane proteins such as APP and Notch [14]. Most of the mutations 

are missense characterised by amino acids substitution that lead to an increase in the 

Aβ42/Aβ40 ratio [14]. Missense mutations on PSEN2 are rare and cause familial AD but show 

an incomplete penetrance [8] and AD subjects with PSEN2 mutations have generally a later 

onset (45-80 years) than patients with APP (45-65 years) or PSEN1 (35-55 years) mutations 

(EOAD) [13]. 

As mentioned above, the large majority of cases of AD are LOAD sporadic forms in 

which different genetic but also environmental factors contribute to the development of AD. 

Such risk factors include obesity, diabetes, cardiovascular disease as well as cerebral and 

systemic inflammation [13]. The ApolipoproteinE (ApoE) gene has been linked with an 

increase in AD risk in LOAD and EOAD [13]; for example, the ɛ4 allele increases the risk of AD 

by 12-fold in patients with two ApoEɛ4 alleles [12]. The ApoE gene is located on 

chromosome 19 and has different alleles ɛ2, ɛ3 and ɛ4 encoding for different isoforms that are 

different in both structures and biological functions [15] through difference in lipid binding 

affinity [16]. ApoE is a glycoprotein with a N-terminal domain able to bind to the low-density 

lipoprotein receptor family ((LDLR), LDLR-related protein 1 (LRP1), the very-low-density 

lipoprotein receptor (VLDLR), megalin, Apoer2 (LRP8), LRP4 and LRP1b) [17], while the C-

terminal domain binds lipids [15]. ApoE are produced in the liver and by astrocyte in the 

brain but also by neurons under stress conditions [16]. Their main role in the brain is to 

transport phospholipids and cholesterol, essential for synapses, between glia and neurons 

[18]. ApoE3 and ApoE2 have a preference for high-density lipoproteins (HDL), whereas 

ApoE4 for very low-density lipoproteins (VLDL) and low-density lipoproteins (LDL) [15]. 

ApoE4 has been defined as a risk factor because it can interfere with Aβ clearance 

[17]. Aβ can be degraded by different pathways: via drainage of interstitial fluid (ISF) into the 

cerebrospinal fluid (CSF), endocytosis by microglia and astrocyte, transport across the blood 

brain barrier (BBB) and enzymatic degradation by several proteases [19]. The efflux is 

mediated mainly by the receptor LRP1 and VLDLR through different ligands, ApoE4 unlike 

ApoE2 and ApoE3, binds the receptor VLDLR which has been shown to have a slower 

clearance rate of Aβ through the BBB than LRP1 [18], hence increasing Aβ accumulation and 

fibrillogenesis [16]. ApoE4 also binds Aβ with lower affinity which also contribute to a slower 
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clearance of amyloid from the brain [20]. ApoE isoforms differentially regulate cholesterol 

levels and cholesterol is a component for axonal growth, synaptic formation and 

remodelling; level of lipids and in particular cholesterol have been shown to modulate γ-

secretase activity and therefore Aβ production [21]. ApoE can also modulate the activation 

state of microglia from pro-inflammatory to anti-inflammatory state and the polymorphism 

ɛ4 seems to enhance the pro-inflammatory status of microglia cells, increasing the neuronal 

stress condition [22]. 

Other genetic factors that contribute to the development of LOAD have been 

identified by genome-wide association studies (GWAS). These genes can be divided into 

those related to cholesterol, inflammation or membrane trafficking processes [8]. Regarding 

the cholesterol pathways, some of the genes involved code for Clusterin (CLU, an 

apolipoprotein) and ABCA7 (involved in the transport of high-density lipoprotein 

cholesterol). The genes involved in the immune response are CR1 (also known as C3b/C4b 

receptor or CD35, and involved in immune regulation), CD33 (which is important for cell-cell 

contact and endocytosis) and TREM2 (which is expressed by microglia cells and macrophages  

and involved in down-regulation of inflammatory process). Some of the genes important in 

trafficking are: BIN1 (implicated in synaptic vesicles), PICALM (involved in clathrin-mediated 

endocytosis) and SORL1 (important for the trafficking of APP in the intracellular space) [12]. 

From this, we can see that AD is a multifactorial and complex neurodegenerative disease 

with strong genetic components or risk factors but regardless of this, both EOAD and LOAD 

share common symptoms and pathological features that are used to characterise and 

diagnose AD. 

1.2 Symptoms and biomarkers for Alzheimer’s disease 

In AD, the most prominent cognitive symptom is the episodic memory impairment 

but semantic and working memory are also affected in the disease [23]. Visuospatial, 

language alterations and inability to make executive functions ultimately lead to the 

incapacity of carrying an independent life. It has however been noted that memory 

alterations are slightly different between EOAD and LOAD. Studies have showed that LOAD 

patients have mainly a prominent alteration in semantic memory while in EOAD working 

memory and visuo-constructional skills are the most affected [23]. Brain atrophy is also 

differently affected in LOAD and EOAD. EOAD is characterised by a prominent atrophy in the 
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posterior cingulate cortex, inferior parietal lobule, and ventrocaudal and lateral temporal 

cortex, with a small degree of dorsolateral prefrontal cortical involvement while the 

hippocampus and the temporal lobe seem quite spared. On the other hand, LOAD patients 

have prominent atrophy of the hippocampus and anterior temporal cortex and additional 

atrophy in ventrocaudal and lateral temporal cortex, posterior cingulate cortex, inferior 

parietal and dorsolateral prefrontal cortices [24]. Patients with AD also develop behavioural 

alterations such as hallucinations, delusion, depression, euphoria, agitation, aggression, 

abnormal vocalization, wandering, over-activity, sexual disinhibition, sleep disturbances and 

apathy [25]. The pathogenic process of AD are thought to start decades before the onset of 

the disease; the preclinical stage and the Mild Cognitive Impairment (MCI) are characterised 

by the development of symptoms but in which patients do not yet fulfil the criteria for 

dementia [26] (Figure 2). 

Different biomarkers can be used to diagnose AD; increased level of tau and 

phosphorylated tau and lower concentration of amyloid beta 1-42 (Aβ42) in CSF are 

considered relevant biomarkers to diagnose the pathology and changes of these biomarkers 

are used to evaluate the conversion of MCI to AD [27]. In addition to the analysis of CSF, 

neuroimaging studies can be used to detect brain changes and disease progression. The 

main neuroimaging markers are brain atrophy as measured by magnetic resonance imaging 

(MRI), reduction in 2-[18F]-fluoro-2-deoxy-d-glucose ([18F]FDG) uptake and increase in Aβ 

load with tracers such as [11C]-labelled Pittsburgh Compound B (PiB) measured by positron 

emission tomography (PET) [28]. 
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Figure 2: Diagram showing different brain alterations during the progression of AD. 
Hallmarks, amyloid and Tau, are present before the start of the memory impairments so 
that the cognitive symptoms (green curve) appear only later on when the brain has been 
already compromised [29]. 

1.3 Alzheimer’s disease theories and mechanisms 

The β-amyloid peptide has been considered the main molecule that leads AD 

physiopathology since its discovery in 1984. In 1992, Hardy and Higgins described for the 

first time the amyloid hypothesis, called the βaptist doctrine, in which the accumulation of 

Aβ peptide is the central event of Alzheimer’s [30]. This theory is based on the fact that Aβ 

can trigger different neurotoxic events such as mitochondria dysfunction, increased 

oxidative stress, neuroinflammation and these alteration can lead to decrease in 

neuroplasticity and neurogenesis, hyperphosphorylation of Tau protein and neuronal death 

[31]. The evidence supporting the βaptist doctrine are based on in-vivo and in-vitro studies 

such as the discovery of APP and presenilin mutations that lead to EOAD,  the predisposition 
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of subjects with Down syndrome to develop of AD (Figure 3) and also the generation of a 

variety animal models that have mutation in APP and/or γ-secretase complex and these 

animals are characterised by substantial deposits of amyloid in their brains and show modest 

cognitive symptoms [30]. Much evidences have demonstrated the flaws of this theory; 

indeed studies in human based on the removal of amyloid plaques by using anti-amyloid 

antibodies have shown only a reduction in plaque burdens but the cognitive decline was still 

present and continued to worsen [32]. Aβ plaques have been found also in normal aging 

without developing AD in life [33]. Another piece of evidence against this doctrine is that the 

memory impairment may correlate more with NFT than Aβ deposition [34]. Taken together 

these data have assumed that Aβ remains a central part of pathophysiology of AD but may 

not be the central factor causing AD [35]. 

 
Figure 3: Amyloid hypothesis. The amyloid hypothesis is based on the assumption that the 
Aβ aggregation promotes a cascades of events starting with synaptic dysfunction and 
neuroinflammation, then NFT that leads at neuronal death [36]. 
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The other hypothesis trying to explain the molecular pathogenesis of AD is the Tau 

and tangle hypothesis, called the Tauist doctrine, that gives at the formation of NFT the 

primary as cause pathogenesis of AD due to hyper phosphorylation of Tau protein. The Tau 

and tangles hypothesis is quite recent compared to the amyloid doctrine. It had received 

more attention following the failure of treatment against amyloid deposition. The Tauist 

doctrine has been supported by the fact that tangle formation happens with increased 

phosphorylation and aggregation of Tau protein in brain areas that are crucial for memory 

processes, and the formation of NFT causes neuronal death [37]. The distribution of NFT in 

brain correlates better with cognitive impairment than amyloid deposition [38] and 

hyperphosphorylated Tau can be found in brain of demented patients at the early stage 

without Aβ deposition [31]. Tau has gained much more attention in these years and new 

clinical trials are focusing on preventing or reverting Tau aggregation. 

Amyloid and tangles appear to be related, with the amyloid pathology appearing able 

to exacerbate Tau effects in memory impairment [37]. Development of new biomarkers are 

needed to better understand how AD pathology is initiated and potentially find a common 

factor able to resolve the gaps present in both theories. New theories are being raised with 

the aim to include and expand the amyloid and Tau doctrines, for example, the 

inflammatory hypothesis [39]. Since 1990 several studies have demonstrate that the use of 

anti-inflammatory treatments had also protective effects against AD [40]. Studies have 

demonstrated that neuroinflammation promotes APP production, Aβ deposition and Tau 

hyperphosphorylation. Neuroinflammation is now considered as a central mechanism that 

must be studied to better understand AD pathology [39]. 

1.3.1 The APP protein 

One of the main hallmarks of AD is the accumulation and aggregation of amyloid β-

peptides, ultimately forming Aβ plaques (Figure 4). The accumulation of amyloid plaques in 

AD is less predictable than the NFT and three stages can be detected during the amyloid 

accumulation. During the first stage there is the involvement of isocortical regions then at 

the second stage allocortical or limbic structures and the last stage is characterised by the 

deposition in subcortical regions [41].  β-amyloid accumulation is also founded in Down’s 

syndrome, head injury and in some healthy individuals [42]. Extracellular aggregates of 

amyloid-β peptides are generated by the cleavage of the large transmembrane protein 
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amyloid-β protein precursor (APP) [43]. These aggregates are found in the brain parenchyma 

but also in the walls of cerebral and meningeal blood vessels [44]. The APP protein is 

ubiquitously expressed in several types of cells. It is a transmembrane protein type I 

characterised by a large extracellular amino-terminus domain, a single transmembrane 

segment and a short cytoplasmic carboxyl terminus region [45, 46]. In non-pathological 

condition, the APP protein seems to be involved in neurite outgrowth and synaptogenesis, 

neuronal protein trafficking through the axon, signal transduction, cellular adhesion and 

calcium metabolism [47]. The APP protein is a member of a related family of proteins: the 

amyloid precursor-like proteins (APLP1 and APLP2) [48] but only the APP contains the Aβ 

sequence [49]. The gene encoding for the APP protein is located on chromosome 21 and 

alternative slicing of APP gene produces different APP isoforms [45] varying in size from 695 

to 770 amino acids [50]. The most expressed isoforms are APP695 mainly in CNS by neurons, 

APP751 and 770 containing the Kunitz serine protease inhibitor domain (KPI), expressed 

ubiquitously [48] and by astrocytes and microglia in the brain [51]. 

1.3.1.1 The APP protein processing, aggregation and trafficking 

The APP protein is synthetized in the endoplasmic reticulum (ER), transported by the 

Golgi apparatus to the trans-Golgi-network (TGN) and then to the plasma membrane (PM) 

by the TGN vesicles. APP can be cleaved at the PM or re-internalized via 

endosomal/lysosomal degradation pathway [47]. After synthesis, the APP protein undergoes 

different modifications such as O- and N-glycosylation, phosphorylation and sulphonation at 

tyrosine motifs in the Golgi apparatus and only a small amount of APP reaches the PM, most 

of it remains in the Golgi and TGN [52]. The APP protein can be cut by two different 

pathways: the non-amyloidogenic pathway by the action of α- and γ-secretases and the 

amyloidogenic-pathway through processing by β- and γ-secretase. In the amyloidogenic 

pathway, two different forms of Aβ are produced: Aβ40 and Aβ42. Aβ42 is able to aggregate 

more rapidly than Aβ40 and it is the most abundant form found in amyloid plaques. Most of 

Aβ is secreted out the cells but different intracellular compartments are involved in the 

production of pathological amyloid: the Golgi apparatus, the endosomal/lysosomal system 

and the ER [53]; Aβ can also be re-internalized by cells to be degraded [47]. Aβ plaques 

formation is characterised by the acquisition of a folded state β-sheet. Folded monomers 

associate each other thought hydrophobic and hydrogen interactions forming protofibrils 
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that are self-assembled and that are able to form long fibrillar aggregates [54]. The fibrils 

formation have oligomers as intermediate state and oligomers are particularly important 

because they are more toxic than the mature fibrils; the oligomers concentration is 

positively correlated with the neuropathology [55]. Oligomers are also responsible of 

synaptic dysfunction, due to the ability to bind some glutamate and cholinergic receptors 

such as NMDA, mGluR5, α7-nicotinic a receptor, that are essential in the acquisition of 

memory [56]. 

Amyloid can also bind directly to membranes through two types of interaction: 

insertion in membrane with formation of pore-like structures and binding at the surface 

membrane. The insertion in the membrane causes the formation of channels that changes 

the homeostasis and promotes the activation of apoptotic pathways and therefore cellular 

death [57, 58]. Binding at the membrane surface promotes amyloidogenesis and different 

membrane elements can influence this process: peptide composition, charge, fluidity and 

hydrophobic of the membrane [57].  

1.3.1.2 α-secretase processing 

α-secretase is involved in the non-amyloidogenic pathway which is predominant in 

the healthy brain [59]. The α-secretase is a zinc metalloproteinase and different 

metalloproteinases are part of the α-secretase constitutively: in particular ADAM9, ADAM10 

and ADAM17 which are part of the ADAM (A Disintegrin And Metalloprotease) family [60]. 

ADAM 10 seems to be the most essential constitutive part of α-secretase in neurons [61]. α-

secretase can cut the APP protein in two different ways: constitutively or regulated [62]. The 

regulated cleavage occurs mainly in the Golgi apparatus under the control of protein kinase 

C (PKC) and the constitutive at the plasma membrane [63]. The α-secretase cleavage starts 

at the Lys16 and Leu17 in the Aβ domain; after the first cut a large soluble ectodomain called 

sAPPα is released, which has an important role in regulation of synaptic plasticity and 

protection against excitotoxicity [47]. The C-terminal membrane bound fragment (CTFα) 

becomes the substrate for the γ-secretase activity which leads to the production of the small 

extracellular peptide P3 and a cytosolic APP intracellular domain (AICD), which has different 

roles in transcription and as adapter proteins [49] (Figure 4). 
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Figure 4: The amyloidogenic and non-amyloidogenic pathways of APP. The non-
amyloidogenic pathway is characterised by the α-secretase cut that generates the sAPP-α 
and C83 fragment. β-secretase cleavage promotes the amyloidogenic pathway and the 
production of sAPP-β and the fragment C99. C99 and C83 are then cleaved by γ-secretase 
producing ACID and p3 fragments (non-amyloidogenic pathway) (not shown in figure) and 
ACID and Aβ peptide (amyloidogenic pathway). The amyloid peptide can aggregate and 
forms oligomers and senile plaques [64]. 
 

1.3.1.3 β-secretase processing 

β-secretase is a transmembrane aspartyl protease of 501 amino acids, expressed in 

neurons. It is modified by glycosylation, phosphorylation, and palmitoylation after 

translation and is transported to the PM, internalised via the di-leucine motif at the C-

terminus by endosomes or Trans-Golgi Network (TGN) [65]. BACE1 and his homologous 

BACE 2 differ in tissue expression, BACE1 is widely expressed in brain tissue whereas BACE-2 

is abundant in peripheral tissues [66]. β-secretase is mainly found in endosomes, lysosome 

and Golgi complex in soma, dendrites and axons [65] which have an acidic environment 

essential for β-secretase optimal activity [61]. β-secretase is also found at the cellular surface 

[67] in a specific zone called lipid raft [65] which is a membrane domain rich in cholesterol 

and glycosphingolipids. The β-secretase cleaves the APP protein at the N-terminus of Aβ 

about 16 residues down to the α-secretase domain between methionine 671 and aspartic 

acid 672. This results in the production of a small extracellular fragment called sAPPβ and 

the formation of a large membrane C-terminus domain called C99 [68]. The C99 fragment, 

characterised by the complete Aβ attached domain, is then cleaved by a membrane complex 
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of γ-secretase (Figure 4). The trim by γ-secretase at the trans membrane domain causes the 

release of Aβ and the intracellular APP domain (AICD) able to translocate in the nucleus and 

induce the transcription of various genes such as APP, BACE1, the Aβ-degrading protease 

neprilysin (NEP) and the glycogen-synthase-kinase3 (GSK-3), known to be responsible of tau 

hyper phosphorylation. This also triggers the expression of several enzymes involved in lipid 

metabolism [69], such as dihydroxyacetonephosphate-synthase (AGPS), which regulates the 

expression of lipids in brain, and serine-palmitoyl transferase (SPT) which regulates the de 

novo synthesis of sphingolipid [69, 70]. Due to the multiple γ-secretase cutting domains, Aβ 

can vary in length [69]. The activity of BACE1 is fully related to the cellular localization; for 

example, the retention of BACE1 in the ER with a neutral pH reduces its activity; proteins 

such as reticulon/Nogo are able to bind BACE1 and increase its retention in the ER 

compartment. Instead Golgi-localized γ-ear-containing ARF-binding (GGA) proteins are able 

to interact with BACE1 and regulate its tracking between late Golgi and endosomes. In AD 

patients, GGA3 seems to be reduced, this protein seems to be important to regulate the 

BACE1 localization in early endosome but also, when reduced, it blocks BACE1 degradation 

in lysosomes [71]. BACE1 has different substrates other than the APP protein, such as Golgi-

localized membrane-bound α2,6-sialyltransferase, P-selectin glycoprotein ligand-1 (PSLG-1), 

the APP homolog proteins APLP1 and APLP2, low-density lipoprotein receptor-related 

protein (LRP), the voltage-gated sodium channel β2 subunit (Navβ2), neuregulin-1 (NRG1), 

and neuregulin-3 (NRG3) [71]. The knowledge of other substrates is essential for the 

development of new therapies because the inhibition of BACE1 could potentially be 

beneficial in AD while increasing the undesirable effects due to the BACE1 activity on other 

substrates. 

1.3.1.4 γ-secretase cleavage 

γ-secretase is a multiple protease complex able to cut membrane proteins defined as 

type I single pass transmembrane, meaning able to span through the membrane only once. 

The γ-secretase complex has different subunits: presenilin (PS), nicastrin, anterior pharynx-

defective 1 and presenilin enhancer 2. The catalytic parts of the secretase are the presenilin 

sites while the others regions are involved mainly in the maturation and stability of the γ-

secretase complex [72]. Different sites of APP, separated by three amino acids, are cut by γ-

secretase: ε, γ and δ [73]. In the amyloidogenic pathway APP is cleaved by BACE1 first, 
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producing an N-terminal β-APP and a C-terminus fragment C99. C99 is then cut by the 

presenilin complex that induces the production of different size of Aβ released into the 

extracellular space and the AICD domain into the cytosol. The first cleavage by the presenilin 

complex is at the residue 49 relative to the BACE1 cut site, called ε-site, then at the residue 

46 of the δ-site and at the end at residue 40 of the γ site. Other cuts can occur, producing 

cut at Aβ48 (ε site), Aβ45 (δ site) and Aβ42 (γ site) [74]. The Aβ42 fragment is more toxic 

than the Aβ40 one. The γ-secretase complex has also other substrates and one of them is 

Notch, which becomes activated post-cleavage. Notch is a proto-oncogene and tumour 

suppressor in some cancer types. Notch after its cleavage is involved in cell survival and 

differentiation but its most important role is the ability to induce the differentiation of 

neuronal stem cells into adult neurons, this has been shown to play an important role during 

the improvement of spatial memory [75]. Other substrates are DCC receptors (Netrin 

receptor), involved in the axon guidance of neuronal growth, and ephrinB and its receptor 

which are both important in synaptogenesis and spine maturation [75]. 

1.3.2 Tau 

The modification of Tau is another hallmark in AD. Neurons morphology is 

characterised by dendrites and axons and is essential for optimal cellular functions. 

Rearrangements of cytoskeleton proteins are involved in the maintenance of the correct cell 

shape. The cytoskeleton is composed mainly by microtubules, microfilaments, and 

intermediate filaments [76]. Tau is a microtubule-associated protein, involved in the 

dynamic of microtubule assembly along with axonal transport of proteins, vesicles and 

organelles [77]. The Tau gene is localised on the chromosome 17 and the gene is 

characterised by 16 exons and after nuclear transcription of the mRNA, different splicing 

processes induce the production of six isoforms of Tau protein that differ by the number of 

exons. The constitutive exons are the 1, 4, 5, 7, 9, 11, 12, and 13 and the alternatives spliced 

are the exons 2, 3 and 10 (Figure 5). The six isoforms differ in their C-terminal region that 

can have three or four binding domains (R); the number of R repetitions determine the 

strength of the binding to microtubules; the N-terminal region is essential for signal 

transduction because it interacts with molecules involved in synaptic signalling, energy 

metabolism, and cytoskeletal function [78]. 
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Figure 5: Tau isoforms in human brain. Different splicing of exons 2, 3 and 10 induce the 
production of six isoforms that differ for the C-terminal regions and the N-terminal region 
and therefore changing of microtubles R domain at C-terminal and the binding at neural 
plasma N domain at the N-terminal. Exons 4A, 6 nad 8 are not transcribed in brain [78]. 

The Tau protein is subjected to different modifications such as: phosphorylation, 

glycosylation, ubiquitination, de-amidation, oxidation, nitration, cross-linking, or glycation 

[76], and normal level of phosphorylation is essential to regulate the microtubules binding 

and their assembly [79]. The three amino acids involved in the phosphorylation processes 

are serine, threonine and tyrosine and there are about 85 putative sites for phosphorylation 

[80]. Phosphorylation processes are regulated by different kinases and phosphatases. 

Kinases are involved in the induction of phosphorylation and they are divided in three 

classes: proline directed protein kinases (PDPKs), protein kinases non-PDPKs and protein 

kinases acting on tyrosine sites. The main protein kinases involved in the 

hyperphosphorylation of Tau in AD are GSK3β, cyclin-dependent protein kinase 5 (CDK5), 

cAMP-dependent protein kinase (PKA), MAPKs, casein kinase 1 (CK1) and DYRK1A [80]. 

GSK3β plays a central role in AD, it is expressed abundantly in brain and it is able to 

phosphorylate tau in unprimed and primed sites; a primed site is defined when a residue of 

serine or threonine is placed four amino acids at the C-terminal before the target Ser/Thr 

site, is phosphorylated first [81]. GSK3β is involved in different roles such as glycogen 

metabolism, gene transcription, apoptosis and microtubules stability [82]. The activity of 

GSK3β is regulated by the phosphorylation processes mainly on tyrosine 216 that induces 

increase in its activity and serine 9 that promotes the inhibition of GSK3β [83]. The activity of 

GSK3β is regulated by growth factors, such as insulin and also by proteins that are part of the 

mitogen-activated protein kinase (MAPK) signalling [82]. An hyperphosphorylation of Tau 
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can also be due to an alteration in protein phosphatases function, that are unable to 

maintain the right level of Tau phosphorylation. Different types of protein phosphatases 

have been reported to be reduced in AD such as protein phosphatase PP2A , PP5 [80]. 

There are also other modifications that can promote the acquisition of pathological 

form of Tau. Glycosylation is the attachment of sugar on specific residues and the 

glycosylation process reduce Tau phosphorylation by PKA, CDK5 and GSK3β. Glycation is a 

non-enzymatic glycosylation; the glycation causes the accumulation of Tau in cells and the 

over-production of free radical and oxidation process, therefore contributing to stop Tau 

degradation and causing neuronal death. The prolyl-isomerization, a rearrangement of 

disulfide bonds that promote a conformational change, also contribute to Tau pathology 

[80]. The truncation of Tau also occurs in AD patients reducing its ability to bind to and 

stabilize microtubules. The truncation promotes the acquisition of specific tangle-associated 

conformations, self-assembling into filaments, and inducing apoptosis [84]. The nitration of 

Tau consists in the addition of nitrogen dioxide on tyrosine residues which facilitates Tau 

aggregation [80]. 

In pathological conditions, Tau aggregates in the cytosol and then is released either 

freely or inside vesicles by cells even when there is no cellular death [85]. Extracellular low 

molecular weight Tau oligomers and short fibrils, but not monomers or long fibrils, can be 

internalised by neurons and promote tauopathies [86]. During the formation of NFT, altered 

Tau unable to bind microtubules, aggregate forming first low molecular weight oligomers 

(dimers and trimers) and then fibrils. Fibrils are the main structures involved in the 

formation of aggregates such as paired-helical filaments (PHF) that upon assembling form 

NFTs [80, 86]. The progression in the formation of NFTs is predictable and the spreading of 

NFTs can be divided in 6 different stages according to the cerebral areas that are involved in 

AD. During stage I, the trans-entorhinal cortex is involved, then, in stage II, the entorhinal 

cortex proper and the CA1 hippocampal region. The stage III is characterised by the 

accumulation of NFT in limbic system, in stage IV in amygdala, thalamus and claustrum. The 

last two stages, V and VI, are characterized by NFT in the isocortical areas (isocortical stage), 

with the associative areas being affected prior and more severely than the primary sensory, 

motor and visual areas [41]. 
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1.3.3 Alterations in neurotransmission system  

Changes in acetylcholine neurons and synapses in the cerebral cortex and 

hippocampus are the main alterations in neurotransmission in AD. In brain there are two 

main innervating acetylcholine pathways originating from the brainstem and the 

magnocellular basal forebrain-cholinergic systems [87]. The cholinergic system undergoes 

degenerative changes that have been related to the progression of memory deficits with 

aging (Figure 6). In AD, the nucleus basalis of Meynert, which provides the major cholinergic 

input to the neocortex [88], is affected by a profound loss of neurons, whereas in normal 

aging the cholinergic system undergoes mainly alterations of dendrites, synapses and axons 

with much less cellular loss [89].  

 
Figure 6: Representation of the main central cholinergic pathways in healthy brain (A) and 
AD brain (B). Blue arrows are the normal pathway and red arrows the degenerated 
pathways in Alzheimer’s disease. Brain regions CC: corpus callosum; CB: cerebellum; C: 
cortex; H: hippocampus; Th: thalamus; OB: olfactory bulb; OT: olfactory tract; A: 
amygdala. Ch1: medial septum; Ch2: ascending diagonal band of Broca; Ch3: horizontal 
limb diagonal band of Broca, Ch4: nucleus basalis of Meynert; Ch5: peduncolo-pontine 
nucleus ; Ch6: dorsolateral tegmental nucleus. IV: 4th ventricle. The cholinergic system not 
involved in neurodegeneration is not shown in this picture [90]. 

Acetylcholine is an essential neurotransmitter which is involved in different functions 

such as learning and memory but also stress response, wakefulness and sleep, and sensory 

information processing [91]. Synthesis of acetylcholine (ACh) requires Acetyl Coenzyme A 

(AcetylCoA) generated during the glycolysis by the metabolism of glucose in mitochondria; 

therefore cholinergic cells seems to be more susceptible to glucose levels [89]. As shown in 

Figure 7, the synthesis of ACh starts in cytoplasm with the enzyme choline acetyltransferase 

(ChAT). The transport in synapses is operated by the vesicular acetylcholine transporter 

(VAChT). After depolarization of cholinergic neurons there is the release of ACh which can 

activate two different types of receptors: muscarinic which are G protein coupled receptors 

https://www-sciencedirect-com.manchester.idm.oclc.org/topics/neuroscience/diagonal-band-of-broca
https://www-sciencedirect-com.manchester.idm.oclc.org/topics/neuroscience/nucleus-basalis-of-meynert
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and nicotinic which are ion gated receptor channels. The nicotinic receptors are composed 

by α, β, δ and γ (foetal) or ε (adult) subunits and different combinations of them form 

different subtypes of these receptors [92]. They are characterized by their permeability to 

different ions such as K+, Na+ and Ca2+. The nicotinic receptors in CNS have a high 

permeability for Ca2+. Activation of these receptors provokes the release of different 

neurotransmitters such as glutamate, GABA, dopamine, serotonin, norepinephrine, as well 

as acetylcholine. Five types of muscarinic receptors are present and are coupled to different 

G-proteins. M1, M3, and M5 bind Gαq and M2 and M4 bind Gαi. These G-proteins have 

different pathways, in particular Gαq which facilitates the excitability, whereas Gαi decreases 

cell excitability [91]. 

 α7nAchR has been found to be implicated with AD; indeed it is highly expressed in 

the cholinergic target areas affected in AD [93]. Aβ42 is able to interact with the nicotinic 

receptor and activate the MAPK pathway and the downstream cAMP-regulatory element 

binding (CREB) protein that are both important for memory formation [94]. The prolonged 

exposure activation could lead to a deregulation of α7, ERK MAPK, and CREB and learning 

and memory impairments [95]. Aβ42 seems also able to promote the Tau phosphorylation via 

α7nAchR [96] through the MAPK pathway [97]. Another nicotinic receptor is the α4β2 

subtype. This receptor plays an important role in cognitive functions such as attention, 

learning and memory. PET studies showed a relatively reduced availability of α4β2 nAChRs in 

mild AD patients compared with healthy controls in basal forebrain and fronto-temporo-

parietal cortices [98]. 

ACh is catabolised into choline and acetate by the acetylcholinesterase (AChE); the 

choline is then re-up-taken from an active transport system, the high-affinity sodium-

dependent HC-3-sensitive choline transporter (CH1), expressed on neurons in early 

endosomes and synaptic vesicles [91]. Autopsy brain samples of patients with AD showed a 

significantly reduced activity of choline acetyltransferase in the temporal lobe [99] and a 

comparison between no cognitive impairment, mild cognitive impairment, and early-stage 

Alzheimer’s disease showed that the  choline acetyltransferase is preserved during the early 

stages of AD [100]. 
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Figure 7: Acetylcholine synthesis and degradation. Acetylcholine (ACh) is synthesized in 
neurons from choline and acetyl-coenzyme A by the enzyme acetyltransferase. ACh is then 
packed in synaptic vesicles and released into the synaptic cleft where it binds muscarinic 
and nicotinic receptors. Released Ach is degraded into choline and acetate by the enzyme 
acetylcholinesterase (AChE) and choline is recycled back into neurons [91]. 

Beside alterations of the cholinergic system, alteration in other neurotransmitters, 

notably glutamate, GABA and dopamine, have also been observed in AD. Glutamate is the 

most abundant excitatory neurotransmitter in CNS, mainly involved in synaptic plasticity and 

therefore in memory formation processes. Glutamate is produced trough different 

metabolic pathways [101]. Upon release, glutamate binds to two types of receptors: 

ionotropic and G‐protein‐coupled metabotropic receptors. Ionotropic receptors are 

permeable to different ions, Ca2+ ions for the N‐methyl‐d‐aspartate receptors (NMDAR) and 

Na+ and K+ ions for the α‐amino‐3‐hydroxyl‐5‐methyl‐4‐isoxazole‐propionate (AMPA) 

receptors. There are eight subtypes of metabotropic receptors and they can be grouped in 

three families, mGluRI, mGluRII and mGluRIII, based on the sequence homology, G-protein 

coupling, and ligand selectivity [102]. The activation can induces a wide variety of cells 

signalling; in general mGluRII and mGluRIII promote mainly an inhibition of intracellular 

release of Ca2+ and therefore an inhibition of neurotransmitters release whereas activation 

of mGluRI provokes the release of intracellular stores of Ca2+ and increase the NMDAR 

activity [103]. The ionotropic receptors are mainly post-synaptic whereas the metabotropic 
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are present in pre- and post-synaptic space and are present on both neurons and glial cells 

[104]. Glutamate is removed from the synaptic space by glial cells using the excitatory amino 

acids transporters (EAAT). In glial cells, glutamate is converted into glutamine and 

transported back to presynaptic terminals where it is transformed back into glutamate by 

the glutaminase enzyme and goes into vesicles through the vesicular transporters VGLUT1 

and 2 [104]. NMDAR and AMPAR are the main glutamate receptors involved in learning 

processes because their activation promotes long-term potentiation (LTP) and long-term 

depression (LTD), both crucial events in synaptic plasticity. During LTP the strong and 

prolonged release of glutamate causes the activation of AMPARs and a strong depolarization 

which removes Mg2+ that block the NMDAR channel and allows the influx of Ca2+ ions into 

neurons. This strong activation of NMDARs provokes an enhanced synaptic strength. A weak 

activation of NMDARs causes a low increase in post-synaptic Ca2+ and triggers phosphatases 

which instead promote LTD [101] (Figure 8). 

 
Figure 8: LTP and LTD effect on post-synaptic neurons. A weak activation in presynaptic 
neurons induces a moderate calcium influx through NMDA receptors. This event leads the 
activation of phosphatases that dephosphorylate AMPA receptors and induce the receptor 
endocytosis. A strong activation causes a strong depolarization that is able to trig LTP and 
activate the CaMKII, receptor phosphorylation, and exocytosis [105]. 

NMDAR are also important because they are able to activate expression of survival 

genes by activating Ca2+-dependent transcription factors such as cyclic-AMP response 

element binding protein (CREB) and suppresses caspases and apoptotic pathway [101]. 

Pathological level of Ca2+ influx can cause excitotoxicity processes that lead to synapses loss 

and neuronal death. Therefore, regulation of glutamate availability in synaptic space is 
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essential to neuronal survival. Studies in AD patients have shown a decrease in the 

glutamate transporter capacity and a selective loss of vesicular glutamate transporter 

(VGluT) as well as reduction in EAAT type 1 and 2 in AD. Aβ oligomers are also able to induce 

an aberrant release of glutamate from astrocytes, these alterations in recycling of glutamate 

provokes its accumulation in the extra-synaptic space causing an over-activation of NMDA 

receptors leading to excess of intracellular Ca2+ and synaptic excitotoxicity [106]. In AD there 

is also a strong alteration in glutamate receptors. Aβ can enhance the activity of NMDARs in 

favour of LTD instead of LTP. Aβ promotes an excessive influx of Ca2+ and the activation of 

MAPK signalling pathway and protein phosphatases that promote the AMPAR endocytosis 

and again the promotion of LTD [107]. The internalization of AMPAR can also be modulated 

by GSK3β, an important protein involved in Tau phosphorylation (see §1.3.2). GSK3β appears 

to be essential for LTD. GSK-3β can phosphorylate the synaptic density protein 95 (PSD-95) 

and promote the destabilization of PSD-95 at the dendritic spines, reducing its association 

with the membrane [108]. PSD-95 is essential to determine the synaptic strength by 

controlling the AMPAR trafficking [109]. 

Another neurotransmitter altered in AD is the neurotransmitter γ-aminobutyric acid 

(GABA). GABA is involved in the control of anxiety, pain, anticonvulsive activity, 

cardiovascular regulation and depression [110]. GABA synthesis occurs from glutamate by 

the enzyme glutamic acid decarboxylase (GAD), through an irreversible reaction dependent 

on the availability of the cofactor pyridoxal-5′-phosphate (a vitamer of vitamin B6) [111] and 

then it is transported into vesicles by the vesicular GABA transporter (vGAT). GABA acts on 

three different receptors GABAA, GABAB and GABAC which are divided into ionotropic 

GABAA/C and metabotropic GABAB [111]. The re-uptake of GABA is mainly due to the action 

of transporter proteins GAT present in presynaptic neurons and in glial cells [112]. GABA re-

up-taken by glial cell is converted to succinic semi-aldehyde by GABA transaminase (GABA-T) 

and then converted in glutamine that is transported back to neurons and convert again in 

glutamate [113]. Post-mortem studies have shown a reduction in GABA and GAD activity in 

cortical regions of AD patients [114]. GABAergic terminals have been shown to be 

diminished in both AD patients and APP/PS1 transgenic mice by immunocytochemistry, 

mainly on cortical neurons adjacent to amyloid plaques [115]. Post-mortem IHC study on AD 

shows an up-regulation of α1 and γ subunits of GABAA receptors [115]. 
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The serotoninergic system plays also a fundamental role in memory acquisition and 

therefore a perturbation of it has been implicated in memory decline in AD. Serotonin (5-

hydroxytryptamine, 5-HT) is synthetized in the raphe nuclei (brainstem) that has many 

afferent and efferent projections through the brain [116]. There are seven type of receptors 

(5-HT1 to 5-HT7) with each having different subtypes; most of them are coupled with G 

proteins and one is an ion channel, 5-HT3 [116]. The main 5-HT receptors involved in learning 

are: 5-HT1A, 5-HT2A, 5-HT3, 5-HT4, 5-HT6 [117]. Studies have shown that the inhibition of 5-

HT1A promotes the activation of molecular cascades involved in memory formation and 

positive effects on memory seem to happen when the 5-HT3 receptors are inhibited; the 

inhibition promotes the enhancement of LTP induction, memory retention and spatial 

memory in normal rats. Conversely, activation 5-HT2A receptor seems to be able to enhance 

the memory consolidation and this role seem to be due to the ability to enhance the release 

of other neurotransmitters such as ACh and glutamate. [117]. In-vivo and in-vitro studies 

have shown that 5-HT4 receptor agonists promote the release of  sAPPα fragment; therefore 

this receptor seems to be able to promote the non–amyloidogenic pathway of APP [118, 

119]. The receptor 5-HT6 has a very restricted expression in brain; studies on rat brain have 

shown that 5-HT6 receptor is localised in the striatal, hippocampal and cortical areas of the 

brain, brain areas closely associated with memory and learning. Even if this receptor 

function seems to be strictly related to pro-cognitive effects, the exact role in AD upon 

activation or inhibition is still not very well established [120]. 

Dopamine (DA) is well known to be the neurotransmitter affected the most in 

Parkinson disease, but it has also be shown to be altered in AD [121]. Dopamine neurons are 

localized in retrorubral field, the substantia nigra pars compacta and the Ventral Tegmental 

Area (VTA); each area containing dopamine neurons interacts with different brain regions, 

specifically substantia nigra pars compacta targets the medium spiny projection neurons of 

the caudate and putamen nuclei and Ventral Tegmental Area targets the hippocampus, 

cerebral cortex and the nucleus accumbens [122]. DA plays an important role in control of 

locomotion, learning, working memory, cognition, and emotion. There are five types of DA 

receptors and they can be classified in D1-like and D2-like and are associated to G proteins. 

D1 receptor activation increases cyclic adenosine monophosphate (cAMP) concentration and 

D2 decreases it [123]. The ventral tegmental area is connected with the hippocampus, the 

main brain structure involved in memory, and the release of DA on hippocampus promotes 
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the synaptic plasticity and the long term memory [124]. The VTA is also connected with 

nucleus accumbens and cerebral cortex and it modulates the motivation and reward circuits 

in brain [125]. Based on these observations, a strong correlation of AD and DA dysfunction 

was hypothesised. Studies on human AD brains have shown that DA level are significantly 

reduced in AD [126] and a decrease in DA receptors is also related to AD [127] and the 

severity of cognitive dysfunctions [128]. Animal model for AD, mice Tg257 overexpressing 

the APP695, have a degeneration of VTA neurons and a reduction in connection coming 

from this brain regions; the administration of DA precursor is able to restore the impairment 

in food reward processing and dendritic spine density [121]. 

1.3.4 Neuroinflammation 

Neuroinflammation is an important process that occurs during the development of 

AD and localised neuroinflammation occurs already in the early stages of AD. In-vitro and in-

vivo studies have shown an activation of different neuroinflammation pathways induced by 

the accumulation of amyloid and NTF [129]. Astrocytes, microglia cells and cytokines 

regulate neuroinflammation and cell signalling [130]. Chronic neuroinflammation is the main 

characteristic that is present during AD and is characterised by a prolonged activation of 

immune cells which promotes neuronal injury and death due to the production of oxygen 

species (ROS) and nitric oxide (NO). The chronic neuroinflammation is also characterised by 

microglial cells able to phagocyte neurons due to expression of “eat-me” signals such as 

phosphatidylserine or calreticulin, activation of the complement system, activation of 

reactive astrocytes that secrete neurotoxic factors, loss of neurotrophic functions and 

activation of the inflammasome [131]. 

1.3.4.1 Microglial activation in AD 

Microglial cells represent the 5-20% of glial population in brain [132]. The main role 

of microglial cells is to control and eliminate pathogens and cellular debris but they also 

provide factors responsible for supporting neurons and therefore to protect and maintain 

synapses [133]. Microglia cells are characterised by a small soma and a lot of ramified 

processes, in healthy condition the soma remain stable on its location and the processes 

elongate to explore the environment with no overlapping with other microglia processes. In 

pathological condition, activation of different receptors on microglia promotes the 

retraction of processes and their ability to move [134]. Historically microglia cells have been 
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classified in two different phenotypes M1 and M2 that were respectively a pro and anti-

inflammatory state [135]. However recently has been demonstrated that the M1 and M2 

classification is not correct and many microglia subtypes can be detected under disease 

conditions [136]. The classical pro-inflammatory (M1) status is characterised by the release 

of TNFα, interleukin-1, interleukin-6, interleukin-12, and interleukin-18. The classical anti-

inflammatory status (M2) is characterised by the secretion of anti-inflammatory cytokines 

such as interleukin-4, interleukin-10, interleukin-13 and TGFβ [133]. In neurodegenerative 

diseases microglia cells are able to express both neurotoxic and neuroprotective factors and 

they have characteristics that seem to be specific of the disease, therefore the classification 

of the microglia activation status has been refined [136]. The M2 phenotype can be sub 

classified in: M2a alternative activation; type II alternative activation M2b and acquired 

deactivation M2c. Classical activation M1 is due to pro-inflammatory agents such as 

lipopolysaccharide (LPS) and interferon gamma (IFN-γ) [137]. The M1 activation promotes 

the production of reactive oxygen species, pro-inflammatory cytokines that can lead the 

tissue damage. M2a responds to IL-4 or IL-13 and they are mainly involved in phagocytic 

processes and the activation promotes the production of anti-inflammatory cytokines and 

growth factors [137]. M2b is activated by the exposure to immune complexes and agonists 

of Toll-like receptors or IL-1R and M2c by IL-10 and glucocorticoid hormones [138]. Different 

receptors are involved in the activation of microglia cells. CD200 is expressed by neurons, 

oligodendrocytes and astrocytes and is able to bind its receptor (CD200R) on microglial cells 

and their interaction promotes the resting state of microglia. Another essential receptor able 

to regulate the activation state of microglia cells is the G-protein-coupled seven-

transmembrane chemokine receptor CX3CR1, also called fractalkine receptor, that binds the 

ligand CX3CL1 expressed by neurons [134]. There are also receptors that regulate the 

microglia phenotype. CD47 is a transmembrane immunoglobulin family protein expressed 

mainly on synapses and inhibits phagocytic processes after binding to its receptor SIRPα 

expressed on microglia cells [139]. Another important receptors on microglia cells is TREM2 

which binds different molecules such as bacterial lipopolysaccharide, phospholipids, 

lipoproteins (HDL and LDL), and TREM2 ligands expressed on apoptotic neurons [140]. After 

the ligand binding with TREM2 receptor, the adaptor proteins DNAX-activation protein 12 

(DAP12; also known as TYRO protein tyrosine kinase-binding protein) and DAP10, also called 

haematopoietic cell signal transducer, induces the activation of downstream signalling 
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molecules that cause different processes such as new expression of TREM2 on the cellular 

surface, Ca2+ mobilization, cytoskeleton rearrangement, the activation of the mechanistic 

target of rapamycin (mTOR) and of the mitogen-activated protein kinase (MAPK) signalling 

[141]. An up-regulation of TREM2 has also been found in AD [142]. Microglial cells also 

express Toll-like receptors (TLR) that are important to define cellular survival or death. TLR 

are widely expressed on different cellular type in CNS such as neurons, astrocytes, 

oligodendrocytes and microglia and the main role of these receptors is to detect pathogen-

associated molecular patterns to activate pro-inflammatory pathways [135]. Microglia have 

a protective role based on the acute immune response against harmful stimuli such as 

misfolded proteins, if the response do not resolve, the activation of microglia becomes 

chronic reducing the beneficial functions and increasing the pathology [143]. In AD, microglia 

cells are able to bind the Aβ fibrils and oligomers using different receptors: the scavenger 

receptor A1, CD36, CD14, α6β1 integrin, CD47 and toll like receptors (TLR2, TLR4, TLR6 and 

TLR9), all able to promote the pro-inflammatory pathways. In different brain regions of post-

mortem AD patients, toll-like receptors expressed on microglia cells have been founded up-

regulated mainly around senile plaques [135]. The subtype of microglia associated with aging 

process, chronic stress and AD has been described as “dark microglia” as they present a 

condensed, electron‐dense cytoplasm and nucleoplasm, accompanied by cytoplasmic 

shrinkage, Golgi apparatus and endoplasmic reticulum dilation, as well as mitochondrial 

alteration and sign of oxidative stress. They are able to phagocyte dendritic spines, axon 

terminals, and entire synapses, so they seem to be essential in maintaining and remodelling 

of neurons circuits and they are extremely active. Dark microglia express myeloid cell marker 

ionized calcium-binding protein (IBA1) and high level of CD11b, which is a critical component 

of phagocytic receptor CR3 and TREM2 when associate with amyloid plaques. Dark microglia 

are mainly localised close to the vasculature, with processes around the blood vessels they 

are found very close to the amyloid plaques with increased phagocytosis of amyloid β and 

surrounding dystrophic neurites [144].  

1.3.4.2 Astrogliosis in AD 

Astrocytes cells are important in the maintenance of brain integrity and homeostasis. 

They represent 20%–40% of human non-neuronal cells and are essential for tropic and 

metabolic support for neurons [145]. Astrocytes cells are involved in different roles and they 
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provide essential nutritional and growth support to neurons. They also regulate ions and 

neurotransmitters concentration to regulate synaptic activity and are therefore essential in 

synapsis plasticity and synaptic transmission [131]. Astrocytes cells are involved in the 

clearance of amyloid plaques by receptors advanced glycation end products (RAGE) and 

lipoprotein receptor-related protein 1 (LRP1) that control respectively the influx of 

circulating Aβ into the brain and the efflux of brain Aβ into the circulation through blood 

brain barrier (BBB) [146]. Astrocytes cells can be divided in two main subtypes of cells: 

fibrous and protoplasmic. The fibrous astrocytes are mainly present in the white matter and 

possess straight and long processes whereas the protoplasmic astrocytes are localised 

mainly in the grey matter with many short and thick ramification processes [146]. In 

pathological condition, the activation of astrocytes cells induces the release of cytokines 

such as IL-1, IL-6, and TNF-α which promote the neurodegenerative processes [147], release 

of nitric oxide (NO) and reactive oxygen species. This change into a reactive state is called 

astrogliosis and it is characterised by an increase in the expression of their main 

intermediate filament glial fibrillary acidic protein (GFAP), by morphological alterations 

(hypertrophy) and by functional changes such as control over ions in the synaptic cleft, 

uptake of neurotransmitters [148]. Dysfunction of astrocytes activity can lead to alteration in 

clearance of amyloid plaques, metabolic and energy dysfunctions and increase in 

neuroinflammation processes that contribute to the progression of AD. 

1.3.4.3 Chemokines 

As mentioned above, cytokines (interleukins, TNF, etc.) are produced by microglia 

and astrocytes and strongly contribute to the neuroinflammation; another family of 

important molecules involved in inflammation are the chemokines.  Chemokines are 

essential for the recruitment of immune cells into the site of injury. There are four groups of 

chemokines in relation with their protein structure and the number of amino acids that 

separate two cysteine residues: α (CXC), β (CC), γ (CX3C) and δ (C). Chemokines are 

produced by different cellular types: microglia, astrocytes, oligodendrocytes, endothelial 

cells of the brain microvasculature and neurons; also their receptors are expressed in CNS on 

neurons, microglia cells and astrocytes [149]. CXCL8 (previously called IL-8) is produced by 

macrophages and endothelial cells and has been found elevated in AD with amyloid 

seemingly increasing their expression [150]. CCL2 or monocyte chemoattractant protein 1 



50 
 

(MCP-1) is a chemoattractant molecule involved in monocytes migration, CCL2 regulates the 

expression of IL-1 and IL-6 and experiments in the Tg2576 animal model of AD revealed that 

deficiency in CCL2 receptor is correlated with an early deposit of Aβ soluble [151]. CXCL10 

(or IP-10) seems to be involved in neuroprotection and in Tg2576 co-localises with amyloid 

plaques and its expression is increased. CX3CL1 (fractalkine) and its receptor regulate the 

microglia activation and are up-regulated in AD [151]. 

1.3.5 The Blood Brain Barrier 

1.3.5.1 Structure and functions 

The microvasculature in the CNS is characterised by the blood brain barrier which 

controls the passage of molecules and cells into the brain parenchyma. The brain vasculature 

is characterised by continuous non-fenestrated vessels and is essentially responsible for 

protecting the brain from pathogens and toxins. The BBB is also essential in mediating the 

communications between the peripheral immune cells and controlling their possible 

infiltration as well as maintaining the homeostasis of the brain. The BBB is composed of 

endothelial cells, pericytes, the basement membrane and astrocytes end feet [152]. 

Endothelial cells are highly polarised, characterised by a luminal and abluminal compartment 

and in the brain are united by tight junctions (TJs) and adherens junctions (AJs). Different 

proteins are involved in the construction of TJs such as claudins, occludins, and junctional 

adhesion molecules (JAM) while vascular endothelial (VE)-cadherin and N-cadherin are 

specific molecules expressed at the adherens junction [153]. Different transporters and 

metabolic enzymes are expressed by endothelial cells. Transporters such as Glucose 

transporter 1  for glucose and LAT1 systems for large neutral amino acid; receptors such as 

transferrin receptor and ionic pumps that carry Na+, K+, Cl-, Ca2+, and other ions are 

responsible for the transport of their substrates from the blood to the brain while ATP 

pumps such as ABC transporters that carries lipid-soluble molecules, mainly move substrates 

from the brain to the blood [154]. Endothelial cells in BBB are also characterised by a low 

expression of leukocytes adhesion molecules [153]. The basement membrane is mainly 

characterised by molecules that are produced by endothelial cells, astrocytes and pericytes. 

It is composed primarily by collagen IV, laminin, nidogen, perlecan, fibronectin, agrin, 

osteonectin and glycosaminoglycans. The basement membrane has an important role in 

controlling the redistribution of junctional proteins and transporters [153]. Pericytes cover 
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mainly the abluminal surface of micro vessels and are incorporated into the basement 

membrane. They are linked to the endothelial cells by gap junctions and have a contractile 

function that is important to regulate blood flow [155]. Around vessels, astrocytes, beyond 

their roles describes above, are able to modify the TJs and change the expression and 

localization of transporters and enzymes [154]. Astrocytes end-feet are closely applied to the 

microvessels wall and they are enriched in transmembrane dystrophin–dystroglycan 

complex that are essential to create binds and interaction with the agrin, a component of 

the extracellular matrix. The end-feet are also characterised by the high density of 

orthogonal arrays of particles (OAPs); the water channel aquaporin 4 (AQP4) and the Kir4.1 

are part of OAPs. The exact localization of these high density sites on the astrocytes end-feet 

is strongly regulated by the extracellular membrane through agrin; confirming the strong 

relation between endothelium and astrocytes cells [154]. The exchange of water and K+ are 

essentials in the modulation of neuronal activity [153]. They are critical in improving energy 

to neurons by up-taking glucose, metabolising it anaerobically and producing lactate that is 

then transferred to neurons  for their metabolism [156]. The BBB has also the role to 

modulate the infiltration of peripheral immune cells in brain which plays an important role in 

neuroinflammation. During neuroinflammation, perivascular macrophages expressing low 

major histocompatibility complex (MHC) class II become active promoting the recruitment of 

lymphocytes through increased endothelium permeability which helps cellular infiltration 

[153]; the role of circulating immune system cells in AD-related brain damage is still unclear 

even if a migration of immune cells have been observed in AD [157]. 

1.3.5.2 The BBB in AD 

 In AD, the BBB undergoes different changes and alterations. For example, the expression of 

GLUT1 endothelial cells is decreased when compared with age matched controls [158]. In 

AD, there is also a reduction in expression of the Aβ transporters LRP1 which is involved in 

the efflux of amyloid at the BBB, while higher levels of RAGE, which causes an influx of Aβ 

from the blood, have also been shown [159-161]. As described above, higher level of 

inflammatory molecules, such as nitric oxide, pro-inflammatory cytokines, chemokines 

prostaglandins, metalloproteases (MMP) promote disruption of the BBB [162, 163]. The 

basement membrane is also profoundly altered in its compositions with the production of 

MMP causing also degradation of the basement membrane while the number of pericytes 
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seem to be reduced during the developing of the pathology in the cortex and hippocampus 

[164]. An index of BBB breakdown is the micro bleeds (micro haemorrhages) that in AD 

patients has been detected in lobar regions instead of basal ganglia/thalamus and 

infratentorial regions [165] and micro bleeds are strongly associated with amyloid 

depositions detected with [18F]florbetapir PET in MCI and AD [166]. TJ also appear altered in 

their function in subject with AD. Indeed studies in-vitro have shown that the permeability 

increases due to a reduction in the expression of ZO-1, claudin-5 and occluding that are 

component of TJ and the increase in MMP-2 and MMP-9 production [167, 168]. At the 

membrane basement of frontal and temporal cortex, the expression of collagen IV, perlecan 

and fibronectin seem to be increased in subclinical and clinical AD patients [169]. Astrocytes 

end-feet appear to undergo changes in their polarization and a study using the Arc/SweAβ 

animal model of AD has shown that the localization of AQP4 changes. The redistribution of 

AQP4 from end-feet to the non-end-feet membranes and close to the Aβ deposition 

potentially causes astrocyte depolarization and alteration in their functions [170]. 

1.4  Memory deficits in AD 

Memory is defined as an adaptation to the past, the ability to store and maintain 

information over time. There are different types of memories and their classification can be 

done according to the duration (short vs. long term memory) and evaluation of the content, 

(declarative or explicit and procedural or implicit) [171]. In term of formation, the main 

difference between short (STM) and long term memory (LTM) is the mechanisms involved. 

Short term memory is characterised by the post-translation modification of pre-existing 

proteins and has a duration of seconds, whereas the long term memory requires new gene 

expression and protein synthesis and requires minutes to hours to be formed [172]. 

Different neuroanatomical systems are also involved in different forms of learning and 

memory [173] (Figure 9). 
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Figure 9: Brain regions involved in the formation and storage of memory. Memory can be 
devided in two types declarative and non delarative. Declarative memory is the explicit 
long term memory acquired by expiriences. The implicit long term memory, also called 
procedural is acquired by unconscius memories such as skills [173]. 

The hippocampus is a fundamental area of the brain, involved in learning and 

memory. Hippocampus communicates with different brain regions through interconnections 

with the medial temporal lobe. The hippocampus is characterised by a tri-synaptic circuit 

formed by the gyrus dentatus, the cornu ammonis (CA) fields and the subiculum (Figure 10). 

Two pathways coming from the entorhinal cortex, called perforant pathways, send inputs to 

the hippocampus. One input project to the dentate gyrus and CA3 and the second to the CA1 

region and the subiculum [174]. The tri-synaptic excitatory pathway in the hippocampus 

starts from the dentate gyrus and connects to the CA3 pyramidal cells; the CA3 pyramidal 

cells, through the Schaffer collateral projection connect to the CA1 region which then 

projects to the subiculum and the deep layers of entorhinal cortex; from here projections go 

back to the cortical sensory areas that projected originally to the entorhinal cortex [175]. 

Acquisition of memory is mainly due to synaptic changes that need to be stabilized and 

consolidate to be persistent. The main synapses involved are the excitatory and inhibitory 

synapses, namely glutamate and GABAergic synapses which are involved in the long term 

potentiation and long term depolarization necessary to long term synaptic plasticity [176]. 

Action potentials cause the activation of presynaptic cyclic AMP (cAMP)-dependent kinases 

(protein kinase A, PKA, and protein kinase C, PKC) and the activation of those induce the 

release of glutamate. Different neurotransmitters promote the activation of cAMP-

dependent signalling. The release of glutamate induces the activation of its receptors and 
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the influx of Ca2+ in post-synaptic neuronal cells. The high level of intracellular Ca2+ promotes 

cytoskeleton alterations and remodelling of membrane, therefore structural changes in 

synaptic buttons and activation of kinases namely: Ca2+/calmodulin-dependent II, PKA/PKC 

and tyrosine kinase fyn. These processes cause different intracellular changes such as the 

activation of transcription factors cAMP response element binding protein 1 (CREB-1) 

triggering de novo protein synthesis to reinforce synaptic strength [176]. 

 
Figure 10: Hippocampal circuits. Information coming from the entorhinal cortex reach the 
hippocampus through the perforant pathways. The perforant pathway can project directly 
to the CA1 regions or starts the tri-synaptic excitatory pathway. In the tri-synaptic 
excitatory pathway, the gyrus dentatus is excited by the perforant pathway, then the 
gyrus dentatus projects excitatory synapses to the pyramidal cells in the CA3 region 
through the mossy fibre pathway. CA3 project to CA1 through the Schaffer collateral 
pathway and from there the projections go back to the cortical sensory area from which 
the input has started [177]. 

1.5 Protein synthesis 

As mentioned above (see §1.4), in the CNS, appropriate protein synthesis is essential 

to stabilize the formation of long term memory [178]. Memory consolidation and 

reconsolidation require transcription processes. Protein synthesis requires the copy of 

encoded information in the DNA to mRNA. The RNA production involves mainly three steps: 

initiation, elongation and termination. The initiation steps requires the binding of RNA 

polymerase at the promoter region; during the elongation process nucleotides are added to 

the 3’ end and for the termination phase termination sequences are recognised and the RNA 

polymerase is released [179]. RNA polymerases work with transcription factors to produce 

RNA molecules. The main transcription factors activated during memory formation and 

causing synaptic changes are: 

• cAMP response element binding protein (CREB) 
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• CCAAT enhancer binding protein (C/EBP) 

• activating protein 1 (AP-1) 

• early growth response factor (Egc) 

• Rel/Nuclear factor kB (Rel/NF-kB) [179]. 

The first step of translation is the initiation phase. During this step there is formation 

of the 43S pre-initiation complex that is made of ribosome 40S, initiator methionyl-tRNA and 

a GTP bound form of eIF2 and other translation factors. This complex binds the 5' end of the 

mRNA by recognizing the 5' cap which was added in the nucleus. This assembling is 

promoted by eIF3, the poly(A)-binding protein (PABP) and eIF4F. eIF4F is composed of eIF4E, 

eIF4A and eIF4G. eIF4G binds eIF3 and brings the 40S ribosome to the 5’-mRNA. eIF4G binds 

also PABP that promote the circularization of the mRNA. The formation of this complex 

triggers the scan of the mRNA until the recognition of the AUG start codon and form the 48S 

complex. After the match between AUG and the Met-tRNA, the elongation phase begins; it is 

characterized by arresting of the ribosome scanning, hydrolysis of eIF2 by eIF5B and 

formation of the ribosome 80S [180]. The translation processes is highly controlled by the 

regulation of the factor eIF2 and the eIF4E–binding proteins (4E-BPs) target of the rapamycin 

complex 1 (mTORC1). 

1.5.1 eIF2 and the UPR pathway 

The eIF2 factor is a 95 kDa protein and is a member of the G-protein super family, 

therefore able to bind guanosine-triphosphate (GTP) and guanosine-diphosphate (GDP) 

during its activation/inactivation state respectively. The protein eIF2 is composed by three 

subunits α, β and γ and during the translation phase binds GTP and the Met-tRNAi (initiator 

methionyl-tRNA). This activated complex is essential to deliver the t-RNA to the 40S subunits 

ribosome [181]. With the AUG codon and the t-RNA-mRNA matching, the elongation phase 

starts and the eIF2 bound GTP is hydrolysed by the GTPase accelerating protein (GAP) 

activity of eIF5 and a Pi (phosphate) is released. The release of a Pi induces a reduction in 

affinity of the Met-tRNAi for eIF2 and eIF5 are both released and in turn induce the 

formation of a ribosome 80S. The eIF2-GDP is now in its inactive form and the reactivation of 

eIF2 by GTP binding is mediated by the guanine nucleotide exchange factor (GEF) eIF2B 

[182]. The exchange GDP/GTP is controlled by phosphorylation state; the phosphorylation of 
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Serine 51 of the subunit α blocks the GDP/GTP exchange, causing the inability of the factor 

eIF2 to bind eIF2B [183]. 

The phosphorylation of the α subunit is regulated by different kinases that are 

activated by cellular stress conditions. The subunit α of eIF2 can be phosphorylated by 

different kinases that are activated in various stress condition. The general control non-

derepressible 2 (CN2) kinase is able to phosphorylate i) the eIF2α subunit in case of amino 

acid deficiency, ii) PERK (PKR-like endoplasmic reticulum kinase) when there are 

perturbation of endoplasmic reticulum homeostasis (see below), iii) HRI (heme-regulated 

eIF2α kinase inhibitor) when there is heme deprivation in erythroid cells and iv) the protein 

kinase R (PKR) which phosphorylates the α subunits of eIF2 during viral infection [184]. 

These phosphorylation processes are important not only because they control the 

translation of newly synthetized proteins but also because phospho-eIF2 promotes the 

translation of several mRNAs, including the transcriptional modulator activating 

transcription factor 4 (ATF4). ATF4 is a repressor of cyclic-AMP response element binding 

protein (CREB) and therefore reduces synaptic plasticity and memory (see §1.5) [185]. 

Another gene that is translated after phosphorylation of eIF2α is β-secretase [181] which is 

one of the main secretase involved in AD pathophysiology (see §1.3.1 & 1.3.1.3). 
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Figure 11: Attenuation of protein synthesis due to the phosphorylation of α-subunit by 
different kinases. The eukaryotic initiation factor 2 (eIF2) is a ternary complex consisting of 
α, β, and γ subunits. eIF2 can bind the GDP (inactive) and GTP (active), but only the active 
form can bind Met-tRNAi. The active form promotes the delivery of the initiator Met-
tRNAi to the 40S ribosomal subunit and induce the initiation of translation. Stress 
condition can induce the activation of kinases that phosphorylate the α subunit of eIF2  
locking eIF2 in an inactive eIF2 complex with eIF2B [186]. 

Decrease in proteins translation can happen during different cellular stress conditions 

(Figure 12), therefore maintaining cellular homeostasis is essential. The endoplasmic 

reticulum has important roles in many cellular processes; it is important to maintain Ca2+ 

cellular concentration, protein synthesis and transport and apoptotic signals; all these 

mechanisms are altered or involved in AD [52]. ER alteration due to accumulation of 

misfolded pathological proteins or ER stress prevents the normal ER protein maturation and 

promotes the activation of the unfolded protein response (UPR) causing a temporally 

attenuation of protein synthesis [187]. When the UPR pathway fails, affected cells undergo 

dysfunction and cellular death. Normal cells respond to ER stress condition, increasing the 

transcription of ER-resident chaperones such as GRP78/BiP, GRP94 and protein disulfide 

isomerase (PDI) [188]. In the ER, there are three stress sensors: IRE1 (inositol-requiring 

enzyme-1), PKR-like ER kinase (PERK) and activating transcription factor 6 (ATF6). The 

https://www.sciencedirect.com/topics/neuroscience/activating-transcription-factor-6
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dissociation of GRP78 from PERK, ATF6 and IREα triggers the activation of the UPR pathways. 

Short term activation of the UPR pathways leads to restoration whereas prolonged 

perturbation of cellular homeostasis triggers apoptosis [189] (Figure 12). 

 
Figure 12: Activation of UPR pathway during stress condition. Alteration in cellular 
homeostasis promote the activation of three stress ER sensors, PERK, IRE-1 and ATF6. 
Different response can be induced: attenuation of protein synthesis, pro-survival 
mechanisms such as ERAD but the prolonged activity can also promotes the cellular death, 
therefore the apoptotic processes [190]. 

IRE1 exists in two different isoforms α and β. The dissociation of GRP78 from IREα 

promotes its auto phosphorylation and the activation of its RNAse activity [189]. IREα has  

the ability to bind different adaptor proteins that are involved in the activation of 

autophagy, apoptosis and inflammatory processes [52]. Activated IREα promotes the splicing 

of mRNA encoding for the transcription factor Xbox binding protein-1 (XBP1). XBP1 is able to 

regulate different UPR target genes such as genes for chaperones proteins, proteins involved 

in the degradation pathways (ER-associated degradation, ERAD) and phospholipid synthesis 

machinery, all important for the induction of ER membrane expansion during ER stress 

conditions [191]. The ERAD pathway, in which misfolded proteins present in cytosol undergo 
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an ubiquitination process, induces the degradation of protein by the proteasome [192]. The 

ubiquitination process is a post-translation modification that happens in cytosol and 

nucleoplasm; it is an ATP dependent process involving the enzymes E1, E2 and E3. 

Ubiquitination of a protein is a signal to the proteasome for protein degradation. If in the ER 

the protein is not correctly folded, the degradation-enhancing α-mannosidase-like lectins 

(EDEMs) bring the protein to a retrotranslocon, a pore in the ER membrane that promotes 

the exit of the protein to the cytosol, the ubiquitination from E enzymes promotes the 

degradation of the protein by the proteasome [193]. The dissociation of GRP78 from ATF6 

induces its translocation in the Golgi where it is cleaved by two proteases site-1 and site-2. 

The activated ATF6 enhances a proper protein folding via increased production of ER 

chaperones and increased degradation of misfolded proteins [52, 194]. The other stress 

sensor is PERK. PERK is a type I transmembrane ER protein, its activation triggers the 

phosphorylation of the Ser51 of eIF2α. This phosphorylation provokes a temporary inhibition 

of protein synthesis, inactivating the formation of ribosome 80S [191]. The phosphorylation 

of eIF2α subunits promotes the expression of ATF4. ATF4 is a member of the ATF/CREB 

transcription factor family. The expression of ATF4 increases during stress conditions such as 

hypoxia, anoxia, ER stress, oxidative stress, amino acid deprivation and during development 

[195]. ATF4 acts as an activator but also as a repressor of transcription depending on the 

conditions. ATF4 is able to promotes the inhibition of CREB-dependent gene expression 

[181], hence inhibiting the synaptic plasticity and memory consolidation. ATF4 can also 

modulate metabolic and oxidative stress through modulation of different genes involved in 

mitochondrial function, amino acids metabolism and transport. ATF4 also regulates protein 

synthesis attenuation because it promotes the GADD34 transcription which is involved in 

dephosphorisation (=de-inhibition) of eIF2α [196]; ATF4 can also regulate apoptotic 

processes (intrinsic pathway) by the transcription of stimulate genes of CCAAT-enhancer-

binding protein homologous protein (CHOP) [197]. Activation of PERK signalling has been 

shown to induce the activation of GSK-3β, one of the kinases involved in the processes of 

hyperphosphorylation of Tau protein [198] (see §1.3.2). 

1.5.2 mTORC 

mTORC (mechanistic target of rapamycin complex) is a ubiquitously expressed 

protein complexes that belongs to the family of phosphatidylinositol 3-kinase-related kinase 
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(PIKK) [199] and that can be found in 2 form: mTORC1 and mTORC2. mTORC1 is composed of 

various proteins: mTOR, raptor, the mammalian lethal with sec-18 protein 8 (mLSTR8), the 

DEP domain–containing mTOR-interacting protein (Deptor), the Tti1/Tel2 complex and the 

proline-rich Akt substrate 40 kDa (PRAS40). mTORC2 is composed of mTOR, rictor, mLSTR8, 

deptor, Tti1/Tel2 and mammalian stress-activated MAP kinase-interacting protein 1. 

mTORC1 and mTORC2 have different roles; mTORC1 regulates proliferation, mortality, 

survival and protein synthesis; mTORC2 main role is in cytoskeleton assembly [200] (Figure 

13). mTORC1 is activated by different signals such as growth factors, amino acids availability 

and energy cellular level [199]. mTORC1 controls protein synthesis by the phosphorylation of 

eIF4E–binding proteins (4E-BPs) and p70 S6 kinases (S6K1/2) [180]. The 4E-BPs are able to 

bind the factor eIF4E. eIF4E is a subunit of eIF4F translation initiation complex that facilitates 

the binding of mRNA to the ribosomes. A strong phosphorylation by mTORC1 to the 4E-BPs 

proteins promotes the release of the binding proteins 4E-BPs from the factor eIF4E, eIF4E is 

then able to bind other proteins and form the active eIF4F complex for the translation [201]. 

The protein synthesis is also regulated by the phosphorylation of SK6 that is able to 

phosphorylate and activate substrates that promote the initiation of mRNA translation, 

including eIF4B, a cofactor of eIF4A involved in the regulation of the 5’ cap binding eIF4F 

complex [202], and the elongation factor 2 that is responsible for the elongation step [203]. 

mTORC1 has an important role in inhibiting autophagy. Autophagy is a mechanism in which 

macromolecules are trapped in a double membrane and then bound to the auto 

phagosomes. The fusion of auto phagosomes with lysosomes induces the degradation of 

organelle and proteins in cells [204]. mTORC1 also regulates mitochondrial function, not only 

for its role in autophagy but also because mTORC1 regulates the transcription of mRNAs 

coding for nuclear mitochondria proteins and mitochondria ribosomes; most important is 

the regulation of transcription of mitochondria proteins involved in fission processes [205]. 

Fission and fusion of mitochondria are essential processes that restore the mitochondria by 

e elimination or compensation of mitochondria damage. Failure of these processes can lead 

to neuronal death and also activation of apoptotic processes [206]. 



61 
 

 
Figure 13: mTORC signalling in neurons. Different stimuli can promote the activation of 
mTORC1 and mTORC2 such as nutrients, cytokines and hormones. The activation of these 
factors induces different cellular responses. mTORC1 is mainly involved in the regulation of 
protein synthesis, autophagy, lipid metabolism and control of mitochondria; mTORC2 has 
the role to control cytoskeletal functions and cellular proliferation [207]. 

1.6 Apoptosis and organelles involvement 

Prolonged ER stress condition can activate apoptotic processes by activation and 

deactivation of ATF6, PERK and IRE1-α (Figure 14). Apoptosis differs from necrosis as 

necrosis is a toxic cellular death, energy independent and in which the cells are passive 

victims of the process [208] whereas apoptosis is a highly regulated, energy and proteins 

dependent mechanism. Two different pathways are induced in apoptosis: extrinsic (death 

receptor) and intrinsic (mitochondrial). The extrinsic pathway involves the activation of 

receptors, member of the tumour necrosis factor (TNF). TNF receptors are mainly 

characterised by a cytoplasmic death domain and after activation the adaptor FADD 

(associated death domain) is recruited, causing the formation of a death-inducing signalling 

complex (DISC) [208]. Activated DISC leads to the autocatalytic activation of caspase 8, 

caspase 8 activates caspase 3 by cleavage or cleaves BH3-interacting-domain death agonist 

(Bid), a pro-apoptotic Bcl2 family member. The Bid fragment promotes the release of 
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cytochrome-C by mitochondria which activates caspases 9 and 3, inducing DNA 

fragmentation and cell death [209]. 

The intrinsic pathway is regulated by Bcl-2 family members that can be pro- or anti-

apoptotic. They are characterised by at least one to four α-helical BH domains. The anti-

apoptotic members have all four BH domains: Bcl-xL, Bcl-w, Bcl-2, Mcl-1 and A1. The pro-

apoptotic can be divided in two groups based on their BH domains; Bak, Bax and Bok, 

contain BH domains 1–3 while Bim, Bad, Bik, Bid, Bmf, Hrk, Puma and Noxa contain only the 

BH domain 3. The main proteins involved in the intrinsic pro-apoptotic pathway are Bax and 

Bak which, when they homo-oligomerize, induce the permeabilization of the outer 

mitochondrial membrane, facilitating cytochrome-C release. When cytochrome-C is released 

by mitochondria, an apoptosome is formed by binding of cytochrome-C with procaspase-9 

and apoptotic protease activating factor 1 (APAF-1). Activation of caspase-9 promotes the 

sub-sequential activation of caspase-3 and therefore the death pathway [210]. Under 

prolonged stress condition, PERK is able to induce the transcription of ATF4 that promotes 

transcription of CHOP and pro-apoptotic family members; CHOP is a transcription factors 

that coordinate the expression of different genes involved in intrinsic apoptotic pathway 

[211, 212]. Prolonged activation of IRE1α is able to bind TNF receptor-associated factor 2 

(TRAF2) that promote the activation of caspases-12. Caspase-12 (murine or caspase-4 in 

human) that triggers the direct activation of caspase-9 [213]. IRE1α and TRAF2 are able to 

active c-Jun-N-terminal inhibitory kinase (JIK) that induces the transcription of CHOP [52]. 

Alteration in Ca2+ levels in the ER can also activate apoptosis; Ca2+ is transferred from ER to 

mitochondria, causing ATP production and mitochondrial respiration. Excessive transfer of 

ER Ca2+ provokes the opening of the permeability transition pore (PTP), which leads to 

mitochondrial dysfunction and therefore apoptosis [210]. The pore formation can also be 

induced by the oligomerization of BAX, which translocate to mitochondrial membrane 

causing the pore formation and release of cytochrome-C [214]. 
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Figure 14: Regulation of apoptosis during ER stress condition. ER alteration can induce the 
activation of PERK and IRE1α. Upon activation PERK proteins can induces the transcription 
of genes involved in apoptosis. On the other hand IRE1α serves as a scaffold protein to 
form a complex with TRAF2 that promotes also the extrinsic apoptotic pathway. Excessive 
transfer of Ca2+ from ER causes the opening of the permeability transition pore (PTP), 
which leads to mitochondrial dysfunction and the activation of intrinsic apoptosis pathway 
[206]. 

Mitochondria are closely associated with ER, they control cellular energy and 

apoptotic processes. The physical interaction ER and mitochondria is mediated by a specific 

region called mitochondria-associated membranes (MAM) region. MAM region is enriched in 

cholesterol and other lipids and has a lipid raft-like structure. The MAM region is involved in 

cholesterol and phospholipid metabolism, in Ca2+ homeostasis, and in mitochondrial function 

and dynamics [215]. The role of mitochondria in neurons is essential in particular at the 

synapses because they control the production of ATP and the Ca2+ homeostasis, both 

essential for the neurotransmission and the generation of membrane potential [216]. 

Dysfunction in mitochondria promote oxidative stress in which reactive species of oxygen 

lead damage in lipids, proteins and DNA [217], dysfunction in synthesis and storage of 

neurotransmitters, all processes that lead neurons impairment and neuronal death [218]. 
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1.7 PSR and Alzheimer’s disease 

Misfolded proteins and protein aggregates are one of the main characteristics of 

neurodegenerative disease such as AD or Parkinson disease (PD), while oxidative stress, ER 

and mitochondrial dysfunction are also well described in such diseases [219]. Pathological 

forms of proteins can be due to genetic mutations, alteration during transcription and/or 

translation due to cellular stress. As described above (see §1.5.1 &1.5.2), the attenuation of 

protein synthesis is one of the first steps activated during cellular stress conditions. Different 

studies have shown alterations in pathways activated by ER stress in AD patients but also in 

animal models. Bip/GRP78 proteins are expressed in ER with a dual role such as folding and 

assembly of proteins and ER stress sensor (see §1.5.1). Level of Bip/GRP78 have been found 

by Western Blot (WB) to be elevated in the hippocampus and temporal cortex in AD when 

compared with healthy brain. The analysis of Bip/GRP78 protein by immunohistochemistry 

showed strong staining in CA1 and CA2 areas of the hippocampus in AD when compared to 

control cases [220]. Also in the 3×Tg-AD animal model, immunostaining showed an increase 

in GRP78 levels when compared with controls [221]. 

The main factor involved in regulation of protein synthesis is eIF2α which promotes 

the attenuation of protein transcription when phosphorylated. Studies of human brains and 

in animal model of AD have demonstrate an increase in the phosphorylation of eIF2α. WB 

analysis of 10-12 months old APP/PS1 mouse brains and in 5XFAD mice have shown an 

increase in eIF2α phosphorylation in hippocampus but no in cerebellum and similar data 

were found in human AD brains and case controls by WB and IHC [222]. The elevated 

phosphorylation of eIF2α is accompanied by an elevated activation of PERK proteins 

evaluated by WB in 5XFAD when compared to WT. In the same study, mice having PERK 

haplo-insufficiency and AD (PERK+/-/5XFAD) have a significant reduction in eIF2α 

phosphorylation when compared to 5XFAD and higher levels of phospho-eIF2α when 

compared to WT; even if levels of eIF2α remains unchanged between WT, PERK+/-/5XFAD 

and 5XFAD. Comparison of WB from WT and PERK+/- showed no change in phosphorylated 

eIF2α. These data confirm that PERK is the main kinase involved in the phosphorylation of 

eIF2α and that the PERK activation happens mainly in AD [223]. Over stimulated PERK 

pathway can promote cellular death, and evaluation by IHC of the medial septum and the 

vertical limb of the diagonal band in 5XFAD, PERK+/-/5XFAD and WT brains showed that 

choline acetyltransferase staining was lower (i.e. neuronal loss) in 5XFAD whereas the 
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number of cholinergic neurons in PERK+/-/5XFAD was respectively higher and nearly 

equivalent to the number in WT [223]. 

mTORC controls the balance between protein synthesis and degradation and a 

relation between mTORC and AD has been established. Mice hAPP(J20) treated with 

rapamycin (inhibitor of mTORC1) showed an improvement in their performance in behaviour 

tests and strong activation of autophagic processes that promote the reduction in Aβ42 levels 

[224]. This data has also been shown in 3×Tg-AD mice in which has been found also a 

reduction in Tau protein [225]. Similarly, treatments with temsirolimus (inhibitor of 

mTORC1) also showed an increase in clearance of Aβ in HEK293-APP695 cells and in brain of 

APP/PS1 mice [226]. 

1.8 The synaptic vesicles SV2A 

The connections between neurons is mediated by the release of neurotransmitters. 

Neurons receive chemical input from other neurons from dendrites and transfer their 

information to others through axons. The transmission is mediated through the release of 

neurotransmitters in the synaptic cleft, able to bind receptors on the post–synaptic neurons 

hence transmitting the neuronal activity. At the axonal terminal, specialised structures called 

vesicles (synaptic vesicles, SV) are filled with neurotransmitters and when an action potential 

reaches the axon terminal, it induces the release of neurotransmitters by an increase in 

calcium that cause the fusion of the SV with the cellular membrane [227] (Figure 15). 

 
Figure 15: Representation of communication between two neurons. When an action 
potential reaches the presynaptic neuron terminal, it induces the fusion of synaptic 
vesicles with the membrane, stimulating the release of neurotransmitters. The 
neurotransmitters in the synaptic cleft is able to bind receptors expressed on the post-
synaptic neurons, promoting their action. LGIC = ligand-gated ion channels and GPCR = G-
protein–coupled receptors [227]. 
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SV2A is a glycoprotein present in the membrane of synaptic vesicles and is part of the 

SV2 family. SV2 vesicles are highly conserved proteins in vertebrates and three isoforms are 

part of this family: SV2A, SV2B and SV2C. SV2 family proteins are characterised by 12 

transmembrane regions and N- and C- cytoplasmic terminal-sequences, a large N-

glycosylated intraluminal loop. The N terminal and the luminal loops have less homology 

between the isoforms while the cytoplasmic loops connecting the transmembrane 

sequences are highly conserved [228]. The levels of expression of these three isoforms vary 

in brain; SV2A is ubiquitously expressed in neurons, the expression of SV2B is restricted to 

some brain areas such as in the trigeminal and motor nuclei and low expression in globus 

pallidus, dentate gyrus of the hippocampus, cerebellum, and substantia nigra pars reticulata 

[229] and SV2C is present only in some neurons in basal forebrain and brainstem [228]. The 

exact role of the synaptic vesicle SV2A is still not clear; it seems to be involved in the 

modulation of neurotransmitters exocytosis through the regulation of Ca2+ sensor proteins 

and their sensitivity to Ca2+ [230]. SV2A dysfunction has been associate with many disorders 

such as epilepsy, schizophrenia and Alzheimer’s disease. A decrease in SV2A expression has 

been found in post-mortem brain of AD patients [231] and the use of levetiracetam, a drug 

used for epilepsy able to bind selectively SV2A, has been shown to improve memory, 

behaviour abnormalities and synaptic alteration in AD mouse models [232]. Synaptic loss is 

one of the main alterations that happens in neocortex and hippocampus of AD [233, 234] 

and synaptic loss is very well correlated with cognitive decline in AD [235]. The plasticity of 

hippocampal synapses changes during the development of AD and before synaptic loss 

starts, a neuroplastic compensatory response happens in the first stages [236, 237]. 
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1.9 Animal model of Alzheimer’s disease 

1.9.1 Mice 

Different animal models, invertebrates (e.g. Drosophila melanogaster and 

Caenorhabditis elegans) and vertebrates (e.g. zebrafish, mice and rats, non-human primates) 

have been used to better understand the AD pathology and to assess novel therapies [238]. 

Each animal model is not able to reproduce all the pathophysiological changes that 

characterise AD and therefore there are limitations associated with all of them. Most of the 

animal models used to study AD are mice. The APP (695) protein in mice has a 97% 

homology with the human APP and the Tau protein has 88% homology [238]. The first 

generation of mouse models were characterised by the over-expression of APP protein with 

or without familial mutations, and various promoters such as platelet‐derived growth factor‐

β (PDGF‐β), prion protein (PrP) and the thymocite differentiation antigen-1 (Thy1), have also 

been used to generate transgenic mice. The most used APP models are PDAPP, Tg2576, 

APP23, J20, and TgCRND8 (Table 1). The transgene can carry more than one mutation and 

the most used is the Swedish (K670N/M671L) mutation in which two amino acids lysine (K) 

and methionine (M) are substituted with asparagine (N) and leucine (L) [239]. APP-Tg mice 

are able to reproduce only some aspect of AD pathology indeed, even if they are able to 

reproduce the memory dysfunction before the amyloid deposition in many cases, they do 

not present NFT and neuronal loss. To reproduce better the AD pathology several mutations 

of the γ-secretase gene have been incorporated to increase the ratio of Aβ42 such as: the 

Indiana (Ind, V717F), London (Lon, V717I), Florida (Flo, I716V) and the Iberian Peninsula (Ibe, 

I716F) or mutations in PSEN1 such as M146V, M146L, L166P , L286V, or exon 9 deletion 

(dE9) [240]. In efforts to replicate the NFT pathology, mutant Tau mice with APP-Tg have 

been generated. APP-Tau-Tg mice present amyloid deposition, NTF, gliosis, synaptic damage 

and memory impairment but the mutation on the MAPT gene encoding for Tau are not 

cause of AD but fronto-temporal dementia with parkinsonism (FTPD) [239]. 
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Table 1: transgenic mouse model of AD. Table adapted from [240]. 

APP transgenic 

Model Transgene 

PDAPP huAPP770 (Ind) minigene (cDNA + introns 
6–8) 

Tg2576 huAPP695 (Swe) 

C3-3 mo/huAPP695 (Swe) 

APP23 huAPP751 (Swe) 

J20 huAPP770 (Swe/Ind) minigene (cDNA + 
introns 6–8) huAPP695 (Swe/Ind) 
 

TgCRND8 huAPP770 (Swe/Dutch/Iowa) 

APP/PS1 Transgenic 

APP/PS1 mo/huAPP695 (Swe); Tg huPSEN1 (ΔE9) 
 

APPPS1  huAPP695 (Swe); huPSEN1 (L166P) 
 

5XFAD huAPP695 (Swe/Flo/Lon); huPSEN1 

Tg6799 M146 L/L286 V 
 

Tau Transgenic 
 

Tau Tg huMAPT3R0N (wt) 
 

JNPL3 huMAPT4R0N (P301L) 
huMAPT4R0N (P301S) 
 

PS19 huMAPT4R1N (P301S) 
 

APP/PS1/Tau Transgenic 
 

3xTg-AD huAPP695 (Swe); MAPT4R0N (P301L); 
Psen1 M146V knock-in 
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1.9.2 Rats 

Mice were preferred to rats for technical reasons such as higher availability of pro-

nuclei and survival of embryos after injection or better availability of stem cells. However, 

rats have other advantages, indeed their large body facilitates drugs administrations, 

neurosurgical and neuroimaging procedures they are generally better in behaviour analysis  

[241]. Different rat AD models have been created to mimic better the various aspects of AD 

pathology (Table 2). The first transgenic rat model for Alzheimer’s disease appeared only in 

2000s, since then single and multi-transgenic rat models of AD have been developed. Due to 

the recent availability of AD rat models, they are not as well characterised as the many 

mouse models [242]. 

Table 2: Transgenic rat models of Alzheimer’s disease and the pathology that each 
mutation induces in the rats. Table adapted from [241]. 

Name Transgene Background Amyloid 
pathology 

Tau pathology 

UKUR28 hAPP751 Swe, 
IndPDGF 
promoter 

Wistar 
(outbred) 

iAβ in cortex 
and 
hippocampus 
from 6 m. No 
plaques 

N/A 

UKUR25 hAPP751 Swe, Ind 
Human 
PS1 (M146L) PDGF 
promoter 

Wistar 
(outbred) 

iAβ in cortex 
and 
hippocampus 
from 6m. No 
plaques 

Increased ptau 
(PHF-1) at 
9m, no tangles 

TgAPPswe hAPP751 Swe, 
PDGF promoter 

Fisher-344 
(inbred) 

Increased APP 
mRNA (56%) 
and 
Aβ-40 and Aβ-
42 peptides, no 
plaques 

N/A 

Tg6590 hAPP695 Swe, 
UbiquitinC 
promoter 

Sprague-
Dawley 
(outbred) 

Increased APP 
products 
Cerebrovascular 
deposits 
at 15 m. Few 
diffuse plaques 

Increased pTau 
(PHF-1) at 
15m, no 
tangles. 

hAPP695 hAPP695 wild-
type, UbiquitinC 
promoter 

Wistar 
(outbred) 

Increased APP/ 
Aβ levels (2 
fold) 
in cortex and 
hippocampus 

N/A 
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no 
plaques 

PSAPPTg478/ 
Tg1116/ 
Tg11587 

hAPP695 Swe, Rat 
synapsin I 
promoterhAPP695 
Swe, 
Lon, PDGFβ 
promoter Human 
PS1 (M146V), Rat 
synapsin I 
promoter 

Sprague-
Dawley 
(inbred) 

Mostly diffuse 
plaques Few 
compact 
plaques in 
hippocampus. 
No vascular 
Aβ depositsAβ 
load confirmed 
with (F-18) 
FDDNP 
microPET 

Increased ptau 
(AT8, PHF-1), 
no tangles 
 

McGill-R-Thy1-
APP 

hAPP751 Swe, 
Ind, Mouse 
Thy1.2 promoter 

Wistar 
(outbred) 

Progressive 
accumulation of 
iAβ in cortex 
and 
hippocampus 
from 1 week 
post-natalAβ 
plaques starting 
at 6-9 m. 

N/A 

TgF344-AD hAPP695 Swe, 
Human 
PS1ΔE9 Mouse 
PrP 
promoter 

Fisher-344 
(inbred) 

Progressive 
accumulation of 
iAβ, Aβ-40 and 
Aβ-42 and Aβ 
plaques 

Increased ptau 
(CP-13, 
pTau-PADRE 
and others) 
and Gallyas-
positive NFT 
 

SHR72 and 
SHR318 
Human tau 
truncated 
(151-391, 4R) 

Mouse 
Thy1 promoter 

SHR (inbred) N/A Increased ptau 
(AT8) Tangles 
in brainstem 
 

SHR24 Human tau 
truncated 
(151-391, 3R) 
Mouse 
Thy1 promoter 

SHR (inbred) N/A Increased ptau 
(DC11 and 
others) 
Tangles in 
cortex 

 
1.9.3 TgF344-AD rat model used in this work 

TgF344-AD and the associated background WT (Fischer-344) was the model selected 

for use in my PhD studies. TgF344-AD have a Fischer-344 background and two AD human 

mutations in a single transgene: The Swedish APP (APPswe) and the Δ9 exon of the 

presenilin-1 (PS1ΔE9 or PS1dE9), which cause familial early onset AD. The AD pathology in 
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this rat model is characterised by increased levels of soluble amyloid β and p-Tau as 

detected by WB already present from 6 months of age and increasing with age. This is 

accompanied by increasing amyloid β plaque deposition neuroinflammation as well as 

neuronal loss and cognitive dysfunction [243-247] from 6 months of age onward and 

neurofibrillary tangles (NTF) at 16 months of age. A neurovascular dysfunction is also 

present in TgF344-AD rats at 9 months of age with a significant amount of vascular Aβ 

deposits and arteriolar mural cells that undergo structural remodelling, leading to vascular 

changes [244]. Reduced basal transmission in entorhinal-hippocampal (medial perforant 

path to dentate gyrus) synapses is present already at 6 months of age in TgF344-AD and the 

transmission between CA3-CA1 remain unchanged at 6 months but a significant deficit 

appears at 9 months in male TgF344-AD and at 12 months in female TgF344-AD [248]. MRI 

techniques have also identified a decrease in functional connectivity already present at 6 

months and a hypo-connectivity at 10 months of age [246] and structural brain networks 

was found altered since the earliest age getting worse with age [249]. Transgenic rats also 

showed an early locus coeruleus dysfunction that lead to a decrease locus coeruleus 

innervation in the medial entorhinal cortex and reduced norepinephrine levels in the 

hippocampus already present at 6 months of age [250]. Increased anxiety-like behaviours 

were  found present in TgF344-AD rats at 4 months of age [251]. Working memory was 

found impaired in old TgF344-AD rats (24 months) by novel object recognition test [243]. 

Morris water maze test on WT and TG rats at 4-5, 7-8 and 10-11 months of age,  showed that 

at 10-11 months of age TG rats had spatial impairment using less precise trajectories to 

reach the platform [252]. No deficit in learning or memory was detectable at 15 months of 

age by using the Barnes maze and reversal Morris water maze showed a hippocampal-

dependent spatial memory impairment in TgF344-AD rats at 24 months with an 

improvement of performances in TG rats when treated with the neuro-protective compound 

(-)-P7C3-S243. (-)-P7C3-S243 promotes the proliferation or survival of new born 

hippocampal neurons in the dentate gyrus of the hippocampus mitigating the cognitive 

decline in aging rats [245]. Behaviour tests in this animal model showed quite inconsistent 

data. Indeed, in the first publication Choen et al. [243] described an alteration of spatial 

memory that start at 15 months of age and increased at 24 months in the initial learning and 

in the reversal phase during the Barnes maze; in another study TG rats performed worse 

than WT only in the reversal phase of MWM at 24 months of age [245]. These data show 
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that TgF344-AD could be used as a good model for AD, having most of brain alterations 

present in patients affected by Alzheimer’s disease but this strain seems to be not suitable 

for behavioural tests. 

Table 3: AD-like pathology in TgF344-AD. 

AD-like pathophysiological characteristics 

Amyloid pathology Tau pathology Neuroinflammation Neurodegeneration 

Progressive 

accumulation of 

Aβ40 and Aβ42 and 

Aβ plaques 

Increased pTau (CP-

13, AT8, pTau-

PADRE) and Gallyas-

positive NFT 

Age-dependent 

increase in 

astrogliosis (IHC) 

and microgliosis 

(PET and IHC) 

Neuronal loss 

Alteration in NAA 

(MRS) 

Loss WM 

Decreased 

functional 

connectivity 
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1.10 PET imaging 

1.10.1 PET imaging physics 

The AD brain is characterised by histopathological, structural and functional 

alterations that precede the clinical manifestations of Alzheimer’s disease. These 

modifications can all be assessed using in-vivo brain imaging [253]. Positron emission 

tomography (PET) is used to measure quantitatively metabolic and pharmacological 

processes dynamically (along time) and in 3D. The radionuclides that are used in PET imaging 

emit β+ (or e+) particles (positron emission decay) and have a half-life of 2mins for [15O], 

20mins for [11C] and 109mins for [18F]. The β+ emitted is an antiparticle of the electron (same 

mass but opposite charge). The β+ decay is described by: 

𝒑 = 𝒏 + 𝜷+ + 𝒗       (Equation 1) 

p is a proton, n is the neutron and v is a neutrino. 

The annihilation of the β+ with an e- produces two γ photons of 511 keV in opposite 

direction (180°) (Figure 16) [254]. 

 
Figure 16: Representation of annihilation process of a positron and an electron. When the 
annihilation happens 2 photons 511KeV, are emitted in opposite direction (180˚). 

1.10.2  Data correction Inveon PET/CT 

 After annihilation the two γ-rays of 511 KeV hit two scintillation detectors. There are 

different types of scintillation material and the one implemented in the Inveon PET/CT small 

ν 
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animal scanner used in this study are scintillation detectors using LSO (Lutetium oxy-

orthosilicate) crystals. The LSO detectors show almost all the characteristic of an ideal 

detector, having high atomic number and density and short decay after scintillation [255]. 

The scintillation lights is converted into an electrical pulse by a photomultiplier tube and the 

signal is then amplified and processed by pulse height analyser able to discriminate the 

photon energy and register as counts [256]. A list-mode file containing coincidence data 

recorded with time and space information is generated for each event and sorted into a 3D 

sinogram [257]. In our study the 3D data were corrected for several effects such as 

normalisation, attenuation, radioactivity decay and scatter and random events, as part of 

the image reconstruction using the OP-OSEM3D-MAP. Correction for these parameters is 

essential for the quantitative accuracy PET images. 

Normalisation is the correction of errors coming from the heterogeneity of detectors. 

To measure this, a normalization scan is performed to evaluate the detection sensitivity of 

each detector. Normalization is obtained by exposing uniformly all detector pairs to a 

511keV photon source using a phantom filled with a known amount of activity (68Ge). A 

normalisation map is then calculated dividing the average of counts of all detector pairs (line 

of response, LORs) by the individual detector pair count and is then applied to all detectors 

to correct for any variation between detectors and guarantee that measurements are truly 

accurate and quantitative. 

After annihilation three different types of coincidences can be detected by PET, 

scattered, random and true coincidences (Figure 17). Only true events give an accurate 

information about the emission sources the others need to be corrected to obtain 

quantitative PET images. 
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Figure 17: Different types of coincidences detected by PET scan [258]. Scattered 
coincidence are caused when two photons are directed to false locations on the detector 
and random coincidence can also be detected from two separate annihilations that hit 
detectors within the coincidence timing window of the detector. 

Random events happen when two uncorrelated single events occurring sufficiently 

close together in time can be mistakenly identified as a true coincidence events arising from 

the same annihilation event. To reduce random events, LSO detectors with low scintillation 

decay are used. 

Compton scattering happens when the annihilation γ-photons passes through the 

body and are deflected in a different directions than the other co-incident γ-photon; the 

radiations can be scattered in any direction [256]. The scattered events are the most 

complicated correction in PET analysis as the only way to truly discriminate true and 

scattered events is the quantity of energy. However, γ-photon that are scattered only once 

do not lose much energy and can be detected by a pair of detectors with the same 

coincidence time window as if they were true co-incident photons. To correct the scattered 

events, the simulation method is used [259]. The simulation is based on the reconstruction 

of the images without scatter correction and then using an attenuation map; the scatter is 

simulated by using different methods such as Monte Carlo that are algorithms used to study 

and solve any problem having a probabilistic interpretation [259]. 

Attenuation is defined as the loss of true events due to scatter and absorption. The 

method used to correct for attenuation is to use the CT scan of a PET/CT scanner to produce 

the attenuation map. The attenuation factor μ depends on  the energy of the photons and 

the atomic number of the material [260]. The attenuation factor from the CT scan must be 

converted to an attenuation map correcting for the high energy of the 511 keV γ-photons 
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emitted in PET. The attenuation correction factor is then calculated for each pixel and 

applied to the PET data. 

Dead time is another physical parameter that needs to be corrected for in PET 

acquisition. Dead time is the time required to record a signal and during which no other 

event can be recorded; it can be reduced by using detectors with shorter scintillation decay 

time and faster electronics components in PET scanners [254] but overall it is best to keep 

dead-time as minimal as possible and this can be easily achieved by keeping the injected 

dose within the range of activity for which the PET scanner does not suffer dead-time, i.e. for 

which the PET scanner can acquire events proportionally to the injected dose. 

Partial volume effect is defined as a dilution of the signal with the surrounding 

structures, due to the relatively low image resolution (1.4 mm for Inveon small animal PET) 

and the limited size of ROI. There are different methods that can be used to correct for 

partial volume effect. One method based on anatomical imaging data is The LMA (Local 

Means Analysis) geometric transfer matrix (GTM) method is implemented in the BrainVisa 

software (version 4.1.1) [261, 262] used in this thesis. This method is a region based method 

characterized by an algorithm able to measure the temporal variation in the PET signal, and 

segments (ROI) are determined by presenting homogeneous Time Activity Curves (TACs). 

Therefore, the ROI/VOI are segmented based on the drug’s pharmaco-distribution in the PET 

image. The algorithm calculates the average uptake in the inner of the structures and the 

percentage of pixel considered is a parameter of the method. 100% pixels is equal to the 

standard GTM method [262]. 

1.10.3 Use of PET in Alzheimer’s disease 

Different PET radiotracers have been used to characterise and study the progression 

of Alzheimer’ disease. They can be used to detect Aβ and Tau aggregation, metabolic 

abnormalities and neuroinflammation. The first PET tracer developed to image Aβ 

aggregation is the carbon-11 labelled thioflavin T derivative 2-(4'-methylaminophenyl)-6-

hydroxybenzothiazole, also called [11C]Pittsburgh Compound-B (Figure 18). Due to the short 

half-life of 11C other compounds with 18F have been developed such as [18F]Flutemetamol 

[263], [18F]Florbetapir [264] and [18F]Florbetaben [265]. Amyloid scans are used to 

discriminate AD patients from age-matched healthy individuals and other form of dementia 

[266]. 
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Another PET tracer widely used for AD is [18F]FDG. 2-[18F]fluoro-deoxy-D-glucose 

([18F]FDG) is a glucose analogue and it is used to monitor the brain glucose metabolism. In 

AD, [18F]FDG uptake is reduced (Figure 18) and this reduced uptake can be detected years 

before the clinical symptoms. The most affected brain regions with low [18F]FDG uptake are 

the parieto-temporal, frontal and posterior cingulate cortices and the sensitivity of [18F]FDG 

PET to distinguish the development of AD in the early stage is around the 90% [266]. 

 
Figure 18: Brain uptake of [18F]FDG and PIB. Evaluation of [18F]FDG and PIB. in control, 
non-amnestic MCI, amnestic MCI and patients affected by AD. Regions with greater uptake 
are shown in yellow and red [267]. 

Different compounds can also be used in PET to detect the progressive accumulation 

of hyper-phosphorylate Tau protein. Tau in AD, coexist with amyloid and both proteins have 

a β-sheet structure; therefore, the radiotracers developed to study Tau accumulation need 

to be highly selective and with much higher affinity/selectivity for Tau than for Aβ. Several 

radiotracers have been developed such as: [11C]PBB3, the arylquinolines THK family, 

[18F]T807 and [18F]T808 [268]. The tracer [11C]PBB3 is able to bind NFT and therefore to 

discriminate AD patients from healthy controls but it is not able to discriminate AD from 

other tauopathies, suggesting an ability to recognize multiple isoforms of the tau protein  

[268]. A tracer highly selective for Tau fibrils is [18F]THK523, but in-vivo studies have 

demonstrated a high retention in white matter so it is not used in research or clinical 

studies. [18F]T807 seems to be the most promising tracer for Tau (Figure 19) with a strong 

affinity and selectivity for Tau but no data are available on the use of this radiotracer on non-

AD-tauopaties [269].  
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Figure 19: AD patients and healthy controls (HC) PET scan by using [18F]Flortaucipir also 
known as [18F]T807. The radiotracer [18F]T807 shows a high specificity for paired helical 
filaments of Tau. Patients affected by AD have a high uptake mainly in neocortex regions 
[270]. 

The cholinergic system is one of the neurotransmitter systems strongly altered in AD 

(see §1.3.3). A variety of PET tracers have been developed to study the degeneration of 

cholinergic pathways in AD. [11C]PMP and [11C]MP4A are two PET tracers used to measure 

the activity of acetylcholinesterase (AChE), where their uptake was shown to be reduced in 

AD when compared with healthy controls [266]. The reduced uptake has been also found in 

MCI patients in cortical areas [271]. 

PET has also been used to study neuroinflammation in various brain conditions 

including AD. So far the most used biomarker targeted by molecular imaging for 

neuroinflammation is the 18kDa translocator protein (TSPO), which is over-expressed mainly 

by activated microglia [272]. However different studies have shown that the astrocyte are 

also able to express TSPO [273, 274] whereas under basal conditions the expression of TSPO 
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in CNS has been shown to be low. The first-generation radiotracer for TSPO was 

[11C]PK11195. [11C]PK11195 showed some limitations due to a high level of non-specific 

binding [275] and hence a low signal to noise ratio [276], relatively poor penetration of BBB 

and low brain uptake  indeed the first  study  in AD  showed no differences between mild to 

moderate dementia patients and healthy controls [277]. Later on, the use of the R 

enantiomer, [11C]-(R)-PK11195, showed an increased uptake detected in entorhinal, 

temporoparietal, and cingulate cortex of mild and early AD patients vs. healthy control [278, 

279]. More recently, other radiotracers have also been developed with the aim to improve 

the specificity for TSPO and signal-to-noise ratio, and are classed as second-generation TSPO 

PET tracers such as the [18F]FEDAA1106, [11C]AC5216, [11C]DAA1106 and [18 F]FEDAA1106 

with improved pharmacokinetics and specificity [280]. The main limitation for the use of 

these tracers for the TSPO is the genetic polymorphism in the gene, in which alanine is 

substituted by threonine. This polymorphism strongly affect the binding affinity of 

radiotracers to the TSPO [280-282]. The most used TSPO tracers in clinical studies are the 

[11C]PBR28 and [18F]DPA-714. An increased uptake of [11C]PBR28 in parietal and temporal 

cortices and by using [18F]DPA-714 in the frontal, temporal, and parietal cortex was 

determined in AD patients when are compared to healthy controls and this increased uptake 

by using [18F]DPA-714, was also detected in the early stages of AD characterised by amnesic 

MCI associated with positive amyloid PET [283]. Hamelin et al. showed also higher level of 

neuroinflammation in MCI-AD than demented AD, confirming the idea of the involvement of 

neuroinflammation mainly during the early stages of pathology [284].   

1.11 [11C]Leucine and [18F]UCBH: new tracers for Alzheimer’s disease? 

Neuroimaging techniques have played an important role in the dementia diagnosis 

promoting a novel approach for an early diagnosis and the possibility to discriminate 

between different types of dementia, detecting pathological and functional neuronal 

changes, even before the clinical symptoms. The development of new tracers to image key 

pathways or mechanisms are essential to provide a more comprehensive understanding of 

the molecular basis of neurodegeneration in AD and avoid costly, inadequately prescribed, 

and potentially harmful treatments and identifying therapeutic strategies for the treatment 

of AD. Preclinical animal models make valuable contributions to improve the understanding 

of human diseases and imaging studies represent a connection between the discovery at the 

molecular level and the clinical use for diagnosis and therapies. Preclinical PET gives a unique 
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opportunity to study a disease in real time, in a quantitative way, at the molecular level, and 

monitoring the progression or response to treatment, repeatedly and non-invasively. The 

greatest advantages of preclinical imaging techniques is the possibility to acquire many data 

during the disease progression without interfering with the biological process under study 

and reduce the number of animals required for a particular study. Despite the brain imaging 

has many difficulties due to the small size of brain structures different imaging studies have 

been validated and measured. Biomarkers provide insight into underlying mechanisms, 

disease progression, prognosis, regression, response to therapy, and accurate early diagnosis 

for early treatment. It is well established that no single biomarker can accurately diagnose a 

heterogeneous disorder such as AD. A combination of several biomarkers yields the highest 

diagnostic power to discriminate between AD and cognitively healthy controls with 

sensitivity and specificity values. For example, FDG-PET has a high sensitivity and specificity 

(>90 %) for discriminating AD from healthy elderly controls; but the percentage for 

discrimination between AD and other types of dementia (including MCI) decreases to 78%. 

Furthermore, biomarkers actually used for diagnosis of AD are based on detecting neuronal 

degeneration, therefore when the brain damage is already present. Synapses loss and 

alteration of protein synthesis are processes that precede cellular degeneration in most 

cases, therefore [18F]UCB-H and [11C]leucine could be used potentially to determine initial 

phases of AD before degeneration (brain damage) is apparent but also used in combination 

with others for the prognosis and evaluation of therapeutic effects. The aim of this work was 

not only for the validation of these tracers for diagnosis of AD but also to study the 

prognosis and the possibility to measure therapeutic approach in restoring alterations in 

these parameters in AD. 

1.11.1 Amino acids PET tracer : [11C]leucine 

As described in previous chapters (see §1.5 & 1.7), protein synthesis is altered in AD. 

Amino acid PET (AA-PET) is a good methodology for diagnosis and prognosis information 

about the alteration in protein synthesis (PS) in many fields such as oncology, neurology and 

psychiatry. The incorporation of L-amino acids into proteins reflects the protein synthesis 

activity of a tissue [285], although the use of labelled amino acids will reflect the protein 

synthesis coming from exogenous amino acids only. After being transported in cells, the 

labelled amino acid is converted into amino-acyl-tRNA by the enzyme amino-acyl RNA 
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synthetase and then used in the incorporation for protein synthesis [285]. To be suitable as a 

tracer for protein synthesis rate PSR, an amino acid needs to meet several criteria [285, 286]: 

• High blood brain barrier penetrance of the labelled amino acid 

• High incorporation of the labelled amino acid in proteins 

• No parallel (i.e. other than incorporation in protein) or complex catabolic pathways 

of the labelled amino acid 

• Rapid clearance of the labelled amino acid from the plasma 

• Rapid turnover of the tissue precursor pool   

• The amino acid needs to be supplied only from plasma, so that the incorporation of 

radio-labelled (i.e. exogenous) AA can be measured by PET while the endogenous 

incorporation rate from the breakdown of proteins will account only for a very small 

fraction of the amino acids pool 

• Radio-labelling sufficiently easy to be compatible with short half-life of PET radio-

isotopes such as [11C] 

Amino acids are classified as essential and non-essential AA. This classification relates 

to the ability of the cells to produce them. Cells are only able to use the L-isomers of the 

amino acids. There are nine essential amino acids and each amino acid has a different 

uptake in brain as described by Oldendorf et al. [287]. The amino acids with high uptake are: 

L-phenylalanine, L-leucine, L-tyrosine and L-methionine [287]. To study alterations in PSR, 

different essential amino acids or analogues have been used. The main problems in the use 

of amino acid as tracer for PS are associated with the production, complex multistep 

syntheses and/or low radiochemical yields, complex purification methods and the need to 

isolate the L-enantiomer [285]. Amino acids have a formula [R-CH-(NH2)-COOH], where -

COOH is the carboxylic acid group, -NH2 the amino group, an alpha-carbon atom -CH- and a 

branched-chain group (-R) (Figure 20). [11C] and [18F] can be used to label amino acids at 

each of the 4 groups and they can be natural or unnatural (non proteinogenic amino acid) 

[288]. 1-11C have the labelling at the carboxylic acid group and these amino acids tracers 

such as L-[1-11C]-leucine (11CLeu), L-[1-11C]tyrosine (11CTyr), L-[1-11C]phenylalanine (11CPhe) 

and L-[1-11C]methionine (11CMet) are used to study PSR because they are incorporated into 

proteins. 1-11C non-natural AA such as carboxyl-11C-1-α-aminoisobutyric acid (11C-AIB), 

carboxyl-11C-1-aminocyclopentanecarboxylic acid (11C-ACPC), and carboxyl-11C-1-
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aminocyclopentane carboxylic acid (11C-ACBC) cannot be incorporated into proteins, but 

these tracers can be still used to measure AA transport in tumour. Similarly alpha carbon 

labelled AA such as α-[11C-methyl]-L-tryptophan (11C-AMT) and α-[11C-methyl]-

aminoisobutyric acid (11CH3-AIB) are rarely used and are not suitable for PS but only for 

tumours AA uptake; the same applies to amino acids labelled at the R group or when they 

have the substitution of the amino group [288]. 

 

Figure 20: Amino acid structure.  COOH is the carboxylic acid group (1-C, green), -NH2 the 
amino group (red), an alpha-carbon atom -C- and a branched-chain group (R, blue). 

 In general, amino acids labelled in the carboxyl position are preferred to study PS 

because the labelling at the carboxyl group does not induce change in the AA structure. 

Another advance in the use of AA labelled into the carboxylic group for PS is the low 

production of labelled metabolites; indeed, the main non-protein metabolite is the labelled 

carbon dioxide, derived from decarboxylation process. The carbon dioxide is then removed 

by the diffusion and blood flow from the tissues and removed from the plasma by ventilation 

in lungs [285].  

[11C]leucine is a good tracer for the evaluation of PSR by PET imaging, because 

leucine has a good uptake at the blood brain barrier, the amount of metabolites produced 

during its catabolism is negligible and it is incorporated well in proteins [289]. Leucine is an 

essential amino acid and as other large neutral amino acids it is transported across the blood 

brain barrier by using the L-system, large neutral amino acid transporter (LAT) [290]. LAT is 
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sodium-independent, binding with high affinity for zwitterionic (with an equal number of 

positively- and negatively-charged functional groups) amino acids with “large neutral” side 

chains, including L-leucine, L-phenylalanine, L-tryptophan, L-tyrosine, L-isoleucine, L-

methionine, L-valine and L-histidine [291]. The transport of these amino acid from plasma to 

brain by LAT transporters follows the Michaelis-Menten kinetics where: 

𝒊𝒏𝒇𝒍𝒖𝒙 = 𝑽𝒎𝒂𝒙[𝑪]/(𝑲𝒎 + [𝑪]) (Equation 2) 

therefore any increase in concentration of one amino acid in plasma will reduce the influx of 

the others that remain constant in plasma [292]. In cells, carboxyl-labelled leucine is either 

incorporated in proteins but also metabolised by a transamination reaction causing the 

transfer of the α-amino group to a keto acceptor α-ketoglutarate (α-KIC) which ultimately 

will lead to the decarboxylation reaction producing CO2 and CO2 products of fixation [293]. 

The α-KIC labelled in brain is very low [294] and the amount of 11CO2 in brain is also low, i.e. 

less than 10% of radioactivity at 10 minutes after injection [293]. These values are also very 

low in blood and the labelled CO2 was estimated to reach the peak at 25-30 minutes to 13% 

[289] of the total blood activity; it also considered an equilibrium between brain:blood, 

therefore the radioactivity coming from these metabolites are not accounted for PET 

quantification. The absolute model of leucine incorporation in tissue, protein and 

catabolism, has been described by complex ex-vivo experiments using [14C]leucine using the 

model below [293] ( Figure 21). 

 



84 
 

 
Figure 21: Full model of leucine in brain. Cp is the concentration of leucine from plasma to 
tissue; Ce the concentration in the extracellular space, and Cm intracellular. Cp, Ce, and 
Cm * are the concentration of labelled leucine. The contribution of leucine RNAt are 
shown as Cpp and Cpp* respectively when is leucine unlabelled and labelled by 14C. K are 
the rate constants: K1 from plasma to tissue; K2 from tissue to plasma; K3 for leucine 
catabolism; K4 for leucine incorporated into proteins; K5 free leucine coming from the 
degradation of proteins; K6 and K7 for the production of RNAt and vice versa; K8 and K9 are 
respectively for the transport of leucine from the extracellular space to the intracellular 
space and vice versa [293]. 

The kinetic modelling of [11C]leucine is fundamental during the analysis to define the 

amount of tracer, its distribution in tissues and to truly obtain quantitative data expressed as 

Protein Synthesis Rate (PSR) from the PET data. Compartmental models are used to describe 

physiological processes as dynamic systems in tissues. In PET imaging, the knowledge of the 

diffusion of the tracer across the BBB, its transport and uptake is important to evaluate 

where and how much tracer is in brain, how it is delivered, if it is able to diffuse in the 

parenchyma or if it is actively transported. Different compartmental models have been 

proposed to describe the pharmacokinetic and bio distribution of tracers. The number of 

compartments is due to the biological features of the tracers which implies different models 

for different types of tracers to describe their biological and/or pharmacological properties. 

The two-compartment model is the simplest model, in which one compartment represents 

the amount of free tracer in plasma measured by the plasma and blood time-activity curve 

and the second compartment represents the amount of tracer in tissue. The three 
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compartments model (commonly called confusingly 2 tissue compartments model) is used 

for [18F]FDG in which the tracer is transported in the extra/intracellular space and then 

trapped and accumulates in cells. Three- or four-compartments models are more complex 

and used when the injected tracer is metabolised and the metabolites are detected by PET 

and the compartmental need to take in account also the kinetic of metabolites [295]. Due to 

the characteristics of leucine and its metabolism, the simplified compartmental model to 

study PSR is a 2-tissue-compartmental model (Figure 22), in which the intra- and extra-

cellular spaces are pooled, the contribution of 11CO2 is considered negligible and it is 

assumed that the activity of [11C]leucine-RNAt is very low [296]. The compartmental model 

take also in count the contribution of endogenous recycling by proteolysis that is estimate to 

be 40% of leucine in the precursor pool [296]. To account for the contribution of 

endogenous leucine recycling, Schmidt et al. have introduced a new parameter named λ 

[293]. λ is defined as the fraction of leucine in the precursor pool derived from plasma and 

therefore the leucine coming from proteolysis in brain will be 1-λ [297]. 

 
Figure 22: simplified compartmental model to measure the PSR by using [11C]leucine. K1 is 
the rate constant for leucine uptake in brain, K2 the loss of the leucine from the brain and 
K3 is the rate constant representing the effective leucine incorporation in proteins. Cp is 
the concentration of leucine in blood, Cf+m is the concentration of free and metabolised 
leucine in brain and Cb the concentration of leucine in proteins [297]. 

λ is defined as: 
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𝐥𝐢𝐦
𝒕→∞

[

𝑪𝒇

𝑪𝒇(𝒄𝒐𝒍𝒅)

𝑪𝒑

𝑪𝒑(𝒄𝒐𝒍𝒅)

]    (Equation 3) 

Cf is the concentration of leucine in free precursor pool in tissue, and Cp is the 

concentrations of leucine in plasma (cold=unlabelled leucine). Unlabelled leucine is in steady 

state in tissue and:  

 

𝒅𝑪𝒇(𝒄𝒐𝒍𝒅)/𝒅𝒕 =  𝒅𝑪𝒑(𝒄𝒐𝒍𝒅)/𝒅𝒕 =  𝟎      (Equation 4) 

and because Cf for labelled leucine is equal to: 

 

𝑲𝟏 × 𝑪𝒑/(𝒌𝟐 +  𝒌𝟑)         (Equation 5) 

and Cf(cold) is equal to: 

𝑪𝒇(𝒄𝒐𝒍𝒅) =
𝑲𝟏

𝑲𝟐
 𝑪𝒑 (𝒄𝒐𝒍𝒅)               (Equation 6) 

λ will be [297]: 

 

𝝀 =
𝑲𝟐

𝑲𝟐+𝑲𝟑
       (Equation 7) 

For labelled leucine, it is assumed that no recycling from radioactive proteins occurs and 

therefore Krec=0 during the experimental time of 60 minutes. PSR can be estimated by the 

mathematical formula: 

 

𝑷𝑺𝑹 = 𝑲𝒄𝒑𝒍𝒙 ×
𝒍𝒆𝒖𝒄𝒊𝒏𝒆 [𝑪]

𝝀
    (Equation 8) 

In which PSR is in μM/min and Kcplx in min-1 and Leucine[C] is the concentration of unlabelled 

leucine in arterial plasma n.mole/ml [297]. The factor Kcplx is defined as unidirectional uptake 

rate of plasma leucine into tissue and it is calculated: 

𝑲𝒄𝒑𝒍𝒙 =
𝑲𝟏𝑲𝟑

(𝑲𝟏+𝑲𝟑)
    (Equation 9) 
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1.11.2  PET tracer for synaptic vesicles 

 SV2A is ubiquitously expressed in presynaptic neurons and therefore is a good 

biomarker to study synaptic density; consequently, specific radioligands that can bind to 

SV2A have been developed. One of the first radiotracers used to study SV2A was 

levetiracetam labelled with [11C] but the binding affinity was very low and therefore 

[11C]levetiracetam was deemed not suitable for the study of synaptic density [298]. Other 

ligands with higher affinity for SV2A have been developed: [11C]UCB-A, [18F]UCB-H, [11C]UCB-

J, [11C]UCB-J from UCB Pharma and others produced by Invicro such as [18F]MNI-1038 

(racemate), [18F]MNI-1126 ((R)-enantiomer) and [18F]MNI-1128 ((S)-enantiomer) and others 

from Yale ([18F]SDM-2 and [18F]SDM-8) (Figure 23) [299]. 

 
Figure 23: Tracers developed to study the synaptic density [299]. 

The radiotracer [11C]UCB-J was he first PET tracer developed with a nanomolar 

affinity for SV2A, and its homolog [18F]UCB-H has also been used in PET studies. Despite the 

higher affinity of [11C]UCB-J, the short half-life of 11C limits the use of this tracer for clinical 

studies. Studies using [18F]UCB-H in animal models and humans have established the 

suitability of this tracer to measure in-vivo SV2A [300]. In-vivo propriety of [18F]UCB-H have 

been validate by Becker et al. [300] in which it has been shown that [18F]UCB-H has a rapid 

uptake in brain, with a peak at 5 minutes after injection and characterised then by fast wash-

out. The affinity for SV2A depends on the chirality of [18F]UCB-H; indeed the (R)-enantiomer 

has a higher affinity than the (S)-enantiomer. The metabolism of [18F]UCB-H is characterised 

https://www.sciencedirect.com/topics/neuroscience/chirality
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by the production of three metabolites N-oxide hydroxylated metabolites, and N-

dealkylation of the pyrrolidinone ring. The major metabolite is the N-oxide that represents 

the 90.2% of formed metabolites and it is unable to cross the BBB; the amount of 

metabolites in brain and plasma were always low and therefore considered negligible for 

PET analysis [300]. In this study, the use of a population-based input function was also 

validated for the quantification of PET images due to the very low variability  between 

population based IF and the activity measured in blood samples and low variability of the 

volume distribution with both methods [300]. A human study with [18F]UCB-H showed a 

strong reduction in the number of synapses in hippocampus, thalamus and cortex in patients 

with AD [301], in agreement with other studies by using [11C]UCB-J [302] confirming the 

suitability of this tracer to measure SV2A in-vivo. 
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2 Aims of project 

Alteration in memory is the main feature of Alzheimer’s disease and consolidation of 

memory requires the synthesis of new proteins and the growth of new synaptic connections. 

Based on this observations, [11C]leucine and [18F]UCB-H are important imaging tools that 

could provide important information to define changes in PSR and synaptic density, help to 

better understand the disease during the early stage of AD by PET and potentially measure 

therapeutic efficiency in restoring alterations in these parameters in AD. 

The aims of the leucine project were to: 

• Validate the use of [11C]leucine as a tracer to measure the protein synthesis rate 

(PSR) and determine the best approach to study in-vivo PSR by using [11C]leucine 

for a clinical study.  

• Test whether protein synthesis was altered in TgF344-AD and WT rats based on 

the hypothesis that AD-like pathology is inducing a progressive decline in protein 

synthesis due to the age and a more prominent decline in TgF344-AD due to the 

development of AD. 

For the validation of [11C]leucine as a tracer to measure PSR, we used anisomycin, an 

antibiotic able to inhibit the formation of 80S system and the protein synthesis of about 

85%, in Wistar rats. We also planned to measure an Arterial Input Function (AIF) in Wistar 

rats and to determine the concentration of unlabelled leucine in plasma. This was done in 

order to develop a method to determine and validate an image-derived input function to be 

applied to the Fischer-344 strain (WT and TG) at different ages in a longitudinal study in 

which arterial blood measurements were not possible. 

The aims of the synaptic density investigation were to: 

• Develop a method allowing for quantification of the [18F]UCB-H binding in 

absence of a reference region and without blood sampling by measuring non-

specific binding using scans in blocking condition (pre-saturation with and excess 

of cold UCB-J). 

• Study in WT and TG rats at 2 different age to study the effect of both ageing and 

AD-like pathology on synaptic density. 
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To correlate any potential changes in PSR or synaptic density, a behavioural study 

was also planned to assess memory impairment at 6, 12 and 18 months of age. To achieve 

this, we used the following behavioural tests: 

• Morris Water Maze (MWM) and reversal MWM (RMWM) for spatial memory 

• Open field to determine stress conditions 

• Smell tests to evaluate the olfactory memory 

For a full analysis, measurements of the expression of different proteins were 

planned to be tested by using ex-vivo techniques: 

• eIF2α and its phosphorylation for the attenuation of protein synthesis 

• ATF4 for its involvement in memory 

• SV2A for the study of synapses 
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3 Materials and methods 

3.1 Animals 

Male Wistar rats (Charles River, Margate, Kent, UK) and male Fischer-344 strain WT 

and TG were used in this study. All procedures were carried out in accordance with the 

Animals (Scientific Procedures) Act 1986 and the project was approved by the UK Home 

Office. Animals were kept under a 12-hour light-dark cycle with free access to food and 

water at each age. Studies utilising two different radiotracers were performed, one with 

[11C]leucine (Figure 24) and the other with [18F]UCB-H (Figure 25). The power calculations 

were based on previous PET results with other tracers and ex-vivo results of PSR in other 

models; in which the difference between genotypes was of 10% and the variability 

approximatively 5-6%. 

 

Figure 24: [11C]leucine study plan. The study was performed with the aim to develop a 
methodology for PET quantification and implement the data acquired for the longitudinal 
study. To determine the first step, Wistar rats and some WT and TG at 12 and 18 months 
of age had a PET/CT scan but also a terminal procedure to determine the arterial input 
function (top). For the longitudinal study, the same rats were used at 6, 12 and 18 months 
of age and had a PET/CT scan and the determination of the Image Derived Input Function 
(IDIF) without blood sampling. The same rats used for PET, were tested behaviourally at 12 
and 18 months of age. A second group of rats was added for behavioural tests at 6 months 
and also at 12 months. Ex-vivo analysis on other WT and TG were performed at each time 
point. 
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Figure 25: [18F]UCB-H study plan. To quantify PET images for [18F]UCB-H some WT and TG 
rats at 7 and 15  months of age were injected with cold UCB-J (blocking scans) to 
determine the non-specific binding (top). The blocking scans (one per group) were used to 
quantify PET images in WT and TG rats at 7 and 15 months through the calculation of the 
Normalised Uptake value (NUV). 

For the [11C]leucine study Wistar rats were scanned with a weight of 434.10g ± 

59.77gr; WT and TgF344-AD were used for a longitudinal study, therefore the same animal 

was scanned at different ages.  At 6-7 months with a weight 432.25g ± 26.88g, at 12 months 

with a weight 481.17g ± 23.39g and at 18-19 months of age with a weight of 479.62g ± 

32.43g. The injected dose of [11C]leucine was 37.42MBq ± 7.14MBq and the specific activity 

was 47.2MBq/nmole ± 27.26 MBq/nmole. At each time point rats were tested for 

behavioural analysis. 

For the [18F]UCB-H analysis, we didn’t perform a longitudinal study, therefore two 

different groups at 7 and 15 months of age were used. WT and TgF344-AD at 7-8 months of 

age with a weight 438.38g ± 30.36g and 15-16 months of age with a weight 479.24g ± 22.44g 

were scanned for [18F]UCB-H study and the injected dose applied was 28.70MBq ± 4.58MBq 

and the specific activity was 87.97MBq/nmole ± 33.16 MBq/nmole. All data are expressed as 

mean±SD. 

3.2 Scanning protocol 

All animals were anaesthetised by isoflurane inhalation (induction 5% and thereafter 

2-2.5%) in O2/NO2 (30%/70%). For all scans, 300μl of tracer in saline followed by a 300μl 
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saline flush were injected using Cole-Parmer Syringe® Touchscreen Control pumps at a rate 

of 1.2ml/min in a single bolus over 30sec to ensure steady delivery of the tracer. 

For [11C]leucine study, three Wistar rats were also injected 10 minutes before starting 

the [11C]leucine PET acquisition with 60mg/kg of anisomycin in saline (pH adjusted at 7 by 

addition of few drops of 37% HCl). 

For [18F]UCB-H study, some WT and TG rats at 7 and 15 months of age were also 

injected with 1mg/Kg cold UCB-J in saline, 10 minutes before starting PET acquisition.  

Rats were scanned on a Siemens Inveon® small animal PET-CT [303, 304]. The 

following data acquisition protocol was used: a CT scan was performed immediately prior to 

the PET scan for each animal to acquire attenuation correction factors. The time coincidence 

window was set to 3.432 ns and levels of energy discrimination to 350 keV and 650 keV. List 

mode data from emission scans were histogrammed into 25 (14 × 5 sec; 3 × 15 sec; 3 × 1 

min; 2 × 5 mins; 3 × 15 mins) and 36 (16 ×15 sec; 4 × 30 sec; 4 × 1 min; 4 × 2.5 mins; 8 × 5 

mins) dynamic frames for analysis of the heart and brain time activity curves, respectively. 

Emission sinograms were normalised, corrected for attenuation, scatter along with 

radioactivity decay and reconstructed using OP-OSEM3D-MAP (16 subsets, 2 iterations of 

OP-OSEM3D followed by 18 iterations of MAP) into images of 128 × 128 × 159 voxels with 

0.776 × 0.776 × 0.796 mm voxel size. Respiration and temperature were monitored 

throughout the scans using a pressure sensitive pad and rectal probe (BioVet, m2m Imaging 

Corp., USA). Body temperature was maintained using a heating and fan module controlled 

by the rectal probe via interfacing with of the BioVet system. 

3.3  [11C]Leucine study and measurement of the Arterial Input Function (AIF) 

In 7 Wistar and 9 WT/TG rats (1 WT and 2 TG at 12 months, and 2 WT and 4 TG at 18 

months), the femoral vein and artery were cannulated with a 26G catheter (Terumo® 

Surflo®-W) and connected to a fine-bore polyethylene tubing (inner diameter: 0.58mm, 

outer diameter: 0.96mm) going through a Twilite Swisstrace™ blood sampler (Swisstrace 

GmbH, Switzerland) [305] in an arterio-venous shunt of 80cm length in total. This sampler 

contains a dual LYSO detector system (detector head), with tubing carrying arterial blood 

running between the two crystals. Blood flow was maintained by a peristaltic pump (350 

μl.min-1). Discrete blood samples of approximately 350μl were collected from the shunt 

between the peristaltic pump and the venous catheter at 2, 5, 10, 20, 30, 40, and 60 minutes 

during the scan. A photo of the setup is shown (Figure 26). These samples were collected in 
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heparinised Eppendorf tubes and placed immediately on ice. A 50 or 100μl aliquot of whole 

blood was counted using a γ-counter (1470 Wizard Automatic Gamma Counter from Perkin 

Elmer (UK)) and the remaining was centrifuged at 8050×g for 3 minutes at 4°C to obtain 

plasma. A 50 or 100μl aliquot of plasma was subsequently counted using the γ-counter. An 

aliquot of the remaining plasma from each sample was mixed with 5% percholoric acid (PCA) 

or 70% of PCA to precipitate proteins and centrifuged at 8050 ×g for 5 minutes at 4°C. The 

supernatant was counted on the γ-counter to measure the amount of free [11C]leucine in 

plasma. Free and bound [11C]leucine (incorporated in proteins) were determined in the PCA 

supernatant and total plasma respectively, the amount of [11C]leucine incorporated in 

proteins was calculated from the difference between plasma (total [11C]leucine) and 

supernatant (free [11C]leucine). A last aliquot of plasma was then stored at -80°C for 

measurement of the total leucine concentration by the company Alta Bioscience. The Alta 

Bioscience (https://altabioscience.com/) through the use of post column detection, 

quantified the concentration of individual amino acids in plasma expressed in n.mole/ml. 

The injected leucine was measured to be 0.5μg ± 0.2 μg, calculated from the injected dose 

and the specific activity, and the total leucine in plasma was measured to be 770.9μg ± 

171.15 μg, calculated by from the measurements done by Alta Bioscience and the rat blood 

volume of 60ml/Kg [306]. A foot switch was used to record the timings of the discrete blood 

samples. 
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Figure 26: Experimental setup to determine the Input Function (IF). During the PET/CT scan 
the Twilite detector was used to determine the radioactivity in whole blood. Two pumps 
for the injection of radiotracer and saline flush; a peristaltic pump to move the blood from 
the artery to the vein and a syringe for the discrete blood sampling. In the background is 
the Siemens Inveon PET/CT scanner. 

At the end of the PET scan, rats were rapidly decapitated and the brain removed for 

dissection into different regions: whole cortex, hippocampus, striatum, cerebellum and rest 

of the brain. All brain regions were counted in a γ-counter. 

 WT and TG rats used for the longitudinal study were scanned without arterial input 

function and an aliquot of plasma (100µl) coming from the tail vein was taken before each 

PET acquisition to correct the image derived input function. 

3.4 [18F]UCB-H Study 

Under isoflurane anaesthesia WT and TG rats at 7 months (WT, n= 8; TG, n=7;) and 15 

months (WT, n=10; TG, n=10) of age were injected i.v. with [18F]UCB-H at the beginning of 

PET scan. Some WT (n= 4 at 7m and 15m) and TG ( n=4 at 7m and 15m) rats were injected 10 

minutes before PET acquisition with cold UCB-J (1mg/kg) [307] for the evaluation of non-

specific binding (blocking scan). The blocking scans were used to determine the normalised 

uptake values (NUV) of the ratio of SUV without blocking to SUV with blocking scan between 

9 and 20 minutes after injection of [18F]UCB-H. 
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3.5 Image analysis 

For the image-derived input function in the [11C]leucine study, images were 

segmented automatically using local means analysis (LMA) in the BrainVisa/Anatomist 

framework (http://brainvisa.info,[261, 262, 308]). Automatic segmentation was preferred to 

manually drawn regions of interest (ROIs), which can introduce a user-dependent bias. In 

short, the LMA algorithm first extracts the whole body of the rodent from the background, 

before identifying voxels in the core of organs based on the notion that their variation in PET 

signal should be lower than those voxels at the organ borders, which are more subject to 

variations driven by physiological movement and spill-over from neighbouring 

organs/vessels. Neighbouring voxels are then identified based on the similarity of their 

kinetics to these organ ‘cores’. Ultimately, the implementation in BrainVisa segments the 

whole-body image into a maximum of 200 regions based on the similarity of kinetics of the 

voxels contained within them. Within the heart, the segmented ROI of the heart left 

ventricle was manually defined as well as a manually defined ROI over the vena-cava. 

[11C]leucine and [18F]UCB-H uptake in the brain were quantified using BrainVisa and 

Anatomist software (http://brainvisa.info/web/index.html) and a rat brain atlas [309]. An 

MRI rat brain template one for Fischer-344 rats and one for Wistar rats, were used to create 

28 brain ROIs large enough to be accurately quantified based on the spatial resolution of the 

PET scanner (Figure 27). Data are expressed as standardised uptake values (SUVs). 

 

Figure 27: MR template with example of ROIs used for quantification 

3.6 Modelling of [11C]leucine uptake to determine PSR using MICK software 

Kinetic modelling is used for the quantitative analysis of dynamic PET data. MICK 

(Modelling, Input functions and Compartmental Kinetics) is an in-house software based on 

Matlab used for PET Kinetic analysis. 

The tracer kinetics in tissue can be described by compartmental models, that are 

separate regions in which the tracer can be transferred. Each compartment is defined by the 
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rate constant Ki, that represent the transfer of the tracer from a compartment to another. 

Starting from the assumption about the knowledge of the number of compartment and Ki, a 

software as MICK is used to try to find a set of coefficients Ki such that the prediction about 

the tracer kinetics optimally matches the measurements, changing the Ki values until the 

best match is found. In order to run the MICK software the brain Time Activity Curves (TAC) 

and the Arterial Input Function (AIF), defined as total radioactivity in arterial plasma across 

the time, need to be loaded (Figure 28). 

 
Figure 28: Screenshot of the MICK software, used to determine the rate constants. 

The compartmental model used to describe leucine metabolism in brain is 

characterised by three rate constant; in which K1 and k2 are the rate constant for the transfer 

of leucine from blood to the brain and vice versa and K3 represents the rate constant for 

leucine incorporation in proteins (Figure 29). In the estimation of PSR it is essential to 

estimate other parameter as Kcplx, defined as the net uptake rate constant for [11C]leucine; λ, 

defined as the fraction of [11C]leucine in the precursor pool for protein synthesis derived 

from plasma and C that represents the concentration of unlabelled leucine in plasma (Figure 

29). 

One of the aims of this study was to identify and validate an Image Derived Input Function 

(IDIF) to be used as IF for the longitudinal study, in which rats had no blood measurements. 

There are three steps to validate an IDIF: 

1. identify a blood pool large enough on the PET image by using a co-registered 

anatomical images (CT) or segmented PET image 
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2. determine the whole blood time-activity curve from this blood ROI 

3. correct the radioactivity values detected by PET using ex-vivo measurements of 

parent radioligand [310]. 

 
Figure 29: Simplified compartmental model of leucine metabolism in brain [297]. It is a 
two-tissue compartmental model. The rate constants K1 and K2 represent the transfer of 
leucine across the blood-brain barrier from blood to the brain and vice versa. K3 is defined 
for the incorporation of leucine in proteins. The mathematical formula for the estimation 
of PSR = Protein Synthesis Rate is calculated from: Kcplx is the net uptake rate constant; C 
is the concentration of unlabelled leucine in plasma and λ is the fraction of [11C]leucine in 
the precursor pool derived from plasma. 

3.7 Behaviour tests 

All rats had a habituation period for a minimum of 20 minutes before starting each 

test. Two batches of rats were used one were tested at 6-7 months and then at 12-13 

months and the other group at 12-13 months of age and then again at 18 months of age. 

Each test was run in a space where the light was blocked using black curtains and was always 

performed after 5pm until 9pm. 

3.7.1 Morris water maze and reversal Morris water Maze 

Morris water maze (MWM) is a test used to evaluate spatial learning. Rats were 

placed in a swimming pool and using distal clues, they had to navigate from the starting 

point and try to find a submerged escape platform. Spatial learning was acquired through 

the repeated trials and the spatial memory acquisition was determined on the last day when 

the platform was removed from the water. During the reversal phase, the platform was 

Free+metabolised 



99 
 

moved to another quadrant and the rats trained again. The reversal phase was used to 

determine how the rat reacts to the change and how quickly the rat was able to memorise 

the new platform position. 

To perform the MWM, a large black circular swimming pool with 175 cm diameter 

was used. The pool was filled with water at around 25˚C, changed every day after the test 

and few drops of water-soluble black paint were added to hide the platform. The top surface 

of the platform was 15×15 cm and it was under 1-2 cm of water. 2D distal clues, two per wall 

during the MWM and one per wall during the reversal MWM, were placed around the pool 

to help the rat during the navigation and to learn the platform position (Figure 30). A heat 

mat was used to warm the rat after the test. A video camera placed above the pool was used 

to record the animal performance and all videos were analysed using the ANYMAZE 

software. 

 
 
Figure 30: (A) Experimental setup of Morris water maze (MWM) and (B) reversal MWM. 
Stars indicate the starting point from which the rat was released into the pool. The blue 
circle is the platform position during the test. 

The full test (MWM and reversal MWM) had a duration of 9 days. Before starting the 

test, each rat had one day of habituation. During the habituation each rat was placed on the 

platform for 15 seconds 4 times to teach the rat that an escape platform was present in the 
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pool. Then to habituate the rat to the test, the rat was released in the pool 4 times from 

different starting points and the platform was highlighted by a small bottle placed on it. 

The acquisition was performed for 4 days during the MWM and 3 days for the 

reversal MWM. Each rat had 4 trials per day and the platform was always placed in the same 

quadrant, South East (SE) during the MWM and North West (NW) during the reversal MWM 

(Figure 30). The rat was released in the pool from North-East (NE), South-East (SE), North-

West (NW) and North (N) during the MWM and South-West (SW), NW, SE and South (S) 

during reversal MWM. The maximum swimming time allowed was 60 seconds. The camera 

was switched off after 60 seconds or when the rat reached the platform. If the rat was not 

able to reach the platform after 60 seconds, it was helped and left on it for 15 seconds. 

During the probe test, the platform was removed from the pool and the swimming 

time allowed was 60 seconds. The starting point was N during the MWM probe test and S 

during the reversal MWM. 

The software ANYMAZE was used to analyse the video files. The software was set to 

recognise the rat and discriminate the animal from the background. Different parameters 

were determined during the acquisition and the probe days. Time to reach the platform, 

time spent in each quadrant, time to getting close the platform, speed, path efficiency and 

the distance travelled. All data were then analysed by using GraphPad Prism 8.4.1. and 2-

way ANOVA and/or Mixed effect analysis and Sidak multiple comparison post-hoc test. 

3.7.2 Open Field 

The open field test was used to evaluate the rat behaviours, anxiety and stress 

condition. The open field consisted of a square wall-enclosed (52cm × 52cm) area high 

enough to avoid the rat escape (Figure 31). At the end of each test, the chamber was 

cleaned with 70% ethanol or fragrance-free cleaner. A video camera placed on top of the 

chamber was used to record the rat behaviour. Each test had a duration of 10 minutes and 

the ANYMAZE software was used to analyse the video files. The software was set to 

discriminate the rat and parameters evaluated were the time spent in moving and not 

moving and also the time spent close to the wall or in the centre of arena. All data acquired 

were analysed by using GraphPad Prism 8.4.1 and Mixed effect analysis and Sidak post-hoc 

test. 
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Figure 31: Images of the arena used to perform open field and smell tests. The box was 
black 52×52 cm. 

3.7.3 Smell tests 

Two different smell tests were performed on these rats. For both tests, cotton wool 

was used and the amount of fragrance was defined based on the rat ability to sense/detect 

the smell. The first test was based on the memory retention of an odour after one-time 

exposure. Three different fragrances were used: strawberry, vanilla and green tea oils and 

they were placed in the middle of the square arena, same environment used for the open 

field test. Each fragrance was presented twice by using different delay time 30 minutes, 1 

hour and 4 hours. A single time interval was tested on each day to avoid cross interference 

of olfactory detection and memory. At the end of each test the box was cleaned using 70% 

ethanol or fragrance-free cleaner. Rat performance was recorded for 10 minutes using a 

video camera placed on top. 

For the second smell test, a two arms maze with either predator (fox) or non-

predator (rabbit) urine at the end of each arm were used to assess general olfactory ability 

in 12- and 18-months old rats. Each rat had 1 day of habituation at the new maze and at the 

end of each test the maze was cleaned using 70% ethanol or fragrances free cleaner. A video 

camera placed on the maze has been used to record rats for 10 minutes. 

For both smell tests, the video files acquired were analysed with ANYMAZE software. 

The software was set to discriminate the rat and manually, the time spent by each rat in 

smelling was determined. GraphPad Prism 8.4.1 with Two-way ANOVA with Sidak post hoc-

test and Paired t-test were used to analyse the data. 
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3.8 Immunohistochemistry (IHC)  

Immunohistochemistry was done on WT and TG rat brains at different ages 6, 12 and 

18 months, with antibodies for Aβ (6E10) and GFAP (astrocyte marker) to test the presence 

of amyloid deposition and the increase in astrogliosis, respectively. Animals were culled by 

isoflurane overdose and the death was confirmed by cervical dislocation. The brains were 

rapidly collected, snap frozen using isopentane on dry ice and stored at -80°C. Fifteen sets of 

4 sagittal brain sections (20µm thick) were taken on SuperFrost Plus glass slides using a 

cryostat (Leica CM3050s, Leica Biosystems Nussloch GmbH, Germany) from 1, 1.62, 2.24 and 

2.86mm lateral of Bregma and stored at -80°C. Brain sections were fixed in 4% 

paraformaldehyde for 10 minutes at room temperature; then washed 6 × 5 minutes in PBS. 

To avoid the non-specific binding, sections were incubated in 2% normal donkey serum for 

30 minutes. Primary antibodies: 6E10 BioLegend (803001, 1:1000) and GFAP (Dako Z0334, 

1:1000) were incubated overnight at 4°C with serum. Before starting the incubation for 2 

hours with secondary antibodies at room temperature, sections were washed 3 × 10 minutes 

in PBS. A few drops of Prolong anti-fade kit (Molecular Probes, Invitrogen) with DAPI, to stain 

the nucleus, were used as mounting medium. Other factors involved in the attenuation of 

protein synthesis and in memory consolidation were evaluated by immunohistochemistry 

using the following antibodies: eIF2α (Santa Cruz, 133132), phospho-eIF2α (abcam, 32157) 

and ATF4 (Proteintech, 10835-1-AP). All primary antibodies were tested at different 

concentration 1:500 and 1:1000. Standard protocol, antigen retrieval, sodium borohydride 

and DAB (3,3′-Diaminobenzidine) staining were tested. The antigen retrieval and the sodium 

borohydride have few more steps compared to the standard protocol. In the antigen 

retrieval slides were incubated for 20 minutes at 95˚C in citrate buffer at pH=6 before the 

blocking step while during the sodium borohydride protocol, slides were incubated 3 times 

for 10 minutes in sodium borohydride after the citrate buffer. For immunofluorescence, the 

secondary antibodies used were Alexa Fluor 594nm Donkey anti-mouse IgG (1:500) for eIF2α 

and 6E10 and Alexa Fluor 488nm Donkey anti-rabbit IgG (1:500) for GFAP, phospho-eIF2α 

and ATF4. (see §10.4.1) 

3.8.1 DAB staining protocol 

3,3′-Diaminobenzidine (DAB) is a derivate of benzene, an organic compound that is 

used in the staining of nucleic acids and proteins, and when oxidised it forms water insoluble 



103 
 

brown precipitates. Slides were dehydrated by washes in Xylene and then several washes in 

ethanol at different concentration: ethanol 100%, ethanol 90% and 70%. Distillate water was 

then used for 5 minutes before the incubation in citrate buffer PH=6, at 95˚C for 25 minutes. 

Slides were subsequently washed 3 times over 5 minutes in dH2O and before being 

incubated in 0.3% Peroxide in Methanol at room temp for 30 minutes. After washes in dH2O 

and PBS, slides were incubated overnight in Blocking Buffer at 4˚C (from Vector Laboratories 

kit). The primary antibody was added for 1 hour at room temperature and the biotinylated 

secondary antibody (from Vector kit) was added for 30 minutes. The prepared ABC solution 

(from Vector Kit) was added for another 30 minutes with the final step being the 

introduction of the DAB solution. Haematoxylin was used few second before starting the 

hydration process by using again ethanol from 70% to 100% and Xylene. Glue was used to 

mount a glass on slides. (see §10.4.1). 

3.8.2 Western blot analysis 

3.8.2.1 Homogenisation 

Brain hemispheres were dissected into 5 different brain regions: hippocampus, 

cortex, cerebellum, striatum and rest of the brain. Dissected regions were stored in -80˚C 

and used for Western Blot (WB) analysis. The same antibodies used for IHC were tested for 

Western Blot: eIF2α (Santa Cruz, 133132), phospho-eIF2α (abcam, 32157) and ATF4 

(Proteintech, 10835-1-AP) but also 2 more antibodies: PSD95 (abcam 2723) and SNAP25 

(abcam 5666). Dissected brains were homogenised by using a homogenisation solution and a 

pestel. Samples were centrifuged for 15 minutes at 3,200rpm (+4°C) and the pellet 

discarded. The supernatant (S1) was centrifuged for a further 20 minutes at 12,200rpm 

(+4°C) and the subsequent supernatant (S2) stored at -20˚ and used for Western Blot 

analysis. (see §10.4.3). 

3.8.2.2 Protein concentration 

The Bradford protein assay was used to determine the protein concentration in 

individual samples for these studies. This assay is based on the absorbance shift of the dye 

reagent. Hydrophobic and ionic interactions stabilize the anionic form of the dye, causing a 

visible colour change. A protein concentration of Bovine Serum Albumins (BSA) is used 2 

mg/ml (Sigma-Aldrich) at different concentrations ranging from 0 to 1 mg/ml is used to 

generate a standard curve. The protein concentration from this standard curve and 



104 
 

individual assay samples were determined by using a plate reader spectrophotometer 

(BioTek μQuant microplate spectrophotometer) at 595 nM. (see §10.4.4). 

3.8.2.3 Western Blot 

The automated Western (Protein Simple, Wes) was used to perform the Western Blot 

(WB) analysis. The main characteristic of the automated Wes is the absence of gels, transfer 

devices, film, etc. The advances in using the automated Wes is the possibility to process in 1 

plate 25 samples and different antibodies at the same time. Quantitative data are available 

after few hours and the immunoassay happens in a capillary in which samples are separated 

by size. The immobilized proteins are detected by a primary antibody and an HRP-

conjugated secondary antibody and a chemiluminescent substrate will be than used to 

generate a chemiluminescent signal, detected and quantified. β-actin (Aldrich A5441) was 

used as a housekeeping gene to normalise the signal. After defining the samples 

concentration, 1 part of 5× fluorescent master mix was combined with 4 part of lysate. 

Samples were then heat-denaturated and then vortexed. Finally, samples were loaded on 

the plate (Figure 32). (see §10.4.5) 

 

  

Figure 32: Plate used for WES analysis and µl of each reagent. 
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3.9 Statistical analysis of PET data 

All data were analysed by using GraphPad Prism 8.4.1 and expressed as mean ± SD. 

The analysis of unlabelled leucine in arterial vs. venous blood samples in WT and TG rats was 

conducted by using Two-way ANOVA and Sidak post-hoc test. The evaluation of unlabelled 

leucine in arterial plasma between WT and TG was done by using Unpaired t-test. The 

comparison of unlabelled leucine and LNAA in arterial plasma between Wistar, WT and TG 

was done by using One-way ANOVA. The analysis of [11C]leucine free in plasma between  

70% and 5% PCA was done by using Two-way ANOVA and Sidak post-hoc test. PSR analysis in 

rats with all individual blood measurements were done by using Choen’s d effect size. PSR, 

Kcplx and the SUV uptake for the longitudinal study were analysed by using Mixed effect 

analysis and Sidak post-hoc test and only at 18 months of age the Unpaired t-test was used 

for the PSR and Kcplx. Unpaired t-test was also used to study the Kcplx and PSR differences in 

Wistar rats with and without anisomycin injection. 

Behavioural data were analysed by using Two-way ANOVA and Mixed effect with Sidak post-

hoc test for MWM and Reversal MWM. Mixed effect with Sidak post-hoc test was used for 

Open field. Both smell tests were analysed by using Two-way ANOVA with Sidak post-hoc 

test and Paired t-test, 

For the [18F]UCB-H was used Two-way ANOVA with Sidak post-hoc test for the SUV and NUV 

analysis. 
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4 Results of the PET studies 

4.1 [11C]leucine  

The analysis of protein synthesis was first reached by using a semi-quantitative 

method based on the evaluation of the standard uptake value (SUV) between WT and TG 

rats at different ages. This method does not take into account the biochemical processes 

involved in [11C]leucine metabolism in brain and it is expressed as a tissue radioactivity 

concentration at a specific time (20-60 minutes after injection) (Ct) and the administered 

dose (ID) multiplied by body weight (BW).   

𝑺𝑼𝑽 =
𝐂𝐭

𝑰𝑫
∗ 𝑩𝑾  (Equation 10) 

The Figure 33 shows the SUV PET images in WT and TG rats at 6, 12 and 18 months 

highlighting a gradual increase of SUV with age. The SUV values showed an age effects and 

genotype × age interaction in two of the brain regions tested: hippocampus and temporal 

cortex (Figure 34), with a p value in the hippocampus of p=0.0013 and p=0.0321 and in 

temporal cortex p=0.0014 and p=0.0169. The SUV increased in both genotypes, more 

specifically at 18 months in WT rats and earlier, at 12 months of age, in TG rats. The higher 

SUV values in WT rats were statistically significant between 6 months and 18 months 

(p=0.0123) in hippocampus. In TG rats the SUV increase was statistically significant between 

6 and 18 months (p=0.0060) in the hippocampus. In temporal cortex TG, a statistical 

difference was measured between 6 and 12 months (p=0.0391) and 6 months and 18 

months (0.0031). The comparison between WT and TG showed a statistical difference only in 

temporal cortex at 12 months of age (p=0.0239).  
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Figure 33: Representative sum 20-60min PET images of [11C]leucine uptake (shown as SUV) 
in the brain of a WT (top) and TG (bottom) rats at 6, 12 and 18 months of age. 
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Figure 34: SUV graphs of [11C]leucine brain uptake in hippocampus (top) and temporal 
cortex (bottom) at 6, 12 and 18 months of age. The statistical analysis showed an age 
effect and genotype × age interaction in both brain regions; hippocampus: p=0.0013 and 
p=0.0321 and in temporal cortex: p=0.0014 and p=0.0169. An age increase of SUV values 
was evaluated in both genotypes, with p values in WT hippocampus of 0.0123 between 6 
and 18 months. The TG rats were statistically different between 6 and 18 months of age 
(p=0.0060) in hippocampus. In Temporal cortex WT rats showed no statistical difference 
whereas TG were evaluated statistically different between 6 months and 12 months 
(p=0.0391) and 6 months and 18 months (p=0.0031). A genotype difference was revealed 
at 12 months of age in hippocampus (p=0.0239). All data were analysed by using Mixed 
model effect and Sidak post-hoc test. Data were expressed as mean±SD. *p≤0.05; 
**p≤0.01. 
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To better understand and characterised the kinetic of the radiotracer in the tissues, 

the compartmental model approach was applied for the quantification of PET images. The 

compartmental model describes the physiological processes in which the tracer is involved. 

The compartmental model is characterised by mathematical functions that describe the 

system, exchanges between compartments and it allows a full understanding of the 

physiological system [311]. The compartmental model requires the dynamic PET images and 

the tracer and cold amino acids concentration in arterial plasma for the estimation of the 

model parameters such as the rate constants describing the kinetic of the tracer in blood, 

plasma and tissue. The measurement of PSR is determined by the formula: 

𝑷𝑺𝑹 = 𝑲𝒄𝒑𝒍𝒙 ×
𝒍𝒆𝒖𝒄𝒊𝒏𝒆 [𝑪]

𝝀
   (Equation 11) 

Were Kcplx is the net [11C]leucine uptake in brain, λ is the fraction of [11C]leucine in the 

precursor pool derived from arterial plasma and [C] is the concentration of unlabelled 

leucine in arterial plasma 

4.1.1 [11C]leucine as a tool to measure the protein synthesis rate in brain 

The table below (Table 4) summarises the rats utilised in this study. One of the aims 

of this study was to determine a population-based arterial input function (AIF) by using a full 

blood analysis from Wistar rats. The AIF requires the use of a terminal procedure; therefore, 

the AIF measurement was not possible to apply for the longitudinal study in Fischer-344 

strain. As explained later in section 4.1.2, because we could not extrapolate a population-

based IF from the Wistar rats representative of the Fisher 344 strain, we later added two WT 

rats and 1 TgF344-AD rat at 12 months of age and 2 WT rats and 4 TgF344-AD rats at 18 

months of age that had complete blood measurements and were used to determine the AIF 

for Fischer-344 strain.  
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Table 4: Summary of rats used for the [11C]leucine. Most of Wistar rats were used to 
determine the AIF, 5 of 19 Wistar rats had only blood evaluation without PET/CT scan, to 
better characterise the concentration of free leucine in plasma. 4 Wistar rats were used 
without blood sampling and therefore they had only PET/CT scan. 3 Wistar rats with full 
analysis were used to study the protein synthesis after injection of an inhibitor. The other 
Wistar rats (n=7) had a complete analysis with PET/CT and blood measurements. Two WT 
and 1 TG at 12 months of age and 2 WT and 4 TG at 18 months of age were used for the 
AIF. The other Fischer-344 rats, 10 WT and 10 TG at 6 months and 12 months and 6 WT and 
9 TG at 18 months were used for the longitudinal study with only a PET/CT acquisition and 
without blood measurements.  

 With blood samples Without blood sampling 

Wistar 15 4 

WT 7m N/A 10 

TG 7m 0 10 

WT 12m 2 10 

TG 12m 1 10 

WT 18m 2 7 

TG 18m 4 9 

 

4.1.2 Measurement of unlabelled leucine in plasma 

As described in the section 1.11.1, an essential factor in the calculation of PSR is the 

measurement of unlabelled leucine in plasma. To know the concentration of unlabelled 

leucine in plasma, 200μl of arterial and venous plasma from each animal were sent to Alta 

Bioscience UK (Table 5). 

Table 5: Summary of blood samples analysed. Blood was taken from the femoral artery 
(red) and/or tail vein (blue). N is the number of samples analysed. Blood samples from 
Wistar rats were all arterial. Concentration: n.mole/ml 

 WT TG Wistar 

Age Arterial blood 
(n. mole/ml) 

Venous blood 
(n. mole/ml) 

Arterial blood 
(n. mole/ml) 

Venous 
Blood (n. 
mole/ml) 

Arterial 
blood (n. 
mole/ml) 

6 months n=0 183.03±18.12 
(n=3) 

n=0 192.94±18.50 
(n=3) 

163.65±27.
62 (n=5) 

12 
months 

241.64±0.06 
(n=2) 

160.39±0.44 
(n=2) 

210.66 (n=1) 162.61±6.43 
(n=3) 

 

18 
months  

203.25±8.67 
(n=2) 

157.81 (n=1) 235.26±19.07 
(n=4) 

177.08±6.15 
(n=2) 
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Leucine is an essential amino acid and can be transported across the BBB through the 

LAT-system. LAT system is also used by other amino acids and the transport follows the 

Michaelis-Menten kinetics; therefore the increased concentration of one amino acid in 

plasma, reduce the influx of the others that remain constant [292]. Histidine, methionine, 

leucine, isoleucine, valine, phenylalanine, tyrosine and tryptophan are the main Large 

Neutral Amino Acids (LNAA) using this transport [312]. The concentration of unlabelled 

leucine and the other LNAA were analysed in both types of blood samples, arterial and 

venous (Figure 35). 

The analysis of unlabelled leucine showed a difference between arterial and venous 

plasma samples in WT and TG. As indicated in Figure 35A, a statistical difference in the 

concentration of unlabelled leucine was detected when arterial and venous plasma were 

compared at 12 and 18 months of age. Specifically, the arterial concentration of unlabelled 

leucine at 12 months was 231.31±17.89 n.mole/ml and in venous plasma was 161.72±4.71 

n.mole/ml with an increase of arterial plasma values of 43% when compared to the venous 

blood samples. 18 months old WT and TG had arterial values of unlabelled leucine of 

224.59±22.50 n.mole/ml and the venous concentration was 170.65±11.94 n.mole/ml with an 

increase of arterial plasma values of 31.6% when compared to the venous blood. Since the 

concentration of unlabelled leucine had different values in arterial and venous plasma, it was 

decided to take this aspect into account for the calculation of PSR, and hence only the cold 

leucine concentrations taken from arterial plasma were used in further analysis.  

The comparison of unlabelled leucine taken from arterial blood revealed Wistar rats 

had a lower (-28%) concentration of cold leucine than both Fischer-344 WT and TG rats at 

both 12 and 18 months (Figure 35, B). No difference was observed in the cold leucine when 

the two genotypes were compared (Figure 35, C). The concentration of the 8 LNAA was 

evaluated in Wistar and Fischer-344 strain (Figure 35, D). The analysis showed that Fischer-

344 strain WT and TG, had higher values of arterial 8 LNAA (1039.92±40.26 n.mole/ml) at 12 

months and at 18 months (1042.23±82.95n.mole/ml) when compared to Wistar 

(779.58±107.18 n.mole/ml). Because the difference of unlabelled leucine (-29%) and 8 LNAA 

(-25%) in arterial plasma were much lower in Wistar when compared to Fischer-344 strain at 

12 and 18 months of age the use of blood measurements from Wistar rats could not be 

applied to the analysis of the longitudinal study of WT and TG rats as initially planned. 
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Figure 35: Analysis of unlabelled leucine and a range of 8 large amino acids (LNAA) in 
plasma. (A) The evaluation of cold leucine in arterial and venous plasma samples from WT 
and TG rats at 12 and 18 months of age. Data analysed by using Two-way ANOVA and 
Sidak post hoc test show a statistical difference between the 2 types of plasma samples 
(p=0.0001 at 12 months and p=0.0010 at 18 months of age). (B) Unlabelled leucine 
concentration between Wistar, WT and TG rats at 12 and 18 months of age using One-way 
ANOVA. (C) The concentration of unlabelled leucine remained unchanged between the WT 
and TG rat genotypes, data analysed by using Unpaired t-test. (D) shows the concentration 
of the 8 LNAA in arterial plasma samples in Wistar and Fischer-344 strain (WT and TG 
polled together) at 12 and 18 months of age. The 8 LNAA are: Histidine, methionine, 
leucine, isoleucine, valine, phenylalanine, tyrosine and tryptophan. Data analysed by One-
way ANOVA showed a statistical difference in 8 LNAA concentration, with a p values of 
p=0.0054 between Wistar and Fischer-344 (WT and TG) 12 months and p<0.0013 between 
Wistar and Fischer-344 (WT and TG) 18 months. **p≤0.01; ***p≤0.001. Data were 
expressed as mean±SD. 
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4.1.3 [11C]leucine free fraction in plasma 

For the evaluation of the AIF, the percentage of free [11C]leucine was estimated by 

using a plasma aliquots, mixed with 5% or 70% perchloric acid (PCA) (Table 6). The more 

concentrated PCA was used by mistake in the protocol and after realising that other studies 

used lower concentrated acids to precipitate proteins. Therefore, the values obtained at 70% 

were converted into 5% even if in literatures is not specify very well the effect of more 

concentrated PCA on protein precipitation.  

Table 6: Wistar and Fischer-344 rats were both used for blood measurements. Fifteen 
Wistar rats were used for blood measurements, of which 7 had their blood tested with 5% 
and 70% PCA simultaneously. Blood of WT and TG rats were always tested by using 70% 
PCA. 

Strain 5% PCA 70% PCA 

Wistar 8 15 

Fischer-344 (WT & TG) 0 9 

Blood samples were taken from the femoral artery of 7 Wistar rats and were tested 

by using 5% and 70% of PCA. From 2 minutes after injection until 20 minutes most of 

[11C]leucine was free in plasma and therefore the use of 5% PCA and 70% PCA did not 

change significantly the measurements of free [11C]leucine. However, from 30 minutes post-

injection onward, the amount of free [11C]leucine increased significantly with the 70% PCA 

precipitation. From 30min post-injection onward, the amount of free leucine extracted with 

5% PCA was significantly lower than with 70% PCA (-42%, -62% and -74% at 30, 40 and 

60min post-injection respectively). 
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Figure 36: Evaluation of free [11C]leucine in plasma in 7 Wistar rats using 5% and 70% PCA. 
Data show that from 2 to 20 minutes the values of free [11C]leucine were similar and 
increased at 30 minutes onwards. Two-way ANOVA and Sidak post-hoc test showed a 
statistical difference at 30 minutes (p=0.0001) and at 40 and 60 minutes (p<0.0001). *** 
p≤0.001 and **** p<0.0001. Data were expressed as mean±SD. 

As all blood samples from the Fischer-344 WT and TG were analysed using 70% PCA, 

a calibration study was done with the aim of finding a mathematical function to calibrate the 

free [11C]leucine values achieved by using 70% PCA with those obtained with 5% PCA (Figure 

37) . 

 [𝟏𝟏𝑪]𝑳𝒆𝒖(𝒇𝒓𝒆𝒆@𝟓%) = −(−𝟏 − 𝟎. 𝟎𝟓 × [𝟏𝟏𝑪]𝑳𝒆𝒖(𝒇𝒓𝒆𝒆@𝟕𝟎%)) ÷ (𝟎. 𝟓𝟓 ÷ [𝟏𝟏𝑪]𝑳𝒆𝒖(𝒇𝒓𝒆𝒆@𝟕𝟎%))𝟓 + 𝟏). 

(Equation 12) 
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Figure 37: Values of free [11C]leucine in plasma in Wistar rats acquired by using 5% (Y axis) 
and 70% (X axis) PCA and plotted on an XY graph to determine a calibration curve. The 
curve-fit indicates the mathematical function describing this calibration. 

To validate if the use of the mathematical function for the conversion of blood did 

not change the AIF, two Wistar rats had full analysis PET/CT scan and indivudual blood 

measurements tested with 5% and 70% PCA. The values of free [11C]leucine measured when 

using 70% PCA were converted by using the mathematical formula (  [𝟏𝟏𝑪]𝑳𝒆𝒖(𝒇𝒓𝒆𝒆@𝟓%) =

−(−𝟏 − 𝟎. 𝟎𝟓 × [𝟏𝟏𝑪]𝑳𝒆𝒖(𝒇𝒓𝒆𝒆@𝟕𝟎%)) ÷  (𝟎. 𝟓𝟓 ÷  [𝟏𝟏𝑪]𝑳𝒆𝒖𝒇𝒓𝒆𝒆@𝟕𝟎%)𝟓 + 𝟏).  

(Equation 12) and two AIF were determined; one coming from the blood measurement with 

5% PCA and another coming from the converted values. The parameters Kcplx and PSR were 

then compared. Despite the low n-number of Wistar analysed (n=2), Kcplx and PSR showed 

similar values when AIF was estimated by using 5% PCA or converted to 5% PCA (Figure 38) 

and subsequently the mathematical function was applied to all WT and TG rats.  

R2=0.95 
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Figure 38: Evaluation of two parameters kcplx and PSR in hippocampus and temporal cortex 
in two Wistar rats by using two different AIF. One AIF was measured by using 5% PCA for 
the evaluation of free [11C]leucine (red dot) and the other AIF was measured by using 70% 
PCA and corrected by using the conversion formula (green dot). To determine the PSR, 
averaged values of unlabelled leucine in arterial plasma of Wistar rats were used. 

4.1.4 PSR analysis by using individual IF and individual unlabelled leucine 

concentration in arterial plasma 

The blood measurements revealed differences in the concentration of unlabelled 

leucine and 8LNAA between strains (see §4.1.2), therefore we could not use a Wistar 

population-based IF for the study of PSR in WT and TG rats. Before determining an image 

derived input function (IDIF) for the longitudinal study, by using the AIF measured in 4 WT 

and 5 TG, the PSR was evaluated in Fischer-344 rats WT and TG that had the full blood 

measurements of free [11C]leucine and unlabelled leucine in arterial plasma (2 WT and 1 TG 

at 12 months of age and 2 WT and 4 TG at 18 months of age). Different brain regions were 
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analysed and the results showed a similar trend in which the PSR values remain constant at 

12 months with no differences between genotype observed, however at the 18 month age, 

WT animals exhibited an increase in PSR compared to the TG animals but also compared to 

WT at younger age (12 months)(Figure 39). Despite the low n-number per group, at 18 

months of age WT rats have higher PSR values than TG in temporal cortex, hippocampus, 

cerebellum and in somatosensory cortex.  

 

 

Figure 39: PSR study in WT and TG rats at 12 and 18 months by using individual AIF and 
individual values of unlabelled leucine in arterial plasma. Data showed that at 18 months, 
WT had higher values of [11C]leucine PSR in the 4 brain regions analysed compared to TG at 
the same age; the effect size at 18 months of age was >0.80 by using the Choen’s d test. 
Data were expressed as mean±SD. 

4.1.5 Validation of [11C]leucine as a tracer to measure PSR 

Anisomycin is an antibiotic that inhibits protein synthesis through inhibition of 80S 

ribosome. Anisomycin was used in this study for the validation of [11C]leucine as a tracer to 



118 
 

measure brain PSR. Three Wistar rats were injected with anisomycin, 60mg/kg, 10 minutes 

before starting the [11C]leucine PET acquisition. Kcplx and PSR values acquired in 3 anisomycin 

treated Wistar rats were compared with 6 Wistar rats without anisomycin injection 

(baseline). Different brain regions were analysed and in all brain regions of all animals pre-

treated with anisomycin there was a large (min. 77% max. 89%) inhibition of the net uptake 

(Kcplx) of [11C]leucine and PSR when compared to the non-treated rats (Figure 40). This 

inhibition of PSR by anisomycin confirmed the sensitivity of [11C]leucine to measure brain 

PSR following an experimental challenge inhibiting protein synthesis. The inhibition of PSR 

after injection of anisomycin was also clearly observed on PET images of  Wistar rats with 

and without pre-treatment (Figure 41). 

 

Figure 40: Comparison of Kcplx and PSR of Wistar rats with (n=3) and without (baseline, n=6) 
anisomycin injection, 60 mg/Kg, 10 minutes before the [11C]leucine PET acquisition. 
Unpaired t-test showed a big difference between baseline and protein synthesis inhibitor. 
p=0.0024 and p=0.0059 in temporal cortex Kcplx and PSR respectively and p=0.0014 and 
p=0.0030 in hippocampus Kcplx and PSR. **p≤0.01. Data were expressed as mean±SD. 
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Figure 41: Representative sum 20-60min PET images of [11C]Leucine uptake (shown as SUV) 
in the brain (A) without and (B) with injection of anisomycin (PSR inhibitor) @ 60mg/kg i.v.  

4.1.6 Input Function measurement for longitudinal study 

For the longitudinal study, permanent arterial canulation for individual arterial blood 

sampling was not feasible under Home Office licence regulation (i.e. femoral canulation is a 

terminal procedure), and hence an averaged population-based whole-blood and plasma 

input function (AIF) was validated and used to calculate Kcplx together with an averaged 

population-based arterial cold leucine concentration to calculate the PSR in the longitudinal 

study in WT and TG rats. 

The first step, for validation of the IDIF, was to align time-wise and average the 

individual arterial input function (AIF) obtained in the 4 WT and 5 TG rats together because 

no differences in heart TAC and AIF were evaluated between genotype. For each animal, a 

ROI over the left heart ventricles was manually drawn in order to determine a heart time 

activity curve (TAC). A specific time-point with similar SUV values between the averaged 

heart TAC and the averaged blood measurement obtained by γ-counter (starting frame 180 

seconds and 240 seconds) was identified to calculate the ratio between individual heart TAC 
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and the averaged AIF hence producing a scaling factor between TAC and AIF (Equation 13). 

The individual ratio was then applied to the averaged AIF to generate a scaled IDIF, in which 

the averaged AIF was scaled up to the individual Heart TAC. Figure 42 shows the averaged 

AIF (purple) and the individual Heart TAC (orange) in one rat and Figure 43 shows the 

application of the individual ratio to generate an individual IDIF. 

(Equation 13): 

𝑺𝒄𝒂𝒍𝒊𝒏𝒈 𝑭𝒂𝒄𝒕𝒐𝒓 =
𝑰𝒏𝒅𝒊𝒗𝒊𝒅𝒖𝒂𝒍 𝑯𝒆𝒂𝒓𝒕 𝑻𝑨𝑪

𝑨𝒗𝒆𝒓𝒂𝒈𝒆𝒅 𝑨𝑰𝑭
 

 

Figure 42: Heart TAC (orange) from one rat and the averaged AIF obtained by the average 
of blood measurements from 4  WT and 5  TG rats, before applying the ratio to generate a 
scaled IDIF. 
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Figure 43: Heart TAC of an individual rat (orange curve) and the scaled AIF (IDIF; Purple 
curve) obtained after the calculation of the ratio between frames 180sec and 240 sec, of 
TAC and average AIF. The applied ratio calculated by dividing the Individual Heart TAC 
(frame 180-240 seconds) and the Averaged AIF (frame 180-240 seconds) obtained from the 
4 WT and 5 TG rats with blood measurements scaled up the Averaged AIF to the individual 
heart TAC. 

4.1.7 Kcplx and PSR in longitudinal study 

The individual IDIF and the individual brain TAC were loaded in the MICK software 

(developed in-house at Manchester) and then used to determine Kcplx and PSR for the 

longitudinal study. To determine the PSR, averaged values of unlabelled arterial leucine 

obtained from 4 WT and 5 TG rats at 12 and 18 months of age were used. 

 The analysis of Kcplx showed a significant genotype effect with slightly higher Kcplx 

values in WT than TG in four of the brain regions studied, i.e. the hippocampus (p=0.0442), 

whole brain (p=0.0448), globus pallidus (p=0.0325) and the caudate putamen (p=0.0423) 

(Figure 44).  

The PSR remained unchanged between WT and TG or by age in all brain regions 

analysed (hippocampus, temporal cortex, cerebellum, cortex somatosensory, frontal cortex, 

thalamus, cortex cingulate/anterior, globus pallidus, caudate putamen and whole brain 

(Figure 45)), with the exception of the globus pallidus which exhibited a significant genotype 
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effect on PSR (p=0.0295) (Figure 46, A). Specifically, at 18 months of age the [11C]leucine  

Kcplx in the globus pallidus and the PSR were decreased significantly (-15% Figure 46 B,C). 

Taken together these data show a trend in PSR and Kcplx where the TG animals 

appeared to have a decreased [11C]leucine Kcplx and PSR when compared to WT at 18 

months, also shown on PET images (Figure 47). The significant genotype difference for Kcplx 

was present in most of the brain regions studied. The apparent loss of this genotype effect 

for PSR measurements could be due to the use of a population-based input function and 

averaged cold unlabelled leucine concentration instead of individual measurements and 

hence have led to an averaging of the PSR. 

 

Figure 44: Kcplx analysis in WT and TG rats at 6, 12 and 18 months by using averaged and 
scaled IF (IDIF) and averaged values of unlabelled leucine measured from arterial plasma 
samples of WT and TG at 12 and 18 months of age. Mixed model analysis shows a 
significant genotype effect in Kcplx in hippocampus (p=0.0442), whole brain (p=0.0448), 
globus pallidus (p=0.0325) and the caudate putamen (p=0.0423). Sidak post-hoc test 
showed any statistically relevant differences between genotypes or age. Data expressed as 
mean±SD. 
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Figure 45: PSR evaluation at 6, 12 and 18 months of age, in different brain regions: 
temporal cortex, hippocampus, cerebellum, cortex somatosensory, frontal cortex, 
thalamus, cortex cingulate whole brain and caudate putamen by using averaged and 
scaled IF (IDIF) and averaged values of unlabelled leucine obtained from arterial plasma 
samples at 12 and 18 months of age in WT and TG. Mixed model effect and Sidak post-hoc 
test did not show any statistically relevant differences between genotypes and age. Data 
were expressed as mean±SD. 
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Figure 46: PSR and Kcplx analysis by using averaged and scaled IF (IDIF) and averaged values 
of unlabelled leucine coming from arterial plasma samples at 12 and 18 months of age in 
WT and TG. Mixed model effect and Sidak post-hoc analysis in WT and Tg rats at 6, 12 and 
18 months of age, shows a significant genotype effect in PSR (top graph, A) in globus 
pallidus (p=0.0295). Unpaired t-test performed at 18 months (graph B and C) show a 
decrease (-14% for Kcplx and -15% for PSR) in Kcplx and PSR in TG rats statistically relevant 
(p=0.0427 and p=0.0488, respectively). *p≤0.05. Data expressed as mean±SD. 
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Figure 47: Representative summed PET image (20-60min) of [11C]Leucine uptake (shown as 
SUV) in the brain of a WT (left) and TG (right) rats at 18 months of age. 
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4.2 [18F]UCB-H study 

Protein synthesis and local protein synthesis at the synapses are essential for the 

synaptic plasticity and  for memory consolidation [313]. Therefore, WT and TG rats were also 

used for another PET study, in which we evaluated the synaptic density by [18F]UCB-H PET, a 

tracer able to bind the synaptic glycoprotein SV2A.  

8 WT and 7 TG rats at 7 months of age, and 10 WT and 10 TG at 15 months of age 

were injected i.v. with [18F]UCB-H (baseline). 4 WT and 4 TG at 7 and 15 months were 

injected before staring the [18F]UCB-H PET acquisition with 1mg/Kg of UCB-J (block scans) 

and theses scans were used to quantify PET images (Figure 48). Data were analysed between 

9 and 20 minutes post-injection as at these time-points, the biggest difference in SUV 

between baseline and blocked scans was observed. This is likely to be due to the rapid brain 

pharmacokinetic of [18F]UCB-H resulting in a rapid wash-out and a small difference between 

baseline and blocked scans at later time-points (>20-30min) (Figure 49). 

 

Figure 48: Representative coronal section sum 9-20min PET images of [18F]UCB-H uptake 
(shown as SUV) in the brain of a WT 7 months without (left, baseline) and with (right, 
block scan) injection of 1mg/kg of UCB-J before starting the [18F]UCB-H. 
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Figure 49: Baseline brain SUV Time Activity Curves (TAC) of [18F]UCB-H (blue) and TAC 
blocking scan after injection of UCB-J (red) in frontal cortex. Curves show a peak during the 
first second then followed by a rapid wash-out. Big difference between blocking (red) and 
non-blocking (blue) scan was shown between 9 and 20 minutes in all groups (shadow). The 
pre-saturation study (red curves) was developed by using 4 rats per group injected with 
1mg/Kg of UCB-J. The blue curves represented the values of averaged TAC of [18F]UCB-H in 
rats without pre-saturation: 8 WT  at 7 months WT (A); 7 TG at 7 months TG (B); 10 WT at 
15 months (C) WT and 10 TG at 15 months (D). 

The SUV values in different brain regions are shown in Figure 50, and the graphs 

show that in almost all brain regions the blocking values were similar between WT and TG at 

7 months of age but at 15 months, TG rats had an increase of non-specific binding when 

compared to WT at the same age and the increase happened also in WT and TG due to the 

age. Few brain regions frontal cortex, frontoparietal motor cortex, hippocampus and 

thalamus were analysed and the analysis showed  a statistically significant decrease of SUV 

in all groups due to the injection of UCB-J when compared to the baseline (p≤0.0001), and 

no statistical differences were determined between genotypes or age detailed in the 

baseline group with the exception of frontal cortex in which TG rats showed a statistical 

increase between 7 and 15 months of age (p=0.0264) (Figure 51).  
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In the blocking study, TG rats presented higher values when compared to WT and this 

increase was statistically significant (p≤0.05) between 7 and 15 months for both genotype in 

frontal cortex and in the other brain regions only for TG rats (Figure 51). 

 

Figure 50: Averaged values of [18F]UCB-H brain uptake in WT and TG rats at 7 and 15 
months of age without and with  a prior injection with cold UCB-J (1mg/kg). The [18F]UCB-
H uptake after blocking study increase with age in both genotypes and is higher in TG in all 
brain regions analysed.  Data were expressed as mean±SD. 
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Figure 51: SUV study in some brain regions: frontal cortex, motor cortex, hippocampus and 
thalamus, in WT and TG rats at 7 and 15 months of age with (blocked scan, UCB-J) and 
without (baseline) pre-injection with UCB-J (1mg/Kg) 10 minutes before starting the 
[18F]UCB-H acquisition. The analysis by using Two-way ANOVA showed no statistical 
differences between genotype and age in baseline scans. Only in frontal cortex TG rats, 
showed a significant increase due to the age between 7 and 15 months of age (p=0.0264). 
The blocking scans showed statistically differences in TG rats at 7 and 15 months; 
specifically, in frontal cortex p=0.0353; motor cortex p=0.0369; hippocampus p=0.0349 and 
thalamus p=0.0241. In frontal cortex (blocking scans) WT at 7 months were statistically 
lower than WT at 15 months of age p=0.0382. # means statistical differences between rats 
same genotype but different age. * and # p≤0.05. Data were tested between 9 and 20 
minutes after injection and expressed as mean±SD.  

The brain SUV data of [18F]UCB-H showed an over-estimation of the synaptic density 

due to the increase of the non-specific binding with age and this increase was more 

prominent in TG than WT rats, highlighting that SUV quantification might not be ideal for 

this tracer. Blocking scans, performed via the use of unlabelled UCB-J (1mg/kg) 10min before 

[18F]UCB-H PET scan acquisition, were used to normalise PET images. Because the blocking 

scans showed an increase of SUV due to the age and more prominent in TG, four averaged 

blocking scans were used per each group of age and genotype. 
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The individual brain SUV (9-20minutes) were normalised to the averaged values of 

blocking scans (9-20 minutes) at the same age and genotype, defining a Normalised Uptake 

Value (NUV) (Equation 14). 

(Equation 14): 

𝑵𝑼𝑽 =
𝑰𝒏𝒅_𝑺𝑼𝑽(𝟗−𝟐𝟎 𝒎𝒊𝒏𝒔)

𝑨𝒗𝒆𝒓𝒂𝒈𝒆𝒅𝑺𝑼𝑽𝒃𝒍𝒐𝒄𝒌𝒆𝒅 (𝟗−𝟐𝟎𝒎𝒊𝒏𝒔)
 

 

The difference of [18F]UCB-H uptake in WT and TG and at different ages can be clearly 

observed on the PET image (Figure 52). At 7 months of age, TG rats showed diminution in 

the uptake (NUV) in many brain regions for example, frontal cortex, motor cortex, 

hippocampus, thalamus, cerebellum, caudate putamen, globus pallidus and but not in the 

temporal cortex (Figure 53) and at 15 months of age no statistical difference was measured 

between WT and TG (Figure 53). Importantly, a statically age-dependent decrease in 

[18F]UCB-H uptake was evaluated in WT rats and not in TG with the exception of caudate 

putamen and globus pallidus (Figure 53). 
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Figure 52: Representative sum 9-20min PET images of [18F]UCB-H uptake (shown as NUV) 
in the brain of a WT (left) and TG (right) rats at 7 months (top) and 15 months of age 
(bottom). 
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Figure 53: [18F]UCB-H normalised uptake values (NUVND) analysis in different brain regions 
at 7 and 15 months of age. Data were analysed with Two-way ANOVA and Sidak post-hoc 
test. *, ** and **** indicate significant difference between WT and TG and between age as 
p≤0.05, p≤0.01 and p≤0.0001 respectively. Data were expressed as mean±SD.  
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5 Behaviour 

5.1 Morris water maze and reversal MWM 

 

Figure 54: experimental setup of MWM (A) and reversal MWM (B). During the training 
days of MWM platform was placed in south east (SE) quadrant and rats were released in 
the pool from 4 different starting point. During the probe test the platform was removed 
from the tank and rats were released in the pool from the North. During the reversal 
MWM the platform was moved and the platform was placed to the opposite quadrant, 
North West (NW). During the probe test after removing the platform, the rat was released 
from the South. Clues and platform position were always the same during MWM and 
reversal MWM at each age tested.  

MWM is a behavioural test used to assess the spatial memory of rats. The concept 

behind this test is the necessity of the rat to learn a platform position and escape from the 

water by using distal visual clues. The reversal MWM has the aim of determining if the rat is 

able to memorise a new platform position and distinguish the initial learning with the new 

one. Each rat was released in the tank from four different starting point and the maximum 

swimming time was 60 seconds.   

For the MWM, the platform was placed in SE quadrant and in the opposite position 

(NW) for  the reversal MWM (Figure 54). Each rat was tested for 4 days (acquisition) and 1 



134 
 

day of probe test, in which the platform was removed, for the MWM. The reversal MWM 

was conducted with 3 days of acquisition and 1 day for the probe test. Different parameters 

were tested to determine spatial learning. Duration (in seconds) represents the time spent 

performing the test, the total time to reach the platform. A reduction of the time across days 

means the ability to remember the platform position. Overall, at each age all rats had a 

gradually reduced test time. Specifically, WT showed a learning effect (p=0.0107) and by 

comparing all WT across days, a statistical difference was found between days 1 and 2 at 6 

months of age (p=0.0355) and between 6 months and 18 months of age day 1 (p=0.0034). In 

TG rats also a learning effect (p=0.0010) was determined and at 6 months of age a 

statistically significant difference was found between days 1 and 4 (p=0.0368) and between 

6 and 18 months of age of the first day of training (p=0.0273); no genotype difference was 

found between WT and TG at each age in MWM (Figure 55). During the probe test of MWM 

the platform was removed from the tank and the time spent in each quadrant was analysed 

over 60 seconds. All rats, WT and TG and at each age, spent more time in the South 

quadrants (SE and SW) (Figure 56, A), and the time spent in South quadrants were 

statistically significant when compared to North quadrants at 6, 12 and 18 months of age in 

WT and TG. This result seems to indicate the ability of rats WT and TG to memorise at each 

age the platform position. 
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Figure 55: Time spent to find the platform during the training period of MWM at 6 (A), 12 
(B) and 18(C) months. Data were analysed by using Two-way ANOVA and Sidak post-hoc 
test and showed a statistical difference between days 1 and 2 (p=0.0355) in WT 6 months 
and between 6 and 18 months WT (p=0.0034) day 1. In TG rats a statistical difference was 
evaluated at 6 months of age, days 1 and 4 (p=0.0368) and between 6 and 18 months of 
age day 1 (p=0.0273). The bottom right panel (D) shows all data on the same graph. For the 
MWM were used 11 WT and 12 TG at 6 months of age, 17 WT and 18 TG at 12 months of 
age and 10 WT and 10 TG at 18 months of age. Data were expressed as mean±SD. 

D C 

A B 
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Figure 56: Evaluation of the time spent in each quadrant during the probe test of MWM 
(A). Graphs B and C show the evaluation of the time spent in each quadrant in WT and TG 
rats respectively. Data were analysed by using Mixed model and Two-way ANOVA with 
Sidak post-hoc test. Circles in graph A show the preference of South quadrants in WT and 
TG rats at each age.  *p≤0.05; **p≤0.01; ***p≤0.001 and ****p≤0.0001. The number of 
rats tested was: n=11 WT, n=12 TG rats at 6 months of age, n=17 WT and n=18 TG at 12 
months of age, n= 10 WT and n=10 TG at 18 months of age. Data were expressed as 
mean±SD. 

The analysis of duration during  the reversal MWM showed no learning or genotype 

effects during the training days (Figure 57). The inability to memorise a new platform 

  WT                                                                                     TG 

A 

B C 
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position was also confirmed in the probe test of reversal MWM, in which rats did not show a 

preference for the quadrant in which was placed the platform during the training (NW) 

(Figure 58). 

 

 

Figure 57: Time spent to find the platform during the training period of reversal MWM. 
Graphs showed data at 6 (A), 12 (B) and 18 (C) months and n=11 WT, n=12 TG rats at 6 
months of age, n=17 WT and n=18 TG at 12 months of age, n= 10 WT and n=10 TG at 18 
months of age were tested. Data were analysed by using Two-way ANOVA and Sidak post-
hoc test showed any statistical difference between groups. Data were expressed as 
mean±SD. 

D 
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Figure 58: Evaluation of the time spent in each quadrant during the reversal MWM graph A 
shows all rats together, while B and C showed WT and TG respectively. The analysis 
showed the inability of rats to remember the new platform position and mainly TG rats 
tended to spent more time in South quadrant (SW) but no in the old platform position 
(SE). Data were analysed by using Mixed model, Two-way ANOVA and Sidak post-hoc test. 
The number of rats tested was: n=11 WT, n=12 TG rats at 6 months of age, n=17 WT and 
n=18 TG at 12 months of age, n= 10 WT and n=10 TG at 18 months of age. Data were 
expressed as mean±SD. *p≤0.05; **p≤0.01; ***p≤0.001 and ****p≤0.0001. 

Time spent to get closer to the platform area is another parameter used to evaluate 

how much time a rat has spent before approaching the platform area during the probe test. 

This parameter can be used to discriminate if a rat appears able to remember the platform 

position. During the probe test of MWM (Figure 59,A) and reversal MWM (Figure 59,B), rats 

at each age and genotype spent the same amount of time to get closer the platform. 

A 

C 
B 



139 
 

 

Figure 59: Analysis of the time spent by rats to approach to the platform area during the 
probe test of MWM (A) and reversal MWM (B). Data tested by Mixed model and Sidak 
post-hoc test show no difference in both probe tests between age and genotype. N=11 WT 
and n=12 TG at 6 months of age, n=17 WT and n=18 TG at 12 months of age, n=10 WT and 
n=10 TG at 18 months of age were used for both tests. Data were expressed as mean±SD. 

Path efficiency is an index with values ranging from 0 to 1. The value of 1 means 

perfect efficiency, meaning the rat is moving in a straight line from the start-point to the 

endpoint (platform). Values less than 1 and closer to the value 0 correspond to the rat taking 

B 

A 
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a more complicated pathway to the platform and therefore an inefficient path. To calculate 

the path efficiency, the straight line between first and last position is divided by the distance 

travelled.  

The analysis of this parameter showed very low values in each group which does not 

improve with trial number, during the MWM (Figure 60) and the reversal MWM (Figure 61). 

The very low values indicate that during the acquisition days, rats were not improving their 

ability to find the platform. These results indicate that “finding the platform” could not be 

due to a real spatial memory acquisition but to coincidences, such as accidentally touching 

the platform with the tail. 

 

Figure 60: Path efficiency analysed during the MWM at 6 (A), 12 (B) and 18 (C) months of 
age. The graph D show all age and genotype together.  The values of path efficiency were 
very low highlighting the inability of rats to follow a trajectory as a straight line. Data were 
analysed by using Two-way ANOVA and Sidak post-hoc test, determining a training effect 
p=0.0092 in TG rats and a statistically significant increase of values between days 2 and 4 
in TG rats (p=0.0307). A genotype effect was found at 6 months day 4 (p=0.0241), with TG 
performing better than WT. N=11 WT and n=12 TG at 6 months of age, n=17 WT and n=18 
TG at 12 months of age, n=10 WT and n=10 TG at 18 months of age were used for the test. 
Data were expressed as mean±SD.  

A 
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Figure 61: Path efficiency in reversal MWM at 6 (A), 12 (B) and 18 (C) months of age. The 
graph D show all age and genotype together.  Also in reversal MWM rats showed very low 
values for path efficiency. No statistical differences were found between age or genotype. 
Data were analysed by using Two-way ANOVA and Sidak post-hoc test. N=11 WT and n=12 
TG at 6 months of age, n=17 WT and n=18 TG at 12 months of age, n=10 WT and n=10 TG 
at 18 months of age were used for the test. Data were expressed as mean±SD.    
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Other parameters were analysed such as swimming speed during acquisition days 

(Figure 62, A and B) and probe test (Figure 62, C). The analysis of speed showed an age effect 

in WT rats (p≤0.0001), with a decrease of speed from young age to the older age and quite 

constant values during the training days; the post hoc test showed a statistically differences 

between 6 and 18 months day 1 values in WT (p=0.0033) and an age effect was found also in 

TG rats (p=0.0122) and a statistical differences were found in TG rats only between 6 and 18 

months (p=0.0056) day 1 and at 12 months TG between days 2 and 4 (p=0.0077). During the 

probe test (Figure 62, C) of the MWM the speed values were similar with no statistical 

differences between WT and TG or age.  

An age effect was found during the reversal MWM in WT rats (Figure 62, D) 

(p=0.0062) and post-hoc test showed a statistically differences on day 2 between 6 and 12 

months (p=0.0253) and day 3, between 6 and 18 months of age (p=0.0149). 6 months WT 

showed a gradual increase of speed between days 1 and 2 (p=0.0317) and between days 1 

and 3 (p=0.0145) and at 6 months a training effect was determined between both genotypes 

(p=0.0052). Same as in MWM no significant speed differences were found in TG rats (Figure 

62,E) and during the probe test (Figure 62,F) in both genotypes and at each age.  
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Figure 62: speed analysis during the MWM acquisition (A,B) and probe test (C) and reversal 
MWM acquisition (D, E) and probe test (F). Data were analysed by using Two-way ANOVA 
and Mixed model with Sidak post-hoc test. In WT rats the analysis of speed showed an age 
effect (p≤0.0001) and by using post-hoc test a statistical difference was evaluated on day 1 
between 6 and 18 months of age, in which 18 months had lower values (p=0.0033). in TG 
rats was also determined an age effect (p=0.0122) and a statistical decrease was 
determined on day 1 between 6 and 18 months of age (p=0.0056). At 12 months of age TG 
rats had a statistical decrease of speed between day 2 and day 4 (p=0.0077); while the 
probe test showed similar values between genotypes and age. In reversal MWM an age 
effect was determined in WT rats (p=0.0062) and on day 2 and 3, 6 months had statistically 
significant higher values when compared to 12 months (day 2; p=0.0253) and 18 months 
(day 3; p=0.0149). 6 months WT had a statistically significant difference between days 1 
and 2 (p=0.0317) and between days 1 and 3 (p=0.0145) and at 6 months a training effect 
was determined between both genotypes (p=0.0052). In probe test of RMWM no 
statistically differences were determined between age or genotype. N=11 WT and n=12 TG 
at 6 months of age, n=17 WT and n=18 TG at 12 months of age, n=10 WT and n=10 TG at 18 
months of age were used for tests. Data were expressed as mean±SD. 
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The distance travelled by the rats during all test days was also analysed between age 

and genotype. The analysis revealed a training (p=0.0357) and age (p=0.0059) effects in WT 

rats. Specifically a statistical difference in WT rats day 1, between 6 and 18 months of age 

(p=0.0034) and at 6 months between days 1 and 2 (p=0.0487) (Figure 63,A). In TG rats the 

analysis showed learning (training) x age (p=0.0183) interaction, training (p=0.0013) and age 

(p= 0.0058) effects. A statistical difference was evaluated during the day 1 between 6 and 18 

months of age (p=0.0028) and at 6 months between days 1 and 4 (p=0.0093) (Figure 63,B). 

For the reversal MWM (Figure 63D,E) and probe tests, no statistical differences were 

detected between age, days or genotype (Figure 63,C,F). 
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Figure 63: Analysis of distance travelled during MWM acquisition (A, B) and probe test (C) 
and during the RMWM acquisition (D,E) and probe test (F) in WT and TG rats. Data were 
analysed by using Two-way ANOVA and the Mixed model, both with Sidak post-hoc test 
showing a training (p=0.0357) and age (p=0.0059) effects in WT rats. Statistical difference 
in WT rats was found on day 1, between 6 and 18 months of age (p=0.0034) and at 6 
months between days 1 and 2 (p=0.0487) (Figure 63,A). TG rats showed leaning x age 
(p=0.0183), training (p=0.0013) and age (p= 0.0058) effects. A statistical difference in TG 
was evaluated during the day 1 between 6 and 18 months of age (p=0.0028) and at 6 
months between days 1 and 4 (p=0.0093). In RMWM and in both probe tests the analysis 
of duration showed no statistically significant differences between age or genotype. The 
number of rats implemented for all tests was: n=11 WT and n=12 TG at 6 months of age, 
n=17 WT and n=18 TG at 12 months of age, n=10 WT and n=10 TG at 18 months of age. 
Data were expressed as mean±SD. 
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5.2 Open Field 

 

Figure 64: Open field arena. The arena was divided for the analysis in 3 specific parts: 
corners (black), centre (grey) borders (white). For the analysis corners and borders were 
took together. 

The open field test is used to determine stress and willingness to explore a new 

environment. A stressed status is determined by less locomotion and by the preference to 

not explore the arena and stay close to the walls or corners (Figure 64).  

As expected based on the MWM performance and the literatures about the Fisher-

344 strain, during the test rats spent only few seconds in the exploration of the new 

environment (Figure 65,A) and were almost all the time immobile (Figure 65,B) and close to 

the wall (Figure 65,C) the analysis showed no statistically significant differences between WT 

and TG and also between ages. 
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Figure 65: Evaluation of the time spent in exploring a new environment (A),  immobile (B) 
or close to the wall (C) in n=11 WT and n=12 TG at 6 months of age, n=17 WT and n=18 TG 
at 12 months of age,  n=10 WT and n=10 TG at 18 months of age. Data were analysed by 
using Mixed model effect revealing no statistical differences between groups. Data were 
expressed as mean±SD. 
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5.3 Smell tests 

Two different smell tests were performed in WT and TG rats at 12 and 18 months of 

age. During the first test three different fragrances, tested on three separate days, were 

presented to the rat twice daily with different, but consistent, delay times (30 minutes, 1 

hour and 4 hours). 

 This test is used mainly to evaluate the ability of rats to remember an odour and to 

see for how long rats are able to remember a specific fragrance. The rat is presented to a 

fragrance twice for 10 minutes each with an interval between the two presentations of 30 

minutes, 60 minutes and 4 hours. Different fragrances were used when were tested 

different intervals. 

Even if the time spent in smelling a fragrance was very low, just few seconds (≤20 

seconds), WT rats at 12 and 18 months perform better than TG during the test with a 30 

minutes’ delay, as the amount of the time spent smelling each fragrance decreased during 

the second presentation. After a delay of 1 hour and 4 hours, both genotypes did not appear 

able to memorise the fragrances and the time spent smelling during the second and third 

days were even lower than the first day (Figure 66). 
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Figure 66: Time spent in smelling during the first and second presentation of an odour at 
different delay time: 30 minutes (A), 1 hour (B) and 4 hours (C). N=7 WT and n=7 TG at 12 
months and n=10 WT and n=10 TG at 18 months were tested and analysed. Data analysed 
by using Two-way ANOVA and Sidak post-hoc test showed a statistical difference at 12 
months between the first and second presentation. During the first presentation at 12 
months WT rats showed statistically significant higher values of sniffing when compared to 
TG. *p≤0.05; **p≤0.01 and ***p≤0.001. Paired t-test at 18 months WT showed a 
statistically significant differences between the first and second presentation when the 
two fragrances were presented after an interval of 30 minutes (p=0.0265). Data were 
expressed as mean±SD. 

 To better characterise the olfactory ability of these rats, the urine test was 

performed. In general rats should be able to recognise a predator urine (fox) and therefore 

they should spend less time in smelling. The analysis showed that over the experimental 

time (10 minutes) only few seconds were used by rats to perform the test (Figure 67). Two-

way ANOVA between each age and genotype showed no statistical differences between WT 

and TG at 12 months.  At 18 months of age TG rats were statistically different in the time 

spent in smelling fox and rabbit urine when compared to WT. Overall these data showed the 

inability of rats to recognise the predator, because rats spent more time in smelling fox urine 
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instead of rabbit urine in almost all groups analysed and the low values of time to smell 

highlights the low ability of these rats to smell. 

 

 

Figure 67: Time spending in smelling two different odour simultaneously, fox and rabbit 
urine. Data analysed by using Two-way ANOVA and Sidak post-hoc test showed a 
statistical difference at 18 months TG (p=0.0210) between fox and rabbit urine. The time 
smelling the fox urine between 12 and 18 months was statistically different (p=0.0287). 
N=7 WT and n=9 TG at 12 months; n=10 WT and n=10 TG at 18 months were used for the 
test. Data were expressed as mean±SD.  
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6 Ex-vivo analysis 

6.1 Immunohistochemistry (IHC) 

Despite the Fischer-344 strain being a difficult strain to assess by behavioural tests, 

the alterations in AD-like pathophysiology do bear a similarity to the human AD. For 

example, deposition of amyloid and increase of neuroinflammation had been already 

showed in other studies [243]  but I also assessed this parameters in the rats used in these 

studies. 

 IHC analysis showed a progressive increase of amyloid deposition from a modest Aβ 

load at 6 months of age to a severe Aβ load at 12 and even more at 18 months of age. In 

parallel, a progressive increase of neuroinflammation by GFAP (astrocytes) staining was 

detected (Figure 68). 

 

Figure 68: IHC fluorescent staining of amyloid deposition (red) and neuroinflammation 
(green) detected by the antibodies 6E10 and GFAP respectively in transgenic rat at 6, 12, 
and 18 months of age. All images have been taken by using a magnification 10X and 20X. 
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One of the aims of this project was to test an alteration by ex-vivo measurements, of 

different factors involved in the attenuation of PS. The proteins tested were the factor eIF2α 

and its phosphorylation, phosphor-eIF2α that regulates the PS during stress condition, along 

with the protein ATF4 which is a memory repressor (see §1.5.1) with the role to block the 

expression of genes required for memory formation. The IHC, either using fluorescence or 

DAB staining showed a high degree of background that led at the inability to discriminate 

between background and specific stains. Different protocols were tested to optimise to and 

quantify better signals but due to time restrictions of the PhD, these optimised protocols 

were not completed, and the analysis by IHC will be probably conducted by Herve Boutin’s 

laboratory.  

6.2 Western Blot 

Another ex-vivo measurement tested was the Western Blot (WB). For WB, dissected 

brain regions (hippocampus, striatum, cortex, cerebellum and the remain) were tested for 

the factors eIF2α, its phosphorylated form phospho-eIF2α and ATF4. More related to the 

synaptic density study, PSD95 and SNAP25 were also tested. To optimise protocols, 0.1 and 

0.2 mg/ml of sample proteins were incubated with different primary antibody dilution. The 

right dilution of antibodies was determined: Phosphor-eIF2α, 1:200; ATF4, 1:200; PSD95, 

1:200 and SNAP25, 1:200. Even though many protocols were tested it was not possible to 

determine a specific protein concentration and primary antibody dilution for eIF2α.  

For WB analysis it is essential to use a housekeeping protein. The signal from 

housekeeping protein is used to normalise the signals from the proteins of interest. The 

housekeeping protein should be stable among the samples and have a different molecular 

weight from the protein of interest. The proteins used are constitutively expressed and 

necessary for basic cell functions such as β-actin.  

For ATF4 and phosphor-eIF2α, β-actin was not suitable to use due to the similar 

molecular weight of both proteins, whereas the two proteins PSD95 and SNAP25 had 

different molecular weights. Before quantifying the proteins of interest, the expression of β-

actin was tested. Few experiments in WT and TG rats at 18 months, hippocampus and 

cerebellum, revealed changes in the expression of β-actin >10% in WT and TG, tested at 18 

months in cerebellum and hippocampus. To better understand if the variability was due to 

the sensibility of the WES instrument, it was planned and started an analysis by using the 

standard Western Blot and the testing of new housekeeping genes but due to the time still 
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available in my PhD, I could not complete this part of the study and probably the study will 

be pursuit in future in our laboratory. 

7 Discussion 

7.1 [11C]leucine PET 

Plasticity and consolidation of memory in the central nervous system (CNS), are 

regulated by many processes that promote the reorganisation of structures at synaptic level 

and synthesis of new proteins is an essential mechanism of learning and memory [179, 314].  

Learned information are stored and consolidated into the brain through the de novo 

synthesis of proteins. Therefore the balance of synthesis and degradation of proteins are 

essential to guarantee the memory stabilisation [315]. Several proteins undergo folding, 

maturation, quality control and degradation in the endoplasmic reticulum (ER) [316]. 

Alteration of cellular homeostasis due to extrinsic or intrinsic factors such as disease-related 

mutant proteins, high secretory demands, loss of calcium homeostasis, altered lipid 

homeostasis, viral infection, changing of energy level and other insults can induce an 

alteration of proteostasis in ER. The unfolded proteins response (UPR) pathways are 

activated by the ER with the objective to re-store the cellular homeostasis (see §1.5.1). The 

activation of UPR can induce gene expression to regulate the protein synthesis and 

attenuate the protein synthesis but during prolonged stress condition, the apoptosis 

processes can also be activated (see §1.6) [317]. ER stress and the consequent activation of 

UPR pathways are implicated in various pathological condition such as neurodegeneration, 

heart disease, diabetes, and cancer [318]. In Alzheimer’s disease the activation of UPR and 

ER stress are thought to happen in the early stage of the disease and the different studies 

have already shown these activations during the development of AD [319] (see §1.7) . 

To study the protein synthesis in-vivo, different amino acids were used and tested 

[287, 320, 321]. In general, the most suitable amino acids to study the protein synthesis are 

labelled at the carboxyl groups, because the labelling in this position results in very low 

production of radiolabelled metabolites and therefore an easiest quantification of PET 

images [285]. Moreover, an amino acid to be used as a PET tracer to measure protein 

synthesis rate (PSR) needs to have a high brain uptake and from the study of Oldendorf et 

al., the L-phenyl- alanine, L-leucine, L-tyrosine and L-methionine have the highest brain 
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uptake [287]. An important parameter to be considered to choose an amino acid for the 

measurement of PSR is its metabolism, having the simplest as possible metabolism in brain 

allows accurate modelling and quantification. The ideal amino acid should only be 

incorporated into proteins and not be involved in other complex catabolic pathways. 

Comparing leucine with phenylalanine, tyrosine and methionine, leucine is the only amino 

acid used exclusively for protein incorporation, the others have more complicated pathways 

in brain. These alternative pathways could lead to a lower ability of the tracer to measure 

PSR even if for some amino acids, such as tyrosine, the amount of metabolites is very low 

[294, 320, 321].  

The aims of this study were to: 

1. Identify the best approach to study PSR in-vivo in rats using [11C]leucine PET; 

2. Measure longitudinally potential changes in PSR in TgF344-AD rats, an animal 

model of AD; 

3. Compare the results obtained in rats with a human study which started 

contemporarily of my PhD. 

For the set of studies included in this thesis, two different rat strains were used: 

Wistar and Fischer-344 (WT and TG). The Wistar rats for the modelling and refine the 

methodology to study PSR and the Fischer-344 (WT and TG) to evaluate the alteration of 

protein synthesis in Alzheimer’s disease.  

To validate the use of [11C]leucine as a PET tracer to measure the PSR in-vivo, three 

Wistar rats were injected with anisomycin, a protein synthesis inhibitor, at a dose of 

60mg/kg 10 minutes before the PET scan. This dose was established based on a rat study in 

which the incorporation of 5-[H3]lysine was evaluated by using 30, 60 and 120 mg/kg of 

anisomycin [322]. This study showed that the inhibition was dose dependent and no toxic 

side effects were observed. The dose of 60 mg/kg was able to induce an inhibition of PS of 

80% [322]. Our results are consistent with the published data, where we found that  

injection of anisomycin provoked inhibition of [11C]leucine uptake and PSR by ~86% (PSR 

hippocampus with anisomycin 0.81±0.13nmol/ml/min and PSR without anisomycin 

5.25±1.67nmol/ml/min in all brain regions analysed (Figure 40)). These results confirm the 

ability of [11C]leucine to measure protein synthesis in-vivo in rodents.  
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The [11C]leucine study using WT and TG rats was conducted at three time points: 6, 

12 and 18 months of age. These three stages represent the initial phase of AD-like pathology 

to the more advanced stage. For example, between 6 and 12m brain alterations start with a 

progressive increase in Aβ deposition and development of neuroinflammation, whereas by 

18m these animals demonstrate a more advanced form of AD in which the accumulation of 

Aβ is very elevated in all brain regions, together with phospho-Tau deposition and strong 

increase in astrocytosis, microglyosis and neuronal loss. The study in WT and TG was 

planned to be longitudinal, with the objective to use the same rat at each time point, hence 

increasing the power of the statistical analysis while reducing the number of rats for the 

experiments. Since the determination of Arterial Input function (AIF) was a terminal 

procedure based on the cannulation of femoral artery and vein (see §3.3), it was 

subsequently decided to use Wistar rats for the determination of the AIF and the validation 

of a population-based IF to implement for the longitudinal study. 

The first evaluation of PSR in WT and TG was conducted by using a semi-quantitative 

method, the analysis of SUV. This analysis showed a statistical difference only at 12 months 

of age between genotypes, WT and TG and with a gradual increase due to the age, data 

opposite to the original hypothesis (Figure 33; Figure 34).  

As described in other publications [293, 323] using [11C]leucine to measure PSR in 

brain,  quantification of the PET image is deemed the best approach with full kinetic analysis 

using a plasma input function compartmental model.  This is because the SUV does not take 

into account the physiological processes, bio-distribution and pharmacokinetics of the tracer 

in plasma and brain. Leucine in brain is used for protein synthesis and the metabolism of the 

carboxyl-group produce α-ketoglutarate (α-KIC) which is converted into CO2 through a 

decarboxylation reaction; labelled CO2, products derived by CO2 fixation and α-KIC are very 

low in brain [293].  

Based on the leucine metabolism in the brain, the compartmental model used for 

leucine uptake is generally a 3K (rate constants) compartmental model, in which there is no 

distinction between intra and extra-cellular space, and metabolites were not accounted 

because are considered negligible [293, 297]; indeed 11CO2 fixation and the amount of 11CO2 

in brain are low and at equilibrium with blood, therefore the contribution of 11CO2 was not 
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measured. In the estimation of PSR with leucine, the endogenous fraction of leucine deriving 

from the recycling of proteins was also taken into account through the introduction of the 

factor λ (see §1.11.1), and a full PSR quantification requires also the measurement of 

unlabelled leucine in plasma (leucine [C]).  

𝑷𝑺𝑹 = 𝑲𝒄𝒑𝒍𝒙 ×
𝒍𝒆𝒖𝒄𝒊𝒏𝒆 [𝑪]

𝝀
  

To determine the concentration of unlabelled leucine in plasma, blood samples were 

taken in Wistar rats from femoral artery and in WT and TG rats from femoral artery and/or 

tail vein. The comparison of arterial and venous blood measurements in WT and TG showed 

a significant difference in the concentration of unlabelled leucine between arterial and 

venous blood. These data were the opposite to the human results reported by Tomasi et al. 

[324]. Indeed in human, the values of unlabelled leucine between arterial and venous blood 

samples were similar. The differences found in rats between arterial and venous samples  

could be due to the fact that we used the same site for the tracer injection and venous 

samples withdrawn (tail vein), in which phenomena of extravasation can happens leading an 

alteration of the tracer clearance [325]. Based on the difference between arterial and 

venous unlabelled leucine concentration, the concentration of unlabelled leucine in arterial 

plasma was compared in Wistar and Fischer-344 WT and TG. This analysis showed a 

statistical difference of unlabelled leucine between the two different strains but not 

between genotypes (Figure 35). Not only leucine but also the concentration of the other 

unlabelled large neutral amino acids was found statistically different between strains but not 

between WT and TG (Figure 35). In my study, the concentrations of unlabelled leucine in 

arterial plasma averaged between WT and TG were 226.83±20.19 n.mole/ml, comparing the 

values obtained we found differences with other strains and animal. Indeed, the 

concentration of unlabelled leucine was reported to be 154±9 n.mole/ml in Sprague Dawley 

rats [326], 184.6±59.4 n.mole/ml in monkeys [327], and around 110 n.mole/ml in humans 

[289, 327, 328]. In Sundaram et al. [297], the values of unlabelled leucine in humans were 

much lower when compared to the other human studies, because the measurements were 

conducted after infusion of glucose, a procedure designed to lower the concentration of 

circulating amino acids to increase the brain uptake of [11C]leucine [297]. Indeed studies 

demonstrate that the infusion of glucose and exogenous insulin increased the large neutral 
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amino acids uptake in brain [329]. These data indicate that the concentration of unlabelled 

leucine changes between animal species and therefore for an accurate measure of PSR, it is 

essential to conduct the analysis of cold leucine in each group of the study.  

As a result of my studies, since the comparisons between Wistar, WT and TG rats 

revealed differences between the strains in terms of the concentration of unlabelled leucine, 

Wistar rats were not used to determine the population-based or image-derived IF applied in 

the longitudinal study in WT and TG rats (Figure 69). 

 

Figure 69: Summary of the blood data decision tree. Analysis of unlabelled leucine and 
LNAA in plasma showed significantly different values between venous and arterial blood 
samples in WT and TG rats. Therefore, it was established that venous blood was not a 
reliable proxy of arterial plasma values for the calculation of PSR. The arterial blood values 
were also different between Wistar and Fischer-344 but not between WT and TG. 
Therefore, it was decided to pool together the values of WT and TG for the estimation of 
PSR. 

For the modelling of PSR using [11C]leucine, it was necessary to determine an Input 

Function (IF) that represents the availability of free radiotracer in arterial plasma. To 

determine the arterial input function (AIF), it is essential to know the concentration of 

radiotracer in plasma, because only the radiotracer in plasma is available to tissue 

extraction. The evaluation of the free fraction in plasma can be obtained through protein 

precipitation. This analysis is based on the use of arterial plasma and in our pre-clinical study 
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required the implementation of an arterial-venous shunt which is unfortunately a terminal 

procedure. This evaluation was conducted initially in Wistar rats and then, considering the 

blood results mentioned above which prevented the use of venous or Wistar data, it was 

also performed in a subset of Fischer-344, WT and TG. 

Blood samples were tested by using different perchloric acids concentration although 

people classically use 5% PCA, there is no or little evidence what is the best percentage to 

use [327]. The analysis in Fischer-344 (4 WT and 5 TG) was carried out by using 70% 

perchloric acid (PCA) while in Wistar, some rats had the evaluation with 5% PCA and others 

with 70% PCA or with both. The estimation of free labelled leucine with both concentrations 

of PCA showed similar values between 2 minutes until 20 minutes after injection, but from 

30 minutes until the end of scan, the values differed significantly. The amount of free 

[11C]leucine increased with higher concentration of perchloric acid (see §4.1.3; Figure 36) 

with the concentrations of free [11C]leucine in 5% PCA (plasma/PCA v/v, 2.5% final 

concentration) being 42%, 62% and 74% lower than with 70% PCA (plasma/PCA v/v, 35% 

final concentration of PCA) at 30, 40 and 60 minutes, respectively. The blood measurements 

analysis in Wistar rats with 70% and 5% PCA were used to determine a mathematical 

function, through a calibration experiment, with the aim to convert the 70% values into 5% 

at each time point (see §4.1.3; Figure 37).  

To precipitate proteins, there are different methods such as acid, salt or alcohol. The 

acidic precipitation is characterised by changing the pH of the solution which causes the 

proteins to become denatured, changing their conformational, hence inducing protein 

precipitation. Centrifugation is then used to create a supernatant containing free AA. The 

most used acids for protein precipitation are the perchloric acid (PCA) and the trichloroacetic 

acid (TCA). There are only few studies describing the effect of acids concentration on protein 

precipitation. For example, Rajalingam et al. 2009 studied the different TCA concentrations 

from 0 (no acid) to 90% (w/v) on four proteins: lysozyme, acidic fibroblast growth factor 

(aFGF), carbonic anhydrase, and bovine serum albumin. The amount of precipitated proteins 

was evaluated after centrifugation by SDS-PAGE gel for the precipitated proteins (pellet) and 

by absorptiometry at 280nm for the free AA (supernatant). The analysis showed that 

increased acid concentration promotes a gradual increase in precipitated proteins until 

reaching a plateau between 5% and 45% w/v, above 45% the amount of proteins 
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precipitated decreases; in parallel, the analysis of supernatant showed, as  expected, that 

the amount of un-precipitated proteins increases with acid concentration with acid 

concentration above 45% w/v [330]. Based on these results, the authors determined that 

the best range for the maximum precipitation was at 5% w/v in which a plateau was reached 

[330]. TCA and PCA are both acids and despite that the protein precipitation should be 

similar, there are no studies showing the effect of different PCA concentration on proteins 

precipitation. To better understand the results obtained in my study with 70% and 5% PCA, 

the evaluation of [11C]leucine free in plasma could be measured by radio-HPLC. The main 

limitation in using this procedure is the short half-life of [11C] (20 minutes) and the need of 

high volume of plasma to circumvent this problem. This analysis could lead to the specific 

determination of [11C]leucine free fraction and proteins when different acids concentrations 

are used and therefore determine which is the best procedure for an accurate 

quantification. 

As previously discussed, the absolute quantification of PET images requires the 

measurement of the AIF. The measurement of the blood radioactivity concentration can be 

obtained from samples withdrawn through a catheter from the femoral artery, or can be 

derived on a quantitative dynamic PET image, if a large artery or the left ventricle heart 

cavity is in the field of view (i.e. to generate an image-derived blood curve). When an image-

derived blood curve is used, blood samples can also be used to scale and correct some bias 

due to partial volume effect (Figure 70). 
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Figure 70: Scheme describing the blood circulation in mammals. The Input Function (IF) 
describes the quantity of radioactivity in arterial plasma during the time. For the AIF blood 
samples are taken from an artery and in rat the femoral artery was used. The Image 
derived Input function (IDIF) do not require blood samples to be taken but the estimation 
of radioactivity can be reached by drawing a ROI over the left ventricle of the heart. 

The initial aim of this project was to use the AIF coming from Wistar rats and define a 

population-based input function; then use the population-based IF to scale and fit the 

image-derived input function for WT and TG rats, in which no blood measurements were 

planned to be taken. Due to the strain differences of unlabelled leucine values in arterial 

plasma described above, some Fischer-344 rats, 4 WT and 5 TG, were added to the study 

and were scanned with blood sampling to determine the AIF.  

To validate and scale the individual heart TAC to the blood measurements by γ-

counting, we determined a time-point at which the radioactivity concentrations in both 

measurements were almost equal. For each rat, a ratio between the individual Heart TAC 

and the averaged AIF at that specific time-point was calculated. This ratio was then applied 

to scale the population based IF to the individual image-derived IF. The new scaled IF, 

calculated for each rat, was used in a Matlab-based software for PET kinetic analysis (MICK), 

to determine the macro parameters Kcplx (net uptake rate constant) and λ, and all rate 

constants K1, K2 and K3 that were used to describe the kinetic of [11C]leucine in brain.  
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This kinetic model for PSR measurements with [11C]leucine is based on the 

assumption that the levels of [11C]CO2 in brain are negligible and in equilibrium with those in 

blood, therefore the contribution of this metabolite was not taken into account as described 

by Bishu et al. [289]. Most papers using [11C]leucine measured level of [11C]CO2 in blood by a 

γ-counter to estimate the time course of [11C]CO2 concentrations in brain; in that case, Kcplx 

and λ were not calculated by using 3K (rate constants) modelling as we did, but using a 4K 

model. The additional rate constant k4 describes the first step of leucine catabolism into 

[11C]CO2  [289].  

In the studies reported in this thesis, a first evaluation of the PSR was performed in 

rats which had individual AIF and individual blood measurements of unlabelled leucine. In 

this initial analysis, despite the low number of rats per group a difference in PSR was found 

at 18 months of age between WT and TG, in 4 brain regions analysed: hippocampus, 

temporal cortex, somatosensory cortex and cerebellum (Figure 39). WT rats, showed also an 

increase in PSR with age, in hippocampus, cerebellum, somatosensory and temporal cortex 

as an aging effect and this process could be disrupted in TG rats due to neuronal 

dysfunction. The calculation of PSR and Kcplx was also done for the longitudinal study using 

the scaled population-based IF and different brain regions were analysed: temporal cortex, 

hippocampus, cerebellum, somatosensory cortex, frontal cortex, thalamus, cingulate cortex, 

caudate putamen, globus pallidus and whole brain. The analysis showed a genotype effect 

for Kcplx in hippocampus, caudate putamen, whole brain and globus pallidus; but this 

difference was not big enough to be significant in the post-hoc analysis (Figure 44). Also, in 

the measurement of PSR, no significant differences were found between age or genotype 

(Figure 45).  The only brain region showing a significant decrease in PSR and Kcplx in TG vs. 

WT at 18 months was the globus pallidus (Figure 46). The ROI for the globus pallidus is 

immediately adjacent and include large parts of the nucleus basalis of Meynert (NBM), 

which is the main source of cholinergic innervation of the cerebral cortex and the most 

vulnerable brain region in Alzheimer’s disease [331]. Considering the small size of the NBM, 

one could hypothesize that the decrease in PSR and Kcplx in the globus pallidus could be due 

to changes in the NBM rather than in the globus pallidus; due to the relative low resolution 

of PET it is impossible to discriminate between these brain structures. This data are in good 

agreement with a study from Tours in collaboration with our laboratory (manuscript in 
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revision in Theranostics), where an increase in α7nAChR was found in in the globus pallidus 

of WT rats with age, which did not occur in TG (Figure 71). The increase in α7 nicotinic 

acetylcholine receptor in various brain regions was also found in human according to the age 

[332]. The increase in nicotinic receptor in WT rats with age could be a physiological change 

to compensate aging effect in WT and not occurring in TG rats, leading to an apparent 

decrease in α7nAChR in late AD, which has been previously reported [333]. 

 

Figure 71: PET images at 6, 12 and 18 months of age of WT and TG rats (sum 49-61 min of 
[18F]ASEM α7 nicotinic receptor) (A). Yellow stars indicate the striatum and white stars the 
glubus pallidus.  (B) Quantification [18F]ASEM uptake in globus pallidus. Chaney et al. 
unpublished data.  

To summarise, because the PSR values obtained with individual measurements of AIF 

and unlabelled leucine showed some significant differences at 18 months between 

genotypes and between age in WT rats, that were lost when using the averaged and scaled 

population-based input function and averaged values of unlabelled leucine, we can conclude 

that averaging these input values in the model had likely reduced group differences between 

age and genotype. We can therefore further surmise that the best approach to measure PSR 

by using [11C]leucine is via the use of individual IF and plasma values. However, in pre-clinical 

studies this means using arterial cannulation in each animal for each scan, which is not 

compatible with longitudinal studies as it is a terminal procedure. Therefore, this also means 

that cross-sectional studies maybe a preferred method to longitudinal studies in order to 

better compare the level of measurement accuracy with the statistical gain of repeated 

measures. 

In brain as a whole, the PSR values in human [289] and monkeys [323] are lower (-

62% and -44% respectively) than in WT and TG rats. The comparison of PSR with Sprague-

Dawley rats also showed a difference when compared to the values obtained in my studies. 
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Indeed, Sprague-Dawley rats showed higher PSR in all brain regions analysed by Sun et al. 

[326], although this was measured at a much younger age (from 7 days to 60 days post-

natal). However, the PSR in Wistar rats used in my study were similar with the Fischer-344 

strain (e.g. Wistar hippocampus 5.25±1.67 n.mole/ml/min and averaged WT and TG 

hippocampus, 4.68 ± 0.47 n.mole/ml/min). The absence of difference in PSR between Wistar 

and Fischer-344 could be due to the fact that both strain were tested at a young adult age 

(postnatal days > 60 [334]). Aging indeed is characterised by a cognitive decline and new 

protein synthesis is known to be indispensable for memory consolidation [335]. Decline and 

alterations of protein synthesis, degradation, and chaperoning mechanisms are implicated in 

many disease for which age is a principal risk factor, such as AD [336]. A gradual decline in 

protein synthesis was shown in Sprague-Dawley rats by Sun at al. [326] from 10 days post-

natal to 60 days and by Smith et al. [337] in older rats from 6 months to 23 months of age. 

Specifically, in older rats Smith et al. [337] showed a statistically significant decrease in PSR 

mainly in the middle-aged group (15 months of age) when compared to the 6 months and 

only few brain regions were found with a statistically significant decrease in PSR between 

young adult (6 months of age) and aged rats (23 months). Although, the low number of brain 

regions affected by PSR decrease in aged rats could be due to the low number of rats tested 

at 23 months age (n=3) [337]. These data in Sprague-Dawley differed from my study, in 

which no differences in PSR were measured between middle age and young aged rats. The 

discrepancy between Fischer-344 and Sprague-Dawley rats could be due to the different 

methodology used to study the PSR. Indeed  the autoradiography was used in the Sprague-

Dawley for PSR analysis and all parameters such as labelled and unlabelled leucine in plasma, 

metabolites and brain labelled leucine, were measured directly in each experimental animal 

with the exception of the factor λ which was estimated in separate group of animals [337].  

To conclude, I have established in these studies that [11C]leucine can accurately 

determine PSR in rodent brain and offers significant advantages when compared to other 

labelled amino acids. Indeed, leucine has a simple metabolic pathway with no multiple radio-

metabolites and is exclusively used for protein incorporation, while the recycling of amino 

acids can be taken into account through the introduction of the factor λ. To have an accurate 

estimation of PSR, individual blood measurements are however required as averaged- or 
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population-based values are likely to introduce error or bias likely to cancel differences in 

PSR between groups.  

7.2  [18F]UCB-H 

In AD, it is well established that memory impairment are due  to neuronal death and 

synapses loss [233, 338-341] and synaptic loss correlates well with cognitive decline in 

patients with Mild Cognitive Impairment (MCI) and AD [233, 342-344]. The neuronal circuits 

that degenerate in AD are also vulnerable in normal aging. Studies have established that 

during normal aging, there is only a minimal neuronal loss in cortical and hippocampus area 

and aging in brain is characterised by regressive changes in dendritic arbor, spines, and 

synapse morphology in specific regions [345-351]. Synapses, and specifically spines, are 

dynamic structures that can be changed by physiological activity and morphological changes 

are related to the strength of synapses [352]. Morphological changes do not happen only 

during development of the brain and learning processes in early life but also happen during 

the whole life [353]. The dynamic of this structures makes the readout of synapses more 

complicated, due to the many parameters that need to be considered. A meta-analysis study 

comparing 22 publications on synapses number and 83 about synaptic marker in AD and 

healthy controls, in hippocampus, frontal cortex, and in the combined regions of the 

cingulate gyrus, entorhinal cortex, and temporal cortex showed that synapses loss happens 

in all these brain regions and that the hippocampus is the most affected. Based on the same 

brain area, 70 publications were reviewed and the analysis of synaptic markers was 

conducted by categorising the synaptic markers as pre-, post-synaptic and functional (i.e. 

present at both level). Data showed that pre-synaptic markers are affected more by 

pathology with the largest loss in hippocampus [354]. Based on this data and on the high 

dynamicity of dendritic spines, pre-synaptic markers should be preferred to study synapse 

density. 

The synaptic vesicle glycoprotein 2A (SV2A) is a membrane protein expressed 

ubiquitously in all brain area, essential for synaptic function and modulating the release of 

neurotransmitters, even if how SV2A modulates the release  remains still unclear [355] (see 

§1.8).  

A number of PET tracers have recently been developed and shown to  bind the SV2A 

protein (see §1.11.2). One PET tracer, [18F]UCB-H, has been demonstrated to display 
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excellent brain penetration (logD values 2.3 [356]) and fast kinetics (reaching peak uptake 5 

minutes post-injection [300]) followed by a fast wash-out phase [357]. [18F]UCB-H is a chiral 

molecule and the (R) enantiomer has a 10-fold higher affinity than the (S) enantiomer [299]. 

Despite the high affinity for SV2A (pIC50 7.8), [18F]UCB-H also shows a level of binding to the 

SV2B  [357]. Serrano et al. showed a significant reduction in [18F]UCB-H (Vt 46.2%) when the 

SV2A binding was blocked with a selective SV2A compound. No statistically significant 

inhibition was found when using a SV2C selective ligand. The study with a SV2B compound 

showed a reduction of Vt (20%) distribution when compared to the scan without pre-

treatments.  This reduction of [18F]UCB-H Vt values could be due to the fact that the SV2B 

compound used in this study had an affinity also for SV2A (pIC50=5.6) [357]. 

Due to the ubiquitous expression of SV2A throughout in brain, this prevents the use 

of a reference region approach for kinetic analysis, as there is no area of the CNS reasonably 

devoid of any specific binding for the SV2A. Since blood sampling represents a terminal 

procedure this prevented us from determining a subject-specific AIF in order to accurately 

model the PET data obtained from this study. Subsequently, we decided to use blocking 

scans to obtain values of non-specific binding as a means of analysing this data set. The 

blocked scans were performed with the injection of an excess of unlabelled UCB-J (1 mg/kg) 

10 minutes prior injection of [18F]UCB-H. We chose to use UCB-J because of its slightly higher 

affinity for SV2A [358]. 

An estimation of the non-specific binding of [18F]UCB-H was made via the 

quantification of [18F]UCB-H uptake in blocking scans, assuming a full and specific block to 

the SV2A. Analysis demonstrated a higher level of non-specific binding in TG rats and an 

increase in non-specific binding in both genotypes with age (see §4.2, Figure 51). Due to this 

result, SUV quantification of synaptic density in baseline scans at 7 and 15 months over-

estimated the [18F]UCB-H uptake which is therefore not reflecting the specific binding only, 

hence masking potential differences between age and/or genotype. The non-specific binding 

did vary significantly between age and genotypes, therefore all blocked scans were not 

averaged together for the quantification of the PET data. Four groups of blocked scans were 

therefore determined: WT 7 months, TG 7 months, WT 15 months and TG 15 months. The 

time-point decided to average the SUV was between 9 and 20 minutes after injection 

because at this time point the difference between the blocked and non-blocked (baseline) 
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scans was optimal but also because after 9 minutes the TAC of the blocked scans had 

reached a plateau. The quantification was done by calculation of Normalised Uptake Value 

(NUV), coming from the ratio of the SUV of baseline scans and the SUV of blocking scans. In 

all brain regions analysed a statistically significant decrease in [18F]UCB-H NUV was 

demonstrated in TG rats at 7 months of age. A reduction of synaptic density was also 

detected with age but at 15 months the differences between genotypes was not significant 

(Figure 53).  The statistical difference in SV2A between WT and TG at 7 months and the 

absence of this difference between the two genotypes at the middle age (15 months) could 

be due e to the fact that the synaptic density seems to be strongly inversely associated with 

the Aβ deposition during the early stages (stage of Aβ accumulation) when compared to the 

dementia (Aβ plateau) [359]. 

As previously discussed, the pre-saturation study showed a significant increase of 

non-specific binding due to the age in WT rats and even more prominent in TG rats. This 

data could be explained by the accumulation of lipofuscin in brain with age [360]. The aging 

brain is more vulnerable to cellular stress and is characterised by dysfunction involving the 

clearance of damaged molecules and organelles and their substitution. These inefficient 

mechanisms induce the accumulation of molecules that can interfere with cellular 

homeostasis. The main molecules that accumulate in aged cells are: protein aggregates, 

mitochondria with defects and lipofuscin [361]. Cellular stress and alteration of cellular 

homeostasis has been shown to be important in AD (see §1.5.1) [362]. Therefore, we can 

hypothesise that the increase of non-specific binding could be due to increased production 

of lipofuscin and the non-specific (i.e. non-displaceable) binding of the tracer to lipofuscin 

could be due to the suitability of brain PET tracers that need to be lipophilic to cross 

passively the BBB and penetrate brain [363]. Another explanation of the increase in non-

specific binding in TG rats could be the BBB damage that happens in AD and that occur also 

in this animal model, as described by Dickie et al. in TG rats [364]. 

[11C]UCB-J and [18F]UCB-H are the main tracers used for SV2A imaging and despite 

[11C]UCB-J having a higher affinity and selectivity for SV2A than [18F]UCB-H, the short half-life 

of 11C limits its use in PET centres without access to a cyclotron in a nearby vicinity. SV2A 

tracers have already been implemented for human studies and in AD, with the aim to 

investigate the ability of these tracers to detect the neurodegeneration. Regional differences 
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in volume of distribution (Vt) was shown with white matter being the lowest and increasing 

from cerebellum, hippocampus, parahippocampal gyrus, parietal cortex, precuneus, frontal 

regions, amygdala, anterior cingulate cortex, with putamen being the highest [365]. 

[11C]UCB-J was used in MCI and healthy controls and because the Vt  in cerebellum and 

centrum semiovale were similar and not statistically significant between groups supported 

the validity in the use of both regions as reference region. The cerebellum was defined as a 

better region due to the lowest variability of Vt between subjects and the analysis by using 

cerebellum as a reference region showed a decrease in [11C]UCB-J Vt in all medial temporal 

regions and neocortical regions and most pronounced in hippocampus and entorhinal cortex 

[366].These results are in line with data obtained by using [18F]UCB-H in which the image-

derived input function and a plasma fraction to scale the IF were used for modelling [301]. 

[18F]UCB-H uptake was reported to be decreased in cortical area, thalamus and more 

prominently in hippocampus [301]. The alterations in these regions mirror the finding 

described in the meta-analysis of AD studies showing that the hippocampus has the 

strongest synapses degeneration [354]. All these clinical papers and also the meta-analysis 

studies take into account MCI or AD patients, therefore aged/old subjects and showed a 

discrepancy if compared to my study in which no statistically relevant decrease in synaptic 

density were found between WT and TG in aged rats (15 months). This discrepancy between 

the human studies and mine could be due to the absence of neuronal loss in this AD rat 

model. Indeed, since the first publication about TgF344-AD rats, mixed results were 

reported. Choen et al. showed a neuronal loss in cortical regions and hippocampus starting 

from 16 months of age [243]; Leplus et al. at 18 months of age in gyrus dentatus and cortex 

[247]; whereas Voorhees et al. at 24 months  in hippocampus and trending down in cortex 

regions [245]. No differences in neuronal counting were found between WT and TG at 6, 12 

and 18 months by using immunohistochemistry  NeuN staining during my Erasmus project in 

Herve’s laboratory even if Voorhees et al. noted that NeuN staining could produce false 

negative due to the phagocytosis of neuronal debris by microglia [245]. In good agreement 

with my results, a decrease with age of Vt was determined by Bahari et al. by using [18F]UCB-

H in two young and two old healthy subject [367]. Most of post-mortem studies on early 

stages of AD are focused on the hippocampus and showed a progressive decline in the 

number of synapses by using transmission electron microscopy in the outer molecular layer 
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of the dentate gyrus [233] and also detected by immunohistochemistry using synaptophysin 

antibody [344]. 

 SV2A tracers have also been used in other neurological diseases. Specifically 

[11C]UCB-J was implemented for the study of schizophrenia in human, and in rats to study 

the effect of antipsychotic treatments. The study showed a decrease in schizophrenic 

patients of synaptic density in frontal and anterior cingulate cortices and the study on rats 

showed the impossibility to detect increase in synapses after induction of antipsychotic 

drugs for 28 days [368]. All these study confirm the reliability in the use of SV2A as a tracer 

to measure the synaptic density in neurological disease. 

7.3 Behavioural and ex-vivo studies 

 The majority of AD cases are sporadic and the specific causes that lead the 

development of AD are unknown. Patients with AD show memory deficits, agitation, 

dysphoria, anxiety, euphoria, apathy, disinhibition, irritability, and aberrant motor behaviour 

[369]. Different animal models, mice and rats, were developed through the years and 

expressing different genetic mutations, therefore miming the genetic forms of AD (see §1.9).  

The animal model used in this study, the TgF344-AD rat, is an animal model of the 

familial form of AD (see §1.9.3). This animal model is quite new, indeed the first publication 

was in 2013 [243] and so far various studies have shown a similar pathological profile of that 

found in humans [243]. To assess the memory impairment and behavioural changes in this 

model, different tests were conducted. Specifically, in this study anxiety and stress, the 

spatial and somatosensory (olfactory) memories were tested. The tests used for the 

assessment of the spatial memory was the Morris water maze (MWM) and reversal Morris 

water maze (RMWM), for anxiety and stress was the open field and for olfactory memory 

two smell tests.  

The MWM test is based on the ability of rat to memorise a platform position by using 

distal clues and in reversal Morris water maze the capacity of the rat to learn a new platform 

position after a shorter period of training. The spatial memory and the reversal learning 

were already evaluated in this rat strain in the first study using the Barnes maze [243]. The 

Barnes maze is based on the ability of the rat to memorise and find an escape after an 

aversive stimulus (bright light). The alteration of spatial memory was shown to start at 15 
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months of age and during the reversal phase the impairment started at 15 months and 

increased further at 24 months in TG rats.  In the reversal phase, even at 6 months, TG rats 

tended towards a statistically significant alteration [243] (Table 7). In another study, using 

the same model, Voorthees and colleagues (2017) did not find any statistical difference at 15 

months of age between WT and TG in the Barnes maze but found that TG rats performed 

worse than WT at 24 months of age only in the  reversal MWM [245]  (Table 7); these results 

were confirmed in a more recent study in which no differences in Barnes maze at 15 months 

and at 24 months in  MWM were evaluated between WT and TG [370]. Another study based 

on the Barnes maze test showed no statistically significant differences between genotypes in 

rats aged between 9 and 13 months and only by using specific analysis based on the 

evaluation of complexity of strategies, the authors could show that TG rats uses weaker 

search strategies than WT [371]. In young rats however, results are more consistent, and 

Cohen et al. and Pentkowski et al. did not find any spatial memory deficit between 

genotypes with Barnes and MWM respectively [243, 251]. Rorabaugh et al. showed a 

statistically significant spatial memory deficit only during the reversal phase of MWM at 6 

months and 16 months of age [250]. No learning and spatial memory impairment in young 

rats were found in both publication of Voorthees and colleagues [245, 370]. The review of 

various studies in WT and TG highlights divergent results (Table 7). 

The main parameter analysed to determine spatial memory impairment in MWM is 

the latency, which is defined as the time used by rats to reach the platform and in which a 

reduction through the days means the acquisition of memory. During the probe test, to 

determine the acquired memory about the platform position, the time spent in the quadrant 

where the platform was during the acquisition days is used. Berkowitz et al. analysed other, 

more complex parameters in MWM such as path length, how far the rat swim from the 

platform and also qualitative swim trajectories analysis, to better examine the rat memory 

and their behaviours. In this study, they also hypothesised that differences between 

publications could be due to the use of female and male together [252]. Some publications 

indeed, describe differences in behaviours in other rodent model of AD due to gender. 

Berkowitz et al. tested rats at three different time-points 4-5, 7-8 and 10-11 months of age, 

female and male. They showed a spatial navigation impairment starting at 10-11 months of 

age in TG rats. Indeed, TG rats spent more time to find platform, the distance travel was 



170 
 

longer, they swam in a wider area of the pool instead of the platform region and the path 

efficiency showed a trend of TG rats to exhibit higher deviation than WT. The qualitative 

analysis of the rat behaviours was assessed to better understand the type of movements 

used by rats to reach the platform. The movements were classified in four classes: “target-

direct” when the platform was found directly after dropping the rat in the pool, “target-

indirect” when the rats spend time around the platform, “spatial-indirect” when rats had 

movements not directed to the platform but indicative of spatial processing and “non-spatial 

movements” such as wall hugging, incursion and circle over itself. This analysis showed that 

TG rats starting from 7-8 months had lower direct movements than WT and at 10-11 months 

TG rats had also a greater proportion of target-indirect and spatial-indirect trajectories [252]. 

Table 7: table summarising the behavioural tests used to assess the spatial memory 
impairment in TgF344-AD. numbers are the rat’s age tested. Values in Green means that 
no statistically significant differences were observed between genotypes, whilst red text 
means significant differences between WT and TG have been shown. 

 Barnes maze 
(BM) 

Reversal phase 
(BM) 

Morris water 
maze (MWM) 

Reversal phase 
(MWM) 

Cohen et al. 
[243] 

6-15-24 M 

 
6-15-24 M 

 
  

Voorthees et al. 
[245] 

5-15 M 15 M 

 
24 M 24 M 

 

Pentkowski et al. 
[251] 

  4-6 M 

 
 

Rorabaugh et al. 
[250]  

  6-16 M 

 
 

Berkowitz et al. 
[252] 

  4-5;7-8;10-11 M  

Voorthees et al. 
[370] 

6-9-12-15 M 6-9-12-15 M 24 M 24 M  

Morrone et al. 
[371] 

Between 9-13 M Between 9-13 M   

My PhD   6-12-18 M 6-12-18M 

In my PhD study, many parameters were also analysed for the estimation of spatial 

memory such as duration, the time spent in each quadrant, the time to get closer to the 

platform, speed, distance travelled and path efficiency during the test. All these parameters 

were analysed for the MWM and reversal MWM tests, during the acquisition days but also 

during the probe tests when the platform was removed from the pool. In my study, a 

statistically significant training effect was found in both genotypes, with a reduction of the 
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time spent in finding the platform during the acquisition days and a significant age x training 

effect was also detected in TG rats. In the reversal MWM, both WT and TG rats were not 

able to acquire a new memory, and there was no statistical effect of age or genotype.  

An important parameter measured in my study was the path efficiency, in which a maximum 

value of 1 indicates a perfect efficiency, i.e. the animal moved in a straight line whereas 

lower values indicate loss of path efficiency (i.e. longer/indirect path). Because during the 

MWM rats were able to learn the platform position, we hypothesised to find low values 

during the first day and a gradual increase due to learning in the following days and also 

potentially statistically significant differences between age. Path efficiency values in both 

genotypes and at each age remained low throughout the days, highlighting that both 

genotypes did not improve their path efficiency to find the platform in both phases of the 

test (see §5.1, Figure 60). The other parameters: speed, distance and time to getting close to 

the platform also showed no significant differences between ages or genotypes.  

The alteration of spatial memory by using the MWM was well established in another 

AD rat model, rat Tg6590 (Sprague-Dawley background) [372]. In the MWM, these rats 

showed spatial learning impairment by 9 months of age characterised by very high 

difference in latency since the first day of acquisition when compared to WT. This learning 

deficit in MWM is accompanied with a decrease in swim speed and increase in distance 

travelled. During the probe test a significantly higher preference for the platform quadrants 

was determined in WT than in Tg6590 [372]. 

In my study, the reduction in time to reach the platform detected during the 

acquisition days could be due to a real memorisation or to a coincidence of touching the 

platform with tail.  

A recent study tested the spatial memory impairment in TG rats by using the Y-maze, 

in which rats are allowed to freely explore the three arms. Over the time, rats should show a 

tendency to enter a less recently visited arm. By using a video, it was possible to determine 

the entry in each arm. The number of arm entries and the number of trials were recorded in 

order to calculate the percentage of alternation. In this recent study, TG rats at 9 months of 

age showed the same percentage of alteration than WT, highlighting no differences in spatial 

memory. In the same study the analysis of learning was conducted by using a T-maze. In this 



172 
 

study, the percentage of success TG rats at 10 months of age was shown to be lower than in 

WT. Therefore, this study highlights the presence of a learning deficit but not a spatial 

impairment in TG rats [373]. A deficit in learning memory that increased with age was also 

shown in TG rats by Sarè et al. [374], using a reward alternating T-maze. So, to conclude, 

because no significant differences could be observed between genotypes or age in my MWM 

study and due to the variable and divergent results obtained in other publications testing 

spatial memory in this animal model, it is impossible to conclude a real spatial memory 

impairment in TG vs. WT. 

Anxiety was tested in my study by using the Open-field test. To assess the level of 

anxiety, the time spent in the exploration of a new environment and the time spent close to 

the wall were examined (see §5.2, Figure 65). These analyses showed that both genotypes, 

WT and TG, at each age were characterised by high levels of stress, determined by their total 

inability in performing the test (i.e. very low exploration or time spent moving in the arena 

and close to the wall). The very low exploration of the centre of arena was found also in 

another and well characterised animal model for AD, the McGill transgenic rat, in which the 

absence of differences between WT and TG at 10 months of age was also showed  but both 

genotypes showed however much more movements if compared to my study [375]. The 

Open-field results found in my project were opposite to that of Cohen et al. who showed an 

hyperactivity in TG rats at 15 months of age, evaluated by studying the beam breaks and 

rearing activity [243]. Comparing the rearing activity of Fischer-344 strain determined by 

Choen et al. with the McGill strain, Fischer-344 showed however much lower values [376]. In 

another study, an increase in anxiety behaviours in TG rats compared to WT was 

demonstrated at 6 months in the elevated plus maze [251] . Conversely to these results, in 

both studies of Voorthees et al., the analysis of locomotor activity showed no significant 

differences between genotypes and ages (6-9-12-15-24 months of age) [245, 370]. Morrone 

et al. also showed no statistically significant differences between genotypes highlighting that 

rats spent most of the time in the perimeter of the arena (time spent in the centre ≤ 20%) 

[371]. A more recent study showed that the absence of differences in activity between age 

and genotype in male WT and TG was due to an habituation of rats to the environment 

[374]. All these studies are at least in part in line with my results, in which was highlighted a 

low exploration time/behaviour, poor performance overall even in WT. 
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Brain alteration in AD affects regions essential for odour recognition and memory. 

Deficit in odour detection, recognition and discrimination are present in AD patients and 

appear before memory impairment, the reduction in detecting a smell (hyposmia) and the 

complete loss of odour (anosmia) appear also with age [377]. In TgF344-AD rats, a reduction 

in detecting a smell was found to be lower regardless of age when compared to controls 

[374]. Different smell tests were performed in my study to determine the olfactory 

impairment in TG rats (see §3.7.3). At 12 months of age, WT seemed able to memorise the 

fragrance when tested after a delay of 30 minutes (see §5.3, Figure 66) and lost completely 

this ability when longer delays were applied. In all smell tests, the time spent smelling was 

always very low (~20 seconds) over the experimental time. A statistically significant 

reduction of smelling time was evaluated between WT and TG rats during the first smell 

presentation and a decrease in smelling time due to the age was found in WT rats only 

during the first day of test. Trying to better understand the smell ability in WT and TG, the 

urine test (fox and rabbit) was performed at 12 and 18 months of age. The main goal was to 

evaluate if rats were able to smell properly odours, as fox urine should induce fear and they 

should spend very little time sniffing it. The analysis of the urine test showed again very low 

values in smelling times; opposite to what expected, rats tend to spend more time smelling 

the predator (fox) urine instead of the non-predator. TG rats showed a statistically 

significant differences in fox urine smelling time between 12 and 18 months, in which at 18 

months rats spent more time smelling fox urine than at 12 months moreover the fox urine 

smelling time at 18 months of age was statistically higher than smelling rabbit urine (Figure 

67).  

The reduction of time in smelling the predator urine, due to the fear, was highlighted 

in a study on Sprague–Dawley rats. In this study, defensive behaviours were observed during 

the exposition of rats to a predator urine with a reduction of the time spent in the corner 

with urine predator samples. Longer contact was evaluated with non-predator urine indeed, 

statistically significant differences were found in smelling time between control and 

predator’s urine but no between control and non-predator urine. However, the smelling 

time in Sprague–Dawley was ~20 seconds over the experimental time (10 minutes) [378] 

which is in good agreement with my results.  
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The inability to characterise the WT and TG behaviourally could be due to the 

characteristic of the Fischer-344 strain. Anxiety behaviours in rodents are influenced by 

differences in strains [379]. Differences in locomotor activity evaluated between Wistar 

(different breeders), Lewis, Brown Norway and Fischer-344 strains, showed that Fischer-344 

had the lowest values and Wistar Winkelmann the highest [379]. Also in food deprivation 

open field, Fischer-344 rats showed lower first feeding than the other strains [379]. In free 

exploration of a new environment, Fischer-344 showed lower percentage of exploration 

while the Charles River Wistar and Brown Norway showed the highest. In social interaction, 

Fischer-344 rats spent less second in interacting with an unfamiliar rat from a different 

group when compared to the others and the values were statistically significant when 

compared to the Lewis strain that had the highest values [379]. These data clearly show that 

Fischer-344 rats are characterised by more anxious behaviours [380]. Despite the fact that 

the Fischer-344 strain had a more anxious behaviour, learning did not seem to be affected 

by anxiety. Indeed in the MWM test, the comparison between Wistar and Fischer-344 rats 

showed  no difference in learning [381]. Strain alteration can impact the success of 

behavioural tests and the Fischer-344 strain showed to develop with age different problems 

such as ocular and auditory alteration. Indeed, these rats have been shown to be prone to 

developing ocular changes with spontaneous unilateral degeneration of optic nerve and 

retina [382] and auditory impairment starting at 12 months of age [383]. Consequently, due 

to all these strain characteristics, Fischer-344 strain has many limitations for behavioural 

tests. 

This animal model does not seem very suitable for behavioural tests, however 

alterations in the brain of the TgF344-AD are still similar to patients with AD in term of 

notably amyloid deposition. In this study, we confirmed the amyloid deposition in cortical 

and hippocampal regions of TG rats, starting from 6m and progressing to a heavy amyloid 

deposition at 12m and 18m of age. This observation was in good agreement with the first 

report of this model [243] and subsequent findings from other laboratories. As described by 

Cohen et al. [243], TG rats also exhibit spontaneous hyperphosphorylated tau accumulation 

in parallel with an increased neuroinflammation. Ex-vivo analysis by immunohistochemistry 

in this study demonstrated the presence of increased astrogliosis in TG vs. WT. Despite the 

fact that different markers of protein synthesis (eIF2α, PERK proteins, ATF4, etc.) were found 
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altered in AD patients or other animal models (see §1.7), I had difficulties in performing an 

evaluation by immunohistochemistry (IHC) and/or Western Blot (WB) of eIF2α and its 

phosphorylation at serine 51 (phospho-eIF2α), ATF4 and SV2A in this animal model. The 

main problem encountered in IHC was the inability to discriminate the real signal to the 

background, despite different protocols being extensively tested.  

For the WB analysis, the main obstacle was to found a specific method to normalise 

for protein levels. Indeed, an important result found in WB was the difference in the 

expression of β-Actin at 18 months of age in two brain regions (see §6.2). This protein is 

widely used as a housekeeping protein and in my study the values of β-Actin were higher in 

WT than TG. Other housekeeping genes such as Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) or Phosphoglycerate kinase 1 were not possible to be used because 

their molecular weights were the same of the target proteins of this study. The difference in 

β-Actin measured at 18 months between WT and TG should be investigated more, because a 

real difference could lead to a wrong interpretation of data. Further studies with the aims to 

optimise protocols should be conducted to better compare and validate the data found by 

PET. 
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8 Conclusions and future perspectives 

The aims of this PhD were to determine i) the best approach in the study of protein 

synthesis in brain in rats and ii) if, in this AD model, we could detect a decrease in PSR and 

synaptic density as early markers of AD pathology in-vivo using [11C]leucine and [18]UCB-H 

PET tracers. Finally, this work also contributes to a better characterisation of this animal 

model through in-vivo imaging, ex-vivo measures and behavioural tests and brings the 

leucine knowledge obtained in my project to a clinical study in AD patients started at the 

same time of mine. 

Data obtained in this study confirmed and validated the use of [11C]leucine as a tracer 

to measure PSR in rats. Data highlighted that the best approach to estimate PSR was to use 

individual blood measurements and concentration of unlabelled leucine to establish an IF as 

the concentrations of amino acids vary between animal species, strains and probably 

between genotypes. The evaluation of PSR in this AD rat model has only been partially 

answered and will require further investigation due to some weaknesses such as the 

unavailability of individual AIF for all animals with [11C]leucine PET.  

This study has however cleared many points about the methodology such as the 

need to of individual blood measurement. Indeed, in my studies I found a genotype 

differences in PSR at 18 months of age in many brain regions analysed when the individual 

blood measurements were used but only few rats were tested (WT=4 and TG=5); while by 

using a population-based IF in the longitudinal study a modest change in PSR was found at 

18 months only in globus pallidus. The absence of statistically significant PSR differences 

between genotypes in the other brain regions could come from the use of averaged blood 

values for unlabelled leucine and IF but also to the methodology used for the measurement 

of free [11C]leucine in plasma. Indeed the % of free [11C]leucine was calculated by using 70% 

perchloric acid (PCA) and then the values were converted into 5% PCA, introducing some 

bias. In the literature, the percentage of PCA used is always low but there is not any studies 

demonstrating rationally what percentage is best for optimal plasma proteins precipitation; 

therefore experiments to clarify the differences between the free concentration of 

[11C]leucine using a range of PCA concentration and its effect on protein precipitation and 

stability could also be performed. Based on these results, the PSR changes in this AD model 

and in AD patients still need to be further investigated. In this study, I have also 
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demonstrated the usefulness of the SV2A PET tracer, [18F]UCB-H, to detect the synaptic loss. 

The synaptic loss was determined at a young age in TgF344-AD but no at an older age 

between WT and TG probably due to the absence of neuronal loss in this animal model. An 

interesting study with [18F]UCB-H could be to scan younger rats to determine at which 

specific time point synaptic loss starts. Ex-vivo and autoradiography study should also be 

tested to validate the results obtained by PET for both tracers. 

Parallel ex-vivo analysis highlighted and confirmed the progressive amyloid 

accumulation and neuroinflammation in the TgF344-AD animals. However, despite the 

strong correlation between brain changes in TG rats and AD patients, the analysis of 

behavioural tests did not show any significant alterations between genotype and age in 

spatial learning evaluated by MWM and RMWM. Importantly, the TG and WT rats both 

showed high levels of stress evaluated by the absence exploration of new environment in 

the open field test, confirming results about the anxiety of Fischer-344 strain.  
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10 Appendix 

10.1 Appendix: future publications planned 

1. Methodology to measure protein synthesis rate (PSR) in-vivo by using [11C]leucine 

PET imaging 

2. Synaptic density decrease evaluated by using [18F]UCB-H in young TgF344-AD rats 

10.2 Appendix: previous published work 

1. Longitudinal investigation of neuroinflammation and metabolite profiles in the 

APPswe×PS1Δe9 transgenic mouse model of Alzheimer’s disease. 

2. Prodromal neuroinflammatory, cholinergic and metabolite dysfunction detected by 

PET and MRS in the TgF344-AD transgenic rat model of AD - a multi-modal and multi-

centre study 

10.3 Appendix: poster and oral presentation  

• European Association of Nuclear Medicine (EANM) (Düsseldorf, October 2018): 

Development of [11C]leucine PET as a tool to measure brain protein synthesis in rats 

• Preclinical Nuclear Imaging symposium (London, November 2018): Development of 

[11C]leucine PET as a tool to measure brain protein synthesis in rats. 

• European Molecular Imaging Meeting (Glasgow, March 2019): [11C]leucine PET 

imaging to measure cerebral protein synthesis rate in rats. 

• PET is Wonderful Annual Meeting (Edinburgh, October 2019): Measurement of 

protein synthesis rates by [11C]leucine PET imaging in a model of Alzheimer’s disease 

• PhD conference at the University of Manchester (Manchester, April 2019): 

[11C]leucine PET imaging to measure cerebral protein synthesis rate in rats 

• FENS Forum of Neuroscience (on-line, July 2020): Alteration in SV2A density in 

transgenic rat model of AD TgF344-AD and with age measurement by [18F]UCB-H in-

vivo PET imaging 

• European Molecular Imaging Meeting (EMIM) (on-line, August 2020): Alteration in 

SV2A density in transgenic rat model of AD TgF344-AD and with age measurement by 

[18F]UCB-H in-vivo PET imaging 
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• European Molecular Imaging Meeting (EMIM) (on-line, August 2020): Longitudinal 

measure of protein synthesis rate in the transgenic rat model of Alzheimer’s disease 

TgF344-AD by [11C]leucine PET imaging 

Oral presentation: 

Division of Informatics, Imaging and Data Sciences Postgraduate Student Showcase 

(January 2018-2019-2020): Measurement of protein synthesis rates by [11C]leucine PET 

imaging in a model of Alzheimer’s disease.  

10.4 Ex-vivo protocols 

10.4.1 Immunohistochemistry (IHC)/Immunofluorescence  

Immunofluorescence was done on WT and TG rats at different ages by using the 

antibodies 6E10 (Aβ marker) and GFAP (astrocyte marker) to test the presence of amyloid 

deposition and the increase of neuroinflammation. Brains were collected and put quickly in 

isopentane for few minutes and then stored at -80°. Brains were sectioned at 20µm using a 

cryostat (Leica CM3050s, Leica Biosystems Nussloch GmbH, Germany).  

Reagents for IHC: 

➢ in phosphate buffered saline (PBS) 1X 

➢ Triton X-100 (to be diluted @ 0.1% in PBS 1X) 

➢ Citrate buffer: 1,92g citric acid in 1 L H2O + 0.05% tween. Adjust the PH with NaOH 

(pH=6) 

➢ Sodium Borohydride: 1 mg/mL solution of sodium borohydride in a physiological 

buffer such as PBS. 

➢ Serum: 2% normal donkey serum + 0.1% Triton X-100 in PBS 

➢ Primary antibodies: 

o 6E10 BioLegend (803001), 1:1000  

o GFAP Dako (Z0334), 1:1000 

➢ Alexa Fluor 488nm Donkey anti rabbit IgG 1:500 for GFAP 

➢ Alexa Fluor 594nm Donkey anti-mouse IgG 1:500 for 6E10 

Standard protocol used for 6E10 and GFAP: 

• Fixation in 4% paraformaldehyde for 10 minutes at room temperature 

• 6 washes in for 5 minutes in PBS 
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• 30 minutes incubation in 2% normal donkey serum and 0.1% Triton X-100 in PBS to 

permeabilize and block non-specific binding. 

• Primary antibody (6E10 BioLegend (803001), 1.1000 and GFAP Dako (Z0334), 1:1000) 

incubation overnight at 4°C with serum 

• 3 washes for 10 minutes in PBS  

• Secondary antibody incubation for 2 hours at room temperature in serum 

• 3 washes in PBS for 10 minutes  

• Few drops of Prolong anti-fade kit (Molecular Probes, Invitrogen) with DAPI  

Other factors involved in the attenuation of protein synthesis and in memory 

consolidation have been evaluate by using the antibodies: eIF2α (Santa Cruz, 133132), 

phospho-eIF2α (abcam, 32157) and ATF4 (Proteintech, 10835-1-AP). Standard protocol, 

antigen retrieval, sodium borohydride and DAB (3,3′-Diaminobenzidine) staining have been 

tested. The antigen retrieval and the sodium borohydride have few more steps compared to 

the standard protocol. In antigen retrieval the citrate buffer at the PH=6 is used for 20 

minutes at 95˚C before the blocking step; and 3 washes per 10 minutes in sodium 

borohydride are present in the third protocol. The secondary antibodies used are: Alexa 

Fluor 594nm Donkey anti-mouse IgG 1:500 for eIF2α and Alexa Fluor 488nm Donkey anti-

rabbit IgG 1:500 for phospho-eIF2α and ATF4. 

10.4.2  DAB staining protocol 

3,3′-Diaminobenzidine (DAB) is a derivate of benzene s an organic compound that is 

used in the staining of nucleic acids and proteins, most commonly for immunohistochemical 

procedures. When oxidised it forms water insoluble brown precipitates.  

Reagents for DAB staining: 

➢ Xylene 

➢ Ethanol 100% 

➢ Citrate Buffer 100mM PH=6 

➢ Deionized dH2O 

➢ Peroxide 30% 

➢ Methanol 

➢ DAB (tablets from Sigma) 1 tablet in 5ml of deionized dH2O 
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➢ ABC Vector Laboratories kit 

➢  Phosphate buffered saline (PBS 1X) 

➢ Haematoxylin 

➢ DPX Mountant for histology 

Protocol: 

• Xylene for 5 minutes 

• Xylene for 5 minutes 

• Ethanol 100% for 5 minutes 

• Ethanol 100% for 5 minutes 

• Ethanol 90% for 5 minutes 

• Ethanol 70% for 5 minutes 

• 3 washes in dH2O over 5 minutes 

• Citrate Buffer, PH 6 10mM, incubation for 25 minutes in pre-heated in steamer 

• Wash slides in dH2O, 3 changes over 5 minutes 

• Incubate slides in 0.3% Peroxide in Methanol at room temp for 30 minutes 

• Wash slides in dH2O, 3 changes over 5 minutes 

• Apply hydrophobic barrier around section with wax pen  

• Wash slides in PBS for 5 minutes 

• Block overnight in Blocking Buffer at 4˚C (from Vector Laboratories kit) 

• Add primary antibody for 1 hour at room temp 

• Wash slides in PBS, 3 changes over 5 minutes 

• Make up biotinylated secondary antibody (from Vector kit), incubate for 30 minutes 

at RT. Also make ABC reagent at this time 

• Wash slides in PBS, 3 changes over 5 minutes 

• Incubate with ABC reagent for 30 minutes at RT 

• Wash slides in PBS, 3 changes over 5 minutes 

• Add DAB solution for 5 minutes 

• Wash in tap water 

• Counter-stain with haematoxylin for a few seconds 

• Wash in tap water then dH2O 

• Ethanol 70% for 5 minutes 
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• Ethanol 90% for5 minutes 

• Ethanol 100% for 5 minutes 

• Ethanol 100% for 5 minutes 

• Xylene for 5 minutes 

• Xylene for 5 minutes 

• Mount in DPX 

10.4.3 Homogenisation samples 

Half brains have also been dissected in different brain regions: hippocampus, cortex, 

cerebellum, striatum and rest (in which there were all the other brain parts). Dissected 

regions have been stored in -80˚C and used then for Western Blot (WB) analysis. The same 

antibodies used for IHC have been tested for WB: eIF2α (Santa Cruz, 133132), phospho-

eIF2α (abcam, 32157) and ATF4 (Proteintech, 10835-1-AP). 

Homogenisation reagents: 

➢ Absolute Ethanol  

➢ Ethanol 70% 

➢ PBS 1X 

➢ Homogenisation buffer: 

o Trizma® base 242.28mg 

o Sucrose 21.9mg 

o EDTA 148.9mg 

➢ PMSF 0.1 M: 87.10mg of PMSF in 5ml of ethanol absolute 

➢ Sodium orthovanadate 0.1M: 91.96mg of sodium orthovanadate in 5ml of distilled 

H2O 

➢ Homogenisation solution 

o PMSF 100μL 

o Sodium orthovanadate 100μL 

o Protease inhibitor cocktail complete® 1/5 tablet 

Homogenisation Protocol: 

• Add the homogenisation solution (10 time the sample volume). 

• Gently homogenise using the pestle until a cloudy solution with no visible pieces of 

tissue is left. 
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• Centrifuge samples for 15 minutes at 3,200rpm at +4°C 

• Discard the pellet (P1) 

• Centrifuge supernatant for 20 min at 12,200rpm at +4°C 

• Freeze supernatant at -20˚C (used)  

• Suspend pellet with PBS and freeze at -20˚C 

10.4.4 Bradford protein assay 

The Bradford protein assay is a procedure used to determine the protein 

concentration in a solution. It is based on the absorbance shift of the dye reagent.  

Hydrophobic and ionic interactions stabilize the anionic form of the dye, causing a visible 

colour change. 

Reagents and instruments: 

➢ Bovine Serum Albumins (BSA) 2 mg/ml (Sigma-Aldrich) 

➢ Protein assay dye reagent (Bio-Rad Protein Assay Dye Reagent Concentrate) dilution 

1:5 

➢ 10X Samples Buffer (Protein simple) concentration 0.1X in deionized water or the 

same buffer that will be used for Western Blot 

➢ 96-well plate 

➢ Plate reader (BioTek µQuant microplate spectrophotometer) 

Procedure: 

Prepare 200 µl of 2X BSA then standards: 

Table 8:  Preparation of standard BSA 

standard Concentration 

BSA [mg/ml] 

Volume BSA Volume Buffer 

[µl] 

Final volume 

[µl] 

F 1 150µl of 2X 150 300 

E 0.75 75µl of F 25 100 

D 0.5 50µl of F 50 100 

C 0.2 20µl of F 80 100 

B 0.1 10µl of F 90 100 

A 0 0 100 100 
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• Pipette 10µl of each of the BSA standards (A-F) in triplicate, putting 10μL into three 

wells for each standard 

• In the remaining wells, pipette 10μL of your diluted samples. Once again doing each 

sample in triplicate 

• Add 200μL of dye reagent to each well 

• Leave the plate at room temperature while gently mixing on a rocker/shaker 

• Red the plate at 595nM by using the spectrophotometer 

10.4.5 Western Blot 

To perform the Western Blot (WB) it has been used an automated Western (Protein 

Simple) mainly characterised by the absence of gels, transfer devices, film, etc. The advances 

in using the automated Wes is the possibility to process in 1 plate 25 samples and different 

antibodies can be used at the same time. Quantitative data are available after few hours. the 

immunoassay happens in a capillary in which samples are separated by size. The immobilized 

proteins are detected by a primary antibody, an HRP-conjugated secondary antibody and 

chemiluminescent substrate will be than used to generate a chemiluminescent signal that is 

detected and quantitated. 

Reagents: 

➢ Standard pack reagents (Wes kit): 

o DTT + 40µl deionized water 

o Fluorescent 5X master mix +20µl DTT+ 20µl 10X sample Buffer 

o Biotinylated ladder +20µl deionized water 

➢ 10X Sample Buffer diluted with distilled or ultra-pure water to 1X 

➢ 12-230 KDa Wes plates 

➢ Capillary cartridge 

➢ Deionized water 

➢ Wes kit: 

o Luminol (200µl) 

o Peroxide (200µl) 

o Antibody diluent (min 260µl) 

o Secondary antibodies: anti-mouse, anti –rabbit 

o Streptavidin-HRP 
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➢ Primary antibodies: eIF2α, phospho-eIF2α, ATF4, GAPDH, β-actin (Aldrich A5441), 

PSD95 (abcam 2723), SNAP25 (abcam 5666) 

Procedure: 

After defining the samples concentration 1 part of 5X fluorescent master mix is combined 

with 4 part of lysate. Samples are then denaturation by using heat and after vortex they will 

be loaded on the plate. 

➢   

 


