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ABSTRACT 

 

Alzheimer’s disease (AD) is the most common neurodegenerative disorder worldwide. The accumulation 

of the amyloid-β peptide (Aβ) is considered a key factor in its pathomechanism. The 3xTg-AD mouse 

model has become one of the most popular models of AD since it is described to progressively develop Aβ 

and tau pathologies by following a regional- and temporal-pattern analogous to human.  

On the one hand, this thesis consists of the further understanding of AD by characterizing some treats of 

young (5-mo-old) 3xTg-AD mice by biochemical, histological, and behavioral assessing. Thus, in the central 

nervous system, we observed that glutamatergic neurons are the ones affected by the intracellular Aβ 

pathology at early stages of the disease. Interestingly, the extent of this pathology strongly correlated 

with neuron depletion, supporting the Aβ-mediated neurodegeneration. In the peripheral system, we 

detected hepatic steatosis, what could be related with alterations in the lipid metabolism, and enlarged 

red pulp from the spleen, supporting the erythrocyte-mediated clearance of Aβ. As well, behavioral and 

psychological-like symptoms and memory impairments were already exhibited at 5-mo-old. A longitudinal 

study from 5 to 9 months of age manifested the compensatory effect of the habituation and cognitive 

stimulation on the behavioral and cognitive deterioration.  

On the other hand, targeting Aβ oligomers, which is the most cytotoxic species, is currently the main 

strategy in AD pharmacological research, specially by immunotherapy. We tested the effect of a single 

dose of the anti-Aβ single-chain variable fragment derived from bapineuzumab, scFv-h3D6, in young 3xTg-

AD mice. We found that the treatment prevented neuron depletion and improved cognitive impairment 

by reducing Aβ pathology in terms of both the percentage of neurons involved and intracellular burden. 

We also observed that the white pulp from the spleen significantly grown with the treatment, suggesting 

the peripheral contribution of the macrophage-mediated elimination of the Aβ/scFv-h3D6 complex.  

Furthermore, basic pharmacokinetic parameters of scFv-h3D6 were assessed and compared to an 

elongated version of the molecule, scFv-h3D6-EL. However, the improved thermodynamic stability and 

ability to rescue neuroblastoma cell-cultures from Aβ-induced toxicity displayed by scFv-h3D6-EL were not 

translated to mice. As well, intraperitoneal administered scFv-h3D6 was proven to be distributed as a 

compartmental model and, what is more interesting, to cross the blood-brain barrier. Once in the brain, it 

was internalized by both glial and neuron cells either as the isolated scFv or by forming Aβ/scFv-h3D6 

complexes depending on the phase of the process.  

In conclusion, this thesis provides some new insights in AD by the further characterization of the 3xTg-AD 

mouse model and by the characterization of the pharmacological approach with scFv-h3D6.  
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1. SOCIAL AND HISTORICAL CONTEXT OF ALZHEIMER’S DISEASE 

 

Alzheimer’s disease (AD) is defined as an irreversible, progressive brain disorder that alters memory and 

thinking skills, and eventually the ability to carry out the simplest daily tasks [1]. Regarding to the social 

issue, AD is the most common neurodegenerative disorder worldwide and accounts for around 70% of all 

dementia cases. In 2015, this neurological condition affected most of the 46.8 million people estimated as 

living with dementia and, hopelessly, predictions increase this figure over 130 million by 2050 [2]. Because 

the degenerative process may be extended for over a decade after the diagnose, the associated dementia 

causes a long suffering to both, patients and caregivers. Therefore, it supposes a huge social and 

economic threat for our society and is considered as a 2first century pandemic [3]. Furthermore, current 

therapies are palliative rather than disease-modifiers. Therefore, many efforts and global resources are 

focused on the search of a treatment to prevent, stop or even reverse this overwhelming disease [4]. This 

includes basic research focused on deciphering the physiopathology underlying AD and the original causes 

triggering it, as well as applied approaches intending the engineering of proper AD models, the 

development of novel therapeutic strategies, and the standardization of all the processes (especially 

those concerning to biomarkers for diagnosis and prognosis). 

AD was first described by Alois Alzheimer in 1906, who reported the single case of a 51-years-old patient 

with memory loss, disorientation, hallucinations, and dementia. Brain analyses exhibited distinctive 

neuritic plaques (which were then called military foci) and intracellular aggregates, as well as a dramatic 

reduction in the number of cortical cells (Figure 1) [5]. The term Alzheimer’s disease was referenced for 

the first time in the 8th edition of the book Psychiatrie, published in 1910  [6]. Several decades later, in the 

1980s, the main component of the neuritic plaques core was characterized as multimeric aggregates of a 

polypeptide of about 40 residues, which was then named A4 (A for its amyloid character and 4 because of 

its Mw), currently known as amyloid-β (Aβ) peptide [7]. The intracellular aggregates were defined as 

neurofibrillary tangles (NFT) and turned out to be constituted by hyperphosphorylated and/or fragmented 

forms of tau, a microtubule-associated protein [8]. In 1992, the amyloid cascade hypothesis postulated 

that the deposition of the Aβ peptide was the causative agent for AD and that other features such as NFT, 

synaptic disruption, cell loss, vascular damage and dementia occurred as a downstream response [9]. 

Nowadays, the accumulation of the Aβ peptide in the nervous tissue is considered a key factor in the 

progression of this neurodegenerative disorder, but other age-related, protective, and disease-promoting 

factors have been demonstrated to be involved in the disease progression [10].  
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Figure 1. Main histological features of Alzheimer’s disease (AD). A) Extracellular neuritic plaques (also 

known as amyloid plaques), on the top, and intracellular neurofibrillary tangles (NFT), on the bottom. B) 

Reduction of nervous mass in advanced AD. Figure adapted from [11, 12]. 

 

2. THE AMYLOID-β PEPTIDE 

 

In young brains and under normal conditions, there is an equilibrium between the production and the 

clearance of the Aβ peptide. However, in aging and pathological conditions, the disturbance in such a 

steady state leads to the accumulation of the Aβ peptide. 

 

2.1. Aβ production 

The Aβ peptide results from the amyloidogenic processing of the APP (amyloid precursor protein). APP is 

a single-pass transmembrane glycoprotein which contains a large extracellular domain and a short 

cytoplasmic one. The precise physiological function of APP remains elusive, although it has been related 

to multiple cellular processes definitely evidencing a positive effect on cell growth and survival [13, 14]. It 

is highly expressed in the brain but rapidly metabolized [15]. Typically, it can be processed by two 

pathways (Figure 2A) [16]: 

Non-amyloidogenic pathway: 

APP is sequentially cleaved by α- and γ-secretases. α-secretase is a member of the ADAM family of 

proteases (from “a disintegrin and metalloproteinase”) and is typically anchored to the cytoplasmic 

membrane of the cell surface. α-cleavage occurs N-terminal to the 17th residue in the Aβ sequence, so it 

prevents Aβ generation, and results in a soluble large N-terminal ectodomain (sAPPα or APPsα) and a 

transmembrane 83-residue C-terminal fragment (CTFα or C83). APPsα plays an important role in neuronal 

A B 
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survival and plasticity, whereas C83 is subsequently cleaved by γ-secretase. γ-secretase is a multiprotein 

complex composed of presenilin 1 or 2 (PS1 or PS2), nicastrin (a type I transmembrane glycoprotein), and 

Aph-1 and Pen-2 (two transmembrane multi-pass proteins). γ-cleavage produces non-toxic P3 and AICD 

(APP intracellular domain) fragments, both likely related to cholesterol metabolism in neurons. 

Amyloidogenic pathway: 

APP is firstly cleaved by β-secretase, which is also known as BACE1 (β-site APP-cleaving enzyme 1), at a 

position located 99 residues from the C-terminus. β-cleavage produces the soluble fragment sAPPβ or 

APPsβ, which shorter than APPsα and also released to the extracellular space, and the the C-terminal 

fragment (CTFβ, C99), which remains anchored to the membrane. This C99 fragment is subsequently 

cleaved by the γ-secretase complex to generate the Aβ peptide and the AICD fragment. It is likely that γ-

secretase cleaves the substrate at different sites leading to the generation of Aβ peptides of different 

length, from Aβ1-37 to Aβ1-43, being the Aβ1-40 species the most abundant one and the Aβ1-42 the most 

prone to aggregation. The site where the Aβ peptide is cleaved is not trivial, as it has implications in the 

aggregation potential of the peptide and, thus, in its pathogenicity [17]. Interestingly, the 16-residue extra 

sequence at the Aβ amino N-terminus, compared to the non-amyloidogenic p3 peptide, is involved in the 

stabilization of the β-hairpin in which the typical trimeric Aβ1-40 structure is based. 

 

In addition to these canonical APP-processing pathways, several other possibilities for APP proteolysis 

exist (Figure 2B) [18]. For instance, ð-, ŋ- and meprin-β-pathways consist on alternative APP N-terminus 

cleavages producing several other APP fragments implicated in neuronal activity. Likewise, the APP C-

terminus is also cleaved by caspases to produce C31 and Jcasp fragments, which are involved in apoptosis 

and inhibition of presynaptic transmitters release.  
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Figure 2. Amyloid Precursor Protein (APP) processing. A) Canonical APP processing pathways. Non-

amyloidogenic processing by α-secretase occurs within the amyloid-β (Aβ) sequence, releasing APPsα 

(α-secretase-generated soluble APP ectodomain fragment) and, after the subsequent γ-secretase 

cleavage, generates p3 and AICD (APP intracellular domain). By contrast, processing along the 

amyloidogenic pathway generates Aβ (through β-secretase and γ-secretase cleavage), and liberates 

APPsβ and AICD. B) Non-canonical APP processing includes further alternative pathways through ð-, ŋ- 

and meprin-β cleavages on the N-terminus APP or caspase-mediated cleavage on the C-terminus APP. 

Figure adapted from [16]. 

 

B 
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2.2. Aβ clearance 

Several components contribute to Aβ clearance, some of which participate in its enzymatic degradation 

whereas some others are involved in its receptor-mediated uptake and/or efflux from the brain.   

Enzymatic degradation of Aβ 

 The major pathways acting on Aβ degradation are mediated by IDE (insulin-degrading enzyme), NEP 

(neprilysin), ECE (endothelin-converting enzyme), ACE (angiotensin-converting enzyme), plasmin, and 

MMPs (matrix metalloproteinases) (Table 1) [19]. IDE is an endopeptidase involved in the cleavage of 

several small peptides. Although it is predominantly located intracellularly (cytosol and peroxisomes), it 

may be associated to the plasmic membrane in neurons, and even secreted to the extracellular matrix. It 

has been reported to be the primary monomeric-Aβ degrading enzyme at neutral pH within the human 

brain. As well, genetic variations in the IDE gene are associated with clinical symptoms of AD [20, 21]. 

The membrane-bound vasoendopeptidases NEP, ECE and ACE are also evidenced to be involved in Aβ 

degradation. NEP has been proved to efficiently degrade Aβ and to retard the development of the 

amyloid pathology. Besides, reactive astrocytes expressing high levels of NEP have been colocalized with 

amyloid plaques. ECE is the best characterized Aβ degrading enzyme and its activity has been 

demonstrated in cell cultures and animal models. It may be located intracellularly (Golgi-like structures or 

vesicles of the constitutive secretory pathway), as well as at the cell surface.  Although its optimum pH is 

substrate-dependent, Aβ cleavage preferentially occurs at acid pH. ACE has been reported to be involved 

in the functional maintenance of the blood-brain barrier (BBB). As well, in vitro experiments have 

evidenced that ACE inhibits Aβ-induced toxicity [19]. 

Moreover, plasmin, closely associated with lipid rafts (a preferred site for Aβ generation), has been 

demonstrated to efficiently degrade both monomeric and fibrillar Aβ, and its activity has been reported to 

be reduced in AD human brain [22]. In contrast, increased brain MMP expression, accompanied by 

increased CSF levels of its major inhibitor (TIMP, of tissue inhibitor of metalloproteinases), have been 

reported in AD patients [23]. Besides, the cleavage of Aβ40 and Aβ42 by MMP-2 have been described in 

vivo [24]. 

Finally, other pathways via the proteasome and lysosome are also proposed to be involved in AD, but 

further studies are still needed. For instance, the proteasome ubiquitin-related system has been proved 

to contribute in the development of abnormal neuritic processes and NFTs formation rather than Aβ 

accumulation; however controversial results have been published for cathepsin B, a typical acid protease 

from the lysosome, since some authors associate it with Aβ degradation and some others claim that it 

acts as a β-site cleaving enzyme [25, 26].  
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Enzyme Name Substrate Levels/Activity1 

IDE 

Aβ, Insulin, atrial natriuretic peptide, insulin-like growth 

factor II, transforming growth factor-α, β-endorphin, 

amylin, glucagon 

Increased 

Reduced 

NEP 

Aβ, Bradykinin, Substance P, Angiotensin-I, Angiotensin-II, 

Endothelin-1, Kinins, Adrenomedullin, Opioid peptides, 

enkephalin, gastrin 

Increased 

Reduced 

ECE 
Aβ, Endothelin, substance P, bradykinin, angiotensin I, 

neurotensin, somatostatin 

ECE-1 (no change), 

ECE-2 (reduced) 

ACE Aβ, Angiotensin I, Bradykinin Increase 

Plasmin 
Aβ, Fibrin, collagenases, fibronectin, thrombospondin, 

laminin, von willebrand factor 
Reduced activity 

MMP (2, 3 and 9) Aβ, collagen proteins, gelatin Increased activity 

Cathepsin B Aβ, APP Unknown 

Table 1. Aβ degrading enzymes. Enzymes, associated substrates and the level and/or activity 

changes occurring in AD are listed. 1 Comparison of the enzymes’ levels and/or activity between AD 

brains and controls. IDE (insulin-degrading enzyme), NEP (neprilysin), ECE (endothelin-converting 

enzymes), ACE (angiontensin-converting enzyme), MMPs (matrix metalloproteinases, primarily 

MMP-2, MMP-3 and MMP-9). Table adapted from [19]. 

 

Receptor-mediated Aβ clearance 

LRP1 (low-density lipoprotein receptor-related protein 1) is a multi-ligand lipoprotein receptor that plays 

a key role on Aβ clearance. This is mediated either by direct binding to the peptide for its endocytosis or 

by interacting with other Aβ receptors, such as HSPG (heparin sulfate proteoglycan) and PrPc (GPI-

anchored cellular prion protein), to facilitate Aβ trafficking. As well, LRP1 is involved in macropinocytosis 

or phagocytosis of Aβ aggregates by regulating the actin polymerization step. In normal conditions, Aβ has 

been shown to accelerate the degradation of LRP1 through a proteasome-dependent mechanism, what 

could suppose the own Aβ clearance. However, neurotoxic Aβ species such as Aβ42, as well as pathological 

concentrations of Aβ, were shown to inhibit LRP1-mediated clearance [27, 28]. Furthermore, LRP1 

expression in brain capillary endothelium contributes to the Aβ efflux from brain. Specifically, Aβ1-40 is 

rapidly cleared across the BBB via LRP1 while Aβ1-42 is removed across the BBB at a slower rate (~50%) 
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than Aβ1-40. Interestingly, the soluble form of LRP1 (sLRP1) binds 70-90% of plasma Aβ, preventing its 

access to the brain.  

ApoE (apolipoprotein E) is the major ligand for LRP1 and an important partner of Aβ, as well as the main 

cholesterol carrier in the brain. Apart of Aβ uptake by the cells, apoE also regulates the extracellular Aβ 

burden by participating either in its efflux across the BBB or in its degradation by modulating IDE 

expression. Whereas, apoJ (apolipoprotein J or clusterin) is a multi-functional disulfide-linked 

heterodimeric glycoprotein present in all the biological fluids, including plasma and cerebrospinal fluid 

(CSF). It also intervenes on the Aβ efflux across the BBB through the megalin (or LRP2) receptor and, as 

well as apoJ, modifies the Aβ ability to form fibrils. Finally, P-glycoprotein has been suggested to be 

involved in Aβ clearance as an efflux pump at the BBB, being its activity reduced on those more AD-

involved cerebral regions [29–31].  

Concerning the peripheral clearance, the liver appears to be the main organ responsible for Aβ clearance, 

followed by the kidney. Thus, Aβ is primarily degraded by IDE and NEP within the hepatocytes [32]. 

 

2.3. Cell biology of the Aβ peptide 

Cell biology of the Aβ peptide, from the production to the clearance, is schematized in Figure 3. APP is 

synthesized in the endoplasmic reticulum and is transported to the Golgi apparatus. After the APP 

packaging into vesicles, it travels down the axon for delivery to the cell surface. Once inserted into the cell 

surface, some APP is cleaved by α-secretase to generate the sAPPα fragment, which diffuses away, and 

some is rapidly reinternalized into endosomes, where Aβ will be generated. Specifically, β-secretase 

cleaves APP to generate CTFβ, which is then processed by γ-secretase to release the Aβ fragments within 

the endosome. In neurons, a large fraction of the Aβ generated in this compartment is degraded by 

proteases such as ECE. The Aβ that escapes this pathway may be transported to the lysosome to be 

degraded or alternatively, may be included within recycling endosomes which are directed to the cell 

surface either via the Golgi apparatus or directly from the endosome to the cell surface. Also, Aβ may be 

released from recycling vesicles to the ubiquitin-protein system for degradation, or get degraded once 

released through the cell surface by other proteases such as NEP, IDE, or MMP-9. Additional mechanisms 

such as the receptor-mediated Aβ-uptake by the astro- and microglia, as well as Aβ aggregates 

phagocytosis, work on the brain interstitial fluid clearance. Aβ escaping all these degradation pathways 

may be drained into the cerebrospinal fluid or cleared into the lymphatic or vascular circulation [19, 33].  
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Figure 3. Schematic representation of the cell biology of the Aβ peptide. APP, previously synthesized in 

the endoplasmic reticulum and translocated to the Golgi apparatus, is transported to the cell surface (1). 

That APP which is not cleaved by the α-secretase is internalized into endosomes (2), where is β- and γ-

cleaved to generate the Aβ peptide (3-4). The Aβ peptide can be degraded by endosomal ECE (endothelin-

converting enzymes) proteases (5), lysosomal cathepsin (6), or recycled to the cell surface via Golgi 

apparatus (7-8) or directly from the endosome (9). Aβ may be also degraded by the UPS (ubiquitin-

proteasome system, 10) or get degraded at the cell surface by other proteases (11). Otherwise, it may be 

drained into the CSF (cerebrospinal fluid) or transported across the BBB (blood-brain barrier) or through 

the lymph (12). Failure of all these redundant turnover mechanisms will lead to the accumulation and 

aggregation of Aβ into the brain parenchyma, as oligomers and/or senile plaques, and along the brain 

vasculature [19]. 

 

Therefore, Aβ accumulation in AD may occur due to the greater proportion of APP cleaved by the β- and 

γ-secretases instead of the α-secretase, as well as to the failure of Aβ clearing mechanisms. Interestingly, 

several other factors may impact, to some extent, the Aβ cell biology; for instance by modulating the APP 

trafficking (dynamin I, RAB GTPase family and SNX family promote the rapid reinternalization of APP from 

the cell surface), or by regulating the trafficking of secretases (G-protein-coupled receptor protein GPR3 is 

responsible for the γ-secretase localization on the cell surface) [34]. 
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2.3. The Aβ peptide and its toxicity 

Aβ is a small protein composed of 37–43 residues with a variety of conformational states. There are 

two major species of Aβ, Aβ40 and Aβ42. In normal conditions, more than 90% of Aβ is Aβ40 while less 

than 5% is generated as the longer Aβ42 [35]. However, a higher percentage of Aβ42, which is more 

prone to aggregation, occurs in AD patients. Indeed, the variation in the Aβ1-42/Aβ1-40 ratio is thought 

to be one of the major determinants in the pathogenicity of the peptide [36]. Aβ1-40 tends to be 

accumulated in the vasculature whereas Aβ1-42 constitutes the predominant form in amyloid plaques 

[37].  

Aβ spontaneously self-aggregates into multiple coexisting physical forms, being the multiple of three 

units (trimers, hexamers, nonamers and dodecamers) the most prevalent ones. In the trimeric 

structure, Aβ N-termini (DAEFR, residues 1-5) are exposed to the solvent, whereas the C-termini 

(highly hydrophobic) are buried into the trimer core. Likewise, 0.48 nm-twisted hydrophobic package 

of the trimers leads to the formation of amyloid fibrils, in such a way that all the residues of the N-

terminus within the fibril are solvent-exposed (Figure 4A,B). In contrast, Aβ1-42 fibrils are conformed 

by dimeric structures, which are C2-symmetric with respect to the central axis of the fibril (Figure I-

4C,D) [38]. Aggregation of the Aβ peptide is known to occur in a nucleated polymerization manner: 

Aβ monomers are associated into soluble oligomers that act as seeds to form insoluble oligomers, 

protofibrils, and larger structures [38, 39].  

Soluble oligomeric forms have been demonstrated to be the most toxic Aβ species and to better 

correlate with cognitive decline, thus contradicting the earlier hypothesis claiming that amyloid 

plaques were the main toxic Aβ species [40]. Moreover, intracellular deposition of the Aβ peptide 

has been described in brains from AD patients and in several APP-transgenic mice, occurring earlier 

than the extracellular accumulation and, likewise, better correlating with the cognitive decline [41].  
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Figure 4. Three-dimensional structure of Aβ1-40 and Aβ1-42, and fibrillar elongation. A) Aβ1-40 trimeric 

structure obtained by NMR and EM (pdb 2M4J). N-termini are exposed to the solvent (residues 1-5, 

DAEFR), whereas C-termini are buried into the hydrophobic core (the β-sheet corresponds to 

residues 17-21). B) Eighteen Aβ-trimeric units sequentially assembled to form an idealized fibril 

structure with 0.48 nm displacements along the fibril axis. C) Aβ1-42 dimeric structure obtained by 

NMR and EM. Backbones shown in yellow and orange, to indicate the symmetry of the molecule. D) 

Schematic fibril consisting of two intertwined protofilaments. Figure adapted from [42–44]. 

 

3. PHYSIOPATHOLOGY OF AD 

 

The exact mechanisms triggering AD remain elusive since multiple components have been proved to be 

differently involved in the physiopathology. More than two decades ago, the amyloid cascade hypothesis 

designated Aβ aggregation as the origin of the disease, resulting in tau pathology, cell death, vascular 

A B 

C D 
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damage and, finally, dementia [9]. However, this concept has been modulated over the time up to the 

current vision that, although remaining Aβ-centric, much more considers degenerative processes that are 

not necessarily a mere consequence of Aβ accumulation, but rather an Aβ promoting or modulating factor 

(Figure 5) [10, 45, 46]. Some of the most widely studied processes are briefly explained below.  

Figure 5. AD-related pathomechanisms. Schematic representation of the multifactorial perplexed 

features in AD: Aβ accumulation and aggregation, tau pathology, neuron loss, synaptic dysfunction, 

immune system activation, mitochondria damage, oxidative stress and calcium dysregulation are 

some of the main processes occurring in AD. Figure from [47]. 

 

3.1. Tau pathology 

Tau is a highly soluble microtubule-associated protein involved in microtubule assembly and stability, as 

well as in neurite outgrowth and axonal transport [48]. In AD, tau is hyperphosphorylated and 

subsequently dissociates from microtubules, what, in turn, prevents axonal transport. 

Hyperphosphorylated and fragmented species of tau form paired helical filaments (PHFs) which aggregate 

as NFT. Similar to Aβ, oligomeric tau is cytotoxic and appears to correlate with cognitive deficits [49]. 

Interestingly, it is likely that some kind of feedback exists between Aβ and tau instead, and therefore tau 

pathology is not a mere consequence of the amyloid pathology [50]. 



Introduction 

14 
 

 

3.2. Synaptic damage  

Synapses are dramatically reduced in AD brains, being one of the traits better correlating with cognitive 

decline [51]. Aβ oligomers promote the NMDA (N-methyl-D-aspartate) and AMPA (α-amino-3-hidroxil-5-

metil-4-isoxazol-propionate) receptors endocytosis. In turn, synaptic removal of these receptors provokes 

the loss of dendritic spines and synaptic responses. This evokes to long-term depression (LTD), reduction 

of glutamatergic transmission and inhibits synaptic plasticity [52, 53]. Besides, Aβ inhibits α-7 nicotinic 

acetylcholine receptors (nAChR)-dependent calcium activation and acetylcholine release, so dysregulating 

the cholinergic system [54]. 

 

3.3. Mitochondrial failure, oxidative stress and calcium disruption 

APP also accumulates at mitochondria membrane, which blocks the translocation of other 

mitochondrial inner molecules and disrupts the electron-transport chain [55]. Excessive Aβ can also 

increase mitochondrial reactive oxygen species (ROS) production triggering the elevation divalent 

ions such as Ca2+, while increasing the membrane permeability to Ca2+, what could result in synaptic 

instability, Aβ and tau aggregation, mitochondrial fragmentation and neurodegeneration [56–58]. On 

the other side, Aβ localized in mitochondria could promote cell death by interacting to the pro-

apoptotic factors Aβ-binding alcohol dehydrogenase (ABAD) and cyclophin D (CypD) [59, 60]. As well, 

oxidative stress has been considered a link between insulin resistance and AD [61].  

 

3.4. Disturbances on the insulin-signaling pathway 

Glucose transporter proteins, insulin receptors and other components in the insulin signaling 

pathway in the brain have been found to be reduced in AD patients [62]. Moreover, high serum 

glucose levels are likely to up-regulate glycogen synthase kinase 3β (GSK-3β), which is a tau kinase, 

and to reduce the levels of the insulin-degrading enzyme (IDE), which is also able to degrade the Aβ 

peptide [45].  

 

3.5. Immune system and vascular alterations  

Continuous Aβ aggregation or sustained elevation of Aβ would cause a chronic response of the 

immune system, what involves the activation of microglia and the release of inflammation-related 
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mediators. In turn, these events impair microglial clearance of Aβ and increase microglia-mediated 

neuronal death and loss of neuronal synapses [28, 63]. 

Otherwise, capillary abnormalities, BBB disruption, and cerebral amyloid angiopathy (CAA) have been 

described in AD patients [64]. It is likely that the Aβ transport across the BBB (mostly Aβ40, as is the one 

forming vascular deposits) is impaired because the imbalance between Aβ-influx (by receptors for 

advanced glycation end products, RAGE) and Aβ efflux (by LRP1) [65]. 

 

 

4. ORIGIN OF THE PATHOLOGY 

 

AD is nearly associated to aging and most of the patients are diagnosed on the elderly. These cases 

constitute the late-onset AD (LOAD), being the threshold around 60-65 years old, and comprise about 

99% of the patients. In contrast, the early-onset AD (EOAD) represents only about 1% of the patients and 

are usually diagnosed at around 30-40 years old. Furthermore, only a part of EOAD is designated as 

familial AD (FAD) since specific autosomal dominant mutations are inherited. In contrast, the rest of EOAD 

and all the LOAD cases are considered as the sporadic form of AD (SAD), which is not related to any of the 

identified mutations [66]. 

 

4.1. Familial AD 

Patients presenting mutations in either the APP gene or in the genes encoding for the γ-secretase 

components presenilin 1 or 2 (PSEN1 or PSEN2) are considered familial cases of AD [67]. At least, fifty-one 

pathogenic mutations in the APP gene have been described so far, as well as 219 in the PSEN1 gene and 

16 in the PSEN2 gene [68]. These mutations may lead either to the elevation of total Aβ, modification of 

the Aβ42:Aβ40 ratio, or Aβ aggregation [69]. 

Mutations in the APP gene 

APP is located on the human chromosome 21, and accounts for a dose-effect leading to EOAD in Down 

syndrome individuals. The most common isoforms in humans are APP695, APP751 and APP770 resulting from 

the alternative splicing of exons 7 and 8, which encode for the KPI (Kunitz protease domain) and the OX2 

(OX2 domain), respectively (Figure 6A). Those isoforms containing the KPI  are predominantly expressed 

in neurons, are more severely involved in AD development, and their frequency naturally increases with 

aging [70]. Mutations in APP can be divided into three categories depending on its proximity to the 

cleavage site: (I) at the β-secretase site, (II) close to the α-secretase site (so, within the Aβ region), and (III) 

at the γ-secretase site. Therefore, they have different effects on APP processing and, consequently, on AD 
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development [36]. These mutations are named accordingly to the geographic origin of the first identified 

carrier family, and the mutated residue position numbered on the longest APP isoform (APP770) (Figure 

6B). 

 

Figure 6. Typical isoforms and mutations of the main FAD or AD-associated proteins. A) Three APP 

isoforms, APP695, APP751 and APP770, are generated by alternative splicing of exons 7 (encoding a Kunitz 

protease inhibitor, KPI) and 8 (encoding an OX2 domain, OX2). B) Most common APP mutations and their 

location. Numbering refers to the longest APP isoform (APP770). C) Schematic representation of the γ-

secretase complex, and common mutations on the PS1 catalytic component. D) Differences in sequence 

among the three apoE isoforms: apoE2, apoE3 and apoE4. Figure from [71]. 

 

Swedish double mutation, or APPSwe (K670N/M671L), is located at the β-cleavage site and favors β-

secretase activity, leading to an increment in Aβ production. Mutations within the Aβ region are reported 

to be highly amyloidogenic, triggering an increase in Aβ accumulation within nervous tissue and/or in the 

blood vessels walls: Flemish (A692G) and Dutch (E693Q) mutations are involved in CAA, whereas Arctic 

mutation (E693G) causes an aggressive Aβ aggregation despite the lower Aβ42:Aβ40 ratio exhibited. In 

contrast, the variety of mutations described close to the γ-cleavage site does not increase the total Aβ, 

but promote the more toxic Aβ42 species relative to Aβ40. London (V717I) and Indiana (V717F) are the 

most prevalent ones, although many others have been reported such as Florida (I716V), French (V715M), 

German (V715A) and Austrian (T714I).  

B A 

C 

D 
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Mutations in the PSEN1/PSEN2 genes 

PSEN1 and PSEN2 are located on the chromosome 14 and 1, respectively. Since both presenilins may 

conform the catalytic core of the γ-secretase complex, γ-secretase activity is directly altered by mutations 

in any of them. Mutations in PSEN1 are the most common cause of FAD. Some of the typical mutations, 

such as M146V, M146L, L286V, and ΔE9 promote the higher Aβ42 generation relative to the other Aβ 

species. Interestingly, the loss of other essential functions of PS1, instead of its role in APP processing, 

may better explain neurodegeneration and dementia in some particular cases of AD (Figure 6C) [72].  

 

4.2. Sporadic AD 

Parallel to the evolution of the AD physiopathology conception from the ACH to the multifactorial 

complexity, more other genes implicated in AD-associated pathways have been identified as potential risk 

factors (Figure 7) [73]. 

APOE 

APOE gene, which encodes the lipid/cholesterol carrier apoE, is the only well-established locus that 

affects the risk of developing LOAD [74]. ApoE exists in three isoforms (E2, E3 and E4) encoded by three 

alleles (ε2, ε3 and ε4), which have a worldwide frequency of 8.4%, 77.9% and 13.7%, respectively. 

However, the frequency of the ε4 allele is dramatically increased to ~40% in AD patients [75]. ApoE 

structure consists of two separate N-terminal and C-terminal domains joined by a flexible hinge region. 

The N-terminal domain constitutes the receptor-binding region whereas the C-terminal domain the lipid-

binding region. Isoforms derived from the three alleles differ only at positions 112 and/or 158: the 

prevalent apoE3 contains cysteine at position 112 and arginine at 158, while apoE2 contains cysteine at 

both positions and apoE4 contains arginine at both sites (Figure 6D) [76]. Variations among isoforms alter 

its structural folding and its ability to bind lipids, what in turn modifies the affinity for both Aβ and 

receptors [77]. It is well established that apoE4 is the isoform that predisposes to suffer AD, although the 

exact contribution is still under research: its influence on the apoE/LRP1-mediated Aβ clearance is widely 

accepted [78], but there is evidence that it also plays a pivotal role in other AD-related processes, such as 

oxidative stress response [79], synaptic loss [80], and Aβ oligomerization [81]. 

Interestingly, high-throughput genotyping analyses have evidenced the involvement of some other genes 

in AD. For instance, APOJ (also known as CLU), CR1, PICALM, BIN1, ABCA7 and CD33 are recognized as 

new genetic determinants, and different genome-wide association studies (GWAS) are working on them 

[82, 83]. The proteins encoded by these newly identified genes are involved in lipid metabolism, immune 

response, and vesicle formation and trafficking among others [84]. 
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Furthermore, epigenetics and other health, environmental, and lifestyle factors play a role in the 

development of AD: the cognitive decline may be related, for instance, to the vascular or metabolic 

conditions as heart disease, stroke, high blood pressure, glucose intolerance, or obesity [85, 86]. 

 

  

 

Figure 7. Schematic overview of AD-associated genes. The population frequency, as well as the risk for 

developing the pathology, are considered. The colors in the key show the pathways in which these genes 

are implicated. Many of the genes have been related to APP processing or trafficking (red or red border), 

suggesting the central importance of APP metabolism in AD. Figure from [10]. 

  



Introduction 

19 
 

 

5. MODELING AD 

 

Animal models have become an essential tool for understanding the mechanistic of AD and, therefore, for 

the testing of therapeutic strategies in a manner that could not be done in humans. The major 

requirement of an animal model is to reproduce, as accurately as possible, human pathophysiology. 

Hence, according to the way in which the pathophysiology is caused, three types of models exist [87]: (I) 

the spontaneous models, since non-human primates may spontaneously develop amyloid-β accumulation 

and tau hyperphosphorylation [88], (II) the interventional ones, consisting in the administration of 

chemical substances into the brain or the induction of lesions in specific regions, and (III) the genetically 

modified models.  

The fast advances in genetic engineering, in addition to the disadvantageous factors of the spontaneous 

and interventional models (such as the low reproductive output or the relatively long lifespan, and the 

improper evolution of the pathology, respectively) drove up to the generation of transgenic animals [89]. 

Mice are the major species for transgenic modeling because their short lifespan, the relatively low costs, 

and the well-established procedures for genetic modification [88]. Transgenic technology is also 

developed in rats, whose physiological and genetic features are closer to humans than mice. Besides, rats 

present a more accurate motor coordination and a richer behavior than mice, and are experimentally 

easier to be manipulated because of their larger body and brain dimensions. However, technical barriers 

have been continuously slowing down transgenesis development in rats, making tools for genome 

manipulation less available than for mice [90].  

Modeling the human AD in animals is being a very challenging process. Rodents do not develop AD. The 

normal in vivo concentration of Aβ in the rodent brain has been estimated to be in the picomolar range, 

whereas it may reach nanomolar concentrations in AD’s human brain [91]. Rodent Aβ differs from human 

Aβ only in three substitutions (R5G, Y10F, H13R), but these are likely to be enough to prevent amyloid 

aggregation. Therefore, the introduction of FAD human genes is mandatory to model the pathology in 

mouse. Pronuclear injection and gene-targeted replacement are the two main strategies are widely used 

in the generation of transgenic organisms [92–94].  

Otherwise, the pathophysiology reproduced by transgenic mice does not exclusively result from the 

specific isoforms and/or pathogenic mutations incorporated, but additional determinants regulate its 

onset and development, such as the promoters accompanying the introduced gene, which modulate 

levels and distribution pattern of protein expression, or the genetic background, because of the host’s 

genome influence on the manifestation of the transgenes. For example, background-specific features in 
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vision or hearing may alter the activity or anxiety measurements in behavioral testing. Also, biological 

responses to excitotoxicity, inflammation and neurodegeneration, as well as the learning and memory 

abilities, are strain-dependent.  

 

5.1. Current transgenic mice 

A wide variety of transgenic mice lines are currently in use, the major part of which contain mutations in 

FAD-related genes and express phenotypes based on the amyloid pathology. Nonetheless, the tau 

pathology has also been emulated by including tauP301L mutation from frontotemporal dementia with 

Parkinsonism (FTDP) [95], since no tau mutation has been found in the AD. As well, the human 

pathogenic-prone allele APOE Ɛ4 [96], and other AD-related transgenes such as those displaying insulin 

desensitization, have been used in the most novel AD modeling. Table 2 summarizes the key features of 

the most significant transgenic mice used in AD research, from the first transgenic AD mouse model, 

containing the APPInd mutation (PDAPP, from Platelet-Derived APP, since the PDGF promoter is driven the 

expression of APPInd) [97], to the generation of bi- and trigenic mice to enhance the pathology, either by 

combining mutations as APP+PSEN1 [96] and APP+PSEN1+MAPT [98], or by combining FAD mutations and 

SAD genetic risk factors [99, 100]. An extensive and updated overview of all kind of mouse models used in 

AD research is presented in the Alzforum webpage [101]. 

 5.2. The 3xTg-AD mouse model 

Triple-transgenic mouse model of Alzheimer’s disease (3xTg-AD) was initially engineered at the University 

of California, Irvine, by introducing APPSwe and MAPTP301L transgenes into a PS1M146V homozygous knock-in 

single-cell embryo (Figure 8) [98, 102]. APPSwe and PS1M146V are mutations found in familial AD, and 

MAPTP301L mutation is associated with a familial form of frontotemporal dementia rather than AD. 

Specifically, the strategy used in the engineering of the 3×Tg-AD mouse consisted on the co-

microinjection of two independent transgene constructs encoding human APPSwe and tauP301L (4R/0N), 

both under the control of the mouse Thy1.2 promoter, into single-cell embryos harvested from mutant 

homozygous PS1M146V knocking mice. The injected embryos were implanted into foster mothers and 3xTg-

AD mice were identified and selected from the resulting offspring.  
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Figure 8. Strategy used in the engineering of the 3xTg-AD mouse model. Pronuclear co-injection of 

APPSwe and MAPTP301L transgenes into a PS1M146V homozygous knock-in single-cell embryo. Figure 

published in [98].  
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Line Mutation Promoter Background General pathology 

APP models 

PDAPP 
APPInd 

695<,751,770 
hPDGF-β 

C57BL/6 x 

DBA/2 

Extracellular ThS-Aβ deposits, neuritic plaques, synaptic loss, astrocytosis and microgliosis, 

cognitive and behavioral impairment since 3 mo. 

Tg2576 
APPSwe 

695 
hamsPrP C57BL/6 x SJL 

5-fold increase in Aβ40 and 14-fold increase in Aβ42/43. Numerous Aβ plaques in cortical and 

limbic structures. Learning and memory impairment by 9-10 mo. 

APP23 APPSwe (751) mThy-1 C57BL/6J 

7-fold overexpression of APP. Senile plaques (congo red-positive and p-tau 

immunoreactive), neuritic changes, dystrophic cholinergic fibers and gliosis detected at 6 

mo. 

TASD-41 APPSwe,Lon  (751) mThy-1 C57BL/6J Amyloid plaques since 3-4 mo. Neuritic and synaptic dystrophy, and tau pathology. 

J20 
APPSwe,Ind 

(695<,751,770) 
hPDGF-β 

C57BL/6 x 

DBA/2 
High levels of Aβ42, amyloid plaques, synaptic dystrophy. 

TgCRND8 
APPSwe,Ind 

695 
hamsPrP 

Hybrid 

C3H/He-

C57BL/6 

High levels of Aβ42 and ThS-Aβ deposits at 3 mo. Neuritic pathology evident at 5 mo. Early 

cognitive impairment since 3 mo.  

APP+PS1 models 

PSAPP 
APPSwe (695) 

PS1M146L 

hamsPrP 

hPDGF-β 
Tg2576 x C3H High levels of Aβ42. Fibrillar Aβ deposits earlier than Tg2576 mice. 

2xKI 
APPSwe (695) 

PS1P264L 

mAPP 

mPS1 
129 x Tg2576 Elevated Aβ42/Aβ40 ratio at 1 mo. Accelerated amyloid deposition and gliosis. 

5xFAD 
APPSwe,Lnd,Fl (695) 

PS1M146L,L286V 

Thy-1 

Thy-1 
C57BL/6 x SJL 

High intracellular levels of Aβ42 at 1.5 mo. Extracellular Aβ deposition and gliosis since 2 

mo. Synaptic dystrophy, neuron loss, and cognitive impairment at 4 mo. 

3xTg-AD 

APPSwe (695) 

tauP301L (4R) 

PS1M146V 

Thy1.2 

Thy1.2 

mPS1 

129X1/SvJ x 

129S1/Sv 

Intracellular Aβ42, synaptic dysfunction and cognitive impairment since 3-4 mo. 

Extracellular amyloid deposits since 6 mo and tau pathology at 12 mo.  

APP + apoE models 

TgCRND8 x 

apoEKI 

APPSwe,Ind (695) 

apoE4 

Hamster PrP 

 

TgCRND8 x 

C57BL/6J 

Increased IL-1β and GFAP reactivity compared to TgCRND8. Softer disruptions in circadian 

rhythms. 

APP + insulin desensitization models 

APP23 

x OM 

APPSwe (751) 

leptin ob/ob 

Mouse Thy-1 

 

C57BL/6J x 

C57BL 

Null LTP in the hippocampus and anxious behavior. Tau cleavage and hyperphosphorylation 

are increased in the cerebral cortex. 
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Table 2. Representative mouse models of AD. Specific mutations, isoforms and promoters driving their 

expression, as well as the genetic background and the overall pathogenic features described. Table 

adapted from [71]. 

This model reproduces the amyloid and tau pathologies through similar regional- and temporal-

patterns [98, 102], with Aβ appearing first in the cerebral cortex and then spreading out to the 

hippocampus. A detailed description of the amyloid pathology progression through the primary 

motor cortex, amygdala, CA1 region from the hippocampus (Cornus Ammonis), and entorhinal 

cortex from 3xTg-AD males showed that intracellular Aβ accumulation is already evident at very 

early stages (~3 mo), whereas extracellular Aβ accumulation appears at the late stages of the 

disease (~18 mo) [103]. In females, intracellular Aβ was already detected at 3 weeks of age in the 

CA1 [104]. 

Intracellular amyloid pathology in 3xTg-AD is also directly related to the onset of cognitive and 

behavioral impairments [105], which have been widely assessed in this model [106]. Cognitive 

impairment starts at a young age: associative learning deficits are first detected at 3-5 months old, 

impairments in spatial working memory are observed in the Morris water maze (MWM) paradigm 

at 6 months of age, deficits in recognition memory are described at 9-11 months old, and reference 

memory impairment in the Barnes maze task is seen at 12 months of age [107]. As well, 

emotional/behavioral alterations in the 3xTg-AD mice occur at early ages: alterations in the 

exploratory activity are first detected in the open-field test (OFT) at 2.5 months old (at older ages in 

the corner test, CT), lower habituation to the novelty and uninhibited behavior are described at 6 

months old, neophobia was observed at 12 months old, and increased emotionality is observed in 

most of the tests at adulthood and elderly [108]. 

 

6.1. Recombinant antibodies engineering 

Recombinant antibody fragments have emerged as reliable alternatives to the full-length 

antibodies (Figure 9) [109, 110]. These fragments retain the antigen-binding specificity of full-

length mAbs and contribute with other interesting properties such as the potential linkage to 

therapeutic payloads (enzymes or liposomes among others). For instance, the singe-chain variable 

fragment (scFv) consists of the VH and VL domains linked by a flexible polypeptide chain. ScFvs 

tend to have shorter half-lives than the corresponding full-length mAb, but exhibit better tissue 

distribution, penetration, and clearance properties [111]. The use of scFv instead of the full-length 

mAb is considered safer because the lack of the crystallizable fraction (Fc), which is known to 

activate microglia, with the subsequent secretion of an array of pro-inflammatory cytokines and 

mediators [112, 113]. Likewise, because of the absence of the constant region, scFv molecules do 
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not trigger the complement system so they exhibit little immunogenicity compared to the full-

length or Fab versions, and avoid opsonization and antibody dependent cell toxicity.  

 

 

Figure 9. Illustrative scheme of antibody domains and scFv fragments. A single-chain variable 

fragment (scFv) compared to a complete antibody. Reddish domains show the variable domains 

whereas the grayish ones correspond to the constant ones. Fc indicates the crystallizable fraction. 

ScFv is composed of both the heavy and the light variable domains connected by a flexible linker. 

Figure adapted from [114]. 

 

6.1. ScFv-h3D6 

In 2000, Frenkel et al. designed the first anti-Aβ scFv based on the variable regions of an anti-Aβ 

IgM [115]. Since then, some other recombinant engineered molecules have been developed [116] 

and modified with stabilizing mutations [117–119]. This is the case of the scFv derived from 

bapineuzumab, scFv-h3D6 [120], which was designed to avoid the Fc receptor-mediated microglial 

activation involved in the adverse effects occurred with the entire antibody [121]. Different 

mutations have been incorporated to enhance the thermodynamic stability of the molecule as a 

way to improve its pharmacokinetics and, as consequence, the therapeutic effect [122]. The two-

residues elongation of the C-terminal domain (VL) produced the scFv-h3D6-EL, which displays a 25% 

of increase in thermodynamic stability when compared to the original scFv (herein, and for the sake 

of clarity, scFv-h3D6-WT) [123]. In vitro studies showed that both scFv-h3D6 molecules protected 

Fc 

Heavy chain 
Light chain 

Linker 
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from the Aβ-induced cytotoxicity, with improved results with the scFv-h3D6-EL treatment (Figure 

10) [122].  

  

 

Figure 10. ScFv-h3D6 improvements by rational design of its fold. A) ScFv-h3D6 3D-model showing 

both domains, VH (variable domain of the heavy chain) and VL (variable domain of the light chain), 

linked by a (Gly4Ser)3 connector. In purple, CDR (complementarity-determining regions) from the VH 

domain; in yellow, CDR from the VL domain; in cyan, the connector. B) C-terminus detail showing 

C 

B 

D 

E 
F 
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the main interactions between VL E105 and K107 residues, and the effect of OXT107-O. Because the 

distance between VL-K107-NZ and VL-E105-OE1 is 9.1 Å, both residues cannot establish the 

expected electrostatic interaction. As well, this interaction might be weakened by the attraction of 

the VL-K107-NZ to the OXT107-O (the distance between VL-K107-NZ and the OXT107-O is 4.9 Å, so 

the side-chain of VL-K107 is bent toward the OXT107-O). C) Magnification of the transition, induced 

by the urea denaturation, from the folded scFv-h3D6, and three variants, to an intermediate state. 

The maximum of the Trp-fluorescence emission-spectra is plotted as a function of urea 

concentration for scFv-h3D6 WT version and three variants. In the present thesis, only the version 

presenting the highest thermodynamic stability, which is plotted by the lighter gray and 

corresponds to the VL-R108T109 or elongated version (scFv-h3D6-EL), is compared to the original 

scFv-h3D6, in black. D) Thermal denaturation of scFv-h3D6-WT and its variants followed by Trp-

Fluorescence emission at 338 nm. WT, in black; variants, in gray. E) TEM analysis showing the 

worm-like fibrils appearing after the incubation of scFv-h3D6 (WT and EL versions) at 37ºC for 48h 

with the Aβ peptide. F) Protective effect of the scFv-h3D6 WT and EL on the Aβ-induced 

cytotoxicity in a dose-dependent manner (0, 2.5, 5, 7.5 and 10 µM from black to the lighter gray) in 

SH-SY5Y cell cultures. Figure adapted from [42, 122, 123]. 

 

6.2. In vivo testing of scFv-h3D6 

The protective effects of scFv-h3D6 were also previously assessed in vivo. Specifically, a single 

intraperitoneal dose of scFv-h3D6 was administered to 5-months-old 3xTg-AD mice, resulting to the 

amelioration of the first hallmarks of AD [124, 125]. At the molecular levels, brain Aβ oligomers 

were measured on protein extracts from the extra- and intracellular compartments. Extracellular 

soluble Aβ from the treated 3xTg-AD were reduced in the cerebral cortex and olfactory bulb, but 

not in the hippocampus and cerebellum. Besides, the increased levels of apolipoproteins E and J 

observed in the 3xTg-AD mice were restored by the treatment. Regarding to the behavioral and 

cognitive traits, the anxiety-like faster swimming speed observed in 3xTg-AD was reversed to 

normal levels by the treatment, indicating a beneficial effect of scFv-h3D6 on the BPSD-like 

symptoms. Finally, an alleviation of the long-term cognitive impairment was suggested since the 

tendency of the 3xTg-AD mice to travel around the quadrant opposed to the platform disappeared 

after the treatment (Figure 11) [124]. 
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Figure 11. Beneficial effects of scFv-h3D6 in vivo. A) Immunoblotting profiles for 3xTg-AD mice of 

extracellular soluble Aβ oligomers in the cerebral cortex showed a clear decrease of the 

dodecameric, nonameric, hexameric and trimeric Aβ-species upon treatment (squared). B) 

Significant increase in the hippocampal and cortical apoE levels, and in the cortical apoJ levels, from 

3xTg-AD mice, and the scFv-h3D6-mediated recovery. Determinations from protein extracts 

performed by ELISA. C) Fast swimming speed in the 3xTg-AD mice, and the recovery by the 

treatment. D) 3xTg-AD mice significantly preferred the opposed quadrant (to the platform), but the 

treatment reduced its significance. Figure adapted from [126]. 

 

A 

C 

D 

B 



 

28 
 

 

 

  



 

29 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

AIMS 

  



 

30 
 

 

 



Aims 

31 
 

Because the emotional, social and economic impact of Alzheimer’s disease (AD) in our society, 

global resources are focused on the searching of a treatment to fight this devastating disease. The 

understanding of how this pathology works has become an essential to go ahead with the finding 

of a cure. In this scenario, the present thesis consists on the further understanding of AD 

physiopathology by characterizing some treats of the 3xTg-AD mouse model, as well as on the 

pharmacological testing of the anti-Aβ single-chain variable fragment scFv-h3D6. The specific aims 

were the following: 

 

1- To describe the 3xTg-AD mouse model in terms of intracellular Aβ pathology and its 

relationship with the demise of specific neuron populations. 

 

2- To analyze the behavioral and cognitive alterations in young 3xTg-AD females. 

 

3- To investigate the effect of a single intraperitoneal dose of scFv-h3D6 on those parameters 

mentioned in aims 1-2, in combination with a preliminary study on the inflammatory response 

in both the central and peripheral nervous systems.  

 

4- To describe the pharmacokinetic profile of scFv-h3D6, and its best thermodynamically 

stabilized variant, to gain light on the mechanism underlying the protective effect of scFv-h3D6 

with the final aim of contributing to a suitable treatment design.  

 

5- To longitudinally study the behavioral and cognitive abilities of young 3xTg-AD females from 5 

to 9 months of age in comparison to gender- and age-matched non-transgenic animals. 

 

6- To test the combined effect of the chronic administrations of scFv-h3D6 and aging on the 

functional response, considering the extent of habituation and cognitive stimulation performed 

during the study. 
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1.  ScFv-h3D6 PRODUCTION 

 

1.1. ScFv-h3D6 expression and purification 

The chimeric protein used was obtained by expression of pETtrx_1a plasmid containing the scFv-

h3D6 synthetic gene (pETtrx_1a:scFv) in E. coli Origami2(DE) [127]. Synthetic gene was constructed 

using the mAb-h3D6.v2 (AAB-001) sequence and consists of the VH and VL domains connected by a 

(Gly4Ser)3 linker. This construct expresses the intracellular oxidoreductase and chaperone 

thioredoxin trx with an N-terminal His6 tag, linked to the scFv-h3D6 by the TEV (tobacco etch virus) 

protease target. Thus, TEV proteolysis releases the isolated scFv-h3D6.  

E. Coli Origami2 (DE3) competent cells were transformed and grown to saturation in LB medium at 

37ºC. After 1/1000 dilution, cells were grown at 37ºC until an OD600 of 0.7 was reached. Then 

induction was performed with 0.5 mM IPTG at 20ºC overnight. After centrifugation, the cellular 

pellet was resuspended in cold lysis buffer (160 mM Tris-HCl, 4M NaCl, pH 8.5). After three freeze-

thaw cycles, the sample was sonicated for 6 cycles of 45s at 50% of duty cycle and an output of 

9/10. After centrifugation at 44.000g at 4ºC for 40 min, the insoluble fraction was solubilized in 

denaturing buffer (100 mM Tris/Acet, 10 mM GSH, 8M urea, pH 8.5) and refolded by 1:10 dilution 

in refolding buffer (100 mM Tris/HCl, 100 mM L-arginine, 0.15 mM GSSG, pH 8.5) for 36h. Then, the 

precursor protein was proteolyzed with TEV (produced in the laboratory, see 1.2) at 30ºC for 4h, 

with a precursor/protease ratio of 1:50 (w/w) in 20 mM Tris/HCl, 100 mM NaCl, 0.5 mM EDTA, 0.3 

mM GSSG, 3 mM GSH, pH 8.3.  

ScFv was fractionated from the proteolyzed sample by IMAC (Histrap columns) in 20 mM Tris/HCl, 

150 mM NaCl (pH 8.3). Then, a cationic exchange (CEx) chromatography (Resource S column) was 

performed in 8.3 mM Na2HPO4 (pH 6.5) with an isocratic gradient up to 1M NaCl. Since species with 

scrambled disulfide bridges appear together with the native scFv-h3D6 after refolding, an accurate 

analysis of the CEx profile was needed. The peak is asymmetric, the first part corresponds to the 

native conformation and the second to the scrambled ones. The native pool was dialyzed against 

PBS (pH 7.4) and loaded to Detoxi-Gel Endotoxin Removing Columns (Thermo Scientific) to remove 

lipopolysaccharides (LPS), the major endotoxin of Gram-negative bacteria. In short, 1-mL column 

was pre-equilibrated with 5 volumes of 1% sodium deoxycholate, rinsed with Milli-Q water and 

equilibrated with PBS (pH 7.4). After loading the sample, the flow was stopped for 1h to allow LPS 

binding, and then the protein was eluted with PBS (pH 7.4). A PD-10 column was used to remove 

any trace of detergent before quantifying protein concentration (ε280
0.1%=1.06) and storing 

aliquoted samples at -80ºC until their use. Figure 12 shows the protein obtained from each step of 
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the purification by SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis), as well 

as the cationic exchange chromatogram.  

 

Figure 12. ScFv-h3D6 purification. A) SDS-PAGE electrophoretic analysis. Lane 1, Precursor before 

TEV cleavage; Lane 2, sample after TEV cleavage; Lanes 3-4, Flow from IMAC containing scFv; Lane 

5, washing step; Lanes 6-14, samples from 95 to 150 mL eluted volume to 150mL corresponding to 

the main absorbance peak; Lane 15, native protein pool after the first CEx chromatography; Lane 

16, native protein pool after the second CEx chromatography; Lane 17, scrambled protein pool 

after the second CEx chromatography; scFv precursor is marked by a red arrow; scFv protein is 

squared in red. His6-tagged fragment is squared in blue. B) CEx chromatography absorbance profile. 

Upper region of the main peak and its magnification are squared in blue. Native protein peak is 

marked by a green arrow; scrambled species peak is marked by a red arrow. Contaminant proteins 

are eluted at 100% elution buffer (black arrow). Absorbance was measured at λ=280nm. 

A 
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1.2. TEV expression and purification 

E. coli C41 competent cells were transformed with the pMHTΔ238:TEV construct and grown to 

saturation in LB medium at 37ºC. After 1/1000 dilution, cells were grown at 37ºC until an OD600 of 

0.7 was reached. Then induction was performed with 0.5 mM IPTG at 20ºC for 4h. Isolation of the 

soluble fraction was performed as mentioned for scFv-h3D6 production (Section 3.2) and TEV 

protease was bound to an IMAC (Histrap columns) in 20 mM Na2HPO4, 500 mM NaCl, pH 7.5). 

Sample was eluted at 100% of elution buffer (20 mM Na2HPO4, 350 mM NaCl, 500 mM Imidazol, pH 

7.5). Fractions of 2.5 mL were collected and analyzed by SDS-PAGE electrophoresis (12 %) to pool 

those corresponding to the fractions with the protein and measure its concentration (ε280
0.1%=1.38). 

The buffer was changed through a PD-10 column to digestion buffer (20 mM Tris-HCl, 150 mM 

NaCl, pH 7.3) plus 10% Glycerol before storing. 

 

1.3. Verification of disulfide configuration 

To ensure the native conformation of the obtained protein, the configuration of its disulfide 

bridges was checked by limited proteolysis and MALDI-TOF-MS in the SePBioEs, the Proteomics 

facility from Universitat Autònoma de Barcelona (UAB). In brief, 30 µL of protein were partially 

denatured with 4M urea (30 µL of sample +15 µL 4M urea), 2h at 30˚C. Then, the sample was 

digested with 800 ng of trypsin in 25 µL of ammonium bicarbonate 0.1M for 4h at 30˚C, and MALDI-

TOF analysis was performed. Then, sample was reduced with DTT (2 µL of sample + 1 µL de DTT 

0.5M + 7 µL H2O) for 1h at RT and MALDI-TOF analysis was performed again.  

Besides, the protein mass was also verified by using mass spectrometry. Samples were dialyzed by 

drop dialysis: 2 µL of sample were dialyzed against 20 mL of 50 mM for 30 min at RT using a 0.025 

µm pore membrane (Millipore). Then, samples were diluted 1/5 with milliQ H2O. For MALDI-TOF 

analysis, samples were mixed 1:1 sample:matrix (2,6-dihidroxiacetophenone acid (DHAP)) and 1 µL 

of sample was deposited onto a ground steel plate. Samples were analyzed using a lineal method 

and an accelerating voltage of 25kv. All the analyses were calibrated using external references 

(Bruker Daltonics). 
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2. ANIMALS 

 

2.1. Mice hosting 

The Protein Folding & Stability group stablished a 3xTg-AD mice colony at the Servei d’Estabulari 

from the UAB, in parallel to the one corresponding to non-transgenic mice (NTg), with the same 

genetic background B6129SF2. Founder animals were provided by The Jackson Laboratory (Bar 

Harbor, ME, USA). Because females exhibit greater Aβ burden and larger behavioral deficits than 

age-matched males, the whole research project was performed by using females [128]. Most of the 

experiments were performed in 5-mo-old mice, except for the longitudinal study (Chapter 4), which 

also started with 5-mo-old mice and was carried out up to their 9 months of age.  

Animals were maintained under standard laboratory conditions: temperature of 22 ± 2ºC and 

relative humidity of 55 ± 5%, 12h light:dark cycle starting at 08:00 a.m., wood chips for bedding and 

food and water ad libitum. All the experiments were approved by the UAB Animal Research 

Committee and the Government of Catalonia, and conducted in accordance with the legislation for 

the protection of animals used for scientific purposes (directive 2010/63/EU). 

 

2.2. Mice sacrifice and samples collection and processing 

In those cohorts used for histological analyses (Chapters 1 and 2), animals were anesthetized by an 

intraperitoneal injection of ketamine-xylazine mixture (87.5-12.5 mg/kg body weight, respectively, 

in saline solution) to be, subsequently, transcardially perfused with 4% paraformaldehyde (Sigma-

Aldrich, Saint Louis, MO, USA).  After that, mice were guillotined and brains were removed from 

skulls, and rinsed in cold PBS to subsequently be immersed in the same fixative. 

Alternatively, in those cohorts used for biochemical analyses in addition to the histological ones 

(Chapters 2 and 3), animals were anesthetized by inhaling isoflurane 1%. Firstly, blood was 

collected by cardiac puncture and supplemented with a complete proteases inhibitor cocktail 

(Roche, Basel, Switzerland) and 1 mM EDTA to prevent degradation of proteins and coagulation. 

Samples were centrifuged at 20230g for 10 min at 4ºC, the supernatant was carefully recovered to 

avoid contamination from the interphase (white blood cells and platelets) and centrifuged again. 

Finally, the supernatant was recovered and stored at -80ºC as blood plasma until its use. 

Afterwards, mice were guillotined and dissected. Brains were removed from skulls, and spleen, 

liver and kidneys were also collected, rinsed in cold PBS, weighted, and dissected in two halves: 
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both hemispheres, two spleen-halves, two liver-halves, and both kidneys were separately 

processed for histology and biochemical analyses.  

Processing for biochemical analyses: Protein extracts 

Cerebral hemispheres were mechanically disgregated in cold tissue homogenization buffer (TBS pH 

7.6 supplemented with the proteases inhibitor cocktail and EDTA 1mM) by using a tissue 

homogenizer (Sigma). After a brief sonication (1 cycle of 35s, at 35% duty cycle and output 4 in a 

Dynatech Sonic Dismembrator ARTEK 300), samples were centrifuged at 100000g for 1h at 4ºC and 

supernatant was stored as extracellular fraction at -80ºC until use. Pellet was suspended in lysis 

buffer (1% Triton X-100 in homogenization buffer), equally sonicated and centrifuged, and 

supernatant was stored as intracellular fraction at -80ºC until use. 

Processing for histological analyses: Paraffin sections 

Tissues were immersed in 4% paraformaldehyde for 36h at 4ºC. After that, samples were rinsed in 

PBS, dehydrated by immersion in a battery of increasing concentrations of ethanol solutions (50%, 

70%, 96%, 100%) and, as final steps, in xylene, 1:1 xylene:paraffin, and paraffin-embedded 

following the regular procedures from our laboratory, being extremely careful with the orientation 

of the encephalic structures to get the best anatomically matched sections. Brains were serially 

sectioned at 10-µm-thick (cerebrum was serially sectioned in the coronal plane whereas the 

cerebellum was cut in the sagittal plane), mounted on SuperfrostTM Plus Microscope Slides 

(ThermoFisher Scientific) and stored at R.T. (room temperature) until use. 

 

3. HISTOLOGICAL PROCEDURES 

 

3.1. Histological staining and detections 

Histochemistry 

Hematoxylin-eosin [129] and cresyl violet staining [130] were carried out to evaluate tissue 

cytoarchitecture and cellular quantification in some specific populations from the brain. Masson 

trichrome staining [131] was used to discard fibrosis in the spleen, liver and kidneys. Lipid droplets 

were observed by Sudan III staining [132] on cryo-preserved samples. PAS (periodic-acid Schiff) 

reaction [133] was used to stain the renal tissue.  



Methodology 

40 
 

Colorimetric histological immunodetection 

Sections were deparaffined in xylene, hydrated in decreasing concentrations of ethanol solutions 

and extensively washed in distilled water. Endogen peroxidase activity was blocked by placing the 

slides in 3% H2O2 in methanol for 10 min. Antigen retrieval was performed by formic acid 

immersion (70% in distilled water for 10 min) or by heating at 90ºC in sodium citrate buffer (10 mM 

sodium citrate, 0.05% Tween-20, pH 6.0, also for 20 minutes) in a water-bath. Non-binding sites 

were blocked using 5% bovine serum albumin in PBS containing 0.05% Tween-20 and 5% normal 

goat serum at room temperature for 1h. Then, slides were incubated overnight at 4ºC with the 

corresponding primary antibody (see Table 3) and revealed by the corresponding ExtrAvidin 

Peroxidase Staining Kit antibody produced in goat and DAB (3-3’ Diaminobenzidine) (both products 

provided by Sigma-Aldrich, Saint Louis, MO, USA). Finally, sections were immersed in hematoxylin 

for 10s, extensively washed, dehydrated, immersed in xylene, and cover-slipped in DPX mounting 

medium.  

 

 

 

Dilution Source Cat. 

Primary antibodies    

Mouse anti-amyloid-β (1-16) (6E10) 1:100 Covance Signet SIG-39320 

Rabbit polyclonal anti-NeuN 1:200 Merck Millipore ABN78 

Rabbit polyclonal anti-neurofilament H  1:100 Merck Millipore ABN76 

Rabbit polyclonal anti-calretinin 1:500 Merck Millipore AB5054 

Rabbit polyclonal anti-GFAP 1:200 DAKO Z033401-2 

Rabbit polyclonal anti-Iba1  1:100 Abcam AB108539 

Goat polyclonal anti-Cathepsin D 1:100 Santa Cruz Biotech sc-6487 

Rabbit polyclonal anti-scFv-h3D6-WT 1:100 Self-produced (SCAC) -- 

    

Secondary antibodies    

Goat anti-rabbit IgG, FITC1,2 conjugated 1:1001 Chemicon, Millipore AP132F 

Goat anti-mouse IgG, Cy3 conjugated 1:100 Chemicon, Millipore AP124C 

Donkey anti-goat IgG, FITC conjugated 1:100 Jackson Immunores. 705-095-147 

Anti-mouse DAB    

Anti-rabbit DAB    

Table 3. Primary and secondary antibodies used for immunofluorescence. List of primary and 

secondary antibodies used for IF, working dilution, commercial source, and product reference. 
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FITC, fluorescein isothiocyanate; Cy3, cyanine 3. 1 FITC-conjugated anti-rabbit secondary antibody 

was used at 1:200 when anti-NeuN and anti-GFAP antibodies were immunodetected. 2 Part of the 

studies presented in this thesis used the Alexa488 fluorophore instead of FITC. 

 

Fluorescent histological immunodetection 

Deparaffined sections were pre-treated by formic acid immersion for 10 min or heating at 90ºC in 

sodium citrate buffer during 20 min for antigen retrieval, blocked and incubated overnight at 4ºC 

with the specific primary antibody (as detailed in Table 3), except for the anti-neurofilament H and 

the anti-cathepsin D mAbs that were incubated for 48h. Then, the corresponding fluorophore-

conjugated secondary antibody was incubated at room temperature for 1h. Finally, sections were 

cover-slipped for microscopy observation using DAPI (4’,6-diamino-2-fenilindol)-containing 

Vectashield (Vector Laboratories, Burlingame, CA, USA) solution, for fluorescent nuclei staining. 

When double immunodetections were performed, both primary antibodies, as well as both 

secondary ones, were incubated at a time. 

 

3.2. Microscopy  

Bright-field and epifluorescence microscopy 

Photographic material was digitally captured by the ProgRes C10Plus color video camera coupled to 

a Zeiss Axiosphot microscope (objective lens Plan-Neofluar from 2.5x to 63x) and performed with 

ProgRes Capture Pro program (Jenoptik, Germany). Light source was the halogen lamp or the 

fluorescence one, depending on the required visualization.  

Confocal microscopy 

Confocal imaging was performed by the spectral Fluoview-1000 (Olympus, Tokyo, Japan) at the  

Servei de Microscòpia from UAB by capturing 5-10 optical sections, separated by 1 µm, with the 

objective lens UPLSAO0 from 40x to 60x. 

 

3.3. Image processing 

Immunoreactivity signal measures 

Fluorescence intensity was quantified on 8-bits images by using Image J software (v. 1.43 u, NIH, 

Bethesda, MD, USA). In brief, 6E10 immunoreactivity was considered individually by manually 

delimitating somas in each layer/region. When cells were arranged as dense rows or strips 
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(granular cells from the olfactory bulb, hippocampus, and cerebellum), fluorescence intensity was 

measured by delimitating in the complete cellular layer. In each photograph, background value was 

subtracted from the intensity value measured. 

Area immunoassayed by anti-GFAP or anti-Iba1 and DAB staining was quantified by turning the 

images to a binary format once the background was subtracted, and normalized by its total area 

(about 6-8 captures per animal).  

Cell quantifications 

All the analyzed populations are indicated in the Figure 13. Neuron counting in the main olfactory 

bulb was focused in the olfactory granular cells (OGC) from the granular cell layer (GCL) as well as in 

the mitral cells (MC). Additionally, the number of glomeruli was also quantified. Criteria for scoring 

OGC included both morphological and staining properties. Small, darkly stained and densely packed 

cells were considered as OGC. On the other hand, MC are arranged forming a monolayer, the mitral 

cell layer (MCL), between the external plexiform layer and GCL, so they are easily recognized 

because of their larger size and weak nuclei staining. 

In the cerebral cortex, large neurons from the deep layers (V and VI) were detected by the anti-

heavy neurofilament (NFH) polypeptide antibody, which is a type of intermediate filament typically 

restricted to neurons with a complex cytoskeletal structure such as the large pyramidal neurons 

[134]. On the other hand, the anti-calretinin antibody was used as a marker of cortical 

interneurons. Concretely, bipolar cells and double bouquet cells large basket cells are described as 

calretinin-expressing cells, whereas Martinotti cells and bitufted cells only occasionally expresses 

calretinin [135]). 

Cell counting in the hippocampus was performed in the Cornus Ammonis (CA) and the dentate 

gyrus (DG) separately. Specifically, the populations analyzed were the pyramidal neurons (PN) from 

the stratum pyramidal of the hippocampal region I Cornus Ammonis (CA1), PNs of the hippocampal 

region II and III Cornus Ammonis (CA2-3, combined) and the granular cells (GC) located in the 

granular cell layer from the dentate gyrus. The limit between CA1 and CA2-3 was easily identified 

because of two aspects: (I) CA1 pyramidal stratum is thinner than CA2-3, and (II) neurons size is 

mildly smaller and is arranged in a more compacted manner. 

Amygdalar cell quantification was restricted on the basolateral amygdalar (BLA) nucleus (which was 

previously detected to be affected by the amyloid pathology) by considering only those large 

NeuN-immunoreactive neurons. 
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Three neuronal populations of the cerebellum were studied: granule cells (CGC) located in the 

internal granular layer (IGL), and Purkinje cells (PC) settled in the Purkinje cell layer (PCL). Both 

populations were assayed in two compartments of the cerebellar cortex, vermis and paravermis. 

Criteria for counting cerebellar GC were the same of the olfactory bulb’ GCs. Besides, cells with a 

large and clear nucleus, pear-shaped cell body and distinctive nucleolus were considered PCs. 

Finally, the third cell population taken to account was deep cerebellar nuclei (DCN) macroneurons. 

Their amount was separately determined at the level of the fastigial, the interpositus and the 

dentate nuclei. Because DCN neurons can be categorized into small-diameter inhibitory neurons 

(less than 12 µm) and large-diameter excitatory neurons (more than 12 µm) [136], only neurons 

with a cell body bigger that 20 µm in diameter were recorded. 

Finally, the total number of cells of each specific neuronal population was counted per section 

(except for the granular cells from the olfactory bulb, dentate gyrus from the hippocampus and the 

cerebellar cortex, which were counted in 5-8 representative fields per section). Areas occupied by 

these populations (except for the cerebral cortex, in which the entire region area was considered) 

were measured using AutoCAD program (Autodesk, U.S.) or Image J. In the case of MCL and PCL, 

length was analyzed instead of the area. Then, quantifications were normalized by dividing the 

number of cells by the corresponding area or length and results were expressed as cellular density 

(cells/mm2 or neurons/mm). On the other hand, proportion of Aβ-containing cells were calculated 

by counting 6E10-immunoreactive cells in relation to the total number of cells (expressed in 

percentages).  

All the measures and quantifications were replicated in 2-4 sections per animal (sections 40 µm 

apart). Analyzed sections from the olfactory bulb corresponded to the coordinates of Figure 3 

(interaural 7.36 mm and Bregma 3.55 mm) from Franklin and Paxinos [137]. The neocortex, 

hippocampus and amygdala were examined in the range of coordinates between Figure 43 

(interaural 2.34 mm and Bregma -1.46 mm) and Figure 48 (interaural 1.74 mm and Bregma -2.06 

mm). In the case of the cerebellum, the sagittal sections analyzed corresponded to the coordinates 

of Figure 107 (lateral 0.72 mm). Images were processed and assembled with Adobe Photoshop (v. 

7.0, Adobe Inc., San Jose, CA, USA) or Imaris software (v. 7.2.1, Bitplane, Belfast, UK). 
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Figure 13. Regions of the central nervous system analyzed. A) Sagittal panoramic section of a 

mouse brain. The line at the left indicates the level in which the main olfactory bulb was analyzed 

by coronal sections. The line at the right indicates the level in which the cerebral cortex, 

hippocampus, and amygdala were analyzed. B) Coronal section of olfactory bulb: glomerular layer 

(1), mitral cells layer (2), and granular cells layer (3). C) Cerebral coronal section: Cerebral cortex 

(1), pyramidal cells layer on the region I (2) and II-III (3) from the Cornus Ammonis, and granular 

cells layer from the dentate gyrus (4), in the hippocampus, and basolateral amygdalar nuclei (4). D) 

Zoom in to the cerebellar region from the panoramic image at the level of the paravermis. Purkinje 

neurons monolayer (1), adjacent to the granular cells layer (2), and deep cerebellar nuclei (3). Nissl 

staining. Scale bars, 1 mm. Figure adapted from [138]. 

 

A 
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4. BIOCHEMICAL PROCEDURES 

 

4.1. Hepatic enzymes determination 

Concentration of aspartate and alanine transaminases (AST and ALT) in plasma were determined by 

a commercial enzyme-coupled colorimetric assay kit (Roche Diagnostics). Absorbance was 

measured in a Cobas c501/6000 analyzer. Values were normalized by the total amount of protein, 

measured by the Pierce BCA Protein Assay Kit (ThermoFisher Scientific) in a Multilabel reader 

Victor3 (Perkin Elmer, Turku, Finland) at 562 nm. 

 

4.2. Tumor Necrosis Factor-alpha (TNFα) quantification 

The levels of TNF-α (tumor necrosis factor-alpha) in the hippocampal lysate were determined by 

commercial enzyme-linked immunosorbent assay (ELISA) DuoSet kit (R&D Systems, Minneapolis, 

MN, USA, ref. DY410-05, lot. P116663). Absorbance was measured in a Multilabel reader Victor3 

(Perkin Elmer, Turku, Finland). Because of wavelength correction was not available, readings at 540 

nm were subtracted from readings at 450 nm. 

 

4.3. Soluble Aβ42 quantification 

Levels of Aβ42 were quantified by the commercial Amyloid beta 42 ELISA kit for Mouse (Invitrogen). 

Procedure was performed according to the manufacturer’s protocol. Absorbance was measured at 

450 nm in a Multilabel reader Victor3 (Perkin Elmer, Turku, Finland). Data obtained was normalized 

by the total amount of protein in each extract, as measured by BCA assay (Pierce).  

 

4.4. ScFv-h3D6 quantification 

Anti-scFv-h3D6 antibody production 

Anti-scFv-h3D6 polyclonal antibodies were produced by the Servei de Cultius Cel·lulars, Producció 

d’Anticossos i Citometria (SCAC) from the UAB. Two rabbits (New Zealand) were intradermically 

immunized with 400 μg of scFv-h3D6 protein conjugated with Freund’s complete adjuvant. After 

the first immunization, rabbits were administered by three booster injections (21 days between 

immunizations) with 300 μg of scFv-h3D6 protein but using Freund’s incomplete adjuvant instead, 

and a sample of blood was taken to monitor serum specific antibodies levels by ELISA. Total rabbit 
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sera were collected after the fifth immunization and anti-scFv-h3D6 antibodies were titrated by 

standard immunoassay procedures from the SCAC.  

Detection of specific antibodies 

An immunoassay ELISA was standardized to detect specific antibodies for scFv-h3D6 protein (Figure 

14). Briefly, all sera were analyzed using 96 well polystyrene plates (Ref 442404 Maxisorp, NUNC, 

Labclinics, Spain) coated with scFv-h3D6 diluted in 0.1M carbonate buffer pH 9.6. ELISA plates were 

incubated with several sera dilutions for 90 minutes, and after washes, an anti-rabbit IgG 

conjugated to peroxidase (Ref 170-6515, BioRad, Spain) were added to detect the antigen-antibody 

complexes. ELISA were revealed using OPD substrate (Ref P9187, Sigma Aldrich, Spain) and 

absorbance were read in a Multilabel reader Victor3 (Perkin Elmer, Turku, Finland) at 450 nm. 

Indirect competitive ELISA 

96-well polystyrene plates were coated with scFv-h3D6 (10 ng per well of a 100 ng/ml dilution in 

PBS pH 7.4) by an overnight incubation at 4ºC. After several washes with 0.1% Tween-20 in PBS, 

plates were blocked with 1% BSA in PBS for 30 min at 37ºC and washed again for the subsequent 

samples addition. Blood plasma and protein extracts from the extra- and intracellular brain 

fractions had been previously incubated with the primary antibody anti-scFv-h3D6 (produced in the 

SCAC from UAB, 1:75000, 1h at 37ºC). After 1h of incubation at 37ºC and several washes, bound 

primary antibody was detected by incubating with an anti-rabbit IgG peroxidase-conjugated 

(BioRad, Spain, 1:2000) for 1h at 37ºC and revealed with the OPD (o-phenylenediamine 

dihydrochloride)-Fast substrate (Sigma-Aldrich). Absorbance was read in a Multilabel reader 

Victor3 (Perkin Elmer, Turku, Finland) at 450 nm. 
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Figure 14. Detection of the specific anti-scFv-h3D6 polyclonal antibodies. A) The optimum scFv-

h3D6 coating concentration was determined by ELISA. B) Titration of the specific anti-scFv-h3D6 

antibodies and fitting in a 4PL regression to obtain IC50 value. SCAC.  

A 

B 
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5. BEHAVIORAL AND COGNITIVE TESTS 

 

BPSD-like symptoms were appraised in the corner test (CT) and open-field test (OFT) by measuring 

the exploratory activity (e.g. corner visits, rearings, distance traveled) and other behaviors (such as 

self-groomings or differences in the central/peripheral occupancy rates). Recognition memory was 

evaluated by the specificity of the exploratory activity in the novel object recognition test (NORT) 

and spatial long-term memory was evaluated by the final probe stage, after 5 days of training, in 

the Morris Water Maze (MWM) paradigm. Tests were temporally sequenced on the basis of the 

degree of stress in each test, with the most stressful ones at the end, starting with the CT and OFT, 

following by the NORT and, finally, the MWM (Figure 15) [126]. 

All the tests were recorded by a digital USB camera (The Imaging Source, Germany) and video-

tracking was processed by ANY-maze software (v. 5.14, Stoelting Europe, Ireland). Rearings, self-

groomings and defecations from the CT and OFT were quantified, as well as the number of visits 

and time visiting the objects in the NORT. All the material involved in the behavioral tests was 

cleaned thoroughly with CR-36 (José Collado S.A.) between trials to ensure the absence of olfactory 

cues. 

5.1. Corner test 

The CT was performed by placing the mice in a standard home-cage (makrolon, 22 x 22 x 14.5 cm) 

for 30 seconds. Neophobia to the new home-cage was mainly evaluated by corner-related 

parameters such as the number of corner visits, latency to the first corner visit. As well, the 

exploratory activity (as distance traveled, and number of rearings and its latency) was also 

considered. 

5.2. Open-field test 

The OFT consisted of an arena (white polyethylene, 42 x 42 x 50 cm) where the animals were 

placed for 15 min [139]. Anxiety was measured by locomotor activity (total distance traveled across 

time), as well as other behavioral patterns such as crossings through a central area virtually 

delimited (number of entries, distance traveled in the center versus distance traveled in the 

periphery, time in the center and time in the periphery), rearings (number of rearings and latency 

at the first one), self-groomings (number of self-groomings and latency to the first one) and 

number of defecations. 
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5.3. Novel object recognition test 

The NORT was performed in the same arena as the OFT, so no habituation was required. Animals 

were familiarized to a couple of identic objects (A and A’) for 5 min, which was the familiarization 

phase. Then, the recognition phase was assessed by exposing the animals to one of the familiar 

objects (A) and to a novel one (B), also for 5 min. To properly evaluate short-term recognition 

memory, the interval between familiarization and the recognition test was 15 min [140]. 

Exploratory behavior was considered as total explorations number, time exploring and distance 

traveled. Recognition memory was evaluated as the preference of the animal to explore a familiar 

or a novel object. Differences in the accumulated time exploring both objects were expressed by 

the discrimination index (DI), calculated as (B-A)/(B+A). DI can vary between +1 and -1, with 

positive values when the novel object is the preference, negative values when the familiar object is 

the preference, and 0 when the preference in null [141, 142]. 

5.4. Morris water maze 

The MWM paradigm assesses the hippocampal-dependent learning and memory by testing the 

ability of mice to find a hidden platform in a pool full of opaque water (Ø 120 cm for the pool, Ø 11 

cm for the platform, water stained with non-toxic white tempera) at 22-24ºC [143, 144]. The 

paradigm comprises 3 phases: 1) Visible platform. The first day consisted in the visible platform 

stage, in which the platform was highlighted by a colored flag for contrasting to the white water 

and walls. Animals performed 4 trials to ensure that NTg mice realize of the platform existence 

(inter-trial period of 10 min). 2) Acquisition phase. During the acquisition phase, the platform was 

hidden ~5 mm under the water surface, and cues were added to make the spatial orientation 

possible. This phase consisted in 4 trials per day, during 5 consecutive days, in which the animals 

should reach the platform being oriented by the cues. Mice were manually guided to the platform 

if they were unable to find it in 60s. Starting points were pseudo-randomly ordered to ensure 

different sequences among stages/days. 3) Probe. The platform was removed for the final probe. 

This phase consisted of 60s of navigation in absence of the platform, and was performed 24h after 

the last acquisition stage to properly evaluate the long-term memory. Animals started from the 

more distant point to the usual platform location.  

The reversal test (included in the Chapter 4) consisted of acquisition and probe phases but 

replacing the platform at different location. Once removed from the water, animals were located 

under a heating lamp (red-light, 100W) to prevent hypothermia. Mean swimming speed and 

distance traveled were measured across trials during the acquisition stages. Latency to the 

platform, platform crossings and path efficiency, as well as time and distance traveled within a 
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virtual zone centered on former platform location (normalized by areas), were measured in the 

final probe. 

Figure 15. Behavioral and cognitive tests. A) Corner test. The yellow square indicates one of the 

four corners considered in the test. B) Open-field test. Painted area refers to the central area to the 

field, which is separately considered from the peripheral area for specific measurements. C) Novel-

object recognition test. On the left, the familiarization phase (two identical objects). On the right, 

the novel object recognition (one of the familial objects and a novel one). D) Morris water maze. 

Visible platform stage consisted of four trials with different starting points for each (N, S, E, W, 

randomly ordered). The yellow circle indicates the platform position. A colored flag on the platform 

stood out against the white water and walls. During the acquisition phase, platform was hidden ~5 

mm under the water surface, and cues were added to make the spatial orientation possible. This 

phase consisted of four trials per stage/day during five consecutive stages/days. Starting points 

were pseudo-randomly ordered to ensure different sequences among stages/days. Platform was 

removed for the final probe, and it consisted in an only trial started from the opposite site of the 

platform (so, SW, indicated with the yellow narrow). Reversal part of the test consisted of 

acquisition and probe phases but replacing the platform at another location.  

 

6. STATISTICS AND GRAPHICAL REPRESENTATION 

 

Statistical differences among experimental groups were evaluated with the non-parametric Mann-

Whitney U-test (U-test) by using Graphpad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA). A 

p-value lower than 0.05 was considered statistically significant. Generally, values are expressed by 

medians with interquartile ranges, except for those parameters consisting in percentages or 

proportions (manly in the Chapter 1 and 2) and those others considered over time (manly in the 

Chapter 3 and 4), which are calculated and represented by means and SEM. Graphical 

representation consisted of scatter plots (indicating the mean and standard error of the mean) in 

those comparisons expressed over time, and box plots (showing all the data points, and indicating 

the medians and the interquartile ranges) in those non-temporal comparisons. As well, a simple 

linear regression analysis between the Aβ signal and the logarithm of neuron depletion was 

performed.  
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AIMS 

 

Intracellular accumulation of the Aβ peptide has been observed in brains from AD patients as well 

as from several transgenic mice [145], some of which also display some extent of neuronal loss 

[146, 147]. In the 3xTg-AD mouse model, intracellular amyloid pathology has been related to the 

onset of cognitive and behavioral impairments [105, 106]. However, despite the extensive research 

performed in this model, intracellular amyloid pathology has not been completely studied in terms 

of the specific neuronal populations affected at the early stages of the disease. Hence, the goal of 

this first Chapter is to provide an accurate picture of which neuron populations display intracellular 

Aβ/APP accumulation in 5-month-old 3xTg-AD females, as well as to demonstrate its correlation 

with neuronal loss. Functional assessing of behavioral and psychological symptoms of dementia 

(BPSD)-like symptoms, learning, recognition and spatial memory testing, complement these results. 

For this propose, fourteen 3xTg-AD females were distributed randomly in two groups, for 

histological analyses (n=4) and behavioral studies (n=10), and were compared to the same number 

of gender- and age-matched NTg mice. Animals destined to histological analyses were anesthetized 

by an intraperitoneal injection of ketamine-xylazine mixture and transcardially perfused with 

paraformaldehyde. Samples were processed as explained in the Methodology Section. The mAb 

6E10 was used to immunodetect the Aβ peptide. Some other antibodies were used to identify 

specific neuronal populations to prove whether the Aβ peptide was localized within, as well as to 

quantify cell density. On the other hand, behavioral tests were performed based on the degree of 

stress in each test, with the most stressful ones at the end. First, emotional/behavioral phenotypes 

were tested by the corner test (CT) and open-field test (OFT), carried out on the day 1. Novel object 

recognition test (NORT) test was assessed on the day 2 to evaluate the recognition memory. 

Learning abilities and spatial memory were evaluated by the Morris water maze (MWM) on the 

days 3 to 9.  
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RESULTS 

 

Aβ/APP distribution through the brain 

Although intracellular Aβ accumulation at the cerebral cortex, hippocampus and amygdala of 

young 3x-Tg-AD mice is already reported [105], the precise neuronal populations affected are not 

known. In this work, we first assessed the intracellular Aβ/APP distribution through several regions 

of the central nervous system by immunohistochemistry with 6E10 mAb, and then identified which 

neuronal types are 6E10-immunoreactive (ir) by colocalization with specific neuronal markers. 

Figure 16 illustrates the Aβ/APP distribution along the rostrocaudal axis, focusing on three 

representative levels: the olfactory bulb (the most rostral part), neocortex, hippocampus and 

amygdala (in an intermediate location) and cerebellum (the most caudal part). 6E10 

immunodetection was almost negligible in the olfactory bulb whereas was evident in specific 

populations from the cortex, hippocampus and amygdala, as well as in the cerebellum.  

 

Figure 16. 6E10 immunodetection through the olfactory bulb, neocortex, hippocampus, amygdala 

and cerebellum. Low-magnification view of each analyzed region and zoom-in to those neuronal 

population containing intracellular Aβ/APP. A-B) Olfactory bulb and mitral cells; C-D) Neocortex and 

large pyramidal neurons from the deeper layers; E-F) Hippocampus and PCL from the region 1 of 

the Cornus Ammonis; G-H) Basolateral nucleus in the amygdala and its macroneurons; I, J, K) 

Paravermal section of the cerebellum, with Purkinje neurons and macroneurons from the DCN. 
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Coronal sections, except for the cerebellum (sagittal). Scale bar in A, 400 µm; B, 30 µm; C, 500 µm; 

D, 50 µm; E, 100 µm; F-H, 50 µm; I, 400 µm; J-K, 200 µm. 

To assess the involvement extent of each neuronal population, intracellular Aβ/APP burden was 

semi-quantified by measuring the fluorescent 6E10 signal (Supplementary Table 1) and those cells 

with evident signal were colocalized with specific neuronal markers (Figure 17). No 6E10 

immunoreactivity was found in the main nor the accessory olfactory bulbs, except for a faint 

detection in the mitral cells (Figure 16A-B). In the case of the neocortex, a strong 6E10 signal was 

detected within the large neurons located in layers V-VI (Figure 16C-D). This signal colocalized with 

the anti-heavy neurofilament (NFH) polypeptide antibody (Figure 17A), which is a type of 

intermediate filament typically restricted to neurons with a complex cytoskeletal structure such as 

the large pyramidal neurons [134]. On the other hand, the anti-calretinin antibody was used as a 

marker of cortical interneurons (concretely, bipolar cells and double bouquet cells; with large 

basket cells, martinotti cells and bitufted cells occasionally expressing calretinin [135]) and 6E10 

signal was not colocalized (Figure 17B). 

 

Figure 17. Double immunofluorescence detection of Aβ/APP and specific neuronal markers. A) 

Aβ/APP and neurofilament H colocalization within the large pyramidal neurons from the layers V-VI 

from the neocortex. B) Aβ/APP and calretinin distribution through the neocortex. C) Aβ/APP 

colocalization with the neuronal marker NeuN in the pyramidal cells layer (PCL) from the region 1 

of Cornus Ammonis (CA1) in the hippocampus. D) Aβ/APP colocalizes with the neuronal marker 
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NeuN also in the basolateral amygdalar (BLA) nucleus. In green, the specific neuronal marker. In 

red, 6E10 mAb antibody fluorescent signal. In blue, DAPI staining. Scale bars, 100 µm. 

In the hippocampus, Aβ/APP staining was observed in the pyramidal cells layer (PCL) from the 

Cornus Ammonis, at both CA1 and CA2-3 regions (Figure 16E-F). Besides, 6E10 signal colocalized with 

the anti-NeuN neuronal nuclear marker (Figure 17C). No evident 6E10 signal was detected in the 

dentate gyrus (DG). In the amygdala, a strong 6E10 signal was detected in the basolateral 

amygdalar (BLA) nucleus (Figure 16G-H), from the basolateral group of nuclei, which colocalized 

with large NeuN-ir neurons (Figure 17D). Finally, Aβ/APP distribution through the cerebellum was 

analyzed in the cerebellar cortex and deep cerebellar nuclei (DCN). Purkinje neurons showed a faint 

Aβ/APP staining whereas no 6E10 signal was detected in the internal granular layer (IGL). 

Macroneurons from the DCN exhibited a robust Aβ/APP staining (Figure 16I-K).  

Even though Aβ/APP burden varies among cells from the same neuronal population, it displayed a 

similar intracellular pattern of distribution through all the 6E10-ir neuron types studied, being 

mainly located in the perikaryon and, when cells contained an elevated Aβ/APP burden, also in the 

cytoplasmic prolongations (Figure 18).  

 

Figure 18. Confocal visualization of Aβ/APP distribution. A) Granular deposition of intracellular 

Aβ/APP and the corresponding orthogonal views. White arrow indicates Aβ/APP accumulation 

along the cytoplasmic prolongation. Scale bar, 20 µm. B) 3D-composition of the same region. C) 

Zoom-in to an individual cell showing the intracellular distribution of Aβ/APP mainly through the 
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cytoplasm. White arrowheads point to a discrete immunodetection within the nucleus. D) Granular 

deposition of intracellular Aβ/APP colocalizes with cathepsin D.  

Nuclear 6E10 signal was poorly detected. Interestingly, 6E10 immunodetection follows a punctuate 

pattern that provides a dotted aspect to the Aβ/APP-containing cells, in accordance to the 

accumulation of Aβ peptide within endosomes and lysosomes, or multivesicular bodies [147, 148]. 

Figure 3D confirms colocalization of Aβ/APP with cathepsin D, a marker for to intracellular vesicular 

structures. 

 

Neuronal depletion 

Neuronal depletion has been widely described in AD human brain [149]. In AD transgenic mice, 

obvious neuronal loss has only been sporadically reported despite the numerous publications 

about other pathologic features such as amyloid and tau pathologies, synaptic disruption, 

inflammation and behavioral and cognitive impairments [150]. Thus, since an exhaustive analysis of 

neuronal depletion in transgenic mice is required, we assessed the loss as general mass reduction 

in 3xTg-AD brains, and further examined cellular depletion of a wide variety of neuronal 

populations.    

Weights from 3xTg-AD brains were significantly reduced when compared to the NTg ones (U-test, 

p=0.029, Figure 19A). Those slides stained with hematoxylin-eosin and cresyl-violet were analyzed 

and cytoarchitectonic alterations were not observed in any of the encephalic regions studied. 

Neuron loss was assessed by cellular counting in anatomically matched sections from each animal. 

Supplementary Table 2 and Figure 19B-F compile the overall values obtained (medians and IQR as 

descriptive measures) and the statistical analysis by the non-parametric Mann-Whitney U-test. 

Table 4 details the percentage of depletion (as calculated from the means) in those populations 

with significant reduction of neuron densities. 

 

Structure Neuronal population Depletion (%) 

Neocortex NFH-ir large pyr neurons 28.91 

Hippocampus CA2-3 PCL cells 13.15 

Amygdala BLA macroneurons 45.28 

Cerebellum Fastigial nucleus 31.79 

Cerebellum Interpositus nucleus 21.57 
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Table 4. Neuron depletion in young 3xTg-AD females. Percentage of depletion in those 

populations with significant reduction of neuronal densities. Means of neuronal densities from 

both conditions (NTg and 3xTg-AD) were used to determine neuronal depletion in the 3xTg-AD 

mice. NFH, neurofilament H. CA2-3, regions 2-3, from the Cornus Ammonis. PCL, pyramidal cells 

layer. BLA, basolateral amygdala. 
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Figure 19. Neuronal densities in the olfactory bulb, cerebral cortex, hippocampus, amygdala and 

cerebellum. A) Brain weight expressed in mg, is compared between the NTg and 3xTg-AD mice. B) 

Glomeruli, mitral cells and granular cells from the olfactory bulb. C) Neurofilament H-

immunoreactive (NFH-ir) and calretinin-ir cells from the neocortex. D) Cells in the Pyramidal Cell 

Layer (PCL) from the entire Cornus Ammonis (CAentire), and regions 1 (CA1) and 2-3 (CA2-3) 

separately. E) Macroneurons from the basolateral amygdalar (BLA) nucleus. F) Paravermal Purkinje 

and granular cells, and macroneurons from the fastigial, interpositus and dentate deep cerebellar 

nuclei from the cerebellum. Densities (cells/mm2) are expressed as box plots, and whiskers 

represent minimum and maximum values. # indicates the marginally significant differences 

between the 3xTg-AD and NTg mice with p≤0.1, * significant differences with p≤0.05, ** p≤0.01. 1 

indicates glomeruli as an exception of the neuronal categorization, since it is an interneuronal 

connection structure. 2 indicates those neuronal populations arranged as a monolayer of cells 

(density expressed as cells/mm of length). 

 

Glomeruli, mitral cells and granular cells were examined in the olfactory bulb, but no significant 

depletion was found (Figure 19B). In the cerebral cortex, cellular density of those NFH-ir cells was 

reduced 29% in the 3xTg-AD mice as compared to the NTg ones (U-test, p=0.029), whereas no 

significant reduction was observed in calretinin-ir neuronal populations (Figure 19C). In the 

hippocampus, the cellular density in the PCL at the CA was not significantly different when the 

whole region was considered, but the 3xTg-AD mice achieved a marginally significant reduction of 

13% when CA2-3 was individually considered (U-test, p=0.057) (Figure 19D). Cellular density was also 

evaluated in the granular cells layer (GCL) from the DG, but no significant differences were found. 

In the amygdala, cellular density was reduced 45% in the BLA nucleus (U-test, p=0.029) (Figure 

19E). Reduction of cellular densities in the cerebellum was already considered in a previous work of 

the group [151]. Interestingly, macroneurons density from the 3xTg-AD mice was reduced about 

32% and 22% compared to the NTg ones in the fastigial and interpositus DCN, respectively (U-test, 

p=0.029 and p=0.029) (Figure 19F). 

Conclusively, these results evidence that neuron depletion at first stages of the disease mainly 

occurs on glutamatergic neuronal populations. Moreover, the higher neuron loss was found in the 

amygdala, followed by the cerebral cortex and, finally, by the hippocampus. At the same time, 

neuron loss in the cerebellum follows the already reported mediolateral gradient in the DCN 

macroneurons [151]. 

 

Severity of the intracellular Aβ/APP pathology 

The number of 6E10-ir cells was determined in those neuronal populations in which evident 

intracellular signal was detected. This data, when related to the cellular counting, revealed the 

proportion of neurons containing Aβ/APP (Figure 20A). In the layer V-VI of the neocortex from 
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3xTg-AD mice, 79% of large pyramidal neurons presented intracellular Aβ/APP. In the CA from the 

hippocampus, the signal was detected in 25% of cells in the PCL, whereas proportions were around 

31% and 14% when considering both regions CA1 and CA2-3 individually. In the amygdala, 87% of 

large neurons from the BLA nucleus presented an evident signal. Finally, in the DCN from the 

cerebellum, 81%, 48% and 79% of the macroneurons from the fastigial, interpositus and dentate 

nuclei presented intracellular Aβ/APP. Hence, these results suggest that the plurality of neuronal 

populations involved in the pathology presents different levels of severity.  
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Figure 20. Proportion of neurons exhibiting intracellular Aβ/APP and correlation with neuronal 

depletion. A) Proportion of 6E10-ir cells in each neuronal population where evident signal was 

detected in 3xTg-AD mice. Proportions are expressed by percentages of the means (6E10-ir 

cells/total cells number) and error bars represent SEM. CA, Cornus Ammonis; CA1 or CA2-3, Cornus 

Ammonis regions 1 or 2-3, respectively. PCL, pyramidal cells layer. BLA nucleus, basolateral 

amygdalar nucleus. DCN, deep cerebellar nucleus. B) Linear regression analysis between the 

proportion of 6E10-ir cells and the logarithm of neuronal depletion (calculated in Table 4).  

 

Since the proportion of Aβ/APP-containing neurons followed the same regional vulnerability 

pattern than neuronal depletion, we tried to find a correlation and found a linear association 

between the 6E10 signal and the logarithm of neuronal depletion (Figure 20B). This means that a 

small change in the proportion of cells containing intracellular amyloid induces a huge change in 

their density. 

 

Figure 21. Astroglia and microglia colocalization with Aβ/APP-containing neurons. A) Astroglia 

immunodetection by anti-GFAP antibody (green) and fluorescence intensity (RFU) quantification in 

the hippocampus. Scale bars, 100 µm. B) Double immunofluorescence detection of cortical 

astrocytes (anti-GFAP and 6E10 mAbs, in the left), or cortical and hippocampal microglia (Iba1 and 

6E10, in the middle and the right), in 3xTg-AD mice. Scale bars, 10 µm. 

 

Finally, we detected the presence of astroglia once intracellular Aβ/APP accumulation and neuronal 

depletion are occurring. Glial fibrillary acidic protein (GFAP, a typical astrocytic marker) was 

A 
 

B 
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immunodetected and fluorescent signal measured in the hippocampus. GFAP fluorescence 

intensity values were higher in 3xTg-AD mice in comparison to the NTg ones, although differences 

did not reach statistical significance (Figure 21A). Interestingly, astrocytes and microglia appeared 

wrapping the soma of some Aβ/APP-containing neurons (Figure 21B), even though both types of 

glia were also observed in contact with non-reactive 6E10 neurons.  

 

BPSD-like symptoms 

3xTg-AD females already manifested evident BPSD-like symptoms in the CT and OFT at 5 mo 

(Supplementary Table 3). When the horizontal activity was considered in the CT, no differences 

were found in the total number of corner visits between 3xTg-AD and NTg mice, but latencies to 

the corner were reduced in the 3xTg-AD mice when compared to the NTg ones (0.65s and 3.10s, U-

test, p=0.048), evidencing an anxious-like behavior probably induced by neophobia to the cage 

(Figure 22A). However, no differences were found in the vertical activity.  

Anxious-like behavior was also observed in the OFT since the 3xTg-AD mice exhibited reduced 

exploratory activity (Figure 22B), as shown in the distance traveled (a total of 18.6m by the 3xTg-AD 

mice and 46.1m by the NTg ones, U-test, p<0.001), the number of rearings (12 rearings by the 3xTg-

AD mice and 71.5 by the NTg ones, U-test, p<0.001) and the latency to the first one (58s and 17s in 

the 3xTg-AD mice and NTg ones, respectively, U-test, p=0.010). Other emotional traits were 

analyzed, as the number of self-groomings, the latency to the first one and the number of 

defecations. Significant differences between 3xTg and NTg mice were reached in the number of 

self-groomings (3 and 4.5, respectively, U-test, p=0.034) and in the latency to the first one (276s 

and 111s, respectively, U-test, p=0.017). 
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Figure 22. BPSD-like symptoms. A) Corner visits (n), latency to the corner (s), number of rearings 

(n), and first rearing latency (s) in the CT. B) Total distance traveled (m), number of rearings and 

latency to the first one, self-groomings (n) and the respective latency (s), and number of 

defecations (boli) in the OFT. Values are expressed by box plots, and whiskers represent minimum 

and maximum value. * indicates significant differences between the 3xTg-AD and the NTg mice 

with p≤0.05, ** p≤0.01, *** p≤0.001. 

 

 

Cognition and memory disabilities  

Results obtained from the NORT are detailed in the Figure 23A and Supplementary Table 4. In 

summary, DI evidenced that recognition memory was impaired in the 3xTg-AD mice whereas the 

NTg ones manifested preference to the novel object (0.03 and 0.72 respectively, U-test, p=0.0.004). 

Interestingly, the accumulated time exploring the objects presented higher differences than the 
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number of explorations, so that the quality of explorations was the most suitable parameter to 

assess recognition memory in the NORT [106]. Also, and in consonance with the CT and OFT results, 

3xTg-AD mice exhibited anxious-like behavior since exploration during the test was reduced in 

comparison to the NTg ones, with a total distance traveled of 1.62m and 9.04m respectively (U-

test, p<0.001), 4 and 18.5 approximations to the objects (U-test, p=0.005), and 1.35s and 42.1s of 

accumulated time exploring the objects (U-test, p=0.002).  

Regarding to the MWM, Figure 23B illustrates the results obtained in the 5 consecutive acquisition 

stages. At the first acquisition stage, distance traveled to reach the platform was significantly 

higher in the 3xTg-AD mice when compared to the NTg ones (9.6m and 5.4m respectively, U-test, 

p=0.003). However, 3xTg-AD mice experienced a learning process since the path to the platform 

was gradually decreasing as acquisition trainings were performed, to finally get similar values to 

the NTg ones. By contrast, the NTg mice did not change their path to the platform, probably 

because the animals were conscious of its location from the beginning (values did not decrease, but 

were still lower than those for the 3xTg-AD mice). Mean swimming speed by the 3xTg-AD mice was 

higher than that by the NTg ones in all the acquisition stages, corroborating the anxious-like 

behavior mentioned above. 

Figure 23C compiles the results obtained in the first segment of the final probe (0-30s), which 

better represent the test, since mice behaved different once they became aware of the platform 

absence. The number of platform crossings was reduced in the 3xTg-AD mice, as well as the latency 

to the platform occurring later, but differences did not reach significance. Path efficiency 

performed by 3xTg-AD mice was significantly inferior than that of the NTg ones (0.06 and 0.16 

respectively, U-test, p=0.017). Moreover, to evaluate the precision of the animals in searching the 

platform, concentric zones around the platform were considered. Interestingly, evaluation of time 

spent and distance traveled in these zones showed gradually decreasing values in the NTg group (as 

more distant the zone, the lower the level) suggesting that these mice learned where the platform 

was placed, while 3xTg-AD mice presented a random pattern. 
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Figure 23. Learning and memory impairment. A) Distance traveled (s), total explorations (n), total 

time exploring (s) and its discrimination index (DI) in the NOR test. B) Mean swimming speed (m/s) 

and distance traveled (m) across the acquisition stages of the Morris water maze (MWM) test. D) 

Platform crossings (n), latency to the platform (s), and path efficiency, as well as normalized time 

(s) and distance (m) through virtual concentric areas around the platform (first segment of the test, 

0-30s). Values are expressed by box plots, and whiskers represent minimum and maximum values, 

except for acquisition stages (graphs express medians and IQR). 1 Time and distance are normalized 

by the area of each zone. # refers to the marginally significant differences between the 3xTg-AD and 

the NTg mice with p≤0.1, * significant differences with p≤0.05, ** p≤0.01, *** p≤0.001. 
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DISCUSSION 

 

Intraneuronal Aβ in the 3xTg-AD mouse model 

The intraneuronal accumulation of Aβ is a key topic in the pathomechanism of AD, but specificity of 

the 6E10 mAb widely used to detect the peptide still remain controversial [152]. Albeit 6E10 mAb is 

directed against the N-terminus of the Aβ peptide (epitope within 3–10), it also detects full-length 

APP and the 1st product of amyloidogenic APP processing, β-secretase-cleaved βCTF, which has the 

same N-terminus as the peptide [153] . In 2011, it was claimed that intraneuronal APP, not free Aβ 

peptides, were present in 3xTg-AD mice, but the article was retracted by the Editors in 2015 

because evidence of data misrepresentation [154] . The most recent agreement is that 

intraneuronal accumulation of the Aβ peptide in the 3xTg-AD mouse model, as detected with the 

6E10 mAb and first described by LaFerla [98, 105, 155], is actual [156–159]. The 6E10 signal is the 

same than that with the specific-Aβ-mAb MOAB-2 and colocalizes with cathepsin-D, a marker for 

acidic organelles, which further evidences the presence of intraneuronal Aβ, distinct from Aβ 

associated with the cell membrane, in this mouse model. In addition, preliminary data from our 

laboratory show that 6E10 detection in this work should mostly correspond to the Aβ peptide since 

the signal is very much reduced when the 3xTg-AD mouse is treated with scFv-h3D6. ScFv-h3D6 is a 

single chain variable fragment designed at our laboratory [120, 124, 160], and derived from 

humanized mAb-3D6 (bapineuzumab). Bapineuzumab is known to recognize the 1-5 N-terminus of 

the Aβ peptide, and so also βCTF, but not the full-length APP [145, 161, 162]. Therefore, detection 

with 6E10 mAb in this work should mostly correspond to intracellular Aβ, although additional work 

would be needed to unequivocally prove it. 

The 3xTg-AD mouse develops molecular, histological and behavioral alterations reproducing human 

AD progression [102, 103, 106]. Brain accumulation of Aβ peptide in AD patients has been 

evidenced since the first description of the pathology [5, 163]. Even the initial idea that amyloid 

plaques were causing the synaptic disruptions and neuronal death evoking to the clinical symptoms 

of AD, evidences resulting from the last two decades of research converged in that Aβ toxicity is 

caused by intracellular accumulation rather than extracellular [164]. As in the case of the 3xTg-AD 

mouse, intraneuronal accumulation of toxic Aβ may be associated with ER stress in the brains of AD 

patients at an early stage [155, 165]. On the other hand, Down syndrome (DS) patients develop AD 

at a middle age as a consequence of the trisomy of chromosome 21, where the APP gene is located, 

and provide a unique situation in which to study the early and sequential development of these 

changes [166]. These studies demonstrate that intracellular accumulation of Aβ in neurons and 

astrocytes precedes extracellular deposition. Similarly, intraneuronal Aβ in DS appears to trigger a 
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pathological cascade leading to oxidative stress and a neurodegeneration typical of AD [167]. For 

an overall view on the recent progress in AD pathology see review [168]. 

 

Glutamatergic neurons vulnerability in young 3xTg-AD females 

In the 3xTg-AD mice, intraneuronal Aβ has previously been noticed in the neocortex, subiculum, CA 

in the hippocampus or amygdala [98, 103, 105] in both genders and at different ages. In this work, 

we detected Aβ/AβAPP in the neocortex (large pyramidal neurons from deep layers), hippocampus 

(CA1 and CA2-3), amygdala (macroneurons from the BLA nucleus), and cerebellum (DCN) of 5-mo-

old females. Also, a faint signal was detected in mitral cells from the olfactory bulb and Purkinje 

neurons from the cerebellar cortex. 

Neuronal loss has also been one of the most extensively described hallmarks in AD patients, 

especially in the hippocampus [169–171] and entorhinal cortex [172]. However, proper 

reproduction of neuronal loss in AD models has been the main hurdle for modeling. This feature is 

almost negligible in most of the APP-transgenic mice although it has been observed in some 

APP/PS1-transgenic models [173–176]. For instance, neuronal depletion has been described in 9-

mo 5xFAD mice, which contains five additive mutations causing Aβ overproduction and 

accumulation already at 1.5 mo [147]. The extent to which neuronal loss occurs in the 3xTg-AD 

mice is not yet detailed in depth, but some authors qualitatively describe neuronal atrophy and 

depletion through the cerebral cortex and hippocampus, in association with behavioral and 

cognitive alterations [177, 178]. In the present work, a reduction in the neuronal density was found 

within specific Aβ/APP-containing populations: NFH-ir large pyramidal neurons from layers V-VI in 

the neocortex, cells from the PCL on the CA2-3 region in the hippocampus and large pyramidal 

neurons from the BLA nucleus in the amygdala. Different grades of depletion occurred through the 

affected regions, being the higher neuronal loss found in the amygdala, followed by the neocortex 

and, finally, by the hippocampus. As previously reported, macroneurons from the DCN in the 

cerebellum were depleted following a mediolateral gradient [151]. Taken together, these results 

suggest that glutamatergic neurons, rather than the GABAergic ones, are affected by intracellular 

Aβ/APP pathology and neuronal depletion at early stages of the disease in 3xTg-AD females. 

 

Intraneuronal Aβ/APP and cellular density correlation in AD-involved neuronal 

populations  

As mentioned above, intraneuronal Aβ accumulation is considered one of the key features of 

AD and it is proved to correlate with behavioral and cognitive decline [105, 157–159]. The 

pathogenic role of intraneuronal Aβ has been explained by several mediators such as oxidative 
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stress, calcium dysregulation, intracellular signaling mechanisms and tau 

hyperphosphorylation, which contribute to neuronal dysfunction and neurodegeneration [108, 

155, 165, 174, 179, 180]. Also, synaptic loss has been proposed to be mediated by the failure 

of live neurons to maintain functional axons and dendrites or by neuron death [50]. According 

to the evident pathological role that intraneuronal Aβ plays on the early neurodegeneration 

and neuronal loss in AD, we found that a small change in the proportion of cells containing 

intracellular Aβ/APP promotes a huge change in their density. 

Interestingly, when astroglia was considered, we found higher levels of GFAP intensity in the 3xTg-

AD mice in comparison with the NTg ones, although statistical significance was not achieved. This 

reflects the role of these glial cells in assisting neurons to prevent neuronal death and to recover 

the issue after death has occurred. Lysosomal degradation in brain parenchyma cells is one of the 

mechanisms by which Aβ is cleared from the brain [181], with astrocytes being reported to readily 

ingest smaller sized Aβ species [182]. This reflects the relevance of astroglia at the first stages of 

the disease, although as the disease progresses these cells, initially resistant to Aβ cytotoxicity, 

become severely affected by high loads of Aβ and their functions impair [183]. In this work, 

astrocytes and microglia were co-immunodetected with 6E10-ir cells and we visualized both glia 

types wrapping the soma of some Aβ-containing neurons [184, 185]. The presence of microglia is 

also in consonance with its protective role before death, apart from its further role in clearing dead 

cells [186]. 

 

Behavioral and cognitive implications 

Several behavioral and cognitive alterations in the 3xTg-AD mouse model have been described 

[108], and their correlation with the intraneuronal amyloid pathology across time was 

demonstrated [105]. Here, we further proved the relationship between neuron vulnerability, in 

terms of Aβ/APP pathology and cell depletion of specific neuronal populations, and the 

manifestation of behavioral and cognitive alterations.  

On the one hand, anxious-like behavior was evidenced by the neophobia (in terms of reduced 

exploratory activity and freezing behavior) exhibited once the animals were placed on the cage (CT) 

or the white and illuminated open arena (OFT). BPSD-like symptoms were supported by the 

reduced exploratory activity also found in the NORT. Any locomotor alteration was discarded since 

the 3xTg-AD mice exhibited even a fast locomotion (mean swimming speed) than the NTg ones in 

the MWM test. Precisely, this hyperactive swimming pattern is also considered a common BPSD-

like symptom, supporting the elevate level of anxiety in this mouse model [108, 124, 187, 188]. 
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On the other hand, in agreement with previous reports [106, 188, 189], cognitive disturbances in 

young 3xTg-AD females were exhibited in both NORT and MWM paradigm. In the first test, 

recognition memory impairment was manifested since the inability to discriminate between 

objects. Results from the MWM evidenced that 3xTg-AD mice learn, although slower than the NTg 

ones, where the platform was, but the long-term spatial memory was impaired, in both difficulties 

to reach the area and lack of precision to locate it.  
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AIMS 

 

Targeting Aβ-oligomeric species has become the main strategy in AD pharmacological research, 

specially by immunotherapy, since they have been demonstrated to be the most toxic ones. The 

use of single-chain variable fragments (scFv) is considered safer than the full-length antibodies 

because the lack of the Fc portion of the mAb, which was supposed to mediate the severe effects in 

the halted clinical trials of bapineuzumab [190]. In this sense, the anti-Aβ-oligomers single-chain 

antibody fragment scFv-h3D6, derived from bapineuzumab, was designed as a potential tool for 

the treatment of AD. The aim of this Chapter is to examine the efficiency of scFv-h3D6 in reducing 

intracellular Aβ burden in 5-mo-old 3xTg-AD females, and its subsequent effect on the survival of 

the already affected neuron populations [191]. As well, a first insight into the safety of scFv-h3D6 

treatment, in terms of neuroinflammation and histology of some peripheral organs, was assessed. 

Finally, the effect of the treatment on the behavioral and psychological symptoms of dementia 

(BPSD)-like symptoms, as well as on the cognitive impairment, were tested. 

Five-months-old 3xTg-AD females, and the corresponding age- and gender-matched NTg mice, 

were intraperitoneally administered with a single-dose of 100 µg of scFv-h3D6. Four experimental 

groups were used for the histological and biochemical analyses (n=4-5): untreated non-transgenic 

mice (NTg/-), treated non-transgenic mice (NTg/+), untreated transgenic mice (3xTg/-) and treated 

transgenic mice (3xTg/+). Whereas behavioral testing was performed with a group of non-

transgenic mice and treated and untreated 3xTg-AD mice groups (n=10) (we first proved that the 

NTg/+ group was equal to the NTg/- group by histological and molecular analyses, so no behavioral 

testing was performed with the NTg/+ group). 

Intracellular amyloid pathology and neuron depletion were immunohistologically determined by 

using a cohort of animals which, five days after the administration, were anesthetized and 

transcardially perfused. Brains were collected and processed as explained in the Methodology 

Section. The 6E10 mAb was used to detect the Aβ peptide whereas anti-neurofilament H and anti-

NeuN were used for neuronal quantification. A different cohort was used to assess by biochemical 

determinations the immune response to the treatment. As well, animals were anesthetized five 

days after administration by using, in this case, inhaling isoflurane 1%. Blood was collected by 

cardiac puncture, and brains and tissues were dissected and processed for biochemical or 

histological analyses following the procedures explained in the Methodology Section. Finally, 

emotional/behavioral phenotypes were tested by the corner test (CT) and open-field test (OFT) one 

day after the administration (day 1), recognition memory was assessed by the novel object 

recognition test (NORT) on day 2, and learning abilities and spatial memory were evaluated by the 

Morris water maze (MWM) on days 3 to 9. Protocols an are explained in the Methodology Section.  
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RESULTS 

 

ScFv-h3D6 reduces intracellular amyloid-β burden 

Intracellular Aβ accumulation has already been proved to occur earlier than extracellular 

aggregates [41]. The cerebral cortex, hippocampus and amygdala are described as the main regions 

involved in the amyloid pathology [105]. A recent publication by our group detailed which neuron 

populations are affected by the pathology in young 3xTg-AD females, as well as the extent of 

intraneuronal Aβ/APP accumulation [191]. Interestingly, a strong correlation between the extent of 

intracellular Aβ/APP burden and the reduction in cellular density was found in all the involved 

populations. However, in this previous work we referred to Aβ/APP accumulation because the 6E10 

mAb used detects APP, as well as Aβ. Here, we analyzed the effects of scFv-h3D6, which is specific 

for Aβ peptide, and therefore, albeit 6E10 was also used, we can claim that the observed effects 

are due to Aβ, but not APP, clearance. 

The proportion of 6E10-immunoreactive (-ir) cells was determined in the deep cortical layers V and 

VI (L5-6), the pyramidal cells layer (PCL) from the region III of the Cornus Ammonis (CA3) in the 

hippocampus, and the basolateral amygdalar (BLA) nucleus. For this purpose, the number of ir-cells 

was determined for each neuron population and referred to the total number of cells constituting 

the corresponding population.  

Figure 24 shows the overall values obtained (expressed by medians within box plots) and the 

statistical analysis by the non-parametric Mann-Whitney U-test, as well as the reduction in 6E10-ir 

cells by the treatment (calculated from the means and expressed as percentages) in each 

population. In the deep cortical layers from the 3xTg-AD mice, the median value for the percentage 

of 6E10-ir cells was 78% for the untreated animals and 14% for the scFv-h3D6-treated ones (Figure 

24A). This represents a reduction in 6E10-ir cells of 70% by the treatment (Figure 24D). Statistical 

comparison between untreated and treated 3xTg-AD mice reached significant values (U-test, 

P=0.029), whereas differences between the treated 3xTg-AD mice and the NTg ones were not 

significant, supporting the effect of scFv-h3D6 on the recovery of the non-pathological values in the 

deep cortical layers. In the pyramidal cell layer (PCL) from the hippocampal region III (CA3) of the 

untreated 3xTg-AD mice, the proportion of 6E10-ir cells was 12% (Figure 24B). Although this value 

is small and significant differences were not reached, the treatment decreased it to 4%, that is, 65% 

of the cells in this area of the hippocampus were protected by the treatment (Figure 24D). In the 

basolateral amygdalar (BLA) nucleus from the 3xTg-AD mice, 100% of the neurons were 6E10-ir and 

the treatment significantly reduced this value to 47% (U-test, P=0.029) (Figure 24C), what implies 
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the protection of 56% of the population (Figure 24D). Treated 3xTg-AD mice did not statistically 

differ from the NTg ones, what supports the strong effect of scFv-h3D6 on the recovery of 

intracellular amyloid pathology also in the BLA nucleus. 

  

 

 

 

Region Neuron population % of protected cells 

Neocortex Neocortical L5-6 70 % 

Hippocampus CA3 PCL cells 65 % 

Amygdala BLA macroneurons 56 % 

 

Figure 24. Proportion of 6E10-ir cells is reduced by a single i.p. dose of scFv-h3D6. The percentage 

of 6E10-ir cells at the cortical deep layers V and VI (L5-6) (A), pyramidal cell layer (PCL) from the 

region III of the Cornus Ammonis (CA3) in the hippocampus (B), and basolateral amygdalar (BLA) 

nucleus (C) from untreated non-transgenic mice (NTg/-), treated non-transgenic ones (NTg/+), 

untreated 3xTg-AD mice (3xTg/-) and treated 3xTg-AD ones (3xTg/+). Values for non-treated 

animals are already published and are shown for comparative purposes [15]. Proportions are 

expressed by medians in box plots, and whiskers represent minimum and maximum values (n=4). 

Statistical differences were assessed with the non-parametric U-test. * Significant differences with 

P≤0.05. The reduction in the % of 6E10-ir cells by the treatment is expressed as a percentage (D), 

and was quantified by considering values from the 3xTg/- as the maximum (or pathologic ones) and 

the NTg/- mice as the minimum (or non-pathologic ones). The significantly increased percentage of 

6E10-ir cells in the 3xTg/- is reduced by scFv-h3D6 treatment, reaching significant recovery of the 

values for the most affected neuron populations, the cortical and amygdalar ones. 

C B A 

D 
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Figure 25. Intracellular 6E10-immunoreactivty decreases after scFv-h3D6 treatment. 

Representative images and quantifications of the intracellular 6E10-fluorescent signal within the 

large neurons from the deep layers V and VI of the cerebral cortex (L5-6) (A), cells from the 

pyramidal cells layer (PCL) at the region III of the Cornus Ammonis (CA3) in the hippocampus (B), 

and macroneurons from the basolateral amygdalar (BLA) nucleus (C). NTg/-, untreated non-

transgenic mice; NTg/+, treated non-transgenic ones; 3xTg/-, untreated 3xTg-AD mice; and 3xTg/+, 

treated 3xTg-AD ones. In red, 6E10-immunoreactivity; in blue, DAPI staining. Scale bars, 10 µm. 

Intensities are expressed by medians in box plots and whiskers represent minimum and maximum 

values (n=4). Statistical differences were assessedwith the non-parametric U-test. * Significant 

differences with P≤0.05. Intracellular 6E10-ir signal was higher in all three analyzed populations 

from the 3xTg/- mice, being the cortical and amygdalar neurons the ones reaching significant 

differences compared to the NTg/- mice. All the increased intensities decreased to non-

pathological levels after the treatment, reaching significance in those populations in which the 

3xTg/- mice presented an evident increment. 

 

To accurately estimate the intracellular Aβ burden in each neuron population, 6E10-

immunofluorescence intensity per cell was measured. Representative images from each 

experimental group are shown in Figure 25, in addition to the quantifications and results of the 

statistical analysis. Neurons from the deep cortical layers showed significantly higher 6E10-

immunofluorescence intensity in the 3xTg-AD mice than in the NTg ones (21.2 and 4.6 relative 

fluorescence units, r.f.u., as median values, respectively, U-test, P=0.029). Interestingly, values 

from the treated 3xTg-AD mice (6.7 r.f.u.) were significantly reduced in comparison to the 

untreated ones (U-test, P=0.028) and did not statistically differ from the NTg ones, indicating that 

intracellular signal intensity decreased to non-pathological levels after treatment (Figure 25A).   

In the hippocampus, intracellular Aβ burden could not be measured in individual cells of the PCL 

because of their stacked disposition, so the intensity of the signal was measured through the entire 

CA3 PCL region. The slight increase in Aβ signal in the hippocampus from the 3xTg-AD mice was not 

significantly different to the NTg ones (18.9 and 15.4 r.f.u., respectively, Figure 25B), probably 

because the signal intensity of that small percentage of Aβ-containing cells in the CA3 PCL (12%) 

became weakened when considering the entire layer. As was the case in the cortex, BLA 

macroneurons from the 3xTg-AD mice showed significantly higher fluorescence intensity than the 

NTg ones (18.3 and 6.3 r.f.u., respectively, U-test, P=0.029). Values from the treated 3xTg-AD group 

(8.0 r.f.u.) were significantly different to the untreated ones (U-test, P=0.014) and did not 

statistically differ from the NTg mice (Figure 25C), pointing again to the recovery of the non-

pathological levels by the treatment.  

Since a wide range of intensities were detected within each neuron population, cells were classified 

in five groups corresponding to different increasing levels of 6E10 signal intensity. Interestingly, the 

effect of the treatment was evident in both cortical and amygdalar populations, promoting a 
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noticeable reduction in the percentage of cells presenting higher levels of Aβ burden (Figure 26). As 

mentioned above, given the stacked disposition of neurons through the PCL, intracellular 

fluorescence signal could not be measured in hippocampal individual neurons and, in addition, the 

low proportion of 6E10-ir cells precluded quantification.  

 

Figure 26. Treatment with scFv-h3D6 reduces the proportion of neurons showing higher levels of 

6E10-fluorescent signal. Large neurons from the cortical deep layers V and VI (L5- 798 6) (A) and 

macroneurons from the basolateral amygdalar (BLA) nucleus (B) were classified in different grades 

of intracellular 6E10-signal intensities, from 1 (similar to the endogenous signal) to 5 (the highest 

value measured). NTg/-, untreated non-transgenic mice; NTg/+, treated non-transgenic ones; 

3xTg/-, untreated 3xTg-AD mice; and 3xTg/+, treated 3xTg-AD ones. Proportions of cells in each 

grade were expressed as percentages and represented as the corresponding means in the bars 

plots (n=4). The distribution pattern is modified by the treatment in both neuron populations, 

resulting in the reduction in the proportion of cells showing the highest grades of 6E10-signal and 

an increase in the ones presenting the endogenous intensity. 

 

In summary, the NTg mice treated with scFv-h3D6 did not present any significant differences to the 

untreated ones in any of the parameters analyzed. In the 3xTg-AD mice, the treatment promoted 

the reduction in intracellular Aβ, in terms of both the proportion of 6E10-ir cells and the amount of 

intracellular Aβ, so that it can be claimed that a single i.p. dose efficiently reduces the intracellular 

amyloid burden.  

 

ScFv-h3D6 prevents from neuron loss 

Neuron loss is the most difficult feature of AD to be reproduced in transgenic models. However, 

some APP-transgenic mice have been described to display cellular depletion in precise neuron 

populations [150]. The 3xTg-AD model exhibits neuron loss in glutamatergic populations at 5 

A 
 

B 
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months old; concretely, in the large neurofilament H (NFH)-ir cells from the deep cortical layers, 

hippocampal cells from the PCL CA3, and macroneurons from the BLA and from the fastigial and 

interpositus deep cerebellar nuclei [191]. Interestingly, we previously demonstrated that the 

treatment with scFv-h3D6 is efficient in preventing the loss of deep cerebellar neurons [151]. Here, 

we aimed to determine the protective effect of scFv-h3D6 on the most vulnerable cerebral 

populations from young 3xTg-AD females. 

The number of cells per each neuron population was counted in anatomically matched sections and 

relativized to the corresponding area, to be expressed as cell density (cells/mm2). Figure 27 and 

Supplementary Table 5 show the determined densities and the corresponding statistical analysis, as 

well as the extent of the preservation of densities with the treatment (calculated from means and 

expressed as percentages). In the cerebral cortex, the density of the NFH-ir cells from the deep 

layers presented similar values in both untreated and treated 3xTg-AD mice, with a median of 14.8 

cells/mm2 in both cases (Figure 27A), and therefore the treatment was not effective in preserving 

cell density from the cortex of the mouse model (Figure 27D). 

By contrast, scFv-h3D6 completely prevented neuronal depletion in the CA3 PCL region of the 

hippocampus, with an averaged preservation of 108%. The median value of 3153 cells/mm2 from 

the treated 3xTg-AD mice reflects the protective effect when compared to the 2790 cells/mm2 

from the untreated 3xTg-AD, and the 3107 cells/mm2 from the NTg ones. Statistically, treated 3xTg-

AD mice significantly differed from the untreated ones (U-test, P=0.029) and were far from 

achieving differences to the NTg ones, supporting the recovery of the non-pathological values by 

the treatment in the hippocampus (Figure 27B-D). 

The protective effect of scFv-h3D6 was also evident in the BLA nucleus, in which cell densities were 

757 cells/mm2 in the untreated 3xTg-AD mice and 1192 cells/mm2 in the treated ones, a value close 

to the 1294 cells/mm2 quantified in the untreated NTg (Figure 27C). Thus, the treatment resulted in 

79% of cell density preservation (Figure 27D). Again, untreated and treated 3xTg-AD mice 

presented statistically differences (U-test, P=0.029) (Figure 27C) but no significance was reached 

when comparing treated 3xTg-AD mice to the NTg ones, indicating once more the recovery of the 

non-pathological values.  
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In summary, no significant differences in neuron density were shown between untreated and 

treated NTg mice; whereas the treatment to the 3xTg-AD mice preserved cells in the amygdala and 

hippocampus, but not in the cortex. 

 

Region Neuron population % of cell density preserved 

Neocortex NFH-ir large pyr neurons 0 % 

Hippocampus CA3 PCL cells 108 % 

Amygdala BLA macroneurons 79 % 

 

D 

E 

A B C 
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Figure 27. ScFv-h3D6 protects from neuron depletion. Cell density (cells/mm2) was quantified in 

NFH-ir cells from the deep layers V and VI (L5-6) in the cerebral cortex (A), cells from the pyramidal 

cell layer (PCL) at the region III of the Cornus Ammonis (CA3) in the hippocampus (B), and 

macroneurons from the basolateral amygdalar (BLA) nucleus (C). Densities are expressed by 

medians in box plots and whiskers represent maximum and minimum values (n=4). NTg/-, 

untreated non-transgenic mice; NTg/+, treated non-transgenic 814 ones; 3xTg/-, untreated 3xTg-

AD mice; and 3xTg/+, treated 3xTg-AD ones. Values for non-treated animals are already published 

and are shown for comparative purposes [15]. Statistical differences were assessed with the non-

parametric U-test. # Marginally significant differences with P≤0.1, * Significant differences with 

P≤0.05. The % of cell density preserved by the treatment (D) was quantified by considering values 

from the 3xTg/- as the minimum (or pathologic ones) and the NTg/- mice as the maximum (or non-

pathologic ones). ScFv-h3D6 treatment significantly protected the hippocampal and amygdalar 

analyzed populations from neuron depletion. Images of the NFH-ir cells from the cortical deep 

layers, neurons from the PCL in the CA3, and neurons from the BLA nucleus are represented in (E). 

Cell markers (NFH in the cortex and NeuN in the hippocampus and amygdala), in green. DAPI, in 

blue. 

 

Treatment with scFv-h3D6 does not induce any adverse response 

This part of the thesis was performed in collaboration with Alejandro Ramos, a colleague from our 

group. Neuroinflammation is considered one of the main drawbacks of Aβ-directed 

immunotherapy [192]. ScFv-h3D6 lacks the Fc region, and so it is expected to avoid glial activation 

and the adverse inflammatory processes induced by the full-length mAb bapineuzumab. ScFv-h3D6 

treatment was assessed in terms of neuroinflammation and peripheral response. Glial fibrillary 

acidic protein (GFAP) was immunostained in the hippocampus to evaluate if the treatment 

activated the astroglia. Astrocytes did not present any appreciable differences among groups in 

terms of morphology (Figure 28A). The proportion of the GFAP-ir area and the signal intensity were 

compared among the experimental groups and no significant differences were found (Figure 28B).  

Similarly, hippocampal microglia were immunostained with anti-Iba1 (ionized calcium binding 

adaptor molecule 1) antibody and any appreciable differences in terms of morphology was seen 

among groups (Figure 28A). When measuring the proportion of the Iba1-ir area and the microglia 

density (Iba1-ir cells were counted and normalized by the area) no significant differences were 

found (Figure 28B).  

Furthermore, the levels of TNF-α (tumor necrosis factor-alpha) were quantified by enzyme-linked 

immunosorbent assay (ELISA) in hippocampal lysates. Values obtained from the treated 3xTg-AD 

mice were slightly higher, but statistically non-significant, than those from the other experimental 

groups (Figure 28C).  
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Figure 28. ScFv-h3D6 does not produce any neuroinflammatory response. GFAP (glial acidic 

fibrillar protein, as astroglia marker) and Iba1 (ionized calcium binding adaptor molecule 1, as 

microglia marker) immunodetection in the hippocampus (A). Squared cells from the images are 

higher-magnified to properly appreciate cellular morphology. Scales bar, 50 µm (10 µm in higher-

A 

B 

C 



Chapter 2 

85 
 

magnified images). Histological quantification of astroglia (as proportion of GFAP-ir area and 

fluorescence intensity) and microglia (as proportion of Iba1-ir area and microglial cell density) are 

represented in (B). Levels of TNF-α (tumor necrosis factor-alpha) in hippocampal lysates (C). NTg/-, 

untreated non-transgenic mice; NTg/+, treated non- transgenic mice; 3xTg/-, untreated 3xTg-AD 

mice; and 3xTg/+, treated 3xTg-AD ones. Values are expressed by medians in box plots and 

whiskers represent maximum and minimum values (n=5). No statistical differences were found (U-

test) among experimental groups in any of the analyzed parameters. 

 

On the other hand, a first insight into the peripheral response to the treatment was assessed by 

considering histological features of the spleen, liver, and kidney, as well as by the determination of 

transaminases’ levels (Table 5). Briefly, the 3xTg-AD mice presented a significant splenomegaly (U-

test, P=0.031), as well as a significant higher ratio red/white pulp (U-test, P=0.032), indicative of a 

hypertrophy of the red pulp. Interestingly, spleen size significantly increased with the treatment (U-

test, P=0.0006 when comparing treated 3xTg-AD to both untreated 3xTg-AD mice and NTg ones), 

and the ratio red/white pulp decreased until recovering the non-pathological levels, evidencing 

that the white pulp from 3xTg-AD mice increased its size with the treatment. Fibrosis or alterations 

in the cytoarchitecture were discarded.  

Concerning the hepatic tissue, lipid droplets were observed throughout the liver parenchyma of the 

3xTg-AD mice (Supplementary Figure 1). This steatosis could be related to the observed increase in 

the levels of AST or ALT transaminases, which, although was non-significant, was partially reverted 

by the treatment. Fibrosis or alterations in the cytoarchitecture were not seen. Finally, kidney 

tissue did not present any alteration in cytoarchitecture, nor glomerular density, area, and Bowman 

capsule. Likewise, sections stained with PAS (periodic-acid Schiff) showed a normal aspect, 

discarding functional impairment of the basal lamina [193].  

 

 

Table 5. Peripheral response to scFv-h3D6 treatment. Spleen, liver, and kidney were histologically 

analyzed and the levels of plasma transaminases determined. The quantified parameters are 

detailed in the left column. NTg/-, untreated non-transgenic mice; NTg/+, treated non-transgenic 

mice; 3xTg/-, untreated 3xTg-AD mice; and 3xTg/+, treated 3xTg-AD ones. Values are expressed by 

medians with interquartile ranges. Statistical differences were assessed with the non-parametric U-

test.  * indicates significant differences with P≤0.05 and ** P≤0.01, A compared to the NTg/- mice, B 

to the 3xTg/- ones. 
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Parameters NTg/- NTg/+ 3xTg/- 3xTg/+ 

Spleen     

Relative weight (%) 0.31 (0.1) 0.34 (0.1) 0.47 (0.1) *A 0.66 (0.2)***A,B 

Cytoarchitecture Correct Correct Correct Correct 

Fibrosis Negative Negative Negative Negative 

Ratio red/white pulp 1.45 (0.4) 1.81 (0.2) 2.27 (0.4)*A 1.87 (0.4) 

Liver     

Relative weight (%) 4.17 (1.2) 3.99 (0.6) 3.73 (0.3) 3.78 (0.6) 

Cytoarchitecture Correct Correct Correct Correct 

Fibrosis Negative Negative Negative Negative 

Steatosis Negative Negative Positive Positive 

Plasma [AST] (UI/g prot x10-3) 4.18 (1.9) 1.52 (1.7) 6.72 (10.7) 5.91 (3.7) 

Plasma [ALT] (UI/g prot x10-3) 0.71 (0.9) 0.49 (0.3) 1.24 (2.2) 0.97 (0.6) 

Kidney     

Cytoarchitecture Correct Correct Correct Correct 

Glomerular density (n/mm2) 10.6 (2.6) 10.5 (0.6) 11.4 (2.4) 10.5 (0.7) 

Glomerular area (µm2) 3282 (230) 3142 (140) 3057 (646) 3200 (134) 

Bowman capsule proportion (%) 26.2 (5.6) 22.4 (2.6) 21.3 (4.3) 21.6 (3.1) 

PAS deposition Negative Negative Negative Negative 
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Effect of scFv-h3D6 on behavioral and cognitive impairments 

Behavioral and psychological symptoms of dementia (BPSD)-like symptoms were assessed by the 

corner test (CT) and the open-field test (OFT) one day after scFv-h3D6 administration (Table 6). No 

significant differences were found between untreated and treated 3xTg-AD mice in horizontal and 

vertical activities, nor other emotional behaviors analyzed. This indicates a lack of efficacy of the 

treatment to reverse the anxious-like behavior of this mice model. Both behavioral tests, CT and 

OFT, were reassessed with a new cohort of mice five days after scFv-h3D6 administration 

(Supplementary Table 6). Since no differences were likewise found, the option of an inappropriate 

temporary design of the experiment was discarded. 

 

Parameters NTg/-a 3xTg/-a 3xTg/+ 

    

Corner test    

Horizontal activity    

Corners visits (n) 11.5 (1.8) 10.5 (2.0) 11.5 (2.5) 

Latency of the first visit (s) 3.10 (3.6) 0.65 (2.7)* 0.95 (2.0)** 

Vertical activity     

Rearings (n) 4.25 (2.1) 4.00 (0.5) 3.00 (4.1) 

Latency of to the first rearing (s) 10.5 (1.5) 12.0 (2.7) 11.5 (2.0) 

    

Open-field test    

Horizontal activity    

Entries to the center (n) 39.0 (17) 25.0 (29)* 22.0 (18)# 

Total distance travelled (m) 46.1 (17) 18.6 (6.4)**** 21.0 (10)*** 

Distance in the center (m) 6.22 (2.0) 4.11 (1.5)* 3.12 (2.4)* 

Distance in the periphery (m) 40.0 (13) 15.9 (5.5)**** 19.3 (12)*** 

Distance ratio center/periphery 0.16 (0.0) 0.23 (0.2) 0.23 (0.2) 

Vertical activity    

Rearings (n) 71.5 (23) 12.0 (7.00)**** 13.0 (11.8)**** 

Latency of the first rearing (s) 17.0 (15.3) 58.0 (54)* 33.5 (81.8)# 

Other emotional behaviors    



Chapter 2 

88 
 

Self-groomings (n) 4.50 (1.8) 3.00 (1.0)* 2.00 (1.8)* 

1st self-grooming latency (s) 111 (111) 276 (200)* 208 (222)# 

Defecations (n) 2.50 (3.3) 3.00 (3.3) 2.00 (1.8) 

 

Table 6. BPSD-like symptoms in the CT and OFT 1 day after the treatment. ScFv-h3D6 was 

assessed in terms of neophobia, exploration and other emotional behaviors by the corner test (CT) 

and the open-field test (OFT). The analyzed parameters are detailed in the left column. NTg/-, 

untreated non-transgenic mice; 3xTg/-, untreated 3xTg-AD mice; and 3xTg/+, treated 3xTg-AD 

ones. Values are expressed by medians with interquartile ranges. Statistical differences were 

assessed with the non-parametric U-test.  # Marginally significant differences with P≤0.1, * 

Significant differences with P≤0.05, ** P≤0.01, and *** P≤0.001 compared to the NTg/- mice; no 

differences to the 3xTg/- ones were found. a These data are considered in the Chapter 1 and are 

shown here for comparative purposes. 

 

Results from the novel-object recognition test (NORT), performed the second day after the 

treatment, are detailed in Supplementary Table 7 and summarized in Figure 29. The exploratory 

activity was evaluated by the total distance traveled in the arena, as well as the total time spent 

exploring the objects and the total number of visits (Figure 29A). The treatment was unable to 

recover the reduced exploratory activity of the 3xTg-AD mice, supporting the results obtained in 

the CT and OFT. Concerning the recognition memory, the treated 3xTg-AD mice stayed cautiously 

near the novel object for a while, as observed in the representative heat map, but any of the 

discrimination indexes (calculated from the total time spent exploring each object and number of 

visits to each one) presented significant differences between both 3xTg-AD groups (Figure 29B). 

 



Chapter 2 

89 
 

  

 

A 

B 



Chapter 2 

90 
 

Figure 29. NORT performance of young 3xTg-AD females is barely improved 2 days after scFv-

h3D6 administration. (A) Untreated 3xTg-AD mice (3xTg/-) performed impaired exploratory activity 

compared to the non-transgenic mice (NTg/-), and it was not reversed by the treatment (3xTg/+). 

Track plots represent the pathway followed by the head of one representative animal of each 

experimental condition in the recognition stage (AB) of the NORT. The total distance traveled (m), 

total time exploring the objects (s) and number of explorations (n) are also represented as the 

quantifiable parameters of exploratory behavior. (B) Heat maps show the average localization of all 

the animals from each experimental group during the recognition stage (AB). Colored scale, at the 

bottom of the panel. Discrimination indexes (DI) were calculated from the time spent visiting each 

object (the familiar object A, represented as a circle in the map, and the novel object B, 

represented as a rectangle), as well as the number of visits to each one. Values for non-treated 

animals are already considered in the Chapter 1 and are shown here for comparative purposes. 

Values are expressed by medians in box plots and whiskers represent maximum and minimum 

values (n=10). Statistical differences were assessed with the non-parametric U-test. * Significant 

differences with P≤0.05, ** P≤0.01, *** P≤0.001, and **** P≤0.0001. Despite the impaired 

exploratory activity of the 3xTg-AD mice, the subtle tendency of the treated 3xTg-AD mice to 

cautiously stay near the novel object points to a potential improvement in recognition memory. 

 

In the Morris Water Maze (MWM) paradigm, cognitive improvement became evident in the 

treated 3xTg-AD mice (Figure 30). Visual representation of the pathway pattern followed during the 

final probe showed that the treated 3xTg-AD mice swam in a more platform-directed way than the 

untreated ones, which followed a random pattern (Figure 30A). Entries to the platform area, 

latency of the first entry (both considered in the first segment of the test, 0-30s), as well as the 

path efficiency, were quantified and all the parameters presented the same reversion tendency 

with the treatment (Figure 30B). Significant differences between untreated and treated 3xTg-AD 

mice appeared marginally only in the latency to reach the platform area (U-test, P≤0.1), in which 

treated 3xTg-AD mice spent a median value of 13.5s to arrive to the platform area, in contrast to 

the 30s spent by the untreated ones and similarly to the 13s spent by the NTg ones. The treatment 

also improved the path efficiency since, even though no significant differences were found 

between untreated and treated 3xTg-AD mice, differences to the NTg disappeared when animals 

were treated, suggesting a partial recovery of the non-pathological values. Interestingly, when 

virtual concentric zones around the platform were considered (3 zones: the first one, next to the 

platform area, the middle one, and the external one), values for the distance traveled by the 

treated 3xTg-AD mice in each of the zones were different to the random pattern followed by the 

untreated ones, and recovered the ordered pattern performed by the NTg ones (platform area and 

the first zone around were the most visited, then the middle zone, and finally the external one) 

(Figure 30C). Additionally, the distance traveled by the untreated 3xTg-AD mice through the 

platform area was significantly shorter than across the other zones (0m traveled across the 

platform area and 6, 7 and 7m in the first, middle and external zones; U-test, P≤0.1, P≤0.05 and 

P≤0.05 corresponding to the comparison of platform area vs the respective zones), and the time 
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spent in the platform area was also shorter than in the other zones (0s in the platform area and 29, 

27 and 27s in the first, middle and external; U-test, P≤0.1, P≤0.1 and P≤0.05 comparing platform 

area vs the respective zones). Both, the distance traveled and time spent in the zones were 

normalized to the area of each zone to obtain comparable values.  

 

 

 

  

A 

B 

C 



Chapter 2 

92 
 

Figure 30. Spatial memory is ameliorated by scFv-h3D6 treatment. (A) Track plots show the 

pathway followed to the platform with the example of one animal from each experimental group in 

the final probe of the MWM paradigm. (B) Entries to the platform zone (n), latency of the first one 

(s), and path efficiency to the platform are expressed by medians in box plots and whiskers 

represent maximum and minimum values (n=10). (C) Comparison of the distance traveled (m) 

across virtual zones concentric to the platform, also acquired in the final probe of the MWM. 

Values for non-treated animals are already considered in the Chapter 1 and are shown here for 

comparative purposes. 1 parameters considered on the first segment of the test, 0-30s. 2 

correspond to the distance per zone and are normalized to the areas occupied by each zone. Values 

are expressed by medians in box plots and whiskers represent maximum and minimum values 

(n=10). Statistical differences were assessed with the non-parametric U-test. # Marginally 

significant differences with P≤0.1, * Significant differences with P≤0.05, ** P≤0.01, *** P≤0.001, 

and **** P≤0.0001. NTg/-, untreated non-transgenic mice; 3xTg/-, untreated 3xTg- AD mice; and 

3xTg/+, treated 3xTg-AD ones. All the parameters analyzed tend to recover the non-pathological 

values after the treatment, some of which even reached statistical significance. 

 

Therefore, the treatment was not able to recover the BPSD-like symptoms already described in the 

3xTg-AD 5-mo-old females, as shown by the CT and OFT performances. However, a slight cognitive 

improvement in the recognition memory, as assessed by the NORT, as well as an evident 

improvement in the spatial memory, as shown by the MWM, showed the capability of the 

treatment to recover the non-pathological values. 
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DISCUSSION 

 

Therapies used nowadays to treat AD patients are focused on ameliorating impairments in the 

cholinergic system (by using acetyl cholinesterase inhibitors such as donepezil, galantamine and 

rivastigmine) or in the glutamatergic one (by memantine, an antagonist of the glutamate receptor) 

[42]. Therefore, these drugs are only palliative, instead of modifying the disease progression. Given 

the central role of the Aβ peptide in neurodegeneration, Aβ-immunotherapy has emerged as a 

promising strategy to cure AD [194, 195]. Several full length mAbs, such as bapineuzumab, 

solanezumab, gantenerumab and aducanumab, have reached Phase III of clinical trials [196]. 

Bapineuzumab was the first one to show efficiency, but serious drawbacks, such as vasogenic 

edema and microhemorrhage, forced the discontinuation of clinical trials [121]. Because these 

severe effects are supposed to be related to the Fc fraction via FcγR-dependent activation of the 

microglia, the use of scFv fragments should constitute a safer therapy [190]. Several antibody 

fragments have been shown efficient in treating animal models of AD [113, 195, 197]. For instance, 

anti-Aβ scFvs such as scFv9 and scFv42.2 exhibited neuroprotective effects in D. Melanogaster, 

such as reducing neuron death and protecting structural integrity of dendritic terminals, and 

reduced insoluble Aβ42 peptide in the TgCRND8 mouse model [198]. Antonios et al. demonstrated 

that intraventricular injection of both the complete antibody NT4X and its Fab fragment (specific 

for Aβ4-X and pyroglutamate Aβ3-X) alleviated neuron loss and improved memory deficits in the Tg4-

42 mice [199]. The 3xTg-AD mice have been widely tested with immunotherapy, from complete Aβ- 

or tau-directed antibodies [200, 201] to an scFv, which reduced the insoluble Aβ peptide and 

ameliorated cognitive functions [202]. However, this scFv was intrahippocampally infused as an 

rAAV vector whereas the intraperitoneal route used in this work can directly be translated to 

humans. 

 

Efficiency of the scFv-h3D6 

As mentioned in the introduction, we already showed that scFv-h3D6 avoids Aβ-induced 

cytotoxicity in SHSY-5Y neuroblastoma cell cultures [120], and that it decreases Aβ oligomers in the 

cortex of 5-mo-old 3xTg-AD females, apart from other beneficial effects [124, 151]. On the other 

hand, and in the 3xTg-AD mouse model as well, we recently evidenced a correlation between 

intracellular amyloid pathology and neurodegeneration in those populations early involved in AD 

[191]. Here, we have focused on assessing the efficiency of scFv-h3D6 treatment on these 

populations in terms of both amyloid pathology and neuron depletion.  
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The proportion of 6E10-ir neurons in the cerebral cortex, hippocampus and amygdala of the 

treated 3xTg-AD was lower than in the untreated ones. A reduction in the intracellular Aβ burden 

was also evident after treatment in the cortical and amygdalar populations, which recovered the 

non-pathological levels, but no significant differences were seen in the hippocampus probably 

because at this age the amyloid levels are rather low in this area. Furthermore, treated 3xTg-AD 

mice presented higher cellular densities than the untreated ones, achieving non-pathological 

values in the hippocampus and amygdala. This was not the case in the deep cortical layers, likely 

because the disease is described to begin at this area [98, 102] and at 5-mo of age the extent of cell 

death is considerable. We cannot rule out, however, the possibility of the suitability of the antibody 

used, detecting neurons with a complex cytoskeletal structure [134], not being the most specific to 

detect pyramidal neurons from the deep cortical layers. In any case, the benefit of a single i.p. dose 

of scFv-h3D6 was dramatic, both in terms of the reduction in amyloid burden and neuron 

preservation. Concurring with the previous publication, there is a correlation between intracellular 

amyloid pathology and neurodegeneration in the 3xTg-AD mouse model [191]. 

In turn, cognitive improvement evidenced the functional effects of the treatment. Concretely, a 

slight tendency to recovering the recognition memory and a clear recovery of the spatial memory, 

as tested by the NORT and MWM respectively, were shown. However, the anxious-like behavior 

observed in the 3xTg-AD mice was not precluded by the treatment. This was probably so because 

the intracellular amyloid pathology was not completely recovered in the amygdala, which was the 

most affected region in terms of intracellular amyloid burden and where the proportion of Aβ-

containing cells was recovered the less after the treatment. These data are consistent with similar 

works in which immunotherapy achieved amelioration of hippocampal-dependent tasks but not 

amygdalar-dependent ones, since the amyloid pathology was not recovered in the amygdala [105]. 

 

First insight into the safety of scFv-h3D6 treatment 

One of the main drawbacks of immunotherapy is neuroinflammation [192]. An objection to the 

translation from preclinical trials to humans is the different neuroinflammatory response, with 

other potentially harmful effects such as the vasogenic edema occurred in the phase III clinical 

trials with bapineuzumab [121]. A significant inflammatory response (by increased levels of pro-

inflammatory cytokines IL-1β and TNF-α) and microglial activation (by the increased microglial 

expression of CD11B and CD68) occurred when 3D6, the murine version of bapineuzumab, was 

tested in 18-mo-old Tg2576 mice, an APP-transgenic model, by injecting a single-dose of 2 µg into 

the hippocampus [192]. Interestingly scFv-h3D6 did not induce the activation of the astroglia or 

microglia, neither significantly increased the levels of the pro-inflammatory TNF-α.  
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The 3xTg-AD mice showed splenomegaly, as previously reported [203], being concretely the red 

pulp the enlarged portion. Interestingly, this concurs with a recent publication by Brubaker et al., 

which supports the complement-dependent erythrocyte-mediated clearance of circulating immune 

complexes (known as immune adherence [204, 205]), applying it to the peripheral Aβ clearance 

[206]. The authors emphasize the role of erythrocytes in the capture of complement-opsonized Aβ 

peptide and the subsequent hepatic degradation via Kupffer cells in healthy organisms, and the 

impairment of this pathway in AD. Immune adherence has been considered to occur by the 

complement receptor 1 (CR1), which is uniquely present in primates, and to be significantly limited 

in sub-primates, whose erythrocytes express other complement receptors such as Crry [207]. 

However, our findings suggest a potential overload on the red pulp of the 3xTg-AD mice, to further 

produce erythrocytes to deal with the overproduction of the Aβ peptide. This is concomitant with 

the increase in the size of the white pulp in the treated 3xTg-AD animals, what points to the 

relationship between the peripheral complement interactions with the Aβ peptide and Aβ-

immunotherapy, enhancing not only the erythrocyte capture of Aβ forming immune complexes 

(Aβ:scFv-h3D6 in this case), but also macrophages activation [208].  

On the other hand, steatosis was detected in the liver of 3xTg-AD females, and this could be related 

with the increase in the values of AST or ALT transaminases also observed in this work, which, 

although were non-significantly different, were partially reverted by the treatment. These effects 

have been reported in the literature for rats on high fat diet-induced steatosis [209]. To our 

knowledge, this is the first description of the fatty liver pathology in this model, what paves the 

way to future studies. As a general conclusion, we have proven that a single i.p. dose of 100 µg of 

scFv-h3D6 dramatically reduces intracellular amyloid pathology, with the subsequent preservation 

of cell density and amelioration of cognitive disabilities. The treatment resulted safe in terms of 

neuroinflammation and kidneys and liver function, while the spleen is likely to be involved in the 

clearance mechanism of the Aβ:scFv-h3D6 complex.  
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Pharmacokinetics of scFv-h3D6 and first approach to its 

mechanism of action 
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AIMS 

 

Targeting amyloid-β (Aβ) oligomers is the leading disease-modifying strategy in the 

pharmacological research for AD, especially by immunotherapy. The use of single-chain variable 

fragments (scFv) has been proposed to avoid the potential severe effects of mAbs by precluding 

the Fc-mediated microglial activation. The efficacy of scFv-h3D6, an anti-Aβ scFv derived from 

bapineuzumab, has been recently proved, and any adverse response was observed [126, 151].  

Once the scFv-h3D6 efficacy was evidenced, as well as any adverse response was observed, next 

steps were focused, on the one side, to the determination of the basic pharmacokinetic parameters 

by the plasma concentration profile. The study was performed with the original molecule (scFv-

h3D6-WT [120]) and parallelly compared to an elongated version (scFv-h3D6-EL [123]) to test if the 

higher thermodynamic stability of the elongated version positively impact on its pharmacokinetics. 

On the other side, some other factors such as the capability of scFv-h3D6 for crossing the blood 

brain barrier (BBB), its interaction/colocalization with the Aβ peptide, the specific cell types 

involved in amyloidosis, the effect of the treatment on TNF-α levels were considered to 

hypothesize a first approach to the scFv-h3D6 mechanism of action. 

For that purpose, two groups of twenty-four 5-mo-old 3xTg females were i.p. administered with 

100 µg of scFv-h3D6-WT or -EL. Sacrifices and sample collection were carried out at the following 

post-injection (p.i.) times: 0h (PBS-administered mice), 1h, 5h, 10h, 1 day, 2 days, 5 days, 8 days 

(n=3), after inhaling isoflurane 1%. Blood was collected by cardiac puncture, and brains were 

dissected and processed for biochemical or histological analyses following the procedures 

explained in the Methodology Section. The anti-scFv-h3D6 polyclonal antibody was used to detect 

the levels of scFv-h3D6. The levels in plasma and extra- and intracellular brain compartments were 

quantified by using indirect competitive ELISA, as set up in the lab, and Aβ and TNF-α were 

measured by commercial ELISA kits. Histological immunodetections used the same anti-scFv-h3D6 

antibody, and the 6E10 mAb. 
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RESULTS 

 

Comparative pharmacokinetics between the scFv-h3D6-WT and -EL 

The beneficial effects of scFv-h3D6, after a single intraperitoneal injection of 100 µg, have already 

been demonstrated in young 3xTg-AD females [126, 151]. To properly define the most important 

determinants for designing future longitudinal pharmacodynamic testing of any molecule, it is 

essential to define its pharmacokinetics. In this sense, pharmacokinetic features of scFv-h3D6 have 

been analyzed by studying the variation on the plasma concentration of the original form of the 

molecule, scFv-h3D6-WT, and of the thermodynamically more stable elongated version, scFv-h3D6-

EL. Plasma concentration of the corresponding molecule was quantified at all the analyzed post-

injection (p.i.) points (0h or vehicle-injected, 1h, 5h, 10h, 1 day, 2 days, 5 days and 8 days) by 

competitive ELISA. Values were represented by plotting the concentration-time curve (Figure 31A), 

from which the main pharmacokinetic parameters were calculated (Figure 31B).  

Absorption from the intraperitoneal cavity to the blood most likely occurred before 1h p.i. in both 

cases (Figure 31A) and followed a similar profile. However, the higher peak initially observed in the 

scFv-h3D6-WT profile, compared to the -EL one, evidenced an enhanced absorption of the original 

molecule. Following the pronounced initial peak, a second peak appeared at ~24h), what could 

suggest either a two-phased absorption or a compartmental distribution of the molecule. The 

higher absorption of the scFv-h3D6-WT compared to the scFv-h3D6-EL molecule affected the rest 

of the pharmacokinetic profile, obtaining values of AUC (area under the curve, measured by the 

trapezoidal rule for the n-1 subintervals from 0 to the last time point) five-fold higher for the scFv-

h3D6-WT than for the -EL version (Figure 31B). However, scFv-h3D6-EL exhibited a longer half-life 

than the -WT (values for the elongated version almost doubled the ones for the original version), 

what concurs with the improved stability observed in biophysical analyses [122, 126]. 
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 scFv-h3D6-WT scFv-h3D6-EL 

   

Cmax (µg/mL) 2.04 0.76 

Tmax (h) ≤ 1 ≤ 1 

AUC 47.7 8.6 

t1/2 (h) 3.2 6.0 

 

 

Figure 31. Plasma concentration of scFv-h3D6-WT and -EL. A) Concentrations were measured by 

competitive ELISA at 0h (vehicle-injected), and 1h, 5h, 10h, 1 day, 2 days, 5 days, and 8 days post-

injection (p.i.). In red, scFv-h3D6-WT profile; in blue, the scFv-h3D6-EL one. Concentrations are 

expressed as µg of scFv-h3D6/mL of plasma. Values are represented by means and SEM. B) 

Comparative pharmacokinetic parameters of scFv-h3D6-WT and -EL quantified from the 

concentration/time curve: Cmax (maximum plasma concentration, µg/mL), Tmax (time to reach 

Cmax, h), AUC (area under the curve), t1/2 (half-life, h). 
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ScFv-h3D6 crosses the blood brain barrier 

To further decipher whether the scFv-h3D6 could penetrate to the central nervous system, 

detection of the molecule in the brain was assessed at different p.i. times by competitive ELISA 

from protein extracts and by fluorescent immunodetection on histological sections. In Figure 32A, 

scFv-h3D6 levels in brain extracts over p.i. time showed a main peak at the very beginning (~1h p.i.) 

and a slightly smaller one later (~48h p.i.), after which the concentration of the molecule 

progressively dropped until the end of the experiment (at 192h, or 8 days, p.i.). This profile was 

compared to that observed in the plasma to get some idea, in terms of temporality, of the scFv-

h3D6 distribution through the central nervous system (Figure 32B). Specifically, the initial peak of 

scFv-h3D6 in the plasma overlapped the first peak in the brain, suggesting that the fast absorption 

of the molecule, from the intraperitoneal cavity to the blood, coincided with an early distribution 

to other tissues such as the central nervous system. The increased plasma concentration of scFv-

h3D6 at ~24h, defining a second peak in the serum profile, concurred with the second peak at 48h 

p.i. in the central nervous system. These observations could be explained by the progressive re-

distribution of the plasma scFv-h3D6 (probably more slowly than the first distribution since the 

concentration was not so high) as a compartmental model of distribution.  

Furthermore, Figure 32C illustrates the immunodetection of scFv-h3D6 on the amygdalar region 

corresponding to a mouse sacrificed 5h p.i., as a representative example of the early entrance to 

the central nervous system. Fluorescent signal was observed throughout all the tissue, although 

higher intensities were mainly localized around the blood vessel wall, and in the cell body of both 

large and small cells (Figure 32C, bottom).  
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Figure 32. ScFv-h3D6 influx to the brain. ScFv-h3D6 was detected and quantified by ELISA. A) ScFv-

h3D6 concentration in nervous tissue protein extracts over time post-injection (p.i.): 0h (vehicle-

injected), 1h, 5h, 10h, 1 day, 2 days, 5 days, and 8 days. B) Comparative profiles of scFv-h3D6 in 

plasma (red dashed line) and nervous tissue (blue). Concentrations are expressed as µg of scFv-

h3D6/mL of plasma or brain protein extract. Values are represented by means and SEM. C) 

Representative illustration, corresponding to the amygdalar region, of the scFv-h3D6 

immunodetection on a 10 µm-thick brain section (5h p.i.). On the top, from the left to the right: 

scFv-h3D6 (in green), DAPI (in blue), and the merged image. Squares in the merged image are 

shown in the bottom, and correspond to zooms into a blood vessel, large neurons, and small-size 

cells. 

 

ScFv-h3D6 is internalized by cells 

The levels of scFv-h3D6 from the extracellular and intracellular brain compartments were 

quantified to further evidence the internalization process. Protein extracts from the same p.i. time 

points were assessed by competitive ELISA. In Figure 33A, the profiles of scFv-h3D6 concentration 

in the extra- and intracellular compartments are represented over time. The first peak in the 

extracellular compartment reached almost the double concentration than the first peak in the 

intracellular one, whereas differences between both compartments were not so abrupted through 

the rest of the profile. This suggests that the great early scFv-h3D6 inflow to the central nervous 

system promoted an initial accumulation in the extracellular compartment which was subsequently 

distributed between both compartments.  

Interestingly, the comparative superposition of both extra- and intracellular profiles of scFv-h3D6 

facilitated the interpretation of the results (Figure 33B). The first peak in the extracellular 

compartment (~1h p.i.) evidenced the penetrance into the central nervous system. The first peak in 

the intracellular compartment appears later (~5h p.i.) and coincides with the reduction in the 

extracellular levels, suggesting the cellular internalization of the molecule. In both compartments, a 

second and soft peak appeared later (~48h p.i.), which could be interpreted as the influx of the 

scFv-h3D6 accumulated in the plasma at 24h p.i., as suggested in the previous subsection (see 

Figure 31A and Figure 32B). Afterward, scFv-h3D6 concentration progressively decreased in both 

compartments, evidencing a clearance process. The fact that the intracellular levels kept higher 

than the extracellular ones through late phases points to a cell-mediated mechanism of clearance 

in the brain.   
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Figure 33. Temporal distribution of scFv-h3D6 through the extra- and intracellular brain 

compartments. A) Extracellular levels of scFv-h3D6 (in green) and intracellular ones (in purple) are 

represented over time post-injection (p.i.): 0h (vehicle-injected), 1h, 5h, 10h, 1 day, 2 days, 5 days, 

and 8 days. Concentrations are expressed as µg of scFv-h3D6/mL of brain protein extract. B) 

Comparative superposition of both extra- and intracellular profiles of scFv-h3D6. The first peak in 

the extracellular compartment, 1h p.i., evidence the penetrance into the nervous tissue (1). The 

first peak in the intracellular compartment appears later, 5h p.i., and coincides with the reduction 

in the extracellular levels, what suggests the cellular internalization of the molecule (2). In both 

compartments, a second peak appears later, 48h p.i., probably due to the influx of the scFv-h3D6 

accumulated in plasma at 24h p.i. (3). The clearance process was evidenced by the progressive drop 

in concentration from 48h to the end of the experiment (4).  

 

ScFv-h3D6 and Aβ peptide in the central nervous system 

Because the therapeutic effect of scFv-h3D6 is supposed to be mediated by a reduction in the Aβ 

burden [210], the interaction between these both molecules was further analyzed in terms of 

compartmental distribution (extra- and intracellular compartments) and temporary evolution (by 

comparing the quantification profiles over time). In this sense, scFv-h3D6 and Aβ peptide were 

immunodetected in a histological section from a mouse sacrificed 5h p.i., coinciding with the 

intracellular main peak of scFv-h3D6 (Figure 34A). A strong signal for both molecules was 

intracellularly colocalized, but not all the cells showing scFv-h3D6 signal contained Aβ as well. 

Coinciding with the distribution described in the previous Section, scFv-h3D6 was immunodetected 

within large and small cells, whereas Aβ signal was generally restricted to the large ones.  

Besides, Aβ burden was quantified in both the extra- and the intracellular compartments, by using 

a commercial ELISA kit. In Figure 34B-C, Aβ levels are represented over p.i. time, and compared to 

the scFv-h3D6 concentration profiles. Additionally, the first response to the treatment is better 

detailed in a magnification of the 0-12h p.i. interval (see insets). Concentration of the Aβ peptide 

was higher in the intracellular fraction than in the extracellular one in all the analyzed p.i. points. 

The extracellular Aβ profile exhibited a pronounced decline tendency during the p.i. initial period 

(0-12h) and a very soft second decrease later (2-5 days p.i.), what concurs with a main first peak of 

scFv-h3D6 and a faint second one (Figure 34C). Regarding to the intracellular compartment, Aβ 

levels were pronouncedly reduced as the first peak of scFv-h3D6 occurred (0-5h p.i.). Interestingly, 

values were increased at 10h and 5 days p.i., what coincided with the decreases on the 

extracellular compartment, suggesting the engulfment of extracellular Aβ. 
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Figure 34. Colocalization of scFv-h3D6 and Aβ in the brain. A) Colocalization of scFv-h3D6 and Aβ 

peptide on a 10 µm-thick brain section (5h p.i.). B) Extracellular and C) intracellular levels of Aβ 

(area, in red) and scFv-h3D6 (line, in black) over time post-injection: 0h (vehicle-injected), 1h, 5h, 

10h, 1 day, 2 days, 5 days, and 8 days. The insets correspond to the amplification of the initial 

profiles, up to 12h post-injection. Concentrations of scFv-h3D6 are expressed as µg of scFv-

h3D6/mL of brain protein extract, whereas concentration of Aβ peptide is expressed as pg/mg of 

total protein in the extract. 

 

ScFv-h3D6 and Aβ peptide in relation to the cellular types 

ScFv-h3D6 and Aβ peptide have been proved to partially colocalize at the early phase after the 

administration (as shown in the previous Sections by the examples at 5h p.i. from Figures 32 and 

35), being the scFv-h3D6 localized within large and small cells whereas the Aβ signal was only 

visualized within the large ones. Besides, Figure 35A illustrates a representative panoramic capture 

corresponding to the confocal microscopy of an animal sacrificed 5 days p.i., with the aim to see 

how the interaction between both molecules and the cellular types evolved at a more advanced p.i. 

phase. Figure 35B-D contain examples of the cellular casuistry observed in the panoramic: cells 

staying alone (B), couple of cells (C), and cells located through the blood vessels (D). Figure 5B 

exhibits a large cell containing both scFv-h3D6 and Aβ peptide. Figure 35C shows a couple of cells, 

located intimately close, conformed by a large cell with a very low signal in both scFv-h3D6 and Aβ, 

and a small cell with strong signal in both immunodetections. Figure 35D illustrates a couple of cells 

located through the blood vessels showing higher signal of scFv-h3D6 than Aβ.   

Cellular types were approximated by using a recently reported algorithm, based on the cytological 

features [211]. In this sense, large cells were considered large neurons because of the large-sized 

and lightly stained nucleus, with an “empty” appearance, whereas small cells were considered glial 

cells because the smaller and darkly stained nucleus. Likewise, endothelial cells were clearly 

distinguished because of the shape of their nuclei wrapping around blood vessels.  

Therefore, the overall data suggests that, at the early p.i. phase, scFv-h3D6 is engulfed by glial cells, 

as a clearance mechanism, and internalized into large neurons containing Aβ. Interestingly, at the 

late p.i. phase, the fact that scFv-h3D6 and Aβ were strongly immunodetected within those large 

neurons staying alone, whereas, in those intimately close cells, large neurons presented an almost 

negligible signal, but a strong signal of both molecules, scFv-h3D6 and Aβ, appeared into the 

accompanying glial cell, presumably suggests that the intraneuronal complex Aβ/scFv-h3D6 is 

extruded to the extraneuronal compartment and, then, engulfed by phagocytic glial cells. On the 

other hand, Figure 35D illustrates a couple of endothelial cells located through the blood vessels 

containing both scFv-h3D6 and Aβ. This result evidences the involvement of the endothelial cells in 

the flux of scFv-h3D6, as well as of the Aβ/scFv-h3D6 complex, across the BBB. 

B
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Figure 35. ScFv-h3D6 and Aβ visualization 5 days post-injection by confocal microscopy. 

Colocalization of scFv-h3D6 and Aβ peptide on a 10 µm-thick brain section (5 days p.i.). A) 

Panoramic visualization. Continued-line square in the merged figure, an example of a large neuron 

containing both scFv-h3D6 and Aβ signal, magnified in (B). Dashed-line square, an example of a 

couple of cells closely related, magnified in (C). White arrow, area next to the blood vessel, 

magnified in (D). Scale bars, 50 µm in A and 10 µm in B, C, and D. 

 

Effect of the treatment on the TNF-α levels 
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To understand whether the treatment contributed to a local inflammatory response, levels of TNF-

α were measured in both the extracellular and intracellular compartments (Figure 36). Results 

show an increase on the TNF-α levels in the intracellular compartment as a very early punctual 

response (only at ~1h p.i.). However, TNF-α levels tended to increase during the last phase of the 

experiment, what concurs with the clearance process occurring at that phase.  

 

 

 

Figure 36. TNF-α profile over time post-injection. Extracellular (A) and intracellular (B) 

concentrations (pg/mg of total protein) of TNF-α are represented over time p.i.: 0h (vehicle-

injected), 1h, 5h, 10h, 1 day, 2 days, 5 days, and 8 days. The upper graph corresponds to the 

amplification of the initial profile, up to 24h post-injection. 
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DISCUSSION 

 

Current therapies against AD are only palliative, so they interfere in the symptomatology instead of 

the original causes, and therefore cannot preclude the dramatic deterioration of patients [194, 212, 

213]. The search of disease-modifying treatments involves enormous efforts and considerations to 

reach the proper target and to ensure a proper mechanism of action, as well as the early diagnosis 

and intervention to enhance its potential effect [214]. Molecular engineering and treatment 

designing play a key role on determining the suitability of a therapy. In this sense, scFv-h3D6 has 

already been demonstrated to improve the first hallmarks of AD [126, 151, 210]. Besides, molecular 

redesign achieve a thermodynamically more stable elongated version (scFv-h3D6-EL) [122, 123]. 

Here, the pharmacokinetic profile of the original version of the molecule has been determined and 

compared to the thermodynamically improved version (scFv-h3D6-WT vs -EL) to test whether the 

in vitro benefits of the greater stability [122, 124] were maintained in vivo. ScFv-h3D6-WT was 

better absorbed from the intraperitoneal cavity to the central compartment, whereas scFv-h3D6-EL 

presented a longer half-life. This means that the improved stability of the elongated molecule was 

translated to the in vivo performance, but its modified structure hinders its absorption somehow, 

reducing its potential effects. Hence, the result emphasizes how the physiological conditions, as 

well as other interactions and events occurring within an organism, may affect the intrinsic 

characteristics of a molecule. Besides, this results also highlights the reciprocal requirement 

between pharmacokinetics and molecular/treatment design since, for example, a different 

administration way could be intended to improve the absorption of scFv-h3D6-EL [215].  

On the other hand, the mechanism of action is also of great importance for the molecular design 

directed to improve the efficiency and the safety of a molecule. ScFv-h3D6 has already been 

demonstrated to prevent neuron loss and improve cognitive impairment in young 3xTg-AD females 

by reducing intracellular Aβ [126, 151]. As well, any undesirable side effect was observed on a 

preliminary study on the inflammatory response in both the nervous and peripheral systems [paper 

2]. However, the mechanism underlying the Aβ reduction remained elusive. At least, three models 

explain how anti-Aβ antibodies can reduce the amyloid burden in the brain: The first mechanism 

would suppose that antibodies can enter to the brain and disaggregate amyloid fibrils by binding to 

the N-terminal region of the peptide [216–218]. The second mechanism also supposes that 

antibodies cross the BBB but suggests that opsonization of the amyloid fibrils by the Aβ-antibodies 

activates the immune system, enhancing the clearance (via microglial activation and Fc mediated 

phagocytosis) [161, 219, 220]. The third of them , known as the sink hypothesis, is based on the 

peripheral Aβ sequestering by the administered antibodies, modifying the brain-periphery 

equilibrium and, so, promoting the Aβ efflux from the brain to the plasma [221]. All three 
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mechanisms are supported by in vivo data, and it has been described that the epitope specificity of 

the antibodies determines their mode of action [222]. 

Peripherally-injected m3D6 mAb was proved to be transferred to the brain, to bind to amyloid 

plaques and to induce FcγR-mediated microglial phagocytosis of the Aβ deposits in PDAPP mice 

[161]. The humanized version, bapineuzumab, was also demonstrated to cross the BBB and to 

engage with a variety of N-terminally truncated Aβ species in the brain, whereas other mAbs (as 

solanezumab and crenezumab) could not engage the target in the human brain despite they did it 

in mice, probably as a result of a lack of specificity due to cross-reactivity with other proteins 

containing epitope overlap [223]. In this work, scFv-h3D6 is also evidenced to cross the BBB as 

expected since the low molecular weight of scFvs is thought to facilitate the passage across the 

barrier [23] and because other scFv have already been detected in the brain [224]. 

Furthermore, once in the brain, scFv-h3D6 is suggested to be internalized by large neurons or 

engulfed by glial cells, since the molecule was immunodetected in both cellular types. It is more 

likely that neurons internalizing scFv-h3D6 are those containing the Aβ peptide, since both 

molecules colocalized within large neurons. Interestingly, intracellular scFv-h3D6 signal took a 

punctuate pattern, like the one for Aβ, suggesting a vesicular-mediated internalization. Future 

studies are needed to further decipher the internalization mechanism, which could be related to 

the already demonstrated neuronal internalization of Aβ, either involving lipid rafts and various 

lipid raft-associated receptor proteins or by mechanisms independent of lipid rafts [225]. 

In contrast, glial cells mainly contained scFv-h3D6, but not Aβ at the early p.i. phases, whereas both 

molecules (scFv-h3D6 and Aβ) colocalized within glial cells at late p.i. phases, opening the scenario 

for a couple of processes: the scFv-h3D6 clearance occurring in the brain (as a pharmacokinetic 

step) and the scFv-h3D6-mediated withdrawal of the Aβ peptide (pharmacodynamic effect). On the 

one side, those glial cells containing only scFv-h3D6, which were mainly observed at early p.i. 

phases (~5h p.i.), would explain the glial engulfment of the molecule as the pharmacokinetic 

mechanism of clearance. On the other side, those glial cells in which both scFv-h3D6 and Aβ 

peptide colocalized were observed at late p.i. phases (~5 days p.i.), and would correspond to the 

glial engulfment of the extruded Aβ/scFv-h3D6 as the Aβ withdrawal mechanism. This Aβ/scFv-

h3D6 extruded from the intraneuronal compartment, as well as the subsequent engulfment by the 

glial cells, could importantly contribute to the neuronal homeostasis and survival. In addition, brain 

levels of TNF-α presented an acute peak at a very early p.i. phase (~1h p.i.) and a progressive 

increase through late p.i. phases (form ~5 days p.i. up to the end of the experiment), suggesting an 

initial response corresponding to the scFv-h3D6 engulfment and the later phagocytosis of the scFv-

h3D6/Aβ complex [226]. 
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In summary, pharmacokinetic determination allowed to recognize unexpected differences between 

scFv-h3D6-WT and -EL when injected to a complex organism. Besides, both the pharmacokinetic 

profile and the subsequent brain analyses of scFv-h3D6, showed that scFv-h3D6 cross the BBB, 

enter neurons, and is engulfed by glial cells.  
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Interaction among ageing, training, and immunotherapy 

on behavioral and cognitive impairments in the 3xTg-AD 

mouse model of Alzheimer’s disease 
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AIMS 

  

Clinical symptoms of AD include behavioral/emotional alterations and cognitive impairment. These 

functional phenotypes early occur in the 3xTg-AD mice, being the emotional/behavioral alterations 

first detected at ~2.5 months old [108], whereas the cognitive impairment is first observed 

between 3-5 months of age [107]. 

The relevance of longitudinal studies has been evidenced when dealing with defining how the 

disease progresses, in both animal models and humans [227]. In this Chapter, behavioral and 

cognitive abilities were longitudinally assessed in young 3xTg-AD females, and compared to the 

corresponding age- and gender-matched non-transgenic mice, up to the adulthood (from 5 to 9 

months of age). Besides, immunotherapy against the Aβ peptide was also tested by evaluating the 

functional response of mice to chronic treatments with single-chain variable fragments derived 

from the monoclonal antibody bapineuzumab (scFv-h3D6): the original version of the molecule, 

scFv-h3D6-WT [120], and the elongated variant, scFv-h3D6-EL [123, 195]. As well, the trained 

component was evaluated in a different cohort by performing only the last test, at 9 months of age.  

Fifty-eight 5-mo-old 3xTg-AD females, and eighteen gender- and age-matched NTg mice, were used 

in this study. About half of the animals were assigned to the longitudinal study (tested at 5, 7, and 9 

months of age) and the other half were only evaluated at the final point (9 months-old). In both 

cases, animals were randomly distributed in four experimental groups: Control NTg, untreated 

3xTg-AD mice, and scFv-h3D6-WT- and scFv-h3D6-EL-treated 3xTg-AD mice (n=8-10). All the 

animals were intraperitoneally administered with the treatment (100 µg of the corresponding scFv-

h3D6) or the vehicle (PBS, in both groups untreated-NTg and 3xTg-AD mice) once a month, from 5 

to 9 months of age.  
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RESULTS 

 

Progression of BPSD-like symptoms in 3xTg-AD females from 5 to 9 months of age 

BPSD-like symptoms were evaluated by the corner test and the open-field test. In the CT, the initial 

response to the novelty was considered by placing the animals in a new cage for only 30s. Both NTg 

and 3xTg-AD mice exhibited similar performances at 5 months of age in most of the analyzed 

parameters, except for the distance traveled, the average speed, and the corner latency (Figure 37, 

Supplementary Table 8). The distance traveled by the 3xTg-AD mice was longer than by the NTg 

ones (marginally significant differences, U-test, p=0.089). Exploratory activity was not increased, 

since the other exploratory traits, such as the number of rearings, were similar in both groups. 

However, this was rather a consequence of a different mean speed, with the 3xTg-AD mice 

presenting a marginally significant higher speed (U-test, p=0.078), what suggested a slightly 

agitated behavior at 5-mo of age. Besides, although the visits to the corner and the total time spent 

in the corner was similar between both groups, the corner latency was significantly shorter for the 

3xTg-AD mice than for the NTg ones (U-test, p=0.048), suggesting an initial neophobia to the new 

cage. Therefore, both responses, agitated behavior and initial neophobia, evidenced an enhanced 

anxiety-like behavior in the 3xTg-AD females already at 5 months of age. 

In both groups, the distance traveled shortened over time (from 5 to 9 months), what coincided 

with a decrease in the number of rearings and an increase in the rearing latencies, evidencing a 

reduction in the exploratory activity by age. Therefore, the neophobia observed in 5-mo-old 3xTg-

AD mice could not be properly followed-up over time by the corner-related parameters (corner 

latency, corner visits, and time spent in the corner) since it was masked by the drastic reduction in 

the exploratory activity. However, 3xTg mice exhibited a more pronounced 

stunned/immobile/inactive response than the NTg mice (manifested by the absence of self-

groomings, the slower speed on movement, and the much more increasing immobility time by age, 

in addition to the concurring more drastic reduction in the exploratory activity) what indicated 

their higher vulnerability to the novelty, and supported the occurrence of anxiety or fear in 

response to aversive situations.  

The larger duration of the OFT in front of the CT (15 min vs 30s) makes the first the more sensitive 

and reliable to the exploratory activity, since the initial reaction of the animal to the new arena 

represented a very small fraction of time. Probably because of that, in the OFT, the exploratory 

activity in the 3xTg-AD mice was already found quite reduced at 5 months of age,  
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Figure 37. BPSD-like symptoms testing in the corner test at 5, 7, and 9 months of age. A) Track 

plots of the pathway followed by representative animals of both non-transgenic (NTg) and triple-

transgenic (3xTg) groups at 5, 7, and 9 months old. Notice the virtual areas considered for the 

corner visits. Blue points indicate the animal location at the starting point, whereas the red ones 

indicate the final location. B) Evolution of NTg (in green) and 3xTg-AD (in red) mice over ages, by 

considering the distance traveled (m), immobility time (s), corner visits (n) and its latency (s), and 

number of rearings (n) and its latency (s). Values are represented by means and error bars 

correspond to the SEM. # indicates the marginally significant differences with p≤0.1, * significant 

differences with p≤0.05, ** p≤0.01, *** p≤0.001, and **** p≤0.0001. 5-months-old 3xTg-AD mice 

performed higher values than the age-matched NTg ones in distance traveled and mean speed, and 

lower corner latency by the 3xTg-AD mice, what suggested neophobia to the new cage. Besides, 
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exploratory activity decreased over age, with a more dramatic decline in the 3xTg-AD mice than in 

the NTg ones.   

 

Figure 38. BPSD-like symptoms testing in the open-field test at 5, 7, and 9 months of age. A) Track 

plots of the pathway followed by representative animals of 5-, 7- and 9-months-old non-transgenic 

(NTg) and triple-transgenic (3xTg) mice. Notice the virtual area considered for the central region of 

the area. Blue points indicate the animal location at the starting point, whereas the red ones 
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indicate the final location. B) Evolution of NTg (in green) and 3xTg-AD (in red) mice over ages, by 

considering representative parameters such as the total distance traveled (m), number of rearings 

(n) and latency to the first one (s), central/peripheral ratios of time and distance, and number of 

self-groomings (n). Values are represented by means and error bars correspond to the SEM. * 

indicates significant differences with p≤0.05, ** p≤0.01, *** p≤0.001, and **** p≤0.0001. C) 

Representation of the mean speed and immobility time profiles along the test (the 15 min-long OFT 

was segmented in fractions of 1 min to consider the evolution of these parameters) at 5, 7 and 9 

months of age. Reduced exploratory activity was already manifested in 5-months-old 3xTg-AD mice 

(as shown by the lower values in distance traveled and number of rearings compared to the age-

matched NTg ones) and progressively decreased over age in both groups. In the NTg mice, the 

more pronounced decrease in exploration over months was accompanied by an increase in self-

grooming. The slightly higher ratios of distance and time in the central region in relation to the 

peripheral one suggested a propensity to disinhibited-like behavior in the 3xTg-AD mice. Values of 

mean speed tended to decrease over ages, as well as along each test, following a more pronounced 

pattern in the case of the NTg than in the 3xTg-AD mice, what concurred with the increasing values 

of immobility time up the 9-mo-old 3xTg mice (probably because of the larger effect of the 

pathology at that age). 

 

as indicated by the shorter distance traveled and the lower number of rearings (U-test, p≤0.0001 in 

both parameters), and by the larger latency of the first rearing (U-test, p=0.010) (Figure 38, 

Supplementary Table 9). The exploratory activity progressively decreased over age in both groups, 

being the NTg mice the ones following a more pronounced profile. Concurring to the CT, the 

reduced exploratory activity was accompanied by an increased stunned behavior, as manifested by 

other traits such as the lower number of self-groomings and the larger latency of the first one (U-

test, p=0.034 and p=0.017, respectively), the slower speed on movement (U-test, p=0.075), and the 

higher tendency in immobility time. Precisely, the representation of the decreasing mean speed 

and increasing immobility time values along the test (the 15 min-long OFT was segmented in 

fractions of 1 min) evidenced a habituation process by the 3xTg-AD animals.  

In summary, BPSD-like symptoms were already evident in 5-months-old 3xTg-AD mice, in form of 

agitated behavior and neophobic response (CT), reduced exploratory activity (OFT), and stunned 

behavior (CT and OFT). This anxious-like behavior differently progressed over months depending on 

the experimental group, the age, and the analyzed parameter. 

 

Evolution of the spatial learning and memory in 3xTg-AD females 

Spatial learning was assessed in the acquisition stages of the MWM paradigm in 5-, 7- and 9-

months-old 3xTg-AD females and the corresponding age-matched NTg ones (Figure 39). The mean 

swimming speed in each group, 3xTg and NTg mice, did not significantly vary over 5 acquisition 

stages (corresponding to 5 consecutive days) in any of the ages tested, but differences were 
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evident between both groups in all the stages (Supplementary Figure 2). Since no significant 

variations over acquisition stages were found within each group, the swimming speed of all the 

stages were averaged to obtain a unique value per group and age. Specifically, the 3xTg-AD mice 

exhibited higher swimming speed than the NTg ones at all 5, 7 and 9 months of age (U-test, 

p=0.003, p=0.004, p=0.003, respectively) (Figure 39A), supporting the anxiety-like behavior 

observed in the CT and OFT.  

Due to the differences in the speed, the efficiency to reach the platform was measured by the 

distance traveled to the platform instead of the platform latency. Since each trial was started from 

a different virtual cardinal point, which were in turn reordered over the acquisition stages (to avoid 

interfering with working processes in the spatial learning), values obtained from each trial were 

normalized by the corresponding starting points-platform distances. Five-months-old 3xTg-AD mice 

traveled longer distances than the age-matched NTg ones at the beginning of the acquisition phase 

(U-test, p=0.008 in the first acquisition stage), but the pathway was significantly improved on the 

second stage (U-test, p=0.052, when comparing distances traveled by the 3xTg-AD mice in the first 

and the second stages), and continued a progressive decrease to finally achieve similar values to 

the NTg ones. Similarly, 7-months-old 3xTg-AD mice traveled longer distances to the platform than 

the age-matched NTg ones in the first acquisition stage (U-test, p=0.003), which were reduced in 

the second one (U-test, p=0.053). Distances traveled by the 9-months-old 3xTg-AD mice in the first 

acquisition stage were also higher than by the NTg ones (U-test, p=0.083), but values were not 

significantly reduced until the fourth stage (U-test, p=0.028). In contrast, 5-months-old NTg mice 

exhibited only a faint tendency to improve the pathway to the platform over the acquisition phase, 

suggesting that the animals were conscious of the platform existence since the beginning of the 

test and quickly discovered the location. Regarding to the 7- and 9-months old NTg mice, distances 

to the platform were slightly reduced after 5 and 4 acquisition stages, respectively (U-test, p=0.063 

and p=0.023) (Figure 39B). Detailed distances traveled in each trial, from the preliminary control 

visible-platform phase to the last acquisition stage, at 5, 7, and 9 months of age are represented in 

Figure 39C.  
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Figure 39. Acquisition phase in the MWM paradigm at 5, 7, and 9 months of age. A) Averaged 

swimming speed in 5-, 7- and 9-months-old non-transgenic (NTg, in green) and triple-transgenic 

B 

C 
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(3xTg, in red) mice. Box plot indicates medians and IQR (all the data points are expressed and 

whiskers points to the minimum and maximum values). B) Distance traveled in each acquisition 

stage (averaged from its four trials) at 5, 7, and 9 months of age and C) Detailed distances traveled 

in each trial, from the preliminary visible-platform phase to the last acquisition stage, at 5, 7, and 9 

months of age. Values are represented by means and error bars correspond to the SEM. # indicates 

the marginally significant differences with p≤0.1, * significant differences with p≤0.05, ** p≤0.01. 1 

Values were normalized by the distances between the starting points and the platform to properly 

compare among trials and acquisitions. Distances traveled by the 3xTg-AD mice were generally 

longer than by the NTg ones at all 5, 7 and 9 months of age. However, the acquisition profile in the 

3xTg-AD mice was softened over ages, whereas the very faint learning tendency observed in 5-

months-old NTg ones became evident at 9 months of age.  

 

Twenty-four hours after the acquisition phase, long-term memory was assessed in the probe trial. 

In Figure 40A, heat maps summarize the position of each group during the complete probe trial. 

Figure 40B compiles the results obtained in the first segment of the final probe (0-30s), which 

better represent the test since mice behaved different once they became aware of the platform 

absence. Furthermore, to evaluate the precision of the animals in searching the platform, three 

additional virtual zones were considered around it. The distance traveled in each of these zones 

(platform, zone 1 to 3, Zn) was normalized by the corresponding area and expressed as the 

percentage of the total distance (Figure 40C). At 5 months of age, the NTg mice presented higher 

values than the 3xTg-AD ones for entries to the platform area (although significance was not 

reached) and time spent within the region (marginally significant, U-test, p=0.079), as well as a 

better pathway efficiency (U-test, p=0.017). Besides, the NTg mice swam a higher percentage of 

distance in the platform area than the 3xTg-AD mice, and performed an overall platform-directed 

ordered pattern in contrast to the random pattern performed by the 3xTg-AD ones. This spatial 

precision in the NTg mice ameliorated over time, up to the 9 months of age, when the increased 

path efficiency concurred with the longer time spent in the platform area and the greater 

percentage of distance traveled in this area, achieving marginally significant differences even to the 

Z1 (U-test, p=0.073). Regarding to the 3xTg-AD mice, a progressive improvement was performed 

over age in the entries to the platform area (U-test, p=0.061), time spent in the region (U-test, 

p=0.020), and path efficiency (U-test, p=0.036), when comparing values from 5 and 9 months of 

age. As well, the random pattern traveled by the 5-months-old 3xTg-AD mice evolved to a 

platform-directed pattern at 9 months of age.  

On the other hand, the 3xTg-AD mice presented a higher swimming speed than the NTg ones at all 

5, 7 and 9 months of age, and a slight increasing tendency over time (U-test, significant differences 

achieved at 7 and 9 months of age with p=0.034 and p=0.002, respectively), supporting the already 

observed hyperactivity in this model [126].  
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Therefore, differences in the acquisition patterns of both groups at 5, 7 and 9 months of age 

evidenced the progressive learning impairment in 3xTg-AD model in comparison to normal aging. 

On the other hand, long-term memory was better in the NTg mice than in the 3xTg ones at all the 

ages tested, as resulted from the final probe. However, the 3xTg-AD mice exhibited greater 

improvements than the NTg ones as more tests were performed, what emphasize the role of 

cognitive stimulation in front of other components such as normal aging or pathological 

degeneration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. Long-term memory assessed by the probe trial in the MWM at 5, 7, and 9 months of 

age. A) Mean heat maps of the 5-, 7- and 9-months-old 3xTg-AD and NTg mice locations. Scaled 

from blue (unoccupied regions) to red (the most occupied ones). B) Evolution of NTg (in green) and 

3xTg-AD (in red) mice over ages, by considering the number of entries (n), the time spent (s), and 

the path efficiency to the platform zone, as well as the mean speed (m/s). Values are represented 

by means and error bars correspond to the SEM. C) Comparative percentage of distance traveled in 

each region (platform area, first concentric region around as Z1, an intermediate region as Z2, and 

the external region as Z3) between NTg and 3xTg-AD mice. Box plot indicates medians and IQR (all 

the data points are expressed and whiskers points to the minimum and maximum values). # 

indicates the marginally significant differences with p≤0.1, and * significant differences with 

p≤0.05. 1 Correspond to the first segment of the final test (0-30s). 3xTg-AD mice performed a 

greater improvement over time than the NTg ones, what emphasize the role of cognitive 

stimulation in front of other components such as the normal aging or the pathological 

degeneration.   
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Reversal learning and memory and its evolution in 3xTg-AD females from 5- to 9-mo-

old 

Reversal testing started after the final probe and consisted of five additional stages of reversal 

acquisition (being the platform relocated in the opposite quadrant) and a reversal final probe. The 

swimming speed in the 3xTg-AD mice continued higher than in the age-matched NTg ones in all the 

ages tested (U-test, p=0.053, p=0.012, p≤0.0001, respectively) (Figure 41A). Both groups performed 

shorter pathways to the platform when compared to the normal acquisition explained above, 

probably because the mice already learned the escape strategy. No significant differences between 

both experimental groups appeared in any stage at any age, but distances traveled by the 3xTg-AD 

mice were generally higher than by the NTg ones. No significant differences among stages were 

found in the 3xTg-AD mice at any of the ages tested, despite a slight decrease in the last stage at 5 

months of age. Interestingly, the pathway traveled by 5-months-old NTg mice was improved over 

stages (significant differences to the first reversal stage were reached the third day, U-test, 

p=0.011), the learning process was reduced in 7-months-old mice (significant differences to the 

first stage were not achieved until the fourth day, U-test, p=0.023) and negligible at 9 months of 

age (Figure 41B), which reflects the effect of aging.  

Because of the slight improvement in the last acquisition stage, 5-months-old 3xTg-AD mice 

exhibited a great platform-directed pattern in the reversal probe. The pattern was not so 

pronounced nor precise in older 3xTg-AD mice. Curiously, the percentage of distance traveled in 

the platform area by 5-, 7- and 9-months-old NTg mice presented similar values to the age-

matched 3xg-AD mice, even though the greater reversal learning by the first group. This suggests 

that, once the NTg mice realized that the platform was absent in the reversal position, and being 

conscious of the strategy of the reversal training, started to search a new platform location. 

Because of that, the expected platform-directed pattern by the NTg mice was altered in the spatial 

direction and/or precision (Figure 41C). 

These results suggest that, in those more conscious animals, the reversal acquisition is more 

learning-sensitive than the normal acquisition (as observed in NTg, at all the stages studied, and 5-

mo-old 3xTg mice) whereas reversal learning is not detected in animals with some extent of 

cognitive difficulties (as observed in the 7- and 9-mo-old 3xTg mice). Regarding to the probe, still 

more challenging tests should be proved to sensitively detect long-term memory in conscious 

animals as the young (5- and 7-mo-old) NTg mice.  
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Figure 41. Reversal testing in the MWM of 5-, 7-, and 9-months-old 3xTg-AD and NTg mice. A) 

Averaged swimming speed in 5-, 7- and 9-months-old non-transgenic (NTg, in green) and triple-

transgenic (3xTg, in red) mice. Box plot indicates medians and IQR (all the data points are 

expressed and whiskers points to the minimum and maximum values). B) Distance traveled in each 

reversal acquisition stage (averaged from its four trials) at 5, 7, and 9 months of age. Values are 

represented by means and error bars correspond to the SEM.  C) Comparative percentage of 

distance traveled in each region (platform area, first concentric region around as Z1, an 

intermediate region as Z2, and the external region as Z3) between NTg and 3xTg-AD mice. Box plot 

indicates medians and IQR (all the data points are expressed and whiskers points to the minimum 

and maximum values). # indicates the marginally significant differences with p≤0.1, * significant 

differences with p≤0.05, ** p≤0.01, and **** p≤0.0001. 1 Values were normalized by the 

corresponding distances between the starting points and the platform to properly compare among 

trials and acquisitions. Swimming speed in the 3xTg-AD mice was higher than in the age-matched 

NTg ones in all the ages tested. Distances traveled by the 3xTg-AD mice were generally longer than 

by the NTg ones at all 5, 7 and 9 months of age, and performances were shorter than the 

corresponding normal acquisition. The faint decreasing tendency over stages in 5-months-old 3xTg-

AD mice was still softened by aging. In contrast to the normal acquisition, distance traveled by NTg 

mice evidently decreased over stages at 5 and 7 months of age. The percentage of distance 

traveled in each zone exhibited a platform-directed pattern in 5-months-old mice, but direction 

and/or precision were altered at older ages.  
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Effects of continued immunotherapy with scFv-h3D6-WT and scFv-h3D6-EL 

The functional response to a single dose administration of scFv-h3D6-WT in 5-months old females 

has been recently reported. In brief, the treatment was not able to interfere on the BPSD-like 

symptoms already manifested in the 3xTg-AD mice, but cognitive impairment was almost 

completely reversed [PAPER2]. Here, the effects of the continued treatment with scFv-h3D6-WT 

(monthly administrations starting at 5 months of age), as well as with the elongated version of the 

molecule, scFv-h3D6-EL (EL), were assessed at 5, 7 and 9 months of age. The addition of the 

treatment factor to the already complex combination of genotype, age and habituation, makes the 

interpretation of BPSD-like symptoms still more difficult. However, those parameters involved the 

most in the pathology, such as the exploratory activity (total distance traveled), the fear-like 

behavior (time immobile), and the disinhibited response (ratio of central/periphery distance 

traveled) were faintly modified by both treatments (Supplementary table 7 and 8, Figure 42A). The 

reduced distance traveled by the 3xTg-AD mice in the OFT was already reverted in 5-months-old EL-

treated 3xTg-AD mice (U-test, p=0.053 when compared to the untreated 3xTg-AD mice), concurring 

with the reduced speed (U-test, p=0.052), what pointed to a reversion of the anxiety-like behavior 

(effects on exploration were discarded since other exploratory activities, such as rearings, were not 

modified by the treatment). Regarding to the progression of those more emotionality-associated 

parameters, the WT-treated 3xTg-AD mice exhibited non-pathologic profiles, but starting from 

higher levels than the NTg control mice.  

Learning abilities from the treated 3xTg-AD mice progressively improved, as observed from the 

more pronounced decreasing values of distance traveled in the acquisition phase over time. 

Interestingly, scFv-h3D6-WT-treated mice were the ones performing the closer profile to the NTg 

group at the end of the study. Regarding to the final probe, scFv-h3D6-WT-treated mice recovered 

the non-pathological values already at 5 months of age, and further improved the precision over 

time. Five-months-old scFv-h3D6-EL-treated mice performed the final probe similarly to the 

untreated 3xTg-AD ones, but progressively ameliorated over time (Figure 42B). 
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Figure 42. Effect of immunotherapy on behavioral and cognitive impairments. A) Evolution of 

total distance traveled (m), the immobility time (s) and the ratio of central/peripheral distance 

traveled in the OFT over 5, 7 and 9 months of age. ScFv-h3D6-WT-treated 3xTg-AD mice (3xTg/WT, 

in yellow) and the scFv-h3D6-WT-treated 3xTg-AD ones (3xTg/EL, in purple) were compared to the 

age-matched untreated 3xTg and NTg controls (dashed lines in red and in green, respectively). 

Statistical differences signaled at 5 months of age correspond to the 3xTg and 3xTg/EL comparison. 

B) Results of normal (acq) and reversal (rev) acquisition testing (on the left side of the panel) in the 

WT- and EL-treated mice, compared to the untreated ones, at 5, 7 and 9 months of age. Percentage 

of distances traveled in the platform area and the virtual concentric areas around (Z1, Z2, and Z3) 

during the final probe of the MWM (on the right). Values are represented by means and error bars 

correspond to the SEM in the scatter plots across time, or by medians and IQR in the final probe 

box plots. # indicates the marginally significant differences with p≤0.1, * significant differences with 

p≤0.05, ** p≤0.01, and *** p≤0.001. 1 Values were normalized by the distances between the 

starting points and the platform to properly compare among trials and acquisitions. A slight 

improvement in the BPSD-like symptoms was performed by the treated mice. Results from both 

treated groups were improved over ages in the normal acquisition phase, being the WT-treated 

mice, the ones showing a better performance at the end of the study. As well, scFv-h3D6-WT-

treated mice reversed the pathological values in the final probe already at 5 months of age, and 

improved their performance over time.  

 

Neuropsychiatric-like symptoms, spatial learning and memory in 9-mo-old naïve 

mice 

Bimonthly testing may interfere on the behavioral and emotional phenotypes because of 

habituation, as well as in learning and cognitive abilities due to the regular cognitive stimulation. 

Therefore, the training component was analyzed by comparing naïve 9-months-old mice the to the 

trained ones in the same tests (CT, OFT and MWM paradigm). The four experimental conditions 

were reproduced following identical treatments, and data from those parameters automatically 

measured by the AnyMaze software were processed (Figure 43, Supplementary Table 9). 

Comparison between naïve NTg and 3xTg-AD mice presented no differences in the CT. Values of 

the exploratory activity (distance traveled) and the emotional-related parameters (mean speed and 

immobility time) obtained from naïve mice performances corresponded to the expected ones in 

between 5 and 7 months of age from the longitudinal study, what evidenced the combined effect 

of habituation and aging in the results of the longitudinal corner testing. 

In the OFT, both naïve 9-mo-old NTg and 3xTg-AD mice significantly differed in all the analyzed 

parameters, contrasting with the longitudinal testing, in which values for most of the parameters 

were statistically different at 5 months of age, but significances disappeared at 9 months (see 

Supplementary table 9). Therefore, differences between experimental groups were softened over 

time not only because of aging but because of a strong habituation component. Specifically, naïve 

mice traveled faintly higher distance than the age-matched trained ones, despite the immobility 

time performed was even longer. Regarding to the center/periphery (C/P) ratios of distance and 
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time, the comparison varied depending on the experimental group: untrained 9-mo-old NTg mice 

presented values similar to the 5-mo-old mice, indicating that the faint decreasing tendency 

exhibited by this group over time was consequence of the habituation, whereas untrained 9-mo-

old 3xTg-AD mice presented even lower values than the 9-mo-old trained mice, what supports that 

the disinhibition observed in 5-mo-old 3xTg-AD was due to the neurodegenerative stage more than 

because of the novelty-caused anxious-like behavior. 

Regarding to the MWM paradigm, naïve mice traveled longer distances to reach the platform than 

the age-matched trained ones in the acquisition phase, evidencing the beneficial effect of the 

cognitive stimulation in both normal aging and degenerative progression. In this sense, naïve NTg 

mice exhibited a significant reduction in the distance traveled at the second acquisition stage when 

compared to the first one (U-test, p=0.001), whereas this reduction was not achieved until the 

fourth stage in the trained NTg mice. As well, untreated and treated naïve 3xTg-AD mice 

significantly reduced the distance to the platform earlier than the corresponding trained ones 

(Figure 43A). In the final probe, all the naïve groups tended to swim following a platform-directed 

pattern, as observed by the percentage of distance traveled in each virtual zone (Figure 43B). 

 

 

 

 

 

Figure 43. Spatial learning and memory in trained and naïve mice. A) Acquisition performances of 

the trained 9-months-old mice compared to age-matched naïve ones. Results of the four 

experimental groups are represented: NTg mice, in green; untreated 3xTg-AD (3xTg) group, in red; 

scFv-h3D6-WT-treated 3xTg-AD mice (3xTg/WT), in yellow; and scFv-h3D6-EL-treated 3xTg-AD mice 

(3xTg/EL), in purple. Values are represented by means and error bars correspond to the SEM. 

Statistical differences to the first stage are indicated in the treated 3xTg-AD mice for the trained 

mice and in all the groups for the naïve ones. B) Percentage of distance traveled by the naïve mice 

among the virtually delimited zones in the final probe. Medians and IQR are indicated in the box 

plots (all the data points are expressed and whiskers points to the minimum and maximum values). 

# indicates the marginally significant differences with p≤0.1, * significant differences with p≤0.05, 

** p≤0.01, and **** p≤0.0001. 1 Values were normalized by the distances between the starting 

points and the platform to properly compare among trials and acquisitions. Trained mice traveled 

shorter distances to the platform than the naïve ones in the acquisition phase. All the groups 

presented tendency to a platform-directed swimming pattern, but no differences were found 

between groups.  

 



Chapter 4 

133 
 

   

A 



Chapter 4 

134 
 

DISCUSSION 

 

The multifactorial character of AD makes the understanding of this pathology extremely difficult. 

Animal models have become a useful tool in which further assay therapeutic approaches, even 

though AD modeling is a handicap by itself [71]. Several neuropathological hallmarks have been 

reproduced in mice. However, mimicking the behavioral/emotional and cognitive phenotypes 

represents a very difficult goal, not only due to the heterogeneity of clinical symptoms [228] and 

the complexity of its evaluation [229–231], but also to the difficulties for precisely identifying some 

of these symptoms in mice.  

The 3xTg-AD mouse is quite concurrently mentioned in the literature and has probably become the 

most used model nowadays. This is the first one encoding for both the amyloid and tau pathologies 

and, interestingly, is one of the few models also reproducing the associated neuron loss [191], 

apart from the synaptic disruption and the correlating functional response [105]. The early 

behavioral and emotional changes of the human AD, as well as the progression of the cognitive 

impairments, are also reproduced in the 3xTg-AD mice [232, 233]. Nevertheless, despite the large 

amount of reports describing the 3xTg-AD behavior, emotionality and cognition, contradictory 

results are still under conflict. For instance, considering the exploratory behavior, the 3xTg-AD 

model has been described to exhibit hyperactivity [108, 234], hypoactivity [235–238] or no 

differences [239] to NTg controls in the OFT; as well as hyperactivity [236], hypoactivity [238] or no 

differences [234], in the elevated plus-maze (EPM); and hypoactivity [240] in the spontaneous 

alternation test. Altered emotionality (by disinhibition) has been described by the OFT and EPM at 

6 months of age [241], whereas in other studies this is not observed up to the elderly [108]. 

Likewise, the earliest cognitive impairments are manifested by retention, not learning, deficits in 

some studies [105, 242], whereas  associative learning is reported as the first cognitive alteration 

by others [107]. 

In this work, the neuropsychiatric-like symptoms and the cognitive impairment of the 3xTg-AD 

model were followed-up from 5 to 9 months of age. In brief, neuropsychiatric-like symptoms 

performed by the 3xTg-AD mice supported the neophobia and the startle response already 

reported, evidencing anxiety- and fear-like behavior [124, 243]. Additionally, disinhibition was also 

observed in young 3xTg-AD mice, and diminished as the anxiety- and fear-like behavior became 

more pronounced. All these parameters differently progressed over age depending on both the 

experimental group and the age considered: those more related to motor activity decreased in a 

more pronounced pattern in the NTg than in the 3xTg-AD mice (since aging and habituation may 

influence in the same direction in the NTg mice, whereas the pathology component influences in 
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the opposite direction), whereas those more related to emotional parameters were more altered in 

the 3xTg-AD ones.  

Regarding to the cognitive abilities, the 3xTg-AD mice exhibited an evident learning ability since the 

5 months of age, which was reduced over ages, whereas learning was not so evident in the 

youngest NTg mice (because of its consciousness) but the acquisition profile was modified over 

ages by the combined effect of the accumulated training and the normal aging. In the same way, 

long-term memory in the 3xTg-AD mice was improved over testing whereas it was already obvious 

in the 5-mo-old NTg mice. Memory was enhanced by the cognitive stimulation in both cases. 

Furthermore, most of the BPSD-like symptoms and cognitive impairments were partially reverted 

(some even totally rescued) by the treatment. Comparison between both WT and EL-therapies 

suggested that WT presented a stronger effect on the pathology, from the beginning of the study, 

although further studies are needed to specify the suitable doses and frequency of the continued 

treatment. Interestingly, the beneficial effect of scFv-h3D6 was more evident in those 

longitudinally trained mice, what emphasize the potential therapeutic role of immunotherapy in 

combination with some mental stimulation.  

Therefore, the observed phenotypes resulted from the combination of diverse components: the 

experimental group (genotype and treatments), the age (from 5 to 9 months of age), and the 

habituation or cognitive stimulation (trained or naïve mice). Interestingly, the interaction between 

two of these components was differently manifested depending on the third one.  

In conclusion, several issues must be considered for the proper data interpretation and 

extrapolation of behavioral testing. The diversity of experimental tests and protocols, and the 

variety of parameters measured, the differences in the data processing and/or the statistical tests 

used in the behavioral and cognitive studies evoked to a set of mismatched results which hinder 

the proper interpretation. 
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Alzheimer’s disease is the most common neurodegenerative disorder worldwide [2]. The main 

histological hallmarks are the accumulation of the Aβ peptide in amyloid plaques and that of 

hyperphosphorylated tau in Neurofibrillary tangles (NTFs), together with neuron depletion. 

The disease is clinically characterized by a cognitive decline in learning and memory, as well as 

by emotional alterations such as anxiety or phobia [244]. Many efforts synergistically work to 

not only decipher the exact mechanism triggering the pathology but also to design efficient 

and safe disease-modifying therapies. In this context, engineered murine models for AD, such 

as the 3xTg-AD provide an excellent paradigm for testing new drugs. 

The overall results from this thesis may be distinguished in two blocks. (I) Those referring to 

the further description of the 3xTg-AD mouse model, some of which provide new insights into 

the pathogenesis of AD; and (II) Those presenting a pharmacological approach with scFv-h3D6 

in terms of both the effects of this AD-modifying molecule and its potential mechanism of 

action. 

 

1. THE 3xTg-AD MOUSE MODEL AND ALZHEIMER’S DISEASE 

 

Regarding to the descriptive part, it is important to first become aware about the limitations of 

modeling a disease whose origin and mechanism are not well-understood [245]. Although 

mimicking human AD in animals is a challenging goal, several neuropathological hallmarks can 

be reproduced by introducing those mutations found in the familial form of the disease [71, 

246]. Mouse models containing APP and APP+PSEN1 mutations widely exhibit the amyloid 

pathology. Some subsequently generated models also incorporate tau mutations from 

frontotemporal dementia with Parkinsonism (FTDP) [95, 247]. The 3xTg-AD mouse model 

exhibits the amyloid and tau pathologies by expressing APPSwe and PS1M146V FAD-mutations, 

and tauP301L mutation from FTDP. Despite the equivalent overexpression of the APP- and tau-

encoding transgenes in the model, accumulation of Aβ appears prior to that of tau [103], 

concurring with the order of events in the human form of the disease.  

Hence, we have further studied what specific cellular populations from the 3xTg-AD mice are 

affected by the intracellular amyloid pathology, as well as the extent of their involvement, at 

early stages of the disease. Intracellular Aβ has already been reported in the primary motor 

cortex, entorhinal cortex, amygdala, and hippocampal CA1 in young 3xTg-AD mice [103]. We 

expanded the analysis to finally include the olfactory bulb, cerebral cortex, hippocampus, 
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amygdala, and cerebellum. The highest involvement (as considered by the percentage of 6E10-

ir cells) was found in the large neurons from the basolateral amygdala, followed by the 

macroneurons from the fastigial deep cerebellar nuclei (DCN), large neurons from the deep 

cerebral layers, macroneurons from the interpositus DCN, and finally by cells from the 

pyramidal cells layer in the hippocampal CA3.. A faint signal was also immunodetected within 

mitral cells from the olfactory bulb and Purkinje neurons from the cerebellar cortex. All the 

analyzed neuron populations were re-examined to quantify cell depletion. Interestingly, results 

evidenced that the percentage of neuron depletion correlated with the extent of amyloid-

pathology in those populations evidently affected. Specifically, the best fitting was obtained 

with an exponential function. This suggests that cellular depletion is limited when the amyloid 

pathology is weak, whereas, when it reaches a certain intensity, depletion soars. This fact 

emphasizes the relevance of the extracellular environment on neuron loss, since the 

involvement of the surrounding cells seems to outstandingly contribute, in addition to the own 

intracellular Aβ burden, to the degenerative process.  

Besides, the cellular depletion observed in the 3xTg-AD mice should be highlighted because, 

apart from the interesting correlation found with the amyloid pathology, it dramatically 

contributes to the complexity of AD modeling. Neuron loss is one of the most extensively 

described hallmarks in AD patients [169–171], but its modeling in animals is still a critical point. 

For example, it has not been reported in nearly any APP-transgenic mice, though it was 

observed in some APP/PS1-transgenic models [173–176]. 

Furthermore, all of the involved neuron populations in the 3xTg-AD are glutamatergic, as is the 

case in humans. Concretely, a severe affectation of glutamatergic neurons located in the 

hippocampus, in the frontal, temporal and parietal cortex, and in the amygdala has been 

described in AD patients [248].  

 It is noteworthy that the Aβ toxicity on the glutamatergic system in the 3xTg-AD model is not 

reproduced in all other animal models. For instance, in the APPInd- and APPSwe,Ind -transgenic 

mice, Aβ/APP appears within GABAergic neurons from the BLA nuclei instead of the 

glutamatergic ones. In the same study, Aβ/APP is also detected within glutamatergic neurons 

in the 3xTg-AD model [249]. Another interesting example is the 5xFAD mice, which exhibits not 

only the amyloid pathology but also neuron loss in large neurons from the deep cortical layers, 

so, inglutamatergic ones [147]. Therefore, the expression of the inserted transgenes may be 

differently distributed, likely depending on the promoter, isoform, or other unknown factors.  
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Amyloid pathology is widely considered to trigger neuron death by exacerbating the 

inflammatory response. Several immune system-related molecules have been associated to 

this degenerative process and, in fact, many wide-scale studies are working in that sense [250]. 

For instance, the proinflammatory cytokine TNF-α may either protect cells against Aβ toxicity 

or activate neuron apoptosis. It is described that FAIM-L (Fas apoptotic inhibitory molecule-L) 

is reduced in those regions presenting amyloid pathology before the onset of 

neurodegeneration. This reduction in the expression of FAIM-L is associated with the 

subsequent neurodegeneration by modifying the inflammatory response mediated by TNF-α in 

neurons, switching cell protection to apoptosis induction [251, 252]. Besides, it has been 

reported that chronic neuronal TNF-α expression promotes inflammation and, ultimately, cell 

death [253]. In this sense, we wondered if any of the brain phagocytic cells, such as microglia 

or astroglia, were overexpression g inflammatory factors, that is activated, in 5-month old 

3xTg-AD mice, as other publications reported at 6-months of age, but this was not the case 

[254].  

The increasing tendency to consider AD as an immunologic disease more than as a neurologic 

one puts an additional spotlight on the peripheral system. Some authors have claimed that a 

peripheral immune response precedes AD pathology since, apart from the severe alterations 

observed in aged 3xTg-AD mice (such as hepatomegaly, elevated serum levels of anti-

nuclear/anti- dsDNA antibodies, low hematocrit, increased number of double-negative T 

splenocytes, and thymic atrophy), splenomegaly is detected as earlier as 2 months of age  

In a preliminary assessing of some peripheral organs potentially involved in Aβ clearance, we 

have also observed a quite significant splenomegaly in the 3xTg-AD mice at 5-months of age, 

concurring with an enlargement of the red pulp. This interestingly fits with the erythrocyte-

mediated Aβ clearance via immune adherence, recently proposed [205, 206], since Aβ 

overproduction in the 3xTg-AD mice could be faced, in turn, by an enhanced clearance of 

erythrocytes in the red pulp.  

Finally, the widely published behavioral and cognitive alterations, in both AD patients and 

transgenic models, are generally associated to Aβ accumulation [255, 256], synaptic disruption 

[257–259], and/or neuron atrophy and depletion [177, 178, 248] through the cerebral cortex, 

hippocampus, and amygdala. Indeed, it is described that Aβ accumulates at certain synapses in 

micromolar concentrations, and has the ability to bind to NMDA receptors, thus inducing the 

internalization and deregulation of the NMDA signaling pathway [260, 261]. 
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Intracellular amyloid pathology in 3xTg-AD was also directly related to the onset of behavioral 

and cognitive impairments [105], which are widely assessed in this model [106]. Despite the 

first conception about the late-onset of BPSD, these symptoms are currently demonstrated to 

already appear in the prodromal phases of human AD [262]. Curiously, anxiety-related 

behavior is reported to be exhibited by 3xTg-AD as earlier as at 2-3 months of age, preceding 

the typical pathology once more and coinciding with the initial alterations in the peripheral 

immune system [203]. This concurs with our results, which showed an important behavioral 

disturbance, in the form of neophobia, reduced exploratory activity, and anxiety-like behavior 

at 5 months of age, and increased over time. Regarding to the cognition, spatial learning and 

long-term memory impairments were observed in the MWM already at 5 months of age, 

supporting the previously described impairments in this model at 3-5 months of age [107], and 

increased as the disease progressed. 

 

2. ScFv-h3D6 AS A POTENTIAL THERAPY FOR AD 

 

Many efforts are focused on the searching of a disease-modifying therapy for AD. Targeting Aβ 

oligomers is one of the leading strategies in pharmacological research, especially by 

immunotherapy. Several monoclonal antibodies (mAbs) have been developed for such a 

purpose [212]. Bapineuzumab was the first mAb to reach phase III clinical trials, but it was 

discontinued in 2012 because adverse effects appeared [121]. The use of single-chain variable 

fragments (scFv) has been proposed to avoid those severe effects, which are supposed to be 

induced by the Fc portion of the mAbs via FcγR-dependent activation of microglia [190]. The 

anti-Aβ-oligomers single-chain antibody fragment scFv-h3D6, derived from bapineuzumab, has 

been shown as a potential tool for the treatment of AD. Firstly, it was demonstrated to avoid 

Aβ-induced cytotoxicity in SH-SY5Y neuroblastoma cell-cultures by withdrawing Aβ oligomers 

from the amyloid pathway to a non-toxic, worm-like pathway [120]. In addition, a single 

intraperitoneal dose of scFv-h3D6 to the 3xTg-AD mice ameliorated the first hallmarks of AD. 

Concretely, this single dose decreased Aβ oligomers, restored the concentrations of 

apolipoproteins E and J, protected from death deep cerebellar nuclei, and ameliorated some 

cognitive traits [124, 151]. 

Here, the effect of a punctual administration of scFv-h3D6 to the 3xTg-AD mice has been 

assesed. We focused on the early stages of the pathology (5-mo-old females) to facilitate the 
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detection of the disease-modifying action of scFv-h3D6. Intracellular amyloid pathology was 

evaluated in those involved cellular populations from the cerebrum, so large neurons from the 

deep cerebral cortex, cells from the pyramidal cells layer from the hippocampal CA3, and 

macroneurons from the basolateral amygdalar nucleus. We observed a strong reduction in the 

amyloid pathology in terms of both the percentage of cells involved and their Aβ burden. 

These results concur with the scFv-h3D6-mediated reduction in soluble Aβ oligomers from the 

extracellular fraction, already observed in previous in vivo studies from our group, and extend 

the effect to the intracellular compartment [126]. Besides, cell densities of the hippocampal 

and amygdalar populations increased with the treatment, suggesting that scFv-h3D6 

prevented neuron loss by reducing intracellular Aβ. However, further studies are needed to 

conclusively decipher if the cell depletion observed in 3xTg-AD mice corresponds to a neuronal 

death-related process [147, 253, 263] or an impaired neurogenesis [264, 265], since both 

processes have been described in some transgenic models of AD, such as the 3xTg-AD mice. 

However, the scFv-h3D6-mediated preservation has been interpreted in terms of cell loss 

because it is evident that it precludes the Aβ peptide-induced neuron death in cell cultures 

[120, 122]. 

 

Besides, a first insight into the safety of scFv-h3D6 treatment was also performed, in terms of 

neuroinflammation and histology of some peripheral organs. No side effects were detected, as 

assessed by astro- or microglial activation. Brain TNF-α levels were slightly increased in the 

treated 3xTg-AD mice, but not in the treated-NTg controls, suggesting its involvement in the 

protective mechanism rather than constituting an adverse effect [252]. Regarding to the 

peripheral organs, the only significant difference found was an even more evident 

splenomegaly in the treated 3xTg-AD, coinciding, in this case, with the enlargement of the 

white pulp. This evidence concurs with the reported proposal about the erythrocyte-mediated 

Aβ clearance [206], above mentioned, which is also related to Aβ-immunotherapy [208]. The 

authors evidenced that the deficient complement-mediated Aβ clearance in AD is enhanced by 

immunotherapy, since Aβ antibodies dramatically potentiate complement activation and 

opsonization of Aβ by either erythrocytes and/or macrophages. Hence, the white pulp 

enlargement could correspond to the overproduction of macrophages (Has trobat un augment 

de macròfags?. crec que NO. to mediate the clearance of the Aβ/antibody complex from the 

peripheral circulation.  
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Furthermore, the therapeutic potential of scFv-h3D6 on behavioral and cognitive impairments 

was assessed after a single-dose of scFv-h3D6, in 5-mo-old 3xTg-AD mice and, also, on a 

chronic monthly treatment from 5 to 9 months of age. The original version of the scFv-h3D6 

(WT) was compared to its best thermodynamically stabilized variant (EL). Any of both 

molecules was able to reverse the BPSD-like symptoms of this model, probably because the 

amygdala (the most involved brain region in anxiety- and fear-like symptoms [266]) was the 

strongest affected region and, so, it was not recovered enough by the treatment. However, 

concerning to the cognitive impairment, an amelioration of the spatial learning and long-term 

memory was found in the MWM paradigm. The beneficial effect of the treatment was already 

evident in 5-mo-old mice, and was maintained up to 9 months of age. Interestingly, the results 

obtained after a single dose of scFv-h3D6-WT were greater than with the EL version, though 

the effects of both molecules were similar after 5 administrations, probably because an 

accumulative effect. This concurs with the results from a parallel analysis performed by a 

colleague from our group, in which cortical levels of Aβ42 were determined by ELISA 

quantification in young 3xTg-AD mice (5 months of age), after a single administration of scFv-

h3D6-WT or -EL, and in old mice (12 months of age), after a 7-mo-long chronic treatment 

[267]).( 

Finally, we performed a preliminary approach to the scFv-h3D6 pharmacokinetics to further 

understand the mechanism underlying the protective effect of the scFv-h3D6. Results suggest 

that scFv-h3D6 is absorbed from the peritoneal cavity to the central system and distributed by 

following a compartmental model. Blood concentrations of scFv-h3D6-WT and -EL molecules 

were compared over time, evidencing a shorter half-life but a rather higher absorption for the 

WT version. Interestingly, scFv-h3D6 crosses the BBB and, once in the brain it may be engulfed 

by glial cells or internalized in neurons. Aβ/scFv-h3D6 complex observed within neurons would 

be extruded to the extracellular compartment and subsequently engulfed by glial cells. 

Noteworthy, both scFv-h3D6 alone and the Aβ/scFv-h3D6 complex were observed in the 

endothelial cells of the blood vessels at the early and late post-injection phases, respectively. 

This suggests the scFv-h3D6 influx to, as well as some Aβ/scFv-h3D6 efflux from, the central 

nervous system.  
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The general conclusions from this thesis are:  

- The 3xTg-AD mouse model reproduces intracellular amyloid pathology and neuron 

depletion, as well as the altered functional phenotype in terms of BPSD-like symptoms and 

cognitive impairment. Besides, non-alcoholic steatosis was detected in the liver 

parenchyma and, interestingly, this model presents red pulp-associated splenomegaly. 

  

- ScFv-h3D6 reduces the intracellular amyloid pathology and preserves cells from depletion 

in 3xTg-AD mice. In consonance, the cognitive impairment is ameliorated as well. The 

treatment with the original version (WT) appears to be more efficient than that with a 

stabilized version (EL) after a single dose, but the effects are similar after a chronic 

treatment for 5 months. This is, probably so because the lower absorption, albeit longer 

half-life, of the EL version. ScFv-h3D6 crosses the BBB and promotes Aβ clearance, 

probably by the glial-mediated clearance by the Aβ/scFv-h3D6 complex.  

 

The specific conclusions obtained from each Chapter of this thesis are detailed as follows:  

Chapter 1: Intracellular Aβ/APP correlates with neurodegeneration in those neuronal 

populations early involved in Alzheimer’s disease.  

1. The neuron populations affected by the intracellular amyloid pathology in 5-months-old 

3xTg-AD females are glutamatergic. These are the large pyramidal neurons from the deep 

layers of the cerebral cortex, the pyramidal neurons from the region I and II-III from the 

Cornus Ammonis, the large neurons from the basolateral amygdalar nucleus, and the 

macroneurons from the deep cerebellar nuclei.  

 

2. The intracellular distribution of the Aβ peptide consists on discrete accumulations, mostly 

corresponding to endosomes or vesicular bodies. 

 

3. Neuron loss in 5-months-old 3xTg-AD females significantly occur on those neuronal 

populations more affected by the amyloid pathology (detailed in conclusion 1). 

 

4. The intracellular amyloid load strongly correlates with the percentage of neuron depletion 

in those evidently affected neuron populations.  
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5. Both astro- and microglia intimately contribute, somehow, to the amyloid pathology by 

wrapping Aβ-containing cells.  

 

6. Five-months-old 3xTg-AD females exhibited a pronounced anxious-like behavior and 

cognitive impairment when compared to the NTg mice.  

 

Chapter 2: ScFv-h3D6 prevents neuron loss and improves cognitive impairment in young 

3xTg-AD females by reducing intracellular Aβ  

 

1. A single intraperitoneal dose of 100 µg of scFv-h3D6 promoted the intracellular Aβ 

clearance, by reducing both the percentage of immunoreactive cells and the intracellular 

Aβ burden. 

 

2. The treatment resulted in a significant prevention of neuron depletion that correlated with 

intracellular Aβ clearance.  

 

3. No adverse inflammatory effects were detected in the nervous tissue from treated NTg 

and 3xTg-AD mice, as assessed by astro- and microglia evaluation, and TNF-α levels. 

 

4. Non-alcoholic steatosis was observed in the liver of 3xTg-AD mice, which was not reversed 

by the treatment.  

 

5. The 3xTg-AD mice showed splenomegaly, with an enlarged red pulp. No other alterations 

were found in kidneys or spleen. 

 

6. The size of the white pulp from 3xTg-AD mice, but not from the NTg ones, was quite 

increased by the treatment, pointing to a putative peripheral mechanism for the clearance 

of the Aβ/scFv-h3D6 complex. 

 

7. The treatment was ineffective in preventing the anxious-like behavior exhibited by the 

3xTg-AD mice, but succeed in ameliorating the cognitive abilities.  

 

Chapter 3: Pharmacokinetics of scFv-h3D6 and first approach to its action mechanism 
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1. Both scFv-h3D6-WT and -EL presented a double positive peak on the time-concentration 

profile in plasma, suggesting a compartmental model of distribution. 

 

2. ScFv-h3D6-WT presented an enhanced absorption from the intraperitoneal cavity to blood 

compared to the -EL version.  

 

3. Albeit its absorption was not efficient, scFv-h3D6-EL exhibited a longer half-life than scFv-

h3D6-WT. 

 

4. ScFv-h3D6 crosses the blood-brain barrier. The maximum concentration in the nervous 

tissue occurred ~1h p.i. and was concomitant with the presence of scFv-h3D6 in the blood 

vessels wall. 

 

5. ScFv-h3D6 may be internalized by cells. The first notable internalization process occurred 

in between 1-5h p.i. and the second one at ~48h p.i. 

 

6. ScFv-h3D6 and Aβ co-localize in the perikarion. During the early p.i. phase, scFv-h3D6 was 

engulfed by glial cells and internalized into Aβ-containing neurons. However, at the late 

p.i. phase this was mainly the case for small-body cells. 

 

7. TNF-α presented a pronounced peak at ~1h p.i., concomitant with the first maximum in 

concentration of scFv-h3D6 in plasma and nervous tissue, and with the first decline in Aβ 

levels, which could be indicative of an initial immune response to the treatment.  

 

Chapter 4: Interaction among ageing, training, and immunotherapy on behavioral and 

cognitive impairments in the 3xTg-AD mouse model of Alzheimer’s disease 

 

1. BPSD-like symptoms were already evident in 5-mo-old 3xTg-AD mice, in the form of 

neophobic response (CT) and reduced exploratory activity (OFT).  

 

2. The exploratory activity of both NTg and 3xTg-AD mice decreased over the longitudinal 

study probably because of habituation.  

 

3. The swimming speed (MWM) by the 3xTg-AD mice was faster than by the NTg ones along 

the study, supporting the anxious-like behavior in the model.  
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4. The 3xTg-AD mice exhibited similar learning profiles in the MWM from 5 to 9 months of 

age.  

 

5. The learning profile of the NTg mice was almost negligible at 5 months of age, but 

improved over time.  

 

6. The long-term spatial memory in the 3xTg-AD mice was impaired compared to the NTg 

ones, but both showed an improvement of memory over ages.  

 

7. The learning abilities of the NTg mice were emphasized in the reversal MWM, but were 

weakened over age. In the case of the 3xTg-AD mice, learning was only observed at 5 

months of age.  

 

8. The effects of scFv-h3D6 treatment were almost negligible on the BPSD-like symptoms of 

3xTg-AD, but amelioration of the cognitive impairment was evident.  
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SUPPLEMENTARY FIGURES 

 

 

 

 

Supplementary Figure 1. Non-alcoholic steatosis in 5-mo-old 3xTg females and hepatic function. 

Lipid droplets were observed by the hematoxylin-eosin staining in the hepatic tissue from the 3xTg 

mice, and confirmed by Sudan III staining of cryopreserved sections (A). Scale bar, 50 µm. Plasma 

levels of AST and ALT are represented as markers of the hepatic function (B). No significant 

differences were found (U-test) among groups. NTg/-, untreated non-transgenic mice; NTg/+, 

treated non-transgenic mice; 3xTg/-, untreated 3xTg-AD mice; and 3xTg/+, treated 3xTg-AD ones. 

Values are represented by medians within box plots and whiskers represent maximum and 

minimum values (n=5).

B 

A 
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Supplementary Figure 2. Mean swimming speed in the MWM.  The plot represents the mean 

swimming speed over the five acquisition stages in 5-, 7- and 9-months-old non-transgenic (NTg, in 

green) and triple-transgenic (3xTg, in red) mice. Values are represented by means and error bars 

correspond to the SEM. * indicates significant differences with p≤0.05, ** p≤0.01, *** p≤0.001, and 

**** p≤0.0001. Swimming speed in each group did not significantly vary over the acquisition stages 

in any of the ages tested, but differences were evident between both groups in all the stages. 
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SUPPLEMENTARY TABLES 

 

Neuronal population 
Intracellular Aβ/APP 

burden 

  

Olfactory bulb  

Main olfactory bulb  

Glomeruli1 - 

Mitral cells -/+ 

Granular cells - 

Neocortex  

Large pyramidal neurons  +++ 

Calretinin-ir neurons - 

Hippocampus  

Cornus Ammonis  

CA1 PCL cells  +++ 

CA2-3 PCL cells +++ 

Dentate Gyrus  

GCL cells +/- 

Amygdala  

Basolateral amygdalar nucleus   

Large pyramidal neurons +++ 

Cerebellum  

Cerebellar cortex  

Paravermal Purkinje neurons -/+ 

Paravermal granular cells  - 

Deep cerebellar nuclei  

Fastigial macroneurons ++ 

Interpositus macroneurons ++ 

Dentate macroneurons ++ 

 

Supplementary Table 1. Semi-quantification of the intracellular Aβ/APP burden in the olfactory 

bulb, neocortex, hippocampus, amygdala and cerebellum. Structures, regions and neuronal 
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populations analyzed. CA1 and CA2-3, regions 1 and 2-3, from the Cornus Ammonis. PCL, pyramidal 

cells layer. GCL, granular cells layer. The second column contains the intracellular Aβ/APP burden 

measured by fluorescent intensity. Symbols represent the different intensity gradients of relative 

fluorescent signal: -, no signal; -/+, ambiguous; +, faint; ++, medium; +++, strong intensity.1 

Glomeruli is an exception from the neuronal categorization, since it is an interneuronal connection 

structure. 
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Neuronal population  
Neuronal density  

p value 
NTg 3xTg-AD 

    

Olfactory bulb    

Glomeruli1 112 (10) 104 (4.3) 0.345 

Mitral cells2 34.0 (6.3) 34.2 (3.9) 0.657 

Granular cells 9358 (509) 9231 (700) >0.999 

    

Neocortex    

NFH-ir large pyr neurons  19.4 (2.5) 15.8 (2.0) 0.029 

Calretinin-ir neurons 10.3 (3.3) 15.2 (2.0) 0.114 

    

Hippocampus    

Cornus ammonis    

CA PCL cells 4118 (259) 3811 (539) 0.343 

CA1 PCL cells  5045 (514) 4765 (592) 0.343 

CA2-3 PCL cells 3107 (371) 2790 (136) 0.057 

Dentate Gyrus    

GCL cells 11428 (521) 10002 (1088) 0.200 

    

Amygdala    

BLA nucleus     

Large pyramidal neurons 1293 (455) 757 (419) 0.029 

    

Cerebellum3    

Cerebellar cortex    

Paravermal Purkinje neurons2 27.8 (0.8) 28.2 (1.2) 0.200 

Paravermal granular cells  15075 (1935) 16552 (968) 0.114 

DCN    

Fastigial macroneurons 89.7 (8.5) 60.7 (0.9) 0.029 

Interpositus macroneurons 56.7 (3.2) 44.5 (4.9) 0.029 

Dentate macroneurons 65.2 (13) 52.4 (17) 0.486 

 



Supplementary material 

178 
 

Supplementary Table 2. Neuronal quantifications in the olfactory bulb, neocortex, hippocampus, 

amygdala and cerebellum. Structures, regions and neuronal populations analyzed. Neuronal 

quantifications are normalized by area and expressed by cell densities (cells/mm2). Values are 

indicated as median (IQR). p values resulted from the non-parametric Mann-Whitney U-test. NFH, 

neurofilament H. CA, Cornus Ammonis; CA1 or CA2-3, Cornus Ammonis region 1 or 3, respectively. 

PCL, pyramidal cells layer. NeuN-ir, neuronal nuclear marker immunoreactive. GCL, granular cells 

layer. BLA nucleus, basolateral amygdalar nucleus. DCN, deep cerebellar nuclei. 1 Glomeruli is an 

exception from the neuronal categorization, since it is an interneuronal connection structure. 2 

Neuronal populations arranged as a monolayer of cells (length in mm expressed instead of area, 

and density expressed as cells/mm). 3 Data already published in [151]. 
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 NTg 3xTg-AD p value 

    

Corner test    

Horizontal activity    

Corners visits (n) 11.5 (1.8) 10.5 (2.0) 0.724 

Corners latency (s) 3.10 (0.5) 0.65 (2.7) 0.048 

Vertical activity     

Rearings (n) 4.25 (2.1) 4.00 (0.5) 0.835 

Rearings latency (s) 10.5 (3.8) 12.0 (5.1) 0.616 

 

Open-field test    

Horizontal activity    

Entries to the center (n) 39.0 (17) 25.0 (29) 0.037 

Total distance traveled (m) 46.1 (16) 18.6 (6.4) <0.001 

Distance in the center (m) 6.22 (2.0) 4.11 (1.5) 0.017 

Distance in the periphery (m) 40.02 (13.4) 15.89 (5.5) <0.001 

Distance ratio center/periphery 0.160 (0.03) 0.230 (0.17) 0.209 

Vertical activity     

Rearings (n) 71.5 (23) 12.0 (7.0) <0.001 

Rearings latency (s) 17.0 (15) 58.0 (54) 0.010 

Other emotional behaviors    

Self-groomings (n) 4.50 (1.8) 3.00 (1.0) 0.034 

Self-groomings latency (s) 111 (111) 276 (200) 0.017 

Defecations (n) 2.50 (3.3) 3.00 (3.3) 0.359 

 

Supplementary Table 3. BPSD-like symptoms. Parameters (units of measurement) analyzed by the 

CT and OFT. Values are expressed by median (IQR). p values resulted from the non-parametric 

Mann-Whitney U-test. 
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 NTg 3xTg-AD p value 

    

Novel object recognition test    

General exploration (AA’)    

Total explorations (n) 19.5 (6.8) 6.00 (7.5) <0.001 

Exploration time (s) 21.7 (7.4) 3.46 (9.6) 0.001 

Distance traveled (m)  16.2 (3.1) 4.48 (5.4) <0.001 

General exploration (AB)    

Total explorations (n) 18.5 (8.5) 4.00 (4.5) 0.005 

Exploration time (s) 42.1 (19) 1.35 (2.6) 0.002 

Distance traveled (m)  9.04 (4.4) 1.62 (3.1) <0.001 

Familiarization (AA’)    

Time exploring A (s) 9.87 (3.6) 1.06 (5.0) 0.002 

Time exploring A’ (s) 10.9 (3.6) 1.06 (5.0) 0.011 

Discrimination index 0.08 (0.1) -0.12 (0.9) 0.063 

Recognition (AB)    

Time exploring A (s) 4.83 (5.3) 0.83 (2.3) 0.007 

Time exploring B (s) 36.9 (22) 0.28 (0.7) 0.001 

Discrimination index 0.72 (0.2) 0.03 (0.7) 0.004 

 

Supplementary Table 4. Novel object recognition test. Parameters (units of measurement) 

analyzed by the novel object recognition test (NORT) in both familiarization and recognition 

phases. Values are expressed by median (IQR). p values resulted from the non-parametric Mann-

Whitney U-test. 
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Parameters NTg/- 3xTg/- 3xTg/+ 

    

Corner test    

Horizontal activity    

Corners visits (n) 10.0 (4.5) 13.0 (3.5)* 14.0 (5.3)** 

Latency of the first visit (s) 2.90 (4.6) 2.60 (3.6) 1.75 (1.6) 

Vertical activity     

Rearings (n) 3.00 (1.5) 3.00 (1.5) 2.50 (1.3) 

Latency of the first rearing (s) 16.5 (17) 15.0 (10) 14.0 (7.0) 

    

Open-field test    

Horizontal activity    

Entries to the center (n) 31.5 (10) 11.5 (6.3)* 11.0 (19)* 

Total distance travelled (m) 38.3 (11) 15.8 (4.5)** 15.7 (9.0)* 

Distance in the center (m) 5.22 (1.7) 2.37 (1.6)* 2.07 (4.0)* 

Distance in the periphery (m) 33.1 (10) 13.1 (3)*** 13.5 (5.6)** 

Distance ratio center/periphery 0.18 (0.1) 0.15 (0.1) 0.12 (0.2) 

Vertical activity    

Rearings (n) 45.5 (21) 14.5 (9.0)** 15.0 (7.8)** 

Latency of the first rearing (s) 33.0 (21) 107 (89)** 129 (123)** 

Other emotional behaviors    

Self-groomings (n) 3.00 (0.5) 4.50 (2.3)# 3.50 (2.5) 

Latency of the first self-grooming (s) 200 (131) 179 (60) 217 (145) 

Defecations (n) 5.00 (4.8) 2.50 (2.3) 2.00 (3.3) 

 

Supplementary Table 5. BPSD-like symptoms in the CT and OFT 5 days after the treatment. ScFv-

h3D6 was assessed in terms of neophobia, exploration and other emotional behaviors by the 

corner test (CT) and the open-field test (OFT). The analyzed parameters are detailed in the left 

column. NTg/-, untreated non-transgenic mice; 3xTg/-, untreated 3xTg-AD mice; and 3xTg/+, 

treated 3xTg-AD ones. Values are expressed by medians with interquartile ranges. Statistical 

differences were assessed with the non-parametric U-test.  # Marginally significant differences with 

P≤0.1, * Significant differences with P≤0.05, ** P≤0.01, and *** P≤0.001 compared to the NTg/- 

mice; no differences to the 3xTg/- ones were found.  
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Parameters NTg/-a 3xTg/-a 3xTg/+ 

    

General exploration (AA’)    

Total explorations (n) 19.5 (6.8) 6.00 (7.5)*** 4.50 (3.3)*** 

Exploration time (s) 21.7 (7.4) 3.46 (9.6)** 2.45 (3.8)*** 

Distance traveled (m) 16.2 (3.1) 4.48 (5.4)**** 6.75 (3.8)**** 

General exploration (AB)    

Total explorations (n) 18.5 (8.5) 4.00 (4.5)** 2.00 (11)*** 

Exploration time (s) 42.1 (19) 1.35 (2.6)** 0.50 (5.1)**** 

Distance traveled (m) 9.04 (3.1) 1.62 (2.6)*** 1.83 (3.6)*** 

Familiarization (AA’)    

Time exploring A (s) 9.87 (3.6) 1.06 (5.0)** 1.71 (2.8)*** 

Time exploring A’ (s) 10.9 (3.6) 1.06 (5.0)*** 0.99 (1.4)*** 

Discrimination index -0.08 (0.1) -0.12 (0.9)# 0.02 (0.5) 

Recognition (AB)    

Time exploring A (s) 4.83 (5.3) 0.83 (2.3)** 0.13 (2.0)** 

Time exploring B (s) 36.9 (22) 0.28 (0.7)** 0.22 (3.2)**** 

Discrimination index 0.72 (0.2) 0.03 (0.7)** 0.00 (0.2)** 

 

Supplementary Table 6. Novel object recognition test. Exploration- and recognition-related 

parameters analyzed by the novel object recognition test (NORT) in both familiarization (AA’) and 

recognition (AB) stages are detailed in the left column. NTg/-, untreated non-transgenic mice; 

3xTg/-, untreated 3xTg-AD mice; and 3xTg/+, treated 3xTg-AD ones. Values are expressed by 

medians with interquartile ranges. Statistical differences were assessed with the non-parametric U-

test. # Marginally significant differences with P≤0.1, ** Significant differences with P≤0.01, *** 

P≤0.001, and **** P≤0.0001 compared to the NTg/- mice; no differences to the 3xTg/- ones were 

found. a Data from the Chapter 1 and shown here for comparative proposes. 
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 NTg/- 3xTg/- 3xTg/WT 3xTg/EL 

     
Horizontal activity     
Distance traveled (m)     
5-mo-old 1.53 ± 0.14 1.90 ± 0.15#A 2.29 ± 0.20**A 2.06 ± 0.23 
7-mo-old 0.96 ± 0.06 0.51 ± 0.11*A 0.56 ± 0.16#A 1.09 ± 0.18*B;#C 
9-mo-old 0.50 ± 0.13 0.49 ± 0.16 0.49 ± 0.13 0.65 ± 0.14 
Corner visits (n)     
5-mo-old 11.00 ± 0.68 10.80 ± 0.77 12.10 ± 1.08 10.00 ± 1.01 
7-mo-old 6.50 ± 0.37 2.4 ± 0.69***A 3.10 ± 0.88**A 4.80 ± 1.12 
9-mo-old 5.20 ± 0.85 2.63 ± 0.58*A 2.70 ± 0.65*A 3.80 ± 0.81 
Corner latency (s)     
5-mo-old 3.37 ± 0.63 1.76 ± 0.75*A 1.15 ± 0.41**A 3.62 ± 1.08 
7-mo-old 1.95 ± 0.43 10.67 ± 3.64 10.67 ± 3.77 3.99 ± 1.56#C 
9-mo-old 1.94 ± 0.67 5.50 ± 2.43 4.88 ± 2.39 7.39 ± 3.53 
Time in the corner (s)     
5-mo-old 10.56 ± 0.66 10.25 ± 1.12 9.26 ± 1.17 7.64 ± 0.65**A;#B 
7-mo-old 10.52 ± 1.08 5.99 ± 1.78 4.70 ± 1.43**A 7.98 ± 1.59 
9-mo-old 9.08 ± 1.77 8.20 ± 2.93 7.71 ± 1.86 6.95 ± 1.68 
     
Vertical activity     
Rearings (n)     
5-mo-old 4.15 ± 0.49 4.20 ± 0.51 3.70 ± 0.83 3.85 ± 0.48 
7-mo-old 4.00 ± 0.45 2.67 ± 1.01#A 1.00 ± 0.33***A 2.60 ± 1.07 
9-mo-old 2.80 ± 0.89 0.38 ± 0.24*A 0.40 ± 0.16*A 1.30 ± 0.50#B 
1st rearing latency (s)     
5-mo-old 0.13 ± 0.02 0.13 ± 0.02 0.12 ±0.03 0.14 ± 0.02 
7-mo-old 7.30 ± 1.24 18.00 ± 3.72 23.00 ± 2.53***A 21.30 ± 3.26**A 
9-mo-old 12.30 ± 3.18 25.88 ± 2.43**A 25.40 ± 2.76*A 22.40 ± 2.96#A 
     
Other emotional behaviors     
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Immobility time (s)     
5-mo-old 0.92 ± 0.50 0.65 ± 0.43 0.53 ± 0.35 0.50 ± 0.34 
7-mo-old 6.06 ± 1.30 17.18 ± 2.00***A 18.54 ± 3.21**A 11.45 ± 2.21#A;#B 
9-mo-old 12.73 ± 2.75 20.59 ± 2.50#A 22.06 ± 1.46*A 19.31 ± 2.60#A 
Mean speed (m/s)     
5-mo-old 0.05 ± 0.00 0.06 ± 0.01#A 0.07 ± 0.01**A 0.07 ± 0.01 
7-mo-old 0.17 ± 0.01 0.09 ± 0.02*A 0.10 ± 0.03#A 0.20 ± 0.03*B;#C 
9-mo-old 0.15 ± 0.02 0.09 ± 0.03 0.09 ± 0.02#A 0.12 ± 0.03 
Mean speed in movement (m/s)     
5-mo-old 0.05 ± 0.01 0.06 ± 0.01 0.07 ± 0.01**A 0.07 ± 0.01#A 
7-mo-old 0.22 ± 0.01 0.19 ± 0.03 0.26 ± 0.08 0.33 ± 0.05*A;**B 
9-mo-old 0.27 ± 0.03 0.20 ± 0.05 0.31 ± 0.03 0.31 ± 0.05 
Defecations (boli)     
5-mo-old 0.40 ± 0.22 0.30 ± 0.21 0.20 ± 0.13 0.70 ± 0.30 
7-mo-old 1.00 ± 0.26 0.56 ± 0.28 0.50 ± 0.22 0.50 ± 0.27 
9-mo-old 0.80 ± 0.20 0.25 ± 0.15 0.00 ± 0.00**A 0.30 ± 0.15 

 
Supplementary Table 7. Corner test data. Values are expressed by means and SEM. # indicates the marginally significant differences with p≤0.1, * significant 

differences with p≤0.05, ** p≤0.01, *** p≤0.001, and **** p≤0.0001. A refers to NTg/- mice, B refers to the 3xTg/- mice and C refers to the 3xTg/WT mice. 
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 NTg/- 3xTg/- 3xTg/WT 3xTg/EL 

     

Horizontal activity     

Total distance traveled (m)     

5-mo-old 46.87 ± 3.54 19.36 ± 2.79****A 24.30 ± 2.88***A 35.55 ± 8.75**A;#B 

7-mo-old 22.49 ± 2.88 12.94 ± 3.75*A 9.23 ± 1.82***A 13.90 ± 3.21*A 

9-mo-old 17.54 ± 3.07 10.43 ± 2.05 12.74 ± 2.75 14.26 ± 2.33 

Entries to the center (n)     

5-mo-old 41.70 ± 5.32 23.50 ± 4.92*A 26.60 ± 5.73#A 39.20 ± 9.28 

7-mo-old 22.00 ± 2.77 13.20 ± 4.86*A 12.3 ± 3.81*A 20.8 ± 4.59 

9-mo-old 15.6 ± 2.76 15.25 ± 4.64 14.10 ± 4.29 15.4 ± 4.10*A;* C 

Distance in the center (m)     

5-mo-old 6.61 ± 0.58 3.68 ± 0.73**A 4.02 ± 0.88*A 6.39 ± 1.70 

7-mo-old 2.85 ± 0.45 2.10 ± 0.82#A 1.57 ± 0.52*A 2.91 ± 0.78 

9-mo-old 1.93 ± 0.31 1.58 ± 0.45 1.91 ± 0.58 2.26 ± 0.59 

Distance in the periphery (m)     

5-mo-old 40.26 ± 3.08 15.49 ± 2.20****A 20.29  ± 2.34***A 29.16 ± 7.15**A;*B 

7-mo-old 19.65 ± 2.52 10.83 ± 3.06 7.66 ± 1.32 10.99 ± 2.54*A;* C 

9-mo-old 15.61 ± 2.82 8.86 ± 1.61 10.84 ± 2.22 12.00 ± 1.78 

Ratio center/periphery (dist)     

5-mo-old 0.17 ± 0.01 0.24 ± 0.04 0.20 ± 0.03 0.21 ± 0.02 

7-mo-old 0.15 ± 0.01 0.23 ± 0.05 0.17 ± 0.03 0.25 ± 0.5 

9-mo-old 0.13 ± 0.02 0.15 ± 0.03 0.16 ± 0.03 0.17 ± 0.02 

Time in the center (s)     

5-mo-old 76.75 ± 9.03 93.07 ± 23.87 75.20 ± 17.30 90.31 ± 32.33 

7-mo-old 50.66 ± 7.40 159.5 ± 46.4 52.46 ± 17.91 179.3 ± 49.20*A;* C 
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9-mo-old 38.99 ± 7.74 57.98 ± 25.95 68.30 ± 23.00 87.35 ± 30.06 

Time in the periphery (s)     

5-mo-old 823.3 ± 9.04 723.2 ± 78.2 824.7 ± 17.3 809.6 ± 32.3 

7-mo-old 849.3 ± 7.39 740.2 ± 46.34*A 847.5 ± 17.9***A 702.7 ± 49.1**A 

9-mo-old 861.01 ± 7.73 841.98 ± 25.94 831.7 ± 23.0 812.56 ± 30.06 

Ratio center/periphery (time)     

5-mo-old 0.09 ± 0.01 0.15 ± 0.04 0.10 ± 0.02 0.13 ± 0.06#A 

7-mo-old 0.06 ± 0.01 0.27 ± 0.10 0.07 ± 0.02 0.25 ± 0.12*A;* C 

9-mo-old 0.05 ± 0.01 0.08 ± 0.04 0.09 ± 0.03 0.12 ± 0.05 

     

Vertical activity     

Rearings (n)     

5-mo-old 73.20 ± 6.28 14.78 ± 3.22****A 14.50 ± 2.25****A 17.90 ± 3.03****A 

7-mo-old 35.60 ± 7.26 6.60 ± 1.75****A 3.80 ± 0.89****A 5.70 ± 1.40****A 

9-mo-old 26.50 ± 6.36 3.57 ± 1.09**A 5.10 ± 1.33**A 6.30 ± .71*A 

1st rearing latency (s)     

5-mo-old 18.70 ± 3.10  64.89 ± 13.50*A 54.40 ± 14.48#A 26.30 ± 6.74*B;#C 

7-mo-old 18.20 ± 4.36 360.9 ± 124.8***A 243.3 ± 57.1****A 181.8 ±43.9***A 

9-mo-old 123.4 ± 87.7 269.1 ± 48.9*A 314.9 ± 105.1*A 140.9 ± 25.4*A 

     

Other emotional behaviors     

Immobility time (s)     

5-mo-old 116.8 ± 38.44 304.95 ± 84.19 215.27 ± 88.67 281.94 ± 85.62 

7-mo-old 229.41 ± 80.38 459.06 ± 107.27 310.07 ± 127.14 344.58 ± 116.60 

9-mo-old 364.31 ± 108.38 285.86 ± 125.45 525.6 ± 115.84 281.23 ± 117.79 

Mean speed     

5-mo-old 0.05 ± 0.00 0.02 ± 0.00****A 0.03 ± 0.00***A 0.04 ± 0.01*A;#B 

7-mo-old 0.03 ±0.00 0.01 ± 0.00*A 0.01 ± 0.00***A 0.02 ± 0.00*A 
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9-mo-old 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 

Mean speed in movement (m/s)     

5-mo-old 0.06 ± 0.01 0.04 ± 0.01#A 0.04 ± 0.01 0.06 ± 0.01 

7-mo-old 0.04 ± 0.01 0.04 ± 0.01 0.05 ± 0.01#B 0.03 ± 0.01 

9-mo-old 0.04 ± 0.01 0.02 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 

Self-groomings (n)     

5-mo-old 4.30 ± 0.34 3.33  ± 0.73*A 2.90  ± 1.06#A 3.30 ± 0.75 

7-mo-old 3.90 ± 1.14 3.40 ± 0.75 2.40 ± 0.7*A 2.70 ± 0.72 

9-mo-old 5.10 ± 0.74 3.50 ± 0.54 3.10 ± 0.38#A 2.40 ± 0.64*A 

Self-groomings latency (s)     

5-mo-old 148.4 ± 39.3 265.4 ± 31.8*A 343.0 ± 98.8#A 365.1 ± 86.1*A 

7-mo-old 276.5 ± 71.1 381.7 ± 77.9 402.3 ± 94.1 385.3 ± 91.6 

9-mo-old 80.20 ± 12.76 177.4 ± 35.2*A 201.9 ± 32.0**A 397.1 ± 85.8****A;**B;*C 

Time on self-grooming (s)     

5-mo-old 7.20 ± 0.98 5.24 ± 0.95 6.07 ± 2.31 6.21 ± 1.78 

7-mo-old 7.35 ± 1.93 6.15 ± 1.63 5.10 ± 1.42 4.86 ± 1.46 

9-mo-old 8.77 ± 1.42 7.46 ± 0.94 7.05 ± 0.77 5.09 ± 1.39#A;#B;#C 

a vs. NTg/-; b vs. 3xTg/-; c ve. 3xTg/WT 
 

Supplementary Table 8. Open-field test data. Values are expressed by means and SEM. # indicates the marginally significant differences with p≤0.1, * significant 

differences with p≤0.05, ** p≤0.01, *** p≤0.001, and **** p≤0.0001. A refers to NTg/- mice, B refers to the 3xTg/- mice and C refers to the 3xTg/WT mice. 
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 NTg/- 3xTg/- 3xTg/WT 3xTg/EL 

     

Corner test     

Horizontal activity     

Distance traveled (m) 1.11 ± 0.05 1.22 ± 0.03 0.85 ± 0.05#B 1.32 ± 0.14 

Corner visits (n) 1.00 ± 0.15 0.57 ± 0.10 1.25 ± 0.13 0.63 ± 0.13 

Corner latency (s) 20.14 ± 1.42 22.34 ± 1.24 14.36 ± 1.57 21.8 ± 1.43 

Time in the corner (s) 1.38 ± 0.25 1.10 ± 0.19 7.83 ± 1.28 0.68 ± 0.16#C 

Other emotional behaviors     

Mean speed (m/s) 0.04 ± 0.00 0.04 ± 0.00 0.02 ± 0.00#B 0.04 ± 0.00 

Immobility time (s) 5.14 ± 0.44 8.36 ± 0.47 14.5 ± 0.91*A ,#B 10.98 ± 1.10 

     

Open-field test     

Horizontal activity     

Total distance traveled (m) 20.47 ± 0.81 9.36 ± 0.92*A 11.42 ± 1.43#A 16.08 ± 3.58*A 

Entries to the center (n) 19.50 ± 0.90 5.43 ± 0.62**A 5.25 ± 0.63**A 13.38 ± 2.75#A 

Distance in the center (m) 3.60 ± 0.19 0.88 ± 0.11**A 0.87 ± 0.11**A 2.16 ± 0.45*A 

Distance in the periphery (m) 16.87 ± 0.70 8.48 ± 0.81#A 10.55 ± 1.33 13.92 ± 3.13*A 

Ratio center/periphery (dist) 0.22 ± 0.01 0.10 ± 0.01**A 0.09 ± 0.01**A 0.26 ± 0.04#B 

Time in the center (s) 91.3 ± 7.48 62.41 ± 13.17*A 101.93 ± 13.57 104.18 ± 13.79 

Time in the periphery (s) 808.7 ± 7.48 837.59 ± 13.17*A 783.4 ± 15.81 795.8 ± 13.78 

Ratio center/periphery (time) 0.12 ± 0.01 0.09 ± 0.02*A 0.16 ± 0.03 0.15 ± 0.02 

Other emotional behaviors     

Mean speed 0.02 ± 0.00 0.01 ± 0.00*A 0.01 ± 0.00#A 0.03 ± 0.00*A 

Immobility time (s) 505.9 ± 13.8 762.2 ± 11.4**A 756.4 ± 12.3**A 739.0 ± 21.6*A 

Supplementary Table 9. CT and OFT performances in naïve 9-mo-old mice. Values are expressed by means and SEM. # indicates the marginally significant 

differences with p≤0.1, * significant differences with p≤0.05, ** p≤0.01, *** p≤0.001, and **** p≤0.0001. A refers to NTg/- mice, B refers to the 3xTg/- mice and C 

refers to the 3xTg/WT mica.
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