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« Considerate la vostra semenza: 
   fatti non foste a viver come bruti, 

   ma per seguir virtute e canoscenza » 
 

« Consider the seed that gave you birth: 
 you were not made to live as brutes,  
but to follow virtue and knowledge » 

 

Divina Commedia “Inferno”, Canto XXVI, Dante Alighieri
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1.1 Alzheimer-type dementia  
 

Alzheimer’s disease (AD) is the most common cause of dementia in the elderly, with 

more than 25 million people affected worldwide (Alzheimer’s Association, 

http://www.alz.org/). First described in 1907 by the German physician Alois Alzheimer 

(Alzheimer et al., 1995), AD is a neurodegenerative disease characterized by a dramatic 

progressive loss of synapses and neuronal populations, initially affecting medial 

temporal lobe structures and finally resulting in diffuse cortical atrophy. The earliest 

clinical symptoms are episodic memory loss, especially in remembering new items 

(anterograde amnesia). As the disease progresses, amnesia occurs in conjunction with 

major executive dysfunctions, such as impairment of language (aphasia), object use 

(apraxia), recognition of faces or objects (agnosia), abstract reasoning, step-by-step 

planning, and decision making (McKhann et al., 1984). This gradual erosion of 

cognition slowly increases in severity until the symptoms eventually become 

incapacitating, and at the histological level it is reflected by the progressive spread of 

specific pathological lesions in a non-random manner across various brain regions. On 

the basis of this extension, it has been possible to distinguish six stages (also known as 

Braak stages) of disease progression (Braak and Braak, 1991, 1995): the transentorhinal 

stages I–II, representing clinically silent cases; the limbic stages III–IV of incipient AD; 

and the neocortical stages V–VI of fully developed AD. In the late stages of disease, 

cognitive decline is often accompanied by psychiatric features, such as confusion, 

agitation and behavioral disturbances, and by neurological symptoms, which may 

include seizures, hypertonia, myoclonus, incontinence, and mutism. AD is a terminal 

illness with death commonly being caused by external factors such as infections, 

pneumonia, malnutrition or comorbidities, but not the disorder itself.  

 

 
1.1.1 Genetics of Alzheimer’s disease 

 

Depending on the age of onset, two major types of AD are generally differentiated: 

early-onset forms beginning before the age of 65, and late-onset forms thereafter. A 

considerable proportion of the early-onset AD (EOAD) forms occurs in a family history 

context, and they are caused by rare, autosomal dominant mutations in the genes 
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encoding amyloid beta precursor protein (APP), presenilin-1 (PSEN1 or PS1) and 

presenilin-2 (PSEN2 or PS2) (Bertram et al.; Ballard et al., 2011; Selkoe, 2011). Due to 

their Mendelian inheritance, these cases are also referred to as Familial Alzheimer’s 

disease (FAD). In contrast, late-onset forms of AD (LOAD) are not directly linked to 

genetic mutations, and only association genetic risk factors have been proposed for 

these. The absence of obvious inheritance led to the classification of LOAD as Sporadic 

Alzheimer’s disease (SAD). 

To date, at least 24 APP, 185 PSEN1 and 14 PSEN2 highly penetrant missense 

mutations have been described to cause EOAD (Table 1). Duplications in APP are also 

responsible for EOAD (Rovelet-Lecrux et al., 2006; Tanzi, 2012) and in Down’s 

syndrome (caused by trisomy of the chromosome 21, carrying APP) overexpression of 

APP results in early onset dementia with an AD-like phenotype (Hof et al., 1995).  
 

Table 1. Early-omset familial Alzheimer’s disease genes and their pathogenic effects 

 
                                                                                                                                    From: Tanzi R.E., 2012 
 
 
FAD mutations can be examined in detail on the online Alzheimer Disease and 

Frontotemporal Dementia Mutation Database website 

(http://www.molgen.ua.ac.be/ADmutations/). Identification of these EOAD genes has 

encouraged functional and molecular studies of the mutated gene products, which have 

provided a wealth of information about the pathogenetic mechanisms underlying AD.  

In particular amyloid beta (Aβ) peptide, one of the major toxic agents in AD, is a 

product of the catabolism of APP protein, endoproteolyzed by the subsequent action of 

β- and γ-secretases (Cole and Vassar, 2008; Steiner, 2008). Interestingly, most of the 

AD-related APP mutations are located at the secretase cleavage sites, often leading to 

increased cleavage and greater Aβ production, like the cases of the missense APP 

“London” and “Swedish” mutations (at the β-secretase cleavage site of APP, improving 

APP as a substrate for β-secretase) (Goate et al., 1991; Mullan, 1992). Moreover, the 

catalytic center of γ-secretase is encoded by the EOAD genes PSEN1 and PSEN2, and 

their mutations often prove to be connected to an abnormal production of the Aβ 
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peptide or to favor the production of the more amyloidogenic 42-amino acid form of Aβ 

(Aβ42) over the shorter form of 40 amino acids (Aβ40) (Bertram et al., 2010; O'Brien and 

Wong, 2011). Finally, mutations in the middle of the Aβ peptide enhance or alter Aβ 

aggregation properties. For example, four distinct point mutations in a single residue 

(E693) were observed to have distinct effects on the biophysical properties of Aβ42 and 

on the clinical phenotype (Nilsberth et al., 2001; Tomiyama et al., 2008). This 

observation thus strongly supports the pathogenic significance of Aβ peptides. Among 

these, the arctic mutation (E693G) causes AD by enhanced Aβ protofibril formation, 

although decreasing Aβ42 and Aβ40 levels in plasma (Nilsberth et al., 2001). 

Taken together, the observation that most mutations causing FAD either increase Aβ 

production or shift the Aβ42/Aβ40 ratio towards Aβ42 provides strong evidence of a 

causal role of Aβ peptides in FAD pathogenesis, although their contribution to SAD 

remains less clear. This convergence of genetic and molecular evidence has given 

support to the ‘‘Amyloid hypothesis’, which postulates that the abnormal production of 

Aβ is the initial step in triggering the pathophysiological cascade that eventually leads 

to AD (Glenner and Wong, 1984; Hardy and Higgins, 1992; Hardy, 1997; Hardy and 

Selkoe, 2002; Tanzi and Bertram, 2005) (Chapter 1.1.2). In spite of the extensive body 

of knowledge acquired in the last 30 years about the possible pathogenic mechanisms of 

FAD, these cases account for only approximately 1-6% of AD cases (Bekris et al., 

2010). The remaining ~95% of cases are attributable to SAD, for which no clear 

pathogenic mechanisms are yet known. 

 

While EOAD is caused by rare and highly penetrant mutations, the genetics of LOAD is 

more complex. Currently, it is believed that susceptibility for LOAD is conferred by 

numerous genetic risk factors of relatively high frequency but low penetrance. Thus it is 

important to emphasize that although LOAD is classified as a sporadic form of AD, up 

to 60%–80% of this form of the disease is associated with genetic predisposition. In 

addition to susceptibility genes, environmental and epigenetic factors may make a 

significant contribution to determining an individual’s risk, thus making AD a complex 

multifactorial disease that arises from the interaction of several determinants (Gatz et 

al., 2006).  

From 1993 to 2009, the Apoε4 allele for APOE, a major brain apolipoprotein, was the 

only unequivocally established genetic risk factor for LOAD (Corder et al., 1993; 

Saunders et al., 1993; Schmechel et al., 1993; Strittmatter et al., 1993a; Strittmatter et 
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al., 1993b). Compared to patients with no ε4 alleles, the increased risk for AD is two-to 

four-fold in patients carrying one ε4 allele and about 12-fold in ε4 homozygotes (Farrer 

et al., 1997; Bertram et al., 2007). Carriers of Apoε4 also show earlier accumulation of 

amyloid plaques and a younger age of onset of dementia. The neuropathological 

pathway by which APOE increases the risk of disease is unclear. However, evidence 

suggests that the Apoε4 isoform is associated with less efficient clearing of Aβ from the 

brain (Castellano et al., 2011). It was recently reported that Apoε4 increases the 

formation of soluble oligomeric forms of Aβ, which are crucial for synaptic 

dysfunction, cognitive impairment and neurodegeneration (Hashimoto et al., 2012). 

Recent advances in large-scale sequencing technologies allowed the development of 

several powerful Genome-Wide Association Studies (GWAS), which have produced a 

wealth of literature in the last few years, thus greatly improving our understanding of 

AD genetics. Apart from confirming Apoε4 as the top LOAD gene with extremely high 

confidence (Bertram et al., 2010), new additional loci associated with AD, such as 

CLU, PICALM, CR1, BIN1, ABCA7 and EPHA1, emerged from GWAS (Harold et al., 

2009; Lambert et al., 2009; Hollingworth et al., 2011; Naj et al., 2011; Tanzi, 2012) 

(Table 2). 

 
Table 2. Results of GWAS of late-onset Alzheimer’s disease 
 

 
                                                                                                                                    From: Tanzi R.E., 2012 
 
 
A combination of intensive, systematic efforts in this genetic studies approach, together 

with replication in large, independent populations and functional analyses, will be 

needed to determine the true contribution of these new genes to AD. We are now 

progressing towards building a completely new picture of AD genetics. Finally, in 

addition to genetic risk factors, an environmental component for AD has been proposed, 

with factors like age, education, physical activity, diet, eventual presence of 
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comorbidities (obesity, diabetes, inflammatory diseases) playing a role in its onset 

(Arendash et al., 2004; Rovio et al., 2005; Halagappa et al., 2007).  

In spite of their distinct genetic backgrounds, FAD and SAD are indistinguishable at the 

histopathological level and show two main hallmarks: amyloid plaques and 

neurofibrillary tangles (Fig. 1.1), occurring in a context of vascular damage, 

inflammation, oxidative stress, synaptic loss and neurodegeneration (Braak and Braak, 

1997; Nussbaum and Ellis, 2003; Goedert and Spillantini, 2006; Serrano-Pozo et al., 

2011; Spires-Jones and Knafo, 2012; Orsucci et al., 2013). 

 

 
From Götz J. and Ittner L.M., 2008 

______________________________________________________________________ 
Figure 1.1 Histopathology of Alzheimer’s disease. Representative Aβ plaques from a transgenic mouse 
model (APP23) and a human AD brain, visualized with the dye thioflavin S, are shown on the left. 
Neurofibrillary tangles (NFTs) from a a transgenic mouse model (pR5) and a human AD brain, visualized 
with the Gallyas silver impregnation technique, are shown on the right.  
 

 

1.1.2 Aβ in the pathogenesis of Alzheimer’s disease  

    

APP proteolytic processing and functions: Amyloid plaques are one of the main 

histopathological lesions of AD. These are extracellular insoluble deposits composed 

mainly by Aβ peptide, arranged in a fibrillar β-pleated sheet secondary structure. The 

deposition of amyloid plaques starts in cortical areas and follows a specific sequence 

during disease progression moving to allocortical regions first, then to diencephalic 

nuclei, the striatum, and the cholinergic nuclei of the basal forebrain, ending  with the 

involvement of additional brainstem nuclei and cerebellum (Thal et al., 2002). The Aβ 

peptide derives from the proteolytic cleavage of the single-pass transmembrane protein 

APP by the action of integral membrane proteases termed secretases. APP is cleaved 

sequentially: first by either α- or β-secretase, and then by γ-secretase (Sheng et al., 

2012). In the amyloidogenic pathway, which gives rise to the Aβ peptide, the proteases 

involved are β- and γ-secretase, whose sequential action releases the soluble 
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extracellular domain of APP (sAPPβ), the Aβ peptide, and the intracellular carboxy-

terminal domain of APP (AICD). In contrast, cleavage by α-secretase prevents the 

formation of Aβ, producing sAPPα, p3 peptide and AICD (Fig. 1.2a). α- and β-

secretase cleave at single sites in the extracellular domain of APP, whereas γ-secretase 

can cut the products of the α- or β-cleavage at various sites, giving rise to Aβ peptides 

and intracellular fragments of varying length. Depending on the specific γ-secretase 

cleavage site, the two most frequent forms of Aβ peptide can vary from 40 (Aβ40) to 42 

amino acids (Aβ42) in length (Fig. 1.2b), with Aβ40 being the most common species, and 

Aβ42 the less common but the most fibrillogenic and neurotoxic species (O'Brien and 

Wong, 2011).  

Many studies have addressed the physiological functions of APP and Aβ peptide; 

however, little is yet known. In mammals, APP is a member of a gene family that 

includes APLP1 and APLP2 (APP-like protein 1 and 2), which are also cleaved by α-, 

β-, and γ-secretases. Like for APP, the action of these proteases on APLPs also 

produces a large number of protein fragments and peptides, although these peptides are 

not capable of aggregating in vivo and they show no pathogenic effects. A possible clue 

to the physiological function of APP is the activity-dependent regulation of Aβ 

production and/or secretion. Aβ secretion is enhanced by neural activity in vitro and in 

vivo (Kamenetz et al., 2003; Cirrito et al., 2005; Wei et al., 2010); however, it is unclear 

whether the regulation occurs at the level of α-, β- or γ-secretase. In turn, Aβ itself can 

regulate neuronal and synaptic activities, with accumulation of Aβ in the brain, causing 

a vicious cycle of Aβ production with an intriguing combination of aberrant network 

activity and synaptic depression (Palop and Mucke, 2010). In the human brain, 

functional MRI imaging reveals that regions with high resting “default mode” activity 

(the mode that is active when we do not think about anything in particular) show a 

higher Aβ plaque load (Buckner et al., 2005). Moreover, Holtzman and colleagues 

(Kang et al., 2009) measured the amount of Aβ in vivo in the extracellular interstitial 

fluid of the hippocampus and found that extracellular Aβ varied with a diurnal rhythm, 

correlating with wakefulness in both wild-type and mutant APP transgenic mice. Sleep 

deprivation acutely elevated extracellular Aβ. Remarkably, in AD transgenic mice, 

chronic sleep restriction significantly increased amyloid plaque load while inhibition of 

wakefulness decreased this parameter. Given that wakefulness is associated with a net 

increase in brain synaptic activity, the control of Aβ by the sleep–wake cycle is 

consistent with the notion that neuronal activity is a key regulator of APP processing. 
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                                                                                                  From: Sheng et al., 2012  
______________________________________________________________________ 
Figure 1.2 APP processing and the formation of Aβ peptides. a) The full-length human amyloid 
precursor protein (APP) (middle) is a single transmembrane protein with an intracellular carboxyl 
terminus. Horizontal arrows indicate specific protease cleavage sites. In the amyloidogenic pathway (to 
the left), sequential cleavage of APP by β-secretase and γ-secretase releases the soluble extracellular 
domain of APP (sAPPβ), Aβ peptide, and the intracellular carboxy-terminal domain of APP (AICD). 
Cleavage by α-secretase instead (to the right) prevents formation of Aβ, producing sAPPα and p3 peptide. 
b) Diagram of the APP polypeptide and sequence of Aβ40 and Aβ42 peptides, with secretase cleavage sites 
indicated. CTF, Carboxy-terminal fragment of APP, before cleavage by γ-secretase. 
 

Finally, the cytoplasmic AICD, which is released by γ-secretase cleavage (Fig. 1.2a), 

can translocate to the nucleus, regulate gene transcription, and affect calcium signaling, 

synaptic plasticity, and memory (Cao and Sudhof, 2001; Gao and Pimplikar, 2001; Ma 

et al., 2007). As a transcriptional regulator, AICD was proposed to affect chromatin 
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remodeling via binding to the histone acetyltransferase Tip60 (Cao and Sudhof, 2001). 

Interestingly, transgenic mice overexpressing the AICD alone exhibit AD-like features, 

including hyperphosphorylation and aggregation of Tau, neurodegeneration, and 

memory deficits (Ghosal et al., 2009). These studies underscore the importance of 

considering the involvement of non-Aβ products of APP in the pathogenesis of AD. 

Among the biological functions proposed for full-length APP, two are related to 

development. It has been proposed that APP is required to prune excess axon growth, 

through Caspase-6-mediated axonal degeneration upon growth factor withdrawal 

(Nikolaev et al., 2009) (Nikolaev et al. 2009). Also, full-length APP is required for 

proper migration of neuronal precursor into the cortical plate during neurodevelopment 

(Young-Pearse et al., 2007). Finally, during commissural axon navigation, APP, 

expressed at the growth cone, regulates Netrin-1-mediated commissural axon outgrowth 

(Rama et al., 2012). 

 

Amyloid hypothesis and Aβ oligomers: As mentioned in Chapter 1.1.1, so far the only 

mutations classified as causative of EOAD are in APP or presenilin 1 and 2 (encoding 

the catalytic subunits of γ-secretase), and almost all of them are responsible for an 

increased production of Aβ peptide or an increased Aβ42/ Aβ40 ratio (Tanzi and Bertram, 

2005) (Blennow et al., 2006; Bettens et al., 2010). For many years, these findings 

strengthened the “Amyloid cascade hypothesis”, postulated in 1992 by Hardy and 

Higgins (Hardy and Higgins, 1992). According to this hypothesis, the abnormal 

production of Aβ is the initial step in triggering the pathophysiological cascade that 

eventually leads to AD (Glenner and Wong, 1984; Hardy, 1997; Tanzi and Bertram, 

2005). Aβ deposition and amyloid plaque formation are described as the main processes 

responsible for neuronal death and the other neuropathological hallmarks of AD 

(hyperphosphorylated Tau-protein and neurofibrillary tangles, vascular damage, and 

neuroinflammation) are consequences rather than causes of the disease. The proposed 

mechanism for Aβ causing neuronal loss and tangles formation goes through alterations 

in calcium homeostasis. SAD, in which there is no APP mutation causing high levels of 

Aβ deposition, is explained as due to other possible external causes that finally unchain 

the same cascade of events that triggers FAD. As an example, association between head 

trauma and Alzheimer's is proposed. Dementia pugilistica, exhibited by boxers, is 

thought of as a variant of Alzheimer's disease because these individuals exhibit both 

amyloid deposits and neurofibrillary tangles. Furthermore, amyloid deposition occurs as 
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an acute response to neuronal injury in both man and animals. This deposition could be 

caused by an induction of the APP gene through an interleukin-mediated stress 

response, because APP increases in response to a number of neuronal stresses. In this 

way no mechanistic difference is made between sporadic and familial cases of AD since 

in both cases the event initiating the pathology is amyloid deposition. Later studies 

revealed that the “Amyloid cascade hypothesis” failed to reconcile clinical and 

pathological observations, because of poor correlation between amyloid plaque burden 

and the severity of cognitive impairments in AD patients (Terry et al., 1991; Hibbard 

and McKeel, 1997; McLean et al., 1999; Giannakopoulos et al., 2003). Moreover, AD 

mouse models overexpressing mutated forms of human APP (hAPP) exhibited 

behavioral deficits long before the appearance of amyloid plaque pathology (Hsia et al., 

1999; Mucke et al., 2000; Lesne et al., 2006). This observation suggested that synaptic 

damage rather than amyloid plaque-induced neuronal death better fitted the cognitive 

impairments observed. The most recent version of the “Amyloid cascade hypothesis” 

proposes that AD arises not from Aβ plaque-induced cytotoxicity but rather from 

synaptic toxicity mediated by soluble globular aggregates of Aβ. These non-fibrillar 

forms of Aβ have been shown to be the true toxic agent (Haass and Selkoe, 2007). In 

contrast to monomeric or fibrillar Aβ, non-fibrillar oligomeric forms induce synaptic 

dysfunction and synapse loss (“synapse failure”) (Lambert et al., 1998; Walsh et al., 

2002a; Cleary et al., 2005; Lesne et al., 2006; Haass and Selkoe, 2007; Lacor et al., 

2007; Shankar et al., 2007). To gain greater insight into the mechanisms of action of Aβ 

oligomers, many laboratory protocols have been set up to experimentally reproduce 

them. One such protocol, published in 1998, allows the in vitro formation of an 

heterogeneous solution mainly composed by trimer, tetramer, pentamer and higher 

molecular weights up to 24-mer of Aβ peptide (Lambert et al., 1998; Lambert et al., 

2001; Chromy et al., 2003; Krafft and Klein, 2010). The oligomers obtained by this 

protocol have been named Amyloid β-derived diffusible ligands (ADDLs), to 

emphasize the ligand-like nature of these assemblies and to distinguish them from 

generic soluble oligomers, which also include inactive assemblies. Indeed, it has been 

proposed that ADDLs exert their toxicity by directly binding to a membrane receptor in 

dendritic spines of excitatory pyramidal neurons (Lacor et al., 2007). The binding of 

ADDLs to the synapse membrane interferes with synaptic functions by disrupting signal 

transduction, which may be one of the neurotoxic mechanisms of action exerted by Aβ 

oligomers (Rauk, 2008). Moreover, ADDLs have been found to be responsible for 
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aberrations in dendritic spine morphology, abnormal synaptic receptor composition and 

reduced spine density (Lacor et al., 2007); formation of reactive oxygen species (De 

Felice et al., 2007); Tau hyperphosphorylation  (De Felice et al., 2008);  prolonged 

long-term depression (Wang et al., 2002); and inhibition of long-term potentiation 

(Lambert et al., 1998; Walsh et al., 2002b; Wang et al., 2002). Also, ADDLs trigger cell 

death and show cell selectivity (limited to neurons) and regional specificity 

(hippocampal but not cerebellar neurons die, in parallel to AD pathology) (Klein, 2002). 

These findings have been corroborated with other types of synthetic oligomeric 

preparations and finally also in the human AD brain. Using a different kind of oligomer 

preparation, researchers demonstrated that electrical or chemical stimulation increased 

the synaptic targeting of Aβ oligomers, with colocalization with NR2B N-methyl-D-

aspartate (NMDA) receptor subunits (Deshpande et al., 2009). In AD brains, oligomers 

of different sizes colocalized with synaptic markers in the hippocampus and cortex, 

where oligomer synaptic accumulation correlated with synaptic loss Different 

conformations of amyloid beta induce neurotoxicity by distinct mechanisms in human 

cortical neurons. Finally, of note is that, in addition to binding to plasma membranes, 

Aβ oligomers also bind to intracellular membranes, altering their permeability through a 

loss of calcium homeostasis and activating mitochondrial death pathways (Deshpande et 

al., 2006). 

 

The “Aβ oligomer hypothesis” has resolved the paradox of the classical “Amyloid 

cascade hypothesis”, by recognizing that the immediate relevant AD consequence of 

elevated Aβ peptide production is increased oligomer formation, not increased plaque 

deposition. Indeed, the brain levels of soluble Aβ species appear to correlate better with 

the severity of cognitive impairment than the density of plaque deposition (Lue et al., 

1999; Naslund et al., 2000).  From this view emerged the notion that insoluble amyloid 

deposits  function as reservoirs of bioactive oligomers, which are continuously formed 

by detachment and re-association of recycling molecules within the fibril population 

(Carulla et al., 2005; Haass and Selkoe, 2007; Sanchez et al., 2011). Consistent with the 

idea that soluble Aβ is the main culprit for the spine shrinkage, a number of reports 

show synaptic loss in brain regions devoid of amyloid plaques (Mucke et al., 2000; 

Moolman et al., 2004; Rutten et al., 2005; Alpar et al., 2006). Moreover, since 

oligomers form at low concentrations, possibly before plaque formation, they provide 
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an explanation for the fluctuations in memory performance of AD patients at very early 

stages of the disease, as possible transient changes in oligomer levels.  

However amyloid plaques are not totally rid of toxicity: several studies demonstrated a 

spatial correlation between amyloid plaques and dendritic abnormalities (e.g.changes in 

spine density), which tended to be more severe in the vicinity of amyloid plaques 

(Moolman et al., 2004; Tsai et al., 2004; Spires et al., 2005; Dong et al., 2007; 

Grutzendler et al., 2007; Spires-Jones et al., 2007), suggesting a link between amyloid 

plaques and spine loss. Also it has been reported a strong reduction of GABAergic 

innervation on cortical piramidal cells in the proximity of amyloid plaques, further 

implying that amyloid plaques continue to exert synaptotoxicity (Garcia-Marin et al., 

2009; Leon-Espinosa et al., 2012). Moreover, as recently described in vitro, amyloid 

fibrils can catalyze the nucleation of new aggregates starting from Aβ monomers on 

their surface in a process of secondary nucleation (Cohen et al., 2013). This process 

begins once a critical concentration of amyloid fibrils has accumulated and, in the 

presence of new monomers, it overtakes the classical mechanism of primary nucleation 

and becomes the dominant mechanism by which toxic oligomeric species of Aβ are 

formed. 

Finally, which oligomeric Aβ assemblies are the most pathogenic and how their 

accumulation in brain causes synaptic and neuronal dysfunction are still hot topics of 

intense study and debate (Benilova et al., 2012; Huang and Mucke, 2012). 
 

 
1.1.3 Tau pathology 

 

AD is a polyproteinopathy in which, apart from Aβ peptide, multiple proteins take on 

potentially pathogenic conformations and accumulate separately or together in the brain. 

In addition to amyloid plaques, the other main kind of AD histopathological lesion is 

neurofibrillary tangles (NFTs), which, like amyloid plaques, comprise misfolded or 

aggregating proteins. NFTs form intracellularly and are made up primarily of the 

aggregated protein Tau with abnormal posttranslational modifications, including 

increased phosphorylation and acetylation (Grundke-Iqbal et al., 1986; Iqbal et al., 

2010; Cohen et al., 2011). Tau, together with MAP1 and MAP2, is one of the major 

microtubule-associated protein (MAP) in the mature neuron. An established function of 

MAPs is their interaction with tubulin and the promotion of its assembly into 

microtubules, and stabilization of the microtubule network. The microtubule assembly-
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promoting activity of Tau is regulated by its degree of phosphorylation, with 

hyperphosphorylation of this protein depressing its biological activity (Iqbal et al., 

2010). In the AD brain, hyperphosphorylated Tau levels are from three-to four-fold 

higher than in the healthy adult brain, and in this hyperphosphorylated state Tau 

detaches from microtubules and starts to polymerize into paired helical filaments 

(PHFs), which can in turn associate into bundles of pairs, finally resulting in the 

formation of NFTs (Fig. 1.3). Like for Aβ-pathology, there is increasing evidence that 

at early stages of the disease, toxicity is exerted by soluble and lower order tau species 

rather than by NFTs (Kopeikina et al., 2012; Ward et al., 2012). 

 

 
                                                                                   Adapted from Gotz and Ittner, 2008  

_____________________________________________________________________________________ 

Figure 1.3 Tau hyperphosphorylation and NFTs formation. The neurofibrillary lesions contain 
aggregates of the microtubule (MT)-associated protein Tau. Tau is a phosphoprotein owing to its high 
numbers of serine and threonine residues, and is therefore a substrate of many kinases. Under 
physiological conditions Tau is mainly localized to the axon for stabilization of MTs. Under pathological 
conditions, Tau is hyperphosphorylated, which means that it is phosphorylated to a higher degree at 
physiological sites, and also at additional “pathological” sites. Hypophosphorylated Tau dissociates from 
MTs, causing them to depolymerize, while Tau is deposited in aggregates such as NFTs. Like for Aβ-
pathology, there is increasing evidence that at early stages of the disease, toxicity is exerted by soluble 
and lower order Tau species rather than by NFTs. 
 
Tau can be phosphorylated at tyrosine, threonine or serine residues by various protein 

kinases, glycogen synthase kinase 3 (GSK-3) being the kinase that phosphorylates most 

of the AD-related sites on the Tau molecule (Hanger et al., 2009; Avila et al., 2012). 

Originally identified to participate in glycogen metabolism regulation, GSK-3 is 
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abundant in the central nervous system in its β isoform (GSK-3β), and it is precisely this 

form that modifies several neuronal proteins like Tau (Frame and Cohen, 2001). The 

phosphorylation of Tau by GSK-3β at specific sites can be analyzed by the use of 

antibodies such as PHF-1, AT8 or AT180, respectively detecting phosphorylation of 

Tau at serines 396–404; serines 199-202/threonine 205; and threonine 231/Serine 235 

(Bertrand et al., 2010). Tau phosphorylation by GSK-3β in the hippocampus results in a 

toxic gain of function, since a transgenic mouse model which overexpresses GSK-3β 

shows degeneration of the dentate gyrus, which increases with age. This result may 

indicate that phospho-Tau is toxic inside neurons of the dentate gyrus (Avila et al., 

2010). 

In AD, the abnormally hyperphosphorylated Tau, apart from detaching from 

microtubules and causing their instability, is also capable of sequestering normal Tau, 

MAP1 and MAP2, further contributing to microtubule disruption and finally leading to 

neuronal cytoskeletal collapse (Delacourte and Buee, 1997) and ultimately neuronal 

failure (Garcia and Cleveland, 2001). Another crucial aspect of the toxicity of Tau is its 

effects on vesicle trafficking. Neurons are elongated cells that require efficient delivery 

of cellular organelles (such as mitochondria, endoplasmic reticulum, lysosomes), 

proteins, and lipids from soma to axons, dendrites and synapses to maintain their 

functionality. The delivery of organelles is performed jointly by microtubules, motor 

proteins and adaptors, such as MAPs, including Tau. Overexpressed normal Tau and/or 

hyperphosphorylated Tau have been found to impair the axonal transport of organelles, 

such as mitochondria (Stamer et al., 2002; Mandelkow et al., 2003; Dubey et al., 2008). 

Finally, although Tau is predominantly found in axons, where it is involved in 

microtubule stabilization and vesicle trafficking, newly discovered dendritic functions 

for this protein are emerging. Studies in cell cultures and genetically modified mouse 

models indicate that Tau can facilitate or enhance excitatory neurotransmission by 

regulating the distribution of synaptic activity-related signaling molecules (Huang and 

Mucke, 2012). However, when abnormally modified and showing pathogenic 

conformations, Tau becomes enriched in dendritic spines, where it interferes with 

neurotransmission (Hoover et al., 2010). Aβ oligomers promote this postsynaptic 

enrichment of Tau through a process that involves members of the microtubule affinity-

regulating kinase (MARK) family (Zempel et al., 2010). 

Tau pathology has been found to correlate with cognitive decline (Giannakopoulos et 

al., 2003) and with staging of AD (Arriagada et al., 1992) better than amyloid plaque 
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pathology, and the most used scale to state disease progression is based on NFT 

abundance and spread across the brain (Braak and Braak, 1995). However, mutations in 

the gene encoding for Tau (Microtubule-associated protein Tau - MAPT) have not been 

found in AD patients. In contrast, specific MAPT mutations have been described to be 

causative of Fronto Temporal Dementia (FTD), a neurodegenerative disease that in its 

familial form, associated with Tau mutations, is also known as FTD with parkinsonism 

linked to chromosome 17 or FTDP-17 (Cairns et al., 2007). FTD is a specific subtype of 

Fronto Temporal Lobar Degeneration (FTLD), a wide group of distinct diseases, such 

as Pick disease, corticobasal degeneration, progressive supranuclear palsy and tangle-

only dementia; all characterized by predominant destruction of the frontal and temporal 

lobes. After AD and dementia with Lewy bodies (DLB), FTLD is the third most 

common neurodegenerative cause of dementia in industrialized countries. Most 

commonly, patients with FTD present a change in personal and social conduct, often 

associated with disinhibition, with gradual and progressive changes in language 

(McKhann et al., 2001). However, typically, at least in the early course of the disease, 

they do not have amnestic syndrome, which distinguishes them clinically from AD 

cases (Liscic et al., 2007). Histopathologically, they present Tau-positive inclusions 

(with associated neuron loss and gliosis) and amounts of insoluble Tau. 

Tau mutations causing FTD generate Tau forms that are more readily phosphorylated 

and/or less prone to dephosphorylation (Alonso Adel et al., 2004). These forms are 

more predisposed to assembly into filaments and therefore amenable to rapid 

fibrilization into PHFs and NFTs (Nacharaju et al., 1999; von Bergen et al., 2001; 

Goedert and Jakes, 2005), or show impaired microtubule binding properties (Hong et 

al., 1998; Dayanandan et al., 1999). 

Among the Tau mutations that promote its aggregation, some of the most well-known, 

due to their wide use in many transgenic models of Tau pathology, are P301L, P301S, 

V337M and R406W, as discussed in Chapter 1.1.4. 

As in the case of Aβ, Tau aggregation into PHFs and next into NFTs is a multistage 

process with intermediate stages characterized by the presence of soluble oligomeric 

forms of the protein (Maeda et al., 2007). The first small non-fibrillary Tau deposits to 

appear are referred to as ‘pretangles’ and, unlike NFTs, they cannot be detected by β-

sheet-specific dyes. Next, a structural rearrangement involving the formation of the 

characteristic pleated β-sheet occurs during the transition from pretangles to PHFs. 

Finally, PHFs further self-assemble to form NFTs (Ballatore et al., 2007). Recently, Tau 
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oligomers have emerged as the pathogenic species in Tauopathies and a possible 

mediator of Aβ toxicity in AD (Berger et al., 2007; Sahara et al., 2008). In the 

“Amyloid hypothesis” of AD, the Taupathology and the associated deficits are 

classified as consequences of the pathogenic mechanisms of Aβ. The accumulation of 

Aβ is thought to be one of the earliest molecular events in AD, activating intracellular 

signaling cascades that finally result in Tau hyperphosphorylation as a downstream 

event (Oddo et al., 2006).  

Many findings support this hypothesis. In a human tissue culture system, Aβ induces 

Tau filament formation (Busciglio et al., 1995; Ferrari et al., 2003) and stereotaxic 

injections of Aβ42 fibrils into the somatosensory cortex and the hippocampus of P301L 

human Tau transgenic mice leads to a five-fold increase in NFTs (Gotz et al., 2004). 

Also, Aβ-producing Tg2576 mice crossed with P301L Tau mutant mice show a more 

than seven-fold increase in NFT numbers in the olfactory bulb, the entorhinal cortex 

and amygdala compared to P301L single transgenic mice, whereas plaque formation is 

unaffected by the presence of the Tau lesions (Lewis et al., 2001). Moreover, a 

reduction of soluble Aβ oligomers significantly correlates with reduced Tau 

phosphorylation by GSK-3β, thereby suggesting a mechanism by which Aβ leads to 

increased NFT formation (Ma et al., 2006). 

On the other hand, it was found that the presence of Tau is required for Aβ to induce 

neuronal and synaptic damage. In a first study, cultured hippocampal neurons obtained 

from wild-type, Tau knockout, and human Tau transgenic mice were treated with 

fibrillar Aβ. Neurons expressing either mouse or human Tau proteins degenerated in the 

presence of Aβ. In contrast, Tau-depleted neurons showed no signs of degeneration in 

the presence of Aβ (Rapoport et al., 2002). These results reveal a key role of Tau in the 

mechanisms leading to Aβ-induced neurodegeneration in the central nervous system. 

Recently, it has been demonstrated that Aβ-associated entorhinal cortex degeneration 

occurs only in the presence of phospho-Tau (Desikan et al., 2011). Tau-mediated Aβ 

toxicity has been proposed to involve the dendritic functions of Tau (Ittner et al., 2010). 

Indeed, Tau interacts with the tyrosine protein kinase Fyn, targeting it to the 

postsynaptic department, where it phosphorylates the NMDAR subunit 2B (NR2B). 

This phosphorylation mediates the interaction of NMDAR with the postsynaptic density 

protein 95 (PSD95), required for the Aβ excitotoxic downstream signaling (Salter and 

Kalia, 2004; Ittner et al., 2010). Consistently, it has been shown that Tau reduction 

protects both transgenic and non-transgenic mice against excitotoxicity and prevents 
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homozygosis or in eterozygosis. 

behavioral deficits in transgenic mice expressing human amyloid precursor protein 

(assessed by Morris water maze test), without altering their high Aβ levels (Roberson et 

al., 2007) (Fig. 1.4).  

 
Figure 1.4 Tau reduction  prevents 
cognitive deficits in hAPP mice. 
Morris water maze tesi in 
hAPP/Tau+/+, hAPP/Tau+/– and 
hAPP/Tau–/– mice. a) Cued platform 
learning curves. b) Hidden platform 
learning curve. c) Representative 
path tracings on probe trial. 
hAPP/Tau+/– mice are less impaired 
in spatial learning than 
hAPP/Tau+/+ mice, and hAPP/Tau–/–

 mice do not differ from controls 
without hAPP. Probe trial confirmed 
the beneficial effects of Tau 
reduction. hAPP mice are from J20 
strain. Tau–/–  are knockout mice for 
Tau protein. Tau+/–  and Tau+/+ mice 
express human Tau, respectively in  
 

                                                           From: Roberson et al., 2007 
_____________________________________________________________________________________ 
 

Tau reduction also prevents the compensatory remodeling of inhibitory hippocampal 

circuits documented in AD mice as a consequence of the aberrant excitatory neuronal 

activity. In particular, Tau removal prevents the Aβ-induced increase in neuropeptide Y 

in the dentate gyrus and mossy fibers of the hippocampus and the calbindin depletion in 

granule cells of the dentate gyrus (Palop et al., 2007). Finally, in causing downstream 

toxicity, Aβ and Tau have been shown to target several components of the same system, 

thereby amplifying each other’s toxic effects. A good example of this mode of interplay 

is the mitochondrial dysfunction that occurs in mouse models of AD, a pathogenic 

mechanism that is increasingly recognized to participate in neurodegeneration. In triple 

transgenic mice, which display Aβ and Tau pathologies (3xTg-AD mouse model, 

Chapter 1.1.4), both Aβ and Tau impair mitochondrial respiration, thus emphasizing a 

synergistic toxic effect of the two species (Ittner and Gotz, 2011). 

Thus, while Aβ acts upstream of Tau, its adverse effects depend to a large extent on 

Tau, and the presence of both species exacerbates each other’s toxicity. These 

conclusions are consistent with genetic studies: mutations in APP or presenilins that 

cause Aβ accumulation in the brain cause AD with amyloid plaques and NFTs, whereas 
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Tau mutations cause NFTs but not amyloid plaques or AD. The latter mutations cause 

FTD instead.  
 
 
 

1.1.4 Mouse models of Alzheimer’s disease 

 

The identification of FAD-linked mutations led to the development of several mouse 

models that reproduce the main pathological hallmarks of this disorder. The generation 

of transgenic mice carrying mutations in AD-related genes (such as APP, APOE, BACE 

(encoding for β-secretase), PSEN1, PSEN2), combined with the use of different 

promoters, results in the reproduction of a broad variety of AD phenotypes, ranging 

from amyloid plaques to NFTs, neuritic dystrophy, gliosis, synaptic deficits and 

cognitive impairments. While none of the singly available transgenic models 

recapitulates the full spectrum of the human disease, they are a useful tool to dissect the 

complexity of AD and to assess the relative pathogenic impact of individual factors in 

vivo. A list of the currently available transgenic models of AD can be found at the 

Alzheimer research forum webpage: http://alzforum.org/res/com/tra/ and are here 

summarized in Tables 3, 4 and 5. 

 

APP models: The first APP transgenic mouse model showing significant amyloid 

pathology was published in 1995 (Games et al., 1995). In this mouse, known as the 

PDAPP mouse, neuronal expression of human APP (hAPP) bearing the Indiana 

mutation (V717F) is driven by the platelet-derived growth factor-β (PDGF-β) promoter. 

Mutant APP expression in this model is approximately 10-fold higher than the 

endogenous APP levels. The first plaques are observed in the hippocampus and cerebral 

cortex at 6 to 9 months of age, and both the number and the density of plaques increase 

with age. Astrocytosis and microgliosis have been reported (Games et al., 1995; Chen et 

al., 1998). Phosphorylated Tau-immunoreactive dystrophic neurites were observed after 

14 months of age; however no paired helical filaments were detected (Masliah et al., 

2001). Although PDAPP mice show significant amyloid deposition, with decreased 

synaptic and dendritic densities, no neuronal loss has been described in this model 

(Irizarry et al., 1997). Cognitive deficits in spatial learning discrimination have been 

reported in the Novel Object Recognition (NOR) test from the age of 6 months and in 
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the Morris water maze test from 13 months of age onwards (Dodart et al., 1999; Chen et 

al., 2000).  

One year later, Hsiao et al. (Hsiao et al., 1996) generated the Tg2576 mouse. This strain 

expresses the most abundant APP isoform, APP695, with the Swedish double mutation, 

defined as amino acid substitutions at codons 670 and 671, first reported in a Swedish 

family (Axelman et al., 1994; Haass et al., 1995). Expression of the hAPP 

K670N/M671L transgene is driven by the hamster Prp promoter, reaching a five-fold 

overexpression of mutant APP on the endogenous mouse APP. Detergent-insoluble 

Congo Red-positive Aβ plaques were visible in frontal, temporal and entorhinal 

cortices, hippocampus, presubiculum and subiculum of APP695SWE mice as early as 7 

months, increasing with age (Kawarabayashi et al., 2001; Westerman et al., 2002). Aβ 

plaques also surround vessel walls, causing microhemorrhages (Frackowiak et al., 2001; 

Fryer et al., 2003; Domnitz et al., 2005). Phosphorylated Tau was detected in dystrophic 

neurites, but no Tau filaments or NFTs were observed (Tomidokoro et al., 2001a; 

Tomidokoro et al., 2001b). Although these mice do not show significant neuronal loss, 

pronounced synaptic loss was observed near senile plaques (Spires et al., 2005). Nine- 

to ten-month-old Tg2576 mice develop memory deficits (Hsiao et al., 1996). These 

behavioral alterations correlate with the development of amyloid plaques and with 

impaired long-term potentiation.  

A variety of other AD models combined the Swedish and the Indiana mutations. Several 

independent lines of transgenic mice were established with the same hAPPSw/Ind 

construct, driven by the platelet-derived growth factor-β (PDGF-β) promoter, among 

these the J9 and J20 lines (Mucke et al., 2000). These two models show similar 

characteristics, with an exacerbation of phenotype in J20 compared to J9, which 

correlates with levels of hAPP present in the two models. Cerebral transgene 

expression, hAPP protein and Aβ peptide concentration were determined for both 

strains, with J20 showing higher transgene and protein levels than J9 (Mucke et al., 

2000). The onset of amyloid plaque deposition was also different, with mice expressing 

higher levels of Aβ showing earlier and more extensive amyloid deposition. Many 

behavioural AD abnormalities were reported for J20 mice, such as cognitive 

impairments in the NOR task and in the Morris water maze test, starting from the age of 

2-3 months (Palop et al., 2003; Harris et al., 2010). J20 Aβ-dependent deficits in 

hippocampal learning and memory have been described to correlate well with 

alterations in calcium- and synaptic activity-related proteins in granule cells of the 
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dentate gyrus, such as depletion of calbindin-D28K and of the immediate-early gene 

products Arc and Fos (Chin et al., 2005; Palop et al., 2005). In addition, J20 and J9 mice 

were observed to show spontaneous non-convulsive seizure activity in cortical and 

hippocampal networks, accompanied by compensatory GABAergic sprouting and 

enhanced synaptic inhibition (Palop and Mucke, 2010). Region-specific 

electrophysiological alterations described include LTP depression and lower Paired-

Pulse ratio in the medial perforant pathway and lower synaptic transmission along the 

Schaffer collaterals. As already reported in other hAPP transgenic mouse models, no 

NFTs or Taupathology have been found for J20 and J9; however, for both models Tau 

reduction rescues the synaptic, network and cognitive impairments described above 

(Roberson et al., 2011), thus indicating the copathogenic relationship between APP and 

Tau. Neither of these models is representative of the massive degeneration of neural cell 

population found in AD patients. 

It is important to mention that although APP is highly conserved evolutionarily, the 

sequence of Aβ is not, and Aβ derived from non-primates does not appear to aggregate 

or cause neurotoxicity. This observation explains why all the APP mouse models here 

reported have been engineered using hAPP. 

 

 
From Gotz and Ittner, 2008  

_____________________________________________________________________________________ 

Figure 1.5 Sequence of Aβ peptide. Sequence alignment of Aβ and flanking sequences from the human, 
chimpanzee, mouse and zebrafish.  
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Table 3. hAPP, BACE, PS-1 and PS-2 transgenic mouse models of AD 

NAME/ 
SYMBOL 

STRAIN NAME 
TRANSGENE/ 

PROMOTER AND REGULATORY 
ELEMENTS 

BEHAVIORAL  
PHENOTYPE 

NEUROLOGICAL  
CHARACTERISTICS 

PRIMARY  
CITATION 

PDAPP 
(Line109) 

Symbol:APP 
 Minigene encoding codon 717 Valine 

to Phenylalanine mutation. Modified 
hAPP introns 6,7,8 in construct 

resulted in expression of 770, 751 and 
695 isoforms of human APP/PDGF-β 

promoter. 

Significant 
impairment on a 

variety of different 
learning and 
memory tests 

Aβ deposits, neuritic plaques, synaptic 
loss, astrocytosis and microgliosis 

Games et 
al., 1995; 

Rockenstei
n et al., 
1995 

APPSWE 
(2576) 

Symbol: APP 

B6;SJL-
Tg(APPSWE)2

576Kha 

Human AP695  
cDNA with KM670/671NL/ 

hamster prion protein gene promoter 

Memory deficits 
seen in 9-10 month 

old tg mice. 

Numerous Aβ plaques, oxidative l ipid 
and glycoxidative damages 

Hsiao et 
al., 1996 

APP751  
Swedish 
(APP23) 

Symbol: APP 

 

  APP751Swedish/ murine Thy-1.2 Learning 
impairment in 

Morris water maze 
and a passive 

avoidance 
paradigm. 

7x over expression of APP mRNA. Aβ 
deposits at 6 months, by 24 months in 

neocortex and hippocampus. 
Inflammation, neuritic and synaptic 

degeneration and Tau 
hyperphosphorylation. Evidence for 
Cerebral amyloid angiopathy (CAA) 

Sturchler-
Pierrat et 
al., 1997 

PDGF-
APPSwInd line 

J9 

  The Swedish mutation was introduced 
into the PDGF-APPInd transgene. 

PDGF-APPSw, Ind transgene injected 
into (C57BL/6 × DBA/2) F2 one-cell 

embryos. 

N/A 2-4 month old tg mice had almost twice 
as much Aβ in their hippocampi, but 
much lower human APP levels than 

APPInd (line H6) tg mice. No amyloid 
plaques were detected until 8-10 months, 

yet electrophysiological recordings in 
hippocampal slice preparations detected 

synaptic transmission deficits. 

Hsia et al., 
1999 

 

PDAPPSwInd 
J20 

Symbol:App 

 

B6.Cg-
Tg(PDGFB-

APPSwInd)20L
ms/2J 

Tg construct: hAPPSwInd 
Promotor: PDGFB 

Injected: C57BL/6 x DBA/2F2 
embryos 

Spatial memory 
retention until 
acquisition of 
deficits at 6-7 

months (Palop et 
al., 2003) 

Total Aβ, and Aβ42 in neocortical and 
hippocampus. High levels of Aβ(1-42) 

resulted in age-dependent formation of 
Aβ plaques in mutant hAPP mice but not 

wild-type hAPP mice 

Mucke et 
al., 2000 

Bace1 -/- 
Symbol: BACE 

B6.129-
Bacetm1Pcw/J 

Disrupted 2-kb of BACE 1 containing 
exon 1 (residues 1-87)/replaced with a 
neomycin-resistance gene/transfected 

into R1 ES cells/C57BL/6J 
blastocysts 

Viable, fertile, 
normal in size and 
do not display any 
gross physical or 

behavioral 
abnormalities 

No gene product detected in brain tissue. 
Primary cultures of cortical neurons do 
not secrete amyloid-β peptides (Aβ1-

40/42 or Aβ11-40/42) or beta C-terminal 
fragments (CTFs) 

Cai et al., 
2001 

hBACE 
Symbol: APP 

 

 hBACE / MoPrP.Xho /a 15.9-kb NotI 
linear fragment 

N/A BACE L, M and H express 7, 10 and 20-
fold BACE over endogenous levels, 

respectively. No evidence of Aß 
deposition. Increased BACE expression 

in neuronal cell bodies, axons and 
synaptic elements of the hippocampus, 

puncta within the granule cell layer of the 
cerebellum, and neuropil within the 

spinal cord. 

Lee et al., 
2005 

PS1 Null or 
Presenilin 1 

Symbol: Psen1 

B6;129S-
Psen1tm1Shn/J 

A targeting construct designed to 
disrupt exons 2 and 3 containing a 

neomycin cassette was electroporated 
into J1 and D3 ES cells. 

Homozygous 
mutants die shortly 
after natural birth. 

Heterozygous 
mutants are viable 

and fertile. 

Gross skeletal malformation, impairment 
in neurogenesis, massive neuronal loss, 

hemorrhages in the CNS. 

Shen et al., 
1997 

TgAPParc 

Symbol: APP 

 

 HuAPP695 cDNA/ Arctic mutation 
(E693G)/ mouse Thy 1.2. 

Spatial learning 
and memory 
deficit at 15 

months in Barnes 
maze. 

APParc levels ~threefold higher than 
endogenous; amyloid deposition in 

subiculum at seven months, spreading to 
thalamus at 18 months. 

Ronnback 
et al., 2011 

PS2 N141I   Human PS2 cDNA with N141I/ 
chicken b-actin promoter N/A Age-dependent increase in Aβ42, higher 

level of insoluble Aβ 
Oyama et 
al., 1998 

PS2 null 

 

B6.129P-
Psen2tm1Bdes/J 

Exon 5 was replaced by a hygromycin 
cassette under the control of the PGK 

promoter 

Viable and fertile 
no behavioral 

abnormalities.   

No abnormal pathology, develop only 
mild pulmonary fibrosis and hemorrhage 

with age. 

Herreman 
et al., 
1999. 

Adapted from http://alzforum.org/res/com/tra/ 
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Tau models: In contrast to APP, no Tau mutations have been found in AD to date, thus 

accounting for an early lack of mouse models reproducing NFT and Tauopathy. In 

1998, exonic and intronic mutations of Tau were identified in FTDP-17 (Hutton et al., 

1998; Poorkaj et al., 1998; Spillantini et al., 1998). These findings established that Tau 

dysfunction causes neurodegeneration and dementia and opened the way for several 

research groups to reproduce NFT formation in mouse models.  

The first published NFT-forming model expressed human P301L Tau under the control 

of the murine PrP promoter (Lewis et al., 2000). These mice developed NFTs (both in 

brain and spinal cord), abnormal Tau filaments in astrocytes, and oligodendrocytes, and 

displayed progressive motor disturbances by 10 months of age with a 50% reduction in 

the number of motor neurons in the spinal cord. Since then, of the 42 known mutations 

in Tau, several more have been expressed in transgenic mice. These include the 

missense mutations G272V, P301L, P301S, V337M and R406W, all of which make 

Tau more prone to abnormal hyperphosphorylation (Gotz et al., 2001a; Tanemura et al., 

2001; Allen et al., 2002; Tatebayashi et al., 2002). One example is a model of 

Taupathology called VLW (Lim et al., 2001). VLW mice express human Tau bearing 

three FTDP-17 mutations (G272V, P301L and R406W), resulting in increased Tau 

phosphorylation and aggregation into neurofilaments with a pretangle appearance. Tau 

modification leads to lysosomal aberrations, the latter possibly causing 

neurodegeneration in Tauopathies. 

The abnormalities caused by Tau hyperphosphorylation have also been studied using 

transgenic expression of GSK-3β, the main kinase for Tau. One approach used a 

tetracycline transactivation system that drives the overexpression of GSK-3β under the 

control of the CamK II α promoter  in cortex, hippocampus and striatum (Tet/GSK-3β 

mouse, (Lucas et al., 2001). Transgenic GSK-3β is co-expressed with a β-galactosidase 

reporter, and is fusioned with a c-myc epitope, so that it is distinguishable from the 

endogenous one. By this model it was found that the overexpression of GSK-3β alone 

accounted for hyperphosphorylation of Tau in hippocampal neurons, resulting in 

pretangle-like somatodendritic localization of Tau. Reactive astrocytosis and 

microgliosis were also found in this model, accompanied by a neurodegeneration of 

dentate gyrus hippocampal cells and impairments in learning and memory. 

Further, Tet/GSK-3β mice were crossed with VLW mice, and the progeny developed 

thioflavin S-positive Tau aggregates and filaments, and a faster and stronger 

development of the atrophy of the dentate gyrus of the hippocampus, indicating a 
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synergistic contribution of both genotypes to the exacerbation of the Tau phenotype 

described (Engel et al., 2006b). 
 

Table 4. Tau models 

NAME/ 
SYMBOL STRAIN NAME 

TRANSGENE/ 
PROMOTER AND REGULATORY 

ELEMENTS 

BEHAVIORAL  
PHENOTYPE 

NEUROLOGICAL  
CHARACTERISTICS 

PRIMARY  
CITATION 

Tau P301L-
JNPL3 

Symbol:Tau 
P301L 

 

STOCK 
Tg(Prnp-

MAPT*P301L)
JNPL3Hlmc 

Longest human Tau isoform with 4 
repeats containing exon 10 and 

lacking exons 2 and 3 with P301L/ 
mouse prion promoter (MoPrP) 

Severe motor and 
behavioral 

disturbances 
observed early 

hTau level equal to endogenous Tau in 
hemizygous mice, but 2x the level in 
homozygous mice. NFT and neuronal 

loss in brain and spinal cord 

Lewis et al., 
2000 

Tau G272V  Human Tau40 with G272V mutation/ 
murine prion protein promoter 

No neurological 
deficits readily 

noticeable 

Filaments in murine oligodendrocytes, 
associated with Tau phosphorylation at 

AT8 epitope 202/205 in vivo. In the 
spinal cord, fibrillary inclusions 

identified by thioflavin-S in 
oligodendrocytes and motor neurons 

Gotz et al., 
2001b 

Tau P301L 
Line: pR5-182 

  

Human Tau40 isoform with 4 repeats, 
exons 2 and 3 with P301L/ 

neuron-specific mouse Thy1.2 
promoter. 

Signs of Wallerian 
degeneration, 

neurogenic muscle 
atrophy,  muscle 

weakness. 

Numerous abnormal, Tau-reactive nerve 
cell bodies and dendrites; large numbers 

of pathologically enlarged axons 
containing neurofilament and Tau-

reactive spheroids. Neuronal lesions 
similar to FTDP-17. 

Gotz et al., 
2001a 

Tau R406W 

 

 Human longest Tau cDNA with 
R406W mutation containing myc and 

FLAG tags at N- and C- terminal 
ends, respectively/αCaMk-II promoter 

Impaired associative 
memory in contextual 

and cued fear 
conditioning test. 
Abnormality in 

prepulse inhibition 
and forced swim test. 
No overt sensorimotor 

deficit. 

Accumulation of insoluble Tau in aged 
mice. Congophilic hyperphosphorylated 
Tau inclusions only in forebrain neurons 

of aged mice. 

Tatebayashi 
et al., 2002 

Tau V337M 

 

 Human longest Tau cDNA with 
V337M mutation/PDGF-β promoter, 

neuron-specific mouse Thy1.2 
promoter 

Higher overall 
spontaneous 

locomotion. No 
significant difference 

in a Morris water 
maze test. Significant 
difference in elevated 

plus maze test and 
conditional fear test. 

Neurons of irregular shape in 
hippocampus were immunoreactive for 
paired helical filament-associated Tau, 
and showed signs of atrophic cell death 

disappeared microtubules. 

Tanemura et 
al., 2002 

Tauvlw 
Symbol: Tau 

  Linked mutations G272V, P301L, and 
R406W/site directed mutagenesis 
hCNS Tau cDNA/Mouse Thy-1 
promoter with deleted lymphoid 

enhancer. 

 Mice overexpress human mutant Tau in 
cortex and hippocampus, minimally in 
spinal cord. Pretangle appearance in 
neurons expressing mutant Tau with 

filaments of Tau and lysosomes having 
aberrant morphology. 

Lim et al., 
2001 

Tet/GSK3β 
Symbol: GSK-

3β 

 Tet/GSK-3ß mice were generated by 
crossing mice expressing tTA under 

control of the CamKIIa promoter 
(tTA) with mice that have 

incorporated the BitetO construct in 
their genome (TetO). The double 
transgenic progeny (Tet/GSK-3ß) 
express transgenic GSK-3β in the 

brain. 

Mice are viable and 
fertile 

Overexpression of GSK-3β results in 
neurodegeneration such as β-catenin 

destabilization and pretangle-like 
somatodendritic localization of 

hyperphosphorylated Tau. Highest level 
of transgenic GSK-3β expression is in 

the hippocampus, then cortex. 

Lucas et al., 
2001 

 

Adapted from http://alzforum.org/res/com/tra/ 
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Crossbreedings of Aβ and Tau models: Since neither hAPP nor Tau transgenic mice 

recapitulate the full spectrum of AD-like pathology, double and triple transgenic mice 

have been developed, with the aim to generate a mouse model that simultaneously 

simulates more aspects of the human condition. For instance, some of the hAPP 

transgenic mice were crossed with mice expressing mutated forms of Tau. One example 

is the APPsw-Tauvlw transgenic mouse, obtained by crossing Tg2576 and VLW Tau lines 

(Ribe et al., 2005). This model shows enhanced amyloid deposition accompanied by 

neurofibrillary degeneration and overt neuronal loss in selectively vulnerable limbic 

brain areas. 

In 2003, Oddo et al. reported a transgenic mouse model for AD that develops both 

amyloid plaques and Taupathology in AD-related brain regions (Oddo et al., 2003b). 

This was a triple transgenic mouse (3xTg-AD) bearing the mutated form of TauP301L, 

the mutated form of Presenilin-1 (PS1M146V) and the mutated form of APPSwe. This 

mouse model shows diffuse and fibrillar Aβ-aggregates initially in neocortical areas and 

later also in limbic areas. In contrast, Tau aggregates occur first in the hippocampus and 

then expand into further cortical regions. Both Aβ-deposition and Tau-aggregates 

follow a very similar expansion pattern to that described in AD patients. In 3xTg-AD 

mice, intracellular Aβ is the first manifestation of pathology, and extracellular Aβ-

deposits occur prior to the aggregates of abnormal Tau. Synaptic dysfunction, including 

Long Term Potentiation (LTP) deficits, occurs in an age-related manner, prior to the 

onset of Aβ-pathology. Therefore, 3xTg-AD mice best reproduced the neuropathology 

of AD and became a most useful model for analyzing the relation between the proteins 

involved in AD. However, the simultaneous alteration of three mutant proteins does not 

allow the study of the pathological effects of one of these proteins alone. 

            Clearly the suitability of the AD models currently available largely depends on the 

purpose of the study in question. Even the most reductionist model can be informative 

when looking for a general proof of principle linking one specific aspect of AD 

pathology to a cause or an effect, in the absence of other copathogens. On the other 

hand, more complex models, simulating a broader spectrum of pathology aspects, may 

be appropriate in drug screening, for the identification of disease modifiers, or when 

looking at the interaction between more components of pathological cascades. 

Finally, the extensive availability of AD models allows researchers to critically confirm 

findings across models, with the main purpose to ultimately translate them to the human 

condition. 
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Table 5. Double or triple-crossed models of AD 

NAME/ 
SYMBOL 

STRAIN NAME 
TRANSGENE/ 

PROMOTER AND REGULATORY 
ELEMENTS 

BEHAVIORAL  
PHENOTYPE 

NEUROLOGICAL  
CHARACTERISTICS 

PRIMARY  
CITATION 

APPswe/PS1 
(A246E) 
Symbol: 

APP695; Psen1 
(See JAX 
datasheet) 

B6C3-
Tg(APP695)3D

bo 
Tg(PSEN1)5D

bo/J 

Psen-1 tg: hPsen-1 (A246E 
substitution) (line N-5)/Prnp/B6C3H 

pronuclei. APP tg: StrainC3B6-
Tg(APP695)3Dbo (founder line C3-

3). Psen-1(A246E) crossed with 
APPSwe = double trangenic 

 Elevated levels of the Aβ1-42(43) 
peptide detected in mouse brain 

homogenates. By 9 months of age, 
numerous amyloid deposits detected 

and they increase dramatically 
between the ages of 10 and 12 months 

Borchelt et 
al., 1997 

 
 
 

APP sw/Tau 
(P301L)/PS1 

(M146V) 
3x tgSymbol: 
APP/Tau/PS1 

B6;129-
Psen1tm1MpmTg(
APPSwe,TauP3

01L)1Lfa/J 

APPSw(KM670/671NL)Tau(P301L)/Thy-1.2 
promoter/ co-microinjected into 

pronuclei of embryos of PS1M14VKI 
mice 

Cognitive 
impairments by 4 

months as 
retention/retrieval 
deficits occur prior 
to any plaques or 
tangle pathology. 
Early cognitive 
deficits can be 

reversed by 
immunotherapy. 

Age related and progressive plaques 
and tangles. Deficits in LTP correlate 
with accumulation of intraneuronal 

Aβ. Tau and APP expression doubled 
in homozygous mice in hippocampus 

and cerebral cortex. 
 
 
 

Oddo et al., 
2003 

BACE x 
APP(V717I) 

Symbol: 
BACE/APP 

 Crossed BACE-1 (Line 16) 
(Willem) withAPP(V717I)/mutation 

hBACE and APP London/mouse   
Thy 1 

 Amyloidogenic processing is 
increased at Asp1 and Glu11 resulting 
in more Aβ peptides in bigenic brains. 

In older bigenic mice BACE1 
increased the number of diffuse and 

senile amyloid plaques. Vascular 
amyloid deposition was reduced 

compared single APPV717I mice. 

Willem et 
al., 2004 

APPswe/Tauvlw 
Symbol: 
APP/Tau 

 

 Crossed APPSwe 
(Tg2576) and Tauvlw 

At 16 months 
single APPSwe 

and double tg mice 
have increased 
spatial memory 

impairment 
compared to single 

Tauvlw 

Double tg mice showed enhanced 
amyloid deposition accompanied by 

neurofibrillary degeneration and overt 
neuronal loss in selectively vulnerable 

brain areas. 

Perez et al., 
2005 

 

Tet/GSK-3β/ 
Tauvlw 

Symbol: GSK-
3β/Tau 

 Crossed Tet/GSK-3β with 
Tauvlw/CamKIIa and Thy1.2 

 

Mice are viable 
and fertile 

Mice show Tau hyperphosphorylation 
in hippocampal neurons, with 

thioflavin-S staining and formation of 
>10nm filaments. Atrophy seen in 

Tet/GSK-3β mice develops faster in 
these Tet/GSK-3β/Tauvlw mice. 

Engel et al., 
2005 

 
Adapted from http://alzforum.org/res/com/tra/ 

 

 

1.1.5 Alternative hypotheses of AD 

 

Although widely accepted for the explanation of FAD, the “amyloid hypothesis” is 

today under profound discussion as far as the understanding of sporadic forms of the 

disease is concerned. In fact, twenty years after the postulation of the hypothesis, 

efficient clinical trials for the therapy of AD are still lacking, possibly due to the fact 

that, in contrast to assumptions made, the molecular mechanisms underlying the genetic 

and sporadic forms differ. In this case, many of the transgenic animal models of AD 

mirroring the genetic form of the disease would still be of great use to unravel Aβ 

pathology, but would be incomplete in the representation of SAD mechanisms (Schwab 
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et al., 2004). As SAD is the most common form of the disease, intense research effort is 

being channeled  into its complex biology beyond Aβ, and new hypotheses are 

emerging that take into account the most common risk factor for this late-onset form of 

the disease, namely age (Bekris et al., 2010).  

 

Age-based hypothesis: The so-called “Age-based hypothesis” of AD (Herrup, 2010) 

proposes a new cascade of events: first an initiating injury, followed by a chronic 

neuroinflammatory response that would finally lead to a cellular change of state for 

almost all cell types of the brain, resulting in degeneration and dementia. In this 

sequence of events, the amyloid cascade of plaque deposition is included as tightly 

linked with neuroinflammation in a feed-forward cycle in which each one exacerbates 

the other; however, the two processes are mechanistically distinct. Starting from aging, 

the first thing taken into account by the new hypothesis is the fact that an elderly brain 

is physiologically characterized by a progressive slowing of brain functions in every 

domain (cognition, motor functions etc); a progressive loss of the structural complexity 

of brain cells; a progressive loss of responsiveness of the immune system, and a 

progressive failure of neuroprotective features such as mechanisms of clearance of 

misfolded proteins. These conditions, although not pathological, make the elderly brain 

weaker against the insults of diseases. Therefore any kind of injury could unchain an 

uncontrolled response that could mark the difference between physiological cognitive 

decline and the start of conditions that may lead to Alzheimer’s dementia. Examples of 

such injuries include a physical head trauma, an infection, a vascular event or metabolic 

stress associated with concomitant pathologies such as adult-onset diabetes. The 

hypothesis of vascular injuries (e.g. a microstroke) as the initiating event of the 

conditions leading to AD would fit with the observed protective effect of improved 

cardiovascular health against AD onset and with APOε4 as a genetic risk factor, since 

ApoE is recognized to affect the cardiovascular system. Whatever the initial injury, 

while in a young brain it would lead to a limited inflammatory response, the failure of 

homeostatic mechanisms in the aged brain triggers an exacerbated immune response 

that could eventually transform into chronic inflammation. Although we do not know 

whether chronic inflammation is the cause or consequence of the disease, it has been 

shown to be tightly correlated with AD pathology. Indeed, it has been reported that non-

steroidal anti-inflammatory drugs (NSAIDs) lower the risk for AD (McGeer et al., 

1996; Stewart et al., 1997; Vlad et al., 2008); elevated levels of cytokines Il-1, Il-6 and 
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TNFα have been found in human AD brains (Griffin et al., 1998; Akiyama et al., 2000); 

microgliosis and astrogliosis are also prevalent (Heneka and O'Banion, 2007). 

Moreover, inflammation cytokines increase Aβ peptide production, and Aβ aggregates 

can in turn stimulate the immune response generating a feed-forward loop of amyloid 

deposition (Griffin, 2006). In this way, the inflammation step of the “Aging hypothesis” 

is connected to the classical “Amyloid hypothesis”, as it involves two independent 

cycles, each one strengthening the other. This would explain why FAD arises before 

SAD, since in the former cases no injury is required to develop sustained amyloid 

deposition and chronic inflammation. It would also explain why cases of SAD are 

characterized, exactly like the familial phenotype, by the presence of amyloid plaques. 

Finally this hypothesis would suggest that patients with high levels of amyloid 

deposition but cognitively normal possibly result from the absence of the establishment 

of the sustained inflammatory environment required for the progression of disease, even 

after amyloid deposition has started. The last step of disease progression, according to 

“Aging hypothesis”, would involve changes in cellular state, attributable to the setting 

up of a new brain chemistry in the chronic inflammation environment. Indeed, stressed 

neurons show a transition from a normal postmitotic state to the re-activation of cell 

cycle events, with complete DNA replication but without undergoing cell division 

(Yang et al., 2001; Arendt, 2012). In this new state, from which neurons cannot further 

reverse, cells are at risk of death, thus increasing the global risk of neurodegeneration 

and dementia. The new model incorporates Taupathology in the final stages of the 

disease as a part of the cell death program, after the establishment of the cellular change 

of state. 

 

Inflammation hypothesis: Another alternative postulation to the “Amyloid hypothesis” 

stresses neuroinflammation as the primary cause of illness, rather than a consequence of 

amyloid pathology. This alternative notion is based on the above-mentioned observation 

of the concomitance of AD and chronic inflammation, and on new findings such as 

those provided by GWAS, which implicate inflammatory mediators of the innate 

immune system (e.g. CLU, PICALM, CR 1) in the aetiology of the disease. Moreover, 

recent paradigms of immune challenge in embryonic mouse brain during late gestation 

predisposed adult animals to the development of an AD-like phenotype in later life 

(Krstic et al., 2012b). The “Inflammation hypothesis” of AD (reviewed in Krstic and 

Knuesel, 2013) first proposes a new mechanism of protein extrusion, originating from 
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spheroid-like varicosities along axons (Doehner et al., 2010). In the elderly brain, this 

mechanism compensates for aging-dependent failure in protein clearance. Chronic 

inflammation and cellular stress during aging, caused by infections or diseases, could 

lead to hyperphosphorylation of Tau (Krstic et al., 2012b), which in turn is missorted to 

somatodendritic compartments, thus impairing axonal transport and the protein 

extrusion mechanism. Blockade of axonal transport leads to synaptic destabilization or 

loss and is accompanied by PHF formation in neurites. A further increase in Tau 

phosphorylation can destabilize microtubules and the actin cytoskeleton along axons, 

with the induction of axonal swellings and membrane leakage at the site of extrusion 

varicosities. Cellular proteins on their way to be extrused along axons become exposed 

to lysosomal proteinases, thereby promoting the formation of neurotoxic peptides. Glia, 

which normally remove the extrused proteins by phagocytosis, becomes hyperreactive 

and cannot properly remove the forming dystrophic neurites, thus leading to a toxic pro-

inflammatory environment that affects surrounding neurons. Supported by electron 

microscopy analysis, senile A plaques in this model are proposed to be formed from 

axonal swellings and leakage, where APP starts to be accumulated, while PHFs at the 

somatodendritic compartment continue along their way to NFTs. Finally, imbalances in 

excitatory–inhibitory neurotransmission and the neurotoxic pro-inflammatory 

environment initiate pathology in interconnected brain areas (Krstic and Knuesel, 2013).  

 

In both alternative models proposed, chronic inflammation is the main trigger for the 

onset of AD. More evidence is required to ascertain the new models of SAD emerging 

from revisiting the classical “Amyloid cascade hypothesis”. Shedding light on the new 

biology of late-onset AD, accounting for the majority of patients, is the highest priority, 

in order to find new therapeutic targets and strategies. 
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1.2 Extracellular matrix protein Reelin and Alzheimer’s disease 
 

1.2.1 Extracellular matrix in health and disease 

 

Around 20% of the human brain is occupied by Extracellular space (ECS), with volume 

and composition varying in the different brain regions (Dansie and Ethell, 2011). The 

ECS is filled with Extracellular Matrix (ECM), an intricate network of macromolecules 

(mainly proteins and polysaccharides) that surround neuronal cell bodies and proximal 

dendrites, controlling the three-dimensional organization, growth, movement, and shape 

of neurons and maintaining their structural integrity (Celio et al., 1998). The ECM also 

extends into the synaptic cleft, maintaining synapse integrity as well as mediating trans-

synaptic communications between neurons (Dansie and Ethell, 2011). ECM 

composition ranges from scaffolding proteins such as laminin, fibronectin and tenascin, 

which link various ECM components into a net, to heavily glycosylated proteins such as 

proteoglycans, to proteolytic enzymes that cleave ECM components or receptors, like 

matrix metalloproteases (MMPs). Laminin, fibronectin and tenascins, which provide a 

structural scaffold for the ECM, are involved in cell migration and axon guidance 

during brain development (Powell and Kleinman, 1997; Dansie and Ethell, 2011). In the 

adult brain, the ECM regulates various aspects of synaptic plasticity, a term that refers 

to all the structural, morphological and functional changes occurring at synaptic level as 

a consequence of neuronal activity (e.g. the formation of dendritic filopodia, the 

remodeling of dendritic spines on excitatory neurons). The ECM controls synaptic 

plasticity induction (which is associated mainly with Ca2+ influx in postsynaptic 

excitatory neurons and Ca2+ homeostasis) and consolidation (which is related mainly to 

changes in the actin cytoskeleton, local protein synthesis and synaptic adhesion, which 

are thought to support the stabilization of the new synaptic configurations) (Dityatev et 

al., 2010). Activity-dependent modification of the ECM regulates dendritic spine 

growth by inducing ECM interaction with specific postsynaptic receptors, such as 

integrins, apolipoprotein E2 receptor (ApoER2), low density lipoprotein receptor 

(LRP), and very low density lipoprotein receptors (VLDLR). Alternatively, the ECM 

can control dendritic spine growth by influencing the functions of other synaptic 

proteins, e.g. ECM modifiers, like MMPs9, that cleave cell adhesion molecules 

(CAMs), such as dystroglycan, activating integrin receptors and finally provoking the 
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actin cytoskeleton modifications responsible for the growth of spines (Wlodarczyk et 

al., 2011).  

Since synaptic plasticity is the key process underlying the maintenance of cognitive 

functions in the adult brain (such as learning and memory), the control of ECM 

functions is fundamental to maintain brain health and for implications in 

neurodegenerative diseases. For instance, recent studies implicate MMP-9 in aberrant 

synaptic plasticity, which is postulated to underlie neuropsychiatric disorders 

(Kaczmarek, 2013). It is noteworthy in this regard that the AD brain is characterized by 

abnormal dendritic spine morphology and density (Spires-Jones and Knafo, 2012), that 

may be influenced by alterations in ECM components. Since Aβ-containing senile 

plaques form within the ECS, they most likely affect ECM organization and 

composition. Several proteoglycans, such as agrin, syndecans and glypicans are 

associated with senile plaques (Bonneh-Barkay and Wiley, 2009). It appears that the 

ECM helps to protect against the neurodegenerative decline while age-related changes 

in the ECM composition may contribute to the AD pathology (Dansie and Ethell, 2011). 

 

1.2.2 Reelin protein in the developing and adult brain 

 

Reelin gene and protein: Among the ECM proteins that control synaptic functions and 

synaptic plasticity in the adult brain is the glycoprotein Reelin. This ECM protein is 

encoded by RELN gene in humans, located on chromosome 7q22, while the orthologous 

mouse Reln gene maps on chromosome 5 (DeSilva et al., 1997; Royaux et al., 1997). 

The genomic structures of the mouse and human Reelin genes are highly conserved and 

both encode an mRNA of approximately 12 kb, which is translated in a large secretable 

protein of ~450 kDa (Lacor et al., 2000; Derer et al., 2001). Mouse full-length Reelin is 

a protein of 3461 aminoacids. Its N-terminus is highly glycosylated and contains a 27 

aminoacids signal peptide that drives Reelin extracellular secretion (D'Arcangelo et al., 

1995). This is followed by a homology domain to the ECM protein F-spondin. Next 

comes a  Reelin unique domain, a region with no homology with other known proteins  

that hosts the CR-50 epitope. Reelin-specific antibodies against this epitope have been 

realized, showing neutralizing activity both in vitro and in vivo (Ogawa et al., 1995; Del 

Rio et al., 1997; Miyata et al., 1997; Nakajima et al., 1997). The central sequence 

consists of eight ‘‘Reelin repeats’’, each of which is composed by two domain of 350–

390 amino acids called A and B, separated by an Epidermal growth factor (EGF)-like 
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motif in the center. This is followed by a highly positively charged C-terminus, 

indispensable for protein extracellular secretion (D'Arcangelo et al., 1995) (Fig. 1.6).  In 

a study made in cerebellar neurons it was found that Reelin secretion takes place 

through the constitutive secretory pathway (Lacor et al., 2000). One year after in Cajal-

Retzius (CR) cells, the neurons expressing Reelin in developing cortex and 

hippocampus, it was discovered a novel secretory pathway for Reelin that is transported 

by a specialized rough endoplasmic reticulum (RER) to axon terminals, where it is 

released in the Marginal Zone of developing cortex (Derer et al., 2001). 

Reelin is processed proteolytically at two sites to produce a total of five distinct 

fragments named after the position and number of repeats and ranging from 80 to 370 

kDa in size (Lambert de Rouvroit et al., 1999; Tissir and Goffinet, 2003) (Fig. 1.6). The 

proteases involved in Reelin cleavage are still unclear; however, two recent studies 

identified the serine protease tissue plasminogen activator (tPA) and two matrix 

metalloproteinases, ADAMTS-4 and ADAMTS-5, as Reelin- cleaving enzymes 

(Hisanaga et al., 2012; Krstic et al., 2012a). Neither are the physiological relevance of 

Reelin processing and the specific functions for individual Reelin fragments fully 

undestrood. While, as mentioned above, blocking Reelin N-terminus neutralizes its 

activity, the central fragment is required and sufficient for normal cortical development 

in cultured embryonic brain slices (Jossin et al., 2007). Cell adhesion assays have 

shown that the CR-50 epitope in the N-terminal domain Reelin form large homomeric 

protein complexes, while full-length Reelin forms disulfide-linked dimers (Utsunomiya-

Tate et al., 2000; Kubo et al., 2002). 
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                From: Knuesel, 2010 
Figure 1.6 Reelin protein and proteolytic processing. Schematic representation of Reelin protein 
showing the N-terminal domain, F-spondin homology domain, Reelin unique domain, eight ‘‘Reelin 
repeat’’ domains, and the C-terminal domain. Each Reelin repeat is composed by two homologous 
subrepetitions (A and B), separated by an EGF-like motif in the center. Reelin is processed proteolytically 
at two sites (arrowheads) to produce a total of five distinct fragments ranging from 80 to 370 kDa in size, 
whereas full-length Reelin molecular weight is of 450 kDa. 
 

Reelin signaling pathway: Reelin acts through the receptors apolipoprotein E receptor 2 

(ApoER2) and very-low density lipoprotein receptor (VLDLR) (D'Arcangelo et al., 

1999; Hiesberger et al., 1999; Utsunomiya-Tate et al., 2000; Strasser et al., 2004). 

Binding of Reelin to VLDLR and ApoER2 induces their clustering and the 

phosphorylation of disabled 1 (Dab1) (Howell et al., 1999), an intracellular adaptor 

protein that interacts with NpxY motifs in the cytoplasmic tails of both receptors The 

phosphorylation of Dab1 requires the Src family of tyrosine kinases (SFKs) Fyn and Src 

(Bock and Herz, 2003; Jossin et al., 2003; Kuo et al., 2005) and triggers the activation 

of a complex signaling cascade, involving many cytosolic kinases, among these 
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phosphatidylinositol-3-kinase (PI3K), Akt/PKB, Erk1/2 and mTor, ending with the 

inhibition of GSK-3β, one of the main kinases that phosphorylates the microtubule-

stabilizing protein Tau (Howell et al., 1997; D'Arcangelo et al., 1999; Hiesberger et al., 

1999; Howell et al., 1999; Beffert et al., 2002; Arnaud et al., 2003b; Bock and Herz, 

2003; Ballif et al., 2004; Gonzalez-Billault et al., 2005; Simo et al., 2007) (Fig 1.7). 

 

 
 
                     

                                                                                                      Adapted from: Herz and Chen, 2006 
_____________________________________________________________________________________ 
Figure 1.7 Reelin signalling events in neurons. Scematich representation of Reelin signaling cascade. 
Reelin binds to lipoprotein receptors, the VLDLR and the APOER2, with high affinity at the cell surface. 
Binding of Reelin to the receptors induces feed-forward activation of DAB1, an adaptor protein that 
interacts with NPxY motifs in both receptor tails. The clustering of DAB1 activates SRC family tyrosine 
kinases (SFKs), which potentiates tyrosine phosphorylation of DAB1. Phosphorylated DAB1 further 
activates, among other cytosolic kinases,  phosphatidylinositol-3-kinase (PI3K) and subsequently protein 
kinase B (PKB). PKB activation inhibits the activity of glycogen synthase kinase 3β (GSK3β). As a 
result, phosphorylation of Tau is reduced, promoting microtubule stability. 
 

Tyrosine phosphorylation of Dab1 in response to Reelin leads to Dab1 

polyubiquitination and degradation via the proteasome pathway (Arnaud et al., 2003a). 

These events may mediate the phosphorylation-dependent endocytosis of the entire 

Reelin signaling complex. With Reelin being targeted to the lysosome and Dab1 being 
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degraded by the proteasome, the signal is terminated and the receptors recycle back to 

the membrane (Bock et al., 2004; Morimura et al., 2005). It is important to remark that 

reeler, Dab1(-/-) and Apoer2(-/-)/Vldlr (-/-) mice are phenotypically almost identical, which 

highlights the essential role of Dab1 and Reelin receptors in the Reelin pathway.  

 

Reelin expression pattern and functions: In the embryonic brain, Reelin is expressed 

by Cajal-Retzius (CR) cells at the surface of the developing neocortex (Marginal Zone) 

(Tissir and Goffinet, 2003) and in the Outern Marginal Zone of Hippocampus starting 

from E10. From these sites Reelin directs corticogenesis and lamination of 

hippocampus (Alcantara et al., 1998; Rice and Curran, 2001; Soriano and Del Rio, 

2005) (Fig. 1.8). Reelin is also expressed in granule cells of the developing cerebellar 

cortex, where it is necessary for the migration and positioning of Purkinje cells (Mariani 

et al., 1977). 

reeler mice (bearing a homozygous mutation of Reln gene that impairs protein function) 

(Falconer, 1951) show inversion of neocortical layers and the loss of the classical 

inside-outside pattern of lamination (Caviness, 1976), a severe perturbation of the 

lamination of the hippocampus and a very small and non-foliated cerebellum 

(Hambrugh, 1963). For a schematic representation see Fig. 1.8. Phenotypically, reeler 

mice exhibit uncoordinated and unsteady gait, tremors, severe ataxia, and usually early 

death around the time of weaning (Falconer, 1951), a condition that resembles 

lissencephaly in humans.  

Apart from guiding neuronal migration, there is increasing evidence that Reelin controls 

synaptogenesis and synaptic maturation during development (D'Arcangelo et al., 1995; 

Alcantara et al., 1998; Rice and Curran, 2001; Soriano and Del Rio, 2005; Cooper, 

2008).  
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a) 

                 
 
b) 

 
c) 

 
 
______________________________________________________________________ 
 

In the adult cerebral cortex most CR cells disappear starting from P5, leading to 

decreased Reelin expression. Concomitantly it is reported a switch of Reelin expression 

from CR cells to a subset of Calretinin negative GABAergic interneurons throughout 

the neocortex (mainly in layers I and V) and hippocampus (strata oriens and radiatum of 

CA1 and CA3; stratum lacunosum moleculare and hilus of dendate gyrus). Starting 

from P21, CR cells are no longer found in cortex, while some few remnant CR cells 

survive in hippocampus maintaining Reelin expression (Alcantara et al., 1998). 

Figure 1.8 Reelin and the development of 
the neocortical layers, hippocampus and 
cerebellum.   
a) During embryonic days (E) 10–16, cortical neurons 
are born near the ventricular zone (VZ) and migrate 
radially toward the pial surface along radial fibers (red 
line). The first migrating neurons form the preplate 
(PP), composed of CR (yellow) and subplate neurons 
(orange). CR cells produce Reelin (shaded red) and 
secrete it into the extracellular environment of normal 
mice (wt). The first cortical neurons (light blue) bypass 
the subplate neurons in the normal but not in the reeler 
cortex, where Reelin is absent. Later-generated cortical 
neurons (darker shades of blue) bypass cohorts of 
earlier neurons and form distinct layers within the 
cortical plate (CP) that develops between the marginal 
zone (MZ) and subplate (SbP) in normal mice. In 
reeler mice, cortical neurons do not form layers, and 
they are found deep to subplate neurons, which form a 
superplate (SpP) near the marginal zone.  
 
 
b) In hippocampus of normal mice (wt), Reelin 
(shaded  red) is expressed by CR-like cells (yellow) in 
the outer molecular layer (OML) separating the dentate 
gyrus (DG) from the hippocampus proper. 
Hippocampal  pyramidal cells (blue) in normal mice 
form a compact layer, the stratum pyramidale (SP), 
which remains scattered in reeler mice. Also, the 
granule cells of the DG (green) do not form a compact 
layer in reeler mice. In addition to cell migration 
defects, the absence of Reelin in the OML causes a 
reduction of the branching of entorhinohippocampal 
(EHP) fibers (brown) in reeler mice. 
 
 
c) Cerebellum development begins around E11. 
Granule cells (red) originate from the rhombic lip and 
migrate tangentially over the surface of the developing 
cerebellum to form the external granular layer (EGL). 
These cells produce Reelin (shaded red) in normal 
animals (wt). Purkinje cells (brown) migrate radially 
from the ventricular zone to a location near the Reelin 
producing granule cells. In reeler mice, granule cells 
do not produce Reelin, Purkinje cells remain in a deep 
subcortical location, and granule cells are reduced in 
number. As a result, the reeler cerebellum is very 
small. During postnatal days 0–14, granule cells in the 
normal cerebellum migrate inwardly across the 
Purkinje cell layer (PCL) to form the inner granular 
layer (IGL). 
 

From: D'Arcangelo and Curran, 1998 
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In adult brain Reelin is also expressed in hypothalamus, caudate-putamen, medial 

septum and olfactory bulb (Alcantara et al., 1998). In the olfactory bulb Reelin is 

expressed by mitral cells from E12 until adult life, although expression levels decrease 

starting from the first postnatal week. In addition, Reelin in adults is expressed in 

peripheral tissues: in serum and platelet-poor plasma of rats, mice, and humans; and in 

chromaffin cells within the rat adrenal medulla and in liver (Smalheiser et al., 2000). 

The shift in Reelin expression between the embryonic and postnatal brain is indicative 

of a different, non-developmental function for the Reelin signaling pathway in the adult. 

In contrast to the developing brain, where Reelin functions have been widely unraveled, 

less is known about its function in the adult brain yet. In adults, this protein is expressed 

in synaptic contacts, where it regulates the induction of synaptic plasticity, by 

controlling Ca2+ influx in postsynaptic excitatory neurons through NMDA receptors 

(Herz and Chen, 2006). Indeed Reelin-induced phosphorylation of Dab1 triggers 

phosphorylation of NR2 subunits of NMDA receptors, through activation of SFKs, 

resulting in the potentiation of NMDA receptor-mediated Ca2+ influx and transmission 

(Durakoglugil et al., 2009). Neurons deficient in ApoER2 or VLDLR receptors have 

impaired LTP in the hippocampus (Weeber et al., 2002). The coupling of the Reelin 

signaling complex to NMDA receptors requires ApoER2 association with postsynaptic 

density protein 95 (PSD95), an abundant scaffolding protein in the postsynaptic density, 

through a domain encoded by exon 19, and mice lacking this exon in ApoER2 do not 

show increased NMDA receptor-mediated currents and LTP after the application of 

Reelin and perform poorly in contextual fear conditioning and water maze tasks (Beffert 

et al., 2005). It has recently been demonstrated that Reelin also participates in the 

composition, recruitment and trafficking of NMDA receptor subunits (Sinagra et al., 

2005; Groc et al., 2007). Phosphorylated Dab1 further activates PI3K, resulting in 

increased cell surface expression of α-amino-3-hydroxy-5-methyl-4-isoxazole propionic 

acid (AMPA) receptors after application of exogenous Reelin in hippocampal slices and 

cultures (Qiu et al., 2006). Consistent with these findings, in vivo enhancement of 

Reelin signaling through stereotaxical injection of purified Reelin in wild-type mice 

increased dendritic spine density, augmented hippocampal CA1 LTP, and enhanced 

performance in memory tasks (Rogers et al., 2011). Moreover, Reelin has been 

implicated in the generation of dendrites in the postnatal hippocampus (Matsuki et al., 

2008); and in the formation of dendritic spines (Niu et al., 2008). Finally, Reelin has a 

stabilizing effect on mature neuronal circuitry, thus being involved in the consolidation 
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of synaptic plasticity. Indeed, Reelin was recently found to stabilize the actin 

cytoskeleton by inducing the phosphorylation of cofilin, which in an unphosphorylated 

state acts as an actin-depolymerizing protein that promotes the disassembly of F-actin 

(Frotscher, 2010). 

All together, these observations support the notion that, in the adult brain, Reelin is 

involved in the control of synaptic transmission and in the proper formation and 

maintenance of synapses, thus controlling memory and learning. Moreover deficits, in 

Reelin levels and genetic variants have been associated with several psychiatric 

disorders, such as schizophrenia, autism, and psychotic bipolar disorder, possibly as a 

result of a decrease in hippocampal spine density and molecular alterations in synapse 

composition (Fatemi et al., 2001; Fatemi, 2002, 2005; Fatemi et al., 2005; Goes et al., 

2009; Ventruti et al., 2011). 

 

Conditional Reelin-expressing mouse model: Most studies on Reelin functions in adult 

brain have involved the analyses of reeler mice (or Dab1(-/-) or Apoer2(-/-)/Vldlr(-/-) mice) 

and heterozygous reeler mice, as models of Reelin haploinsufficiency. However, studies 

in reeler mice (or Dab1(-/-) or Apoer2(-/-)/Vldlr(-/-) mice) are hampered by the dramatic 

defects in brain lamination and organization shown by these animals. These observations 

raise the question as to whether defects in adult reeler mouse are secondary to neuronal 

mispositioning, rather than to a specific fail in adult Reelin functionality. To gain greater 

insight into the function of Reelin in the adult brain, previously in our laboratory it was 

generated a gain-of-function transgenic mouse model (TgRln) that conditionally 

overexpresses Reelin, specifically in the postnatal and adult forebrain, under the control 

of the calcium-calmodulin-dependent kinase II promoter (CaMKIIα) (Pujadas et al., 

2010) (Fig. 1.9a). CaMKII-dependent Reelin expression is driven by a tetracycline-

controlled transactivator (tTA), which is inactive when bound to doxycycline (Mayford 

et al., 1996), so that Reelin overexpression can be switched off by doxycycline 

administration.     
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From: Pujadas et al., 2010 

_____________________________________________________________________________________ 
Figure 1.9 Generation and characterization of conditional Tg1/Tg2 transgenic mice (TgRln). a) 
Transgenic mice that overexpress Reelin were based on the Tet-off regulated binary system: the Tg1 
transgene contains the tTA transactivator set under the control of pCaMKIIα, while the Tg2 transgene 
contains rlM controlled by the tetO promoter. Double transgenic mice (Tg1/Tg2 or TgRln) express Reelin 
in neurons expressing CaMKII; transgene expression can be switched off by doxycycline administration, 
which inactivates tTAtransactivator. b) Immunohistochemical detection of Reelin shows that expression 
of this protein in control adult mice is restricted to a subset of interneurons distributed throughout the 
cortex and hippocampal layers, while the striatum shows a diffuse staining (top). In Tg1/Tg2 mice, 
overexpression of Reelin is observed in hippocampal pyramidal cells and in granule cells of the dentate 
gyrus (arrows in bottom left panel); Reelin is also expressed in neocortical pyramidal cells (bottom 
middle) and in striatal neurons (bottom right). I–VI, Cortical layers; CA1–CA3, hippocampal regions; 
CPu, caudate–putamen nucleus; DOX, doxycycline; H, hilus; LV, lateral ventricle; ML, molecular layer; 
SP, stratum pyramidale; WM, white matter. Scale bars: b (left): 200 μm; b (middle and right): 100 μm. 
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In this model, referred to as TgRln, Reelin overexpression is driven in hippocampal 

pyramidal cells and in granule cells of the dendate gyrus. Reelin is also expressed in 

striatal neurons and in neocortical pyramidal cells (Fig. 1.9b). Given that this protein is 

essential for brain development, TgRln mice have been used to mainly address the 

impact of Reelin protein levels on developmental-like processes that remain active in the 

adult brain, namely adult neurogenesis, neural migration, and synaptic plasticity. This 

model provided evidence that Reelin overexpression increases adult hippocampal 

neurogenesis and modulates the migration and positioning of adult-generated 

hippocampal neurons. Furthermore, hippocampal overexpression of Reelin caused an 

increase in synaptic contacts in all hippocampal layers, without enhancing dendritic 

spine density. Although the number of dendritic spines in Reelin transgenic mice was 

unvaried, they appeared hypertrophic and more complex (Fig. 1.10). Indeed, most of 

these spines display mushroom-like shapes with two or more synaptic active zones.  

 
From: Pujadas et al., 2010 

_____________________________________________________________________________________ 
Figure 1.10 TgRln show hypertrophy of dendritic spines. Three-dimensional serial electron 
microscopic reconstructions of dendrites in the SR of CA1 region in control (a-d) and TgRln (Tg1/Tg2) 
(e-h) mice. Dendritic spine heads with sizes below and above 0.4 μm in diameter are represented by small 
and large arrows respectively, illustrating hypertrophy of dendritic spines in Tg1/Tg2 mice. Scale bars: 1 
μm. 
 
Doxycycline treatment of TgRln mice strongly reverses the synaptic phenotype in adult 

mice, thereby indicating that this phenotype depends on acute overexpression of Reelin 

(Pujadas et al., 2010). Persistent dendritic spine enlargement is commonly associated 

with increased physiological efficacy and stable LTP, and the latter is thought to underlie 

long-lasting memory and learning (Yuste and Bonhoeffer, 2001; Yang et al., 2008).  In 
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fact, the induction of LTP in the CA3-CA1 synapse in alert behaving mice showed that 

Reelin overexpression evokes a dramatic increase in LTP responses (Pujadas et al., 

2010). These data are consistent with those reported in previous studies showing that 

ApoER2/VLDLR-deficient mice display reduced LTP in slices in vitro, which indicates 

that the effects described in TgRln mice are mediated by these receptors (Weeber et al., 

2002; Beffert et al., 2005). Interestingly, Reelin has been found to control NMDA and 

AMPA subunit receptor composition and trafficking during development (Jones et al., 

2001; Ju et al., 2004; Chen et al., 2005; Qiu et al., 2006; Groc et al., 2007), and both 

types of ionotropic glutamate receptors are essential for LTP induction  (Jones et al., 

2001; Ju et al., 2004).  Furthermore, GSK-3ß, a downstream effector of the Reelin 

signaling cascade, has been found to be involved in LTP (Peineau et al., 2007). Taken 

together, these data suggest that extracellular Reelin acts through the ApoER2/VLDLR 

receptors to trigger a signaling cascade that is sufficient to induce marked LTP 

physiological alterations in vivo. Moreover, Reelin overexpression also leads to 

increased LTP responses over several days. This finding thus suggests that this 

extracellular protein controls gene expression and protein synthesis required for late 

phases of LTP (Jones et al., 2001; Ju et al., 2004). All together, TgRln mouse model 

provides further evidence that in the adult brain Reelin levels are crucial for the 

modulation of neurogenesis and migration, particularly in the hippocampus, as well as 

for the modulation of the structural and functional plastic properties of adult synapses, 

including the induction and maintenance of LTP. Thus, Reelin, a protein with pivotal 

roles in normal development, also controls plasticity processes in the adult brain that are 

reminiscent of developmental processes. 

 

             

1.2.3 At the crossway between the Reelin pathway and Alzheimer’s disease 

 

In recent years, research in the field of Reelin has produced increasing evidence of a 

relationship between the Reelin pathway and AD. The first link comes from ApoER2, 

one of the main signal transducers for the Reelin pathway and at the same time a receptor 

for the ε4 isoform of ApoE, the major genetic risk factor for SAD (Tsai et al., 1994). On 

the basis of these observations, it is conceivable that there is a potential mechanism of 

competition between Reelin and Apoε4 for ApoER2, possibly interfering with Reelin-

mediated potentiation of NMDA neurotransmission. Second, Reelin signaling through  
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VLDLR and APOE receptors downregulates the activity of GSK-3β, the major kinase for 

Tau protein (Gonzalez-Billault, C. 2005; Beffert, U. 2002), and mutant mice that have 

deficits in Reelin, in its transducer Dab1 or in ApoER2 and/or VLDLR show increased 

levels of Tau phosphorylation (Hiesberger et al., 1999). Third, both Dab1 and Reelin 

physically interact with APP and regulate its trafficking and proteolytic processing, 

thereby promoting non-amyloidogenic αAPP cleavage (Hoe et al., 2006; Hoe et al., 2008; 

Hoe et al., 2009). Fourth, Reelin counteracts Aβ-induced downregulation of 

glutamatergic synaptic transmission (Fig. 1.11; Durakoglugil et al., 2009).  

 

 

 
 

 
 

From: Durakoglugil et al., 2009 
_____________________________________________________________________________________ 
Figure 1.11 Model of the regulation of synaptic functions by Reelin. Aβ activates PP2B leading to 
dephosphorylation of tyrosine residues on NMDA receptors. Dephosphorylation of the NR2B subunit 
correlates with increased NMDA receptor endocytosis and suppression of its synaptic function. Reelin 
instead, by activating Src family tyrosine kinases (SFK), enhances tyrosine phosphorylation of NR2A and 
NR2B subunits,counteracting the suppressive effect of Aβ at the synapse and maintening normal synaptic 
function. 
 

Indeed, incubation of hippocampal slices with Aβ oligomers at concentrations that are 

found in AD patients impairs endocytosis and trafficking of AMPA and NMDA 

receptors, thus decreasing LTP (Kamenetz et al., 2003; Hsieh et al., 2006); conversely 

addition of recombinant Reelin to acute hippocampal slices results in enhanced LTP 
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(Weeber et al., 2002) as a result of Reelin-dependent tyrosine phosphorylation of the 

NR2 subunit of NMDAR through SFKs activation. These data have been corroborated in 

conditional transgenic mice overexpressing Reelin, which show enhanced LTP in the 

hippocampus (Pujadas et al., 2010). 

Finally, RELN gene bears polymorphic variants associated with normal cognitive 

function in AD pathology (Kramer et al.; Seripa et al., 2008). All the aforementioned 

findings point to a possible protective role of the Reelin pathway in the pathogenesis of 

AD. In contrast other aspects of the Reelin-AD relationship are not so easily interpreted. 

First of all, Reelin accumulates in extracellular aggregates in adult wild-type mice and 

primates and co-localizes with Aβ in extracellular plaques in AD mouse models (Doehner 

et al.; Knuesel et al., 2009). Several proteoglycans, such as agrin, syndecans and 

glypicans, have been shown to be associated with senile plaques (Bonneh-Barkay and 

Wiley, 2009). For many of them, as for Reelin, it remains to be clarified whether they 

play a role in plaque formation or not and whether ECM molecules sequestering into 

amyloid fibrils could impair ECM functionality, thus being detrimental for neurons. As a 

possible indication, accelerated Aβ plaque formation and Tau pathology in Reelin-

deficient AD mice has been reported (Kocherhans et al., 2010). Second, AD patients 

show an increase of about 40% in the levels of Reelin in frontal cortex and cerebrospinal 

fluid (CSF) and an altered pattern of glycosylation (Botella-Lopez et al., 2006). In 

contrast, Reelin depletion has been found in the Enthorinal cortex of AD mouse models 

and of human AD patients (Chin et al., 2007).  

All together, these findings point to a contribution of Reelin, its receptors, and 

downstream signaling proteins to the aetiology of AD. The analysis of the molecular 

mechanisms by which Reelin is involved in AD and its possible neuroprotective or 

neurodegenerative role are object of this work. 
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The main aim of this study is to investigate the involvement of Reelin in AD aetiology, 

addressing the question of whether Reelin could act as a protective factor, or rather if it 

might favour the onset of the pathology, with eventual therapeutic implications. 

To this end we established the following objectives: 

 
 
 
1. In vitro investigation of Reelin-Aβ42 peptide interplays 
 
    - Reelin protein purification 
 
    - Analysis of Reelin influence on Aβ42 aggregation 
 
    - Analysis of Reelin-Aβ42 interaction 
 
    - Analysis of Reelin influence on the toxicity of Aβ42 species 

 

 
2. Generation of AD mouse models overexpressing Reelin 
 
    - Generation of hAPPSwe/Ind (J20) mice overexpressing Reelin (TgRln/J20) 
 
      Generation of Tet/GSK-3β mice overexpressing Reelin (TgRln/GSK-3β) 
 
 
3. Histological, biochemical and behavioural characterization 

of AD mouse models overexpressing Reelin  
 

Analysis of transgene expression in the mouse models generated 
 
Analysis of the impact of Reelin overexpression on amyloid plaque deposition 
 
Analysis of the impact of Reelin overexpression on AD synaptopathology and 
neurodegeneration 

 
Analysis of the impact of Reelin overexpression on the phosphorylation of Tau 
protein 

 
Analysis of the impact of Reelin overexpression on AD cognitive impairments 
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3.1 Material  
 

3.1.1 Animals 

 

Line TgRln (Tg1/Tg2) is a conditional regulated double transgenic line that gets 

overexpression of Reelin under the control of calcium-calmodulin dependent kinase II α 

promoter (pCaMKIIα) (Pujadas et al., 2010). Line J20 produces hAPP with the Swedish 

(KM670/671NL) and Indiana (V717F) mutations (hAPPSwe/Ind) under the control of 

plateled derived growth factor (PDGF) promoter (Mucke et al., 2000). It was purchased 

from Jackson. Tet/GSK-3β (BitetO β-Gal/GSK-3β; Lucas JJ et al., 2001) and VLW 

(Tauvlw; Lim et al., 2001) mice were kindly provided by Dr. J. Avila. All the transgenic 

animals used in this study are kept in hemizygosis for each transgene. Mice were bred 

in the animal research facilities at the Barcelona Science Park and the Faculty of 

Biology of the University of Barcelona. NOR test was performed at the animal research 

facility of the Barcelona Biomedical Research Park. Animals were provided with food 

and water ad libitum and maintained in a temperature-controlled environment in a 12/12 

h light-dark cycle. For doxycycline treatment, adult mice were fed ad libitum with 

doxycycline containing feed (Bio-Serv, 200 mg/kg). All the experiments using animals 

were performed in accordance with the European Community Council directive and the 

National Institute of Health guidelines for the care and use of laboratory animals. 

Experiments were also approved by the local ethical committees. 

 

3.1.2 Chemicals 

 

Thioflavin-T (ThT), ammonium persulfate (APS), tris(bipyridine)ruthenium(II) chloride 

(Ru(bpy)3
2+), Diaminobenzidine reagent (DAB), Hydrogen Peroxide (H2O2), 4’-6’-

Diamino-2-Phenylindole (DAPI), Triton X-114, Dimethyl Sulfoxide, Nissl (Cresyl 

violet acetate and Thionine acetate salt), Hoechst 33342, acetic acid and propidium 

iodide (PI) were from Sigma. Coomassie G-250 and Sypro Ruby were from Invitrogen. 

MTT Cell Proliferation Kit I was from Roche. Paraformaldehyde, Eukitt mounting 

medium, Glycerol, Ethylene Glycol,  and gelatine were from Panreac. Mowiol 4-88 was 

from VWR. 
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3.1.3 Antibodies  

Mouse monoclonal anti-Aβ amino acids 1-5 (clone 3D6) was provided by Elan 

Pharmaceuticals. Mouse anti-phopsho-Tau (ser 396/404) PHF-1 was a kind gift from 

Dr. Peter Davies, Albert Einstein College of Medicine, New York, NY (Greenberg et 

al., 1992). The commercial primary antibodies used were: anti-Reelin (clone G10) 

(Chemicon), anti-Dab1 (Chemicon) for WB, anti-Dab1 (ExAlpha) for 

immunoprecipitation, anti-Aβ (clone 6E10,Covance), rabbit anti-Aβ40/42 (Chemicon 

AB5076), anti-phospho-tyrosines (clone 4G10, Millipore), anti-Aβ-oligomers (A11, 

Invitrogen), anti-phospho-Tau (ser202/thr205, clone AT8, Innogenetics), anti-phospho-

Tau (T231, clone AT180, Innogenetics), anti total Tau (clone Tau-5, Millipore), anti-

Doublecortin (AB5910, Millipore), anti-β-Tubulin (clone AA2, Millipore), anti-actin 

(Chemicon, MAB1501) and anti-β Galactosidase (AB986, Millipore). The HRP-labeled 

secondary antibodies used for Western blot were from DAKO. Biotinylated-secondary 

antibodies and Streptavidin-biotinylated/HRP complex, and Protein A and Protein G 

Sepharose 4 Fast Flow were from GE Healthcare. F(ab')2 fragment anti-mouse IgG was 

from Jackson Immuno Research. Fluorescent secondary antibodies used for 

immunofluorescence were from Invitrogen (Alexafluor). Colloidal gold-coated 

secondary antibodies were from BBI.  

 

3.1.4 Softwares  

 

GelPro; Image J; GraphPad Prism; NetNGlyc 1.0 Server; Proteome Discoverer (v. 

1.3.0.339);  Sequest; Thermo Xcalibur (v.2.1.0.1140); and Percolator  
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3.2 Methods 

  
3.2.1 Aβ42 purification  

 

Aβ42 was synthesized and purified by Dr. James I. Elliott at Yale University (New 

Haven, CT, USA). The lowest aggregation state in which Aβ42 can be prepared 

corresponds to Low Molecular Weight (LMW) Aβ42, which contains monomer in rapid 

equilibrium with low-n Aβ oligomer forms, where n is the order of the oligomer. A 

LMW Aβ42 preparation was obtained using Size Exclusion Chromatography. Aβ 

peptide was dissolved in 6 M Gdn·HCl at 5 mg/mL, sonicated for 5 min, centrifuged at 

10,000 g for 6 min, and passed through a 0.45-μm Millex filter. The resulting solution 

was injected into a Superdex 75 HR 10/300 column (GE Healthcare) previously 

equilibrated using 10 mM phosphate pH 7.4, and eluted at a flow rate of 0.5 mL/min. 

The peak attributed to LMW Aβ42, eluted between 13 and 15 mL, was collected, and its 

protein concentration was determined by the Bradford assay. The peptide solution was 

then diluted to the desired concentration (24 μM) to initiate aggregation studies. 

 

3.2.2  Preparation of Aβ-derived diffusible ligands (ADDLs) 

 

Aβ42 was dissolved in hexafluoro-2-propanol (HFIP) (1mg/mL), aliquoted in low 

binding Eppendorf tubes, and then HFIP was removed by freeze-drying. An aliquot of 

Aβ42 was dissolved in anhydrous dimethyl sulfoxide (DMSO) to 5 mM, and then further 

diluted with ice-cold F12 medium without phenol red to 100 μm. This solution was 

incubated at 4 ºC for 24 h and then centrifuged at 14,000 g for 10 min. Centrifugation 

typically produced a small clear or white pellet. The Aβ42 concentration in the 

supernatant was determined using the Bradford assay. 

 

3.2.3  Reelin production and purification 

 

Reelin supernatants were prepared from 293 cells stably transfected with full-length 

Reelin clone pCrl (Forster et al., 2002) and cultured with OPTI-MEM medium 

(GIBCO). The collected Reelin supernatants were washed  with double the initial 

volume of 10mM Phosphate Buffer/30 mM NaCl (pH 7.4) and then subjected to 10X 
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concentration using ultrafiltration Vivaflow 50 filters (Sartorius; 100 kDa MWCO), 

previously blocked with 1% BSA. Concentrated supernatants from Reelin were 

subjected to anion exchange chromatography performed with HiTrap IEX ANX column 

(GE Healthcare), mobile phase NaCl 30 mM/Phosphate buffer 10mM (pH 7.6), at a 

flow rate of 2 ml/min. Sample fractionation was performed by a five-steps gradient 

elution, increasing NaCl concentration from 30 mM up to 150, 250, 350, 650, and 1000 

mM. Reelin containing fractions eluting at 350mM, were collected and subjected to 

10X concentration using Vivaspin filters (Sartorius; 100 kDa MWCO), previously 

blocked with 1% BSA. These concentrated samples were loaded onto a 25 mL pre-

packed Superose 6 10/300 size exclusion column (GE Healthcare), previously 

equilibrated with 10mM Phosphate Buffer/ 30 mM NaCl (pH 7.4), and eluted at a flow 

rate of 0.4 ml/min in a FPLC system. Fractions eluted between 9 and 11 ml were 

collected and Reelin concentration was estimated measuring absorbance at 595 nm in a 

typical Bradford assay (Bio-Rad) in 96 well plates; BSA was used as a protein standard. 

In parallel to Reelin, Mock supernatants were produced from 293 cells stably 

transfected with GFP (Forster et al., 2002) and subjected to same protocol of 

purification. 

 

3.2.4  Aggregation studies 

 

Aβ42 was left to aggregate at 24 μM in 10mM Phosphate Buffer/5 mM NaCl  (pH 7.4) at 

20ºC, alone or in the presence of purified Reelin in a w/w ratio of 4:1; 6:1 or 12:1 

(Aβ42/Reelin). As for Reelin, equivalent Mock volumes were left to aggregate with 

Aβ42. Finally, Reelin and Mock preparations without Aβ42 were used as controls. Thus, 

aggregation was monitored in parallel for the following aggregating solutions: Aβ42, 

Aβ42/Mock, Aβ42/Rln, Rln, Mock. Aliquots were taken from each solution every 24 

hours for the assays described below. 

 

3.2.5  Thioflavin T assay 

 

The ThT binding assay was performed by mixing 15 μM of a peptide solution with 15 

μM ThT dye (Aβ/ThT ratio = 1:1) and 50 mM glycine–NaOH, pH 8.5 (final 

concentrations) in Hard Shell® Thin Wall 96-well fluorescence plates (Bio-Rad) (100 

μl/well assay volume). The ThT fluorescence of each sample was measured in a 
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FluoDiaTM T70 fluorometer (Photon Technology International) at excitation and 

emission wavelengths of 450 and 485 nm, respectively. The samples were analyzed in 

triplicate and average fluorescence values and standard deviation were plotted. To 

determine the effect of Reelin on fibril formation, raw data obtained for the different 

aggregating solutions were fitted by a sigmoidal curve described by equation 1 using 

GraphPad Prism software, as described previously (Nielsen et al., 2001; Ghosh et al., 

2010): 
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Y is the fluorescence intensity, t is time, t0.5 is the time to 50% of maximal fluorescence, 

b is the slope, and top and bottom values correspond to the maximum and minimum 

fluorescence intensities. Stimated lag-time is t0.5-2b in each condition. 

 

3.2.6  Transmission Electron Microscopy and Immunogold labelling 
 

For Transmission Electron Microscopy a 10 uL aliquot of the samples subjected to 

aggregation studies was applied to a 200-mesh carbon-coated formvar grid, previously 

glow discharged for 5 minutes. After 1 minute the grid was washed with water and 

negatively stained by treatment with 2% uranyl acetate for one minute. Samples were 

observed in a JEOL JEM 1010 transmission electron microscope operating at 80 kV.  

For Immunogold labelling a 10 μL aliquot of the samples subjected to aggregation 

studies was applied for 3 minutes to a carbon-coated nickel formvar grid, previously 

glow discharged for 5 minutes. Grids were then blocked three times for 5 minutes with 

FBS 10% in PBS 0.1M. Primary antibodies were dissolved in a FBS 5% solution in 

PBS 0.1M and applied to the grid for 30 minutes (Mouse anti-Reelin (G10) 1:25; rabbit 

anti-Aβ40/42 1:25) Grids were then rinsed with 1% FBS in PBS 0.1M and secondary 

antibodies conjugated to Monomaleimido Nanogold particles were applied, to a dilution 

of 1:30 in a 5% FBS solution in PBS 0.1M for 30 minutes. Nano-gold particles with a 

diameter of 12 nm or 18 nm were conjugated to antirabbit IgG and anti-mouse IgG, 

respectively. Grids were washed 5 times with PBS 0.1M and then fixed for 5 minutes 

with 2% glutaraldehyde. Finally grids were rinsed three times with water and negatively 
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stained by treatment with 2% uranyl acetate for one minute. Samples were observed in a 

JEOL JEM 1010 transmission electron microscope operating at 80 kV. 
 

3.2.7  Dot blot 
 

To analyze the oligomer content during the time-course of Aβ42 aggregation, aliquots of 

Aβ42/Mock and Aβ42/Rln samples (3 μl drops) were applied to a nitrocellulose 

membrane and let dry. Then membranes were processed as for western blot, using anti-

oligomer antibody A11 (1:1000) as primary antibody. 

 

3.2.8  Neuronal primary culture treatment 

 

Hippocampal neurons were obtained from E16 OF1 mouse embryos (Charles River 

Laboratories). Brains were dissected in PBS containing 0.6% glucose and hippocampi 

were excised. After trypsin (Gibco) and DNAse (Roche Diagnostics) treatments, tissue 

pieces were dissociated by gentle sweeping. Cells were then counted and seeded onto 

poly-D-lysine-coated dishes in Neurobasal medium containing B27 supplement 

(GIBCO). In all the cases, treatments were performed 72-96 hours after cell seeding. 
 

3.2.9  Testing the biological activity of Reelin 

 

Primary hippocampal neurons seeded at 106 cells/well in 6-well plates were treated with 

Reelin at a working concentration of 2-5 ng/ml (Mock samples were used in equivalent 

volumes). After 15 min of Reelin treatment, lysates were collected in Lysis Buffer 

(Hepes 50mM pH 7.5, 150mM sodium chloride, 1.5mM magnesium chloride, 1mM 

EGTA, 10% glycerol and 1% Triton X-100) containing Complete Mini protease inhibitor 

cocktail (Roche) and phosphatase inhibitors (10 mM tetra-sodium pyrophosphate, 200 

μM sodium orthovanadate and 10 mM sodium fluoride); insoluble debris were removed 

by centrifugation (30 min, 16000 g). To detect phosphorylation of Dab1, lysates were 

incubated with the primary antibody for immunoprecipitation overnight (o/n) at 4ºC (3 

μg/sample). Protein G-Sepharose beads were added for 90 min at 4ºC, recovered by 

centrifugation and washed 3 times with Lysis Buffer.  Immunoprecipitated samples or 

their supernatants (used as loading controls) were diluted 1:6 with 6X Loading Buffer 
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(0.5M Tris-HCl pH 6.8, 2.15M β-mercaptoethanol, 10% SDS, 30% glycerol and 0.012% 

bromophenol blue), boiled for 5 min at 95ºC and processed for Western blot. 

 

3.2.10 Western blot 

 

Samples were resolved by SDS-polyacrylamide gels and transferred onto nitrocellulose 

membranes. Membranes were then blocked for 1 hour at room temperature (RT) in 

TBST (Tris 10mM pH 7.4, sodium chloride 140mM (TBS) with 0.1% Tween 20) 

containing 5% non-fat milk or 3% BSA. Primary antibodies were incubated for 90 min 

in TBST-0.02% azide (anti-APP (1:2000); anti-phospho-tyrosine (clone 4G10) (1:1000); 

anti-Reelin (1:1000); anti-Dab1 (1:1000); anti-actin 1:100,000; PHF-1 (1:500); AT8 

(1.500); AT180 (1:1000)). After incubation with anti-mouse secondary HRP-labeled 

antibodies for 1 hour at RT (diluted 1:2000 in TBST-5% non-fat milk), membranes were 

developed with the ECL system (GE Healthcare). Densitometric analysis of protein 

bands was realized using GelPro software. 

 

3.2.11  PICUP assay  

 

The set up and optimization of the PICUP reaction was based on detailed descriptions 

given in the literature (Fancy and Kodadek, 1999; Bitan and Teplow, 2004). As 

reported, the set up consisted of a camera body and a 150-W slide projector. A PCR 

tube containing the reaction mixture to be cross-linked, holded by a glass vial, was 

placed inside the camera body for irradiation. The sample was irradiated by means of 

the 150-W slide projector for 4 seconds, precisely controlled by the camera shutter. 

PICUP reactions were carried out using an Aβ42:Ru(bpy)3
2+:APS ratio of 1:2:40. To this 

end, 0.8 μL of 1 mM Ru(bpy)3
2+ and 0.8 μL of 20 mM APS were added to 18 μL of 24 

μM Aβ42, Aβ42/Mock and Aβ42/Rln in 10 mM Phosphate Buffer/30 mM NaCl (pH 7.4). 

The mixture was irradiated for 4 seconds at a distance of 25 cm and immediately 

quenched by adding 5 μL of 0.3 M DTT to the sample. 10 μL of 3X loading buffer was 

added to 20 μL of the sample to be analyzed by SDS-PAGE. Samples were boiled at 

95ºC for 5 min and kept at -20ºC until analysis by Western blot using 6E10 as primary 

antibody. 
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3.2.12 Reelin interaction with soluble Aβ42 species 

 

Co-immunoprecipitation assays for Aβ42 and Reelin during the pre-fibrillar phase of 

aggregation were performed in two independent experimental conditions: (1) using 

Aβ42/Rln sample (40-80 μl) from a very early stage of the in vitro aggregation 

experiment (days 2-4); and (2) from 100 μl of ADDLs preparation (10 μM) mixed with 

Reelin (10 ng/μl) in Neurobasal medium and incubated for 1h at 37 ºC. In both 

conditions, lysis Buffer (Hepes 50mM pH 7.5, 150mM sodium chloride, 1.5mM 

magnesium chloride, 1mM EGTA, 10% glycerol and 1% Triton X-100) was added to 

the samples up to 500uL, and the mixtures were incubated with 2 μg of the required 

immunoprecipitation antibody (i.e: anti-Reelin (G10) and anti-Aβ (6E10)) for 1 hour at 

4ºC. Insoluble debris was removed by centrifugation (10 min, 16000 g) and 

supernantants incubated with Protein A and Protein G Sepharose 4 Fast Flowbeads for 

90 minutes at 4ºC, recovered by centrifugation and washed 3 times with Lysis Buffer. 

Immunoprecipitated samples or their supernatants (used as loading controls) were 

diluted 1:6 with 6X Loading Buffer, boiled for 5 min at 95ºC, and processed for 

Western blot to detect cross-reaction of Reelin and Aβ42 in the immunoprecipitates. A 

diversity of control samples were processed in parallel including either Reelin or Aβ42 

alone (condition 1) or ADDLs (condition 2). Negative controls without addition of 

antibody were also carried out in each experimental condition. 

 

3.2.13 Deglycosylation and trypsin digestion for Mass Spectrometry 

 

Purified Reelin, together with same volumes of Mock control, underwent 

deglycosylation in native conditions using Enzymatic Protein Deglycosylation Kit 

(EDEGLY) from SIGMA. 3 μg of purified protein were digested for 1–5 days at 37 °C 

with PNGase F, O-Glycosidase, α-(2→3,6,8,9)-Neuraminidase, β-N-

Acetylglucosaminidase and β-(1→4)-Galactosidase, according to manufacturer's 

directions. Digested samples were run on a 6% SDS-PAGE for further analysis. 

Bands of interest from SDS-PAGE were sequentially washed with 25 mM ammonium 

bicarbonate (NH4HCO3) and acetonitrile (MeCN). Next, samples were reduced with 10 

mM DTT for 30 minutes at 56 °C and alkylated with iodoacetamide 55 mM at room 

temperature for 15 minutes. Finally, samples were digested overnight at 37 °C with Pig 

Trypsin (80 ng, Promega) in a Progest robot (Genomic Solutions). Peptides coming 
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from tryptic digestion were extracted from gel matrix with 10% formic acid and 

acetonitrile, and dried using a speed vac.  

 

3.2.14 Coomassie and Sypro Ruby staining 

 

After electroforesis, polyacrilamide gels were stained with Coomassie G-250 from 

Invitrogen according to manifacturer’s directions. Sensibility of the technique is from 7 

ng minimum.  

Alternatively, for high sensibility protein detection (from 0,25 ng), electrophoresis gels 

underwent staining with Sypro Ruby from Invitrogen. Staining was performed 

according to manifacturer’s directions.  

Scanned images from stained gels were analyzed using GelPro software. 

 

3.2.15 Mass Spectometry 

 

Samples were analyzed using a liquid chromatograph nanoACQUITY (Waters) coupled 

to a mass spectrometer Orbitrap-Velos (Thermo Scientific). The samples were 

resuspended in 1% formic acid, an aliquot was injected for chromatographic separation 

with a C18 reverse phase column (75 μm Øi, 25 cm, nanoACQUITY, 1.7μm BEH 

column, Waters); the gradient used for the separation was 1 to 40% B in 30 minutes, 

followed by a gradient of 40 to 60% B in 5 minutes with a flow of 250 nl/min (A: 0.1% 

formic acid, B: 0.1% formic acid in acetonitrile). The eluted peptides were ionized using 

a metallic silica needle (PicoTipTM, New Objective). The voltage applied to the needle 

was about 2000V. The masses of peptides (m/z 300-1700) were measured in Full Scan 

MS in the Orbitrap with a resolution of 60,000 FWHM at 400 m/z. Up to 10 of the most 

abundant peptides (minimum intensity of 500 counts) are selected for each MS analysis 

to be fragmented in the Ionic trap (CID) with helium as the collision gas with a 

normalized collision energy of 38%. Data were acquired with Thermo Xcalibur 

software (v.2.1.0.1140) in raw data format. The raw data files were analyzed with 

Proteome Discoverer software (v. 1.3.0.339) and the search engine Sequest. Search was 

made within UniprotSwissport (version May 2011) without species restriction, using 

Percolator to estimate the confidence of peptides. Search parameters were: 

- Database / Taxonomy: UniprotSwissprot all. 

- Enzyme: trypsin; Missed cleavages: 2. 
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- Fixed modifications: carbamidomethyl of cystein. 

- Variable modifications: oxidation of methionine, pyro-Glu (N-term Glutamine), 

deamidation of N. 

- Peptide tolerance: 10 ppm and 0.6 Da (respectively for MS and MS / MS spectra) 

 

3.2.16 X-ray diffraction 

 

Aligned fibrils of Aβ42/Rln and Aβ42/Mock samples were prepared by suspending a 5 μl 

drop of aged fibril solution between two glass rods with beeswax tips approximately 1.5 

mm apart; before complete drying of the first drop, sequential addition of extra drops of 

5 μl was performed twice. Finally, fibrils were allowed to dry completely. Fibril 

diffraction data were collected at on a crystallography beamline at the Department of 

Biochemistry of the University of Cambridge. Azimutal plots from diffractions were 

represented using Image J software. 

 

3.2.17 MTT 

 

Primary hippocampal neurons were seeded at 3.104 cells/well in 96-well plates and 

maintained for 72-96 hours before treatment. ADDLs, or corresponding volumes of 

vehicle (0.1% DMSO in F12 medium), were added to the concentrations of 10 μM, with 

or without addition of Reelin at 5 ng/mL (or equivalent volumes of Mock).  After 24 

hours at 37ºC, the MTT assay was run according to manufacturer’s directions (Cell 

Proliferation Kit I (MTT), Roche). The assay was quantified at 595-690 nm on an 

absorbance plate reader.  

 

3.2.18 Propidium Iodide staining 

 

Primary hippocampal neurons seeded at 105 cells/well in 4-well plates containing 

coverslips were treated with ADDLs (5 and 10 μM) or corresponding volumes of 

vehicle (0.1% DMSO in F12 medium), with or without addition of Reelin at 5 ng/ml (or 

equivalent volumes of Mock). After 24h, cells were incubated for 30 minutes with PI 

(1,5 μg/ml) and Hoechst 33342 (1 μg/ml) for counterstaining. Cells were then washed 

for 3 times with PBS and fixed for 20 min with 0.1M PB containing 4% of 

paraformaldehyde (PF). Next, cells were washed with PBS and coverslips were 
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mounted on slide glass with Mowiol. Fluorescent micrographs were randomly taken 

from coverslips for each condition. Number of dying neurons (PI and Hoechst double-

labeled picnotic nuclei) versus total amount of cells (Hoechst-labeled) per field were 

counted for statistics. 

 

3.2.19 Bradford assay 

 

Bradford assay was performed in 96-well microplates, using Bradford dye from Bio-

Rad and a BSA (Fluka) and a calibration curve ranging from 0 to 20 μg/mL. 

Measurements were done at 595 nm on an absorbance plate reader. 
 

3.2.20 Histology 

 

Animals were anesthetized and perfused for 20 min with 0.1M phosphate buffer (PB) 

containing 4% of paraformaldehyde (PF). Brains were removed, postfixed overnight 

with PB-4% PF, cryoprotected with PB-30% sucrose and frozen. Brains were sectioned 

coronally at 30μm, distributed in 10 series and maintained at -20ºC in PB-30% glycerol-

30% ethylene glycol. For immunodetection of antigens, sections were blocked for 2 h at 

RT with PB saline (PBS) containing 10% of either normal goat serum (NGS) or normal 

horse serum (NHS), 0.2% of gelatine, and F(ab')2 fragment anti-mouse IgG (1:300) 

when needed. Primary antibodies (PHF-1 1:150; anti-Aβ40/42 (AB5076) 1:100; anti-Aβ 

(clone 6E10) 1:500; anti-Doublecortin 1:500; anti-β Galactosidase 1:200; anti-Reelin 1: 

200) were incubated overnight at 4ºC with PBS-5% NGS or -5% NHS. For 

immunohistochemistry, sequential incubation with biotinylated secondary antibodiy 

(1:200; 2h at RT) and streptavidin-HRP (1:400; 2h at RT) was performed in PBS-5% 

NGS or -5% NHS. Bound antibodies were visualized by reaction using DAB and H2O2 

as peroxidase substrates. Sections were eventually stained with Nissl, dehydrated, and 

mounted (Eukitt). For immunohistofluorescence, incubation with fluorescent secondary 

antibody (1:200; 2h at RT) and DAPI was performed in PBS-5% NGS or -5% NHS. 

Sections were mounted in Mowiol. 
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3.2.21 Novel Object Recognition test 

 

The NOR task was performed in groups of 9-12 males per genotype (control; TgRln; 

J20; TgRln/J20). Mice were individually placed in an L-shaped maze (equal arms of 15 

x 5 cm) with grey, non reflective base plate for 15 min (Day 0, habituation phase). The 

next day, animals were exposed to two identical elements (located at the edge of each 

arm) for 15 min (Day 1, acquisition phase). The following day, mice were returned to 

the maze that now contained one familial and one novel object (Day 2, recognition 

phase). The type and positions of the familialand novel objects in the chamber were 

changed semi-randomly between mice but kept constant for any given animal. The time 

that mice spent exploring each of the two objects in the acquisition and recognition 

phases was measured. The discrimination index for the novel object was calculated as 

the time exploring the novel object minus time exploring the familial object, relative to 

total time exploring (exploration of familial and novel object). 

 

3.2.22 Golgi staining  

 

For Golgi-Colonnier staining, adult mice (n=3 per group) were deeply anesthetized and 

transcardially perfused with 2% paraformaldehyde-2% glutaraldehyde in 0.12 M 

phosphate buffer. Brains were removed from the skull and postfixed in the same 

fixative solution overnight. Pieces containing the whole hippocampal formation were 

dissected and incubated in a dichromate-Colonnier solution (3% K2Cr2O7, 5% 

glutaraldehyde in H2O) for 5 days at 15ºC. Pieces were then transferred to a 0.75% 

AgNO3 solution for 3 days. After embedding the pieces in paraffin, 200-μm thick 

sections were obtained and subsequently dehydrated. The sections were then mounted 

onto slides and coverslipped with an Araldite solution. 

 

3.2.23 Statistical analysis 

 

To determine plaque load in the hippocampus (from 1.35 mm to 2.30 mm posterior to 

Bregma), an area immunostained with anti-Aβ amino acids 1-5 (clone 3D6) was 

determined using ImageJ software and normalized to the total hippocampal area in 30-

μm thick sections containing one hemisphere. Significance between groups (J20; 
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TgRln/J20) was analyzed using the unpaired Student's t test (n=3-5 animals per group; 

6-8 sections per animal).  

To quantify toxicity from the PI stained cell cultures, fluorescent micrographs were 

randomly taken from coverslips for each condition. The number of dying neurons 

(PI/Hoechst double-labeled picnotic nuclei) versus total amount of cells (Hoechst-

labeled) per field were counted for statistics from 4 independent experiments. 

Percentage of survival (%survival) per field was calculated following equation 2: 
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%field is the percentage of died cells in a specific field; ẋ vehicle is the average 

percentage of died cells per field in vehicle-treatment conditions in a specific 

experiment; ẋ triton is the average percentage of died cells in 0.01% triton X-100-

treatment conditions in a specific experiment. Significance between treatment 

conditions was analyzed by ANOVA or unpaired Student's t test (n=15-40 fields 

counted per condition). 

To quantify toxicity from the MTT assay, measures from 3-4 replicates from 4 

independent experiments were used. Percentage of survival was calculated considering 

vehicle treatments as 100% survival for each experiment. 

Spine density from golgi-stained preparation was counted at hippocampal area over 10 

μm in secondary dendrites from the stratum radiatum (SR) and the stratum lacunosum 

moleculare (SLM) of CA1 piramidal neurons starting at 5-10 μm from the ramification 

point (n=3 animals per group; 20-35 neurons per animal). Significance between groups 

was analyzed by ANOVA or unpaired Student's t test. 

To determine differences in NOR task between groups, discrimination indexes were 

analyzed by ANOVA or unparied Student's t test (n=8-12 animals per group). 
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4.1 In vitro purification of Reelin  
 

4.1.1 Setting up a protocol of Reelin purification from cell supernatants 

 

With the aim of analysing in vitro possible interplays between Reelin and Aβ peptide, 

we first needed to set up conditions for the purification of Reelin from supernatants of 

a cell line stably transfected with full-length Reelin (clone pCrl, Forster et al., 2002). 

Many of the existing protocols using Reelin in biological assays are simply based on 

the collection of supernatants from Reelin-expressing cells (Simo et al., 2007). The 

main disadvantage of using enriched supernatants, whatever the protein in question, 

lays in the low purity of the enriched protein, due to the presence of many 

contaminating proteins in the cell medium. To avoid any kind of interference from 

proteins in the preparation that may affect the specificity of the results observed, we 

decided to subject Reelin supernatants to a two-step strategy of chromatography 

purification: an ion-exchange chromatography followed by a size exclusion 

chromatography (SEC) in a Fast Protein Liquid Chromatography (FPLC) system. In 

parallel to Reelin, as a negative control, Mock supernatants were produced from 293 

cells stably transfected with GFP (Forster et al., 2002) and subjected to same protocol 

of purification.  

The theoretical isoelectric point of Reelin protein is around pH 5.2 (estimated by 

ProtParam software (Gasteiger et al., 2005)), meaning that for pH values around 7.5 

Reelin is negatively charged and thus suitable for an anion exchange (ANX) 

chromatography. Reelin and Mock supernatants are thus passed through a positively-

charged column in a mobile phase of NaCl 30 mM/Phosphate buffer 10mM at pH 7.6. 

Elution is made by increasing the ionic strength of the mobile phase in five steps. This 

allowed us to separate a Reelin-enriched peak (between 250 and 350 mM NaCl) 

(delimitated by violet dashed lines in Fig. 4.1a), corroborated by western blot analysis 

of the eluted fractions. A correspondent peak in Mock sample, of lower intensity, is 

eluted in the same fractions (Fig. 4.1a). This indicates that the Reelin-containing peak 

coming from the ANX chromatography still contains proteins coming from the cell 

culture medium. 

Next, Reelin and Mock ANX-collected sample were concentrated and passed through a 

SEC column, in order to further separate, by gel filtration, Reelin from the impurities 
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coming from the previous step. Samples were released for isocratic elution in 10 mM 

Phosphate Buffer/30 mM NaCl (pH 7.4). As we can see in the chromatogram, around 

the mL 11 a Reelin-containing peak is eluted (Fig 4.1b, peak on the red continuous 

curve among the violet dashed lines), corroborated by western blot of the collected 

fractions. The peak appearing in correspondence with the column void volume (mL 

7.5), where high molecular weight aggregates of proteins appear, also contains Reelin. 

Differently from the ANX elution profile, in the SEC chromatogram, Reelin peak gets 

rid of any correspondent peak in the Mock sample (Fig. 4.1b). 

 
____________________________________________________________________________________
Figure 4.1. Reelin purification. a) Anion exchange (ANX) chromatogram of supernatants from 293T 
cells stably transfected with Reelin or GFP (Mock). Reelin and Mock elution profiles are represented by a 
red continuous and a red dashed curve respectively. The gray line represents mobile phase elution 
gradient. Reelin peak, and the correspondent Mock fractions, are delimitated by violet dashed lines. b) 
Size exclusion chromatogram of ANX-collected peaks. Reelin and Mock elution profiles are represented 
by a red continuous and a red dashed curve respectively. Reelin peak, and the correspondent Mock 
fractions, delimitated by violet dashed lines, are used as purified samples for in vitro studies. 
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4.1.2 Analysis of purified Reelin sample  

 
In order to test the purity of the Reelin obtained, Reelin and Mock samples were 

analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE), followed by either Coomassie or Sypro Ruby staining. Throughout the process 

of purification, we observed a decrease in the intensity of unspecific bands and a 

concomitant increase in the percentage of the bands of a molecular weight 

corresponding to full-length Reelin, or to its fragments (Fig. 4.2). The purity level of 

the Reelin obtained was estimated to be around 85%. 

 
Figure 4.2. Reelin purity. Reelin samples were 
subjected to an SDS-PAGE, followed by 
Coomassie staining (left). Full length (FL) 
Reelin and its 350, 300 and 180 kDa fragments 
are indicated. Asterisks indicate non-specific 
proteins coming from the cell supernatant. 
Throughout the different purification steps, the 
intensity of unspecific bands decreases while 
Reelin bands are maintained. Quantification by 
Sypro Ruby staining (right) of Reelin and Mock 
purified samples allows estimating the purity 
level for Reelin bands to be around 85% of the 
total protein. The remaining 15% corresponds to 
unspecific bands in the sample. SN, supernatant; 
ANX, Anion-exchange chromatography; SEC, 
Size Exclusion chromatography. 
 
 
 

 

______________________________________________________________________ 

The concentration of Reelin obtained was quantified by Bradford assay or by 

comparison with known amounts of BSA on Coomassie staining, and ranged from 100 

to 200 ng/μl. The process described above allowed us to obtain, in a reproducible 

manner, suitable amounts of purified Reelin for its use in further biological and/or 

biophysical assays. 

To confirm the presence of Reelin in purified samples a bottom up proteomic approach 

was chosen. After running pure Reelin samples on SDS-PAGE, Reelin bands were 

digested with trypsin, followed by analysis of the digested peptides through liquid 

chromatography (LC), coupled to tandem mass spectometry (MS/MS). This strategy 

allows sequencing each of the peptides. Each peptide fragmentation mass spectrum is 

used to identify the protein from which it derives by searching against a protein 
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sequence database or annotated peptide spectra in a peptide spectral library. In this way, 

peptides can be identified and multiple peptide identifications are assembled into a 

protein identification. After the database search, each peptide-spectrum match (PSM) 

needs to be evaluated by bioiformatic analysis. 

One of the limitations of this strategy lays in the analysis of proteins subjected to 

glycosylation, mainly N-glycosylation (the most common type of glycosylation in 

eukaryotic proteins, that consists in the attachment of glycans to a nitrogen of 

asparagine or arginine side-chains (Aebi, 2013) or O-glycosylation (where glycans are 

attached to the hydroxyl oxygen of serine, threonine, tyrosine, hydroxylysine or 

hydroxyproline side-chains) (Hounsell et al., 1996). These types of post-translational 

modifications can considerably change the mass of a peptide from its non-glycosylated 

form, depending on the kind and length of glycans attached, and on the percentage of 

glycosylation coverage for any residue. Thus highly glycosylated proteins would result 

in glycosylated peptides that are not going to be detected through analysis of their Mass 

Spectra.  

Reelin is highly glycosylated in its N-terminal, mainly through N-glycosylations, and, 

to a lesser extent, through O-glycosylation (D'Arcangelo et al., 1997). Since this could 

possibly impair the proteomic analysis of our sample, purified Reelin, together with 

Mock control, was previously subjected to deglycosylation with PNGase F (Peptide-N-

Glycosidase F), an amidase that releases asparagine-linked oligosaccharides from 

glycoproteins and glycopeptides by hydrolyzing the amide group of the asparagine 

(Asn) side chain. This enzymatic reaction removes with high efficiency N-linked 

oligosaccharides from glycoproteins (Tarentino and Plummer, 1994), leaving the 

oligosaccharide intact, while the Asn residue from which the sugar is removed is 

deaminated to aspartic acid. Together with PNGase F, a cocktail of other four 

deglycosylation enzymes (namely α-Neuraminidase, O-Glycosidase, β-Galactosidase 

and β -N-Acetylglucosaminidase) was applied to the samples, to remove O-linked 

glycans. 

Next, deglycosylated samples, together with non-deglycosylated controls, were run on a 

6% SDS-PAGE and stained with Sypro Ruby. We observed an increased 

electromobility for Reelin bands in the deglycosylated samples, confirming the presence 

of abundant glycosylations (Fig 4.3a).  

Sypro Ruby-stained bands containing either full length Reelin or Reelin fragments 

coming from deglycosylated or not-deglycosylated samples, underwent protein 
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extraction. Protein extracts, constituting the real object of our proteomic analysis, 

underwent trypsin digestion, followed by peptide analysis by LC coupled to MS/MS 

(LC-MS/MS) (Fig. 4.3b).  

A difference of 1 Dalton between the mass of a deglycosylated peptide and the expected 

mass for the same peptide in its not-glycosylated state was registered in the Mass 

Spectra of peptides that actually underwent deglycosylation. This is due to the 

enzymatic deamidation of an Asn residue, then converted to an aspartic one. Mass 

Spectra were analysed with the software Proteome Discoverer and the search engine 

Sequest, and matched to the UniprotSwissport Data Base. This analysis revealed that 

123 distinct peptides with medium to high reliability (Percolator software) were 

consistent with the Reelin sequence, confirming that actually the purification protocol 

we set up leads to Reelin (Fig. 4.3c).  

Though it is known that Reelin protein is highly glycosylated, its exact sites of 

glycosylation and the type of glycans involved, have not been described yet. To 

determine which Reelin-residues are N-glycosilated, an in silico analysis on Reelin 

protein sequence was performed with NetNGlyc 1.0 Server (Blom et al., 2004). This 

software searches for the N-glycosylation consensus sequence Asn-Xaa-Ser/Thr, where 

Xaa is any aminoacid except Proline, and Ser/Thr is either Serine or Threonine. Since 

the consensus tripeptide Xaa-Ser/Thr is a prerequisite, but is not sufficient alone, for N-

glycosylation, other parameters are taken into account in the prediction, such as the 

protein fold. This analysis indicated 25 possible sites of N-glycosylation for Reelin 

along its full-length sequence, with different prediction scores, ranging from 0 to 1. 

Scores under 0.5 indicate potential N-glycosylation sites, while scores above 0.5 

indicate predicted N-glycosylation sites (Fig. 4.3d). 

To eventually confirm some of the N-glycosylation sites predicted by our bioinformatic 

analysis, Asn deamidation was analyzed in the Mass Spectra of peptides from 

deglycosylated versus non-deglycosylated samples. In particular, non-glycosylated 

peptides are expected to be found in a non-deamidated state, both before and after 

deglycosylation reaction. Glycosylated peptides instead are expected to be masked 

before deglycosylation reaction and to be found in a deamidated state after 

deglycosylation. By this criterion we found 3 deamidated-asparagine-containing 

peptides specifically in the deglycosylated sample, which were not detected in the non-

deglycosylated sample (Fig. 4.3e). This indicates a possible 100% N-glycosylation of 

these peptides that made them undetectable in the not deglycosylated sample. The three 
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glycosylated fragments detected are located in the N-terminal domain and extend 

respectively from the aminoacids 290-300, 303-321 and 1267-1282. This search 

established that three of the Reelin Asn residues indicated in the bioinformatic analysis  

as potential (Asn 291 and 1267; arrowheads in Fig. 4.3d) or predicted (Asn 306; arrow 

in Fig. 4.3d) sites for N-glycosylation, actually undergo this type of modification. 

In conclusion our proteomic analysis confirmed that we purified Reelin protein. 

Moreover, although it is known that N-glycosylation of Reelin occurs mainly in the N-

terminal domain (D'Arcangelo et al., 1997), our work reveals the position of three 

glycosylation sites. Further studies will be needed to find out more Reelin glycosylation 

sites and to uncover the type of glycans involved in these glycosylations. A workflow of 

the whole proteomic approach is represented in Fig. 4.3. 

 

______________________________________________________________________ 
Figure 4.3 Proteomic workflow. Bottom up proteomic approach. a) Reelin-expressing cell supernatant 
and Mock control underwent purification as described in Chapter 4.1.1 and were subjected to 
deglycosylation with PNGase F and α-Neuraminidase, O-Glycosidase, β-Galactosidase and β -N-
Acetylglucosaminidase to remove N-and O-glycosylations. Reelin bands show increased electromobility 
as a consequence of deglycosylation. Asterisks indicate residual impurities coming from the cell culture 
medium, both in Reelin and in Mock samples. Arrowheads indicate deglycosylation enzymes, in Mock 
and Reelin deglycosylated samples. b) Deglycosylated and not deglycosylated samples underwent trypsin 
digestion followed by LC peptide separation coupled to Tandem Mass Spectometry (LC-MS/MS). c) 
Bioinformatic analysis of Mass Spectra revealed 123 peptides overlapping to Reelin sequence, with 
medium (yellow fragments, 45-75%) to high (green fragments, 76-99%) confidence. d) A bioinformatic 
analysis of Reelin protein sequence reveals 25 possible sites of N-glycosylation for Reelin protein. 
Among these, Asn 291 and Asn 1267 are indicated as potential N-glycosylation sites (arrowheads), and 
Asn 306 is indicated as a predicted N-glycosylation site (arrow). e) Comparison between Mass Spectra 
from glycosylated and deglycosylated Reelin sample revealed three peptides only detected in the 
deglycosylated sample in a deamidated state, thus indicating that they are N-glycosylated. The three 
peptides contain the asparagines 291, 306 and 1267.  FL, full length; DB, data base; n, deamidated 
asparagine. 
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4.1.3 Analysis of Reelin functionality 

To assess the biological functionality of the purified Reelin, primary neuronal cultures 

from E16 mouse forebrain were cultured for 3-5 days and treated with either Reelin or 

Mock samples. Treatment with Reelin supernatant led to a significant increase in the 

phosphorylation of its transducer Dab1, detected by Dab1 immunoprecipitation 

followed by WB anti-phosphotyrosines. In particular a 8,6 fold increase in the levels of 
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phosphorylated Dab1 is produced by treatment with Reelin supernatant compared to 

Mock supernatant (Fig. 4.4, lanes 4 and 3). The process of Reelin purification did not 

affect its functionality (Fig. 4.4, lane 5). Storage of purified Reelin samples by nitrogen 

freezing or nitrogen freezing followed by lyophilisation did not affect its biological 

properties (Fig. 4.4, lane 6 and 7). Indeed no significant difference in the levels of 

phosphorylated Dab1 is observed between treatments with Reelin supernatants, fresh 

purified Reelin or purified Reelin that was thawed after either nitrogen freezing or 

nitrogen freezing and lyophilisation (Fig. 4.4, lanes 4, 5, 6 and 7). 

 

 
Figure 4.4. Analysis of purified 
Reelin functionality. Reelin 
functionality is assessed as the ability 
to induce phosphorylation of Dab1 
after 15 minutes treatment of mouse 
neuronal primary cultures. 
Phosphorylation of Dab1 is detected 
by immunoprecipitation (IP) of total 
Dab1, followed by western blot (WB) 
anti-phosphotyrosines. a) Negative 
control of IP and basal levels of Dab1 
phosphorylation are shown 
respectively in lane 1 and 2. Mock 
supernatant does not induce changes 
in the basal levels of Dab1 
phosphorylation (Lane 3), while 
Reelin supernatant induce a high 
increase in the phosphorylation of 
Dab1 (Lane 4). Freshly purified 
Reelin is also functional (Lane 5) and 
maintains its biological activity after 
nitrogen freezing (Lane 6) or nitrogen 
freezing followed by lyophilisation 
(Lane 7). b) Densitometric analysis of 
phosphorylated Dab1 WB image 
shows a 6-8 fold increase upon Reelin 
treatment. 
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4.2 In vitro analysis of Reelin influence on the dynamics of Aβ 

aggregation and the toxicity of Aβ oligomers 
 
 
4.2.1 Reelin delays the formation of Aβ42 fibrils  

 

To analyze whether Reelin affects the kinetics of Aβ42 aggregation into amyloid fibrils, 

a freshly isolated Aβ42 preparation (24 μM), which contained monomeric Aβ42 in rapid 

equilibrium with low molecular weight (LMW) oligomers, was allowed to aggregate in 

the presence or in the absence of either purified Reelin or equivalent volumes of 

purified Mock (Chapter 4.1.1). Aggregation was carried out in 10 mM Phosphate 

Buffer, at low-salinity conditions (5 mM NaCl). The following mixtures were run in 

parallel: Aβ42; Aβ42:Reelin (Aβ42/Rln) in a ratio 6:1 w/w (18 ng/μL of Reelin); and 

Aβ42:Mock control (Aβ42/Mock) (same volumes as for Reelin). Additionally, Reelin 

(Rln) and Mock preparations without addition of Aβ42 were tested. Aβ42 aggregation 

process was performed at 20ºC and monitored every 24 hours by thioflavin T (ThT) 

fluorescence assay and transmission electron microscopy (TEM).  

ThT is an organic compound able to bind to amyloid fibrils containing β-sheet 

structures. When bound to fibrils, ThT exhibits fluorescence emission at 485 nm upon 

stimulation at 450 nm, so that measuring ThT fluorescence intensity is an assay for 

monitoring amyloid aggregation.  

In the absence of Reelin (i.e. Aβ42 and Aβ42/Mock samples) a time dependent increase 

in ThT fluorescence emission was observed from day seven onwards (Fig. 4.5a, gray 

and black curves). Lag-phase of aggregation, considered as the nucleation phase 

previous to fibril growth, was calculated by adjusting a sigmoidal curve to the 

experimental data (i.e. 8,3 days for Aβ42 and 7,9 days for Aβ42/Mock). ThT binding 

assay of Aβ42/Rln sample shows a slowdown in the kinetics of the process with a 2,5-

day delay in the appearance of amyloid fibrils (Fig. 4.5a, red curve) and an estimated 

Lag-phase duration of 10,9 days. In agreement with ThT data, TEM images obtained 

during the Lag-phases showed merely amorphous deposits without fibrils (Fig. 4.5b). 

At day 9, for Aβ42/Mock sample, isolated fibril-like structures start to appear, while 

presence of mature fibrils can be observed from day 11 onwards coinciding with 

maximum ThT emission fluorescence (Fig. 4.5b, upper panels). As expected from the 

ThT data, electron micrographs from Aβ42/Rln sample confirm a 2,5-day delay in the 
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process of aggregation with appearance of isolated fibrils on day 11 and mature fibrils 

from day 13 onwards (Fig. 4.5b, bottom panels). 

 

 
____________________________________________________________________________________
Figure 4.5. Reelin modulates the kinetics of Aβ42 aggregation. a) Time-course quantification of 
amyloid fibril content detected by Thioflavin-T binding assay in Aβ42, Aβ42/Rln, Aβ42/Mock, Rln and 
Mock preparations. Reelin induces a 2,5-day delay in the appearance of fibrils when present in the 
preparation of Aβ42/Rln sample at a rate of 6:1 (w/w) . b) Transmission electron micrographs obtained 
during the time-course of aggregation showing that fibrillar structures appear with a 2-day delay when 
Reelin is present (lower pannels). Scale bar: b, 100 nm.  
 

 
To study whether the delay induced by Reelin in amyloid aggregation kinetics was 

dependent on Reelin concentration we prepared Aβ42/Rln mixtures with 24 μM Aβ42 
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and two additional concentrations of Reelin: 9 ng/μL (Aβ42/Rln9) and 27 ng/μL  

(Aβ42/Rln27), maintaining Aβ42 at the concentration of 24 μM. Aggregation was carried 

out in 10 mM Phosphate Buffer/17 mM NaCl, a higher salinity condition compared 

with the previous experiment. The increased salinity of the experiment was necessary to 

get a higher concentration of Reelin and caused a faster start of the aggregation for all 

samples in comparison with the previous aggregation experiment (Fig. 4.6).  

 
____________________________________________________________________________________
Figure 4.6. Reelin delays Aβ42 aggregation kinetics in a specific and concentration-dependent 
fashion. Time-course of amyloid fibrillization detected by Thioflavin-T binding assay in Aβ42 (24 μM) 
preparations, 17 mM NaCl. Using two different Reelin concentrations (9 and 27 ng/μL) a delay 
proportional to Reelin concentration is produced (black curve represents Aβ42/Mock aggregation, red 
dashed curve represents Aβ42/Rln9; red continuous curve represents Aβ42/Rln27). Violet curve represents 
the aggregation of Aβ42/BSA27 samples, ensuring that Reelin induced delay in a specific manner. 
 

Even in the new conditions the Reelin-induced delay was conserved, indeed both 

Aβ42/Rln27 and Aβ42/Rln9 started the aggregation later than the control Aβ42/Mock, and 

Reelin-induced slowdown in the aggregation kinetics was found to be dependent on the 

concentration of Reelin in solution, being Aβ42/Rln27 sample more delayed than 

Aβ42/Rln9 sample (Aβ42/Mock lag phase duration: 1,23 days; Aβ42/Rln9 lag phase 

duration: 2,15 days; Aβ42/Rln27 lag phase duration: 2,63 days; Fig. 4.6 black curve, red 

dashed curve and red continuous curve respectively). A mixture of Aβ42 with Bovine 

Serum Albumin (BSA) at the concentration of 27 ng/μL (Aβ42/BSA27) was used as a 
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further control, to ensure that the observed slow-down was specifically dependent on 

Reelin. Aβ42/BSA27 sample aggregated faster than the Aβ42/Mock sample, with a lag 

phase duration of 0,53 days (Fig. 4.6,  violet curve). 

Altogether these data show that Reelin delayed the appearance of amyloid fibrils in a 

specific and dose-dependent fashion. 

 

 

4.2.2 Reelin elongates life span of Aβ42 oligomers 

 

To get insights into the molecular mechanisms of Reelin-induced delay in fibril 

formation, we studied the nature of Aβ42 oligomeric species present during the initial 

steps of amyloidogenesis, before fibril formation. Oligomers of amyloidogenic proteins 

exist as metastable mixtures, in which the oligomers dissociate into monomers and 

associate into larger assemblies simultaneously. One of the techniques most frequently 

used to stabilize oligomer populations is the Photo-Induced Crosslinking of 

Unmodified Proteins (PICUP) (Bitan and Teplow, 2004). This technique is based on 

covalent cross-linking of the oligomeric species in solution and when combined with 

fractionation methods, such as SDS-PAGE or SEC, PICUP provides snapshots of the 

oligomer size distributions that existed before cross-linking (Rahimi et al., 2009). Thus, 

to test whether Reelin affected the distribution of specific oligomeric population, we 

analysed by PICUP, followed by western blotting against Aβ, the distribution of low-

molecular weight (LMW) Aβ42 oligomers (going from dimers to heptamers) in the 

conditions used for the experiment in Fig. 4.5: 10 mM Phosphate Buffer, low-salinity 

(5 mM NaCl), Aβ42 24 μM, ratio Aβ42:Reelin 6:1 w/w. Before the appearance of fibrils, 

we found unvaried distribution of LMW oligomeric species between Aβ42/Mock and 

Aβ42/Rln samples (day 6 in Fig. 4.7a, lanes 1 and 2). Contrariwise, during the 2,5-day 

delay induced by Reelin, LMW oligomers disappeared from Aβ42/Mock sample while 

maintained in Aβ42/Rln sample (day 9 in Fig. 4.7a, lanes 3 and 4). LMW oligomers 

were no longer visible when fibrils are present in both Aβ42/Mock and Aβ42/Rln 

samples (Fig. 4.7a, lanes 5 and 6). The effect of Reelin on the formation of high 

molecular weight (HMW) soluble oligomers, containing species up to 40-mer, was also 

studied by dot blot analysis with A11 antibody, a conformation-specific antibody that 

binds to oligomeric forms of Aβ, but not to monomeric nor fibrillar ones (Kayed et al., 

2003). Our results again showed a 2-day prolonged A11 specific signal during the delay 
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phase of the aggregation in the Aβ42/Rln sample as compared with Aβ42/Mock (Fig. 

4.7b). Altogether these results indicate that Reelin is delaying in vitro the formation of 

Aβ42 fibrils, by extending the life-time of LMW and HMW oligomeric species. 

______________________________________________________________________
Figure 4.7. Reelin prolonges life span of Aβ42 LMW and HMW oligomers. a) Western Blot detection 
of Aβ42 peptides after Photo-Induced Crosslinking of Unmodified Proteins (PICUP) at different time-
points during the process of aggregation of Aβ42 in the presence or in the absence of Reelin. Reelin 
expands the time-window in which LMW oligomeric species of 2 to 7-mer are present. b) Dot-blot 
detection of HMW oligomeric species of Aβ42 by A11 oligomer-specific immunoreactivity in the 
presence and in the absence of Reelin. Reelin expands the time-window in which HMW oligomeric 
species of >40-mer are present. LMW, low-molecular weight; HMW, high-molecular weight. 
 

 

4.2.3 Reelin interacts with soluble Aβ42 , is sequestered by amyloid fibrils and loses 

its biological functionality 

 

Once observed that Reelin modulates Aβ42 fibril formation, we examined possible 

interactions between Reelin and amyloid species. To this aim, we performed 

immunoprecipitation assays of Aβ42/Rln samples obtained at pre-fibrillar stages of 

aggregation (days 2-4), in the conditions used for the experiment in Fig. 4.5: 10 mM 

Phosphate Buffer, low-salinity (5 mM NaCl), Aβ42 24 μM, ratio Aβ42:Reelin 6:1 w/w. 

Western blot analysis of anti-Aβ and anti-Reelin immunoprecipitated samples revealed 

a specific interaction between Reelin and soluble Aβ42 species (Fig. 4.8a).  

We next analyzed the distribution of Reelin in Aβ42/Rln samples taken at the fibrillar 

stage of aggregation, when insoluble Aβ42 fibrils are formed. Western blot analysis of 
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Aβ42/Rln aliquots taken during aggregation revealed that concomitantly with the start of 

fibril formation, Reelin bands disappear from their expected MW and appear at the 

well-bottom of the SDS-PAGE gel (day 12, Fig. 4.8b). This finding suggests that 

Reelin is sequestered into the assembling amyloid fibrils. As a further indication of the 

Reelin-Aβ42-fibril interaction, Aβ42/Rln fibrils assembled in vitro were subjected to 

double immunogold labelling for Reelin and Aβ42, using 18 and 12 nm diameter 

Nanogold particles respectively. Electron micrographs revealed the colocalization of 

Reelin and Aβ42 into the in vitro aggregated fibrils (indicated by arrowheads and arrows 

in Fig. 4.8c). Taken together, our experiments with purified Reelin and Aβ42 show a 

direct interaction between Reelin and Aβ42 at early pre-fibrillar stages of amyloid 

aggregation. Moreover, in the fibrillar stage of amyloid aggregation, our data support 

the interaction of Reelin and Aβ42 fibrils, which occurs independently of additional 

partners that may be present in the senile plaques in vivo. 

To analyse whether the presence of Reelin into Aβ42 fibrils could have any effect on 

their structural properties, we examined dryed fibrils by X-ray diffraction. Aβ42/Mock 

fibrils showed the two characteristic perpendicular reflection arcs at equatorial (4.73 Å, 

corresponding to the hydrogen bonds in beta sheets) and meridional (10.5 Å, 

corresponding to the sidechains distances in beta sheets) axes, as expected for fibrillar 

cross-beta structure of aligned fibrils (with β strands arranged perpendicular to fribril 

axis (Petkova et al., 2002)) (Fig. 4.8d). Aβ42/Rln also showed the same reflexions, 

evidencing that fibrils have been properly aligned and maintain cross-beta structure 

(Fig. 4.8d). This observation indicates that Reelin does not promote any systematic 

alteration in the fibrillar pattern, but rather could interact with Aβ along the surface of 

the fibril. 



RESULTS 
 

97 
 



RESULTS 
 

98 

____________________________________________________________________________________
Figure 4.8. Reelin interacts with aggregating Aβ42 and gets trapped into fibrils. a) Aβ42 and Reelin 
immunoprecipitation on pre-fibrillar Aβ42/Rln, followed by western blot against either Reelin 
(arrowheads; left panels) or Aβ (arrow; right panels). Negative controls of not-immunoprecipitated 
samples are shown in lanes 1, 3, 5 and 7 (upper panels). Lanes 2 and 8 show the positive controls of 
immunoprecipitated Reelin and Aβ42 respectively (upper panels). Reelin and Aβ co-immunoprecipitate, 
as shown in lanes 4 and 6, indicating a specific interaction. Lower panels show input samples for Reelin 
(180 kDa band; left panels) and Aβ42 (right panels) before immunoprecipitation. b) Western blot of 
Reelin during the time-course of Aβ42/Rln aggregation showing a decrease in soluble Reelin 
(arrowheads), coinciding with the time-point when Aβ42 fibrils start appearing. A Reelin-specific signal 
appears at the well-bottom, indicating the presence of this protein in insoluble debris (arrow). c) 
Transmission electron micrographs of double immuno-gold labelling of Aβ (12-nm particles; arrows) and 
Reelin (18-nm particles; arrowheads). Reelin-specific signal is detected colocalizing with fibrils. d) X-
ray fibril diffraction pattern for aligned fibrils showing the two characteristic reflection arcs on the 
equatorial (parallel with the fibril axis at 4.73 Å (arrowheads)) and meridional (at 10.5 Å (arrows)) axes. 
Diffraction signal intensity is pseudocolored in ImageJ software using spectrum LUT. One-dimensional 
azimuthal plots showing intensity of diffractions as a function of D-spacing indicates that, in the presence 
of Reelin, the structure of the fibrils is conserved. Scale bar: c, 200 nm 
 

Parallel to Reelin immunodetection into amyloid fibrils, we analysed its biological 

functionality before and after the aggregation process. In detail, we looked at 

phosphorylation levels of Reelin transducer Dab1 in primary embryonic mouse 

forebrain cultures treated with Aβ42/Mock, Aβ42/Rln or purified Reelin samples taken 

before the appearance of fibrils (pre-fibrillar phase) or at the end point of aggregation 

(fibrillar phase). Samples not treated with Reelin show low basal levels of Dab1 

phosphorylation (Fig. 4.9, lanes 1 and 4). Aβ42/Rln sample is able to induce 

phosphorylation of Dab1 in the prefibrillar phase, but not in the fibrillar phase (Fig. 4.9, 

lanes 2 and 5). A control of purified Reelin subjected to same experimental conditions 

but without Aβ42 retains its biological activity throughout the experiment, indicating 

that experimental conditions do not cause loss of Reelin functionality (Fig. 4.9, lanes 3 

and 6).  

 

 
______________________________________________________________________ 
Figure 4.9. Reelin loses its biological activity once trapped into amyloid fibrils. Reelin-activity is 
assessed as the ability to induce phosphorylation on Dab1 protein after 15 min treatment of neuronal 
primary cultures. Reelin induces phosphorylation of Dab1 even in the presence of Aβ42 before fibril 
formation (pre-fibrillar phase) but not after formation of fibrils (fibrillar phase). Reelin without Aβ42 
under the same conditions retains its activity throughout the time-scale of the experiment. 
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Altogether these data indicate that, during the process of in vitro amyloidogenesis, 

Reelin interacts with aggregating Aβ42 and ends up making part of amyloid fibrils. 

During this process we observe a loss of Reelin biological activity specifically due to 

its sequestration into Aβ42 fibrils, although Reelin do not alter their fibrillar structure in 

any repetitive manner. 

 

 
4.2.4 Reelin rescues ADDLs-induced toxicity 

 

Soluble Aβ42 oligomers are now considered the real pathogenic forms of Aβ in AD 

(Haass and Selkoe, 2007). To test how Reelin affects Aβ oligomer-induced cytotoxicity, 

we used a standard preparation of soluble Aβ oligomers: Aβ-derived diffusible ligands 

(ADDLs) (Chapter 1.1.2; Lambert et al., 2001; Lambert et al., 1998). We first 

corroborated the interaction of Reelin and Aβ42 ADDLs. To this aim purified Reelin 

was incubated for 1 hour with ADDLs, and the mixture was then subjected to 

immunoprecipitation assay. Western blot analysis of anti-Aβ and anti-Reelin 

immunoprecipitated samples revealed a specific interaction between Reelin and soluble 

Aβ42 in the form of ADDLs (Fig. 4.10a). 

Next we treated primary hippocampal neuronal cultures for 24h with soluble ADDLs, 

plus either Reelin or Mock purified supernatants. ADDLs are known for being toxic in 

neuronal cell lines at the concentrations of 3, 5 and 10 μM (Chapter 1.1.2; Lambert et 

al., 2001). Neuronal damage was assessed by analysis of propidium iodide (PI) nuclear 

staining. Exposure of cultures to ADDLs (5 or 10 μM) plus Mock caused an increase in 

PI nuclear staining, as compared with vehicle treatment (Fig. 4.10b,c). Cell survival 

after 5 or 10 μM ADDLs treatment was reduced to 70.4 and 62.6% respectively as 

compared to vehicle treated neurons (100% survival) (Fig. 4.10c). Reelin was able to 

increase neuronal survival up to 94.4 and 81.5% for 5 and 10 μM ADDLs treatment 

respectively (Fig. 4.10c). 

To corroborate Reelin protection against ADDLs-induced neuronal death we also 

performed MTT assay, again in primary mouse hippocampal cultures treated with 10 

μM ADDLs, plus either Reelin or Mock purified supernatants. Upon 24h treatment with 

10 μM ADDLs we found a cell survival below 50%, as compared with vehicle (Fig. 

4.10d). Treatment with Reelin rescued ADDLs–induced toxicity, bringing vitality to 

68.7%, while treatment with Mock did not (Fig. 4.10d).  
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Figure 4.10. Reelin interacts 
with Aβ42 in the form of 
ADDLs  and reduces their 
toxicity. a) Aβ42 and Reelin 
immunoprecipitation (IP) after 1 
hour incubation of purified 
Reelin with ADDLs. IP was 
followed by western blot (WB) 
against either Reelin or Aβ, as 
indicated. Negative controls of 
not-immunoprecipitated samples 
are shown in lanes 1 and 5 
(upper panels). Reelin and Aβ 
co-immunoprecipitated, as 
shown in lanes 2 and 6, 
indicating a specific interaction. 
Lower panels show input 
samples before 
immunoprecipitation, as 
indicated. b) Representative 
images from 24 hours treated 
neuronal primary cultures 
labelled with propidium iodide 
(PI) and Hoechst 33342. Dying 
neurons show double-labeled 
picnotic nuclei (arrowheads).  
Healthy cells are indicated by 
arrows. Treatments were 
performed with 5μM of ADDLs, 
with Reelin (Rln) added at a 
concentration of 6 ng/μL, or 
equivalent volumes of Mock. c) 
Quantification of cell survival 
after a 24 hours treatment 
followed by PI staining. The 
toxicity of ADDLs at 5-10 μM is 
significantly reduced by Rln. 
Results are shown as averages of 
measures from four independent 
experiments. d) Quantification of 
cell viability assessed by MTT 
test after 24 hours ADDLs 
treatment as compared to vehicle 
(considered as 100% viability). 
ADDLs have toxicity at 10 μM 
that is reduced by Reelin. Results 
are shown as averages of 
measures from four independent 
experiments. Scale bar: b, 200 
μm. Data are represented as 
mean±SEM; **p<0.01; *** 
p<0.001; Student's t test. 

_____________________________________________________________________________________ 
Altogether these results show that addition of Reelin to toxic Aβ oligomers reduces their 

impact on neuronal death, possibly being this reduction the result of the interaction 

between Reelin and Aβ42 oligomers. 
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4.3 In vivo analysis of the impact of Reelin overexpression in mouse 

models of Alzheimer’s disease  
 

4.3.1 Generation and characterization of AD mouse models overexpressing Reelin 

 

In order to get more insight in vivo into the involvement of Reelin in AD pathology, we 

bred the conditional transgenic mouse model of Reelin overexpression from our lab 

(TgRln) (Chapter 1.2.2 and Pujadas et al., 2010) with three different models of AD. The 

first Alzheimer’s disease mouse model used overexpresses a mutated form of the human 

APP gene bearing both the Swedish and the Indiana mutation (J20 strain from The 

Jackson Laboratory) (Chapter 1.1.4 and Mucke et al., 2000). In this transgenic model 

human APP (hAPP) expression is under the control of the platelet-derived growth factor-

β (PDGF-β) promoter to address its neuronal expression. Triple transgenic animals from 

the breeding of TgRln with J20 mice are referred to as TgRln/J20 and were identified by 

PCR. A schematic representation of the transgenic model generated is given in Fig. 4.11. 

_________________________________________________________________________________ 
Fig 4.11.  TgRln/J20 mouse design. Transgenic mice overexpressing Reelin were generated with a Tet-
off  regulated binary system: the Tg1 transgene encodes a tetracycline-dependent (tTA) transactivator set 
under the control of the CaMKIIα promoter (pCaMKIIα), while the Tg2 transgene encodes a myc-tagged 
reelin (rlM) controlled by the tetO promoter, responsive to tTA. Neuronal expression of transgenic Reelin 
is driven by CaMKIIα promoter in double transgenic mice (Tg1/Tg2 or TgRln); transgene expression can 
be switched off by doxycycline administration, which inactivates tTA transactivator. Double transgenic 
mice were further cross-bred with J20 mice, constitutively expressing the Tg3 transgene, encoding a 
mutated form of hAPP (bearing the Swedish and Indiana FAD mutation). Neuronal expression of the 
mutated hAPP is driven by PDGF-β promoter. The resulting triple transgenic mice (Tg1/Tg2/Tg3 or 
TgRln/J20) conditionally express Reelin and constitutively express the mutated hAPP. CaMKIIα,   
calcium-calmodulin-dependent kinase II alpha. 
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Expression of transgenic hAPP in TgRln/J20 mice was found in neocortex and in CA1, 

CA2, CA3 and granular cell layers of hippocampus, matching with the expression of 

hAPP in J20 mice (Fig. 4.12). Overexpression of Reelin in TgRln/J20 mice was detected 

in striatum, cortex and in hippocampus (mainly in CA1 and in granular cell layer of 

dentate gyrus), matching with the overexpression of Reelin in TgRln mice (Fig. 4.12). 

This model allowed us to study in vivo the effect of Reelin on Aβ pathology, focusing on 

plaques deposition, synaptic failure and cognitive impairments (Chapters 4.3.3 and 

4.3.4). However J20 animals do not show high levels of phosphorylated Tau and do not 

reproduce AD Tau pathology, nor for western blot analysis nor for 

immunohistochemistry.  
 
 

With the aim of analysing whether Reelin overexpression in AD mice could lead to 

changes in GSK-3β activity and Tau phosphorylation, we decided to move to a model of 

conditional overexpression of GSK-3β in forebrain neurons: Tet/GSK-3β  mice 

(Chapter 1.1.4 and Hernandez et al.; Lucas et al., 2001), that recapitulates aspects of AD 

neuropathology such as Tau hyperphosphorylation, hippocampal dentate gyrus 

neurodegeneration, reactive astrocytosis and microgliosis, as well as spatial learning 

deficits. Again we bred it with our TgRln model generating the TgRln/GSK-3β mouse. 

Triple transgenic animals were identified by PCR and confirmed for 

immunohistochemistry. A schematic representation of the transgenic model generated is 

given in Fig. 4.13. 
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Figure 4.12. Characterization 
of TgRln/J20 mice. a) 
Immunohistochemical detection 
of hAPP shows that TgRln 
animals do not express the 
transgene (upper panels). J20 
mice express hAPP in CA1, 
CA2, CA3 and granular cell 
layers of hippocampus and in 
neocortex (middle panels). 
TgRln/J20 show the same patter 
of hAPP expression as the J20 
mice (lower panels). b) 
Immunohistochemical detection 
shows that TgRln mice express 
endogenous Reelin in a subset of 
interneurons distributed 
throughout the cortex and 
hippocampal layers (upper panel, 
left and middle). Moreover 
TgRln mice overexpress 
transgenic Reelin in hippocampal 
pyramidal cells and in granule 
cells of the dentate gyrus (upper 
panel, left); in neocortical 
pyramidal cells (upper panel, 
middle) and in striatal neurons 
(upper panel, right). In J20 mice 
only endogenous Reelin 
expression is detected (middle 
panel). TgRln/J20 mice show the 
same pattern of Reelin 
expression as the TgRln mice 
(lower panel). HP: hippocampus; 
CA1–CA3, hippocampal regions; 
I–VI, Cortical layers; CPu, 
caudate–putamen nucleus; LV, 
lateral ventricle; WM, white 
matter. Scale bars: 200 μm. 
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____________________________________________________________________________________
Fig. 4.13. TgRln/GSK-3β mouse design. Transgenic mice overexpressing Reelin (Tg1/Tg2 or TgRln) 
were generated as illustrated in Fig. 4.12. Double transgenic mice were further cross-bred with BitetO β-
Gal/GSK-3β mice, expressing the Tg3 transgene, encoding BitetO construct. This consists of seven 
copies of the palindromic tet operator sequence flanked by two CMV promoter sequences in divergent 
orientations. This bi-directional promoter is followed by a GSK-3β cDNA sequence (encoding a myc 
epitope at its 5’-end) in one direction and a β-galactosidase (β-gal) reporter sequence including a nuclear 
localization signal (NLS) in the other. The resulting triple transgenic mice (Tg1/Tg2/Tg3 or TgRln/GSK-
3β) conditionally overexpresses both Reelin and GSK-3β under control of CamKIIα promoter, with 
doxycycline preventing transactivation by tTA of both Tg2 and Tg3. CaMKIIα, calcium-calmodulin-
dependent kinase II alpha. 
 

Being both Reelin and GSK-3β transgenes under the control of CamKIIα promoter, their 

expression in TgRln/GSK-3β mice takes place in the same tissues, namely striatum, 

frontal cortex and different zones of hippocampus including CA1, CA2, CA3 and 

granular cell layer of dentate gyrus, as shown by himmunohistochemical detection of  the 

reporter β-Galactosidase gene in Fig. 4.14.  

In TgRln/GSK-3β mouse model we addressed the question of Reelin effect on GSK-3β 

activity and Tau phosphorylation (Chapter 4.3.5).  
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Figure 4.14. Characterization 
of TgRln/GSK-3β mice. a) 
Immunohistochemical detection 
of β-gal shows that TgRln 
animals do not express β-
galactosidase reporter gene 
(upper panels). β-galactosidase 
reporter gene expression is 
detected in hippocampus (CA1, 
CA2,CA3 and granular cell 
layer of dentate gyrus), frontal 
cortex and striatum of 
Tet/GSK-3β mice (middle 
panels). TgRln/GSK-3β mice 
show the same pattern of β-
galactosidase expression as the 
Tet/GSK-3β mice (lower 
panels). b) 
Immunohistochemical detection 
shows that TgRln mice express 
endogenous Reelin in a subset 
of interneurons distributed 
throughout the cortex and 
hippocampal layers (upper 
panel, left and middle). 
Moreover TgRln mice 
overexpress transgenic Reelin 
in hippocampal pyramidal cells 
and in the granular cell layer of 
the dentate gyrus (upper panel, 
left); in neocortical pyramidal 
cells (upper panel, middle) and 
in striatal neurons (upper panel, 
right). In Tet/GSK-3β mice 
only endogenous Reelin 
expression is detected (middle 
panel). TgRln/GSK-3β mice 
show the same pattern of Reelin 
expression as the TgRln mice 
(lower panel). HP: 
hippocampus; CA1–CA3, 
hippocampal regions; I–VI, 
Cortical layers; CPu, caudate–
putamen nucleus; LV, lateral 
ventricle; WM, white matter. 
Scale bars: 200 μm. 
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Finally we also bred TgRln mice with a model of Taupathology called VLW (Lim et al., 

2001). VLW mice express human Tau bearing three Fronto temporal dementia linked 

with parkinsonism-17 mutations (G272V, P301L and R406W). Neuron-specific 

expression is directed by insertion of the cDNA into a murine thy1 gene expression 

cassette, resulting in increased Tau phosphorylation and aggregation into neurofilaments. 

We bred VLW mice with our TgRln model generating a colony of triple transgenic 

animals referred to as TgRln/VLW and identified by PCR. This model will allow us to 

further assess the influence of Reelin pathway on Taupathology.  

 

 

4.3.2 Reelin overexpression exacerbates dentate gyrus atrophy in J20 mice  
 

The observation of TgRln/J20 hippocampal histological preparations let us notice a 

strong phenotype of dentate gyrus atrophy. For this reason we performed quantification 

of dentate gyrus area on Nissl staining of coronal sections on TgRln/J20 and littermates 

of the other genotypes (wt, TgRln, J20). Dentate gyrus size, expressed in percentage of 

the total hippocampal area, indicates that overexpression of Reelin alone is able to 

slightly but significantly reduce the dentate gyrus area in comparison with wild-type 

animals (reduction from 29% of wt to 24,5% of TgRln, Fig. 4.15). J20 mice show a 

significant and stronger reduction in dentate gyrus area, reaching values for dentate 

gyrus of around 17% of total hippocampal area (Fig. 4.15). Finally TgRln/J20 mice 

display the most severe atrophy, with dentate gyrus accounting only for an 8,6 % of total 

hippocampal area (Fig. 4.15). Analysis of the dentate gyrus layers affected by atrophy 

revealed that TgRln animals are not suffering from reduction in granular cell layer 

(GCL) thickness but in molecular layer (ML) instead (Fig. 4.15). J20 animals display a 

strong reduction in both GCL and ML. Finally TgRln/J20 mice show a further reduction 

again in both GCL and ML (Fig. 4.15). 
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____________________________________________________________________________________
Figure 4.15. Dentate gyrus shrinking in TgRln, J20 and TgRln/J20 mice. Nissl staining for wt, 
TgRln, J20 and TgRln/J20 4 months mice reveals a dentate gyrus shrinking over the transgenic 
genotypes. Quantification of dentate gyrus area in percentage over total hippocampal area is reported for 
the four genotypes (upper panel, right). Quantification of GCL and ML average thickness is reported for 
the four genotypes (lower panel). GCL reported values are of 57,8 μm for wt, 55,5 μm for TgRln, 39,3 
μm for J20 and 21,1 μm for TgRln/J20. ML reported values are of 155,8 μm for wt, 125,6 μm for TgRln, 
101,2 μm for J20 and 65 μm for TgRln/J20. so, stratum oriens; sp, stratum piramidale; sr, stratum 
radiatum; slm, stratum lacunosum molecolare; ml, molecular layer; gcl, granular cell layer. Scale bar: 500 
μm. Data are represented as mean±SEM; *p<0.05; **p<0.01; *** p<0.001; Student's t test. 
 
 
To evaluate whether the GCL volume loss observed in J20 and TgRln/J20 could be 

linked to altered neurogenesis in the subgranular zone (SGZ), we performed IHC with 

doublecortin (DCX), a marker of newly born neurons which stains cells generated in the 

adult dentate gyrus over a 12-day period (Rao and Shetty, 2004). At the age of 4 months, 

J20 and TgRln/J20 mice display a reduction, more pronounced in TgRln/J20, in the rate 

of neurogenesis compared to wild types, calculated as number of DCX-positve cells per 

length of GCL (Fig. 4.16a and b). These results suggest that the observed shrinking of 

dentate gyrus in J20, is possibly associated to impaired neurogenesis. Reelin 

overexpression in TgRln/J20 exacerbates this phenotype.  
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Apart from decreased neurogenesis, DCX-positive cells displayed some morphological 

alterations in J20 and TgRln/J20 mice. First, in both genotypes we did not find a 

homogenous distribution of proliferating cells along the SGZ and, concomitantly, GCL 

thinning seemed to be more severe in correspondence of the zones with lower rates of 

proliferation. Second, we observed mispositioning of DCX-positive cells, with bodies at 

different depths of the GCL, sometimes even localized in the hilus. Third, dendritic 

trees were observed to be less developed and in some cases extending improperly 

towards the hilus instead of the ML. Finally, dystrophic neurites were also observed 

(Fig. 4.16a and c). 

 

 
______________________________________________________________________
Figure 4.16.  Adult hippocampal neurogenesis in TgRln, J20 and TgRln/J20 mice. a) DCX IHC on 
hippocampal slices from 4 months wt, J20 and TgRln mice. b) Quantification of DCX-positive cells/mm 
of GCL extension revealed an average of 27,8 cells for wt, 19,1 for J20 and 15,6 for TgRln/J20. c) 
Sporadic DCX-positive cells located in the Hilus are detected mainly in J20 mouse, whereas alterations of 
dendritic trees and dystrophic neurites are visible in both J20 and TgRln/J20 mouse. H, hilus; GCL, 
granular cell layer; ML, molecular layer. Scale bars: a) 200 μm; c) 100 μm. Data are represented as 
mean±SEM; *p<0.05; **p<0.01; *** p<0.001; Student's t test. 
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4.3.3 Reelin overexpression decreases cortical and hippocampal amyloid plaques 

deposition in J20 AD mice 

 
In the TgRln/J20 model that we generated we wanted to ensure, as seen in our in vitro 

assembled Aβ42 amyloid fibrils and as described for other AD mouse models (Doehner et 

al.; Knuesel et al., 2009), the presence of Reelin into amyloid plaques. To this aim we 

performed a double immunofluorescence staining for Reelin and APP/Aβ (Fig. 4.17). In 

hippocampal tissue we detected the presence of Reelin into Aβ amyloid plaque area, 

even if without perfect co-localization between the two signals, confirming results from 

previous works (Doehner et al.; Knuesel et al., 2009). 

 

_____________________________________________________________________________________
Fig 4.17 In vivo association between Aβ plaques and Reelin. Confocal images of double 
immunofluorescence against APP and Aβ (red), and Reelin (green) from TgRln/J20 hippocampal tissue. 
DAPI counterstaining is shown (blue). Reelin staining was detected in tight linkage with Aβ plaques 
throughout the hippocampus. However there is lack of perfect co-localization between the two markers. 
Scale bar 1μm. 
 

To analyze whether the changes observed in the in vitro aggregation of Aβ42 correlate in 

vivo with variations in amyloid plaque load in TgRln/J20, we quantified the area 

occupied by plaques in different areas of the brain and compared with that of J20 

animals. Hippocampus was analysed at 4, 8 and 12 months-old. At the onset of plaque 

deposition (4 months) a very few amount of plaques are present in both genotypes 

(occupying a 0.04% of the total area) with no significant differences observed. At a later 

stage of 8 months, plaque load in TgRln/J20 is slightly increased in percentage of 

plaque load as compared with J20 with values of 1.2% and 0.5% respectively (Fig. 

4.18a). In elder animals of 12 months-old, the percentage of area occupied by plaques is 

significantly lower in TgRln/J20 than in J20 with values of 9% and 13% respectively 

(Fig. 4.18a). Cortical areas, behave similarly as the hippocampus: in Retrosplenial 

Cortex by the age of 12 months we observed a tendency to lower the levels of plaque 

deposition in TgRln/J20 than in J20 (Fig. 4.18c, upper panels). The same plaque 
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reduction held true in Entorhinal Cortex, here reaching significance (Fig. 4.18c, lower 

panels). 

 

 
____________________________________________________________________________________
Figure 4.18. Reelin overexpression reduces plaque content in 12-months-old J20 AD mice. a) 
Immunohistochemical detection of amyloid plaques (3D6 antibody) in 8 and 12-months-old hippocampal 
sections. b) Plaque load was quantified as the percentage of the total hippocampal area stained with 3D6. 
At 8-months old TgRln/J20 mice show higher occupation than J20s, while at 12 months old area occupied 
by plaques is markedly reduced in TgRln/J20. c) 3D6 immunohistochemical detection of amyloid plaques 
in cortical sections from retinosplenial cortex (RC; upper panels) and enthorhinal cortex (EC; lower 
panels) in 12-months-old mice. d) Plaque load in RC and EC from J20 and TgRln/J20 at 12 months old 
animals is reduced in both areas, reaching significance in EC. Scale bars: a and c, 500 μm. Data are 
represented as mean±SEM; *p<0.05; *** p<0.001; Student's t test. 
 

Other brain areas affected by AD were also analysed. At 12 months Subiculum is highly 

affected by plaque accumulation in both genotypes reaching rates of around 40% of the 

area with no differences seen due to Reelin overexpression (not shown).  

Altogether our results indicate a similar onset of plaque appearance in both genotypes, 

with TgRln/J20 mice showing a reduced number of deposits at 12 months of age. These 

results are consistent with our previous in vitro observations of a Reelin-dependent 

delay in the formation of Aβ42 fibrils. 
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4.3.4 Reelin prevents dendritic spine loss and cognitive impairment in J20 mouse 

model of Alzheimer’s disease 

 

Decreased synaptic contacts and dendritic spine density have been previously described 

in AD mice (Spires-Jones et al., 2007; Spires-Jones and Knafo, 2012) and humans 

(DeKosky and Scheff, 1990). Since Reelin is able to reduce in vitro some of the toxic 

effects of amyloid species, we evaluated whether Reelin overexpression could correlate 

in vivo with reduced synaptotoxicity. To this aim, J20 and TgRln/J20 animals, plus 

littermates wt and TgRln controls, were processed for Golgi staining at 8 months of age 

and dendritic spines were counted in primary pyramidal dendrites at stratum radiatum 

(SR) and stratum lacunosum moleculare (SLM) of hippocampus (Fig. 4.19). In both 

areas, J20 animals show reduced number of dendritic spines if compared with wt and 

TgRln animals. In TgRln/J20 animals, Reelin overexpression significantly rescued 

dendritic spines density (Fig. 4.19b).  

 

 
____________________________________________________________________________________
Figure 4.19 Reelin overexpression reverses J20 AD mice dendritic spine loss. a) Micrographies 
illustrating SLM dendrite sections from 8 months old J20 and TgRln/J20 animals after Golgi staining. b) 
Quantification of the density of dendritic spines in 10 μm length sections from SR and SLM shows that 
J20 reduced spine content is prevented in TgRln/J20. Data are represented as mean±SEM; *p<0.05; 
Student's t test. Scale bar: 1μm. 
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Reduced number of synaptic contacts in AD mice has been shown to correlate with 

cognitive deficits (Terry et al., 1991) and J20 animals show a wide range of cognitive  

impairments even before the appearance of amyloid deposits. For instance starting from 

the age of 2-3 months it has been observed that J20 fail in Novel Object Recognition 

(NOR) test (Harris et al., 2010), a recognition task used to test short and long term 

memory (Moore et al., 2013). Briefly, in this test animals are introduced in a chamber 

equipped with two identical objects that they can freely explore. On the day of the test 

one of the two familiar objects is replaced by a novel one and the time spent exploring 

the objects is measured. Normal mice remember the familiar object and thus spend more 

time exploring the novel one. Since we found that Reelin is able to prevent the loss of 

dendritic spines in J20 mice, we wanted to to analyse whether this could lead to an 

improvement in congnitive performances. To this aim littermate mice from the different 

genotypes (control; TgRln; J20; and TgRln/J20) were subjected to NOR test at different 

ages: 4-5 and 8-10 months old. The cognitive performance of each mouse was 

expressed by the discrimination index (DI) for the novel object, calculated as the time 

spent exploring the novel object minus the time spent exploring the familial object, 

relative to the total time spent exploring. DI of 0.3 indicates that the time spent 

exploring the novel object doubles the time spent exploring the familial one, so that 

animals successfully behave in this task for DI ranging from 0.3 to 0.5.  Wt and TgRln 

animals, from both age groups, spent a significantly higher proportion of time exploring 

the new object versus a familiar one than J20 animals, reflected in a higher 

discrimination index (DI >0.3) (Fig. 4.20, upper panel). This result indicates cognitive 

deficits in the J20 animals (DI <0.2) as already documented (Harris et al., 2010) (Fig. 

4.20, upper and lower panel). Significant differences were found between J20 and 

TgRln/J20 groups at 4-5 and 8-10 months, with TgRln/J20 animals acting as wt controls 

(Fig. 4.20, upper panel). These data indicate that Reelin provokes a significant reversion 

of the recognition memory deficits observed in J20 up to 8-10 months. In older animals 

of 11-12 months the control wt group did not differ from J20, demonstrating an age-

dependent decline in the recognition memory (Fig. 4.20, lower panel, left). 

Nevertheless, at the same age, TgRln strain partially maintained recognition capacity 

(DI between 0.2 and 0.3) significantly higher than control group. Interestingly, 12 

months old TgRln/J20 animals retained the same level of discrimination capabilities as 

TgRln despite abnormal Aβ production (Fig. 4.20, lower panel, left). TgRln and 

TgRln/J20 groups were re-evaluated after one month of doxycicline treatment to stop 
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Reelin over-expression. DI in both groups diminishes to reach value zero, indicating a 

complete loss of long-lasting Reelin-dependent protection in one month of depletion 

(Fig. 4.20, lower panel, right).  

Altogether, our data suggest that Reelin overexpression recovers the cognitive 

impairment caused by Aβ production in J20 strain, probably through a rescue in 

dendritic spine density. Moreover Reelin overexpression also decreases the 

physiological age-dependent cognitive decline in control animals. The beneficial effect 

of Reelin overexpression is lost in one month of Reelin depletion, showing that it was 

specifically dependent on Reelin. In conclusion Reelin seems to be a neuroprotective 

factor, able to prevent Aβ toxicity. 

 
Figure 4.20. Reelin prevents J20 
mice from cognitive impairments 
in the NOR task. Novel object 
recognition (NOR) behavioural 
task was performed on littermates 
from the different genotypes (WT, 
TgRln, J20 and TgRln/J20) at the 
ages of interest (4-5, 8-10 and 12 
months-old). Overexpression of 
Reelin prevents behavioural 
alterations observed in J20s 
throughout all ages tested and also 
the physiological decline of WT 
12-months-old mice (upper panel 
and lower panel, left). Immediately 
after the 12-month-old NOR 
testing, the same groups of animals 
were treated with DOX-diet (200 
mg/kg) for 1 month and tested 
again for NOR. Reelin protection 
is lost after one month of 
depletion, with all the groups 
failing the test (lower panel, right). 
Data are represented as 
mean±SEM; *p<0.05; Student's t 
test. 
 
 

_________________________________________________________________________________________________________ 

 

Finally, since Reelin acts as a neuroprotective factor in AD, we wanted to test its 

potential role as a therapeutic factor as well, in case of overt AD. To this aim J20 and 

TgRln/J20 animals, plus littermates wt and TgRln controls, were subjected to 

Doxocycline diet from birth until the age of 4 months, thus avoiding transgenic Reelin 
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overexpression until the onset of disease is appreciated. Onset of the disease was 

checked by NOR test, in which both J20 and TgRln/J20 mice reached a DI <0.1 at this 

age (Fig. 4.21, left). Next, normal diet substituted the Doxocycline one, and mouse 

groups were re-evaluated for NOR after 1 month of Reelin overexpression in order to 

address possible Reelin dependent improvements in cognition. We did not see any 

rescue in NOR test performance after 1 month of Reelin overexpression (5 months 

mice, Fig. 4.21, middle), and not even after 3 more months (8 months mice, Fig. 4.21, 

right), with DI ranging around value zero for both J20 and J20/TgRln. This indicates 

that, while Reelin continuous overexpression from birth is able to prevent the 

appearance of AD deficits in cognition, its conditional overexpression in adult subjects 

is not able to overcome these impairments once the pathology developed.  

______________________________________________________________________
Figure 4.21. Reelin fails to rescue J20 mice from cognitive impairments in NOR task once AD 
pathology began. Novel object recognition (NOR) test was performed on 4 months-old littermates from 
the different genotypes (WT, TgRln, J20 and TgRln/J20) subjected from birth to Doxocycline (DOX) diet 
(200 mg/kg)  in order to switch off the expression of transgenic Reelin. Wt and TgRln mice performed 
better than J20 and TgRln/J20, who reached a DI<0.1 (left). Immediately after the 4-month-old NOR 
testing, the same groups of animals were left with normal diet and tested again for NOR at the age of 5 
and 8 months (respectively 1 and 4 months after Reelin transgene activation). Overexpression of Reelin is 
not able to rescue the behavioural alterations observed in J20s throughout all ages tested, with both J20 
and TgRln/J20 mice being unable to discriminate between familial versus novel object (middle and right). 
Data are represented as mean±SEM; n.s., not significant; Student's t test. 
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4.3.5 Reelin reduces Tau phosphorylation in GSK-3β overexpressing mice  

 

To investigate the effect of Reelin overexpression on GSK-3β activity and Tau 

phosphorylation, we performed western blot analysis on hippocampal extracts from the 

TgRln/GSK-3β mice plus wt, TgRln and Tet/GSK-3β littermate controls. At the age of 

five months we found that GSK-3β overexpression, caused a 2.5 folds increase in the 

levels of Tau phosphorylation, similarly to what was reported for younger animals  

(Lucas et al., 2001; Engel et al., 2006b). This increase was assessed by western blot 

analysis using the PHF-1 antibody, which detects the GSK-3β-dependent 

phosphorylation of Tau on serines 396-404, a phosphorylation that is related to the 

formation of Tau aggregates in a tangle stage (Lucas et al., 2001). Overexpression of 

Reelin in this background (TgRln/GSK-3β) reduces Tau phosphorylation, restoring the 

phosphorylation levels of wt animals (Fig 4.22). Hyperphosphorylation on other Tau 

epitopes was also tested, using antibodies AT8 and AT180. Both AT8 and AT180 have 

been associated to the early phase of Tau pathology in neurodegenerative diseases such 

as AD (Bertrand et al., 2010), and they bind respectively to phosphorylated Tau on 

serines 199-202/threonine 205 and threonine 231/Serine 235. We found that Tau 

phosphorylation at AT8 and AT 180 epitopes was increased by GSK-3β overexpression 

and restored to wt level by Reelin overexpression (Fig 4.22). The reduction in GSK-3β-

dependent Tau phosphorylation produced by Reelin is not due to altered levels of total 

Tau, since unvaried levels of total Tau are found by using the the phosphorylation-

independent antibody Tau5 (Fig 4.22).  

Phosphorylation of Tau at the epitopes recognized by PHF-1, AT8 and AT180 antibodies 

is believed to start in the axon, and to result in the detachment of Tau from microtubules 

and in its redistribution to the somato-dendritic compartment (Bertrand et al., 2010). To 

analyze hippocampal distribution and intracellular localization of phosphorylated Tau, 

we performed immunohistochemistry with PHF-1 antibody in hippocampal slices from 

the TgRln/GSK-3β mice plus wt, TgRln and Tet/GSK-3β littermate controls, at the same 

age as for western blot (5 months). All genotypes displayed appreciable staining of 

interneurons throughout hippocampal layers, although Reelin overexpression, both in 

TgRln and in TgRln/GSK-3β, apparently reduce the number of stained cells (Fig. 4.23a, 

arrowheads). PHF-1 staining also revealed that wt and TgRln animals display a 

predominant axonic signal in the mossy fibers, both in the proximal (Hilus) and in the 

distal fragment projecting to CA3 (Fig. 4.23a, distal fragment indicated by arrows). 
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Somato-dendritic immunoreactivity is also present in some granule cell of dentate gyrus 

and sporadically detected in hilar mossy cells (Fig. 4.23b). Tet/GSK-3β animals, as 

already described, show a shift to higher somato-dendritic immunostaining in granule 

cells (Fig. 4.23b, arrow), consistent with the detachment of Tau from microtubules and 

its localization to somato-dendritic compartment, where they assemble in a pretangle 

stage (Lucas et al., 2001). Staining of Mossy cells is also detected (Fig. 4.23b, 

arroeheads).  Moreover we found that the axonic mark in the distal fragment of mossy 

fibers to CA3 mostly disappeared (Fig. 4.23a). TgRln/GSK-3β animals, similarly to wt 

and TgRln animals, revert to a predominant axonic signal in mossy fibers, both at the 

proximal and at the distal segment, possibly indicating that the decrease in Tau 

phosphorylation induced by Reelin overexpression prevents the detachment of Tau from 

microtubules and its somatodentritic localization.  

 

 
_______________________________________________________________________
Figure 4.22 Reelin reduces Tau phosphorylation in a model of GSK-3β overexpression. Hippocampal 
protein extracts from 5 months-old TgRln/GSK-3β mice, plus littermate wt, TgRln and Tet/GSK-3β, were 
subjected to WB analysis of GSK-3β-dependent Tau phosphorylation through antibodies PHF-1, AT8 and 
AT180. Reelin overexpression in TgRln/GSK-3β mice counteracts the increase in Tau phosphorylation 
found in Tet/GSK-3β mice, restoring the basal levels of phosphorylation. Changes in phosphorylation 
levels are not due to total Tau protein level varations, as shown by phosphorylation-independent WB 
analysis of Tau. WB, western blot. Data are represented as mean±SEM; *p<0.05; **p<0.01; Student's t 
test. 
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____________________________________________________________________________________ 
Figure 4.23. Reelin reverts the somato-dendritic localization of phosphorylated Tau in Tet/GSK-3β 
mice. Immunohistochemistry analysis of phosphorylated Tau (PHF-1 antibody) on hippocampal slices 
from 5-month old wt, TgRln, Tet/GSK-3β and TgRln/GSK-3β mice. a) Some interneurons from 
hippocampal layers are stained in all genotypes (arrowheads), although to a lesser extent in Reelin-
overexpressing genotypes (TgRln and TgRln/GSK-3β). TgRln/GSK-3β mice, similarly to wt and TgRln, 
display a predominant axonic staining in mossy fibers, both in the hilus and in CA3 (arrows). b) In 
dentate gyrus, Tet/GSK-3β mice display a shift to somato-dendritic staining of granule cells (arrow) and 
mossy cells (arrowheads). so, stratum oriens; sp, stratum piramidale; sr, stratum radiatum; slm, stratum 
lacunosum molecolare; ml, molecular layer; gcl, granular cell layer; H, hilus. Scale bar a, 500 μm; b. 50 
μm. 
 
 

 
 
 
 
 
 



 

 

 
 



 

 
 

 

 

 

 

 

DISCUSSION 

 



 

 
 

 



DISCUSSION 
 

121 
 

5.1 Reelin involvement in AD: initial hypotheses 

 
A huge body of literature indicates that the Reelin signalling pathway interferes in the 

molecular pathways leading to AD and vice versa.  

Starting from the transduction of Reelin signalling, we find the membrane receptor 

apolipoprotein E receptor 2 (ApoER2), which is at the same time a receptor for the ε4 

isoform of apoE, the major genetic risk factor for SAD (Tsai et al., 1994). Reelin 

signaling unchained through  ApoER2 and VLDLR receptors downregulates the activity 

of GSK-3β, the major kinase for Tau protein (Gonzalez-Billault et al., 2005; Beffert et 

al., 2002), and mutant mice that have deficits in Reelin, in its transducer Dab1 or in 

ApoER2 and/or VLDLR show increased levels of Tau phosphorylation (Hiesberger et 

al., 1999). At the synaptic level, Reelin counteracts Aβ-induced downregulation of 

glutamatergic synaptic transmission (Durakoglugil et al., 2009). Indeed, the incubation 

of hippocampal slices with Aβ oligomers at concentrations that are found in AD patients 

impairs endocytosis and trafficking of AMPA and NMDA receptors, thus decreasing 

LTP (Kamenetz et al., 2003; Hsieh et al., 2006); conversely, the addition of 

recombinant Reelin to acute hippocampal slices results in enhanced LTP (Weeber et al., 

2002) as a result of Reelin-dependent tyrosine phosphorylation of the NR2 subunit of 

NMDAR through SFKs activation. These data fit those found in studies in transgenic 

mice. Indeed, it has been shown that FAD mice (J20 strain) show impairments in LTP 

and paired-pulse ratio at the perforant path to granule cell synapse in the dentate gyrus 

(DG) (Palop and Mucke, 2010), whereas TgRln mice overexpressing Reelin show 

enhanced LTP at the Schaffer collaterals to CA1 pyramidal cells (Pujadas et al., 2010), 

again confirming a functional antagonism between Reelin and Aβ-related pathways. 

The mechanisms behind Reelin counteraction of Aβ-induced toxicity are still unclear, 

although in an in vitro approach both Dab1 and Reelin have been found to physically 

interact with APP and regulate its trafficking and proteolytic processing, thereby 

promoting non-amyloidogenic αAPP cleavage (Hoe et al., 2006; Hoe et al., 2008; Hoe 

et al., 2009). Conversely overexpression of Aβ in Down’s syndrome has been associated 

with altered processing and levels of Reelin protein (Botella-Lopez et al., 2010), thereby 

suggesting a mutual control of Reelin and APP/Aβ, whose fine tuning could be altered 

in AD. 
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At the time we started our research into the involvement of Reelin in AD pathology, 

new findings were emerging in this scenario. Normal aging in wild-type rodents and 

primates was found to be accompanied by extracellular accumulation of Reelin-positive 

deposits and a reduction of Reelin-expressing neurons in the hippocampal formation 

(Knuesel et al., 2009). These deposits, referred to as Reelin plaques, are Reelin 

extracellular accumulations of amyloid-like nature, since they bind to Thioflavin-S 

(Doehner et al.; Knuesel et al., 2009). They are found in areas normally expressing 

Reelin (mainly the hippocampus and cortex) and they co-localize with endogenous Aβ 

(Knuesel et al., 2009). Moreover, these plaques are invaded by activated microglia and 

astrocytes (Knuesel et al., 2009). The phenomenon of Reelin plaque deposition is highly 

increased in AD mice, and in 3xTg-AD mice Reelin plaques co-localize with non-

fibrillary species of human Aβ (colocalization of Reelin with Aβ oligomers stained with 

A11 antibody). However, no direct co-localization of Reelin plaques with the fibrillar 

forms of Aβ is detected (Fig. 5.1) (Doehner et al., 2010). Indeed, Reelin deposits are in 

a tight association with Aβ plaques in transgenic AD mice, above all at the edges of 

extracellular deposits, but without perfect co-localization.  

 

 
Adapted from Doehner et al., 2010 

____________________________________________________________________________________
Fig. 5.1. Reelin-positive plaques associate with Aβ in AD mice. Immunofluorescence staining of brain 
tissue obtained from 15-month-old transgenic ArcAβ AD mice using mouse anti-Reelin and rabbit anti-
Aβ40/42 antibodies. Granular Reelin-positive deposits (green) were detected at high densities and close 
association with Aβ plaques (red) throughout the hippocampus. Right panel shows a higher magnification 
of the boxed area outlined in the left panel. Note the lack of co-localization between the two markers. 
Scale bars: left, 30 μm; right panel, 5 μm 
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Finally, the reduction in Reelin-expressing neurons with the concomitant deposition of 

Reelin plaques is associated with episodic-like memory impairments (Knuesel et al., 

2009).   

A fascinating hypothesis emerging from these new findings was that part of 

physiological aging possibly involves the loss of Reelin-expressing interneurons and the 

accumulation in extracellular plaques of the Reelin from dying neurons that is not 

properly degraded by clearance mechanisms. The loss of active Reelin by this 

mechanism could be responsible for the start of cognitive decline. Since in AD this 

phenotype is exacerbated with earlier and higher Reelin aggregate deposition (Knuesel 

et al., 2009), and since Reelin plaques have also been found to co-localize with soluble 

pre-fibrillar forms of human Aβ, the combination of all these observations prompted us 

to speculate that the accumulation of Reelin in non-fibrillary plaques promotes the 

aggregation of Aβ species, potentially acting as a nucleation factor for fibrillary amyloid 

Aβ plaques. The involvement of Reelin plaques in the formation of amyloid Aβ plaques 

would add a further layer of complexity to the interference of Reelin with AD-related 

pathways, shifting the focus from the analysis of a putative neuroprotective or 

neurodegenerative role for Reelin in AD to a possible separation of Reelin protein 

functions along different stages of life. Indeed, if on the one one hand functional Reelin 

antagonizes AD-related pathways, favoring alpha-cleavage of APP and counteracting 

Aβ-induced depression of glutamatergic transmission and Tau phosphorylation, on the 

other hand a Reelin that is no longer functional and is extruded by dying neurons could 

act in the opposite way, thus promoting Aβ deposition.  

 

To test the new hypothesis, we designed an in vivo approach consisting of the 

generation of a transgenic mouse model of conditional ablation of Reelin-expressing 

neurons. In detail, in this model the diphtheria toxin A (DTA) is conditionally expressed 

in Reelin-expressing GABAergic interneurons, causing their death (Fig. 5.2). In 

contrast to a conditional Reelin knock-out, this approach is designed to mimic the death 

of adult Reelin-expressing neurons as a result of aging. Thus it was considered as an 

experimental tool by which to follow the fate of Reelin protein after its extrusion from 

dying interneurons. Moreover, the crossbreeding of this model with a model of AD (e.g. 

J20 FAD) (Fig. 5.2) would allow us to evaluate whether the expected increase in 

extracellular accumulation of Reelin plaques affects the deposition of Aβ amyloid 

plaques.  
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____________________________________________________________________________________
Fig. 5.2. Generation of a transgenic mouse model of conditional ablation of Reelin-expressing 
interneurons. a) Conditional ablation of Reelin-expressing interneurons is obtained in a triple transgenic 
model Tg1/Tg2/Tg3. In Tg1 transgene the Cre recombinase is put under the control of the distal-less 
homeobox 1 (Dlx1) promoter to drive its expression in adult GABAergic interneurons. Here the Tg2 
transgene is recombined at two Lox P sites, activating the expression of a tTA tetracycline transactivator 
under the control of Reelin promoter. Finally, in Reelin-expressing GABAergic interneurons, the tTA 
conditionally activates the expression of the Tg3 transgene, encoding for DTA and causing cellular death. 
Crossbreeding of this mouse model with J20 FAD would add neuronal expression of hAPP, allowing the 
analysis of the influence of Reelin plaque deposition on Aβ plaque deposition. b) Reelin expression in 
adult mouse GABAergic interneurons in the neocortex. Yellow and red dots represent eventual sites of 
Reelin and Aβ amyloid plaque deposition. DTA, diphtheria toxin A. EC, extracellular. 
 
 
As explained in Fig. 5.2, the implementation of the aforementioned conditional ablation 

model requires the crossbreeding of three independent mouse lines (Tg1, Tg2 and Tg3), 

two of which (Tg1 and Tg3) are commercially available, while the Tg2 line requires the 

cloning of the cDNA Tg2 vector. With this aim, we designed a three-step cloning 

strategy for the vector production that is underway. In parallel we developed some faster 

alternative approximations with the same objective. 

 

An alternative strategy for ablating Reelin-expressing neurons can be obtained through 

kainic acid (KA) injections in TgRln or TgRln/J20 mice. KA is a specific agonist of 

kainate receptor, so it mimics the effects of glutamate and acts as an epileptogenic and 

neuroexcitotoxic drug. Intraperitoneal injections in mice cause convulsive seizures 

accompanied by the death of CA1, CA2 and CA3 hippocampal neurons (Wang et al., 

2005). Since TgRln and TgRln/J20 mice are characterized by overexpression of 

transgenic Reelin in CA1, intraperitoneal injections of KA were administered to 4-

month-old TgRln/J20 mice, with the aim to induce convulsive non-lethal seizures and 

the death of Reelin-expressing CA1 pyramidal neurons. Animals were sacrificed one 
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month after injections and tested for the death of Reelin-expressing cells and for plaque 

formation. The unexpected hypersensitivity of TgRln mice to KA required the previous 

administration of Diazepam to reduce mouse death. Although all animals had 

convulsive seizures, they did not show high levels of neuronal death, as assessed by 

Fluorojade and Nissl staining (not shown). This finding could be attributable to the 

administration of Diazepam. Immunohistochemistry against Reelin and Aβ did not 

show considerable increase in Aβ or in Reelin plaque deposition after KA injections in 

TgRln/J20 animals compared with non-injected controls. Neither did we observe 

appreciable changes in Aβ or in Reelin plaque deposition, after KA injections in 

TgRln/J20 compared with J20 animals, attributable to the overexpression of Reelin. 

Nevertheless, KA-injected TgRln/J20 mice showed an accumulation of intracellular Aβ 

deposits in Reelin-overexpressing CA1 and CA2 pyramidal neurons, the most sensitive 

areas to KA-induced death (Fig. 5.3, right panels). Instead J20 KA-injected mice, which 

do not express Reelin in CA1 pyramidal neurons, did not display the same intracellular 

deposits (Fig. 5.3, left panels). These data might support the starting hypothesis that 

Reelin is present and participates in the nucleation of amyloid plaques. Indeed, 

intracellular Aβ deposits have been described as precursors to plaques both in humans 

(Gyure et al., 2001) and mice (Oddo et al., 2003a; Oddo et al., 2006). However, no clear 

evidence of a Reelin-promoted Aβ plaque formation was obtained from this attempt, 

possibly due also to the low levels of neural death detected and the young age of mice, 

or to the short time to animal sacrifice after KA injection. 

 
____________________________________________________________________________________
Fig. 5.3. Accumulation of intracellular Aβ deposits in KA-injected TgRln/J20 mice. 
Immunohistochemistry of J20 and TgRln/J20 mouse brains one month after KA injections. 3D6 antibody 
stains Aβ deposits, G10 antibody stains Reelin. TgRln/J20, but not J20 mice, show intracellular 
accumulation of Aβ in CA1 and CA2 Reelin-expressing neurons (arrows). Scale bar, 100 μm. so, stratum 
oriens; sp, stratum piramidale; sr, stratum radiatum; slm, stratum lacunosum molecolare. 
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Another way by which we addressed whether Reelin contributes to the nucleation of 

amyloid Aβ plaques was by stereotaxically injecting purified Reelin (Chapter 4.1.1) in 

the anterior hippocampus of 4-month-old J20 animals. Mice were killed 1 month after 

surgery and were processed for IHC against Reelin and Aβ plaques. Neither did this 

approach allow us to conclude that Reelin favours Aβ plaque deposition, since no 

nucleation was found in the sites of Reelin injection nor was a general increase in  

hippocampal Aβ plaques observed.  

 

Despite some indication gained with KA injections in TgRln/J20 animals, neither of the 

three experimental approaches gave us strong evidence to support our initial hypothesis. 

Moreover, subsequent IF analysis of hippocampal Aβ amyloid plaques in TgRln/J20 

animals revealed, as explained in Chapter 4.3.2 and corroborating the previous finding 

of Irene Knuesel’s group (Doehner et al., 2010), no perfect co-localization of Reelin and 

Aβ plaques, although Reelin tightly surrounded these structures. Moreover, as we found 

later (Chapter 4.3.2), Reelin overexpression in J20 mice did not modify the onset of Aβ 

amyloid plaques appearance, slightly increased the number of Aβ plaques at the age of 8 

months, and in more aged mice (12 months) strongly reduced plaque deposition. The 

overall vision of these data did not prompt us to proceed in the investigation of Reelin 

as a nucleator for Aβ plaques, although its co-localization with non-fibrillar oligomeric 

forms of Aβ (Doehner et al., 2010) and its tight association with Aβ amyloid plaques 

was a key finding to keep in mind, since it fitted further observations discussed below in 

Section 5.2.  

We then reformulated the problem, channeling our efforts into studying the possible 

molecular interaction of Reelin with any Aβ form, i.e. monomers, oligomers, fibrils or 

plaques. To this end, we started from an in vitro approach, where the only possible 

focus was on two purified species, Reelin and Aβ42 peptide, without any external 

interference, and on their dynamics of interaction during Aβ aggregation. 

 

 

 

 

 



DISCUSSION 
 

127 
 

5.2 Neuroprotective role for Reelin in AD: interpretation of in vitro 

results 

 
Our in vitro approach (Sections 4.1 and 4.2) contributed to shedding some light on the 

molecular relationship between Reelin an Aβ42 in the process of amyloid aggregation. 

First, we detected a direct influence of Reelin protein on the kinetics of Aβ42 amyloid 

aggregation. Contrarily to what was expected, in our system Reelin delayed the 

appearance of amyloid fibrils in a specific and dose-dependent fashion, as assessed by 

ThT and TEM. Second, we found that Reelin-induced delay in fibril formation was 

accompanied by a prolonged life span of both LMW and HMW Aβ42 oligomers, as 

assessed respectively by PICUP and dot blot. Third, Reelin interacts with soluble Aβ42 

species in the pre-fibrillar stage of amyloid aggregation. As the process of Aβ42 

aggregation goes on, Reelin progressively disappears from the soluble fraction, as 

assessed by Western blot, and gets trapped in the Aβ42 amyloid fibrils that finally form, 

as visualized by electron microscopy. Concomitantly, Reelin loses its biological 

functionality, being unable to induce the phosphorylation of its transducer Dab1 after 

sequestration into the Aβ42 fibrils. Fourth, although we found that Reelin forms part of 

amyloid fibrils, neither their classical cross β-fibrillar structure nor the distances 

between lateral chains, as shown by X-ray diffraction of fibrils formed with or without 

Reelin, are altered. This finding implies that Reelin possibly interacts with structures at 

the surface of Aβ42 amyloid fibrils in a non-regular manner. Finally short-term treatment 

of neuronal cultures with toxic Aβ42 oligomers (ADDLs) in the presence of Reelin 

demonstrate that Reelin is protective, reducing cytotoxicity in two survival assays: PI 

staining and MTT. 

The body of data we collected with our in vitro approach provides new and interesting 

insights into the field of Reelin and AD. The emerging perspective for Reelin in this 

context is that of a neuroprotective player that slows down amyloid fibril formation, 

interacts with toxic Aβ42 oligomeric species, and, although prolonging their life span, 

impairs them from exerting toxicity. Ongoing experiments are underway to evaluate the 

effect of Reelin on the synaptotoxicity of Aβ42 oligomers, looking at the density of 

dentritic spines in low-density hippocampal primary cultures treated with Aβ42 in the 

presence or in the absence of Reelin. This approach would let us work in more 

physiologic conditions, using lower concentrations of Aβ42 that would better reproduce 
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the conditions found in vivo in brain, and could let us appreciate a finer tuning of Aβ42 

toxicity by Reelin pathway. 

Elucidation of the molecular mechanisms underlying Reelin neuroprotection will 

require further investigation, although some speculations can be made on the basis of 

these findings. The interaction of Reelin and Aβ42 oligomers, although not affecting 

their size or their distribution, as shown by PICUP for LMW oligomers, could still 

induce some conformational modification of the oligomeric species that may affect their 

biological properties. For instance, a conformational change induced by Reelin on Aβ42 

oligomers may impair the interaction of the latter with their membrane receptors at the 

synaptic level, possibly explaining the relevant phenomenon of the reduction in their 

toxicity that we observed. Alternatively, the mere interaction of both LMW and HMW 

oligomers with Reelin could remove the former from interaction with synapses, thus 

having extracellular oligomers for longer periods but without being toxic. Also, it is 

conceivable that Reelin, although not changing amyloid fibril structure, actually 

stabilizes it, thus hampering oligomer recycling; if this were the case, there would be a 

lower rate of circulating oligomers detaching from fibrils but this process would last 

longer.  

Another conceivable hypothesis is that Reelin, already interacting with amyloid fibrils, 

simultaneously interacts with oligomeric Aβ42 species that form in a process of 

secondary nucleation at the surface of pre-formed amyloid fibrils. By “process of 

secondary nucleation” we refer to amyloid fibril nucleation catalyzed by pre-existing 

fibrils that host the nucleation reaction of new aggregates starting from Aβ monomers 

on their surface (Chapter 1.1.2 and Cohen et al., 2013). This process begins once a 

critical concentration of amyloid fibrils has accumulated and, in the presence of new 

monomers, it overtakes the classical mechanism of primary nucleation and becomes the 

dominant mechanism by which toxic oligomeric species of Aβ are formed. Reelin has 

been shown to interact with Aβ fibrils in a manner that does not affect their structure, as 

demonstrated by X-ray diffraction. This observation could indicate that Reelin interacts 

with amyloid fibrils at their surface, precisely the site where the events of secondary 

nucleation occur. Thus we could speculate that in a system in which the critical 

concentration of Aβ fibrils for secondary events of nucleation has been reached and the 

formation of toxic oligomers goes on mainly in a positive feedback loop at the surface 

of existing fibrils, the presence of Reelin at the same site impairs the nucleation 

reactions of oligomeric species, thereby reducing their toxicity (Fig. 5.4). 
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Adapted from Cohen et al., 2013  

____________________________________________________________________________________
Fig. 5.4. Hypothesis of the impairment of secondary nucleation events by Reelin. The secondary 
nucleation is a process of amyloid fibril nucleation catalyzed by pre-existing fibrils. Once a critical 
concentration of amyloid fibrils has accumulated through a classical mechanism of homogeneous primary 
nucleation, amyloid fibrils themselves can host the nucleation reaction of new aggregates starting from 
Aβ monomers on their surface (upper panel). Reelin interaction with Aβ species may subtract them from 
the interaction with fibrillar forms of Aβ, by which more oligomers and fibrils are formed for secondary 
nucleation in a positive feedback loop (lower panel). Moreover the presence of Reelin on fibril surface 
may sterically hamper the secondary nucleation process. The proposed mechanism of competition and/or 
of steric effect could explain the reduction of toxicity observed in the presence of Reelin.  
 

Last, it is important to remark that the setting up of a strategy for the purification of 

Reelin protein, together with the following proteomic bottom up analysis (described in 

Section 4.1), led us to the description of three N-glycosylation sites for Reelin protein 

in asparagines 291, 306 and 1267. This novel finding could have relevant implications 

for the understanding of Reelin biology, since glycosylations are known to control 

protein properties such as folding, secretion, cell-cell adhesion or cell-extracellular 

matrix attachment (Helenius and Aebi, 2004), and thus, in the case of Reelin, 

glycosylation could be involved in the control of developing and adult brain 

physiopathological processes. In particular it has been described a change in Reelin 

glycosylation patterns in AD (Botella-Lopez et al., 2006), therefore it could be useful to 



DISCUSSION 
 

130 
 

verify whether the sites detected in our approach could be involved in the modifications 

associated to AD. Further analysis, using similar approaches, can also be applied to the 

discovery of other glycosylation sites for Reelin protein or finally the study of glycans 

released by in vitro deglycosylation could be tackled. 
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5.3 Neuroprotective role for Reelin in AD: interpretation of in vivo 

results 
 

Our in vivo approach (Section 4.3) revealed the impact of continuous Reelin 

overexpression in two models of AD, one characterized by the overexpression of a 

mutated form of human APP (J20) and the other by Tau pathology caused by the 

overexpression of its kinase GSK-3β (Tet/GSK-3β).   

Reelin overexpression in the adult brain of J20 mice provided in vivo evidence of the 

influence of Reelin on amyloid fibril accumulation. In TgRln/J20 mice, the 

accumulation of amyloid deposits was not blocked, neither was the time of onset of the 

first deposits delayed; nevertheless, aged animals showed a significantly reduced 

accumulation of amyloid plaques compared with J20 mice. This observation is 

compatible with the in vitro evidence that Reelin delays the formation of amyloid 

fibrils. In vivo data also indicate a key role for Reelin in neuroprotection at the synaptic 

level. Consistent with Reelin enhancement of structural and functional properties at the 

synapses (Pujadas et al., 2010), in TgRln/J20 animals, dendritic spine levels were 

restored to those of wild-type animals, in contrast with J20 mice, which show synapse 

loss as a consequence of the disease (Spires-Jones et al., 2007). Thus Reelin counteracts 

in vivo Aβ-induced synaptotoxicity. Consistently, TgRln/J20 animals showed a recovery 

of cognitive skills, as seen by NOR test, with Reelin preventing memory impairments of 

J20 mice throughout life: before plaque formation (up to 4-6 months) and during 

amyloid deposition (8-12 months). This recovery was lost after one-month of depleting 

Reelin overexpression. This observation implies that the recovery is dependent on the 

continuous generation of new Reelin and indicates that Reelin itself acts as a "real-time" 

protector.  All together, our data indicate that Reelin induces an in vivo recovery at the 

synaptic structural level that underlies the functional recovery of cognitive skills in a 

model of AD, in a way that is dependent on the continuous overexpression of Reelin. 

We did not analyse in vivo the eventual loss of Reelin functionality caused by Reelin 

sequestration into amyloid fibrils, as we did in vitro. In this regard, a relevant difference 

between in vivo and in vitro approaches should be taken into account, namely the dose 

of Reelin and amyloid peptides in the two systems analysed. While in vitro we study a 

"closed system" in which an initial amount of Reelin and monomeric Aβ42 are added, in 

vivo there is a continuous production of both new Reelin and Aβ peptides. This new 
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production increases the complexity of the in vivo situation, and, although Reelin was 

sequestered into amyloid Aβ42 fibrils, as shown by IF stainings, the loss of functionality 

associated with this process could be masked by the continuous generation of new 

Reelin, thus overcoming the phenotype.  

The most interesting observation emerging from this scenario is probably the finding in 

vivo that the reduction of Aβ amyloid plaques is accompanied by decreased toxicity at 

synapses, where dendritic spine number is recovered, and by a rescue of cognitive 

skills. Since the focus of amyloid species toxicity has moved from plaques to oligomers, 

with the formulation of the “Aβ oligomer hypothesis” (Chapter 1.1.2), amyloid fibrils  

were proposed to be inert aggregates possibly with no toxicity per se (Haass and Selkoe, 

2007). However, this view is not consistent with the observation that, in the proximity 

of plaques, dendritic spines are disrupted in a manner that depends on their distance 

from the plaques (Spires-Jones et al., 2007). Also it has been reported a strong reduction 

of GABAergic innervation on cortical piramidal cells in the proximity of amyloid 

plaques, further implying that amyloid plaques are still a source of synaptotoxicity 

(Garcia-Marin et al., 2009; Leon-Espinosa et al., 2012). Additionally amyloid structures 

undergo continuous mechanisms of dissociation and re-association by which Aβ 

molecules are recycled within the fibril population and can be released to generate new 

toxic species (Carulla et al., 2005). A possible reconciliation of these findings comes 

from the description of the above mentioned secondary nucleation (Cohen et al., 2013) 

(Fig. 5.4), a process in which both monomeric peptide and fibrils are involved in the 

formation of toxic oligomers. This hypothesis restores the possibility that a reduction in 

the concentration of amyloid fibrils would be protective against AD pathology, since it 

would prevent the positive feedback loop by which toxic oligomers start to be formed in 

an exponential manner at the surface of fibrils. Moreover, this hypothesis still fits with 

all the previous discoveries regarding oligomer toxicity and fibril recycling events, 

adding the fibril surface as the place where these reactions are catalyzed. In our case, 

this would explain why Reelin-induced reduction of amyloid plaque burden in vivo 

overlaps with decreased toxicity at the synaptic level, apart from conciliating, as 

speculated above, the localization of Reelin at fibrils with a reduced in vitro cytotoxicity 

of Aβ oligomers. The analysis of Aβ soluble levels in TgRln/J20 animals is most 

definitely a future issue of great relevance in order to deepen our understanding of the 

molecular mechanisms by which Reelin reduces the number of amyloid plaques and the 

toxicity of Aβ species. Remarkably, in an in vitro approach, it was reported that Reelin 
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regulates the trafficking and proteolytic processing of APP, promoting non-

amyloidogenic αAPP cleavage (Hoe et al., 2006; Hoe et al., 2008; Hoe et al., 2009). It 

would be of great relevance to corroborate these data in our in vivo system. 

 

Furthermore, the overexpression of Reelin in a model of GSK-3β overexpression 

(Tet/GSK-3β) allowed us to evaluate the influence of the Reelin signalling pathway in 

the context of Tau pathology, a point that we were not able to address in the TgRln/J20 

mouse model, where no hyperphosphorylation of Tau has been detected. Since Reelin 

acts upstream of GSK-3β, inhibiting its activity (Herz and Chen, 2006), we analysed by 

western blot disctinct epitopes of GSK-3β-dependent phosphorylation of Tau, a 

phosphorylation event that is related to the formation of Tau aggregates in a tangle stage 

(Bertrand et al., 2010). We found that Reelin overexpression in TgRln/GSK-3β mice 

significantly reduces the amount of phosphorylated Tau in the hippocampus, restoring 

wild-type levels at 5 months of age, without changing total rates of Tau production (Fig. 

4.22). Moreover, while Tet/GSK-3β mice display somato-dentritic localization of 

phospho-Tau (Lucas et al., 2001), associated with pretangle-like stuctures,  Reelin 

overexpression reverts this phenotype, restoring a predominant axonic localization of 

phospho-Tau. In parallel we tested TgRln/GSK-3β cognitive functions in the NOR and 

in the Morris water maze test, two spatial memory tasks in which Tet/GSK-3β mice are 

impaired (Hernandez et al., 2002; Engel et al., 2006a). Preliminary results point in both 

tasks at a Reelin-mediated reversion of the recognition memory deficits associated with 

hyperphosphorylated Tau in Tet/GSK-3β. However increasing population per genotype 

will be needed to evaluate stastical significance and finally assess that the phenotypes 

mediated by Reelin overexpression in Tet/GSK-3β actually lead to a cognitive rescue. 

Also it remains to be addressed whether Reelin overexpression reverts other aspects of 

AD pathology in Tet/GSK-3β mice, such as microgliosis, astrocytosis and 

neurodegerative processes in the DG of the hippocampus. 

Altogether the observations made in TgRln/GSK-3β mice strengthen the results found 

in the J20 model of FAD and further support Reelin as a protective factor in the context 

of AD pathology. Indeed, since GSK-3β has been described has a major mediator 

linking Aβ to Tau phosphorylation (Takashima et al., 1993; Busciglio et al., 1995; 

Takashima et al., 1996), by antagonizing GSK-3β activity Reelin would position itself 

at the crossway of the two main AD-related pathways, reducing their toxicity. 
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5.4 New insights into hippocampal atrophy and neurogenesis in AD mice 

and the involvement of Reelin  
 

Hippocampal atrophy is one of the early manifestations of AD observed in biopsies 

(Braak and Braak, 1997; Kerchner et al., 2012), and in many cases it even precedes the 

state of mild cognitive impairment (MCI) (Smith et al., 2012). In particular, it has been 

described CA1 atrophy with pyramidal neuron loss (Davies et al., 1992); and the 

thinning of the CA1-stratum radiatum and stratum lacunosum moleculare (CA1-SRLM) 

has been described to correlate with episodic memory loss and earliest cognitive 

symptoms in AD patients (Kerchner et al., 2012). Contrarily, the size of the DG and 

CA3 do not seem to correlate with any aspect of memory performance (Kerchner et al., 

2012). 

In contrast to humans, transgenic mouse models of AD bearing hAPP are not 

characterized by overt neuronal loss, although they display signs of neurodegeneration, 

such as neuritic dystrophy and synapse loss. One possible explanation for this 

observation is that the typical lifetime of the mouse is too short for Aβ toxicity to kill  

neurons, or that the neurodegenerative phenotype is attributable to other aspects of the 

pathology, such as Tau toxicity or neuroinflammation, more than to Aβ toxicity. 

However, the lack of the cell death phenotype is indeed a weakness of hAPP AD 

models.  

Our data revealed, for the first time, clear DG atrophy for J20 mice at the age of 4 

months, prior to the onset of plaque burden. In these mice we detected a significant 

reduction in total DG volume, calculated as percentage of DG area compared to total 

hippocampal area. Such a reduction may point to neurodegeneration. Both the 

molecular layer (ML) and granule cell layer (GCL) are affected by the thinning through 

a mechanism that is still unclear (Fig. 4.15).  

In a first attempt to ascertain the reasons for the observed reduction of DG volume, we 

analysed whether it was caused by an increased rate of neuronal death. To this end, we 

performed activated-caspase-3 staining of apoptotic neurons. We did not find enhanced 

rates of apoptosis by this approach, although we cannot rule out that other kinds of 

neuronal death, such as necrosis, take place. 

Another possible cause of the thinning of the GCL could be a reduced rate of 

neurogenesis. In several transgenic models, adult neurogenesis is compromised in AD 
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and, in non-hAPP AD models this precedes neuronal loss. Dysfunctional neurogenesis, 

both decreased and increased, has been reported for AD transgenic models and for AD 

patients (Jin et al., 2004b; Lazarov and Marr, 2010; Marlatt and Lucassen, 2010; 

Winner et al., 2011; Perry et al., 2012). In our case, decreased levels of DCX-labelled 

cells were found in J20 compared to wild-type animals at the age of four month (Fig. 

4.16). Instead in J9 mice, another model of hAPP overexpression under the same 

promoter of J20 (PDGF-β promoter), increased hippocampal and subventricular 

neurogenesis was found, both at 3 and at 12 months, as shown by BrdU staining (Jin et 

al., 2004a). Also in J20 mice an increase in hippocampal neurogenesis, assessed by 

BrdU staining, was detected at the age of 3 months (Lopez-Toledano and Shelanski, 

2007). However this increase reverted with aging of the animals, since it was no more 

detected at the ages of 5, 9 and 11 months. Moreover the increase in neurogenesis was 

found to be correlated with detectable levels of oligomeric Aβ, measured by ELISA and 

western blot. An increased rate of adult neurogenesis can be considered as a 

compensatory mechanism in neurodegenerative processes; it therefore makes 

mechanistic sense to find this process increased in models of AD, above all as a 

response to Aβ oligomer or Tau toxicity. On the other hand sustained stimulation of 

neurogenesis, in the attempt to overcome the continous toxicity of newly generated Aβ 

toxic species in hAPP models, could even lead to a possible exhaustion of stem cell 

niches, with a consequent impairment in the replacement of dividing cells at later stages 

in the life. This could be one conceivaible hypothesis to explain the described increase 

in adult neurogenesis of J20 mice at an early stage of adulthood (3 months), followed by 

a reversion at later stages. Moreover the incongruence with the increased neurogenesis 

reported for J9 hAPP mice until the age of 12 months (Jin et al., 2004a) could be 

explained taking into account the intrinsic differences between the two models. Indeed, 

J9 and J20 mice express different levels of hAPPswe/Ind transgene and different levels of 

Aβ peptide (Chapter 1.1.4). This could be translated in a weaker stimulation of 

neurogenesis in J9, that therefore could be maintained increased over longer time if 

compared with J20.  

Altogether these observation could reconciliate the data of increased neurogenesis in J9 

and in J20 at the age of 3 months with our finding of reduced neurogenesis in J20 at 4 

months. Actually this could be the result of a possible exhaustion of stem cell niches 

after sustained over-stimulation of neurogenesis in previous stages. Analysis of 
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neurogenesis rate at additional time points (e.g. 1-3 months), and correlation with 

circulating Aβ peptide levels, should be carried out to verify the proposed hypothesis.  

Moreover the use of different techniques should be taken into account for the 

interpretation of these results. BrdU stains all kind of proliferating cells (including for 

instance glia in our case), whereas DCX specifically stains immature neuronal 

precursor. Thus BrdU can supply mistaken results due to inespecificity, while with 

DCX staining a faster neuronal precursors maturation can be interpreted as a decrease in 

neurogenesis.  

Moreover, we found morphological alterations in DCX-positive cells. This finding 

raises the question as to whether newly born cells can properly integrate into the GCL. 

If this were not the case, the generation of non-functional neurons or their fail in being 

integrated into the GCL, could stimulate further waves of neurogenesis, providing 

another possible cause for the hypothesized exhaustion of stem cell niches. Regarding 

the morphological alterations observed, first we did not find a homogenous distribution 

of proliferating cells along the SGZ and concomitantly GCL thinning seemed to be 

more severe in correspondence of the zones with lower rates of proliferation, thereby 

supporting the hypothesis that GCL thinning is attributable to a decrease in the ratio of 

neuronal replacement. Second, we observed mispositioning of DCX-positive cells, with 

bodies at different depths of the GCL, sometimes even localized in the hilus. Third, 

dendritic trees were observed to be less developed and in some cases extending going 

improperly towards the hilus instead of the ML. Finally, dystrophic neurites were also 

observed (Fig. 4.16 a and c). 

We also detected an involvement of Reelin in both DG atrophy and adult neurogenesis 

alterations. Our data indicate that Reelin overexpression alone is responsible for a 

significant thinning of ML in TgRln mice at the age of 4 months, while the GCL is not 

affected, meaning that while the number of cells is not decreased, their dendritic trees 

do occupy less space (Fig. 4.15). Analysis of neurogenesis rates assessed by DCX 

staining in TgRln mice revealed an increased number of newly-generated cells with 

more developed dendritic trees (Pujadas et al., 2010). In contrast to reeler mice, which 

are affected by impaired DG neurogenesis, Reelin overexpression restored neurogenesis 

at an even higher rate than wild-type animals, thereby implying that Reelin is required 

for and enhances adult hippocampal neurogenesis. Moreover, Reelin overexpression is 

found to be responsible for alterations in migration, with an increased number of 

mispositioned DCX-labelled cells found more than 10 μm away from the SGZ (Pujadas 
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et al., 2010). This finding is possibly due to the ectopic expression of Reelin in 

pyramidal GCL neurons in these mice. Indeed, Reelin is normally expressed in 

interneurons of the ML and hilus of the adult DG, and from there it seems to control the 

correct formation of the radial glial scaffold required for granule cell migration (Zhao et 

al., 2007). Overexpression of Reelin in the GCL in TgRln mice may send wrong signals 

to the dividing cells that could be repelling each other and then departing from the SGZ.  

Finally, in TgRln/J20 mice, the combined effects of Reelin and hAPP overexpression 

caused a reduction in ML and GCL volumes (Fig. 4.15), again without changes in the 

rate of apoptosis, as assessed by activated-caspase 3 IHC. Analysis of neurogenesis 

rates by DCX staining in TgRln/J20 mice revealed, as in J20, a decreased number of 

newly-generated cells (Fig. 4.16). Morphological observation shows a combination of 

the J20 and TgRln phenotypes. Again, a non-homogenous distribution of proliferating 

cells along the GCL was found, with concomitant more severe GCL thinning 

corresponding to the zones with lower rates of proliferation. As in TgRln animals, we 

also observed the mispositioning of cells, with bodies at different depths of the GCL, 

quite distant from the SGZ. DCX-labelled cells were only occasionally found in the 

hilus, probably acquiring this phenotype from J20, although displaying it in a less 

pronounced way. Dendritic trees also displayed alterations, with lower development. 

We can speculate that the thinning of the GCL observed in TgRln/J20 animals derives, 

as suspected in the J20 phenotype, from a previous exhaustion of the stem cells niche, in 

the case in which (object of ongoing experiments) in previous stages a strong increase 

in neurogenesis took place as a possible repair mechanism. This phenotype would be 

exacerbated in TgRln/J20 compared to J20 by the fact that the overexpression of Reelin 

alone is able to induce significant increase in hippocampal neurogenesis (Pujadas et al., 

2010). Thus in the context of synaptic and cellular damage induced by  high levels of 

circulating Aβ peptide, together with the lack on proper integration of newly born 

neurons in the GCL, TgRln/J20 would be facilitated compared to J20 to establish a 

sustained stimulation of neurogenesis, with an earlier and accelerated exhaustion of the 

stem cells niche, resulting in a stronger thinning of GCL at the age tested. 

Neither for J20 nor for TgRln/J20 clear atrophy of the CA1-SRLM, the most evident 

phenotype in humans, has been reported so far. Moreover, it is worth noting that, as 

mentioned above, the size of the DG in humans has not been found to correlate with any 

aspect of memory performance. It has been proposed that the excitable population of 

granule cells in DG is formed by a very small number of cells upon the total, whereas 
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90-95% of the population could be effectively “retired” (Alme et al., 2010). Therefore a 

very small number of mossy fibers connecting granule cells to CA 3 is though to be 

sufficient to maintain network functionality (Rolls, 2013). This theory fits with our data 

since TgRln/J20 mice displayed strong DG atrophy but their cognitive skills were not 

affected in the NOR memory task, actually TgRln/J20 mice were even protected by 

Reelin overexpression until the age of 12 months.  

 

We also attempted a first approach to characterize TgRln/GSK-3β mice in the context of 

atrophy and neurogenesis. Tet/GSK-3β have been described to show neurodegeneration 

of DG hippocampal cells through apoptosis, as assessed by TUNEL staining and 

activated-caspase 3 IHC, although they do not develop a severe atrophy until the age of 

18 months (Engel et al., 2006b). In contrast to TgRln/J20, 4-month-old TgRln/GSK-3β 

animals did not develop severe atrophy of the DG, as assessed by Nissl staining (Fig. 

5.5), although neurodegenerative events cannot be excluded. This result corroborates 

that the degenerative process observed in TgRln/J20 mice is the result of the combined 

action of Aβ and Reelin, since Reelin alone does not produce the same result when 

overexpressed in another AD-like background. However, DCX staining revealed that 

the newly-generated neurons in the DG of both Tet/GSK-3β and TgRln/GSK-3β mice 

showed some of the morphologic alterations described above for J20 and TgRln/J20. 

Both in Tet/GSK-3β and in TgRln/GSK-3β animals, a non-homogenous distribution of 

proliferating cells along the SGZ was observed, with wide areas without neurogenesis.  

Overexpression of Reelin alone again increased neurogenesis and was responsible for 

the mispositioning of cell bodies along the depth of the GCL. In combination with 

GSK-3β, the overexpression of Reelin also led to alterations in the development and 

direction of dendritic trees of newly born neurons in the TgRln/GSK-3β model. More 

conclusive data will be produced from the quantification of DG volume and from DCX-

labelled cell counts.  
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Fig. 5.5. Adult neurogenesis in TgRln/GSK-3β. Nissl and DCX staining of hippocampus of 4-month-
old TgRln/GSK-3β plus littermates wt, TgRln and Tet/GSK-3β controls. DG is shown at higher 
magnification in the lower panels. No evident DG atrophy is observed for any genotype. TgRln mice 
show an increased rate of neurogenesis and mispositioning of cell bodies along the depth of the granular 
cell layer (GCL). Both in Tet/GSK-3β and in TgRln/GSK-3β a non-homogenous distribution of 
proliferating cells along the subgranular zone (SGZ) is observed. Moreover, TgRln/GSK-3β mice display 
alterations in the development and direction of dendritic trees of newly born neurons. Scale bars: upper 
panel, 500 μm; lower panel, 200 μm. 
 
 

Further studies will be needed to elucidate the mechanisms underlying Reelin-

dependent ML volume reduction and the combined action of Reelin and Aβ in the 

atrophy of the GCL in the TgRln/J20 model. Finally, we consider it highly pertinent to 

address the possible functional consequences of Reelin effects on adult neurogenesis in 

the context of AD. 
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5.5 Reelin as a potential therapeutic target for AD 

 
We considered the Reelin-induced retention of the cognitive abilities of J20 mice of 

great interest for a putative role of Reelin pathway as a pharmacological target for AD. 

Indeed, Reelin has been shown not only to delay AD progress, but also to be required to 

prevent the appearance of the cognitive impairments of the disease, and only when 

Reelin is depleted in TgRln/J20 are the effects of cognitive skill loss evidenced. Our 

findings are in line with the hypothesis (suggested in Herring et al., 2012) that Reelin 

signalling depletion is one of the first events in the appearance of AD, and match the 

observation that Reelin haploinsufficiency in transgenic AD mice results in accelerated 

AD-like pathology (Kocherhans et al., 2010).  
On this basis, a possible therapeutic effect of the Reelin pathway in AD has been 

envisaged, possibly reverting key indicators of the illness after their appearance. The 

strategy pursued to test this hypothesis has been to allow TgRln/J20 and J20 mice to 

develop AD pathology, suppressing Reelin overexpression in the former by continuous 

doxycycline administration during their first 4 months of life. Once the onset of disease 

is appreciated, as checked by the NOR test, doxycycline administration was stopped and 

mouse groups were re-evaluated for the NOR test after 1 and 3 months of Reelin 

overexpression in order to address possible Reelin-dependent improvements in 

cognition. Conditional overexpression of Reelin in adult mice did not overcome AD 

impairments in the NOR test once the pathology developed. This finding indicates that 

continuous Reelin overexpression overcomes Aβ-induced toxicity and prevents the 

appearance of cognitive deficits in J20 mice, although the conditional induction of 

Reelin overexpression in cases of overt AD is not sufficient to revert the cognitive 

impairments developed. However, we cannot rule out the reversion of other hallmarks 

of the disease. For instance, we are now analysing whether the conditional induction of 

Reelin overexpression in adult J20 mice partially reverts amyloid plaque deposition or 

dendritic spine loss, although these molecular changes would not convey a global 

functional recovery. Another interesting issue to address is whether Reelin conditional 

overexpression in adult mice displaying Tau hyperphosphorylation reduces this 

phenotype.  

Altogether, our findings, in line with literature, indicate that Reelin depletion is 

necessary for the development of cognitive impairments in J20 AD mice, while its 
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conditional overexpression in cases of overt AD is not sufficient for the reversion of the 

latter. This observation implies that the Reelin signalling pathway is not of great 

therapeutic potential alone in the conditions tested, although molecular reversion of 

some histopathological hallmarks of the disease cannot be ruled out yet. Given that 

Reelin depletion seems to be a very early phenomenon in AD, another therapeutically 

relevant possibility could be the administration of this protein immediately before the 

onset of AD, in an attempt to complement the very early depletion in the Reelin 

signalling pathway. For instance, in the paradigm we applied, we may have missed this 

time point since J20 animals possibly experience a decrease in Reelin levels even before 

the emergence of cognitive impairments. Therefore administration of Reelin at the age 

of 4 months could be too late for a therapeutic potential to be appreciated, whereas 

anticipation of the point at which Reelin starts to be depleted could be beneficial. This 

approach would require setting up a very careful analysis to establish first whether in 

J20, as in other models, Reelin depletion is an early phenomenon of AD (Chin et al., 

2007) and second to determine the time course and areas of the brain in which this 

depletion takes place. With this information, a more adequate approach could be set up 

to test the therapeutic potential of Reelin. Finally, in an effort to convey these 

observations to the human condition, the most relevant issue to emerge is the 

compelling need to improve the early detection of AD, which is indispensable for the 

functionality of many therapeutic approaches. 
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5.6 Unifying hypothesis  
 

Taken together, the results coming from our in vitro and in vivo approaches highlight 

the potential of Reelin as a neuroprotective tool and a cognitive enhancer during normal 

aging and AD pathogenesis, as it has the capacity to overcome the deficits associated 

with Aβ deposition. This study also shows that Reelin overexpression in J20 mice is 

sufficient to achieve a functional recovery of behavioral deficits, as shown by the NOR 

task. In addition, here we show that the trapping of Reelin into Aβ42 fibrils causes the 

loss of Reelin signaling itself. In the adult brain, the Reelin pathway has been shown to 

favor α-processing of APP; decrease GSK-3β activity and Tau phosphorylation; 

potentiate glutamatergic neurotransmission, LTP and structural synaptic plasticity; and 

to positively regulate adult neurogenesis in the hippocampus (Ohkubo et al., 2003; Hoe 

et al., 2006; Qiu et al., 2006; Pujadas et al., 2010; Teixeira et al., 2012). These processes 

are necessary for correct neuronal physiology and cognitive adult functions that are 

impaired in AD. We thus propose that the Reelin cascade is a key “homeostatic” 

pathway that regulates numerous aspects of normal adult brain function and whose 

dysfunction may contribute to the pathological and cognitive traits typical of AD. This 

vision is in agreement with the view that Reelin depletion in the temporal lobe is one of 

the early events in AD pathogenesis (Herring et al., 2012) and with studies reporting 

that Reelin haploinsufficiency in AD mice results in accelerated AD-like pathology 

(Knuesel, 2010; Kocherhans et al., 2010). 

In summary, our data support a model (Fig. 5.6) in which the Reelin pathway exerts 

beneficial effects on both AD pathology and cognition by at least two complementary 

mechanisms. In addition to extracellular Reelin delaying amyloid fibril formation and 

reducing neurotoxicity by interacting with Aβ42 soluble species and fibrils, the 

activation of the Reelin cascade itself would potentiate adult plasticity events, including 

synaptic plasticity and adult neurogenesis, and lead to decreased GSK-3β activity and 

Tau phosphorylation. On the basis of our findings in transgenic mice, we propose that 

the acute activation of the Reelin pathway represents a new therapeutic strategy for 

ameliorating the cognitive decline associated with normal aging and the deficits 

characteristic of AD pathology. 
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____________________________________________________________________________________
Fig. 5.6. Summary scheme illustrating the involvement of Reelin in Alzheimer Disease. In AD (upper 
panel), high levels of neurotoxic soluble Aβ oligomers induce a wide range of alterations, including 
synaptic dysfunction. Reelin interacts with soluble Aβ species, and gets trapped into amyloid fibrils, 
where it loses its functionality, resulting in a downregulation of the Reelin signalling pathway. Incresed 
Reelin levels in the context of AD (lower panel), possibly through enhanced Aβ-Reelin interaction, lead 
to delayed fibril formation, reduced plaque load and decreased Aβ toxicity, with a recovery of synaptic 
loss and cognitive functions. Additionally, increased levels of functional Reelin might restore its 
downstream signaling pathway, further exerting neuroprotection. By these two complementary 
mechanisms, increased Reelin levels in AD overcome Aβ-mediated toxicity and cognitive deficits, 
pointing at the Reelin pathway as a new therapeutic target for the treatment of AD. 
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5.7 Future perspectives 

 
The wealth of data presented in this work suggests that Reelin overcomes Aβ toxicity at 

multiple levels, from synapses, to cells, up to neural networks. Although apparently 

participating with Aβ in the thinning of hippocampal dentate gyrus, Reelin 

overexpression in J20 mice (TgRln/J20) is sufficient to lead to functional recovery of 

AD behavioural deficits, consistent with dendritic spine density rescue and reduction of 

neuronal death. A great effort remains to be channelled into deciphering the molecular 

mechanisms underlying Reelin neuroprotection in AD and to fit the observed phenotype 

of dentate gyrus atrophy. 

In this regard it would be of great relevance to analyse the levels of soluble Aβ in 

TgRln/J20 animals, to deepen our understanding of the molecular mechanisms by which 

Reelin reduces the number of amyloid plaques and the toxicity of Aβ species. 

Remarkably, in an in vitro approach, it was reported that Reelin regulates the trafficking 

and proteolytic processing of APP, promoting non-amyloidogenic αAPP cleavage (Hoe 

et al., 2006; Hoe et al., 2008; Hoe et al., 2009). It would be of great relevance to 

corroborate these data in our in vivo system. Further, gaining insight into the 

mechanisms of interaction between Reelin and Aβ species, both oligomers and fibrils, is 

most definitely a future issue of great relevance to address. 

Further studies will be also needed to elucidate the mechanisms underlying Reelin-

dependent ML volume reduction and the combined action of Reelin and Aβ in the 

atrophy of the GCL in the TgRln/J20 model. We consider it highly pertinent to address 

the possible functional consequences of Reelin overexpression on adult neurogenesis in 

the context of AD. Additionally, it remains to be addressed whether Reelin 

overexpression reverts other aspects of AD pathology such as neuroinflammation.  

Finally, the key mechanism to elucidate in vivo is the trapping of Reelin into Aβ42 

fibrils, with the consequent loss of Reelin signalling. Indeed we propose the Reelin 

pathway as an important “homeostatic” pathway that regulates numerous aspects of 

normal adult brain function (glutamatergic transmission, synaptic plasticity, adult 

neurogenesis, APP processing, Tau phosphorylation) and whose dysfunction, eventually 

due to Reelin sequestering into amyloid plaques, may contribute to the pathological 

cognitive traits typical of AD. 
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1. Reelin protein can be purified through sequential anion 
exchange and size exclusion chromatography 

2. Reelin protein bears N-glycosylation on asparagines 291, 
306 and 1267 

3. Reelin delays in vitro the kinetics of Aβ42 fibril formation 
and extends the life-time of Aβ42 oligomeric species 

4. Reelin interacts with soluble Aβ42 species and reduces 
their citotoxicity  

5. Reelin gets sequestered into Aβ42 fibrils, losing its 
biological functionality 

6. Reelin does not alter the cross-β-sheet structure of Aβ42 
fibrils 

7. Reelin exacerbates the phenotype of dentate gyrus 
atrophy and adult neurogenesis reduction  in a mouse 
model of hAPP  overexpression 

8. Reelin reduces hippocampal and cortical amyloid plaque 
load in a mouse model of hAPP overexpression 

9. Reelin prevents dendritic spine loss in a mouse model of 
hAPP overexpression 

10. Reelin decreases Tau phosphorylation in a mouse model 
of GSK-3β overexpression 

11. Reelin prevents cognitive impairments during normal 
aging and in a mouse model of hAPP overexpression 

12. Reelin depletion is required for cognitive deficits to 
manifest in a model of hAPP 

13. Conditional induction of Reelin overexpression in cases 
of overt AD is not sufficient to revert the cognitive 
impairments  
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INTRODUCCIÓN 

 

 Demencia tipo Alzheimer 

 
La enfermedad de Alzheimer (Alzheimer’s disease, AD) es la causa más común de demencia en 

las personas mayores, con más de 25 millones de personas afectadas en todo el mundo 

(Asociación de Alzheimer, http://www.alz.org/). Descrito por primera vez en 1907 por el 

médico alemán Alois Alzheimer (Alzheimer et al., 1995), AD es un trastorno neurodegenerativo 

caracterizado por una dramática pérdida progresiva de sinapsis y poblaciones neuronales, que 

afecta inicialmente a las estructuras del lóbulo temporal medial y que finalmente resulta en 

atrofia cortical difusa. Los síntomas clínicos más comunes son deterioro cognitivo con amnesia, 

agnosia, incapacidad en la planificación y en el razonamiento abstracto, en conjunto con 

disfunciones ejecutivas, como afasia y apraxia (McKhann et al., 1984). Esta erosión gradual de 

la cognición aumenta lentamente en la severidad de los síntomas hasta que finalmente se 

convierten en incapacitante. A nivel histológico la enfermedad se caracteriza por la difusión de 

lesiones patológicas en diversas regiones del cerebro, distinguiendose seis estadíos (conocidos 

cómo estadíos de Braak) de progresión de la enfermedad (Braak and Braak, 1991, 1995): las 

etapas transentorhinales I-II, que representan casos clínicamente silentes; las etapas límbicas III-

IV de AD incipiente y las etapas neocorticales V-VI de AD completamente desarrollada. En las 

últimas etapas de la enfermedad, el deterioro cognitivo es acompañado a menudo por 

características psiquiátricas, tales como confusión, agitación y alteraciones del comportamiento, 

y síntomas neurológicos, que pueden incluir convulsiones, hipertonía, mioclonías, incontinencia 

y mutismo. AD es una enfermedad terminal con la muerte comúnmente causada por factores 

externos tales como infecciones, neumonía, desnutrición o comorbilidades, pero no por el 

trastorno en sí. 

 

Genética de la enfermedad de Alzheimer 

Dependiendo de la edad de inicio se distinguen dos tipos principales de AD: las formas de inicio 

temprano, con comienzo antes de los 65 años, y las formas de aparición tardía. Una proporción 

considerable de las formas de AD de inicio temprano (EOAD) se produce en un contexto de 

historia familiar, y se debe a mutaciones raras, autosómicas dominantes de los genes proteína 

precursora de la β amiloide (APP), presenilina-1 (PSEN1) y presenilina-2 (PSEN2) (Bertram et 

al.; Ballard et al., 2011; Selkoe, 2011). Debido a su herencia mendeliana, estos casos se 

denominan también como AD familiar (FAD). En cambio, las formas de aparición tardía de AD 

(LOAD) no están directamente vinculadas a mutaciones genéticas, y para ellas sólo se han 
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propuesto factores de riesgo genéticos. Debido a la ausencia de herencia directa, las formas de 

aparición tardía de AD también se clasifican como enfermedad de Alzheimer esporádica (SAD). 

Numerosas mutaciones con error de sentido altamente penetrantes se han descrito en los genes 

APP, PSEN1 y PSEN2, como indicado en la Tabla 1. Las duplicaciones de APP también son 

responsables de AD de inicio temprano (Rovelet-Lecrux et al., 2006; Tanzi, 2012), y en el 

síndrome de Down (causado por la trisomía del cromosoma 21, que contiene el gen APP) la 

sobreexpresión de APP resulta en demencia de inicio temprano con un fenotipo similar al de la 

AD (Hof et al., 1995). Las mutaciones responsables de AD familiar se pueden examinar en 

detalle en la página web del Frontotemporal Dementia Mutation Database 

(http://www.molgen.ua.ac.be/ADmutations/).  

La proteína beta amiloide (Aβ), uno de los principales agentes tóxicos en la AD, es un producto 

del catabolismo de la proteína APP, procesada proteolíticamente por la acción consecutiva de 

las β- y γ-secretasas (Cole and Vassar, 2008; Steiner, 2008). La mayoría de las mutaciones de 

APP relacionadas con AD familiar se encuentran en los sitios de corte de las secretasas, y a 

menudo conducen a un mayor corte proteolítico y a una mayor producción de Aβ, como es el 

caso de la mutación "Swedish" (Goate et al., 1991; Mullan, 1992). Por otra parte, los genes 

relacionados con AD familiar PSEN1 y PSEN2 codifican por el centro catalítico de la γ-

secretasa, y sus mutaciones también conducen a una producción anómala del péptido Aβ 

(Bertram et al.). Por último, mutaciones en el centro del péptido Aβ capaces alterar las 

propiedades de agregación de Aβ, también están relacionadas con AD familiar (Nilsberth et al., 

2001; Tomiyama et al., 2008). La observación de que la mayoría de las mutaciones que causan 

ADF aumentan la producción de Aβ, es una fuerte evidencia de un papel causal del péptido Aβ 

en la patogénesis de AD. Esta convergencia de las evidencias genéticas y moleculares ha dado 

soporte a la “hipótesis amiloide”, que postula que la producción anormal de Aβ es el paso inicial 

en el desencadenamiento de la cascada fisiopatológica que con el tiempo conduce a AD 

(Glenner and Wong, 1984; Hardy and Higgins, 1992; Hardy, 1997; Hardy and Selkoe, 2002; 

Tanzi and Bertram, 2005) (capítulo 1.1.2). Sin embargo, los casos familiares de AD representan 

sólo aproximadamente un 1-6% del total (Bekris et al., 2010). El restante ~ 95% de los casos 

son atribuibles a la forma esporádica de AD, por la que no están claros aún los mecanismos 

patogénicos. 

Aunque las formas de aparición tardía de AD se clasifiquen como esporádicas, cabe destacar 

que hasta un 60%-80% de estos casos tienen predisposición genética. De hecho la 

susceptibilidad para LOAD está conferida por numerosos factores de riesgo genéticos de 

frecuencia relativamente alta, pero baja penetrabilidad. Además de los genes de susceptibilidad, 

los factores ambientales y epigenéticos pueden contribuir significativamente a determinar el 

riesgo de un individuo, por lo que la forma esporádica de AD es una enfermedad multifactorial 

compleja que surge de la interacción de varios factores determinantes (Gatz et al., 2006).  
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El alelo Apoε4 de APOE, una de las principales apolipoproteínas del cerebro, es el mayor factor 

de riesgo genético conocido para AD esporádica (Corder et al., 1993; Saunders et al., 1993; 

Schmechel et al., 1993; Strittmatter et al., 1993a; Strittmatter et al., 1993b). En comparación con 

los pacientes no portadores de ε4, el riesgo de AD se incrementa de dos a cuatro veces en los 

pacientes portadores de un alelo ε4 y de aproximadamente 12 veces en pacientes ε4 

homocigotos (Farrer et al., 1997; Bertram et al., 2007). Los portadores de Apoε4 también 

muestran la acumulación temprana de placas amiloides y una edad más temprana de inicio de la 

demencia. La vía neuropatológica por la que APOE aumenta el riesgo de enfermedad no está 

clara. Sin embargo, la isoforma Apoε4 se asocia con una disminución de la eficiencia de 

eliminación de Aβ en cerebro (Castellano et al., 2011). Además, Apoε4 parece incrementar la 

formación de formas oligoméricas solubles de Aβ, que son cruciales para la disminución de la 

disfunción sináptica, el deterioro cognitivo y la neurodegeneración (Hashimoto et al., 2012). 

Estudios de asociación del genoma completo (GWAS) recientes, además de confirmar Apoε4 

como el mayor gen asociado a AD esporádica (Bertram et al., 2010), han revelado nuevos locus 

asociados con AD, cómo CLU, PICALM, CR1, BIN1, ABCA7 y EphA1(Lambert et al., 2009; 

Hollingworth et al., 2011; Naj et al., 2011; Tanzi, 2012). 

Finalmente, además de los factores de riesgo genéticos, se ha propuesto una componente 

ambiental para AD, con factores como la edad, la educación, la actividad física, la dieta y la 

eventual presencia de comorbilidades (obesidad, diabetes, enfermedades inflamatorias) que 

juegan un papel en su aparición (Arendash et al., 2004; Rovio et al., 2005). 

A pesar de sus antecedentes genéticos distintos, las formas familiares y esporádicas de AD son 

indistinguibles a nivel histopatológico y muestran dos características principales: las placas 

amiloides y los ovillos neurofibrilares (Braak and Braak, 1997; Nussbaum and Ellis, 2003; 

Goedert and Spillantini, 2006), que aparecen en un contexto de daño vascular, inflamación, 

estrés oxidativo, pérdida sináptica y neurodegeneración (Fig 1.1). 

                                                                
Aβ en la patogénesis de la enfermedad de Alzheimer 

El procesamiento proteolítico de APP: Las placas de β-amiloide son una de las principales 

lesiones histopatológicas de la AD. Se trata de depósitos insolubles extracelulares compuestos 

principalmente por péptidos Aβ, dispuestos en fibrars con una estructura secundaria de lámina β 

plegada. La deposición de placas β-amiloides comienza en la corteza Enthorinal y se extiende 

durante la progresión de la enfermedad a las regiones alocorticales primero, a continuación a los 

núcleos del diencefálo, al estriado y a los núcleos colinérgicos del cerebro anterior basal, y 

finalmente al cerebelo (Thal et al., 2002). El péptido Aβ se genera por el corte proteolítico de la 

proteína transmembrana APP por la acción de unas proteasas de membrana denominadas 

secretasas. APP se procesa secuencialmente: primero por cualquiera la acción de α- o β-

secretasas, y luego por γ-secretasa (Sheng et al., 2012). En la vía amiloidogénica, que da lugar 
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al péptido Aβ, las proteasas implicadas son β- y γ-secretasa, cuya acción secuencial libera el 

dominio extracelular soluble de APP (sAPPβ), el péptido Aβ, y el dominio carboxi-terminal 

intracelular de APP (AICD). En contraste, la escisión por la α- y γ-secretasas previene la 

formación de Aβ, produciendo sAPP, péptido p3 y AICD (Fig. 1.2a). α- y β-secretasas cortan en 

sitios únicos del dominio extracelular de APP, mientras que γ-secretasa puede cortar los 

productos de la α- o la β- escisión en varias posiciones, dando lugar a péptidos Aβ y fragmentos 

intracelulares de longitud variable. Dependiendo del sitio de escisión específica de la γ-secretasa 

la longidud del péptido Aβ puede variar, siendo las formas de 40 (Aβ40) y 42 aminoácidos 

(Aβ42) las más frecuentes (Fig. 1.2b), de las cuales Aβ42 es la menos común, pero más 

fibrilogénica y neurotóxica (O'Brien and Wong, 2011). 

 

Hipótesis amiloide y oligómeros de Aβ: Como se ha mencionado en el capítulo 1.1.1, hasta 

ahora las únicas mutaciones clasificadas como causantes de AD familiar son a cargo de los 

genes APP, PSEN 1 y PSEN 2 y casi todas son responsables de un aumento de la producción de 

péptido Aβ o bién de un aumento de la proporción Aβ42/Aβ40 (Tanzi and Bertram, 2005; 

Blennow et al., 2006; Bettens et al., 2010). Durante muchos años, estos hallazgos fortalecieron 

la “hipótesis de la cascada amiloide”, postulada en 1992 por Hardy y Higgins (Hardy and 

Higgins, 1992). De acuerdo con esta hipótesis, la producción anómala de Aβ es el paso inicial 

en el desencadenamiento de la cascada fisiopatológica que con el tiempo conduce a AD 

(Glenner and Wong, 1984; Hardy, 1997; Tanzi and Bertram, 2005). La deposición de Aβ y la 

formación de placas amiloides se describen como los principales procesos responsables de la 

muerte neuronal y las otras lesiones neuropatológicas distintivas de AD (ovillos neurofibrilares, 

daño vascular, neuroinflamación) son consecuencias y no causas de la enfermedad. Tampoco se 

hace ninguna diferencia mecanística entre los casos esporádicos y familiares de AD, ya que en 

ambos casos el suceso iniciador de la patología es la deposición de amiloide que, en los casos 

esporádicos con ausencia de mutaciones, se atribuye a otras causas externas que desencadenan 

la misma cascada de eventos que en AD familiar. Estudios posteriores revelaron que la 

"hipótesis de la cascada amiloide" no podía conciliar las observaciones clínicas y patológicas, 

debido a la falta de correlación entre la carga de placas amiloides y la gravedad del deterioro 

cognitivo en pacientes con AD (Terry et al., 1991; Hibbard and McKeel, 1997; McLean et al., 

1999; Giannakopoulos et al., 2003). Por otra parte, los modelos murinos de AD que 

sobreexpresan formas mutadas de APP humana (hAPP) exhiben déficits de comportamiento 

mucho antes de la aparición de la patología amiloide (Hsia et al., 1999; Mucke et al., 2000; 

Kawarabayashi et al., 2001; Lesne et al., 2006). Esta observación sugirió que el daño sináptico, 

y no la muerte neuronal inducida por placas amiloides, encajaba mejor con el deterioro 

cognitivo observado. La versión más reciente de la “hipótesis de la cascada amiloide” propone 

que la AD no surge de la citotoxicidad inducida por placas, sino más bién de la toxicidad 
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sináptica mediada por los agregados globulares solubles de Aβ. Estas formas no fibrilares ni 

monoméricas de Aβ han demostrado ser el verdadero agente tóxico, capaz de provocar 

disfunción sináptica y pérdida de sinapsis (Lambert et al., 1998; Walsh et al., 2002a; Cleary et 

al., 2005; Lesne et al., 2006; Haass and Selkoe, 2007; Lacor et al., 2007; Shankar et al., 2007). 

Para obtener mayor información sobre los mecanismos de acción de los oligómeros de Aβ, 

muchos protocolos de laboratorio se han diseñado para obtener estas especies para su uso 

experimental. Uno de estos protocolos permite la formación in vitro de una solución 

heterogénea compuesta principalmente por trímero, tetrámero, pentámero y oligómeros de hasta 

24-mer de péptido Aβ (Lambert et al., 1998; Lambert et al., 2001; Chromy et al., 2003; Krafft 

and Klein, 2010). Los oligómeros obtenidos mediante este protocolo se han llamado ligandos 

difusibles derivados de Aβ (ADDLs) y se ha propuesto que ejercen su toxicidad mediante la 

unión directa a un receptor de membrana en las espinas dendríticas de neuronas piramidales 

excitatorias (Lacor et al., 2007). Por otra parte, se ha encontrado que los ADDLs son 

responsables de aberraciones en la morfología de espinas dendríticas, de una reducción en la 

densidad de espinas dendríticas (Lacor et al., 2007); de la formación de especies reactivas de 

oxígeno (De Felice et al., 2007); de hiperfosforilación de la proteína Tau (De Felice et al., 

2008); y de la inhibición de la potenciación a largo plazo (LTP) (Lambert et al., 1998; Walsh et 

al., 2002b; Wang et al., 2002). Además, los ADDLs provocan muerte celular con  selectividad 

celular (limitada a las neuronas) y especificidad regional (afectando a neuronas del hipocampo 

pero no del cerebelo, en paralelo a la patología de AD) (Klein, 2002). Estos resultados han sido 

corroborados con otros tipos de preparaciones de oligómeros sintéticos y, finalmente, también 

en el cerebro de AD humano.  

La “hipótesis de oligómeros Aβ” ha resuelto la paradoja existente en la “hipótesis de la cascada 

amiloide” al reconocer que la consecuencia inmediatamente relevante para AD tras la elevada 

producción de péptido Aβ no es una mayor deposición de placas amiloides, sinó el incremento 

de la formación de oligómeros. De hecho, los niveles cerebrales de especies Aβ solubles 

parecen correlacionarse mejor con la gravedad del deterioro cognitivo que la densidad de placas 

(Lue et al., 1999; Naslund et al., 2000). Desde este punto de vista surgió la noción de que los 

depósitos de amiloide insolubles funcionan como reservorios de oligómeros bioactivos, que se 

forman continuamente por el desprendimiento y re-asociación de moléculas que se reciclan 

dentro de la población de fibrillas (Carulla et al., 2005; Haass and Selkoe, 2007). Por otra parte, 

ya que los oligómeros se forman a bajas concentraciones de Aβ, posiblemente antes de la 

formación de placas, proporcionan una explicación de las fluctuaciones en el rendimiento de la 

memoria de pacientes con AD en etapas muy tempranas de la enfermedad, como posibles 

cambios transitorios en los niveles de oligómeros. Sin embargo, qué tipo de oligómeros de Aβ 

son los más patógenos y cómo su acumulación en el cerebro causa la disfunción sináptica y 
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neuronal, son todavía temas de intenso estudio y debate (Benilova et al., 2012; Huang and 

Mucke, 2012). 

 

Patología de Tau 

Además de las placas amiloides, el otro tipo principal de lesión histopatológica de la AD son los 

ovillos neurofibrilares (NFT), que se forman intracelularmente y se componen principalmente 

de la proteína Tau agregada con modificaciones postraduccionales anormales, incluyendo el 

aumento de su fosforilación y acetilación (Iqbal et al., 2010; Cohen et al., 2013). Tau es la 

principal proteína asociada a los microtúbulos (MAP) en la neurona madura. Las otras dos 

MAPs neuronales son MAP1 y MAP2. Una función establecida de las MAP es su interacción 

con tubulina, la promoción de su ensamblaje en microtúbulos y la estabilización de la red de 

microtúbulos. La actividad de promoción del ensamblaje de microtúbulos por parte de Tau está 

regulada por su grado de fosforilación, de hecho, la hiperfosforilación de esta proteína deprime 

su actividad biológica (Iqbal et al., 2010). 

En el cerebro con AD, los niveles de Tau hiperfosforilada son de tres a cuatro veces mayores 

que en el cerebro adulto sano, y en este estado Tau hiperfosforilada se separa de los 

microtúbulos empezando a polimerizar en filamentos helicoidales emparejados (PHFs), que a su 

vez se asocian en haz (bundle) de pares, resultando finalmente en la formación de NFT (Fig. 

1.3) (Grundke-Iqbal et al., 1986). 

Tau puede ser fosforilada en residuos de tirosina, treonina o serina por varias proteínas quinasa. 

Entre ellas GSK-3 en su isoforma β (GSK-3β) es la que fosforila la mayor parte de los sitios 

relacionados con la AD en la molécula de Tau. La fosforilación de Tau por GSK-3β en sitios 

específicos se puede analizar mediante el uso de anticuerpos como AT8 o PHF-1, que 

reconocen respectivamente la fosforilación de Tau en la serina 202 o en las serinas 396-404. 

Aunque Tau se encuentre predominantemente en los axones, donde está implicada en la 

estabilización de microtúbulos y el tráfico de vesículas, recientemente se han descubierto 

tambíen funciones dendriticas. Estudios en cultivos celulares y modelos de ratón genéticamente 

modificados indican que Tau puede facilitar o mejorar la neurotransmisión excitadora mediante 

la regulación de la distribución de moléculas de señalización relacionadas con la actividad 

sináptica. Sin embargo, el enriquecimiento de Tau anormalmente modificada o en 

conformaciones patógenas en las espinas dendríticas interfiere con la neurotransmisión (Hoover 

et al., 2010). Además, los oligómeros Aβ promueven el enriquecimiento postsináptico de Tau a 

través de un proceso que involucra a miembros de la familia de quinasas reguladoras de la 

asociación MAP/microtúbulos (MARK) (Zempel et al, 2010).  

La patología Tau se correlaciona con el deterioro cognitivo (Giannakopoulos et al., 2003) y con 

el estadiajede AD (Arriagada et al., 1992) mejor que la patología amiloide; así, la escala más 

utilizada para evaluar el estado de la progresión de la enfermedad se basa en la abundancia NFT 
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y su propagación a través del cerebro (Braak and Braak, 1995). Sin embargo, en pacientes con 

AD no se han encontrado mutaciones en el gen que codifica para Tau (proteína Tau asociada a 

los microtúbulos - MAPT). En contraste, mutaciones MAPT se han descrito ser causantes de 

demencia frontotemporal (FTD) (Cairns et al., 2007). 

 

Modelos murinos de la enfermedad de Alzheimer 

La identificación de mutaciones causantes de AD condujo al desarrollo de varios modelos de 

ratones que reproducen las principales características patológicas de este trastorno. La 

generación de ratones transgénicos con mutaciones en los genes relacionados con AD (tales 

como APP, APOE, BACE, PS1, PS2), combinados con el uso de diferentes promotores, resultan 

en la reproducción de una amplia variedad de fenotipos de AD, que van desde las placas 

amiloides a los ovillos neurofibrilares, neuritas distroficas, gliosis, déficits sinápticos y deterioro 

cognitivo. Una lista de los modelos transgénicos actualmente disponibles de AD se puede 

encontrar en la página web del Alzheimer research forum: http://alzforum.org/res/com/tra/ . Las 

tablas 3, 4 y 5 resumen respectivamente los modelos de APP/BACE/presenilinas, los modelos 

de Tau y los modelos cruzados. 

 

 

La proteína de matriz extracelular Reelina y la enfermedad de Alzheimer 

 

Reelina en el desarrollo y en el cerebro adulto 

Reelina es una proteína extracelular crucial para la migración neuronal en el desarrollo del 

cerebro. Además, cada vez hay más evidencias de que Reelina controla sinaptogénesis y la 

maduración sináptica durante el desarrollo (D'Arcangelo et al., 1995; Rice and Curran, 2001; 

Soriano and Del Río, 2005; Cooper, 2008). Reelina actúa a través de los receptores de la 

apolipoproteína E2 (ApoER2) y del receptor de lipoproteína de muy baja densidad (VLDLR), 

que desencadenan una cascada de señalización compleja que involucra a miembros de la familia 

Src, DAB1, las quinasas PI3K, ERK1/2 y GSK3, y CrkL, entre otros (Fig. 1.7) (Howell et al., 

1997; Hiesberger et al., 1999; Howell et al., 1999; Beffert et al., 2002; Arnaud et al., 2003; 

Ballif et al., 2004; González - Billault et al., 2005; Simo et al., 2007). Es importante señalar que 

los ratones Reeler, DAB1(-/-) y ApoER2/VLDLR(-/-) son fenotípicamente idénticos, lo que 

pone de relieve el papel esencial de DAB1 y los receptores en la vía de señalización. Reelina en 

el cerebro adulto se expresa en subgrupos de interneuronas GABAérgicas de la corteza cerebral 

y otras regiones (Alcántara, et al., 1998). Aunque el papel de Reelina en el cerebro adulto no se 

conoce bién, se ha demostrado que esta proteína se expresa en contactos sinápticos y que las 

neuronas deficientes en ApoER2 y receptores VLDLR tienen alterada la LTP (Beffert et al., 
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2005). Por otra parte, recientemente se ha demostrado que participa en la composición, 

expresión y el tráfico de las subunidades del receptor NMDA (Qiu et al., 2006; Groc et al., 

2007), en la elaboración de las dendritas, y en la formación de espinas dendríticas (Matsuki et 

al., 2008; Niu et al., 2008). Estos estudios sugieren que la Reelina está implicada en la correcta 

formación y fisiología de las sinapsis corticales.  

La mayoría de estudios sobre las funciones de Reelina en el cerebro adulto han empleado 

análisis de los ratones Reeler deficientes de Reelina (o Dab1 o ApoER2/VLDLR ratones (-/-)) y 

ratones Reeler heterocigotos, como un modelo de haploinsuficiencia de Reelina. Estudios en 

ratones Reeler (o Dab1 o ApoER2/VLDLR ratones (-/-)) se ven obstaculizadas por los defectos 

dramáticos de estos animales en la laminación y organización del cerebro (y anomalías de 

comportamiento), lo que plantea la cuestión de si los defectos en la función del ratón Reeler son 

secundarios a los defectos de migración.  

Para desentrañar la función de la Reelina en el cerebro adulto ha sido de gran utilidad el  modelo 

de ganancia de función: un ratón transgénico condicional que sobreexpresa Reelina, 

específicamente en el cerebro anterior postnatal y adulto, bajo el control del promotor de la 

calcio-calmodulina dependiente quinasa II (TgRln) (Pujadas et al, 2010; Fig. 1.9). La 

sobreexpresión de Reelina en adultos aumenta la neurogénesis del hipocampo y altera la 

migración y colocación de las neuronas generadas en el hipocampo adulto. Además, la 

sobreexpresión de Reelina en hipocampo provoca un aumento de los contactos sinápticos y la 

hipertrofia de las espinas dendríticas (Fig. 1.10). Asimismo, los ratones TgRln tienen 

potenciada la LTP (Pujadas et al, 2010). Por lo tanto, los niveles de Reelina en el cerebro adulto 

regulan la neurogénesis y la migración, así como las propiedades estructurales y funcionales de 

las sinapsis, lo que a su vez implica que Reelina controla procesos de desarrollo que se 

mantienen activos en el cerebro adulto. 

 

Interacción de la vía de Reelina y la enfermedad de Alzheimer  

La investigación en el campo de Reelina ha producido nuevas evidencias de una relación entre 

la vía de Reelina y AD. La primera proviene de enlace de ApoER2, uno de los principales 

transductores de la vía Reelina y al mismo tiempo, un receptor para la isoforma de ε4 ApoE, el 

principal factor de riesgo genético para la AD esporádica (Tsai et al., 1994). En segundo lugar, 

la señalización de Reelina suprime la actividad de GSK-3β, la principal quinasa de la proteína 

Tau (González-Billault et al., 2005; Beffert U et al., 2002) y ratones mutantes que tienen déficits 

en Reelina, en su transductor Dab1 o en ApoER2 y/o VLDLR presentan un incremento de los 

niveles de fosforilación de Tau (Hiesberger et al., 1999). En tercer lugar, tanto Dab1 como 

Reelina interactuan físicamente con APP y regulan su tráfico y procesamiento proteolítico, 

promoviendo así el corte no amiloidogénico de APP (Hoe et al, 2006;. Hoe et al, 2008;. Hoe et 

al, 2009). En cuarto lugar, Reelin antagoniza la disminución de la transmisión sináptica 
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glutamatérgica inducida por Aβ (Fig. 1.11) (Durakoglugil et al., 2009). Por último, el gen RELN 

tiene variantes polimórficas asociadas con función cognitiva normal en casos de AD (Kramer et 

al., Seripa et al., 2008). Todas estas observaciones indican un posible papel protector de la vía 

Reelin en la patogénesis de la AD. En cambio hay otros aspectos de la relación Reelin-AD que 

no son tan fácilmente explicables. En primer lugar, Reelina se acumula en agregados 

extracelulares en cepas salvajes de ratones y primates adultos y colocaliza con Aβ en placas 

extracelulares en modelos de ratones de AD (Doehner et al, 2010; Knuesel et al, 2009). Además 

la haploinsuficiencia de Reelina incrementa la patología de Tau y provoca una formación 

acelerada de placas amiloides en modelos transgénicos de AD (Kocherhans et al., 2010). En 

segundo lugar, los pacientes con AD muestran un aumento de alrededor del 40% en los niveles 

de Reelina en la corteza frontal y en el líquido cefalorraquídeo y una alteración del patrón de 

glicosilación (Botella-López et al., 2006). En cambio, una disminución de Reelina ha sido 

encontrada en corteza entorrinal de modelos murinos y en pacientes humanos de AD (Chin et 

al., 2007). En conjunto, estos hallazgos apuntan a una contribución de Reelina, sus receptores y 

proteínas de señalización a la etiología de AD. El análisis de los mecanismos moleculares con 

los que Reelina está implicada en AD y de su posible papel neuroprotector o neurodegenerativo 

son objeto de estudio del presente trabajo.  
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RESULTADOS 

 

Purificación in vitro de Reelina  

 

Purificación de Reelina de sobrenadantes celulares 

Con el objetivo de analizar posibles interacciones in vitro entre Reelina y el péptido Aβ, 

primero necesitamos poner a punto las condiciones para la purificación de Reelina de 

sobrenadantes de la línea de células 293, transfectadas establemente con Reelina full-lenght 

(clon pCrl, Forster et al., 2002). Para evitar cualquier tipo de interferencia de otras proteínas en 

la preparación, que puedan afectar a la especificidad de los resultados observados, decidimos 

purificar los sobrenadantes enriquecidos en Reelina mediante dos procesos de cromatografía: 

cromatografía de intercambio iónico (ANX) seguida por una cromatografía de exclusión por 

peso molecular (SEC) en un sistema de cromatografía líquida rápida de proteínas (FPLC). 

Los sobrenadantes enriquecidos en Reelina se pasaron así a través de una columna HiTrap ANX 

IEX cargada positivamente en una fase móvil de NaCl 30 mM/tampón fosfato 10 mM a pH 7.6. 

La elución se realizó mediante el aumento de la fuerza iónica de la fase móvil en cinco pasos. 

Esto nos permitió separar un pico de Reelina (Fig. 4.1a),  corroborado por western blot/dot blot 

de las fracciones eluidas. A continuación, la muestra de Reelina conseguida por ANX se 

concentró y se pasó a través de una columna de SEC con el fin de separar por filtración en gel 

las impurezas todavía restantes, procedentes de la etapa anterior. La muestra fué procesada 

mediente elución isocrática en 10 mM de tampón fosfato/NaCl 30 mM (pH 7.4). Como 

podemos ver en el cromatograma, alrededor del 11 ml se eluye un pico que contiene Reelina 

(Fig. 4.1b, el pico de la curva continua roja entre las líneas discontinuas de color gris), 

corroborado por western blot de las fracciones recogidas. En paralelo a Reelina, como control 

negativo, sobrenadantes Mock fueron producidos a partir de células 293 transfectadas de forma 

estable con GFP (Forster et al., 2002) y se sometieron al mismo protocolo de purificación. El 

perfil de elución del Mock se indica mediante las curvas discontinuas rojas en la figura 4.1a y 

4.1b. Es importante señalar en el cromatograma de ANX que en correspondencia con el pico 

Reelin, Mock presenta un pico de cierta intensidad en la fracción eluida (Fig 4.1a), lo que 

significa que la muestra de Reelina procedente de la primera etapa de purificación todavía 

contiene otras proteínas procedentes del medio de cultivo celular.  

 

Análisis de la pureza de Reelina 

Con el fin de probar el grado de pureza de Reelina obtenido, las muestras de Reelina y Mock se 

analizaron por tinción de Coomassie (o alternativamente de Sypro Ruby). Se observó una 

disminución en la proporción de bandas no específicas a lo largo del proceso de purificación, 
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con un incremento concomitante en la proporción de bandas de peso molecular correspondientes 

a Reelina (Fig. 4.2). El nivel de pureza obtenido se estimó ser el 86,3% sobre el total de 

proteínas contenidas en la preparación. 

Para confirmar la presencia de Reelina en las muestras purificadas se eligió un enfoque 

proteómico bottom up, basado principalmente en una digestión con tripsina de extractos de 

bandas obtenidas de un gel SDS-PAGE de Reelina, seguida de la separación de los péptidos de 

digestión por cromatografía de líquidos (LC), acoplada a Espectrometría de Masas en tándem 

(MS/MS). Esta estrategia permite la secuenciación de los péptidos en un enfoque en el cual el 

espectro de masas de fragmentación de cada péptido se utiliza para identificar la proteína de la 

que derivan mediante la búsqueda contra una base de datos de secuencias de proteínas. De esta 

manera, los péptidos se pueden identificar de forma inequívoca y mapar en la secuencia de la 

proteína. Puesto que Reelina está altamente glicosilada en su extremo N-terminal, para evitar 

problemas de detección que reducirían la sensibilidad de la técnica, las muestras de Reelina y de 

Mock purificadas fueron sometidas primero a desglicosilación con la PNGasa F, una amidasa 

que escinde las N-glicososilaciones  de las asparaginas produciendo un péptido que contiene en 

cambio un residuo de aspartato. Las muestras, con o sin desglicosilación, fueron teñidas con 

Sypro Ruby y las bandas de peso molecular correspondiente a Reelina (450, 350 y 180 kDa), 

fueron extraidas, digeridas con tripsina, separados por LC y analizadas por MS/MS (Fig. 4.3a y 

b). 

En los espectros de masa de péptidos de muestras que efectivamente sufrieron desglicosilación 

se registró una diferencia de 1 Dalton entre la masa esperada (peso molecular teórico del 

péptido no glicosilado) y la masa obtenida experimentalmente, debido a la desamidación de un 

residuo de asparagina por acción de la amidasa. Los espectros de masas se analizaron con  el 

programa Proteome Discoverer y el buscador SEQUEST, y se alinearon con la Base de Datos 

UniprotSwissport. Este análisis reveló correspondencia con la secuencia Reelina en 123 

péptidos distintos con confianza mediana-alta (Percolator), lo que confirma la obtención de 

Reelina en el proceso de purificación (Fig. 4.3c). 

A pesar de que se sabe que la proteína Reelina está altamente glicosilada (D’Arcangelo et al., 

1997), sus sitios exactos de la glicosilación y el tipo de glicanos que participan, aún no se han 

descrito. Para determinar los residuos de Reelina que están implicados en la N-glicosilación se 

realizó un análisis in silico de la secuencia de Reelina con el Servidor NetNGlyc 1.0 (Blom et 

al., 2004). Este análisis indicó 25 posibles sitios de N-glicosilación para Reelina a lo largo de su 

secuencia, con diferentes grados de probabilidad, con puntuaciones de 0 a 1. Puntuaciones 

menores de 0,5 indican los sitios potenciales de N-glicosilación, mientras que las puntuaciones 

superiores a 0,5 indican sitios de N-glicosilación predichos (Fig. 4.3d). 

Con el objetivo de averiguar algunos de los sitios de N-glicosilación predichos por nuestro 

análisis bioinformático, se analizó la desamidación de Asn en los espectros de masa de péptidos 
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de muestras desglicosiladas versus muestras no desglicosiladas. En particular, se espera que los 

péptidos no glicosilados se encuentren en un estado no desamidado, tanto antes como después 

de la reacción de desglicosilación. Los péptidos glicosilados en cambio se espera que no se 

detecten antes de la reacción de desglicosilación y que se encuentren en un estado desamidado 

después de la desglicosilación. Según este criterio encontramos específicamente en la muestra 

deglicosilada 3 péptidos que contienen asparagina desamidada, que no se detectaron en la 

muestra no deglicosilada (Fig. 4.3e). Esto indica un posible 100% de N-glicosilación de estos 

péptidos que les hizo indetectables en las muestras no desglicosilada. Los tres fragmentos 

glicosilados detectados se encuentran en el dominio N-terminal y se extienden respectivamente 

a partir de los aminoácidos 290-300, 303-321 y 1267-1282. Esta búsqueda estableció que tres 

residuos de Asn de la proteína Reelina indicados como sitios de N-glicosilación potenciales 

(Asn 291 y 1267) o predichos (Asn 306) (Fig. 4.3d)  en nuestro análisis bioinformático, en 

realidad presentan esta modificación. 

 

Análisis de la funcionalidad biológica de Reelina purificada 

Para evaluar la funcionalidad biológica de Reelina purificada, cultivos primarios de neuronas de 

ratón E16 fueron mantenidos durante 3-5 días y tratados con muestras Reelina o Mock 

puridicados. El tratamiento con Reelina durante 15 minutos produjo un incremento de la 

fosforilación de su transductor Dab1, detectado por inmunoprecipitación de Dab1 seguida por 

detección por WB de la fosforilación en tirosinas . El tratamiento con sobrenatantes de Reelina 

produjo un incremento de 8,6 veces en los niveles de Dab1 fosforilada por comparación con 

células no tratadas, mientras que los niveles totales de Dab1 no cambian (Fig. 4.4a, carriles 4 y 

3). El tratamiento con Mock no indujo la fosforilación de Dab1, siendo sus niveles comparables 

a los de la muestra sin tratar (Fig. 4.4a, carriles 3 y 2). El proceso de purificación de Reelina y 

su almacenamiento por congelación con nitrógeno o congelación con nitrógeno seguido de 

liofilización, no afectó a sus propiedades biológicas (Fig. 4.4a, carriles 4, 5, 6 y 7). 
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Análisis in vitro de la influencia de Reelina sobre las dinámicas de agregación 

amiloide y la toxicidad de los oligómeros de Aβ  
 

Reelina retrasa la fomación de fibrillas β-amiloides 

Para analizar si Reelina afecta a la cinética de la agregación de Aβ42 en fibrillas amiloides, 

monoméros de Aβ42 recién purificados (24 μM) se dejaron agregar en presencia o en ausencia 

de Reelina purificada o volúmenes equivalentes de Mock (Capítulo 4.1.1). La agregación se 

llevó a cabo en condiciones de baja salinidad (NaCl 5 mM). Se prepararon las siguientes 

mezclas: Aβ42; Aβ42: Reelina (Aβ42/Rln) en relación 6:1 w/w y Aβ42: Mock (Aβ42/Mock) 

(volumen equivalente al de Reelina). Además, se prepararon muestras de Reelina (Rln) y Mock 

sin adición de Aβ42. El proceso de agregación se llevó a cabo a 20 ºC y fué monitoreado cada 24 

horas usando tioflavina T (ThT) y microscopía electrónica de transmisión (TEM). En ausencia 

de Reelina (muestras Aβ42 y Aβ42/Mock) se observó un aumento dependiente del tiempo en la 

fluorescencia de ThT a partir del día siete (Fig. 4.5a, curva gris y negra). La Lag-phase de la 

agregación, considerada como la fase de nucleación anterior al crecimiento de fibrillas, se 

calculó mediante el ajuste de una curva sigmoidal a los datos experimentales (8,3 días para Aβ42 

y 7,9 días para Aβ42/Mock). Aβ42/Rln muestra una desaceleración en la cinética del proceso de 

agregación, con aproximadamente 2,5 días de retardo en la aparición de fibrillas (Fig. 4.5a, 

curva roja) y con una duración de la Lag-phase de 10,9 días. Las imágenes de TEM confirmaron 

los datos de ThT (Fig. 4.5b). Por último demostramos que el retraso inducido por Reelina es 

específico y dosis-dependiente (Fig. 4.6). 

 

Reelina alarga el tiempo de vida de los oligómeros de Aβ42  

Para obtener una visión de los mecanismos moleculares del retraso inducido por Reelina en la 

formación de fibrillas, se estudiaron las especies oligoméricas de Aβ42 presentes durante las 

etapas iniciales del proceso de agregación amiloide. Con el objetivo de comprobar si Reelina 

afecta a la distribución de poblaciones oligoméricas específicas, se analizaron por PICUP, 

seguido por WB contra Aβ, la distribución de oligómeros de Aβ42 de bajo peso molecular 

(LMW) (de dímeros a heptámeros). Antes de la aparición de fibrillas, no encontramos 

variaciones en la distribución de las especies oligoméricas LMW entre Aβ42/Mock y muestras 

Aβ42/Rln (día 6 en Fig. 4.7a, carriles 1 y 2). En cambio, durante el retardo de 2,5 días, los 

oligómeros LMW desaparecieron de la muestra Aβ42/Mock mientras se mantuvieron en la 

muestra Aβ42/Rln (día 9 en Fig. 4.7a, carriles 3 y 4). Los oligómeros LMW ya no eran visibles 

después de la formación de fibrillas tanto en muestras Aβ42/Rln como Aβ42/Mock y (Fig. 4.7a, 

carriles 5 y 6). Oligómeros solubles de alto peso molecular (HMW), que contienen especies de 

hasta 40-mer, se estudiaron mediante análisis de dot blot con anticuerpo A11, un anticuerpo 
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específico de conformación que se une a las formas oligoméricas de Aβ, pero no a los 

monómeros ni a las fibrillas. Nuestros resultados mostraron una señal específica de A11 

prolongada 2 días durante la fase de retraso de la agregación en la muestra Aβ42/Rln en 

comparación con la figura Aβ42/Mock (Fig. 4.7b). En total, estos resultados indican que Reelina 

está retrasando in vitro la formación de fibrillas de Aβ42, ampliando el tiempo de vida de las 

especies oligoméricas de LMW y HMW. 

 

Reelina interactua con las formas solubles de Aβ42, queda secuestrada en las fibrillas 

amiloides y pierde su funcionalidad biológica 

Tras observar que Reelina modula la formación de fibrillas de Aβ42, se examinaron las posibles 

interacciones entre las especies amiloides y Reelina. Para ello, se realizaron ensayos de 

inmunoprecipitación de muestras Aβ42/Rln obtenidos en las etapas pre-fibrilares de la 

agregación (días 2-4), en las condiciones utilizadas para el experimento en la Fig. 4.5: 10 mM 

tampón fosfato/5 mM NaCl, Aβ42 24 mM, ratio Aß42:Reelin 6:1 w/w. Western blot de muestras 

inmunoprecipitadas anti-Aβ y anti-Reelina revelaron una interacción específica entre Reelina y 

las especies solubles de Aβ42 (Fig. 4.8a). 

A continuación se analizó la distribución de Reelina en muestras Aβ42/Rln tomadas en la etapa 

de la agregación fibrilar, cuando se forman fibrillas insolubles Aβ42. Western blot de alícuotas 

de Aβ42/Rln tomadas durante la agregación revelaron que, de forma concomitante con el inicio 

de la formación de fibrillas, las bandas de Reelina desaparecen del peso molecular esperado y 

aparecen en el fondo del pocillo del gel (día 12, Fig. 4.8b). Esto podría ser explicado por un 

secuestro de Reelina en las fibrillas amiloides, difíciles de quebrar con el tratamiento con SDS. 

Como una prueba más de la interacción entre Reelina y fibrillas de Aβ42, fibrillas de Aβ42/Rln 

agregadas in vitro fueron sometidas a doble marcaje Immunogold para Reelina y Aβ42, con 

partículas Nanogold de diámetro de 18 y 12 nm respectivamente. Micrografías electrónicas 

revelaron la co-localización de Reelina y Aβ42 en las fibrillas agregadas in vitro (Fig. 4.8c). En 

conjunto, nuestros experimentos muestran una interacción directa entre Reelina y Aβ42 en las 

etapas pre-fibrilares de agregación amiloide. Por otra parte, en la etapa de la agregación de 

amiloide fibrilar, nuestros datos apoyan la interacción de Reelin Aβ42 y fibrillas, que se produce 

independientemente de interactores adicionales que pueden estar presentes en las placas seniles 

in vivo. 

Para analizar si la presencia de Reelina en las fibrillas de Aβ42 podría tener algún efecto sobre 

sus propiedades estructurales, se llevó a cabo la difracción de rayos X con fibras alineadas. 

Tanto las fibras de Aβ42/Mock como las de Aβ42/Rln mostraron las dos reflexiones 

perpendiculares características correspondientes a la estructura fibrilar beta cruzada (cross-beta) 

clásica (con láminas β dispuestas perpendiculares al eje de la fibrilla (Petkova et al., 2002) (Fig. 

4.8d). Además de mantener la alineación, las distancias de reflexión también se conservan en 
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ambas muestras a 4,73 y 10,5 Å (correspondiente a las distancias de los enlaces por puente de 

hidrógeno y de las cadenas laterales en las láminas beta) (Fig. 4.8d). Por lo tanto Reelina no 

promueve alteraciones sistemáticas en el patrón fibrilar, sino más bien podría interactuar con Aβ 

a lo largo de la superficie de la fibrilla. 

Paralelamente analizamos la funcionalidad biológica de Reelina a lo largo del proceso de 

agregación. En concreto, miramos en los niveles de fosforilación del transductor de Reelina 

Dab1 en cultivos primarios neuronales de embriones de ratón tratados con Aβ42/Mock, Aβ42/Rln 

o Reelina purificada antes de la aparición de las fibrillas (fase pre-fibrilar) o en el punto final de 

la agregación (fase fibrilar). Las muestras no tratadas con Reelina muestran bajos niveles 

basales de fosforilación de Dab1 (Fig. 4.9, carriles 1 y 4). Aβ42/Rln es capaz de inducir la 

fosforilación de Dab1 en la fase prefibrillar, pero no en la fase fibrilar (fig. 4.9, carriles 2 y 5). 

Un control de Reelina sometido a las mismas condiciones experimentales, pero en ausencia de 

Aβ42, conserva su actividad biológica durante todo el experimento, lo que indica que las 

condiciones experimentales no causan la pérdida de funcionalidad de Reelina (fig. 4.9, carriles 3 

y 6), sino que ésta se debe específicamente a su secuestro en las fibrillas de Aβ42. 

 

Reelina rescata la citotoxicidad inducida por ADDLs  

Los oligómeros solubles de Aβ42 se consideran las verdaderas formas patógenas de Aβ en AD 

(Haass and Selkoe, 2007). Para probar cómo afecta Reelina a la citotoxicidad inducida por los 

oligómeros de Aβ, se trataron durante 24 horas cultivos neuronales primarios de hipocampo con 

oligómeros Aβ solubles en la forma de ADDLs (Chapter 1.1.2; Lambert et al., 2001, Lambert 

et al., 1998, PNAS), añadiendo sobrenadantes purificados de Reelina o de Mock. El daño 

celular se evaluó mediante tinción nuclear de yoduro de propidio (PI). La exposición de los 

cultivos a los ADDLs durante 24 horas provocó un aumento de la tinción nuclear de PI en 

comparación con el tratamiento con el vehículo (Fig. 4.10c). La supervivencia celular después 

del tratamiento con ADDLs 5 o 10 μM se reduce a 70,4 y 62,6%, respectivamente, en 

comparación con neuronas tratadas con vehículo (100% de supervivencia) (Fig. 4.10c). Reelina, 

pero no Mock, es capaz de rescatar la supervivencia neuronal hasta 94,4  y 81,5% para 

tratamiento con ADDLs 5 y 10 μM respectivamente (Fig. 4.10b). 

Para corroborar la protección de Reelina contra la muerte neuronal inducida por ADDLs 

también se realizaron ensayos de MTT en las mismas condiciones. Tras el tratamiento de 24 

horas con ADDLs 10 μM se encontró una supervivencia celular por debajo de 50%, en 

comparación con el vehículo (Fig. 4.10d). El tratamiento con Reelina rescató la toxicidad 

inducida por ADDLs, llevando la viavilidad al 68,7%, (Fig. 4.10d). 
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Análisis in vivo de los efectos de la sobreexpresión de Reelina en modelos 

murinos de la enfermedad de Alzheimer (AD)  
 

Generación y caracterización de modelos murinos de AD que sobreexpresan Reelina  

El modelo de ratón transgénico de sobreexpresión condicional de Reelina (TgRln) (capítulo 

1.2.1 y Pujadas et al., 2010) se cruzó con dos modelos diferentes de AD/Taupathology, con el 

fin de obtener una visión in vivo de la participación de Reelina en patología de Alzheimer. El 

primer modelo de ratón de AD utilizado sobreexpresa una forma mutada del gen APP humano 

con las mutaciones Swedish e Indiana (cepa J20 de The Jackson Laboratory) (Capítulo 1.1.4 y 

Mucke et al., 2000). Los animales transgénicos triples de la cría de ratones TgRln con J20 

(TgRln/J20) se identificaron por PCR. Una representación esquemática del modelo transgénico 

generado se da en la Fig. 4.11. La expresión transgénica de hAPP en ratones TgRln/J20 se 

encontró en neocórtex y en CA1, CA2, CA3 y las capas de células granulares del hipocampo 

(Fig. 4.12). La sobreexpresión de Reelina en ratones TgRln/J20 se detectó en estriado, corteza y 

hipocampo (principalmente en la capa CA1 y en las capas de células granulares del giro 

dentado); éstas distribuciones son idénticas a las esperadas y coinciden con la expresión en 

transgénicos simples J20 y TgRln (Fig. 4.12). Con el objetivo de analizar si la sobreexpresión 

de Reelina en ratones AD podría conducir a cambios en la actividad GSK-3β y en la 

fosforilación de Tau, decidimos cruzar el TgRln  con un segundo modelo de ratón de AD: el 

modelo de sobreexpresión condicional de GSK-3β (Tet/GSK-3β) (Capítulo 1.1.4 y Lucas et al, 

2001), que recapitula aspectos de la neuropatología de la AD tales como hiperfosforilación de 

Tau, neurodegeneración giro dentado del hipocampo, astrocitosis reactiva y microgliosis, así 

como déficits de aprendizaje espacial. Triple animales transgénicos TgRln/GSK-3β se 

identificaron por PCR. Una representación esquemática del modelo transgénico generado se da 

en la Fig. 4.13. Siendo tanto Reelina cómo GSK-3β bajo el control del promotor CamKIIα, su 

expresión en ratones TgRln/GSK-3β se lleva a cabo en los mismos tejidos: estriado, corteza 

frontal y diferentes zonas del hipocampo incluyendo subículo, CA1, CA2 y las capas de células 

granulares del giro dentado (Fig. 4.14). Por la expresión del gen de la β-galactosidasa reportero, 

la GSK-3β transgénica se puede distinguir de la endógena ya sea por tinción con X-Gal o por 

inmunohistoquímica contra la β-galactosidasa. 

 

La sobreexpresión de Reelina acentúa la atrofia del giro dentado en ratones TgRln/J20  

El análisis de preparaciones histológicas de hipocampo de TgRln/J20 nos reveló un marcado 

fenotipo de atrofia del giro dentado a los 4 meses de edad. El análisis del volumétrico de la zona 

del giro dentado en tinciones de Nissl de secciones coronales de tejido adulto, expresada en 

porcentaje sobre el área total del hipocampo, indica que la sobreexpresión de Reelina por sí sola 
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es capaz de reducir ligeramente, pero significativamente el área de giro dentado en comparación 

con los animales control (reducción desde el 29% de los wt al 24,5% de los TgRln, Fig. 4.15). 

Los ratones J20 muestran una reducción significativa y más fuerte en la zona de giro dentado, 

alcanzando valores alrededor del 17% de la superficie total del hipocampo (Fig. 4.15). 

Finalmente los TgRln/J20 muestran la atrofia más severa, con el volume de giro dentado 

equivalente a un 8,6% de la superficie total del hipocampo (Fig. 4.15). El análisis de las capas 

del giro dentado afectadas por la atrofia reveló que los animales TgRln no están sufriendo de 

reducción de volumen en la capa de células granulares (GCL),  sino que en la capa molecular 

(ML) (Fig. 4.15). Los Animales J20 muestran una fuerte reducción tanto en GCL como en 

MCL. Finalmente los TgRln/J20 muestran una reducción mayor  en el volumen de ambos GCL 

y MCL (Fig. 4.15). 

Para evaluar si la pérdida de volumen del GCL observada en J20 y TgRln/J20 podría ser debida 

a una disminución en la neurogénesis de las células madre proliferantes en el GCL, realizamos 

IHC con doblecortina (DCX), un marcador de neuronas recién nacidas que marca las células 

generadas en el giro dentado adulto durante un período  aproximado de 12 días  (Fig 4.16) (Rao 

and Shetty, 2004). Los datos muestran que J20 y TgRln/J20 tienen una tendencia, más 

pronunciada en TgRln/J20, a una reducción de la neurogénesis en comparación con los wt y 

TgRln. Estos resultados indican que la toxicidad de Aβ es responsable de en los J20 de una 

reducción en el volumen del giro dentado, que se caracteriza tanto por la pérdida de volumen de 

GCL, posiblemente a través de deterioro de la neurogénesis, como por la pérdida de volumen 

del ML. La sobreexpresión de Reelina en el GCL de los TgRln/J20 acentúa este fenotipo, 

principalmente a través de una mayor pérdida en el volumen de ML. 

 

La sobreexpresión de Reelina disminuye la deposición de placas amiloides en corteza y 

hipocampo de ratones AD J20  

En el modelo TgRln/J20 comprobamos la presencia de Reelina en las placas amiloides (Fig. 

4.17). Para analizar si los cambios observados en la agregación de Aβ42 in vitro en presencia de 

Reelina se correlacionan in vivo con variaciones en la carga de placas amiloides en TgRln/J20, 

se cuantificó el área ocupada por las placas en diferentes zonas del cerebro y en comparación 

con la de los animales J20. En hipocampo se analizaron los niveles de placas a los 4, 8 y 12 

meses de edad. A los 4 meses la deposición de placas es muy baja en ambos genotipos 

(alrededor de un 0,04% de la superficie total). A los 8 meses, la carga de placas en los 

TgRln/J20 se incrementa ligeramente en comparación con los J20 con valores de 1,2% y 0,5%, 

respectivamente (Fig. 4.18a). En animales de 12 meses, el porcentaje de área ocupada por las 

placas es significativamente menor en TgRln/J20 que en J20 con los valores de 9% y 13%, 

respectivamente (Fig. 4.18a). Las áreas corticales, se comportan de manera similar como el 

hipocampo: en la corteza retrosplenial a la edad de 12 meses, se observó una tendencia menor 
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de deposición de placas en TgRln/J20 comparados con J20 (Fig. 4.18c, paneles superiores). En 

la corteza entorrinal se observaron las mismas tendencias, alcanzando significación (Fig. 4.18c, 

paneles inferiores). 

 

Reelina previene la pérdida de espinas dendríticas y el deterioro cognitivo en el modelo 

murino de AD J20  

Modelos murino y pacientes humanos afectados por AD muestran una disminución de los 

contactos sinápticos (Spires-Jones et al., 2007; DeKosky and Scheff, 1990). Ya que Reelina es 

capaz de reducir in vitro algunos de los efectos tóxicos de las especies amiloides, se evaluó si la 

sobreexpresión de Reelina podría correlacionar in vivo con una reducida toxicitad sináptica. 

Para ello, animales J20 y TgRln/J20, además de controles wt y TgRln, se procesaron para la 

tinción de Golgi y se contaron espinas dendríticas de neuronas piramidales en de stratum 

radiatum (SR) y  lacunosum moleculare (SLM) de hipocampo (Fig. 4.19). En ambas áreas, los 

J20 muestran un reducido número de espinas dendríticas en comparación con los animales WT 

y TgRln. En TgRln/J20 animales la sobreexpresión de Reelina rescató significativamente la 

densidad de espinas dendríticas (ANOVA P <0,05, F = XX).  

Como se ha demostrado que la reducción del número de contactos sinápticos en ratones AD se 

correlaciona con déficits cognitivos (Terry et al., 1991), quisimos analizar si el rescate de la 

densidad de espinas dendriticas produido por sobreexpresión de Reelina fuese capaz de prevenir 

también alteraciones del comportamiento. Para ello, ratones de los diferentes genotipos (control; 

TgRln, J20, y TgRln/J20) fueron sometidos a prueba de Novel Ojbect Recognition (NOR) a los 

4-5 y 8-10 meses de edad. Los animales wt y TgRln fueron capaces de pasar la tarea hasta los 8-

10 meses (índice de discriminación (DI) > 0,3) (Fig. 4.20, panel superior). Los J20 fallaron en la 

tarea en todas las edades analizadas, mostrando una menor preferencia por el objeto nuevo (DI 

<0.2), como ya se ha documentado (Harris et al., 2010) (Fig. 4.20, panel superior y el panel 

inferior, izquierda). Los TgRln/J20 actuaron como los controles tanto a los 4-5 meses como a 

los 8-10 meses (Fig. 4.20, panel superior), con diferencias significativas con los J20. Estos datos 

indican que Reelina provoca una reversión significativa de los déficits de memoria de 

reconocimiento no espacial observados en J20 hasta 8-10 meses. En animales de mayor edad de 

11 a 12 meses el grupo de control no difirió de los J20, lo que demuestra una disminución 

dependiente de la edad en la memoria de reconocimiento no espacial (Fig. 4.20, panel inferior 

izquierda). Sin embargo, en la misma edad, los TgRln mantuvieron parcialmente la capacidad 

de reconocimiento (DI entre 0,2 y 0,3) significativamente mayor que la del grupo control. 

También los TgRln/J20 conservaron el mismo nivel de capacidad de reconocimiento que los 

TgRln a esa edad, a pesar la producción anormal de Aβ (Fig. 4.20, panel inferior izquierda). Los 

grupos fueron reevaluados después de un mes de tratamiento con doxiciclina para detener la 

sobreexpresión de Reelina. El DI de ambos grupos disminuye hasta llegar a cero, lo que indica 
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una pérdida completa de la protección dependiente de Reelina de larga duración en un mes de 

depleción (Fig. 4.20, panel inferior, derecha). En conjunto, nuestros datos indican que la 

sobreexpresión de Reelina recupera el deterioro cognitivo causado por la producción de Aβ en 

J20, probablemente a través de la interacción de Reelina con formas solubles de Aβ y del 

rescate de la densidad de las espinas dendríticas. Además la sobreexpresión de Reelina también 

disminuye el deterioro cognitivo dependiente de la edad fisiológica de los animales de control. 

El efecto beneficioso de la sobreexpresión de Reelina se pierde en un mes depleción de Reelina, 

demostrando que dependía específicamente su sobreexpresión.  

Por último, quisimos poner a prueba el potencial de Reelina como factor terapéutico en caso de 

AD manifiestada. Para ello, J20 y TgRln/J20, además de controles wt y TgRln, fueron 

sometidos a dieta de doxociclina desde el nacimiento hasta la edad de 4 meses, evitando así la 

sobreexpresión de Reelina transgénica hasta poder apreciar la aparición de la enfermedad 

(fenotipo a nivel de comportamiento comprobado por NOR). A continuación, la dieta normal 

sustituyó le de doxociclina, y los ratones fueron re-evaluados por NOR después de 1 y 4 meses 

de sobreexpresión de Reelina. No vimos ningún rescate en la prueba de NOR en las dos edades 

testadas (5 meses y 8 meses, Fig. 4.21, medio y derecha). Esto significa que, mientras que la 

sobreexpresión de Reelina continuada desde el nacimiento es capaz de prevenir la aparición de 

déficits cognitivos en AD, su sobreexpresión condicional en sujetos adultos no es capaz de 

superar estas deficiencias una vez que la patología se haya desarrollado. 

 

Reelina reduce la fosforilación de Tau en ratones sobreexpresantes de GSK-3β  

Para investigar el efecto de la sobreexpresión de Reelina en la actividad de GSK-3β y la 

fosforilación de Tau, se analizaron por Western blot  extractos de hipocampo de ratones 

TgRln/GSK-3β, así cómo de controles, TgRln y Tet/GSK-3β a diferentes edades. A la edad de 

cinco meses la sobreexpresión de GSK-3β causó un aumento en los niveles de fosforilación de 

Tau, detectados con los anticuerpos PHF-1, AT8 y AT180 (Fig. 4.22). Estas fosforilaciones se 

han descrito como relacionadas con la formación de agregados de Tau en estado de ovillo 

neurofibrilar (Lucas et al., 2001, Bertrand et al., 2010). La sobreexpresión de Reelina en 

TgRln/GSK-3β reduce la fosforilación de Tau, restaurando los niveles de fosforilación 

detectados en los animales control (Fig. 4.22). La reducción en la fosforilación de Tau GSK-3β-

dependiente producida por Reelina no es debida a niveles alterados de la proteína Tau total, ya 

que los niveles de Tau total detectados con el anticuerpo independiente de la fosforilación Tau5 

no varían. 

La fosforilación de Tau en los epítopos reconocidos por los anticuerpos PHF-1, AT8 y AT180 

se cree que comenze en el axón y conlleve al desprendimiento de Tau de microtúbulos y a su 

redistribución al compartimiento somato-dendrítico (Bertrand et al., 2010). Para analizar la 

distribución en hipocampo y la localización intracelular de Tau fosforilada, se realizó 
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inmunohistoquímica con PHF-1 en rebanadas de hipocampo de ratones TgRln/GSK-3β más sus 

correspondientes wt, TgRln y Tet/GSK-3β, a la misma edad de los western blots (5 meses). 

Todos los genotipos muestran tinción apreciable de interneuronas del hipocampo en todas las 

capas, aunque la sobreexpresión de Reelina, tanto en TgRln como en TgRln/GSK-3β, parece 

reducir el número de células teñidas (Fig. 4.23a, puntas de flecha). Asímismo la tinción de 

PHF-1 reveló que los animales wt y TgRln muestran una señal axónica predominante en las 

fibras musgosas, tanto en el segmento proximal (Hilus) como en el distal que proyecta a CA3 

(Fig. 4.23a, fragmento distal indicado por flechas). También se detectó inmunorreactividad 

somato-dendrítica en algunas células granulares del giro dentado y esporádicamente en las 

células musgosas hiliares (Fig. 4.23b). Los animales Tet/GSK-3β, como ya se ha descrito, 

muestran un cambio hacia una mayor inmunoreactividad somato-dendríticas en las células 

granulares (Fig. 4.23b, flecha), indicando el desprendimiento de Tau de microtúbulos y su 

localización en el compartimento somato-dendrítico, donde se asemblan en estructuras 

pretangle-like (Lucas et al., 2001). Además detectamos tinción somato-dendrítica de las células 

musgosas (Fig. 4.23b, puntas de flecha) mientras se encontró que la marca axónica en el 

fragmento distal de las fibras musgosas en CA3 desapareció casi del todo (Fig. 4.23a). 

Animales TgRln/GSK-3β, de manera similar a los animales wt y TgRln, vuelven a una señal 

axónica predominante en las fibras musgosas, tanto en el segmento proximal y en el distal, lo 

que indica que la disminución en la fosforilación de Tau inducida por la sobreexpresión de 

Reelina posiblemente impide el desprendimiento de Tau de microtúbulos y su localización 

somato-dentrítica. 
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DISCUSIÓN 
 

Papel neuroprotector de Reelina en la AD: interpretación de los resultados in 

vitro  
Nuestro abordaje in vitro (Secciones 3.1 y 3.2) contribuyó a esclarecer la relación molecular 

entre Reelina y Aβ42 en el proceso de agregación amiloide. En primer lugar, se detectó una 

influencia directa de la proteína Reelina en la cinética de la agregación de Aβ42. En nuestro 

sistema experimental Reelina retrasó la agregación amiloide de manera específica y dosis 

dependiente. En segundo lugar, se encontró que el retraso en la agregación fue acompañado por 

una prolongada duración de la vida de ambos LMW y HMW oligómeros de Aβ42. En tercer 

lugar, Reelina interactúa con especies solubles de Aβ42 en la etapa pre-fibrilar de la agregación 

amiloide. A medida que el proceso de agregación de Aβ42 continúa, la Reelina desaparece 

progresivamente de la fracción soluble , según resultados de Western blot , y queda atrapada en 

las fibrillas amiloides que forman finalmente, como se visualiza mediante microscopía 

electrónica. Al mismo tiempo, la Reelina pierde su funcionalidad biológica, siendo incapaz de 

inducir la fosforilación su transductor Dab1 después del secuestro en las fibrillas Aβ42. En 

cuarto lugar, aunque se encontró que la Reelina forma parte de fibrillas amiloides, ni la 

estructura fibrilar β-cruzada clásica ni las distancias entre las cadenas laterales se alteran. Este 

hallazgo implica que Reelina posiblemente interactúa con estructuras en la superficie de las 

fibrillas de Aβ42 de una manera no regular. Por último, tratamiento a corto plazo de los cultivos 

neuronales con oligómeros tóxicos de Aβ42 (ADDLs) en presencia de Reelina demostraron que 

la Reelina es protectora, reduciendo la citotoxicidad en dos ensayos de supervivencia: tinción PI 

y MTT.  

El conjunto de datos que hemos recogido con nuestro enfoque in vitro proporciona una visión 

nueva e interesante en el campo de Reelina y AD. La perspectiva emergente para Reelina en 

este contexto es la de un factor neuroprotector que ralentiza la agregación amiloide, y que, a 

pesar de la prolongación de la duración de la vida de las especies oligoméricas tóxicas, les 

impide de ejercer su toxicidad, por lo menos en el nivel celular. Experimentos en curso 

evaluarán el efecto de la Reelina en la toxicitad sinaptica mediada por los oligómeros de Aβ42, 

mirando a la densidad de las espinas dendríticas en cultivos primarios de hipocampo de baja 

densidad tratados con Aβ42 en presencia o en ausencia de Reelina. 

La elucidación de los mecanismos moleculares que subyacen a la neuroprotección mediada por 

Reelina requerirá investigación adicional, aunque se pueden hacer algunas especulaciones sobre 

la base de estos hallazgos. La interacción de Reelina con los oligómeros Aβ42, aunque no 

afectara a su tamaño o a su distribución, tal cómo se muestra por PICUP en oligómeros de 

LMW, todavía podría inducir alguna modificación conformacional de las especies oligoméricas 
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que a su vez puede afectar a sus propiedades biológicas. Por ejemplo, un cambio 

conformacional inducido por Reelina en los oligómeros Aβ42 puede afectar a la interacción de 

estos últimos con sus receptores de membrana a nivel sináptico, posiblemente mecanismo que 

explicaría el importante fenómeno de reducción de toxicidad que se observó. Alternativamente, 

la mera interacción de los oligómeros con Reelina podría detener los oligómeros de la 

interacción con las sinapsis, por lo tanto tener oligómeros extracelulares para períodos más 

largos, pero sin ser tóxicos. Además, es posible que la Reelina, aunque no cambie la estructura 

fibrilar amiloide, en realidad la estabilize, lo que dificultaría el reciclaje de oligómeros. Por 

último, es concebible que Reelina, al interactuar con las fibrillas amiloides, interactúe 

simultáneamente con oligómeros de Aβ42 que se forman en un proceso de “nucleación 

secundaria” (descrito en Cohen et al., 2013) en la superficie de las fibrillas amiloides 

preformadas. La presencia de Reelina en la superficie de las fibrillas amiloides afectaría 

entonces a las reacciones de nucleación de especies oligoméricas, reduciendo de este modo su 

toxicidad (Fig. 5.4). 

 

Papel neuroprotector de Reelina en AD: interpretación de los resultados in 

vivo  
Nuestro abordaje in vivo (Sección 4.3) reveló el impacto de la sobreexpresión continuada de 

Reelina en dos modelos de AD, uno caracterizado por la sobreexpresión de una forma mutada 

de APP humana (J20) y el otro por la patología Tau causada por la sobreexpresión de la quinasa 

GSK-3β (Tet/GSK-3β). 

El aumento en la expresión de Reelina en el cerebro adulto de ratones J20 proporcionó pruebas 

in vivo de la influencia de Reelina en la acumulación de fibrillas amiloides. En los TgRln/J20, la 

acumulación de depósitos amiloides no se bloqueó ni se atrasó, sin embargo, en animales viejos 

se observó una acumulación significativamente reducida de placas amiloides en comparación 

con los ratones J20. Esta observación es consistente con la evidencia in vitro de que Reelina 

retrasa la formación de depósitos amiloides. Los datos in vivo también indican un papel clave 

para la Reelina en la neuroprotección a nivel sináptico. En consonancia con la mejora inducida 

por Reelina de las propiedades sinapticas estructurales y funcionales (Pujadas et al., 2010), en 

TgRln/J20 los niveles de espinas dendríticas fueron idénticos a los de los animales wt, en 

contraste con los J20, que muestran pérdida de sinapsis como consecuencia de la enfermedad 

(Spires et al., 2005; Spires-Jones and Knafo, 2012). Así Reelina contrarresta in vivo la toxicidad 

sináptica inducida por Aβ. Consecuentemente, los animales TgRln/J20 mostraron una 

recuperación de habilidades cognitivas, como se ve por NOR, dónde Reelina previene las 

alteraciones de memoria de los ratones J20 durante toda la vida: antes de la formación de placas 

(hasta 4-6 meses) y durante la deposición de amiloide (8-12 meses). Esta recuperación se perdió 
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tras un mes de impedir la sobreexpresión de Reelin. Esta observación implica que la 

recuperación es dependiente de la generación continua de nueva Reelina e indica que Reelina 

actúa como un protector "en tiempo real". En conjunto, nuestros datos indican que la Reelina 

induce una recuperación sináptica in vivo subyacente a la recuperación funcional de las 

habilidades cognitivas en un modelo de AD. 

Con el cambio de enfoque sobre la toxicidad de las especies amiloides centrado en los 

oligómeros, con la formulación de la "hipótesis de los oligómeros Aβ" (Capítulo 1.1.2), se 

podían llegar a considerar las fibrillas amiloides como agregados inertes con ninguna toxicidad 

per se (Haass and Selkoe, 2007)(Haass and Selkoe, 2007). Sin embargo, este punto de vista no 

es coherente con la observación del daño sináptico a cargo de las espinas dendríticas que se 

manifiesta en la proximidad de las placas, y de forma dependiente de la distancia entre espinas y 

placas (Spires-Jones et al., 2007), lo que implica que las placas amiloides siguen ejerciendo 

toxicidad sináptica. Además, las estructuras amiloides sufren mecanismos de continua 

disociación y reasociación de Aβ por los que existe un reciclaje de Aβ  dentro de la población 

de fibrillas y los péptidos pueden ser liberados y generar nuevas especies tóxicas (Carulla et al., 

2005). Una posible reconciliación de estos hallazgos viene de la descripción de la nucleación 

secundaria (mencionada arriba y descrita en (Cohen et al., 2013) (Fig. 5.4), un proceso en el que 

tanto el péptido monomérico y las fibrillas están involucrados en la formación de oligómeros 

tóxicos. Esta hipótesis resTaura la posibilidad de que una reducción en la concentración de 

fibrillas amiloides sería de protección contra la patología de la AD y, en nuestro caso, explicaría 

por qué la reducción de la carga de placas amiloides inducida por Reelina in vivo se superpone 

con una disminución de la toxicidad a nivel sináptico.  

 

Por otra parte, la sobreexpresión de Reelina en un modelo de sobreexpresión de GSK-3β 

(TgRln/GSK-3β) nos permitió evaluar la influencia de la vía de señalización de Reelina en el 

contexto de la patología de Tau. La sobreexpresión de Reelina en ratones TgRln/GSK-3β reduce 

significativamente la cantidad de Tau fosforilada en el hipocampo, restaurando de los niveles de 

fosforilación de animales wt, sin cambiar las tasas totales de producción Tau (Fig. 4.22).  

Por otra parte, mientras que los ratones Tet/GSK-3β muestran localización somato-dendrítica de 

fosfo-Tau (Lucas et al., 2001), asociada con estructuras tipo tangle, la sobreexpresión de 

Reelina revierte este fenotipo, restaurando la localización mayoritariamente axónica de fosfo-

Tau (Fig. 4.23). En paralelo hemos probado las funciones cognitivas TgRln/GSK-3β en el NOR 

y en el Morris water maze, dos tareas de memoria en las que están alterados los ratones 

Tet/GSK-3β (Engel et al., 2006ª; Hernández F. et al., 2002). Los resultados preliminares 

apuntan en ambas tareas a una reversión mediada por Reelina de los déficits de memoria de 

reconocimiento asociados con Tau hiperfosforilada en Tet/GSK-3β. Sin embargo será necesario 

aumentar la población por genotipo para evaluar la importancia estadistica y finalmente evaluar 
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que los fenotipos mediados por la sobreexpresión de Reelina en Tet/GSK-3β realidad 

conduczcan a un rescate cognitivo. También queda por abordar si la sobreexpresión de Reelina 

reverte otros aspectos de la patología de AD en ratones Tet/GSK-3β, como los procesos de 

microgliosis, astrocitosis y neurodegeración del giro dentado del hipocampo. 

En conjunto, las observaciones realizadas en ratones TgRln/GSK-3β fortalecen los resultados 

encontrados en el modelo J20 de FAD y confirman a Reelina cómo factor clave de protección 

en el contexto de la patología de la AD. En efecto, puesto que la GSK-3β se ha descrito ser un 

mediador importante que une Aβ a la fosforilación de Tau (Takashima et al., 1993; Busciglio et 

al., 1995; Takashima et al., 1996), la Reelina, antagonizando la actividad de GSK-3β, se 

posicionaría en el cruce de las dos vías principales relacionadas con AD, reduciendo la 

toxicidad de las dos. 

 

Reelina cómo posible diana terapéutica para el AD  
Consideramos la retención de las capacidades cognitivas de los ratones J20 inducida por Reelina 

de gran interés para un posible papel de la vía de Reelina cómo diana terapéutica para AD. En 

efecto, Reelina ha demostrado no sólo retrasar el progreso de AD, sinó también ser necesaria 

para prevenir la aparición de los trastornos cognitivos de la enfermedad, y sólo cuando la 

sobreexpresión de Reelina se suprime en los TgRln/J20 se detecta la pérdida de la habilidad 

cognitiva. Nuestros resultados están en línea con la hipótesis (sugerida en Herring et al., 2012) 

de que la depleción de la señalización de Reelina es uno de los primeros eventos en la aparición 

de AD, y están de acuerdo con la observación de que la haploinsuficiencia de Reelina en ratones 

transgénicos AD resulta en una aceleración de la patología de AD (Kocherhans et al., 2010; 

Knuesel et al., 2010). 

La estrategia seguida para poner a prueba el potencial terapéutico de Reelina ha sido 

permitiendo el desarrollo de la patología Alzheimer en ratones TgRln/J20 suprimiendo la 

sobreexpresión de Reelina por administración de doxiciclina durante los primeros 4 meses de 

vida de los animales. Una vez se apreció por NOR las consecuencias del desarrollo de la 

enfermedad, la administración de doxiciclina se detuvo y los ratones fueron re-evaluados para 

los NOR después de 1 y 4 meses de sobreexpresión continuada de Reelina con el fin de abordar 

posibles mejoras dependientes de Reelina en las habilidades cognitivas. La sobreexpresión 

inducida de Reelina en ratones adultos no recuperó los déficits manifestados en la prueba de 

NOR una vez que AD estaba desarrollada. Este hallazgo indica que, a pesar de que la 

sobreexpresión continuada de Reelina previene la aparición de déficits cognitivos en ratones 

J20, la inducción condicional de la sobreexpresión de Reelina en casos de AD ya manifestados 

no es suficiente para revertir los deterioros cognitivos. Sin embargo, no podemos descartar 

todavía la reversión de otras características de la enfermedad cómo la toxicidad a nivel 

sináptico. Además, ya que la depleción de Reelina parece ser un fenómeno muy temprano en 
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AD, otra posibilidad terapéuticamente relevante podría ser la administración de esta proteína 

inmediatamente antes de la aparición de AD, en un intento para complementar el agotamiento 

muy temprano de la vía de señalización de Reelina. Este enfoque requeriría un análisis muy 

cuidadoso para establecer en primer lugar si en J20, cómo ocurre en otros modelos, y 

especialmente en pacientes, la depleción de Reelina es un fenómeno precoz de AD (Chin et al., 

2007). En segundo lugar habría que determinar el periodo temporal preciso y las áreas del 

cerebro en la que esta depleción ocurre. Con esta información, se puede diseñar un enfoque más 

complejo y preciso para testar el potencial terapéutico de Reelina. Por último, en un esfuerzo 

por extrapolar estas observaciones al desarrollo de AD en los pacientes humanos, la cuestión 

que surge como más relevante es la necesidad de mejorar la detección precoz de AD, 

indispensable para el éxito de muchos enfoques terapéuticos. 

 

Atrofia y neurogenesis de giro dentado en ratones AD  y participación de 

Reelina 
La atrofia del hipocampo es una de las primeras manifestaciones de AD observada en biopsias 

(Braak y Braak, 1997; Kerchner et al., 2012), y en muchos casos incluso precede al estado de 

deterioro cognitivo leve (MCI) (Smith et CD al., 2012). En particular se ha descrito atrofia de 

CA1 con pedida de células piramidales y el adelgazamiento de los estratos de CA-stratum 

radiatum y stratum lacunosum moleculare (CA1-SRLM) se ha correlacionado con la pérdida de 

memoria episódica y con los primeros síntomas cognitivos en pacientes con AD (Kerchner et al, 

2012). Por el contrario, el tamaño del DG y de la CA3 no parece correlacionarse con ningún 

aspecto del rendimiento de la memoria (Kerchner et al., 2012). A diferencia de los humanos, 

modelos de ratones transgénicos con hAPP no se caracterizan por una pérdida neuronal masiva, 

aunque muestran signos de neurodegeneración, como neurítas distroficas y la pérdida de 

sinapsis. Una posible explicación de esta observación es que la duración típica de la vida del 

ratón es demasiado corta para que la toxicidad de Aβ llegue a matar neuronas, o que el fenotipo 

neurodegenerativo es atribuible más bién a otros aspectos de la patología, como la toxicidad de 

Tau o la neuroinflamación. Sin embargo, la falta de fenotipo de muerte celular es de hecho una 

deventaja añadida de los modelos hAPP de AD. 

Nuestros datos indican por primera vez una marcada atrofia del giro dentado de ratones J20 a la 

edad de 4 meses, antes de la aparición de placas. Tanto la capa molecular (ML) como la capa de 

células granulares (GCL) se ven afectadas por el adelgazamiento a través de un mecanismo que 

todavía no está claro (Fig. 4.15). Tal reducción de volumen del giro dentado puede apuntar a 

neurodegeneración especialmente considerando que el adelgazamiento de la capa de GCL puede 

indicar disminución del número de neuronas granulares.  
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En un primer intento de conocer las razones del fenotipo de atrofia del giro dentado observado, 

se analizó si fuera causado por un aumento de la frecuencia de la muerte neuronal. Para este fin, 

se realizó inmunohistoquímica contra caspasa-3-activada para visualizar neuronas apoptóticas. 

No encontramos incrememento de las tasas de la apoptosis mediante este enfoque, aunque no 

podemos descartar que otros tipos de muerte neuronal, como la necrosis, estén teniendo lugar. 

Otra posible causa de la disminución de la GCL podría ser una tasa reducida de neurogénesis.  

En varios modelos transgénicos de AD, la neurogénesis adulta se ve comprometida, tanto 

disminuida como aumentada, y también se han descrito alteraciones en pacientes con AD 

(Lazarov y Marr, 2010 ; Marlatt y Lucassen , 2010 ; Winner et al, 2011 ; Perry et al, 2012). En 

nuestro caso, el análisis del número de células marcadas con DCX nos reveló una disminución 

de los niveles de neurogénesis en animales J20 en comparación con los animales wt y TgRln 

(Fig. 4.16). En ratones J9, otro modelo de sobreexpresión de hAPP bajo el mismo promotor de 

J20 (promotor PDGF-β), fue encontrado un aumento de la taxa de neurogénesis en el 

hipocampo y en la zona subventricular, tanto a los 3 y a los 12 meses, tal como se muestra 

mediante tinción con BrdU (Jin et al., 2004a). También en ratones J20 se detectó un aumento de 

la neurogénesis en el hipocampo, evaluado también por tinción con BrdU, a la edad de 3 meses 

(Lopez-Toledano and Shelanski, 2007). Sin embargo, este aumento revirtió con la edad de los 

animales, ya que no era más detectado en las edades de 5, 9 y 11 meses. Además se encontró 

que el aumento en la neurogénesis se correlaciona con niveles detectables de Aβ oligomérica, 

medidos por ELISA y western blot. Un aumento de la tasa de neurogénesis adulta puede ser 

considerado como un mecanismo de compensación en procesos neurodegenerativos, por lo 

tanto, tiene sentido mecanístico encontrar este proceso aumentado en modelos de AD, sobre 

todo, como posible respuesta a la toxicidad de oligómeros de Aβ o de Tau. Por otro lado, la 

estimulación sostenida de la neurogénesis, para compensar la toxicidad continua de especies 

tóxicas de Aβ, incluso podría dar lugar a un agotamiento de los nichos de células madre, con el 

siguiente deterioro en la sustitución de las células en división en etapas posteriores de la vida. 

Considerando esta posibilidad, una explicación para nuestro hallazgo de neurogenesis reducida 

en J20 sería que éste hipotético incremento de la neurogénesis ocurra en las primeras etapas de 

AD, previo a los 4 meses, seguido de un agotamiento de los nichos de células madre que a su 

vez conlleve un adelgazamiento de la GCL en etapas posteriores. Esta hipótesis explicaría el 

aumento que se describe en la neurogénesis de ratones J20 en una etapa temprana de la edad 

adulta (3 meses), seguido por una reversión a las edades de 5, 9 y 11 meses. Por otra parte la 

incongruencia con el aumento de la neurogénesis en ratones hAPP J9 hasta la edad de 12 meses 

podría explicarse teniendo en cuenta las diferencias intrínsecas entre los dos modelos. En efecto, 

los ratones J9 y J20 expresan diferentes niveles del transgén hAPPswe/Ind y diferentes niveles de 

péptido Aβ (Capítulo 1.1.4). Esto podría traducirse en una menor sobreestímulación de la 
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neurogénesis en los J9, en comparación con los J20, y por lo tanto, podría hacer que los J9 

mantengan el aumento de neurogenesis durante tiempos más largos. 

En total, estas observaciones podrían reconciliar los datos de aumento de la neurogénesis en J9 

y J20 en a la edad de 3 meses con nuestro hallazgo de la reducción de la neurogénesis en J20 a 

los 4 meses. En realidad, este podría ser el resultado de un posible agotamiento de los nichos de 

células madre después de una sostenida sobreestimulación de neurogénesis en etapas anteriores 

de la vida adulta. El análisis de la tasa de neurogénesis en puntos adicionales de tiempo (por 

ejemplo, 1, 2, 3 y 5 meses), y la correlación con los niveles de péptido Aβ en circulación, debe 

llevarse a cabo para verificar la hipótesis planteada. 

 

Por otra parte, hemos encontrado alteraciones morfológicas en las células DCX-positivas. Éste 

hallazgo plantea la cuestión de si las células recién generadas pueden integrarse correctamente 

en el GCL. Si esto ocurriera, la generación de neuronas no funcionales podría estimular nuevas 

oleadas de neurogénesis, contribuyendo a la hipótesis del agotamiento de nichos de células 

madre. En los ratones J20, la distribución de las células que proliferan a lo largo de la zona 

subgranular (SGZ) no es homogénea y parece corresponderse con el adelgazamiento de la GCL 

en las zonas con menores tasas de proliferación, apoyando así la hipótesis de que GCL 

adelgazamiento es atribuible a una disminución en la proporción de sustitución neuronal. En 

segundo lugar, se observó  un posicionamiento erróneo de las células DCX-positivas, con 

cuerpos a diferentes profundidades de la GCL, a veces incluso localizados en el hilus. En tercer 

lugar, se observaron árboles dendríticos menos desarrollados y en algunos casos extendiéndose 

erróneamente hacia el hilus en lugar de orientarse hacia la ML. Por último, también se 

observaron neuritas con morfología aprenteemente distrófica (Fig. 4.16).  

También se detectó una participación de Reelin tanto en la atrofia del giro dentado como en las  

alteraciones de la neurogénesis adulta. Nuestros datos indican que la sobreexpresión de Reelina 

es responsable de un adelgazamiento significativo de ML en ratones TgRln a la edad de 4 

meses, mientras que el GCL no se ve afectada, lo que significa que mientras que el número de 

células no se reduce, sus árboles dendríticos ocupan menos espacio (Fig. 4.15). El análisis de las 

tasas de neurogénesis reveló un aumento del número de células recién generadas con árboles 

dendríticos aparentemente más desarrollados en TgRln (Pujadas et al., 2010). Por otra parte, la 

sobreexpresión de Reelina es también responsable de alteraciones en la migración, con un 

aumento del número de células DCX-positivas posicionadas erróneamente en dentro de la capa 

de GCL (Pujadas et al., 2010). Este hallazgo se debe posiblemente a la expresión ectópica de 

Reelina en las neuronas piramidales de la GCL.  

Por último, los efectos combinados de la sobreexpresión de Reelina y hAPP causan una 

reducción más pronunciada tanto de ML como de GCL (Fig. 4.15), de nuevo sin cambios 

aparentes en la tasa de apoptosis. Además, el análisis de las tasas de neurogénesis reveló, como 
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en J20, una disminución del número de células recién generadas (Fig. 4.15). La observación 

morfológica muestra una combinación de los fenotipos de J20 y de TgRln. Podemos especular 

que el adelgazamiento de la GCL observado en animales TgRln/J20 deriva, como se sospecha 

para el caso de J20, a partir de un agotamiento de los nichos de células madre (objeto de divesos 

experimentos en curso). En el caso de TgRln/J20 éste fenotipo se vería agravado por el hecho de 

que la sobreexpresión de Reelina por sí sola es capaz de inducir un aumento significativo en la 

neurogénesis en el hipocampo (Pujadas et al., 2010). Así, en el contexto patológico inducido por 

altos niveles circulantes de péptido Aβ, sumado con la imposibilidad de integración de las 

nuevas neuronas debido al fenotipo J20, los TgRln/J20 se verían facilitados en comparación con 

los J20 para establecer una estimulación sostenida de la neurogénesis, con un agotamiento más 

temprano y acelerado de las células madre del nicho que conllevaría a un adelgazamiento más 

pronunciado de GCL a la edad testada. 

Ni para el módelo J20 ni para el módelo TgRln/J20 se ha descrito hasta la fecha una atrofia de la 

CA1-SRLM, lo que es el fenotipo más evidente en seres humanos. Además, vale la pena señalar 

que, como se mencionó anteriormente, no se ha encontrado correlación entre el tamaño del DG 

en y las habilidades cognitivas.  

Se ha propuesto que la población excitable de células granulares del DG está formada 

por un número muy pequeño de células sobre el total, mientras que el 90-95% de la 

población podría estar efectivamente "retirada" (Alme et al., 2010). Por lo tanto un 

número muy pequeño de fibras musgosas que conectan células granulares a CA 3 puede 

sin embargo ser suficiente para mantener la funcionalidad de la red (Rolls, 2013). Esta 

teoría encaja con nuestros datos, ya que los TgRln/J20 muestran una fuerte atrofia del 

DG mientras que sus habilidades cognitivas, según la evaluación de las pruebas de 

comportamiento, no se ven afectadas (aunque esto sí ocurre en J20) y fueron incluso protegidas 

por la sobreexpresión de Reelina. Por lo tanto, puede tener sentido que el aprendizaje 

hipocampo-dependiente no se vea afectado por la atrofia encontrada en los ratones TgRln/J20, 

sugiriendo que las células que se mantienen en el DG son plenamente funcionales. 

 

Perspectivas futuras 
El conjunto de datos presentados en este trabajo sugiere que Reelina antagoniza la toxicidad de 

Aβ a múltiples niveles, de las sinapsis, a las células, hasta las redes neuronales. Aunque 

aparentemente participa con Aβ en la neurodegeneración del giro dentado del hipocampo, la 

sobreexpresión de Reelina en ratones J20 (TgRln/J20) es suficiente para llevar a una 

recuperación funcional completa de las anomalías de comportamiento típicas de AD, conforme 

con el rescate de la densidad de la espinas dendríticas y la reducción de la muerte neuronal. Un 

gran esfuerzo queda por hacer en descifrar los mecanismos moleculares que subyacen a la 
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neuroprotección de Reelina en AD, y para que eso encaje con el fenotipo de atrofia del giro 

dentado observado. 

El análisis de los niveles de Aβ solubles en los animales TgRln/J20 es sin duda una cuestión de 

gran importancia con el fin de profundizar en el conocimiento de los mecanismos moleculares 

por los cuales Reelina reduce la extensión de placas amiloides y la toxicidad de las especies de 

Aβ. Cabe destacar que, en un enfoque in vitro, fué descrito que Reelina regula el tráfico y el 

procesamiento proteolítico de APP, promoviendo la escisión no amiloidogénica de αAPP (Hoe 

et al, 2006; Hoe et al, 2008; Hoe et al, 2009). Sería de gran relevancia corroborar estos datos en 

nuestro sistema in vivo. Además, la obtención de información sobre los mecanismos de 

interacción entre Reelina y las especies de Aβ, como los oligómeros, es sin duda una cuestión 

futura de gran relevancia para abordar. 

Otro mecanismo clave para elucidar in vivo es el atrapamiento de Reelina en las fibrillas de 

Aβ42, con la siguiente pérdida de señalización de la vía de Reelina. En el cerebro adulto, se ha 

demostrado que la vía de Reelina favorece el procesamiento del CTD de APP, disminuye la 

actividad de la GSK-3β y la fosforilación de Tau, potencia la neurotransmisión glutamatérgica, 

la LTP y la plasticidad sináptica estructural, y regula positivamente la neurogénesis adulta en el 

hipocampo. Todos estos procesos son necesarios para la correcta fisiología neuronal y las 

funciones cognitivas en adultos, y se han encontrado alterados en el AD. Debido a la función de 

Reelina en estos eventos relevantes, un posible mecanismo por corroborar es que la vía de 

Reelina actúa como una importante vía "homeostática" de regulación de numerosos aspectos de 

la función normal del cerebro adulto y cuya disfunción, posiblemente debida al secuestro de 

Reelina en las placas amiloides, puede contribuir a los rasgos cognitivos típicos de la patológia 

de  Alzheimer. 

Queda por abordar también si la sobreexpresión de Reelina rescata otros aspectos de la 

patología de la AD en ratones, tales como procesos de neuroinflamación. 

Por último, se necesita dilucidar los mecanismos subyacentes a la reducción Reelina-dependiente 

de volumen de la ML del giro dentado y la acción combinada de Reelina y Aβ en la atrofia de la 

GCL en el modelo TgRln/J20. Consideramos que es muy pertinente abordar las posibles 

consecuencias funcionales de la sobreexpresión de Reelina sobre la neurogénesis adulta en el 

contexto de AD.
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AD Alzheimer’s disease 
ADDLs amyloid β-derived diffusible ligands 
AICD intracellular carboxy-terminal domain of APP 
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 
ANX anion exchange 
ApoE  Apolipoprotein E 
ApoER2 Apolipoprotein E2 receptor 
APP amyloid beta precursor protein 
Aβ amyloid beta peptide 
Aβ40 40-aminoacid form of amyloid beta peptide 
Aβ42 42-aminoacid form of amyloid beta peptide 
β-gal β-galactosidase 
CR Cajal-Retzius cells 
DCX doublecortin 
DG dentate gyrus 
DI discrimination index 
DOX doxocycline  
ECM Extracellular Matrix 
ECS Extracellular space 
EOAD early-onset Alzheimer’s disease 
FAD familial Alzheimer’s disease 
FTD fronto temporal dementia 
GCL granular cell layer 
GSK-3β glycogen synthase kinase 3 beta 
hAPP human APP 
HMW high molecular weight 
KA kainic acid 
LC liquid chromatography 
LMW low molecular weight 
LOAD late-onset Alzheimer’s disease 
LRP low density lipoprotein receptor 
LTP long term potentiation  
MAP microtubule-associated protein 
MAPT microtubule-associated protein Tau 
ML molecular layer 
MS/MS tandem mass spectometry 
MZ marginal zone 
NFTs neurofibrillary tangles 
NMDA N-methyl-D-aspartate 
NOR novel object recognition 
pCaMKIIα calcium-calmodulin dependent kinase II α promoter 
PDGF-β platelet-derived growth factor-β 
PHFs paired helical filaments 
PI propidium iodide 
PI3K phosphatidylinositol-3-kinase 
PICUP Photo-Induced Crosslinking of Unmodified Proteins 
PKB protein kinase B 
PS1 – PSEN1 presenilin 1 
PS2 – PSEN2 presenilin 2 
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PSD95 postsynaptic density protein 95 
SAD sporadic Alzheimeir’s disease 
sAPPβ soluble extracellular domain of APP 
SEC size exclusion chromatography 
SFKs Src family of tyrosine kinases 
SGZ subgranular zone  
slm stratum lacunosum molecolare 
so stratum oriens 
sp stratum piramidale 
sr stratum radiatum 
TEM transmission electron microscopy 
ThT thioflavin T 
tTA tetracycline-controlled transactivator 
VLDLR very low density lipoprotein receptors 
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