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Alzheimer’s disease (AD) is a devastating neurodegenerative disorder leading to 

dementia, affecting millions of individuals worldwide. Currently, there are no successful 

disease-modifying therapies, due to the complexity of biochemical alterations and risk 

factors leading to AD. One of the earliest alterations leading to AD is the synaptotoxic 

effect of amyloid beta oligomers (Ao). These oligomers are formed by the misfolding and 

subsequent aggregation of A, a cleavage product of the amyloid precursor protein (APP). 

Furthermore, compelling evidence suggests that an age-related failure of the protein quality 

control machinery could also contribute to the onset of AD, thus supporting the hypothesis 

that the main risk factor of late-onset AD is aging. Chaperones are critical components of 

the protein quality control machinery known to target misfolding proteins and to preserve 

cellular homeostasis. Here, we focused on the mitochondrial chaperone Hsp60, which is 

known to protect mitochondria from misfolded proteins. Evidence suggests that Hsp60 

directly interacts with APP/A in vitro, and this interaction could contribute to protecting 

mitochondria from A-induced damage. However, weather Hsp60 interacts with Ao thus 

preventing the downstream synaptic toxicity is still unknown. In the current work, we 

aimed to characterize the effect of Hsp60 on A aggregation and if Hsp60- Ao interaction 

could reduce the downstream toxic effect of Ao at the synapses. Using spectroscopy, 

atomic force microscopy and chromatographic techniques we characterized the effect of 

Hsp60 on the aggregation pathway of A. We further tested the effect of Hsp60 on 

naturally secreted Ao in vitro using immunocytochemistry, western blotting, and ELISA. 

As Ao are known to bind to the synapses, impair synaptic plasticity and cause synaptic 

toxicity, we also tested if the interaction between these two proteins contributed to a change 

of Ao conformation, thus resulting in a change of downstream toxicity. Overall, our 

findings support that Hsp60 effectively targets A, thus resulting in protection of Ao-

derived toxicity and propose Hsp60 as an attractive candidate for future therapies aiming 

in targeting Ao toxicity. 
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CHAPTER I. INTRODUCTION 

HISTORY AND PATHOPHYSIOLOGY OF ALZHEIMER’S DISEASE 

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder leading to 

dementia that was first discovered in the early 1900’s by Dr. Aloysius Alzheimer and 

collaborators [1]. The diagnosis of this first case of an “unusual case of psychiatric illness” 

in 1906 began a century-long research efforts aiming to elucidate the mechanisms of AD 

pathogenesis and to design successful disease-modifying therapies [2]. Despite this effort, 

any such therapies are still lacking [3,4]. 

The Alzheimer’s association reported that around 5.8 million Americans are 

affected by AD in 2019, with costs nearing 234 billion dollars per year [5,6]. In the USA 

alone, the number of new cases of AD is projected to increase by 2-fold every year, with 

16 million people affected by 2050. This makes AD the most common form of dementia 

worldwide [6–9]. As a consequence, the need for a resolving cure is of the utmost urgency 

and it is crucial to characterize the causative biological cascades that allow for the design 

of successful disease-modifying therapies. 

The lesions that characterize AD pathology are intracellular neurofibrillary tangles 

(NFT) and extracellular amyloid plaques [3,10]. NFT are large intracellular aggregates 

formed by the accumulation of misfolded and hyperphosphorylated tau protein, a protein 

of the MAP (microtubule-associated protein) family [11]. Amyloid plaques are large 

extracellular deposits mainly formed by insoluble fibers of amyloid beta peptides (A) 

[10]. A peptides are 39-43 residue sequences formed by the cleavage of the amyloid 

precursor protein (APP) [12]. Both NFT and amyloid plaques begin accumulating years 

(even decades) before the clinical manifestation of the disease along with key biochemical 

alterations [13,14]. 
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Recently, it has been revealed that amyloid plaques and NFT lesions correlate only 

partially to the onset of the disease, as further demonstrated by the cohort of individuals 

referred to as “non-demented with Alzheimer’s neuropathology” (NDAN) [15–19]. These 

individuals, while they are histopathologically indistinguishable from AD patients, 

cognitive abilities are entirely preserved. One possible explanation of this phenomenon is 

that although levels in A are increased in both AD and NDAN groups, the binding of A 

to post-synaptic termini is dramatically decreased in NDAN compared to AD individuals 

[16]. This critical discovery suggests the presence of specific mechanisms of resilience in 

NDAN individuals that protects against AD pathology. This finding also suggests the 

existence of complex pathways governing the progression of AD pathology [15,18]. 

As depicted in Figure 1.1, the biomolecular alterations associated with AD begin 

accumulating long before any clinical symptom occurs. One of the earliest alterations is 

the accumulation of A pathology, which precedes the accumulation of tau in the cerebral 

spinal fluid (CSF) (Figure 1.1). Both alterations occur during a pre-symptomatic stage of 

the disease and therefore before clinical symptoms become manifest [8]. 
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Figure 1.1 Alzheimer’s disease progression. 

Diagram representing the increase of AD-related biomarkers (biomarker abnormality) over 

time, expressed in years, during the disease progression from normal cognition to dementia. 

Data suggesting that up to 25 years before dementia can be diagnosed, the detection of A 

in the CSF (purple line) or by PET (positron emission tomography) imaging (red line) 

precedes the detection of tau in the CSF (light blue line), changes in MRI (magnetic 

resonance imaging) and FDG PET (fluorodeoxyglucose PET) profile (blue line) and 

cognitive impairment (green line). Adapted from Selkoe & Hardy, 2016 [8]. 

 

At later stages of its progression, AD is macroscopically characterized by massive 

cortex degeneration, affecting the limbic and paralimbic regions, and the frontal-parietal 

network, along with enlargement of ventricles (Figure1.2) [3,20]. 



21 

 

Figure 1.2. Brain changes in AD compared to healthy individuals. 

Pictogram of the gross (top) and microscopic (bottom of the figure) changes in AD brains 

(right panel) compared to a healthy brain (left panel), showing both cortical changes 

(shrinkage of cortex, enlarged ventricles, shrinkage of hippocampus) and accumulation of 

A (amyloid plaque) and tau deposits (tau tangles), along with damages and dying nerve 

cells. Adapted from Musiek 2015 [21]. 

 

Considering the most recent Diagnostic and Statistical Manual of Mental Disorders 

(DSM-IV), a positive diagnosis of Alzheimer’s disease is confirmed by the presence of 

cortical lesions and a definite impairment of short-term memory, along with at least one of 

the following symptoms: aphasia, apraxia, agnosia, or executive dysfunction. Further, 

lesions should not be related to any other medical conditions [22]. Despite progress in 

refining the diagnostic criteria, not only we have not found therapies to reverse AD 
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symptoms, we have not developed reliable ways to either abrogate or stop progression of 

the symptoms once they start [23–25]. 

AD is also characterized by high comorbidity with several other age-related 

diseases such as cardiovascular diseases, diabetes and age-related changes of the immune 

system, thus making AD a complex pathology [26–31]. It cannot be excluded that the onset 

of AD is triggered by a combination of biomolecular alterations, such as aging, protein 

misfolding, the impairment of protein quality control machinery and oxidative stress, along 

with several other factors [21,32]. 

An intriguing hypothesis is that A is responsible for a chain reaction that triggers 

aberrant protein aggregation, thus overloading and impairing the “protein quality control 

machinery”, which is already generally impaired as age progresses [3,33]. This 

phenomenon could precede neuronal dysfunction and subsequent neuronal death. 

Consequently, understanding the biological cascades responsible for the onset of 

AD is crucial for the design of successful therapies, and it will contribute to reducing the 

dramatic impact of Alzheimer’s disease to the society [1,34]. 

 

CLASSIFICATION OF AD PATHOLOGIES 

AD is classified in two main groups: familial and sporadic AD. Familial AD (fAD) 

is mainly caused by genetic factors and constitutes about 2-4 % of AD cases [20,35]. 

Interestingly, all mutations associated with the disease are related to the biological cascade 

controlling either the biosynthesis or the processing of APP [6,36,37]. These include 

mutations of the APP gene or genes encoding enzymes involved in APP processing, such 

as presenilin1 and presenilin2. Trisomy 21, the underlying cause of Down syndrome, is 

another genetic factor contributing to fAD (although, technically not following a frank 

“familial” recurrence pattern) pathology due to the location of the APP gene on 
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chromosome 21 [38,39]. Altogether these findings suggest a pivotal role of the APP/A  

cascade in the pathogenesis of AD pathology [8,40–42]. 

In contrast to fAD, factors responsible for sporadic AD (sAD) are complex and 

heterogeneous. The main genetic risk factor correlating with sAD is the presence of the 

ApoE 4 gene variant [37]. Recent reports showed that there are other possible genetic 

contributors to sAD, such as the TREM2, ABCA7, ADAMTS4 and ADAM10 genes. The 

role of genetic inheritance in sAD is not fully understood [43], and compelling evidence 

supports the major role of non-genetic factors in the disease onset [44,45]. 

 

RISK FACTORS 

fAD is mainly triggered by genetic factors, whereas sAD is mostly associated with 

non-genetic risk factors, with the main genetic risk factor for sAD being the presence of 

ApoE 4 allele [1]. 

Risk factors leading to the onset of fAD are mainly mutations involving APP or 

enzymes controlling the processing of APP (presenilin1 or 2, BACE1, BACE2 and 

nicastrin genes). Because APP is located on chromosome 21, individuals with trisomy 21 

are at increased risk for AD, as the presence of an extra copy might lead to an increase of 

APP production and subsequent A accumulation [39]. Subjects affected by Down 

syndrome usually present significant accumulation of A deposits by the age of 40 [46]. 

Conversely, several risk factors that are biological, social or environmental are known to 

contribute to the onset of sAD. Examples of non-genetic risk factors linked to sAD are old 

age, cardiovascular disorders, type II diabetes, obesity, hypertension, chronic sleep 

deprivation, Lewy bodies disease, vasculopathies, traumatic brain injury, and many others 

[47–51]. 

Aging has a pivotal role in the pathogenesis of sAD [52]. During aging there are 

several biochemical changes such as oxidative stress, increased inflammation, 
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mitochondrial dysfunction, and impairment of the ubiquitin-proteasome system and 

chaperone machinery that facilitates protein misfolding [53,54]. 

Recent genome-wide association analysis revealed the presence of at least 20 

different genes, whose alteration might contribute to a non-Mendelian inheritance of sAD 

in about 60-70% of AD cases [36,43]. One possible other factor contributing to the onset 

of sAD is an increase of DNA methylation. This has been suggested as an early alteration 

leading to AD pathogenesis [36]. 

The understanding of the correlation between risk factors and the onset of AD is 

essential, as it can help to predict possible predisposition to contract the disease or it could 

contribute to characterizing novel biomarkers [47]. 

 

THE BIOCHEMISTRY OF THE AMYLOID BETA PEPTIDE 

AD has also been classified as a “misfolding disease” [55–57]. The main lesions 

characterizing AD, amyloid plaques and neurofibrillary tangles, are the product of the 

misfolding and aggregation of A and tau protein respectively [10]. Both proteins from a 

naïve conformation can be induced into an “aggregation-prone” conformation. This can 

trigger an aggregation cascade and precipitation of insoluble aggregates [58–60]. 

FAD can be caused either by overexpression, mutations of the APP gene or by 

mutations of genes encoding for some of the enzymes involved in APP processing. There 

is consensus that A may play a key role in the early pathological mechanisms of the 

disease, although its contribution to later symptomatic stages of AD dominated by tau 

toxicity remains controversial [8]. 

A peptides are 36 to 43 amino acids (a. a.) long peptides that are produced by the 

cleavage of the APP, an ubiquitous type-I oriented transmembrane protein constituted by 

695 residues [61–63]. A peptides are released as a result of a two-step cleavage of the 

APP protein, operated by - and -secretases. This latter mechanism of “pro-
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amyloidogenic pathway” is opposite to a “non-amyloidogenic pathway” of APP processing 

operated by - and -secretase, as summarized by the schematic in Figure 1.3. 

In the pro-amyloidogenic pathway (Figure 1.3.B), APP is first cleaved by the -

secretase complex (BACE1) into C99 and APPs fragments and releases A peptide upon 

-secretase cleavage in the extracellular fluids [26,64]. The accumulation of A is 

facilitated by an alteration of the balance between amyloid production and amyloid 

clearance, thus leading to the accumulation of neurotoxic species [65]. The non-

amyloidogenic processing of APP is characterized by a cascade that does not produce A 

peptides, as the cleavage of APP by -secretase is in the middle of the A sequence (Figure 

1.3.A). Notably, the first cleavage by -secretase generates APPs and C83 fragments. 

C83 fragment is further processed by -secretase into p3 and C59 fragments that are not 

able to aggregate [65]. 

 

Figure 1.3. The amyloid cascade. 

A. Diagram representing the non-amyloidogenic pathway of the transmembrane protein 

APP controlled by - and - secretases, which produces APP fragments not prone to 
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aggregate: C83, C59 and p3. B. Diagram representing the amyloidogenic pathway of APP 

controlled by  - and - secretases, which lead to the extracellular release of the A peptide, 

along with C99 and C59 fragments [26]. 

 

A peptide is characterized by an amorphous and highly disorganized structure that 

makes the peptide prone to aggregate [66,67]. The most abundant forms of human A are 

A1-40 and A1-42. Particularly, A1-42 is the most aggressive form for its increased pro-

amyloidogenic propensity caused by the two a. a. isoleucine and alanine at its C-terminus 

[68]. 

Despite A1-40 is the most abundant form of A in the brain, it has been reported as 

a less toxic peptide [69]. For both peptides, the aggregation kinetic is characterized by a 

slow nucleation where small oligomers are formed (referred to as seeds). This constitutes 

the rate limiting factor of the whole reaction, and is followed by a fast elongation step, 

leading to the formation of well-organized fibers [42]. Figure 1.4 summarizes the steps of 

A aggregation from a monomeric to a mature fibril structure. 

 

Figure 1.4. Cascade of A aggregation. 

Schematic representation of the aggregation kinetic of Aβ peptide. Monomeric Aβ, once 

misfolded, initiates a nucleation phase, leading to the formation of toxic oligomeric 

aggregates indicated by the red arrow. Oligomers further aggregate into protofibrils and 

mature fibrils during the elongation phase. Adapted from Kumar S. and Walter J., 2011 

[70]. 
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A aggregation is in actuality far more complex than the linear cascade described 

in Figure 1.4. The amorphic structure of A, due to a high abundance of intrinsically 

disordered regions, triggers several alternative pathways and leads to the formation of 

conformationally different oligomers and aggregates [58,71]. 

Compelling evidence suggests that AD pathology correlates mainly with 

oligomeric intermediates of A and tau proteins, as demonstrated in vitro and in vivo [72–

75]. Extensive research has shown that oligomer toxicity is driven by their common 

conformation, even though the primary structure characterizing these oligomers is of 

different peptides [76]. The high correlation between the pathogenesis of several 

neurodegenerative diseases and the release of oligomers, suggests a pivotal role of 

oligomeric structures in triggering the onset of these disorders [33,77]. 

Despite decades of research trying to understand what triggers the A cascade, and 

how to block A-induced toxicity, the design of effective disease-modifying therapies 

targeting this cascade has been unsuccessful. The instability of oligomeric forms once 

released during the aggregation kinetic may explain the lack of progress in designing 

effective approaches against these forms [78]. However, recent findings suggest that not 

all oligomeric species of A are neurotoxic. It has been proposed that A oligomers under 

certain conformations at specific doses may even be necessary to regulate synaptic 

physiology [79–81]. It is therefore crucial to design novel approaches that can specifically 

target the cascades that lead to the formation of toxic oligomeric species, as explored in the 

present dissertation. 

 

BEYOND AMYLOID  PEPTIDE NEUROTOXICITY 

Because protein misfolding is its main pathological hallmark, AD has been often 

compared to prion diseases and defined as a “prion-like” disorder, even though, differently 

from prion diseases, AD is not characterized by infectious features [52,82]. Prions (or 
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prion-related proteins, PrPs) are small peptides characterized by a high degree of 

misfolding, thus resulting into uncontrolled aggregation. PrPs misfolding leads to the 

formation of conformationally different intermediate structures and subsequent deposition 

of -sheet rich aggregates [83,84]. Both A and tau proteins share the common mechanism 

of aggregation that characterize PrPs [85,86]. 

Even though A formation is an early alteration leading to AD pathology, some 

studies have suggested that A triggers the disease but does not hasten its progression, and 

that it is not the sole factor leading to the onset of neurodegeneration [21]. 

Another critical aspect characterizing both fAD and sAD is mitochondria 

dysfunction and alteration of glucose metabolism which seem to contribute very early 

during the progression of the disease [48]. A positive correlation has been shown between 

the ApoE4 gene variant and alteration in glucose metabolism in the brains of AD 

individuals and an increase of oxidative stress leads to cytochrome C release from 

mitochondria, along with increased alteration in mitochondrial DNA and accumulation of 

reactive oxygen species (ROS) [87]. A high accumulation of A in mitochondria has been 

observed in AD individuals, which may result in the alteration of the electron transport 

chain and therefore dishomeostasis of mitochondrial function and energy metabolism. 

Indeed, the latter finding suggests a strong link between A toxicity and mitochondrial 

dysfunction [48,88,89]. 

Another critical lesion leading to AD pathogenesis is tau pathology. In fact, even 

though tau hyperphosphorylation and oligomerization is not unique to AD, it is the 

alteration which best correlates with the synaptic dysfunction and memory loss observed 

in AD [90,91]. 

 Tau protein is the most abundant microtubule-associated protein and has a 

physiological role in stabilizing the microtubules of axons [92–94]. In the human brain, tau 

is present in six different isoforms due to alternative splicing and is highly concentrated in 

axons [34,95]. As tau protein becomes dysfunctional by aberrant hyperphosphorylation, 
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tau misfolding and subsequent oligomerization become responsible for the spreading of the 

toxic species, resulting eventually in neuronal loss [96–98]. Compelling evidence supports 

the hypothesis that A oligomers have an up-stream role in triggering tau pathology 

[99,100] and that both A and tau might lead to AD pathology through a converging 

mechanism [101,102]. 

Overall, these considerations strongly support the concept that AD is triggered by 

a complex network of factors that altogether constitute a dishomeostatic circuitry 

ultimately leading to the symptomatic phase of the disorder. A schematic representation of 

the possible pathways involved in AD onset and how risk factors might induce amyloid 

formation, tau propagation, and neurodegeneration is summarized in Figure 1.5. 

 

Figure 1.5.The complex biochemical cascade leading to AD 

Schematic representation of the complex cascade leading to neurodegeneration in AD 

reporting that along with A and Tau pathology, there is the contribute to 

neurodegeneration of inflammation, vascular dysregulation, -synuclein, neuronal injury, 

iron toxicity, TDP-43 dysregulation, and synaptic dysfunction. Adapted from Molinuevo 

et al., 2018 [34]. 
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ALZHEIMER’S DISEASE PHARMACOLOGY 

Currently, there are only two classes of FDA-approved drugs for AD, comprised of 

only 4 drugs being still manufactured, along with only few additional compounds approved 

as adjuvants [22]. However, none of these therapeutic approaches is a “disease-modifying” 

therapy. One class of approved compounds are cholinesterase inhibitors (donepezil, 

galantamine, and rivastigmine). The mechanism of action of these compounds is to 

increase acetylcholine (ACh) levels through the inhibition of the cholinesterase enzyme. 

Inhibition of this enzyme responsible for the degradation of ACh, indirectly increases the 

availability and duration of this neurotransmitter, thus sustaining central cholinergic 

function. The use of this class of drugs is recommended mainly during the initial stages of 

the disease, but can also be prescribed for moderate to severe AD either alone at higher 

doses, or in combination with other drugs [103]. The mechanism of inhibition is either 

reversible (donepezil and galantamine) or pseudo-irreversible (rivastigmine). 

The other FDA-approved drug for AD is an N-methyl-D-aspartate (NMDA) 

receptor inhibitor, memantine, which is recommended for those cases with moderate to 

advanced pathology [22]. Memantine prevents the aberrant activation of the receptor by 

glutamate via binding to the NMDA receptor at the Mg2+ binding site only under 

pathological conditions, without affecting its physiological function [104,105]. The 

mechanism of action leading to memantine’s beneficial effect for the treatment of AD is 

not apparent; and could involve decreasing of overall glutamate excitotoxicity reported in 

AD due to synaptic accumulation of calcium induced by an increased activity of the 

NMDA receptors at the glutamatergic synapses, along with the synergistic antagonism of 

5-HT3 serotonin receptors [22,106]. 

The use of other drugs as adjuvants, i.e., COX inhibitors or vitamins (vitamin E or 

ascorbic acid), has been suggested to protect against the increase in neuro-inflammation 

that has been observed during AD. 
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As AD is defined by a very slow progression, an attractive strategy could be 

secondary prevention. The increased interest in designing specific antibodies or probes able 

to bind either A or tau proteins seems a very promising strategy toward early targeting of 

the disease. Examples of these specific antibodies against A are solanezumab, 

gantenerumab, and crenezumab. Other approaches tested have aimed to target the enzymes 

involved in APP processing (-secretase and BACE1). All clinical trials aiming to reverse 

AD pathology so far have failed either in phase II or phase III [107]. A possible explanation 

could be related to the difficulties of trying to deliver drugs during a stage of the disease 

where they can be most effective [108]. 

Collectively the above observations further support the notion of AD being a multi-

factorial disorder with high level of comorbidity with other disorders, thus making harder 

to design therapies and possibly explaining the constant failure of previous therapeutic 

approach tested. 

Consequently, there is an urgent need for a clearer understanding of the biochemical 

cascades leading to AD and how this new knowledge would lead to the design of effective 

disease-modifying therapies. Both these foundation concepts as they apply to the complex 

area of cellular chaperons (see below) drive my work as reported in the present dissertation. 

 

THE COMPLEX ROLE OF CHAPERONES IN NEURODEGENERATIVE DISEASES 

Compelling evidence suggests a contribution to AD pathogenesis of an age-related 

failure of the protein quality control machinery, thus supporting the notion that the main 

risk factor of late onset AD is aging [32,109]. One important component of the protein 

quality control machinery is the family of chaperones [110]. 

Chaperones are a class of highly conserved proteins, ubiquitously expressed in both 

prokaryotes and eukaryotes. These proteins have a critical role in assisting the correct 

assembly of other newly synthesized proteins or in directing unfunctional proteins to the 
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degradation pathway [111], thus contributing to the maintenance of proper cellular 

homeostasis [110,112]. 

Chaperones can be classified according to their molecular weight (MW), as 

indicated in Table 1 [113]. Chaperones can be divided into super-heavy (MW higher than 

200 kDa), heavy (MW between 100-199 kDa), Hsp90s (MW between 81-99 kDa), 

chaperones (MW between 65-80 kDa), chaperonins (MW between 55-64 kDa), Hsp40 

(MW between 35-54 kDa), small Hsps (MW less than 34 kDa) and other (various MW). 

 

Table 1. Classification of chaperones by MW[113]. 

Name Alternative name(s) and/or example(s) Molecular weight (kDa) 

Superheavy Sacsin  200 

Heavy High MW, Hsp100 100-199 

Hsp90 HSP86, HSP89A, HSP90A, HSP90N, others 81-99 

Hsp70 Chaperones, DnaK 65-80 

Hsp60 Chaperonins (group I and II), Cpn60 and CCT 55-64 

Hsp40 DnaJ 35-54 

Small Hsp sHsp, alpha-crystallins, Hsp10  34 

Other Proteases, isomerases, AAA+ proteins,  -

hemoglobin-stabilizing protein 

Various 

 

The focus of this dissertation being Hsp60 (Heat shock protein 60 or HspD1), 

particular attention is given to the class of “chaperonins”. 

Structurally, chaperonins are characterized by a “basket-like” oligomeric structure 

formed by 7-9 units. This complex structure allows the mechanisms of protein folding of 

native peptides, by offering a suitable and insulated environment for proper folding of 

native proteins. Chaperonins play a pivotal role in assisting the folding of other proteins 
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even though they do not take part in the final structure of the protein itself [114]. This 

mechanism of folding is characterized by an initial interaction with the substrate, followed 

by internalization, refolding and release of the substrate. The chaperone-substrate 

interaction is usually ATP-dependent [115,116], as will be described more in detail in the 

following chapter section. 

As chaperonins are a large group of chaperones with different properties, this class 

is further divided into two sub-classes: group I and group II. Group I chaperonins includes 

bacterial GroEL and eukaryotic Hsp60; group II chaperonins are thermosome expressed in 

Archaea or CCT and TRiC chaperonins found in the cytosol of eukaryotes [117]. 

 

THE STRUCTURE-ACTIVITY RELATIONSHIP OF CHAPERONINS 

Chaperonins are crucial for preventing protein aggregation by ensuring proper 

correct protein folding [111,118,119]. The general mechanism of action is based on their 

ability to offer a hydrophobic chamber in which a substrate can access to and refold in the 

absence of a crowded environment, which characterizes the cytosolic compartment. It has 

also been observed that chaperonins can interact with proteins that are larger than the 

“folding cavity” and prevent their aggregation, thus suggesting alternative mechanisms of 

action [116,120,121]. Chaperones’ ability to interact with their substrate is facilitated by 

the presence of intrinsically disordered regions (IDRs) in the chaperone structure 

[122,123]. These regions are characterized by extended molecular configuration, poor or 

absent secondary structure and the absence of a defined tertiary structure and therefore are 

characterized by high flexibility [124–126]. These regions constitute the active site of the 

chaperone that allows the interaction with their substrate, thus allowing the assembly and 

the ability to modify the structure of both substrate and other proteins [127,128]. 

The general structure of class I chaperonins can be summarized using GroEL as a 

representative model. In detail, the oligomer-forming unit has a secondary structure that is 
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characterized by three main domains: apical, intermediate and equatorial. The apical 

domain is essential for the formation of the pore to the folding cavity. The intermediate 

domain contributes to the overall flexibility of the structure and provides a connecting 

bridge between the other two domains. The equatorial domain is involved in interactions 

both within and between rings [129,130]. In their active configuration, class I chaperonins 

are organized in a double ring complex, which is constituted by the assembly of two homo-

heptameric oligomers. This three-dimensional conformation allows the formation of large 

inner hydrophobic cavity about 45 Å in diameter, the “folding chamber”. This cavity 

becomes even larger when the chaperone is in its active state and bound to ATP and the 

co-chaperone GroES, which forms the lid of the folding chamber [131]. The mechanism 

of action of the chaperone is allowed by the positive cooperativity within rings and the 

negative cooperativity between rings. Both processes are ATP-dependent and require a 

mechanism of cyclic conformational changes [117]. 

The mechanism of action of class I chaperonins is also described using as a model 

the well-studied GroEL-GroES cycle [132]. According to this model, GroEL assembles in 

a double-ring tetradecameric oligomer and interacts with GroES or its substrates at the 

apical domain [133,134]. The proper folding of the substrate occurs because of a series of 

conformational changes of the chaperone complex. As summarized in Figure 1.6, GroEL 

facilitates the proper folding of the substrate once assembled in an oligomeric complex and 

is bound to 7 ATP molecules at the equatorial domain and GroES at the apical domain. 

After the formation of this complex, the substrate can enter the chaperone cavity, which is 

enlarged by conformational changes of the heteromeric complex. The release of the newly 

folded substrate occurs upon ATP hydrolysis and ADP release. Overall, this mechanism 

has been referred to as the model of an “Anfisen cage” [135]. ATP binding is important to 

trigger the cascade that leads to the complex formation with GroES and to the 

internalization of the protein that needs to be folded. 
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ATP binding is also involved in the activation of the second ring of the chaperone 

which triggers a new process of folding. ATP hydrolysis is important to facilitate the 

removal of GroES and the release of the newly folded protein [136]. 

 

Figure 1.6. GroEL/Hsp60 folding cycle. 

Diagram showing the mechanism of refolding of GroEL, the bacterial homologue of 

Hsp60. The chaperone interacts with a specific substrate in presence of ATP and the co-

chaperon GroES. The refolding of the substrate occurs in the folding chamber organized 

by the chaperone cavity and the binding of the co-chaperone. As the substrate and ADP are 

released, the chaperone can start a new cycle in the second chamber. Adapted from 

Skjærven et al., 2015 [117]. 

 

Human Hsp60 is a mitochondrial chaperone that is produced by the nuclear Hsp60 

gene as a longer inactive form. Human Hsp60, despite the homology with the bacterial 

form, is structurally different, as it is organized by either 7 or 14 units which form either a 

single ring (heptameric conformation) or a double ring (tetradecamer) [137,138]. The 26 

amino acids long sequence constituting the N-terminus of Hsp60 is referred to as “leader 

sequence” that is important for mitochondria import. The mechanism of import of the 

chaperone is highly organized and requires the presence of other chaperones in the 

mitochondria matrix, along with a finely regulated membrane potential. At the 

mitochondrial membrane, Hsp60 is cleaved and the process of oligomerization leading to 
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the active form is ATP-dependent and assisted by other pre-existing Hsp60 oligomers 

[139]. 

The shorter and active form of Hsp60 is mainly found into the mitochondria, even 

though the action of Hsp60 has also been observed in the cytosol as pro-apoptotic 

mediation through the interaction with the pro-caspase 3 [139]. 

Other functions of chaperonins are to control and minimize cellular stress due to 

environmental stress, such as increased temperature, pH change or other stressors. 

Chaperonins are also regulators of homeostatic functions, such as apoptosis, control of 

oxidative stress cascade, cooperation with the ubiquitin-proteasome degradation 

machinery [140]. 

Group II chaperones are characterized by a higher degree of complexity as 

compared to class I.  In fact, despite the similar organization of oligomer-forming unit in 

domains, differently from the group I, they form complexes of 8 or 9 monomers, and the 

oligomeric structure is mainly heteromeric, even though the interactions within and 

between subunits are not fully understood. Additionally, the mechanism of signaling 

between rings seems different between the two groups [140]. However, the mechanism of 

action of this group of chaperones is similar to that of group I, as similar steps characterize 

it: formation of chaperone complex, ATP binding, interaction with the substrate in the open 

state, folding of the substrate in closing conformation and release of the folded substrate. 

Data suggests a higher level of specialization and complexity due to the “functional 

polarity” of these types of chaperones. Differently from the group I chaperones, it has been 

suggested a substrate-specificity for group II class of chaperones [117]. 
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CHAPERONES & NEURODEGENERATIVE DISEASES 

Chaperones are one of the most conserved guardians of the cellular proteome, and 

increasing evidence supports their essential role in keeping cellular homeostasis, targeting 

dysfunctional proteins and facilitating the removal of toxic stressors [136,141]. On a 

cellular level, proteins are exposed to a crowded environment and any alteration of the 

balance between protective and damaging factors might induce protein dysfunction. 

Additionally, aging is the first factor responsible for an impairment of protective factors 

due to the physiological reduction of “proteostasis network” [141]. It is not surprising that 

aging is the major risk factor of several pathologies characterized by protein misfolding or 

cancer. Alterations of chaperone networks have been associated with several diseases: 

amyotrophic lateral sclerosis, retinal degenerative disease, peripheral neuropathies and AD 

[113,142,143]. Loss of function of chaperones has been suggested as one of the 

contributors in AD pathogenesis. These proteins could be a potential target for future 

therapies. In support of the therapeutic potential of chaperones in neurodegenerative 

diseases, it has been shown that potentiating the chaperone machinery in an in vitro model 

of amyloid pathology reduces A-driven cytotoxicity and mitochondrial dysfunction 

[136,144–146]. Different mechanisms linking the role of chaperones and protein 

dysfunction observed in AD need further clarification, as there are controversies in the 

field. A role of chaperones in mediating the toxic oligomerization of tau protein or in the 

translocation of APP and A in the mitochondria in vitro, thus contributing to AD 

pathogenesis has also been proposed [147,148]. Furthermore, it has also been shown a 

correlation between certain proteinopathies, as polyglutamine disease, with age-related 

decline of the protein quality control machinery, thus suggesting that a loss of function of 

chaperone might have a critical role in preserving protein homeostasis during aging  [149]. 

A better understanding of the role of chaperones in promoting or preventing 

neurodegenerative diseases is critical to clarify these controversies. 
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AIM OF THE DISSERTATION 

AD is the most common form of dementia, affecting almost 6 million Americans 

worldwide [150]. The high number of risk factors and the complex cascades leading to AD 

have so far made it challenging to design successful therapies. 

The pro-amyloidogenic pathway leading to the neurotoxic accumulation of A, has 

been hypothesized as one of the earliest causes of the disease [8,52,151]. Additionally, an 

impairment of the protein quality control machinery either due to aging or the accumulation 

of protein misfolding in AD could also contribute to worsening of this disease [152]. 

A crucial component of the protein quality control machinery is the family of 

chaperones [145], particularly, the focus of this dissertation is on one of the most 

evolutionary conserved chaperones: Hsp60. This mitochondrial chaperonin is involved 

both in protecting mitochondria from damage induced by the misfolded protein on a 

cellular level, and in a cross-talk with the immune system on a systemic level. Additionally, 

it has been shown that Hsp60 is directly involved in an interaction with APP/A and in 

downstream protection of mitochondria from A-induced damage [144,147]. Therefore, 

this dissertation aims to characterize the functional effect of Hsp60 on A, either in its 

monomeric or oligomeric structure, and to investigate if this interaction results in the 

formation of less toxic conformations. 

The central hypothesis of this project is that Hsp60 effectively inhibits A 

aggregation and toxicity. This central hypothesis is addressed with three specific aims. In 

the first aim, I confirmed the direct effect of Hsp60 in inhibiting the aggregation of A 

using biophysical approaches. Specifically, I addressed this specific aim using circular 

dichroism, thioflavin T assay, size exclusion chromatography, and atomic force 

microscopy. In the second specific aim, I investigated the effect of Hsp60 overexpression 

on APP processing and A release using an in vitro approach. I designed a novel cellular 

model that overexpresses both APP and Hsp60, and I validated the model by western 
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blotting and immunocytochemistry. Subsequently, I investigated the effect of Hsp60 on 

APP and A extracellularly, intracellularly and in mitochondria. In the third aim, I 

confirmed that treatment of pre-formed A oligomers with Hsp60 reduced their 

neurotoxicity, in terms of reduced neuronal death in vitro, reduced binding to synapses and 

reduced impairment of synaptic plasticity ex vivo. To address the third aim I used 

biophysical approaches and flow cytometry to characterize the effect of Hsp60 on 

preformed A oligomers. I used a neuroblastoma cell line as an in vitro model for testing 

changes in cytotoxicity and ex vivo electrophysiology for testing changes in synaptic 

plasticity upon treatment with A oligomers, both before and after Hsp60 exposure. As the 

field is controversial about the role of Hsp60 in AD, this project contributes to elucidating 

essential mechanisms of action of Hsp60, thus proposing this chaperone as a potential 

target for future therapies against AD pathology.  
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CHAPTER 2. CELL FREE INVESTIGATION OF THE INHIBITORY EFFECT 

OF HSP60 ON A AGGREGATION 

Modified in part from: 

“Mangione, M. R. et al. Hsp60, amateur chaperone in amyloid-beta 

fibrillogenesis. Biochim. Biophys. Acta - Gen. Subj. 1860, 2474–2483 (2016).” 

 

I. INTRODUCTION 

The misfolding of A peptide and the downstream formation of neurotoxic 

oligomers is one of the earliest lesions of AD [74,153]. The presence of intrinsically 

disordered regions in the protein structure of A contributes to the high propensity to 

aggregate and to the polymorphic nature of these aggregates [122,125,126,154]. The 

synaptic accumulation of toxic A oligomers in specific brain regions is one of the leading 

causes of synaptic dysfunction [91,155]. Therefore, targeting this aggregation process can 

contribute to the design of successful therapeutic strategies relevant for AD. 

In the work presented in this chapter, we aimed to investigate the effect of Hsp60 

on A aggregation using a cell-free approach to test changes in the biophysical properties 

of A. Previous studies suggested a possible interaction between A and Hsp60 

[144,147,156], but weather Hsp60 had an effect on A aggregation was still unresolved. 

To fill this gap of knowledge, we tested the antiaggregating effect of human Hsp60 against 

A1-40 and A1-42 peptides, the latter being a more aggressive model of A aggregation. 

We further tested the effect of the bacterial homolog of Hsp60, GroEL on A1-40 

aggregation pathway as an alternative chaperone with a high degree of homology to the 

mitochondrial Hsp60 [139]. Specifically, using spectroscopy, chromatography and 

microscopy techniques we investigated the ability of Hsp60 to directly interact with 



41 

monomeric A  and we identified an irreversible anti-aggregative effect of Hsp60 upon its 

interaction with A monomers. 

 

II. MATERIALS & METHODS 

SAMPLE PREPARATION 

Amyloid  peptides: synthetic A1-40 (Anaspec) and recombinant A1-42 were 

prepared in monomeric form according to protocols previously published and optimized in 

the laboratory [157,158]. In detail, A peptides were dissolved in 5 mM NaOH (Sigma-

Aldrich) at pH 10 and lyophilized in frozen aliquots overnight to preserve the monomeric 

status of both peptides. For all experiments, frozen aliquots of A were solubilized in 

different buffers as summarized in Table 2 and the peptide dispersion was filtered with 

0.20 m (Whatman) and 0.02 m (Millex-Lg) filters placed in series, to remove large 

aggregates or impurities. We performed all sample preparations in a 4 C cold room to 

avoid uncontrolled aggregation. To calculate the concentration of A peptide we used the 

Lambert-Beer law [159], which stated a direct proportionality between the intensity of 

absorbance and protein concentration through a constant defined as the extinction 

coefficient. We determined the concentration of A using the 276 nm absorbance and the 

molar extinction coefficient of 1390 cm-1*M-1 [160]. For chromatography experiments, all 

collected fractions of A1-40 were subsequently concentrated at 6000 g (Heraeus 

Multicentrifuge X3R) at 5 C using a 3 kDa cut-off filter (Millipore). For all experimental 

procedures, the final concentrations of A1-40 was chosen based of previously published 

protocols to allow a reproducible and controlled aggregation kinetic [161,162]; the 

concentration of A1-42 was optimized for testing the optimal effect of Hsp60. 

Hsp60 & GroEL: Human recombinant Hsp60 was purchased in its active form 

(Hsp60, short form, ATGene). For all experiments, the buffer of the peptide was changed 



42 

into the desired buffer using 30 KDa cut-off filters (Amicon Ultra 4, Millipore). For all 

samples, the final concentration (1 or 2 M) of Hsp60 was arbitrarily chosen and calculated 

empirically and samples were prepared either on ice or in a 4 C cold room. The bacterial 

homologue GroEL was purchased from Sigma (St. Louis, MO, USA) and prepared at the 

final concentration of 7 M in the same buffer used to test Hsp60. 

 

AGGREGATION KINETICS 

We prepared both A1-40 and A1-42 monomers from lyophilizate aliquots that were 

dissolved in the desired buffer. For all experiments, we confirmed the protein concentration 

spectroscopically according to the Lambert-Beer law as previously described. To induce 

protein aggregation, aliquots of A either without or with Hsp60 were incubated at 37 C 

and stirred up to 24 h at 200 rpm using a magnetic stirrer and a thermostat. Notably, all 

kinetics of aggregation of A were conducted up to 72 h, using final concentration of 50 

M for A1-40, and either 50 M or 15 M for A1-42. The latter concentration of A1-42was 

chosen to test the effect of Hsp60 as under these experimental conditions, testing the effect 

of Hsp60 on A1-42 was more reproducible. All aggregation experiments were repeated at 

least 3 times to confirm the reproducibility of the assay. 

 

THIOFLAVIN T (THT) ASSAY 

To measure the formation fibrils of A during the aggregation kinetics, either 

without or with Hsp60, we added ThT to withdrawals of samples at specific time points (0, 

1h, 3h, 5h, 24h). ThT is a benzothiazole derivative that selectively fluoresces in presence 

of amyloid aggregates due to its exposure to -sheet rich structures [163–165]. We detected 

the fluorescence of ThT via spectrofluorometry (JASCO FP-6500) and data were analyzed 

using xmGrace and GraphPad Prism 8 software. For all experiments, we incubated A 
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samples with 12 M ThT and we measured the time course measurements upon excitation 

at 450 nm and emission at 485 nm using a fixed slit width of 3 nm [166]. For all ThT assay 

results, data was expressed as a function of ThT fluorescence over time and the assay was 

repeated at least three times to confirm its reproducibility. 

 

CIRCULAR DICHROISM (CD) SPECTROSCOPY 

CD spectroscopy has been used to determine changes in the secondary structure of 

either A, A + Hsp60 or Hsp60 alone at different time points (0, 1h, 3h, 5h, 24h, 72h). 

Through the interaction between the polarized light of the instrument and the asymmetrical 

structure of the protein samples we determined changes of time in both secondary structure 

and three-dimensionality of all proteins investigated. For each experiment, we used a final 

volume of 50 L, and a quartz cuvette of 0.2 mm path. All measurements were acquired at 

20 C and subtracted by the buffer with a n=8 replicates [166]. 

 

ATOMIC FORCE MICROSCOPY (AFM) 

We used AFM microscopy to characterize the morphology of A1-40, A1-40+ 

Hsp60 or Hsp60 alone either before or after 24 h aggregation kinetic. Data was obtained 

using a Nanowizard III (JPK Instruments, Germany) that was installed either on an Axio 

Observer D1 (Carl Zeiss, Germany) or on an Eclips Ti (Nikon, Japan) microscopes. Data 

was generated in collaboration with the “Istituto Italiano di Tecnologie” in Genoa (IT). For 

all AFM measurements, samples were washed with DDI water AND adsorbed on a disc of 

MICA for 20 minutes by inflating nitrogen air, either before or after 3 days of aggregation 

kinetic. NCHR silicon cantilever (Nanoworld) was used to assess the sample morphology 

upon application of an “intermittent contact mode in air”. The parameters chosen for the 
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acquisition were 21-78 N/m for the spring constant and 250-390 kHrz for the resonance 

frequency [166]. 

 

SIZE-EXCLUSION HIGH PRESSURE LIQUID CHROMATOGRAPHY (SEC-HPLC) 

We used SEC-HPLC for the qualitative and quantitative analysis of changes in size 

and concentration of A1-40 aggregates upon interaction with Hsp60. Both Hsp60 and 

sample buffer were analyzed as controls. All samples were injected using either a 50 L 

(qualitative analysis) or 500 L (quantitative analysis) injection loop connected to a HPLC 

(Shimatzu, Prominence) supplemented with a mobile phase degasser (DGU-20As, 

Shimadzu), a quaternary pump (LC-2010 AT, Shimadzu) and a photodiode array detector 

(SPD-M20A, Shimadzu). For all chromatography separations, we used a direct phase 

stationary phase to allow separation by size (Superdex 200 10 300 GE Healthcare) and 20 

mM Tris HCl (pH 7.7), 3 % glycerol, 30 mM NaCl as mobile phase. Samples were eluted 

at 0.5-1 mL/min flow rate. The detection of injected samples was done spectroscopically 

by recording the absorbance at 280 nm [166]. This technique allowed the calculation of the 

molecular weight of each eluted protein by comparing our data with the chromatogram of 

a standard mixture of proteins with known molecular weight (Sigma Aldrich). We analyzed 

the distribution of different aggregates of A1-40 that were formed after the aggregation 

kinetic either in absence or upon Hsp60 treatment. As this technique did not alter 

A stability [167], we collected the purified fractions using an automated fraction collector 

(FRC-10A, Shimadzu) and further analyzed them with other biophysical techniques. 
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III. RESULTS 

MODEL VALIDATION OF HSP60- A1-40 PROTEIN-PROTEIN INTERACTION 

To test the effect of Hsp60 on monomeric A1-40, we first established the optimal 

conditions for Hsp60-A1-40 interaction in a cell-free model. As summarized in Table 2, we 

tested the interaction between 50 M A1-40 and two different concentrations of Hsp60 (1 

and 2 M). As described in the methods, we performed all aggregation kinetics according 

to published protocols [168,169] to allow a controlled and reproducible A aggregation 

from monomeric state to large fibers. To characterize the effect of Hsp60 on aggregation 

pathway of A, we used Thioflavin T (ThT) assay to assess the formation of fibrils and 

circular dichroism (CD) spectroscopy to detect changes in secondary structure, as these 

were very well-established assays for characterizing A1-40 aggregation kinetic 

[158,162,163,170]. The aggregation properties of A were known to depend on the 

experimental conditions as pH, ionic strength and agitation [171]. Therefore, we first 

characterized the aggregation kinetic of A1-40 alone using both ThT assay and CD 

spectroscopy under our experimental conditions. 

 

Table 2. Experimental conditions tested the optimal effect of Hsp60 on the biophysical 

properties of A 

Conditions 

A
1-40 

(M) 50 50 50 50 

Hsp60s (M) 1 - 2  - 

Buffer 20 mM Tris HCl, 

1.5% glycerol, 

15 mM NaCl 

20 mM Tris HCl, 

1.5% glycerol, 

30 mM NaCl 

20 mM Tris HCl, 3% 

glycerol, 

30 mM NaCl 

20 mM Tris HCl, 

3% glycerol, 

30 mM NaCl 
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rpm 200 200 200 200 

pH 7.4 7.4 7.4 7.4 

T 37 °C 37 °C 37 °C 37 °C 

ThT (M) 12 M 12 M 12 M 12 M 

 

As summarized in Figure 2.1, we analyzed changes of ThT fluorescence and 

dichroic spectra of 50 µM A1-40 at different time points (0, 1, 3, 5 and 72 h hours) of its 

aggregation kinetic. Consistent with the extensive literature available [70,170,172], the 

time course kinetic of A1-40 aggregation detected by ThT (Figure 2.1.A) was characterized 

by an initial low signal of fluorescence referred as “lag phase”, representing the phase of 

nucleation of A seeds. As soon as the concentration of A seeds increased, the lag-phase 

was followed by the elongation phase, measured by the exponential increase in intensity of 

emission of ThT [164,173–175]. The latter phase was characterized by the formation of 

larger aggregates, which preceded the formation of amyloid fibers. In these conditions of 

temperature, buffer, pH and agitation, we observed A fibers in about 5 to 6 hours. The 

results obtained with ThT assay were supported by the CD data (Figure 2.1.b). In fact, at 

time 0 of the aggregation kinetic the CD spectrum of the A was characterized by a 

minimum of absorbance around 195 nm, which was characteristic of random coil 

conformation. Notably, it has been shown that this conformation is distinctive of unordered 

and not aggregated structures [159]. As soon as A was incubated under pro-aggregating 

conditions, we observed a change in the CD spectrum morphology within 5 hours of 

incubation. In fact, the CD spectrum of A at 5 hours incubation was characterized by a 

shift of the minimum around 210 nm, which was typical of -sheet conformations of 

aggregated proteins. The data obtained was consistent with the ThT assay previously 

described. Notably, the aggregation of A was even more pronounced after 72 hours (black 
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curve, round symbols, Figure 2.1.B). In fact, the CD spectrum recorded at this time point 

was characterized by a sigmoidal shape with two minima in the range on 215 nm and 220 

nm respectively. 

 

Figure 2.1 Biophysical analysis of A1-40 aggregation pathway using Thioflavin T (ThT) 

and CD assays. 

A. Representative ThT assay showing the increasing fluoresce of ThT probe during the 

time course kinetic of 50 𝜇M A1-40, which is indicative of the formation of Aβ aggregates. 
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The aggregation kinetic of A1-40 was conducted in 20 mM Tris HCl buffer (pH 7.7) 

incubated under pro-aggregating conditions (37 °C, 200 rpm) for at least 5 hours. The assay 

confirmed the presence of a lag phase, characterized by a fluorescence emission less than 

200 a.u. (arbitrary units), which is characteristic of the interaction between ThT and small 

oligomeric aggregates during the nucleation phase of A aggregation. The exponential 

increase of ThT fluorescence after 1h of the time course kinetic was indicative of the 

interaction between ThT and progressively larger aggregates, which characterize the 

elongation phase of A aggregation. The plateau of ThT fluorescence at 5 h of the 

aggregation kinetic is characteristic of the intensity of fluorescence of ThT increased 

exponentially after 1h 30 min due to the increasing aggregation of Aβ. Assay conditions: 

12 𝜇M ThT; 𝜆exc (ThT)=450 nm; 𝜆em (ThT)=484 nm. B. Representative CD spectra of 

A1-40 at different time points of the aggregation kinetic: 0 (t= 0 h, grey line, square 

symbol), 1 hour (t= 1 h, black line, triangle symbol), 3 hours (t= 3 h, grey line, triangle 

symbol), 5 hours (t= 5 h, blue line) and 72 hours (t= 72 h, black line, circle symbol). Data 

confirmed the random coil conformation of Aβ at time zero, which is characteristic of 

unorganized structures. The transition of the minimum of absorbance of the CD spectrum 

of Aβ from 195 nm at time zero to 215 nm at 24 h is suggesting of the aggregation of Aβ 

and the formation of β-sheet conformations, which are characteristic of fibrillary structures. 

Measurements recorded at 20 ºC and expressed as the average of 30 measurements. Data 

expressed in mdeg over wavelength. 

 

As the CD spectrum of Hsp60 is characterized by an -helix conformation that 

could overlap the dichroic spectrum of A, in parallel experiments, we characterized the 

CD spectrum of 2 µM Hsp60 over time. As shown in Figure 2.2, Hsp60 was characterized 

by an alpha-helix secondary structure, with a maximum of absorbance ranging around 196 

nm and two minima of absorbance around 209 and 220 nm respectively. 
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Figure 2.2. Analysis of the secondary structure of 2 𝜇M Hsp60 using circular dichroism 

(CD) spectroscopy. 

Representative time course kinetic of Hsp60 at different time points of a time course kinetic 

at 37 °C analyzed by CD spectroscopy: 0 (0 h; black line); 2 hours (2 h; grey line); 5 hours 

(5 h; green line); 12 hours (12 h; light blue line) and 15 hours (15 h; magenta line). Data 

showing that the dichroic spectra of Hsp60 is characterized by two minima between 205 

nm and 210 nm, which are characteristic of a -helix secondary structure, that is stable 

over time. Experimental conditions: buffer 20 mM Tris (pH= 7.7), 3% glycerol, 30 mM 

NaCl, pH = 7.7, T = 20 ºC. Data presented as the average of 30 measurements and 

expressed in mdeg over wavelength. 

 

Once the biophysical properties of both A1-40 and Hsp60 in these specific 

experimental conditions were defined, we tested the effect of two different concentrations 

of Hsp60 (1 µM and 2 µM) on the aggregation kinetic of A1-40 using ThT assay and CD 

analysis of the secondary structure, as previously described for the two proteins alone. 

Notably, as the CD spectra of Hsp60 partially overlapped with A spectra, to test the effect 

of Hsp60 on the dichroic properties of A, we subtracted mathematically the contribution 

of Hsp60 to all CD spectra of A1-40 that was treated with Hsp60. We considered this 

manipulation of our results acceptable based on other studies showing that Hsp60 loses the 

folding stability at higher temperatures and concentrations [176]. 

As summarized in Figure 2.3, 1 µM Hsp60 slowed A1-40 aggregation by increasing 

the lag phase as shown by ThT assay (Figure 2.3.A), thus suggesting a change in the 
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nucleation phase of A1-40 seeds when Hsp60 was present in the 50:1 molarity ratio (A1-

40:Hsp60). In addition, CD spectroscopy analysis confirmed that the presence of Hsp60 

reduced A aggregation when we compared it to A1-40 alone (Figure 2.3.B). CD data 

suggested that when incubated with Hsp60, A1-40 assembled into an organized -sheet 

conformation not after three hours of the aggregation kinetic, but after 5 hours, thus 

suggesting a slower process of aggregation in presence of Hsp60. 

  

Figure 2.3. Biophysical analysis of A1-40 upon treatment with 1 𝜇M Hsp60. 

A. Representative time course kinetic of 50 𝜇M A1-40 incubated with 1 𝜇M Hsp60 for 6 

hours at 37 °C and stirred at 200 rpm in presence of ThT 12 𝜇M, showing the slower 
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increase of ThT emission over time, which is indicative of a longer lag-phase of A 

aggregation when Aβ is exposed to Hsp60 (blue line), as compared to Aβ alone (black 

line). Assay conditions: 𝜆exc ThT=450 nm; 𝜆em ThT=484 nm. B. Representative CD 

spectra of A1-40 under pro-aggregating conditions (200 rpm, 37 ºC) either with or without 

1 𝜇M Hsp60,  at time zero (t= 0 h; Aβ, black curve; Aβ + Hsp60, light blue curve), 3 hours 

(t=3 h; Aβ, light grey curve; Aβ + Hsp60, indigo  blue curve) or 5 hours (t= 5 h; Aβ, dark 

grey curve; Aβ + Hsp60, blue curve) aggregation kinetic, suggesting that Hsp60 affected 

the secondary structure of Aβ over time by reducing the formation of beta-sheet 

conformations after 5 h of the aggregation kinetic as compared to A alone. Measurements 

recorded at 20 ºC and expressed as the average of 30 measurements, expressed in mdeg 

over wavelength. 

 

We further tested the effect of Hsp60 on A1-40 aggregation pathway using a 

different molarity ratio between the two proteins. We tested the effect of 2 µM Hsp60 on 

50 µM A1-40 (25:1 molarity ratio A1-40: Hsp60) using both ThT assay and CD 

spectroscopy. As shown in Figure 2.4, we observed that in these conditions Hsp60 had a 

stronger anti-aggregating effect on A1-40. In fact, differently from A1-40 alone, ThT 

fluorescence in presence of A1-40 incubated with Hsp60 did not increase up to 6 hours, 

thus suggesting that in presence of Hsp60, A1-40 did not form seeds able to trigger the 

elongation phase. Overall, this data suggested that A1-40 exposed to Hsp60 lost the ability 

to aggregate. We further confirmed the antiaggregating effect of Hsp60 by the CD analysis 

that is summarized in Figure 2.4B. 

We tested the fibrillogenic properties of A1-40 both with or without Hsp60 up to 

72 h and we observed that when exposed Hsp60, A1-40 retained an unorganized 

conformation, that was closer to a random coil structure, without assuming a -sheet 

conformation as observed in the untreated sample. 

Overall, data suggested that Hsp60 successfully inhibited the aggregation kinetic 

of A1-40. 
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Figure 2.4. Biophysical analysis of A1-40 upon treatment with 2 𝜇M Hsp60. 

A. Representative time course kinetic of 50 𝜇M A1-40 incubated with 2 𝜇M Hsp60 for 6 

hours at 37 °C and stirred at 200 rpm in presence of ThT 12 𝜇M, showing a reduced ThT 

emission over time when Aβ is exposed to Hsp60 (blue line), as compared to Aβ alone 

(black line), which is indicative of an inhibition of A aggregation. Experimental 

conditions: 𝜆exc ThT=450 nm; 𝜆em ThT=484 nm. B. Representative CD spectra of A1-40 

under pro-aggregating conditions either with or without 2 𝜇M Hsp60,  at time zero (t= 0 h; 

Aβ, black curve; Aβ + Hsp60, light blue curve), 5 hours (t= 5 h; Aβ, light grey curve; Aβ 

+ Hsp60, indigo blue curve) or 72 hours (t= 72 h; Aβ, dark grey curve; Aβ + Hsp60, blue 

curve) aggregation kinetic, suggesting that Hsp60 affected the secondary structure of Aβ 

by preventing the formation of beta-sheet conformations. Measurements recorded at 20 ºC 

and expressed as the average of 30 measurements, expressed in mdeg over wavelength. 
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THE EFFECT OF HSP60 ON A1-40 AGGREGATION: AFM MORPHOLOGY 

To further validate the inhibitory effect of Hsp60 on A1-40 aggregation, samples 

of A1-40, either exposed or not to Hsp60 (25:1 molarity ratio A1-40: Hsp60) were analyzed 

using AFM microscopy for morphologic characterization at time zero and after 24 hours 

of aggregation kinetic. Data summarized in Figure 2.5 were obtained in collaboration with 

the Italian Institute of Technology in Genova by Dr. Canale. In detail, consistent with data 

from several other laboratories [177,178], monomers of A1-40 were almost below 

detection limits as this protein is around 4.5 kDa (Figure 2.5, panel a). Conversely, when 

we incubated A1-40 under pro-aggregating conditions for 24 hours, we observed long 

fibers that were in the range of microns (Figure 2.5, panel b). Consistent with CD and ThT 

assays previously shown, the presence of Hsp60 completely inhibited the formation of A1-

40 fibers, as there was no morphological difference between samples analyzed at time zero 

and after 24 hours of aggregation (Figure 2.5, panels c and d), and the particles observed 

in the range of 3 nm were consistent with Hsp60 size as reported by studies one by others 

[179]. AFM results further confirmed that Hsp60 inhibits the aggregation kinetic of A1-

40. 
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Figure 2.5. Atomic force microscopy (AFM) analysis of A1-40 morphology changes 

upon incubation with Hsp60.  

Representative AFM acquisitions of 50 μM Aβ1–40 showing no aggregation at time 0 (a) 

and elongated fibrils after 24 h aggregation kinetic at 37 °C and 200 rpm (b). Conversely, 

when Aβ1–40 was incubated with 2 μM Hsp60, either at time 0 (c) or after 24 h (d) we 

observed only 2-10 nm spherical species compatible with Hsp60 size, suggesting that 

Hsp60 inhibited Aβ1–40 aggregation. Scale bar: 1 μm, Z-range: (a,b,c) 7nm;(d) 9.6 nm. 

Adapted from Mangione et al., 2016 [166]. 
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CHARACTERIZATION OF THE EFFECT OF HSP60 ON A1-40 AGGREGATION PATHWAY 

USING SEC-HPLC CHROMATOGRAPHY 

As our previous results strongly suggested a direct effect of Hsp60 on A1-40 

aggregation kinetic, we further tested the effect of Hsp60 on the aggregation propensity of 

A1-40 using SEC-HPLC. In detail, we performed a both qualitative and quantitative 

analysis of Hsp60-A1-40 protein-protein interaction. We analyzed changes in the retention 

time (R.T.), expressed by the time of elution, of A1-40 upon treatment with Hsp60, as a 

qualitative parameter; the area under curve of each specific peak of the chromatogram was 

used as a quantitative parameter to determine the changes in concentration of monomeric 

A after its aggregation. As the pores of the stationary phase did not allow the passage of 

large aggregates through the column, under these experimental conditions we could not 

quantify the aggregates with the size of fibers, as they eluted in the void volume. We 

estimated the amount of aggregates formed by comparing the area under the curve of the 

monomeric fractions at two time points of the aggregation kinetic (0 and 24 hours) and the 

quantification of the formation of fibers was calculated the complementary of the 

monomeric fraction. Results are shows in Figure 2.6. 
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Figure 2.6. Analysis of the effect of Hsp60 on A1-40 using size exclusion 

chromatography (SEC-HPLC). 

Representative chromatograms comparing 50 𝜇M A1-40 at time zero (black curve), after 

24 h aggregation kinetic without (blue curve) or with 2 𝜇M Hsp60 (red curve). Data showed 

a reduced area under the peak of monomeric A1-40 around 17 min after 24 h aggregation 

that was rescued when A1-40 is incubated with Hsp60, thus suggesting the antiaggregating 

effect of Hsp60.  The presence of the two peaks around 8 minutes of elution in the A1-40 

+ Hsp60 chromatogram are characteristic of Hsp60 heptamers and tetradecamers. 

Molecular weights shown in Figure was calculated using globular protein standards. 

Adapted from Mangione et al. [166]. 

 

In detail, we isolated and analyzed by SEC-HPLC A1-40 fractions either incubated 

or not with Hsp60. As controls, we injected a sample of monomeric A1-40 and Hsp60 to 

estimate the R.T. of both proteins alone. The injection of freshly prepared A1-40 monomers 

(black curve, Figure 2.6), produced a chromatogram characterized by a peak with a 

retention time around 17 minutes. Conversely, the injection of the same sample of A1-40 

incubated for 24 h under pro-aggregating conditions, produced a peak with the same R.T. 
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but reduced area, suggesting the formation of larger aggregates that could not be detected 

under these experimental conditions (blue curve, Figure 2.6). As we compared this data to 

a chromatogram of A1-40 incubated 24 h with Hsp60 under pro-aggregating conditions 

(red peak, Figure 2.6), we observed that the peak corresponding to the monomeric fraction 

of A was very similar in both quality (R.T.) and quantity (area under the peak) to the 

untreated control, thus further confirming the anti-aggregating effect of Hsp60 on A1-40. 

We also confirmed that the two peaks around 8 and 9 min. where characteristic of 

the two forms of Hsp60, heptameric and tetradecameric, upon injection of Hsp60 under the 

same conditions as shown in Figure 2.7. 

 

Figure 2.7. Chromatographic analysis of Hsp60. 

Representative chromatograms of 2 𝜇M Hsp60 using size exclusion chromatography 

(SEC-HPLC), showing two peaks around minutes 8 and 9, that are characteristic of the 

heptameric and tetradecameric aggregates of Hsp60. 
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We further tested the misfolding ability of A1-40 upon exposure to Hsp60 and 

investigated if this interaction affected the misfolding nature of A. Therefore, after SEC-

HPLC purification we tested the aggregation of A1-40 either not treated or treated with 

Hsp60 using the ThT assay as we showed previously. This test for simplicity has been 

referred as “aggregation assay”. In detail, we collected both A fractions (not treated or 

treated with Hsp60) from SEC-HPLC with a R.T. around 17 minutes, which represented 

the fractions of purified monomeric A. We incubated both purified fractions under pro-

aggregating conditions (24 hours, 37 C and 200 rpm) and we tested changes in ThT 

emission and CD spectra. As shown in Figure 2.8, A, once exposed to Hsp60, was no 

longer able to aggregate even after the removal of Hsp60. Conversely, chromatographic 

fractions purified from a sample of A1-40 gave statistically higher ThT fluorescence, due 

to fiber formation. 
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Figure 2.8. Testing the pro-aggregating property of A1-40 upon interaction with Hsp60. 

A. ThT assay of SEC-HPLC-purified fractions of A1-40 pre-incubated with Hsp60 (blue 

curve) or not (black curve) prior SEC-HPLC purification showed in figure 2.6. Data 

suggested that purified Aβ monomers have lost the ability to aggregate despite the removal 

of Hsp60, as compared to Aβ alone. Experimental conditions: ThT 12 𝜇M; 𝜆exc ThT=450 

nm; 𝜆em ThT=484 nm. B. Representative CD spectra of A1-40 pre-incubated with Hsp60 

and purified with HPLC at time 0 (t = 0 h, black spectrum), 24 hours (t = 24 h, red spectrum) 

and 72 hours (t = 72 h, blue spectrum), confirming that Aβ, upon interaction with Hsp60, 

retained a random coil structure characteristic of non-aggregated species, as confirmed by 

the stability of the CD spectrum over time and the minima of absorbance at 195 nm. 

Adapted from Mangione et al. [166]. 
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EFFECT OF HSP60 ON A1-42 AGGREGATION PATHWAY IN A CELL FREE MODEL 

We further validated the anti-aggregating effect of Hsp60, using A1-42 as an 

alternative model of amyloid aggregation. Differently from A1-40, the aggregation kinetic 

of this peptide was much faster and, due to the immediate formation of large aggregates, 

when prepared at the same experimental conditions used for testing the effect of Hsp60 on 

A1-40 aggregation (50 M, 37 C and 200 rpm) as confirmed by the high ThT fluorescence 

a time zero of the aggregation kinetic (grey spectrum, figure 2.9). As the goal of our 

investigation was to test the effect of Hsp60 on A1-42 aggregation kinetic, we optimized a 

concentration that allowed a more controlled aggregation kinetic and detection by the ThT 

assay. As summarized in Figure 2.9, preliminary investigations suggested an anti-

aggregating effect of Hsp60 also under this more aggressive model of aggregation. 

However, further investigation is needed to validate the effect antiaggregating of Hsp60 on 

A1-42 peptide. 

 

Figure 2.9. Testing the effect of Hsp60 in the aggregation kinetic of Aβ1-42. 

Representative ThT assays of a time course kinetics of 50 𝜇M (grey curve),15 𝜇M Aβ1-42 

alone (black curve) and 15 𝜇M Aβ1-42 incubated with 2 𝜇M Hsp60. Data suggests that at 

the concentration of 50 𝜇M, Aβ1-42 is highly unstable and forms large aggregates prior 

incubating the peptide under pro-aggregating conditions (50 M, 37 C and 200 rpm), as 

confirmed by the ThT fluorescence at 700 a.u. at time zero of the time course measurement. 
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Conversely, the ThT assay suggests that 15 𝜇M Aβ1-42 is characterized by an exponential 

nucleation phase and a plateau of ThT fluorescence after 1 h of aggregation, that is not 

observed when Aβ1-42 is incubated with Hsp60, thus suggesting the antiaggregating effect 

of Hsp60. Experimental conditions: ThT 12 𝜇M, 𝜆exc ThT=450 nm; 𝜆em ThT= 484 nm. 

 

EFFECT OF THE CHAPERONIN GROEL ON THE BIOPHYSICAL PROPERTIES OF A1-40 

We further tested if the results we obtained with human Hsp60 were reproduced by 

the bacterial homolog, GroEL. As compelling evidence suggests that Hsp60 activity differs 

from the less evolved bacterial precursor GroEL [133,134,176,180], we tested the 

interaction between GroEL and A1-40 using concentrations obtained by the isothermal 

titration calorimetry analysis done by our collaborators: A1-40 25 M and GroEL 7 M 

[176]. As previously shown with Hsp60, we tested the effect of GroEL on A1-40 

aggregation using both ThT assay and CD spectroscopy (Figure 2. 10). ThT assay showed 

the effect of GroEL in increasing the lag phase of A aggregation, even though the kinetic 

was not completely blocked. This data was consistent with CD data summarized in panel 

B of Figure 2.10. 
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Figure 2.10. Testing the effect of GroEL on the biophysical properties of Aβ1-40. 

A. Representative ThT assays of time course kinetics of 25 𝜇M A1-40 in 20 mM Tris HCl 

buffer (pH 7.7) incubated under pro-aggregating conditions (37 °C, 200 rpm) with 7 𝜇M 

GroEL or alone, suggesting a slower increase of ThT emission over time which is 

indicative of a moderate effect of GroEL on Aβ aggregation (green curve) as compared to 

Aβ alone (black curve). Experimental conditions: ThT 12 𝜇M 𝜆exc ThT=450 nm; 𝜆em 

ThT=484 nm. B. Representative CD spectra of 25 𝜇M A1-40 under pro-aggregating 

conditions either with or without 7 𝜇M  GroEL,  at time zero (t= 0 h; Aβ, black curve; Aβ 

+ GroEL, light green curve), after 2 hours (t= 2 h; Aβ, light grey curve; Aβ + GroEL, army 

green curve) or at the end of the aggregation kinetic (Aβ1-40, t = 4 h, dark grey curve; Aβ 

+ GroEL, t=18 h, emerald green curve), suggesting that GroEL moderately affected the 

secondary structure of Aβ, as not treated Aβ forms β-sheet conformations after 4 h due to 

the shift of the spectrum minimum from 195 to 210 nm, that was not observed when Aβ 
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was incubated with GroEL for 18 h. Measures recorded at 20 ºC and expressed as the 

average of 30 measurements, expressed in mdeg over wavelength. 

 

Overall, our data suggested that GroEL, under these experimental conditions, 

delays the process of A nucleation, but differently from the eukaryotic equivalent Hsp60, 

and does not completely inhibit A aggregation pathway. 

 

IV. CONCLUSIONS 

Hsp60 chaperonin is known to assist the refolding of other proteins [136,181,182], 

thus giving the rationale to test the direct interaction between Hsp60 and A peptide, which 

is characterized by a high misfolding and aggregation propensity. 

In the work presented in this chapter, we characterized the interaction between these 

two proteins using Thioflavin T assay, circular dichroism spectroscopy, atomic force 

microscopy and size exclusion chromatography. Using a cell-free system we investigated 

protein-protein interactions without the complexity of a cellular environment. We 

confirmed that the mitochondrial form of human Hsp60 successfully inhibited the 

aggregation of either A1-40 and A1-42 peptides, in absence of ATP. Therefore, a possible 

mechanism of Hsp60 could involve non-covalent interactions between the hydrophobic 

regions that characterize the inner part of the “donut-structure” of Hsp60 in its active form. 

The interaction between A and these non-covalent regions could force the aggregation 

pathway of A toward an “off-pathway” cascade leading to the formation of amorphous 

aggregates that no longer aggregate. This phenomenon has been already observed for A 

upon exposure to fatty acids [70]. Interestingly, we could not reproduce the same 

antiaggregating effect with the bacterial homolog GroEL, thus further suggesting that the 

possible mechanism of direct inhibition observed with the human homolog Hsp60 could 
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be linked to a more evolved ability to function when the co-chaperone and ATP are not 

available, thus making this chaperone more evolved than the bacterial homologue GroEL. 
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CHAPTER 3. IN VITRO ANALYSIS OF THE EFFECT OF HSP60 OVER-

EXPRESSION ON APP/A LEVELS 

I. INTRODUCTION 

The biophysical investigation of Hsp60-A protein-protein interaction presented in 

the previous chapter suggested a direct and irreversible inhibitory effect of Hsp60 on A 

aggregation. As A is known to be a cleavage product of the pro-amyloidogenic processing 

of APP, in the study presented in this chapter we investigated the effect of Hsp60 on A 

processing and release from APP in vitro. 

Previous studies have shown that Hsp60 binds to APP and A in vitro [147]. 

However, the role of Hsp60 in the co-localization of APP/A in the mitochondria remained 

unknown. 

In this work, we aimed to characterize the effect of Hsp60 on APP and A levels 

using an in vitro cell model that stably overexpresses the Swedish variant of APP (7PA2 

cells) and that is known to release human A oligomers in the culture medium. Specifically, 

we designed and characterized a novel cellular model that co-expresses both human APP 

and Hsp60 and characterized whether overexpressing Hsp60 modulated levels of both APP 

and A oligomers. We further tested the effect of Hsp60 overexpression on the down-

stream toxicity of the naturally secreted A oligomers in the media, as it has been shown 

that these oligomers are toxic both in vitro and in vivo [183–185]. Our results suggested 

that the overexpression of Hsp60 while did not affect APP levels, it significantly reduced 

the release in the media of toxic A oligomeric species, independently from their 

concentration, thus proposing Hsp60 as an attractive target for future therapies aiming to 

reduce A neurotoxicity. 
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II. MATERIALS & METHODS 

CELL CULTURE 

Chinese Hamster Ovary cells (CHO) and 7PA2 cell line (CHO overexpressing 

human APP751 carrying the V717F or Swedish mutation) were generously donated by Dr. 

Dennis Selkoe at Harvard Medical School, Boston, MA. For all experiments, cells were 

used within 10 passages and cultured with DMEM (Corning), 10% FBS (heat inactivated 

15 minutes, 56 C, Sigma Aldrich), 1% penicillin/streptomycin (P/S, Gibco), without 

(CHO cells) or with G418 antibiotic (0.4 mg/mL, Gibco; 7PA2 and 7PA2/H60 cells), as 

the plasmid overexpresses both the cDNA for APP and for the resistance for 

G418/neomycin antibody. 7PA2/H60 cell line was kept in culture for less than 10 passages 

is the same media used for 7PA2 cells, supplemented with hygromycin B (Corning) 0.6 

mg/ml to select only cell that were co-expressing both APP and Hsp60 cDNA, as the 

plasmid encoding for Hsp60 also carried the resistance for the hygromycin B antibiotic. A 

detailed description of the transfection of 7PA2 cells is described in the following 

paragraph. 

SH-SY5Y neuroblastoma cell line (ATCC, Manassas, VA)  was grown in 

DMEM/F12 (Corning), 10% FBS (heat inactivated 15 minutes, 56 C, Sigma Aldrich), 1% 

P/S (Gibco) and cells were seeded on a 24- or 96-wells plates, the day before each treatment 

in regular media end treatments were given in serum free/antibiotic free DMEM/F12 media 

for 24 hours. 

For all cell culture studies, experiments were performed at least in triplicates using 

either cells at different passages or cells from different frozen stocks to allow the statistical 

analysis of the results obtained. 
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PLASMID TRANSFECTION 

The cell transfection of plasmids, either empty pCMV6 or pCMV6-Hsp60 (both 

OriGene), was performed with Lipofectamine 2000 (Life technologies, Protocol Pub. No. 

MAN0007824 Rev.1.0) using the protocol recommended by the manufacturer [186]. In 

detail, cells were seeded a day prior in order to be 70% confluent at moment of transfection. 

The day of transfection, lipofectamine was diluted and incubated for 10 minutes at room 

temperature, to allow the formation of the lipophilic complex of Lipofectamine. 

Subsequently, pCMV6 plasmids (empty or encoding for human Hsp60 protein) were added 

to the lipid complex of Lipofectamine and incubated for 10 minutes at room temperature. 

We used 10% FBS in DMEM media to block the transfection after 5 hours, to allow cells 

to recover and facilitate replication and internalization of the plasmid. Either 24- or 48-

hours post-transfection, cells were seeded on a multi-well plate at desired confluency for 

further experiments. To obtain the optimal transfection conditions, we tested either 

different volumes of lipofectamine 2000 (7, 9, 12 L) or different plasmid concentrations 

(1,3,5,7 g) as summarized in Supplementary Table 1 (appendix A) and we tested the 

expression of the recombinant Hsp60 protein overexpressed by the plasmid using 

immunocytochemistry. We used DDK antibody to detect recombinant Hsp60, as this 

antibody recognizes a sequence that is encoded by the pCMV6-Hsp60 plasmid. DAPI (4',6-

diamidino-2-phenylindole) was used to counterstain nuclei of the fixed cells. A 

representative immunocytochemistry of the different transfection conditions tested on both 

CHO and 7PA2 cells (Supplementary Figure A.1, Appendix A). To quantify the efficacy 

of the cell transfection, we used western blotting to quantify protein levels (n=3) and 

immunocytochemistry to quantify the number of positive cells (n=5). For both 

experiments, we used two-way ANOVA with Tukey’s multiple comparisons test to 
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determine statistical significance between conditions, considering any p value less than 

0.05 as statistically significant. 

 

IMMUNOCYTOCHEMISTRY (ICC) 

To validate the protein expression, we performed ICC on fixed cells (CHO, 7PA2 

and 7PA2/H60) and quantified levels of recombinant Hsp60, total Hsp60 and APP/A 

proteins. In detail, we first seeded the cells on autoclaved cover-glasses (Fisher Scientific) 

for 24 hours and washed twice with cold PSB (10 mM in DDI water, pH 7.4, Thermofisher) 

to remove the culture media prior fixation with cold Methanol/Acetone (50:50 v/v, Sigma 

Aldrich). Cells were then incubated for 1 hour on ice to allow proper fixation of the cells 

on the coverslips. Cells were then washed twice for 5 minutes with cold PBS and blocked 

for 1 hour with 3% BSA (Calbiochem) and 0.05% Tween 20 (Acros) in PBS. All primary 

antibodies were incubated for 18 hours at 5 ºC and secondary antibodies were incubated 

for 1 hour at room temperature in the dark, after washing two times for 10 minutes with 

PBS. All acquisitions were performed with a Nikon A1+ confocal microscope, on fixed 

cells mounted on Super/frost slides (Fisherbrand, Fisher scientific). Notably, nuclei were 

stained with DAPI, Aβ/APP proteins were stained with 6E10 antibody (1:250 mouse, 

Covance), total Hsp60 was stained with anti-Hsp60 antibody (rabbit, Abcam or Origene), 

recombinant Hsp60 was stained with anti-DDK antibodies (1:1000, mouse Origene or 

rabbit, Santacruz). Alexa-594 (1:400, red, mouse or rabbit, Abcam), Alexa-488 (1:400, 

green, mouse or rabbit, Abcam) or Alexa-647 (1:250, far red, mouse or rabbit, Abcam) 

were used as secondary antibodies. Prior incubation, all antibodies were properly diluted 

in 1.5% normal goat serum (NGS) diluted in PBS. All confocal acquisitions were analyzed 

using ImageJ software and statistical analysis of the quantification was done using 

GraphPad prism 7, using 5 representative fields per condition. Data quantification was 

expressed as the percentage of positive cells that were also positive to DAPI 
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counterstaining. The statistical significance of the ICC quantification was determined using 

ordinary two-way ANOVA, followed by the Tukey’s multiple comparison test. Any p-

value less than 0.5 was considered as statistically significant. 

 

WESTERN BLOTTING (WB) 

We analyzed protein levels in all samples under denaturing conditions, using a sample 

buffer made with Tris base, glycerol, SDS, H2O, bromophenol blue and 2-mercaptoethanol 

(Sigma Aldrich). Electrophoretic runs were performed at constant voltage (80 V for 10 

minutes followed by 120 V until the end of the run). Proteins were transferred on a 0.2 m 

nitrocellulose membrane (GE Healthcare) at 0.4 A current kept constant for either 1 hour 

30 minutes in ice or 18 hours at 0.02 A for 18 h if total proteins loaded into the gel was 

equal to or higher than 70 g. After proteins were transferred on the membranes, we 

performed the antigen retrieval by microwaving the membranes in PBS for 1 minute, 

followed by 4 minutes wash in PBS. Prior to the blocking step, the presence of transferred 

proteins on the membrane was assessed by Ponceau Red staining. Membranes were then 

blocked with Odyssey blocking solution at room temperature for 1 hour. 6E10 (mouse, 

1:1000, Covance) or 4G8 (mouse, 1:1000, Santa Cruz) were used to detect APP or A 

proteins as 6E10 antibody binds to the a. a. sequence 1-16 of A and 4G8 antibody binds 

to the a. a. sequence 17-14 of A. The total amount of Hsp60 expressed in all CHO, 7PA2 

and 7PA2/H60 cells was detected with anti-Hsp60 antibody (1:5000, Abcam). DDK 

antibody (1:1000, OriGene) was used to detect the recombinant Hsp60 protein 

overexpressed in 7PA2/H60 cells. -actin (mouse, 1:2000, Sigma Aldrich), was used as 

loading control for cytosolic proteins, as -actin is a component of the cytoskeleton; SOD2 

(Genetex, rabbit, 1:1000) was used to confirm the quality of isolated mitochondria as SOD2 

protein is specifically expressed in the mitochondria. WB acquisitions were performed with 

Odyssey LI-COR using manufacturer’s protocol. All protein bands were analyzed using 
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ImageJ software to quantify the band density on n=3-5 blots obtained using biological 

replicates. The quantification of all western blotting results was expressed as the relative 

expression by normalizing the band densities to the loading control. The statistical analysis 

was obtained using 2-tailed unpaired Student’s T to compare the different protein 

expression between different cells.  Any p-value smaller than 0.05 was considered as 

statistically significant. All analyses were obtained using GraphPad Prism 7 or 8. 

 

SUB-CELLULAR FRACTIONATION 

Mitochondria were isolated from total cell lysates using a mitochondria isolation 

kit (Q-proteome, Qiagen) and the quality of the preparation was validated by western 

blotting using SOD2 antibody (1:1000, rabbit, Genetex). Extracellular fluids were isolated 

using a revised protocol optimized by others [187] for obtaining a culture media enriched 

in A species, referred as “conditioned media” (CM) throughout this chapter. Briefly, we 

first seeded CHO, 7PA2 and 7PA2/H60 cell lines in 10mm X 15 mm Petri dishes (Corning) 

at about 90% of confluency (1.6 mln cells/mL). Cells were allowed to attach for 3 hours in 

regular media supplemented with 10% FBS and antibiotics. Subsequently, cells were 

incubated in serum-free- antibiotics-free- DMEM media for 20 hours in the incubator. 

Once collected, the media was either concentrated up to 20 times for analysis of A levels 

via WB and ELISA, or either used not concentrated to assess its cytotoxicity on SH-SY5Y 

cells as described in the following paragraph of this chapter. To concentrate the culture 

media, 3 kDa cut-off (Vivaspin, Sartorius) filters were first washed one time with 0.1% 

BSA (Sigma Aldrich) diluted in DMEM media (Corning) by centrifuging the filters at 6000 

rcf for 30 minutes at 5 °C, followed by one wash with DMEM media (20 minutes, 6000 

rcf., 5 °C), to reduce the binding of amyloids to the filters. Subsequently, the media 

collected from CHO, 7PA2 and 7PA2/H60 cells was concentrated in the same filters at 
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6500 rcf at 5 °C, up to 20 times for about 95 minutes. Once collected, the media was either 

used or stored a -80 °C supplemented with 50 mM EDTA (Sigma Aldrich). 

 

LACTATE DEHYDROGENASE (LDH) CYTOTOXICITY ASSAY 

Cell death of SH-SY5Y neuroblastoma cells was measured 24 hours after 

treatments with either CM or vehicle using the “Cytotoxicity Assay kit” (Roche), following 

the manufacturer protocol. Briefly, cytotoxicity was detected indirectly by measuring the 

absorbance of a dye sensitive to the LDH released in the culture media by damaged cells. 

We detected the colorimetric reaction spectroscopically using a multi-plate reader (Quant, 

Biotek). The cytotoxicity percentage was calculated using the following formula: 

Cytotoxicity % = [(experimental value – low control)/ (high control – low control)] *100 

[188]. Low control was referred to the absorbance value obtained by the spontaneous 

release of LDH from cells treated with vehicle and was calculated using media from cells 

treated with serum-free culture media (DMEM/F12 medium, Sigma Aldrich). High control 

was calculated using media from cells treated with 10% Triton-X 100 serum free culture 

media and was used as a control from maximum LDH release when cells were exposed to 

a substance 100% cytotoxic. To obtain a reproducible assay, prior to testing all treatment 

conditions, we optimized the assay by quantifying both the spontaneous and maximum 

LDH release of increasing seeding density of SH-SY5Y cells and selected the optimum 

seeding density for our experiments (Supplementary Figure A4, Appendix A) All samples 

used for cell treatments were diluted 1:10 or 1:5 in serum-free culture media. Cells were 

treated either with DMEM media, CHO CM, 7PA2 CM or 7PA2/H60 CM. For all 

experiments, n=3 biological and n=3 technical replicates were used to assess statistical 

difference among treatment conditions. Statistical analysis was determined using 2-tailed 

unpaired Student’s T-test and any p-value less than 0.05 was considered statistically 

significant. All analyses were performed using GraphPad Prism 7. 
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BI-CINCHONIC ACID (BCA) ASSAY 

We determined the protein concentration of all biological samples using a 

colorimetric assay referred as the BCA assay (Thermo Fisher) according to the 

manufacturer protocol [189]. In detail, diluted samples (1:40 dilution in DDI water) were 

incubated for 30 minutes at 37 °C with a mixture of reagents A and reagent B (200 L final 

volume, 1:50 v/v) provided by the BCA kit. The colorimetric reaction between samples 

and reagent mixture was detected based on changes of the absorbance of the bi-cinchonic 

acid at 562 nm upon interaction with different concentrations of proteins. Absorbance 

readings were determined using a spectrophotometer (Quant, Biotek). The concentration 

of all samples was obtained using the equation obtained from the absorbance intensities of 

bovine serum albumin (BSA) determined using fixed concentration, from 0 to 1000 g/mL 

as a standard. 

 

ELISA 

We quantified Aβ levels in cell culture media isolated from CHO, 7PA2 and 

7PA2/H60 cell lines and using Human Aβ42 solid phase sandwich ELISA kit (life 

technologies). To increase the detection, we prepared the culture media concentrated up to 

20 times following the previously mentioned protocol [187], and we calculated the protein 

concentration using the BCA assay. In detail, we diluted 10 g of samples in a final volume 

of 50 l of standard diluent buffer provided by the ELISA kit, supplemented with protease 

inhibitor cocktail (Thermo Scientific). Each sample was incubated for 3 hours at room 

temperature in the multi-well pre-coated with primary antibody. Subsequently, we washed 

the wells four times with wash buffer and incubated for 1 hour at room temperature the 

samples with secondary antibody (Anti-rabbit IgG-HRP) and chromogen (30 minutes) to 

allow the detection of Aβ levels in the samples. The detection was obtained 

spectroscopically using a multiplate reader (Quant, Biotek) and intensities of emission 



73 

acquired at 450 nm. The quantification of Aβ levels in all samples was extrapolated from 

the polynomial equation obtained by a standard curve of human Aβ over a range between 

0 and 1g/mL and upon subtraction of the background absorbance. To analyze the 

statistical significance of Aβ levels between 7PA2 and 7PA2/H60 media, we used 2-tail 

unpaired Student’s T test to analyze n=3 biological experiments with n=2 technical 

replicates. Any p value less than 0.05 was considered as statistically significant. 

 

STATISTICAL ANALYSIS 

All statistical analyses were done using GraphPad Prism 7. Two-tailed unpaired 

Student’s T-test was used to compare two group of results and any p-value less than 0.05 

was considered as statistically significant. Two-way ANOVA was used to analyze the 

significance between multiple data sets and for the comparison of multiple variables either 

within the same group of data or between different group of data. For all two-way ANOVA 

tests, Tukey’s test for multiple comparisons was used for post-hoc analysis and a p value 

less than 0.05 was considered as statistically significant. 

 

 

III. RESULTS 

DESIGN OF  7PA2/H60 CELL LINE AND BIOMOLECULAR CHARACTERIZATION 

To test the effect of Hsp60 on APP and A proteins, we designed the “7PA2/H60” 

cell line that co-expresses both the Swedish mutated form of human APP and human 

Hsp60. As summarized in Figure 3.1, we first transfected 7PA2 cells with either a pCMV- 

empty plasmid or pCMV6- encoding for human Hsp60 protein. We obtained the selection 

of the cell clone co-expressing both APP and Hsp60 proteins using specific antibiotics, 
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based on the antibiotic resistance delivered by the plasmids. To preserve the expression of 

both recombinant proteins, we used doses of antibiotics that were known to be toxic for the 

naïve CHO cells, the latter cells being used as untransfected control (data not shown). The 

plasmid carrying APP overexpression in 7PA2 cell line expressed the resistance for 

neomycin (or G418 antibody), while the plasmid encoding for Hsp60 expressed also 

hygromycin B resistance. We obtained the co-expression of APP and Hsp60 in the 

7PA2/H60 cell line using G418/hygromycin B 0.6 mg/0.6mg in DMEM, 10 % FBS, 1% 

P/S. As summarized in Figure 3.1, upon plasmid transfection, we validated the 7PA2/H60 

cell line using both western blotting and immunocytochemistry.  

As previously mentioned, Hsp60 is mostly active in the mitochondria [133,190] 

while Aβ is mainly released extracellularly from the pro-amyloidogenic cleavage of APP 

which is a transmembrane protein [8]. Therefore, we analyzed changes of APP and Aβ 

levels upon Hsp60 overexpression in the mitochondria, intracellularly and extracellularly. 

 

Figure 3.1. Experimental design of 7PA2/H60 cell line design and characterization. 

1. 7PA2 cell line was first transfected with pCMV6 plasmids either empty, as a control, or 

encoding for Hsp60 protein to obtain the 7PA2/H60 cell line. 2. Antibiotic selection of 

7PA2/H60 positive cells was obtained using hygromycin B antibiotic, based on the 

antibiotic resistance carried by the pCMV6 plasmid and expressed only by transfected 

cells. 3. 7PA2/H60 cell line validation was obtained using WB and ICC to compare protein 

levels (APP, A and Hsp60) to 7PA2 and naïve CHO cells as controls. 4. Sub-cellular 
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fractionation and analysis of Hsp60-APP/A co-expression using either WB or ELISA in 

subcellular fractions: intracellular, mitochondria and extracellular. 

 

To validate the positive expression of both APP and Hsp60 proteins, we tested 

protein levels using western blotting, to confirm the positive expression of both 

recombinant APP and Hsp60, compared to naïve CHO cells and 7PA2 cells transfected 

with an empty pCMV6- plasmid (Figure 3.2). Western blotting results confirmed the 

overexpression of recombinant Hsp60 in 7PA2/H60 cell line, as confirmed by the 60 kDa 

band detected by DDK antibody, as this antibody selectively detects the tag expressed in 

the recombinant protein (DDK). Further, the co-localization between DDK and Hsp60 

antibodies further validated the overexpression of Hsp60 protein in 7PA2/H60 cells (Figure 

3.2. A) as compared to 7PA2 cells that were either not transfected or transfected with an 

empty pCMV6- plasmid. 

We also confirmed APP overexpression in both 7PA2 and 7PA2/H60 cells using 

the anti-amyloid 6E10 antibody, which detects a band around 120 kDa, which is relative 

to APP protein and multiple bands a lower molecular weight, which are relative to different 

aggregation forms of A. Notably, Hsp60 protein was detectable in all cell lines, as this 

chaperone is ubiquitously expressed. A quantification of the protein levels is summarized 

in Figure 3.2.B. In detail, we observed a significant expression of APP in both 7PA2 and 

7PA2/H60 cells (*p<0.0001) and a significant expression of recombinant Hsp60, detected 

by DDK antibody, only in 7PA2/H60 cells (*p=0.0212). 

As our goal was to test APP and Hsp60 levels in different cellular fractions, we 

further tested the long-term stability of APP and Hsp60 co-expression in 7PA2/H60 cells, 

to avoid possible false negative results due to a loss of one of the plasmids. As summarized 

in Figures 3.2 C and D, we validated the 7PA2/H60 cell lines after 1 week and 1 month of 

transfection and our results confirmed the long-term co-expression of both APP and Hsp60 

proteins. 
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Figure 3.2. Validation of 7PA2/H60 cell line using WB. 

A. Representative WB of CHO, 7PA2 and 7PA2/H60 cell lysates 1 week after transfection, 

confirming that 7PA2 (II and III lane) and 7PA2/H60 (IV lane) cells were positive to 6E10 

antibody which detects APP protein, that only 7PA2/H60 is positive to DDK antibody, 

which detected recombinant Hsp60, and that all cell lines were positive to total Hsp60 

antibody as Hsp60 chaperone is ubiquitously expressed. -actin was used as a loading 

control, to normalize the quantifications shown in B and D. B. Normalized expression of 

protein levels detected by WB shown in A, showing the statistical analysis done using 2-

way ANOVA followed by Tukey’s multiple comparisons test  (n=3; 6E10, *p<0.0001; 

DDK, *p=0.0212 (CHO vs. 7PA2/H60), p= 0.0133 (7PA2 vs. 7PA2/H60), p=0.0175 

(7PA2/H60 vs 7PA2-pCMV6-Empty). Results presented as the average of the relative 

expression of proteins normalized to -actin ± SD. C. Representative WB of total lysates 

of CHO, 7PA2 and 7PA2/H60 cells after 1 week (7PA2/H60 Ly I) and after 1 month of 

plasmid transfection (7PA2/H60 Ly II) using 6E10 to detect APP and A, DDK and Hsp60 

antibodies to validate the co-expression of both total and recombinant Hsp60 proteins in 

7PA2/H60 cell line. D. Quantification of protein levels in total cell lysates showing the 
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increased expression of APP and A in 7PA2 and 7PA2/H60 lines detected by 6E10 

antibody and the increased expression of recombinant Hsp60 in 7PA2/H60 detected by 

DDK antibody. Data presented as relative expression normalized using -actin as loading 

control. 

 

In parallel experiments, we further characterized 7PA2/H60 cell line using ICC as 

shown in Figures 3.3 and 3.4. Specifically, we used 6E10 antibody to validate the 

expression of APP and A proteins in both 7PA2 and 7PA2/H60 cell lines, compared to 

CHO cells; we used DDK antibody to confirm the expression of recombinant Hsp60 only 

in 7PA2/H60 cell line.  

 

Figure 3.3. Validation of recombinant Hsp60 and APP co-expression in 7PA2/H60 cell 

line using ICC. 

Representative confocal acquisitions confirming the co-expression of both APP/Aβ and 

recombinant Hsp60 only in 7PA2/H60 cell lines, as compared to CHO that does not express 

APP/Aβ nor recombinant Hsp60, and as compared to 7PA2 cells that only express APP/Aβ. 

In blue, DAPI staining for nuclei; in green, DDKrb conjugated to Alexa-Fluor 488 used to 

stain recombinant Hsp60; in red, 6E10ms conjugated to Alexa-Fluor 647 used to stain 
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APP/A proteins. The composite panels represented the merge of all three channels. Scale 

bar: 100 𝜇m. 

 

 

Figure 3.4. Validation of recombinant Hsp60 in 7PA2/H60 cell line using ICC. 

Representative confocal acquisitions confirming the co-expression of recombinant Hsp60 

and total Hsp60 only in 7PA2/H60 cell lines, as compared to both CHO and 7PA2 cells 

that are only positive for total Hsp60 antibody. In blue, DAPI staining for nuclei; in green, 

Hsp60rb conjugated to Alexa-Fluor 488 staining for total Hsp60; in red, DDKms 

conjugated to Alexa-Fluor 647 staining for recombinant Hsp60 protein. The composite 

panels represented the merge of all three channels. Scale bar: 100 𝜇m. 

 

A quantification of the immunocytochemistry data obtained is shown in Figure 3.5. 
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Figure 3.5. Quantification of Hsp60 and APP/Aβ staining to validate 7PA2/H60 cell line. 

 Quantification of the number of positive cells expressing APP/Aβ detected by 6E10 

antibody, total Hsp60 detected by anti-Hsp60 and recombinant Hsp60, that is detected by 

DDK antibody using ICC. Data confirming the significant expression of APP/Aβ only in 

7PA2 and 7PA2/H60 as compared to CHO cells and the significant expression of 

recombinant Hsp60 only in 7PA2/H60 as compared to CHO and 7PA2 cells. Hsp60 was 

detected in all three cell lines as this protein is ubiquitously expressed. Data is expressed 

as the average ± SD of the percentage of positive cells normalized to DAPI, that was used 

to counterstain the nuclei in all cells. Statistical significance was calculated using multiple 

2-tailed unpaired Student’s T-test and any p-value less than 0.05 was considered as 

statistically significant (n=5; ****p<0.0001). 

 

Overall, data suggested a successful co-expression of Hsp60 and APP proteins in 

7PA2 cells and therefore the newly designed 7PA2/H60 cell line can be a suitable model 

for testing the co-expression of both Hsp60 and APP proteins in vitro. 
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INVESTIGATING APP/HSP60 CO-EXPRESSION OF IN SUB CELLULAR COMPARTMENTS 

We investigated whether Hsp60 had any effect on APP or Aβ levels using 

7PA2/H60 cell line as a model. To analyze the co-expression of both proteins in different 

sub-cellular fractions, we first validated and optimized the protocols to collect both 

mitochondria, intracellular and extracellular fluids, as described in the method section, in 

Supplementary Table 1 and in Supplementary Figure 1 (Appendix A). 

Once all protocols were validated, we investigated the effect of Hsp60 

overexpression on APP/A levels using 6E10 and Hsp60 antibodies using western blotting. 

Even though 6E10 antibody has been extensively used to quantify A aggregates 

[18,191,192], we previously confirmed the molecular weight of 6E10 bands in different 

cell lysates from CHO, 7PA2 and 7PA2/H60 (n=4) and we confirmed that the bands we 

selected were not APP fragments using c-APP antibody, an antibody specific for APP 

(Supplementary Figure 2, appendix A). 

As shown in Figure 3.6.A, the representative western blotting shows that in CHO, 

7PA2 and 7PA2/H60 cell lysates, 6E10 detected multiple bands that are relative to APP 

and A in different aggregation stages, while Hsp60 antibody detected a 60 kDa band 

relative to total Hsp60 levels. We also used -actin antibody as loading control for all 

samples for the quantification of the antibody levels shown in panels B and C of Figure 

3.6. We analyzed the normalized intensities of 6E10 positive bands for APP levels and 

CHO, 7PA2 and 7PA2/H60 cell lysates (3.6.B), and the 6E10 positive molecular weight 

bands from 4 to 20 kDa, that are relative to small A aggregates (3.6.C). Overall, data 

suggest that overexpressing Hsp60 does not affect APP levels and A levels, despite being 

not significant (p= 0.5081) trended to be reduced in 7PA2/H60 line compared to 7PA2 

cells. 
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Figure 3.6. Analysis of Hsp60- APP/Aβ co-expression intracellularly using WB. 

A. Representative WB of total cell lysates of CHO, 7PA2 and 7PA2/H60 cell lysates, using 

6E10 antibody to detect both APP and Aβ proteins, anti-Hsp60 to detect total levels of 

Hsp60 and anti--actin antibody to detect actin as loading control, suggesting that APP/A 

levels were not affected by Hsp60 overexpression. Black arrows indicating APP (120 kDa 

band) and Aβ forms (8-20 kDa bands) B. Quantification of APP levels using 6E10 

antibody indicating a significant expression of APP in both 7PA2 and 7PA2/H60 cells, as 

compared to CHO and not significant changes in APP levels upon Hsp60 over-expression 

when compared 7PA2 to 7PA2/H60 cells using 2-tailed unpaired Student’s T test (n=5; 

**p= 0.0025 (CHO vs. 7PA2), **p=0.0038 (CHO vs. 7PA2/H60). C. Quantification of less 

than 20 kDa molecular weight bands (indicated by the black arrows in A) detected by 6E10 

antibody, indicating a trend of reduced Aβ levels upon Hsp60 overexpression, that was not 

significant as reported by the Student’s T-test (**p=0.0059; *p=0.0439). The 

quantification of WB bands presented in panel B, C was done using ImageJ software on 

n= 4 blots and statistical significance calculated using GraphPad Prism. Data presented as 

the average ± SD of the relative expression of protein levels normalized to β-actin. 
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As Hsp60 is a chaperone known to be mostly active in the mitochondria, and 

previous studies suggested that APP accumulates in the mitochondria [147], we tested 

changes of the levels of both proteins in the mitochondria as shown in Figure 3.7. 

 

 

Figure 3.7. WB analysis of Hsp60- APP/Aβ co-expression in mitochondria fractions. 

A. Representative WB of mitochondria fractions (M) of CHO, 7PA2 and 7PA2/H60 cells, 

using the anti-amyloid antibody 6E10 to detect APP levels (indicated by the black arrow), 

anti-Hsp60 to detect total Hsp60 and anti--actin as loading control, suggesting that APP 

levels were not affected by Hsp60 overexpression. B. Quantification of APP levels in 

mitochondria fractions detected by the anti-amyloid 6E10 antibody indicating a significant 

expression of APP in both 7PA2 and 7PA2/H60 cells, as compared to CHO and not 

significant changes in APP levels upon Hsp60 over-expression when compared 7PA2 to 

7PA2/H60 cells. Quantification of WB bands was done using ImageJ software on n= 3 

blots and statistical significance was verified using 2-tailed unpaired Student’s T-test. Data 

presented as average ± SD of the relative expression of protein levels normalized to β-

actin. 

 

Our analysis reported that APP levels were not affected by Hsp60 overexpression, 

thus suggesting that Hsp60 does not affect APP localization in mitochondria. Conversely, 

we were not able to detect A in mitochondria neither in 7PA2 or 7PA2/H60 in our 

experimental conditions. 
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As it has been widely established that 7PA2 cells secreted A into the culture media 

that aggregate into toxic oligomers once released [184,187], we tested whether Hsp60 had 

an effect on the levels of A released in the media. As shown in Figure 3.8, we first 

attempted to optimize a protocol for improving the detection of both APP and A in the 

media, as 7PA2 cells secrete A in the range of picomolar, which is below detection limits 

of common western blotting techniques. However, western blotting results revealed that 

secreted A in the media was below detection limits even upon concentration of the media 

20 times. Therefore, we analyzed the concentration of A secreted in the media of both 

7PA2 and 7PA2/H60 cells using a much more sensitive A42 ELISA (Figure 3.8.B). 

 

Figure 3.8. Hsp60 overexpression significantly reduces the release of Aβ in extracellular 

fluids.  

A. Representative WB and red Ponceau membrane staining of CHO, 7PA2 and 7PA2/H60 

cell lysates (Ly) and secreted conditioned media (CM) either not concentrate (N.C.) or 

concentrated 20 times (CM 20X C.), using anti-amyloid 6E10 antibody to detect APP and 

A proteins as indicated by the black arrows, anti-Hsp60 antibody to detect total Hsp60. 

Data suggesting that both 7PA2 and 7PA2/H60 cells release in the media 6E10 positive 
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bands compatible with APP protein ( 120 kDa band). Media was analyzed both not 

concentrated or concentrated to increase the detection of A that however was below WB 

detection under these experimental conditions. Anti-Hsp60 WB suggests that Hsp60 is only 

present intracellularly (Ly) and not in the media (CM). Ponceau red was used to control 

secreted proteins in the culture media. B. Aβ1-42 ELISA of conditioned media (CM) 

concentrated from CHO, 7PA2 and 7PA2/H60 cell lines suggests that Hsp60 

overexpression significantly reduces the amount of Aβ secreted in the media. 2-tailed 

unpaired Student’s T test was used to test statistical significance between the two 

conditions. Aβ levels are expressed as the average concentrations expressed in pg/mL ± 

SD (n=7; *p=0.0191). 

 

Interestingly, Hsp60 overexpression significantly reduced A secreted levels in 

7PA2/H60 media compared to 7PA2, as confirmed by the statistical analysis of ELISA 

results. 

Overall, data suggested that overexpression of Hsp60 might not have a direct effect 

on APP protein levels, but it might affect either the downstream cascade of APP processing 

or the clearance of APP-derived fragments, thus resulting in a reduction in A levels in the 

extracellular fluids. 

 

THE EFFECT OF HSP60 UP-REGULATION ON THE DOWNSTREAM TOXICITY OF AMYLOID 

BETA OLIGOMERS  

 

Our next goal was to test whether Hsp60 changed Ao-driven neurotoxicity in 

vitro. Mainly, we investigated the effect of Hsp60 over-expression on naturally secreted 

oligomers, released in vitro by 7PA2/H60 cell line and we compared our results to cells 

treated with 7PA2 extracellular media, as this cell media is known to be cytotoxic due to 

the release toxic oligomers in the media [184]. We quantified changes in cytotoxicity using 

LDH assay, as described in material and methods. 
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Figure 3.9. Hsp60 overexpression significantly reduces the cytotoxicity of naturally 

secreted Aβ in the culture media (CM). 

A. LDH assay of SH-SY5Y cells treated 24 hours with conditioned media extracted from 

7PA2 and 7PA2/H60 cell lines (7PA2-CM or 7PA2/H60-CM), suggesting that Hsp60 

overexpression significantly reduces both Aβo-derived secreted cytotoxicity. Statistical 

significance calculated using 2-tailed unpaired Student’s T-test (n=3; *p=0.0025). Data is 

expressed as the average of cytotoxicity % ± SEM. B. Statistical analysis of the ratio 

between cytotoxicity % data shown in A and the Aβ levels secreted in the media obtained 

by ELISA shown in Fig.3.8. Data confirms that Hsp60 overexpression reduces the 

cytotoxicity independently from the concentration of Aβ. Data is expressed as the average 

± SEM and statistical significance obtained using 2-tailed unpaired Student’s T-test (n=3; 

*p=0.0294). 

 

As expected, 7PA2 cell line media was toxic for neuroblastoma cells, because of 

the release of cytotoxic Ao in the media (Figure 3.9.B). However, as we compared the 
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cytotoxicity of 7PA2 media to 7PA2/H60 media, data suggested that 7PA2/H60 media was 

significantly less toxic than 7PA2 media. This result suggested that Hsp60 overexpression 

either reduced the total levels of A released in the media or reduced specifically toxic 

Ao species in the media as we reported in the previous chapter that Hsp60 directly inhibits 

A aggregation. We further analyzed the cytotoxicity results normalized by the 

concentration of A released in the media obtained by ELISA. Interestingly, comparing 

the ratio between cytotoxicity and A concentration between 7PA2 and 7PA2/H60 media 

suggested that 7PA2/H60 was significantly different from 7PA2 media. 

 

IV. CONCLUSIONS 

Our data suggest a direct effect of Hsp60 on Aβ release without affecting the 

intracellular levels of both APP and Aβ. The analysis of the changes in cytotoxicity of 

naturally secreted Aβ, upon Hsp60 overexpression in vitro, suggested that Hsp60 

significantly reduced the cytotoxicity of naturally secreted Aβ oligomers. Further, our 

analysis also suggested that the reduced cytotoxicity observed with 7PA2/H60 might be 

due to a specific effect of Hsp60 on toxic Aβ oligomers. 

The protective action of Hsp60 into the mitochondria and the crucial role of Hsp60 

in preserving mitochondria homeostasis from misfolded proteins was already proposed 

[89,193]. Further, in vitro studies from others already suggested that Hsp60 could interact 

with both APP and Aβ, but the effect of this interaction was still poorly investigated [147]. 

Our results strongly suggest that up-regulation Hsp60 affects the pro-amyloidogenic 

processing of APP; possibly by preventing the formation of cytotoxic Aβ oligomeric 

species. 



87 

CHAPTER 4. THE PROTECTIVE EFFECT OF HSP60 AGAINST A OLIGOMER 

SYNAPTIC TOXICITY 

Modified from: 

 “Hsp60 protects against Amyloid  oligomer synaptic toxicity via 

modification of toxic oligomer conformation. Marino C., Krishnan B., Cappello F. 

& Taglialatela G. ACS Chemical Neuroscience. 2019” (Submitted) 

 

I. INTRODUCTION 

In our previous studies we showed the interaction between Hsp60 and monomeric 

Aβ in a cell-free model and that Hsp60 irreversibly inhibited its aggregation [166]. We 

further discussed how Hsp60 overexpression reduced naturally secreted Aβ in the 

extracellular media and reduced cytotoxicity of the culture media. However, whether 

Hsp60 can also interact with preformed Aβ oligomers (Aβo) and negate their neurotoxicity 

via altering their structural polymorphism was not clarified. 

Among all triggering factors contributing to the onset of AD, the synaptotoxicity 

of Aβo is believed to be one of the earliest events leading to the clinical manifestation of 

the disease [14,72,194]. Therefore, to find effective strategies to prevent Aβo 

synaptotoxicity could contribute to the design of disease-modifying therapies relevant for 

AD. 

The goal of the study presented in the following chapter is to investigate the 

interaction between Hsp60 and pre-formed Aβo, and to test whether this interaction caused 

changes in the Aβo aggregation pathway and a downstream change of Aβo-derived 

synaptic toxicity. We used both in vitro and ex vivo approaches to characterize the effect 

of Hsp60 on preformed Aβo. Our results supported a direct impact of Hsp60 on Aβo toxic 
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structure thus alleviating Aβo-induced synaptic toxicity and the impairment of long-term 

potentiation, which are two of the main alterations that characterize early AD pathogenesis. 

 

II. MATERIALS AND METHODS 

PREPARATION OF THE PROTEIN SAMPLES 

Amyloid  oligomers (Ao): Ao for in vitro experiments were prepared as 

previously published [153]. Briefly, 1 mg of lyophilized peptide was solubilized in 1.5 ml 

acetonitrile/water 1:1 (v/v), to remove impurities. The suspension was left at room 

temperature for 10-15 minutes and aliquoted into three 1 ml tubes (Eppendorf) containing 

0.03 mg of A and further lyophilized and stored at -20 C until use. The day of the 

experiment, aliquots were suspended in Hexafluoro-2-propanol, HFIP (200  L for each 

aliquot used) and left at room temperature for 10-20 minutes. The solution was then 

transferred to a new tube with a stirrer and diluted with DDI water (700 L for each aliquot) 

in order to obtain a nominal concentration of 95 M. The peptide solution was gently mixed 

and covered with a cap with holes to allow the evaporation of HFIP and the process of 

protein aggregation. The peptide was left oligomerize at room temperature and under 

agitation for 2 days. Oligomers are either used immediately or stored at -80 C until use. 

Hsp60: for cell culture experiments, aliquots of active human Hsp60 (ATGen) were 

diluted to 2 M or 1 M in buffer PBS 1X and further diluted in DMEM/F12 to 10-fold 

for cytotoxicity experiments. All sample preparation procedures were conducted in asepsis 

conditions. All samples’ final concentrations were calculated mathematically, and final 

samples were prepared on ice. The final concentrations of Hsp60 was kept consistent with 

our published biophysical investigations [195]. 
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IMMUNOPRECIPITATION (IP) 

Pre-formed Aβo was incubated with Hsp60 as described previously and 

immunoprecipitated using magnetic beads (dynabeads, Life technologies) coated with the 

anti-amyloid β antibody 4G8 (1:250 in PBS 1X, mouse, Covance) according to 

manufacturer. In detail, 50 L dynabeads were incubated with antibody overnight with 

4G8 antibody at 4 C under constant agitation to allow the binding of the antibody to the 

magnetic beads. Subsequently, the beads were washed three times with 0.05 % Tween 20 

in PBS and incubated with either vehicle, 5 M Aβo, 5 MAβo + 0.2 M Hsp60 or 0.2 

M Hsp60 (final volume: 100 L ) overnight at 4 C to allow the pulldown of the proteins 

that are able to interact with 4G8 antibody. Samples were then analyzed by western blotting 

using anti-Hsp60 antibody (1:5000, rabbit, Abcam) to detect Hsp60 protein and anti-

amyloid β 6E10 antibody (1:1000, mouse, Covance) to detect Aβo. As controls, IP with no 

proteins, input and unbound fractions were also tested to exclude any aspecific binding of 

the antibodies. The immunoprecipitation was performed in triplicate using different stocks 

of both Aβo and Hsp60.  

 

PK ASSAY 

Proteinase K (PK) assay of 50 M Ao,  50 M Ao + 2 M Hsp60 or 2 M Hsp60 

was done using a protocol previously published by others [60] that allow to test the 

different sensitivity of protein to the enzymatic digestion of PK. Briefly, all samples were 

incubated at 37 °C for 1 h prior incubating all samples with 0.05 g/L PK (Millipore) at 

37 °C, for 2 h. Digestion activity of PK was blocked at the desired incubation time (0, 30’, 

1 h, 2 h) by boiling the samples prior analysis by WB (n=3). 

 

  



90 

BIS-ANS ASSAY 

According to what previously published [196], 4,4’-dianilino-1,1’-binaphyl-

5,5’disulfonic acid, dipotassium salt (bis-ANS) was freshly dissolved in 10 mM glycine-

NaOH buffer (pH 7.4) at a final concentration of 10 M and kept in the dark until use. 

247.4 L of bis-ANS solution was then added to 2.6 L sample of 50 M Ao, 50 M 

Ao + 2 M Hsp60, 2 M Hsp60 alone or vehicle. All time course kinetics (n=3 

independent experiments with n=3-5 technical replicates) were performed in the dark at 

room temperature and the fluorescence of the bis-ANS probe was measured 

spectroscopically at specific time points (0, 2, 4, 6, 8, 24 h) upon excitation at exc 380nm 

at em 520 nm using a spectrofluorometer (SpectraMax M2 multiplate reader, Molecular 

Devices.). Both negative (buffer only) and positive controls (bis-ANS alone) were also 

analyzed under the same conditions. Statistical difference between experimental conditions 

was estimated using 2-way ANOVA, followed by Tukey’s test for multiple comparisons 

using GraphPad Prism 8. Any p-value less than 0.05 was considered as statistically 

significant. 

 

WESTERN BLOTTING (WB) 

WB was performed using a 4-20% pre-casted gels to allow a better resolution of 

the multiple Ao aggregates in denaturing conditions using a sample buffer made with Tris 

base, glycerol, SDS, H2O, bromophenol blue and 2-mercaptoethanol (Sigma Aldrich). 

Electrophoretic runs were performed at constant voltage (80 V for 10 minutes followed by 

120 V until the end of the run) using a vertical electrophoretic chamber (Bio-Rad). Proteins 

were transferred on a 0.2 m nitrocellulose membrane (GE Healthcare) at 0.4 A current 

kept constant for 1 hour in ice. Membranes were blocked for 1 h using Odyssey blocking 

buffer (Licor) and probed with primary antibodies either for 1h at room temperature or 

over-night. Washes of the membranes were done using TBS-T buffer and secondary 
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antibodies (Licor) were probed for 1 h at room temperature and acquired with Odyssey LI-

COR image analyzer. Quantification of the bands was done with ImageJ software. 

Antibodies: 6E10 (mouse, 1:1000, Covance) and 4G8 (mouse, 1:1000, Covance) was used 

to detect A; anti-Hsp60 (1:5000, Abcam) was used to detect the total amount of Hsp60 

expressed; b-tubulin (rabbit, 1:1000, Cell Signalling), synaptophysin (rabbit, 1:1000, Cell 

Signalling) and PSD95 (rabbit, 1:1000, Cell Signalling) were used to test the quality of 

synaptosomes. 

 

CELL CULTURE 

SH-SY5Y neuroblastoma cells (ATCC, Manassas, VA) were cultured in 

DMEM/F12 media (Corning), 10% heat-inactivated fetal bovine serum (FBS, Sigma 

Aldrich) and 1% penicillin/streptomycin (Gibco). A humidified incubator (Thermo Fisher) 

was used to keep cells at 37 °C and 5% CO2 for less than ten passages in either T-75 flasks 

(Corning) or in 48 well plates during treatment incubations. Phase-contrast micrographs of 

the cells used for cytotoxicity experiments were done using a light microscope (Axiovert 

200, Carl Zeiss) connected to a digital camera (Axiocam MRc5, Carl Zeiss). For all cell 

culture studies, experiments were performed at least in triplicates using either cells at 

different passages or cells from different frozen stocks to allow the statistical analysis of 

the results obtained using both biological and technical replicates. 

 

LACTATE DEHYDROGENASE (LDH) CYTOTOXICITY ASSAY 

Cell death of SH-SY5Y neuroblastoma cells was measured 24 hours after 

treatments with pre-formed Ao either pre-treated or not treated with Hsp60 using the 

“Cytotoxicity Assay kit” (Roche), following the manufacturer protocol. Cytotoxicity was 

detected indirectly by measuring the absorbance of a dye that was sensitive to LDH 
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released in the culture media by damaged cells. We detected the colorimetric reaction 

spectroscopically (Quant, Biotek) and cytotoxicity calculated as a percentage using the 

following formula: Cytotoxicity % = [(experimental value – low control)/ (high control – 

low control)] *100 [197]. Low control was used to quantify the spontaneous LDH release 

using and calculated using media from cells treated with serum-free culture media 

(DMEM/F12 medium, Sigma Aldrich); high control was calculated using media from cells 

treated with 10% Triton-X 100 serum free culture media to ensure 100% cell death. All 

samples used for cell treatments were diluted 1:10 or 1:5 in serum-free culture media. Cells 

were treated either with oligomers, Hsp60, oligomers exposed to Hsp60 upon optimization 

of the optimal seeding density. For all experiments, n=3 biological replicates were used to 

assess statistical difference among treatment conditions. Statistical analysis was performed 

using ordinary one-way ANOVA along with Tukey’s multiple comparisons test, using 

GraphPad Prism 7. Any p value less than 0.05 was considered as statistically significant. 

 

ANIMALS 

3 months old (m.o.) male C57B/l6 (Jackson laboratory) were used to test ex vivo 

electrophysiological changes (n=4,5 animals per treatment conditions). In detail, all 

animals were housed at the UTMB vivarium according the United States Department of 

Agriculture (USDA) standards and kept with food and water ad libitum in a 12:12 light 

dark cycle until the day of sacrifice. All animals were exposed to a lethal dose to isoflurane 

prior to perform intracardial perfusion of O2/CO2 (95:5) aerated NMDG holding buffer (93 

mM NMDG, 2.5 mM KCl, 1.2 mM NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 mM 

glucose, 5 mM Na-ascorbate, 2mM thiourea, 3 mM Na-pyruvate, 10 mM MagSO4·7H20, 

0.5 mM CaCl2·2H2O, 12 mM N-acetyl L-Cysteine)[198]. All protocols adopted were 

approved by Institutional Animal Care and Use Committee (IACUC).  
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SYNAPTOSOMES ISOLATION AND FLOW CYTOMETRY EX VIVO BINDING ANALYSIS 

Hippocampal brain extracts were isolated from 3 m.o. wild type C57b/6 male mice 

and homogenized in Syn-Per (Thermofisher) solution supplemented with phosphatase and 

protease inhibitor cocktails (Thermofisher). Synaptosomes were isolated according to the 

manufacturer protocol and the pellet containing the synaptosomes was suspended in 

HEPES-buffered Krebs-like (HBK) buffer for binding experiments or in RIPA buffer for 

quality analysis using western blotting. Prior binding experiments, synaptosomes were 

counted using flow cytometry (Guava Easy Cyte 8 -Millipore) and correct size between 1 

µm and 5.6 µm for the analysis was chosen using standard size beads as reference (EMD 

Millipore). Binding experiments were performed on aliquots of 2 million synaptosomes 

using pre-formed Aβo cross-seeded with fluor-tagged Aβ-ALEXA-647 peptide (AnaSpec, 

Inc.) either not treated or treated with Hsp60 (1:25) for 1 Hr. at 37C. After 1 Hr. incubation 

at room temperature with either vehicle, Aβo or Aβo + Hsp60, synaptosomes were washed 

three times with HEPES-buffered Krebs like (HBK) buffer by centrifugation. Each sample 

was run in both biological (n=3) and technical (n=3) replicate. Analysis of flow cytometry 

plots was done using Incyte software (EMD Millipore) and binding analysis was done 

using GraphPad Prism 8. 

 

ELECTRON MICROSCOPY (EM) 

Ultrastructure analysis of synaptosomes was performed on 5 µL drop adsorbed on 

a 200-mesh coated resin grid (FCF 200 – CU Formavar/Carbon, Electron Microscopy 

Sciences) and stained with 2% aqueous uranyl acetate for negative staining. Both before 

and after staining, adsorbed samples were washed three times with DDI water 0.2 µm 

filtered. Resins were blotted with filter paper and dried with warm light. Acquisitions were 

performed using a J EM- 1400 80 KV (Jeol). 
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EX VIVO ELECTROPHYSIOLOGY 

Ex vivo field recording was performed on 350 nm thick hippocampal brain slices, 

dissected from wild type C57b/l6 male mice (n=30). Anesthesia and all procedures were 

performed according to IACUC-approved protocols. Slices were equilibrated in artificial 

CFS (92 mM NaCl, 2.5 mM KCl, 1.2 NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 mM 

Glucose, 5 mM sodium ascorbate, 2 mM thiourea, 3 mM sodium pyruvate, 2 mM 

MgSO4·7H20, 2 mM CaCl2·2H20, 12 N-Acetyl L-Cysteine, Sigma Aldrich) prior to each 

experiment and then treated with pre-formed Aβo, either exposed or not to Hsp60, for 1 

hour in HEPES based holding buffer (92 mM NaCl, 2.5 mM KCl, 1.2 NaH2PO4, 30 mM 

NaHCO3, 20 mM HEPES, 25 mM Glucose, 5 mM sodium ascorbate, 2 mM thiourea, 3 mM 

sodium pyruvate, 2 mM MgSO4·7H20, 2 CaCl2·2H20, 12 N-Acetyl L-Cysteine) at room 

temperature. All brain slices were washed and transferred to the recording chamber 

equilibrated with aCSF buffer. Field recordings were performed using a 22 kΩ resistance 

electrode placed in the Schaffer collateral/commissural pathway of the CA1 region of the 

hippocampus after stimulation of the CA3 region of the hippocampus using a 22 kΩ 

resistance electrode. LTP was obtained from recordings of excitatory postsynaptic 

potentials (fEPSPs) with a 3-100 Hz trains for 1 second, with 20 second inter-train 

intervals. For each condition n=6-8 slices either from same of other animals were used for 

statistical analysis (refer to Supplementary Figure B2, Appendix B, for the experimental 

design of the electrophysiology protocol). Analysis of the slopes were performed using 

Clampfit software (molecular devices). LTP data was obtained from the analysis of the 

post-HFS fEPSP slope over time, expressed as a percentage of the baseline recorded prior 

HFS. The statistical analysis of LTP upon treatment conditions was obtained from the 

analysis of the last 10 minutes post-HFS recordings using two-way ANOVA test followed 

by Bonferroni’s multiple comparisons test. For synaptic strength and physiology analyses, 

paired pulse ratio (PPR), input-output (I/O) analysis were also performed. PPR was 
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performed by delivering a paired stimulus of 30 A for 10 minutes both before and after 

HFS. The resulting response was analyzed as the ratio between the fEPSP slope post-HFS 

and the fEPSP slope pre-HFS. I/O was performed both pre- and post-HFS by delivering 

increasing stimulus from 10 A to 100 A for 10 minutes. The resulting traces were used 

to analyze the fEPSP slope and the fiber volley (FV) that were used to calculate the synaptic 

strength, that was expressed as I/O fEPSP slope over FV amplitude. Differences in both 

PP50 and synaptic strength between treatment conditions were analyzed statistically using 

non-parametric one-way ANOVA, followed by Dunn’s test for multiple comparison (n=6-

8 per treatment condition). Any p value less than 0.05 was considered as statistically 

significant. 

 

STATISTICAL ANALYSIS 

All statistical analyses were done using GraphPad Prism 7. Two-tailed Student T-

test was used to compare paired or unpaired results; two-way ANOVA followed by 

Tukey’s multiple comparisons test was used to analyze statistical significance for the 

electrophysiology data. One-way ANOVA followed by Tukey’s multiple comparisons test 

was used to analyze changes of in vitro cytotoxicity upon different treatment conditions of 

neuroblastoma cells. For all tests a p values less than 0.05 were considered as statistically 

significant. 

 

III. RESULTS 

HSP60 MODIFIES THE BIOPHYSICAL PROPERTIES OF PRE-FORMED AO 

We wanted to test if Hsp60-Ao interaction changed the biophysical properties of 

pre-formed Ao. As reported in the experimental design in Figure 4.1, we first used IP to 

test if the two proteins directly interact. Ao was prepared using a standardized protocol 
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[153,199] and subsequently incubated either alone or with Hsp60 (henceforth referred to 

as “Ao + Hsp60”) for 1 h at 37°C and immunoprecipitated with the anti-amyloid 4G8 

antibody, along with Hsp60 and vehicle as controls as described in the method section. 

 

Figure 4.1. Experimental design. 

Diagram reporting the approach used to test whether Hsp60 pre-treatment affected the 

conformation Ao as compared to untreated Ao, Hsp60 or control buffer. 

Immunoprecipitation (1) was used to test the direct binding between the two proteins by 

pulling down the sample with the anti-A 4G8 antibody and confirming the presence of 

both Ao and Hsp60 proteins by WB using the anti- A antibody 6E10 and anti-Hsp60 

antibody to detect Hsp60.  PK assay (2) was used to test changes in PK sensitivity of Ao 

upon pre-treatment with Hsp60 as an indirect measure of conformation changes. Both not 

treated or Hsp60 pre-treated Ao were incubated up to 2 h at 37 C and changes in PK 

sensitivity was measured upon heat-inactivation of PK using WB probed with both 6E10 

and Hsp60 antibodies. Bis-ANS Assay (3) was used to further validate the effect of pre-

treating Ao with Hsp60 by testing changes in bis-ANS fluorescence upon 24-hour 

incubation kinetic with either vehicle, Ao, Ao + Hsp60 or Hsp60. 

 

As shown in Figure 4.2, when comparing Ao to Ao + Hsp60, the WB probed 

with Hsp60 antibody detected a 60 kDa band, in both input and immunoprecipitated 

fractions which corresponded to Hsp60 bound to Ao in the Ao + Hsp60 sample. 

Conversely, the immunoprecipitation of Hsp60 alone with 4G8-coated beads reported a 

positive band in the unbound fraction, which was indicative of the low affinity of Hsp60 

to the 4G8 antibody. Further, in both Ao and Ao + Hsp60 but not in Hsp60 sample, WB 

probed with 6E10 antibody detected positive bands that are indicative of the presence of 
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A that have been immunoprecipitated by the coated beads. Therefore, IP data suggested 

a direct interaction between A and Hsp60 proteins. We further tested the effect of Hsp60 

on Ao conformation upon their interaction, as we have already shown that Hsp60 was 

capable of interfering with A aggregation pathway[166]. To achieve this goal, we used 

PK assay to analyze either the digestion pattern and the presence of PK resistant aggregates 

of Ao and Ao + Hsp60 according to published protocols [60]. As summarized in Figure 

4.2B, we treated Ao alone, Ao + Hsp60 and Hsp60 with 0.05 µg/µL PK up to 2 h and 

analyzed the time course kinetic qualitatively using western blotting. Interestingly, when 

comparing the A-positive bands between the Ao sample and the Ao + Hsp60 sample 

using the anti-amyloid antibody 6E10, it was possible to detect different patterns, thus 

suggesting a different interaction with PK when Ao were pre-incubated with Hsp60. This 

data was further supported by the analysis of the 4-8 kDa, 16 kDa and 28-30 kDa bands in 

both Ao alone and Ao + Hsp60 incubated with PK at different time point. As reported 

in figure 4.2 C-E, the band analysis was obtained as a percentage of the total amount of A 

detected by 6E10 antibody, prior treatment with PK. The overall analysis of the normalized 

optical density detected suggests a possible effect of Hsp60 on the biophysical properties 

of pre-formed Ao, thus resulting in a different interaction with PK upon treatment with 

Hsp60. 
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Figure 4.2. Hsp60 binding to pre-formed Ao and downstream effect on the biophysical 

properties of A using PK assay. 

A. Representative immunoprecipitation analysis of Ao alone and Ao + Hsp60, 

suggesting a direct binding between the two proteins, as confirmed by the anti-amyloid 

6E10 antibody detection of 4-16 kDa bands in both inputs and IP lanes of Ao and Ao + 

Hsp60 samples and a 64 kDa band only in input and IP lanes of Ao + Hsp60 sample (top 

blot, significative bands indicated by black arrows) and by the anti-Hsp60 antibody 

detection of 60 kDa bands in both inputs of Ao + Hsp60  and Hsp60 and in the IP fraction 

of Ao + Hsp60 sample. (bottom blot, bands highlighted by the black arrow). As controls, 

vehicle and Hsp60 proteins were also analyzed. B. Representative western blotting of Ao, 

with or without Hsp60, incubated with proteinase K (PK) up to 2 h. anti-amyloid 6E10 

western blotting (top blot) showing a different pattern of PK-resistant fragments when Ao 

are compared to Ao + Hsp60, suggesting an effect of Hsp60 on Ao conformation and 

aggregation. Bottom blot showing a representative blot probed with Hsp60, suggesting that 

Hsp60 becomes PK-resistant upon interaction with Ao. C-E. Graphs showing the relative 

percentage of representative 6E10 positive bands (4-8 kDa, C; 16 kDa, D; 28-30 kDa, D) 

during increasing exposure to PK in both pre-formed Ao not treated or pre-treated with 

Hsp60, suggesting different sensitivity to PK of Ao pretreated with Hsp60. 
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We further confirmed the effect of Hsp60 on Ao using the bis-ANS assay, which 

allowed to detect changes of hydrophobic protein cavities spectroscopically upon 

interaction with bis-ANS probe [196]. In detail, we incubated both Ao and Ao + Hsp60 

with bis-ANS along with all controls (Hsp60, vehicle, bis-ANS alone) and detected 

changes in fluorescence up to 24 h. As summarized in Figure 4.3C, there was a statistically 

significant change in bis-ANS signal in the Ao + Hsp60 sample after 6, 8 and 24 h, 

suggesting that upon interaction with Hsp60, Ao change their hydrophobic content, thus 

predicting a possible shift in Ao conformation. Overall, these data indicate that Hsp60 

directly binds to Ao and modulates the biophysical properties of Ao, as suggested by 

both PK and bis-ANS assays. 

 

 

Figure 4.3. Effect of Hsp60 pre-treatment on the biophysical properties of pre-formed 

Ao using bis-ANS Assay. 

Bis-ANS assay of Ao and Ao + Hsp60 showing that after 6 h of incubation, the 

fluorescence of bis-ANS is significantly different when incubated with Ao + Hsp60, 
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compared to Ao alone (**p=0.0048, q=7.792, DF=6.480). bis-ANS fluorescence between 

Aβo and Aβo + Hsp60 samples is significantly different also after 12 h (**p=0.0168, 

q=4.722, DF=18.81) and 24 h (**p=0.0052, q=5.604, DF=16.61), suggesting a stable 

change in conformation 

 

HSP60 REDUCES AO CYTOTOXICITY IN VITRO 

To determine whether the effect of Hsp60 on Ao conformation resulted in a 

downstream effect on Ao-induced cytotoxicity, we tested in vitro the toxic effect of Ao 

+ Hsp60 in neuroblastoma cells (SH-SY5Y) using LDH assay and microscopy. We first 

established the optimal conditions to obtain quantifiable cytotoxicity in a model of 

neuronal cells, SH-SY5Y, as shown in Supplementary Figure B1. Subsequently, we 

incubated a stock sample of Ao with Hsp60 (1 h at 37 C using a 25:1 molar ratio [166]) 

and the quality of the oligomers (either treated or not with Hsp60) verified using western 

blotting (Supplementary Figure B2b, c). As depicted in the schematic shown in 4.4 A, we 

treated SH-SY5Y cells with Ao, Ao + Hsp60 or control for 24 h and quantified 

cytotoxicity by LDH assay and confirmed it by light microscopy. Treatment of SH-SY5Y 

cells with pre-formed Ao resulted in significantly increased cytotoxicity as compared to 

control cells (Figure 4.3). On the other hand, cells receiving Ao + Hsp60 showed reduced 

cytotoxicity as compared to cells treated with Ao alone (Figure 4.4.B). These results were 

confirmed by light microscopy observation of cell morphology as shown in Figure 4.4.C. 

Overall, these results suggest that in vitro treatment with Hsp60 effectively reduces the 

toxicity of pre-formed Ao. 
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Figure 4.4. Pre-treatment of Ao with Hsp60 reduces cytotoxicity. 

A. Experimental design of SH-SY5Y treatment showing that all samples (control, Ao, 

Ao+Hsp60) are incubated for 1 h at 37 ˚C, prior dilution at their final concentration in 

serum-free cell media. After 24 h, LDH assay and microscopy acquisitions were 

performed. B. LDH assay results of SH-SY5Y cells treated with control, 5 µM Ao (Ao) 

or 5 µM Ao pre-treated with 200 nM Hsp60 (Ao + Hsp60). Cytotoxicity % in cells 

treated with Ao was significantly higher than cells treated with Ao + Hsp60 or control 

vehicle, suggesting that pre-treatment with Hsp60 reduces the downstream cytotoxicity of 

pre-formed Ao (Control vs. Ao, ****p<0.0001; Ao vs. Ao + Hsp60, *p=0.0165; 

*p=0.0158; Ao vs. Hsp60, *p= 0.013, Ao + Hsp60 vs. Hsp60, n. s.; Control vs. Ao + 

Hso60, n. s.; Control vs. Hsp60, *p=0.0247). Data plotted as mean ± SEM. C. 

Representative micrographs of SH-SY5Y cells treated with vehicle (control), with 5 μM 

Aβo (Aβo), with 5 µM Ao pre-treated with 200 nM Hsp60 (Ao + Hsp60), or with 200 

nM Hsp60 (Hsp60) confirming the reduced cytotoxicity when Ao are pre-treated with 

Hsp60 as compared to Ao. Data in agreement with the  LDH assay results shown in (B). 

Scale bars 100 μm. 
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HSP60 PROTECTS AGAINST AO SYNAPTIC TOXICITY EX VIVO 

We further tested the effect of Hsp60 on Ao-induced impairment of synaptic 

plasticity using ex vivo field electrophysiology.  

We first analyzed changes in PPR and pre-synaptic strength upon each treatment, 

as shown in Figure 4.5A. Our results showed no alteration of the PPR in any of the 

treatment conditions, thus suggesting that the pre-synaptic release probability was not 

affected by any of the treatments tested as compared to control. Further, as reported in 

Figure 4.5B, we analyzed the pre-synaptic strength prior to applying the HFS protocol to 

test changes in synaptic plasticity for each treatment condition. As described in the 

methods, to analyze the synaptic strength, we tested the I/O response to increasing current 

stimuli and expressed the synaptic strength as the percentage of the baseline slope of the 

fEPSP as a function of the FV amplitude.  The statistical comparison between all treatment 

conditions to control did not report any significant change in pre-synaptic strength among 

different treatments. Thus, these data suggest that neither Hsp60, Ao or Ao+Hsp60 

treatments affected synaptic physiology. 
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Figure 4.5. Synaptic physiology is not affected by ex vivo treatments. 

A. Comparison of paired-pulse ratio analysis between treatment showing that none of the 

treatments (control vehicle or CT, Ao, Ao + Hsp60, Hsp60) affected the synaptic 

physiology of the Shaffer collateral pathway (approximate p-value p=0.4289, 𝛼=0.05). B. 

Representative plot of the pre-synaptic strength analysis comparing all treatment 

conditions investigated prior testing changes in LTP (control vehicle, Ao, Ao + Hsp60, 

Hsp60), expressed as field excitatory post-synaptic potential slope as a function of the fiber 

volley amplitude, showing that there is no change upon high-frequency stimulation of the 

synaptic strength. 

 

Once established the synaptic strength, we determined changes in hippocampal 

LTP upon treatment of mouse hippocampal brain slices with Ao, Ao + Hsp60, Hsp60 or 
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control vehicle. As expected, we observed that the percentage of the post-synaptic field 

potential (fEPSP) slope upon high-frequency stimulation (HFS= 3X 100 Hz, 20s) was 

significantly reduced in slices pre-treated with Ao as compared to control (Figure 4.6A). 

We also tested the effect of Hsp60 on synaptic plasticity, and due to its oligomeric nature, 

we observed synaptic toxicity as compared to control slices. However, despite the adverse 

effect of Hsp60 on synaptic plasticity, we found that the Ao + Hsp60 treatment impaired 

significantly less the synaptic plasticity as compared to Ao alone. This result suggested 

that the interaction between Hsp60 and Ao leads to the formation of oligomers that 

impaired less the synaptic plasticity. The statistical analysis of the last 10 minutes of LTP 

averages (n=6-10 slices from 4-5 animals per condition), further confirmed this finding 

(Figure 4.6B). Representative electrophysiology traces of brain slices of all treatment 

conditions are represented in Figures 4.6C-F. 
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Figure 4.6. Hsp60 protects against the impairment of synaptic plasticity caused by Ao. 

A. Full traces comparison of LTP changes expressed as the percentage of the baseline slope 

(field excitatory post-synaptic potentials , fEPSP) over time (min.) upon high frequency 

stimulation of the CA3 region of the hippocampus (HFS, 3 X 100 Hz, 20s), showing the 

rescue of LTP when Ao were pre-treated with Hsp60 (blue curve) as compared to 
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untreated Ao (grey curve). Treatment of brain slices with vehicle was used as control 

(black curve) and treatment with Hsp60 was used as substance control (magenta curve). 

Data presented as the average  SEM (n=6-8). B. Analysis of the fEPSP slopes for the last 

10 minutes post-HFS for each treatment condition (control, Ao, Ao + Hsp60, Hsp60), 

showing that pre-treatment of Ao with Hsp60 (blue bar) significantly reduced LTP 

impairment caused by Ao alone (light grey bar), as compared to control (black bar; 

****p<0.0001; Ao vs. Hsp60, *p=0.0171; df treatment=3, F(3, 27) = 7.177, p=0.0011). 

C-F. Representative electrophysiology traces of brain slices treated either with vehicle (2. 

Control), 200 nM Ao (3. Aβo), 200 nM Ao pre-treated with 8 nM Hsp60 (4. Aβo + 

Hsp60) or with 8 nM Hsp60 (5. Hsp60) showing that only Ao causes an impairment of 

synaptic plasticity, compared to all other conditions. All traces represent recordings 

performed ex vivo at the CA2 region of the hippocampus both prior HFS (PRE-HFS in 

grey) and after HFS stimulation of the CA3 region of the hippocampus (POST-HFS in 

black). Scale bars: x= 10 ms; y= 1mV. 

 

HSP60 INHIBITS THE BINDING TO SYNAPSES OF AO 

In order to explore a possible mechanism underlying the decreased Ao-induced 

impairment of LTP observed in the Ao + Hsp60 treatment, we used flow cytometry to 

test whether the pre-treatment of Ao with Hsp60 affected the ability of Ao to bind to 

synaptosomes. We first characterized the quality of the synaptosomes isolated from the 

hippocampus of WT mice using both western blotting and electron microscopy (Figure 

4.6). We confirmed that in the isolated synaptosomes both pre- and post- synaptic structure 

were present using synaptophysin as a pre-synaptic marker and post synaptic density 95 

(PSD95) as a post-synaptic marker. As reported in Figure 4.6 B, we confirmed that the 

synaptosomes we isolated were significantly enriched in these two markers. 
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Figure 4.5. Quality control of isolated synaptosomes from dissected hippocampi using 

western blotting and electron microscopy. 

A. Representative western blotting of synaptosomes preparation using SynPer protocol, 

showing that synaptosomes fraction has enriched synaptophysin and PD95 proteins, 

respectively pre- and post- synaptic marker, compared to hippocampal homogenate and 

cytosolic fractions. B. Quantification of n=3 blots normalized by β-tubulin antibody used 

as a loading control using image J to analyze the band intensities detected by anti-

synaptophysin and anti-PSD95 antibodies. Statistical significance of the abundance of pre-

and post- synaptic markers between fractions was analyzed by ordinary two-way ANOVA 

(F (1, 12) = 129.0, p<0.0001 between conditions; F(2, 12)= 622.5, p<0.0001, within 

conditions) and Sidak’s multiple comparison tests. P-values less than 0.05 were considered 

as statistically significant C. Representative electron micrograph showing the morphology 

and the size of synaptosomes in the preparation. Scale bar 0.5 𝜇m. D. Representative flow 

cytometry plots showing the gating applied using standard size beads to define the correct 

synaptosomes size between 1 to 5.6 µm. E. Representative flow cytometry data showing 

the gating applied to determine the correct size to synaptosomes to be used for the binding 

studies shown in figure 4.7. 

 

We also confirmed by electron microscopy both size and ultra-structure of the 

synaptosomal vesicles, as reported in Figure 4.6C. Subsequently, we exposed 
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synaptosomes to increasing concentrations of Ao labeled with fluorescent 647-Alexa dye 

and evaluated the extent of binding using flow cytometry after gating for proper 

synaptosomes size (Figures 4.6 D-E). Consistent with previously reported data [198], the 

binding to synaptosomes of increasing doses of Ao (0-15µM) followed a second order 

kinetic reaching a plateau between 7.5 M and 15 M. This binding was significantly 

reduced when synaptosomes were challenged with Ao + Hsp60 (Figures 4.7A-B). 

Quantitative Scatchard plot analysis of binding data (Figures 4.7 C) confirmed a 

significantly reduced Bmax in synaptosomes treated with Ao+Hsp60 as compared to Ao 

alone with no changes in the calculated dissociation constant (Kd). 

Overall, our data suggest that exposing pre-formed Ao to Hsp60 decreases their 

ability to bind to synaptosomes. 
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Figure 4.6. Pre-treatment of Hsp60 changes Ao binding to synaptosomes ex vivo. 

A. Binding analysis of isolated synaptosomes treated ex vivo with pre-formed Ao flour 

labeled with Alexa-Fluor-647 either not treated or pre-treated 1h with Hsp60 showing that 

the binding curves of the % of Ao bound to synaptosomes at increasing concentrations of 

Ao are significantly different between the two treatments. Data represented as the mean 

± SEM (n=3; *p=0.0217; DF=18). B. Scatchard plot analysis of the binding curves shown 

in A showing that synaptosomes pre-treatments with Aβo decrease the Bmax 
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(***p=0.0001, DF=12, n=3) values without affecting the Kd (n.s., p=0.9976, DF= 12). C. 

Representative flow cytometry data of synaptosomes treated with 15 µM Ao, compared 

to Ao + Hsp60 under the same conditions. 

 

Table 3. Kinetic parameters obtained by the Scatchard analysis. 
 

Bmax Kd 

Samples  Value ± SEM Value ± SEM 

Aβo 37.347 ± 7.116 6.813 ± 2.885 

Aβo + Hsp60 11.87 ± 3.801 7.057 ± 4.951 

 

IV. CONCLUSIONS 

Ao is known to affect cytotoxicity, synaptic plasticity and neurotransmitter 

release. Collectively, these effects are earliest dysfunctional events leading to dementia in 

AD[101,194,200]. Here, we characterized the effect of Hsp60 on toxic Ao conformations, 

and the downstream effects of the direct interaction between Hsp60 and Ao. We first 

established if Hsp60 directly interacted with Ao and if this interaction resulted in a 

modulation of Ao conformations, as increasing evidence shows that specific toxic 

conformations drive synaptic toxicity of Ao[201,202]. Immunoprecipitation experiments 

confirmed the direct binding between Ao and Hsp60 and both PK and bis-ANS assays 

strongly suggested that Hsp60 significantly affected Ao conformations. 

Ao are highly polymorphic species, with different epitope exposure, antibody-

binding properties and peculiar toxicity features[203]. Therefore, we tested if Hsp60-Ao 

interaction resulted in the release of less cytotoxic Ao conformations by determining their 

toxicity in SH-SY5Y neuroblastoma cells and we found that Ao pre-treated with Hsp60 
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were less toxic compared to Ao alone. These results suggest a physical interaction 

between the chaperone Hsp60 and Ao resulting in the conversion of these latter to a lesser 

toxic oligomeric species. 

Some of the most relevant toxic effects of Ao at the synapses include synaptic 

degeneration[204–206] and inhibition of synaptic plasticity, thus resulting in the 

impairment of long-term potentiation (LTP)[183,184,194,207]. Our results suggest that 

pre-treating Ao with Hsp60 significantly reduces the Ao-driven impairment of LTP in 

hippocampal slices as compared to Ao alone. As Ao interacts directly with synapses, 

thus leading to synaptic degeneration[184,208], in an attempt to establish a possible 

mechanism underlying the reduced synaptic toxicity of Ao after exposure to Hsp60, we 

tested if the impact of Hsp60 on pre-formed Ao lead to the formation of conformations 

less prone to bind to synapses. We found that pre-treating Ao with Hsp60 significantly 

reduced binding of Ao to synaptosomes ex vivo, as confirmed by flow-cytometry analysis 

of isolated synaptosomes and further quantification of flow-cytometry data by Scatchard 

analysis. Collectively these data suggest that a possible mechanism through which Hsp60 

renders Ao less synaptotoxic is via decreasing their ability to bind to synapses. 

The interaction between Hsp60 and toxic Ao, leading to a conformational change 

of the amyloid protein toward less toxic forms as reported here, while novel, is consistent 

with previous reports describing an overall role of chaperones such as Hsp70/Hsp90 in 

misfolded tau pathology [209–211] and supports the growing idea of a key function of 

chaperones in neurodegenerative disorders.  Overall, this work contributes to characterize 

the mechanism of protection of the mitochondrial chaperonin Hsp60 against Ao, one of 

the main neurotoxic species in the AD brain and proposes Hsp60 as a potential target for 

the development of novel therapies. 

  



112 

CHAPTER 5. GENERAL DISCUSSIONS AND CONCLUSIONS 

AD is the leading cause of dementia worldwide and therapies are still lacking [24]. 

One of the earliest lesions leading to AD pathogenesis is the release of A and its 

aggregation into toxic oligomers, followed by a generalized protein misfolding, and the 

impairment of protein quality control machinery [21]. 

My project aimed to characterize a possible approach to target A toxicity. Based 

on our current knowledge on A misfolding and aggregation, there are several strategies 

that can be used to inhibit this process such as: inhibition of A aggregation; increase of 

clearance of toxic aggregates; re-routing of toxic A aggregates from their “on-pathway” 

toward less toxic “off-pathways” [70,212]. Increasing evidence suggests that chaperones 

are protective machines that can counterbalance the toxic effect of misfolded proteins such 

as A [213–215]. 

The well-characterized native properties of the chaperonin Hsp60 in assisting the 

refolding of misfolded proteins gave the rationale to propose a direct interaction between 

Hsp60 and A proteins. Only a few studies have investigated the effect of Hsp60 against 

A, and what mechanism controls this protective effect of Hsp60 was still poorly 

understood. 

In the present study, I proposed to investigate the functional interaction between 

Hsp60 and A peptide at different stages of its formation, aggregation and downstream 

toxicity. I characterized the changes in A aggregation in the presence of Hsp60 using 

Thioflavin T assay, circular dichroism spectroscopy, atomic force microscopy, and size 

exclusion chromatography. The cell-free system confirmed that Hsp60 successfully and 

irreversibly inhibits the aggregation of both A1-40 and A1-42 peptides. This phenomenon 

could be due to the ability of Hsp60 to stabilize either monomers or small oligomeric seeds 

of A in an amorphic structure that no longer misfolds. It is possible that Hsp60 re-

addresses the aggregation of A toward an “off-pathway” cascade, by offering a mainly 
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hydrophobic surface. This effect of Hsp60, can be classified as a “holdase activity” [216], 

as Hsp60 prevents A to further aggregate. This last evidence suggests that the eukaryotic 

Hsp60 can also operate when the whole machinery (ATP and Hsp10 co-chaperone) is not 

available, thus making this chaperone more evolved than the bacterial homolog GroEL, as 

already described by others [133,180]. 

The finding that the effect of Hsp60 on A aggregation is irreversible has a 

significant translational meaning, as this mechanism of action of Hsp60 could contribute 

to preventing further spreading of AD pathology. 

We further investigated the effect of Hsp60 on A production, 

compartmentalization, and release by creating a novel cellular model that overexpresses 

both human APP and human Hsp60 (referred as 7PA2/H60 cell line). This model 

demonstrated that overexpressing Hsp60 significantly reduced the release of A in the 

media without affecting levels of APP, as confirmed by ELISA. This finding allows 

speculating that Hsp60 might hold A monomers and promote their degradation by other 

components of the proteostasis machinery; or refold A monomers into more unstable 

conformations, thus explaining the reduced secreted levels of A in the media. 

Compelling evidence suggests that A toxicity is due to specific oligomeric 

conformations (or “strains”) assembled during the aggregation kinetic of A [155,201]. 

Therefore, any approach able to interfere with the formation of toxic oligomeric strains of 

A is a successful strategy for future disease-modifying therapies. In order to test whether 

Hsp60 had any effect on A-driven cytotoxicity, we used SH-SY5Y cells as a neuronal in 

vitro model for testing changes in cytotoxicity of both naturally secreted and preformed 

oligomers. The finding that Hsp60 significantly reduced A-driven cytotoxicity suggests a 

possible detoxifying effect of Hsp60 on toxic strains. I speculate that this detoxifying effect 

of Hsp60 could be through a mechanism of refolding of these A oligomers toward less 

toxic conformations. This mechanism of action of Hsp60 is supported by the biophysical 

investigation of the effect of Hsp60 on preformed A using bis-ANS and PK assays, which 
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showed that A oligomers are qualitatively (PK assay) and quantitatively (bis-ANS assay) 

different upon treatment with Hsp60. 

Investigations on the effect of A oligomers pre-treated with Hsp60 on synaptic 

plasticity (long-term potentiation) and binding to synapses strongly suggest that Hsp60-

treated A oligomers impair significantly less synaptic plasticity and long-term 

potentiation and could be due to a reduced binding affinity to synapses as showed by flow-

cytometry results. This latter finding is in agreement with the proposed effect of Hsp60 to 

refold A oligomers into different conformations and suggests Hsp60 as a viable candidate 

for possible therapies aimed to prevent A-derived memory impairments. 

Overall, data obtained implies that Hsp60 targets both misfolded monomers and 

pre-formed oligomers of A. This protein-protein interaction leads to an irreversible 

inhibition of A aggregation kinetic and a reduction of the downstream A-induced 

synaptic toxicity. Therefore, Hsp60 can be proposed as an attractive backbone for any 

active AD therapy centered on targeting A oligomer toxicity. 

To further validate the protective role of Hsp60 against A toxicity, the protective 

effect of Hsp60 on A neurotoxicity should be also investigated in vivo. To propose Hsp60 

as a potential future therapy relevant to AD, it will be important to characterize whether 

Hsp60 reverts some of the known phenotypes caused by A toxicity, such as memory 

impairment [59,217,218]. Testing the behavioral changes of pre-treated A oligomers with 

or without Hsp60 will provide a strong support for proposing Hsp60 as a potential 

therapeutic candidate for AD.  

In order to test the translational potential of Hsp60 several approaches can be 

proposed. A first approach could involve the upregulation of endogenous levels of Hsp60. 

This can be done either through gene therapy, by delivering Hsp60-cDNA through AAV-

vectors [219], or by using natural compounds with known up-regulating effects on 

endogenous Hsp60 levels, such as rikkunshito [220]. As Hsp60 has been shown to cross-

talk with the immune system and to be involved in both apoptosis and oncogenesis [140], 
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another approach could involve the design of small compounds that mimic the protein 

binding site of Hsp60. This approach could contribute to preventing possible side effects 

linked to the uncontrolled up-regulation of Hsp60 in vivo. Based on our 

immunoprecipitation data and PK assay results, Hsp60 binds to pre-formed Ao and the 

resulting Hsp60-A complex is both resistant to denaturing WB conditions and to PK 

digestion (discussed in chapter 4). Therefore, this Hsp60-A complex could be isolated 

and further analyzed by mass spectrometry (MS) and the resulting MS fragmentation could 

be used as a template for designing a library of small compounds that can be tested for 

pharmacokinetic and pharmacodynamic both in vitro and in vivo on suitable models of 

APP overexpression and downstream A neurotoxicity. 

Another possible future direction for this project would be to investigate possible 

relationships between Hsp60 levels and the main risk factor responsible for the onset of 

sporadic AD, Apo E4, as the role in the onset of sporadic AD is poorly understood. An 

intriguing hypothesis lays on the recent discovery of a link between Apo E and clusterin or 

apolipoprotein J [133], an extracellular chaperone known to be involved in cell survival 

and stress response and whose mechanism of action seems to be antagonized by a direct 

binding to Hsp60 [134]. Interestingly, increased levels of clusterin have been associated 

with AD pathology and particularly with levels of APOE and increased secreted levels of 

tau and A. Therefore, it would be interesting to test the hypothesis that the genetic variant 

Apo E4 has a role in influencing the chaperone machinery leading to a pathologic 

accumulation of A peptides, which are known to be involved in AD onset. The rationale 

that could support this hypothesis is the known interaction between ApoE, clusterin and 

Hsp60 [133,134]. A possible experimental approach could be to determine Hsp60 levels in 

transgenic mice expressing the human ApoE3, ApoE4 and ApoE2 variants and investigate 

if changes in Hsp60 and clusterin have an effect on A accumulation and down-stream 

toxicity. 
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While more research is needed to propose Hsp60 as a valid therapeutic candidate 

for A-driven pathology, this project contributed to the understanding of critical 

mechanisms involving Hsp60 and novel strategies against A synaptic toxicity, which have 

not been reported before. The significant effect of Hsp60 on toxic A conformations 

strongly supports the concept that targeting Hsp60 is a viable molecular target for future 

innovative therapies for AD centered on negating A oligomer toxicity. Given the 

knowledge that Hsp60, could also target other misfolded proteins, and that oligomers of 

different amyloid proteins share similar structural conformation and toxicity 

[76,113,115,133,212], these studies will contribute to further studies extending beyond the 

immediate borders of A oligomer toxicity. Experiments aimed at expanding the 

interaction between Hsp60 and other synaptotoxic oligomers profile will foster an 

emerging area of amyloid protein neurobiology focused on targeting disease-relevant 

amyloid conformations.  
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Appendix A - Supplementary material for Chapter 3 

Supplementary Table 1. Optimization of cell transfection 

Lipofectamine 2000 (L) 0 7 9 12 - 

g of transfected plasmid 

(pCMV6-Empty/ hHsp60) 

0 1 3 5 7 

 

 

Supplementary Figure A.1. Validation of the protocol of plasmid transfection. 

A-E. Representative ICC of CHO cells transfected with increasing quantity of pCMV6-

Hsp60 plasmid, from none (A) to 7 µg (E). F-J. Representative ICC of 7PA2 cells 

transfected with increasing quantity of pCMV6-Hsp60 plasmid, from none (F) to 7 µg (J). 

For all ICC, DDK antibody was used as primary antibody and Alexa-Fluor 488 was used 

as secondary antibody, DAPI was used to counterstain nuclei. 
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Supplementary Figure A.2. Optimization of sub-cellular fractionation protocols 

A. Representative western blotting of total cell lysates (Ly), cytoplasm, nuclei/debrides and 

mitochondria (Mt) from CHO, 7PA2 and 7PA2/H60 cells, showing that mitochondria are 

positive to Hsp60 and SOD2, a specific marker of mitochondria. B. Representative 

standard curve of Aβ used to quantify Aβ levels in the culture media collected from 7PA2 

and 7PA2/H60 cells. 

 

Supplementary Figure A.3. Analysis of low molecular weight bands 6E10 positive. 

(A) Representative western blotting of total cell lysates (Ly) probed with the anti-amyloid 

antibody 6E10, showing multitude of bands detected (representative bands are indicated 

by black arrows) that can be either relative to APP protein or to Aβ at different stages of 

aggregation. (B) Representative standard curve for the molecular weight analysis of the 

6E10 positive bands, specific for Aβ forms, shown in A. (C) representative comparison of 

blots of total cell lysates of CHO, 7PA2, 7PA2/H60 detected with the anti-amyloid 6E10 

(left blot) and anti c-terminus APP antibody c-APP (right blot), used to detect APP 

fragments that are not amyloid beta. showing the different band detections between the two 

antibodies. 
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Supplementary Figure A.4. Optimization of LDH assay protocol. 

LDH assay of increasing seeding density of SH-SY5Y cells either not treated (spontaneous 

LDH release) or treated with Triton-X 100, a cytotoxic agent (maximum LDH release) to 

quantify the amount of LDH release that is either spontaneous or maximum. Data 

expressed as the average  SEM of optical density (O.D.) used to detect LDH levels in the 

culture media per number of cells per well. The increasing O. D. observed in the maximum 

LDH release curve is indicative of the increasing cell death that is proportional to the 

increasing number of cells. 
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Appendix B – Supplementary material for Chapter 4  

Supplementary Table 2. Two-Way ANOVA analysis for bis-ANS Assay shown in figure 

1.d. 

Tukey's 

mult. 

comp. 

test 

Mean 

Diff. 

95.00

% CI 

of diff. 

Sign

. ? 

Adj. 

P 

Mean 

1 

Mea

n 2 

Mean 

Diff. 

SE 

of 

diff. 

N

1 

N2 q DF 

Row 1: 

Time 0 

           

  

Aβo vs. 

Aβo + 

Hsp60 

-

14.25 

-60.04 

to 

31.54 

ns 0.818

6 

98.91 113.

2 

-

14.25 

16.3

2 

11 11 1.235 19.4

4 

Aβo vs. 

Hsp60 

25.52 -13.12 

to 

64.15 

ns 0.252

1 

98.91 73.3

9 

25.52 12.9

1 

11 11 2.795 11.3

8 

Aβo vs. 

Vehicle 

35.38 -3.233 

to 

74.00 

ns 0.076 98.91 63.5

2 

35.38 12.8

8 

11 9 3.883 11.2

9 

Aβo + 

Hsp60 

vs. 

Hsp60 

39.76 7.041 

to 

72.49 

* 0.016

4 

113.2 73.3

9 

39.76 11.0

1 

11 11 5.106 11.9

4 

Aβo + 

Hsp60 

vs. 

Vehicle 

49.63 16.94 

to 

82.33 

** 0.003

5 

113.2 63.5

2 

49.63 10.9

9 

11 9 6.389 11.8 
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Hsp60 

vs. 

Vehicle 

9.867 -3.089 

to 

22.82 

ns 0.174

5 

73.39 63.5

2 

9.867 4.58

1 

11 9 3.046 17.8

8 

  

           

  

Row 2: 

Time 2 

Hrs 

                        

Aβo vs. 

Aβo + 

Hsp60 

-

19.64 

-51.89 

to 

12.60 

ns 0.346

4 

87.94 107.

6 

-

19.64 

11.5 11 11 2.415 19.6

8 

Aβo vs. 

Hsp60 

18.94 -7.592 

to 

45.48 

ns 0.195

7 

87.94 69 18.94 8.75

9 

11 11 3.059 10.5

7 

Aβo vs. 

Vehicle 

26.22 -

0.6476 

to 

53.08 

ns 0.056

5 

87.94 61.7

3 

26.22 9.02

8 

11 9 4.107 11.8

2 

Aβo + 

Hsp60 

vs. 

Hsp60 

38.58 15.20 

to 

61.97 

** 0.002

1 

107.6 69 38.58 7.74 11 11 7.05 10.7

4 

Aβo + 

Hsp60 

vs. 

Vehicle 

45.86 22.07 

to 

69.65 

*** 0.000

5 

107.6 61.7

3 

45.86 8.04

3 

11 9 8.063 12.3

2 
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Hsp60 

vs. 

Vehicle 

7.274 -1.586 

to 

16.13 

ns 0.123

6 

69 61.7

3 

7.274 3.01 11 9 3.418 12.7

3 

  

           

  

Row 3:  

Time 4 

Hrs 

                        

Aβo vs. 

Aβo + 

Hsp60 

-

16.96 

-46.04 

to 

12.11 

ns 0.381

9 

86.18 103.

1 

-

16.96 

10.3

6 

11 11 2.316 19.3

3 

Aβo vs. 

Hsp60 

16.59 -8.128 

to 

41.31 

ns 0.241

3 

86.18 69.5

9 

16.59 8.27

2 

11 11 2.836 11.5 

Aβo vs. 

Vehicle 

24.81 -

0.0170

0 to 

49.64 

ns 0.050

2 

86.18 61.3

7 

24.81 8.34

8 

11 9 4.203 11.8

6 

Aβo + 

Hsp60 

vs. 

Hsp60 

33.55 12.93 

to 

54.17 

** 0.002 103.1 69.5

9 

33.55 6.95

9 

11 11 6.818 12.1

8 

Aβo + 

Hsp60 

vs. 

Vehicle 

41.77 21.01 

to 

62.54 

*** 0.000

3 

103.1 61.3

7 

41.77 7.04

9 

11 9 8.38 12.6

7 
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Hsp60 

vs. 

Vehicle 

8.22 -1.148 

to 

17.59 

ns 0.096

9 

69.59 61.3

7 

8.22 3.29

8 

11 9 3.525 17.1

1 

  

           

  

Row 4: 

Time 6 

Hrs 

                        

Aβo vs. 

Aβo + 

Hsp60 

-

37.72 

-60.87 

to -

14.57 

** 0.004

8 

65.21 102.

9 

-

37.72 

6.84

5 

7 7 7.792 6.48 

Aβo vs. 

Hsp60 

-

5.665 

-24.66 

to 

13.33 

ns 0.755

3 

65.21 70.8

8 

-

5.665 

5.67

1 

7 7 1.413 6.71

1 

Aβo vs. 

Vehicle 

8.217 3.564 

to 

12.87 

** 0.002

3 

65.21 56.9

9 

8.217 1.44

3 

7 6 8.055 7.75

8 

Aβo + 

Hsp60 

vs. 

Hsp60 

32.05 6.123 

to 

57.98 

* 0.014

9 

102.9 70.8

8 

32.05 8.68

4 

7 7 5.22 11.5

6 

Aβo + 

Hsp60 

vs. 

Vehicle 

45.93 22.72 

to 

69.15 

** 0.001

9 

102.9 56.9

9 

45.93 6.73

3 

7 6 9.649 6.07

4 
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Hsp60 

vs. 

Vehicle 

13.88 -5.171 

to 

32.94 

ns 0.154 70.88 56.9

9 

13.88 5.53

5 

7 6 3.547 6.10

9 

  

           

  

Row 5: 

Time 8 

Hrs 

                        

Aβo vs. 

Aβo + 

Hsp60 

-23.3 -42.93 

to -

3.658 

* 0.016

8 

73.86 97.1

5 

-23.3 6.97

8 

11 11 4.722 18.8

1 

Aβo vs. 

Hsp60 

-

0.992

7 

-24.92 

to 

22.93 

ns 0.999

4 

73.86 74.8

5 

-

0.992

7 

8.37

7 

11 11 0.167

6 

16.2

5 

Aβo vs. 

Vehicle 

12.81 -1.213 

to 

26.84 

ns 0.079

3 

73.86 61.0

4 

12.81 4.87

6 

11 9 3.717 15.2

4 

Aβo + 

Hsp60 

vs. 

Hsp60 

22.3 -3.255 

to 

47.86 

ns 0.100

3 

97.15 74.8

5 

22.3 9.07

7 

11 11 3.475 18.7

3 

Aβo + 

Hsp60 

vs. 

Vehicle 

36.11 18.57 

to 

53.64 

*** 0.000

2 

97.15 61.0

4 

36.11 6 11 9 8.511 13.4

2 
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Hsp60 

vs. 

Vehicle 

13.81 -8.682 

to 

36.30 

ns 0.310

5 

74.85 61.0

4 

13.81 7.58

2 

11 9 2.575 12.0

8 

  

           

  

Row 6: 

Time 24 

Hrs 

                        

Aβo vs. 

Aβo + 

Hsp60 

-

22.18 

-38.13 

to -

6.232 

** 0.005

2 

69.45 91.6

4 

-

22.18 

5.59

7 

11 11 5.604 16.6

1 

Aβo vs. 

Hsp60 

-

5.176 

-25.61 

to 

15.26 

ns 0.881 69.45 74.6

3 

-

5.176 

7.03

2 

11 11 1.041 14.0

3 

Aβo vs. 

Vehicle 

9.451 -1.458 

to 

20.36 

ns 0.103

2 

69.45 60 9.451 3.85

9 

11 9 3.463 17.9

7 

Aβo + 

Hsp60 

vs. 

Hsp60 

17.01 -5.473 

to 

39.49 

ns 0.179

6 

91.64 74.6

3 

17.01 7.97

5 

11 11 3.016 18.5 

Aβo + 

Hsp60 

vs. 

Vehicle 

31.63 16.09 

to 

47.18 

*** 0.000

2 

91.64 60 31.63 5.38

9 

11 9 8.301 14.8

8 
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Hsp60 

vs. 

Vehicle 

14.63 -5.542 

to 

34.79 

ns 0.195 74.63 60 14.63 6.86

7 

11 9 3.012 12.9

4 

* Alpha 

= 0.05 

                        

 

 

Supplementary Figure B.1. Cytotoxicity curve and quality control of doses for SH-Sy5Y 

cell treatments. 

A. LDH assay of SH-SY5Y cells treated for 24 h, 37ºC, 5% CO2 with increasing 

concentrations of pre-formed Aβo (1-10 𝜇M, n=3), showing that 5 𝜇M and 10 𝜇M are 

significantly toxic concentrations. One-way ANOVA with Dunnett’s multiple comparison 

analysis was used to determine the statistical significance between Aβo treatments 

compared to control (CT vs. 1𝜇M Aβo n.s., p= 0.0950; CT vs. 2𝜇M Aβo n.s., p= 0.0574; 

CT vs. 5𝜇M Aβo, ***p= 0.0017; CT vs. 10 𝜇M Aβo, **p=0.00421; DF=2; F (1.413, 2.826) 

= 703.7). Data plotted as mean of cytotoxicity percentage ± SEM. B. Representative 

western blotting of pre-formed Aβo not incubated (first line) or incubated 1 h at 37 ∘C 

either alone (second line) or with Hsp60 in 1:25 ratio (third line) using the anti-amyloid 

6E10 antibody to detect Aβo. C. Representative western using anti-Hsp60 antibody to 

detect Hsp60 levels in the blot shown in (B). 
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Supplementary Figure B.2. Experimental design for ex vivo electrophysiology recordings. 

A. Diagram of the experimental protocol used to test changes in long-term potentiation of 

ex vivo brain slices of WT mice treated with vehicle (a.), Aβo (b.), Aβo + Hsp60 (c.) or 

Hsp60 (d.). B. Representative diagram of the electrophysiological recordings of the 

Schaffer collateral pathway projecting from the CA3 to the CA1 regions of the 

hippocampus. LTP was determined using the high frequency stimulation paradigm, 

consisting in delivering a train of 3 100 Hz stimulations of 1 s separated by 20s intervals. 

C. Data analysis of the traces was obtained by the analysis of the average of the slopes of 

fEPSP recorded pre- and post- HFS stimulation. 
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Supplementary Figure B.3. Representative flow cytometry plots of synaptosome binding 

studies. 

Representative flow cytometry plots of isolated hippocampal synaptosomes treated either 

with vehicle (a.) or increasing concentrations of pre-formed Aβo either not treated (b.) or 

pre-treated with Hsp60 (c.), showing reduced binding to synaptosomes upon Aβo treatment 

with Hsp60. Plots represents the percentage of red fluorescence bound to the gated 

synaptosomes. The top-left quadrant expresses the levels of Aβ-Alexa647 bound to the 

gated synaptosomes. 
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