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1. Introduction 

 

Alzheimer‟s disease (AD) is a heterogeneous, progressive neurodegenerative disorder 

representing the most common cause of cognitive failure and dementia in older human 

patients. Extracellular deposition of beta amyloid peptide, intracellular formation of 

neurofibrillar tangles (NFT) caused by hyperphosphorylated tau protein and oxidative stress 

induced by impaired metabolic pathways and metals are the hallmarks of the disease (Bush, 

2003, Gotz et al., 2004, Metcalfe and Figueiredo-Pereira, 2010, Obulesu and Rao, 2010). The 

primary theory for the cause of AD is the overproduction and/or impaired clearance of 

amyloid-beta (Aβ) peptides derived from amyloid precursor protein (APP), especially the 

markedly toxic 42 amino acid containing Aβ (1-42) (Hardy and Selkoe, 2002, Mattson, 2004). 

The secondary hypothesis is the “metal hypothesis” which proposes the interaction of Aβ with 

specific metal ions that could enhance Aβ aggregation, pathogenicity and finally cause 

downstream AD pathology (Bush, 2003, Smith et al., 2007). 

 

1.1. Aβ and tau pathology in AD 

 

Brain tissues of AD patients after autopsy contain two main characteristic lesions: 

extracellular amyloid plaques and intracellular neurofibrillary tangles which are formed by 

hyperphosphorylated tau protein (Goedert and Crowther, 1989, Selkoe, 2003). There are two 

main forms of amyloid depositions: senile (or neuritic) and diffuse plaques.  

Senile plaques (originally observed by Alois Alzheimer) are extracellular spherical 

structures around 50–200 µm in diameter which contain a central amyloid core enriched in Aβ 

peptides (Iwatsubo et al., 1994), and associated with axonal and dendritic injury, usually  

localized in abundance in the limbic and association cortices (Dickson, 1997). The Aβ 

peptides form extracellular aggregates that mainly appear in a filamentous form, as star-

shaped masses of amyloid fibrils. These amyloid fibrils are containing particularly two Aβ 

species: the 40 amino acid containing Aβ(1-40) and the 42 amino acid containing Aβ(1-42). 

Aβ(1-40) is more abundantly produced by neurons but less prone to aggregation and is not so 

hydrophobic, as the slightly longer Aβ(1-42) (Jarrett et al., 1993). Moreover, these kinds of 
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plaques contain dystrophic neurons (both within the plaques and directly surrounding it), 

reactive microglia, lipofuscin, tau protein etc. 

Diffuse plaques (or “pre-amyloid deposits”) are amorphous, roughly spherical 

aggregates which were observed in the late 1980s (Tagliavini et al., 1988, Yamaguchi et al., 

1988, Joachim et al., 1989). In diffuse plaques, Aβ exists as non-amyloid aggregates 

(Tagliavini et al., 1993) that cannot be labeled by fibrillum specific indicators (e.g. Congo 

Red and thioflavin-S, which are able to indicate cross-β-pleated-sheets) and do not contain 

dying or damaged neurons. They might be present in relatively high number in normal aged 

individuals. The major component of such deposits is the Aβ(1-42), with little or no Aβ(1-40) 

immunoreactivity, in contrast to the fibril-rich senile plaques which are comprising both 

Aβ(1-42) and Aβ(1-40) aggregates co-localized (Gowing et al., 1994, Iwatsubo et al., 1994, 

Iwatsubo et al., 1995, Lemere et al., 1996). Whether these pre-amyloid deposits are the 

precursors of fibrillogenesis and senile plaques formation or represent products of alternate 

aggregation pathway is still under extensive research. 

Aβ is derived from the post-translational proteolysis of APP (Kang et al., 1987). APP 

is a ubiquitously expressed type I membrane-spanning glycoprotein (Kang et al., 1987) and it 

is encoded by a single gene on chromosome 21q21.3 (Goldgaber et al., 1987, Robakis et al., 

1987, Jenkins et al., 1988, Patterson et al., 1988, Korenberg et al., 1989). The Aβ peptide 

sequence is localized partially in the extracellular-, and partially in the membrane domain of 

APP. The proteolytic cleavage of APP by three proteases, i.e. α-, β- and γ-secretase takes 

place in two ways. Cleavage of APP by either α- or β-secretases produces large soluble N-

terminal fragments: sAPPα or sAPPβ and membrane-associated C-terminal fragments CTFα 

and CTFβ, respectively. Both C-terminal fragments will further be cleaved by the γ-secretase 

within the transmembrane domain producing the non-pathogenic p3 peptide or Aβ. The 

cleavage done by α-secretase prevents Aβ production, therefore it is called the non-

amyloidogenic pathway. In contrast, β-secretase-mediated APP cleavage generates Aβ, most 

often Aβ(1-40) and Aβ(1-42) peptides, hence it is called the amyloidogenic pathway (Guo et 

al., 2011). In physiological conditions, Aβ present in the brain tissue is degraded by 

metalloproteinases such as insulin-degrading enzyme (insulysin), neprilysin, and by 

endothelin-converting enzyme (Carson and Turner, 2002). The generally accepted hypothesis 

for the development and cause of AD is the amyloid cascade hypothesis (Fig. 1.). According 
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to the hypothesis the imbalance between the production and clearance of Aβ in the brain is the 

earliest event in the development of AD, ultimately leading to neuronal degeneration and 

dementia (Hardy and Allsop, 1991, Hardy and Selkoe, 2002). A conformational change 

occurs in the soluble Aβ monomer, precisely there is an increase in β-sheet content and 

therefore the aggregation ability of Aβ will be also increasing. Aβ(1-42) can even trigger the 

misfolding of another Aβ species (Jarrett et al., 1993). These altered monomers may not only 

form soluble oligomers, but large insoluble fibrils too, which are the main component of 

neuritic plaques. Only Aβ fibrils deposited in plaques were previously thought to be 

neurotoxic, however, recent findings have revealed that soluble Aβ oligomers could inhibit 

long-term potentiation (LTP), disrupt synaptic plasticity and ultimately cause neuronal cell 

death (Walsh et al., 2002). 

 

 

Figure 1. The amyloid cascade hypothesis. It suggests, that the main event of the disease 

pathogenesis is an imbalance between Aβ production and clearance, namely the production of Aβ is 

increasing in familial form of AD, and the clearance of Aβ is disrupted in case of sporadic AD. Aβ 

accumulation and aggregation will directly or indirectly cause a list of negative effects e.g. LTP 
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inhibition, disruption of synaptic function, neuronal cell death, inflammation etc., which ultimately 

leads to cognitive decline. Tau pathology and NFT formation is considered as a subsequent event, but 

it has a major effect on the neuronal dysfunction and the development of the disease (Blennow et al., 

2006). 

 

The most characteristic hallmark of AD beside the amyloid aggregates are the NFTs 

which are assembled from hypherphosphorylated tau protein (Grundke-Iqbal et al., 1986, 

Nukina and Ihara, 1986). Tau is a microtubule-associated protein (MAP); through its binding 

domains it regulates the assembly and stability of the microtubules. The phosphorylation of 

tau protein is rather strictly regulated by a couple of kinases (e.g. GSK-3β and CDK5) and 

phosphatases (e.g. PP-1 and PP-2A) (Iqbal et al., 2005). If hyperphosphorylation or abnormal 

phosphorylation occurs, tau protein and other MAPs lose their ability to bind and stabilize the 

microtubules, which has a lot of downstream effect (e.g. disassembly of microtubules, 

disrupted axonal transport etc.) and finally lead to neuronal dystrophy (Iqbal et al., 2005). Tau 

protein also has a propensity for aggregation into insoluble fibrils in tangles, which are 

intracellular depositions and are also harmful for neurons. Tau pathology is an early event in 

AD pathomechanism and it initializes in the transentorhinal cortex, spreads to hippocampal 

area and amygdala, and later to the neocortical association areas (Braak et al., 1999). Whether 

tau hyperphosphorylation and NFT formation are a cause or consequence of AD remains 

elusive. 

 

1.2. Impaired Zn
2+

 homeostasis in AD 

 

The zinc ion (Zn
2+

) has an essential function in numerous biochemical processes, as a 

co-factor of more than 300 proteins or enzymes that affect many aspects of cellular 

metabolism, involving metabolism of proteins, lipids and carbohydrates (Bettger and O'Dell, 

1981, Parkin, 2004, Mocchegiani et al., 2005). Zn
2+

 is responsible for the conformational 

stabilization in several transcription factors (Rebar and Pabo, 1994, Elrod-Erickson et al., 

1998) and also modulates cellular signal transduction processes (Besser et al., 2009, Chorin et 

al., 2011).  Zn
2+

 is a small (0.65Ǻ), redox-inert ion (Bettger and O'Dell, 1981, Qian and 

Noebels, 2006), which binds mostly to nitrogen and sulphur atoms and ligands. It has 
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relatively low ligand field stabilization energy, therefore its exchange between ligands is quite 

easy (Williams, 1989). The brain has the highest zinc content compared to other organs. There 

are also big differences regarding the distribution of Zn
2+

 in distinct brain areas, high 

concentrations of Zn
2+

 is detectable in hippocampus, cerebellum, amygdala and neocortex 

(Frederickson et al., 2000). Almost all (~95%) Zn
2+

 present in the mammalian tissues trapped 

within proteins or bound to zinc sequestering proteins (e.g. metallothioneins), although in the 

brain there is a pool localized within synaptic vesicles. Neurons which contain Zn
2+

 at high 

concentrations in the synaptic terminals are called zinc-enriched (ZEN) neurons (Frederickson 

et al., 2000, Wang et al., 2001). Cellular zinc homeostasis is partially regulated by two 

specific zinc transporter protein families, namely ZnT proteins and Zip proteins (Liuzzi and 

Cousins, 2004). ZnTs decrease cytoplasmic Zn
2+ 

concentration by promoting zinc efflux from 

cells or vesicular zinc uptake, while Zip proteins raise cytoplasmic Zn
2+

 by facilitating 

extracellular and probably vesicular zinc transport into neurons and glial cells (Law et al., 

2003, Liuzzi and Cousins, 2004, Seve et al., 2004). 

Chelatable Zn
2+

 detection and tracing is quite easy using fluorescent probes (e.g. 

RhodZin-3, FluoZin-3, Newport Green, ZnAF-2, TFLZn etc.). During heat (or other 

environmental) stress response Zn
2+

 ions are released from metallothioneins (Pirev et al., 

2010), resulting the increase of intracellular Zn
2+

 concentration. Moreover, depolarization 

during neurotransmission or evoked artificially by electric stimulation (Howell et al., 1984, 

Aniksztejn et al., 1987), by administration of K
+
 (Assaf and Chung, 1984, Charton et al., 

1985, Aniksztejn et al., 1987) or by kainic acid (Assaf and Chung, 1984, Charton et al., 1985) 

cause the release of Zn
2+

 from hippocampal neuronal terminals into the synaptic cleft 

(Aniksztejn et al., 1987), thus extracellular Zn
2+

 concentration raises. In physiological 

concentrations Zn
2+

 shows neuroprotective activity, although high concentrations of Zn
2+

 are 

neurotoxic (Bancila et al., 2004, Cote et al., 2005). Recent reports demonstrate the critical role 

of Zn
2+

 availability in the memory function, learning, neurogenesis etc., however marked 

changes in physiological Zn
2+

 levels in the brain may be a risk factor of neurological diseases 

such as Alzheimer‟s disease (Bush et al., 1994b, Mocchegiani et al., 2005, Bitanihirwe and 

Cunningham, 2009, Sensi et al., 2009, Suh et al., 2009, Takeda and Tamano, 2009). 

Increasing body of evidence indicates that neuronal Zn
2+

 release plays an important 

role in Aβ deposition in AD. Aβ is rapidly precipitated by Zn
2+

 at neutral pH (Bush et al., 
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1994b). Aβ within plaques directly binds Zn
2+

 (Opazo et al., 2002, Dong et al., 2003), which 

could explain the phenomenon that amyloid plaques are heavily enriched with Zn
2+

 in humans 

(Lovell et al., 1998, Cherny et al., 1999, Miller et al., 2006) and APP transgenic mice (Lee et 

al., 1999, Stoltenberg et al., 2007). Zn
2+

-induced Aβ aggregation is reversible with chelators, 

such as EDTA and clioquinol; and Aβ deposits in human brain are dissolved with metal 

chelators that liberate Zn
2+ 

(Cherny et al., 1999, Cherny et al., 2001).  

The Zn
2+

 that aggregates Aβ in vivo is released from synaptic vesicles of 

glutamatergic neurons during neurotransmission reaching an extracellular concentration of 

300 µM (Frederickson et al., 2006). It is normally transferred into glutamatergic presynaptic 

vesicles by the activity of ZnT3, a transmembrane protein which expression overlaps with 

brain regions where amyloid depositions are the most frequent (Palmiter et al., 1996, 

Stoltenberg et al., 2007). ZnT3 is concentrated in dystrophic neurites in amyloid plaques 

(Stoltenberg et al., 2007), and the knockdown of ZnT3 gene is markedly inhibits amyloid 

pathology in APP transgenic mice (Lee et al., 2002, Friedlich et al., 2004). 

Increased age and female gender are the major risk factors for AD, and both cause Aβ 

accumulation in humans and APP transgenic mice by unclear mechanisms (Davies et al., 

1988, Callahan et al., 2001). While ZnT3 expression is elevated in female mouse brain, and 

knockdown of ZnT3 gene suppresses the excessive Aβ deposition in female APP transgenic 

mice (Lee et al., 2002, Lee et al., 2004), the mechanisms for these effects (e.g. affecting 

uptake or release of zinc) remains elusive. However, recent work has shown that Aβ 1-42 

oligomers attach to the NR2B subunit of the NMDA receptor of wild-type but not ZnT3-/- 

hippocampal slices, in an activity-dependent manner (Deshpande et al., 2009). 

The reasons for extracellular Zn
2+

 precipitation of Aβ with age, when both are 

constitutively released with synaptic activity (Lazarov et al., 2002, Frederickson et al., 2006, 

Cirrito et al., 2008), are unresolved. We utilized acute hippocampal slices to model Zn
2+

 

release throughout the neocortex (since ZnT3 is expressed in both area)), and to study changes 

that occur with age and gender that may explain how these risk factors affect Alzheimer 

pathology. 
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1.3. Aggregated α-synuclein is associated with the development of AD 

 

The depositions of α-synuclein (also known as: NAC precursor, NACP) protein 

(αSN), are the pathological hallmarks of the so called “Lewy body diseases” (LBD). The αSN 

protein is made of 140 amino acid residues and its sequence has been well conserved among 

vertebrates (Maroteaux et al., 1988, Buchman et al., 1998). The normal physiological 

function(s) of αSN has not been precisely defined yet, but mutations in αSN have been 

associated with the dominantly inherited familial forms of Parkinson‟s disease (PD) 

(Polymeropoulos et al., 1997, Spillantini et al., 1998, Kruger et al., 1999). αSN, the protein 

which is localized mainly at the synaptic terminals (Shibayama-Imazu et al., 1993, Iwai et al., 

1995) is also involved in neural membrane trafficking (Outeiro and Lindquist, 2003), it may 

control the vesicle formation and helps their maintenance (Iwai et al., 1995, Jensen et al., 

1998). It is also suggested, that αSN directly interacts with biological membranes and 

modulates the synaptic vesicle release cycle (Burre et al., 2010, Gaugler et al., 2012, 

Kuwahara et al., 2012). Overproduction of αSN causes plenty of negative intracellular events 

e.g. damage of the ER-Golgi trafficking (Cooper et al., 2006, Thayanidhi et al., 2010), 

fragmentation of the Golgi apparatus (Gosavi et al., 2002) and mitochondrial membrane 

injuries (Song et al., 2004). 

LBD has three subtypes: the Parkinson‟s disease, the diffuse Lewy body disease 

(DLBD), and also the Lewy body variant of Alzheimer‟s disease (LBV) (Lewis et al., 2010). 

This fact clearly points out that there should be a close connection between the pathogenesis 

of the two most frequent neurodegenerative diseases, namely AD and PD (Fig. 2). 
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Figure 2.  Relatively high overlap between Alzheimer’s disease (AD) and dementia with Lewy 

bodies (DLB). PD, Parkinson’s disease; LBV, Lewy body variant of Alzheimer’s disease; DLBD, 

diffuse Lewy body disease; PD, Parkinson’s disease; PDD, Parkinson’s disease dementia; LBs, Lewy 

bodies (Lewis et al., 2010). 

 

The premise, that αSN is somehow playing a role in the pathogenesis of AD is not 

novel. However, there is a rather big contradiction in the literature about the interaction of 

αSN and Aβ. First time in 1993 Ueda and co-workers revealed that the 61-95 residues of αSN, 

the so called NAC (non-amyloid component of Alzheimer‟s disease amyloid) domain is 

present in senile plaques of human AD cortex (Ueda et al., 1993). Two years later, based on 

the work of Yoshimoto and colleagues it seemed that NAC is able to bind to the 25-35 

residues of the Aβ (1-40) and Aβ (1-42) peptides, which are the major components of AD 

amyloid plaques (Yoshimoto et al., 1995). On the other hand, results of other research groups 

confirmed that there is no direct physical interaction between NAC and Aβ peptides and NAC 

is not present in Aβ deposits (Bayer et al., 1999, Culvenor et al., 1999), although NAC was 

found in abundance in dystrophic neurons which are surrounding the senile plaques (Culvenor 

et al., 1999). However, most researchers agree on that the appearance of aggregated Aβ may 

significantly exacerbate the process of LBD (Pletnikova et al., 2005). In the same way if the 
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aggregating αSN is present it could accelerate the development of AD. Recent studies 

revealed certain interactions in vitro that stimulate cross-fibrillization between αSN and Aβ, 

and between αSN and tau protein stimulating and accelerating each other‟s aggregation 

(Giasson et al., 2003, Geddes, 2005, Mamah et al., 2005). Consequently, there is “cross-talk” 

among neurodegenerative disorders and the stronger this connection is the more severe the 

disease. Realizing these unexplored interactions between αSN and Aβ / tau took us to the idea 

to use an αSN overexpressing SH-SY5Y neuroblastoma cell line in AD research experiments. 

We investigated the effects of aggregated neurodegenerative disease-related peptides and 

classical apoptotic stressors on αSN overexpressing cell line. Our results showed that the αSN 

overexpressing cell line was more sensitive to the treatment of aggregated beta-amyloid (Aβ 

1-42) or NAC, but less sensitive to the classical apoptotic agents compared to the wild type 

SH-SY5Y neuroblastoma cell line. 
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2. Aims 

 

Although the precise role of Aβ in AD pathogenesis remains inconclusive, aggregation 

of this peptide seems to be the key in the development of the disease. Thus, investigating 

distinct physiological factors which could intensify the aggregation propensity and thereby 

the toxic effect of Aβ, would be very useful from the aspect of elaborating further anti-AD 

strategies.  

The aggregation of extracellular Aβ is taking place in the synaptic cleft which yields 

synaptotoxic oligomers. This phenomenon affects mostly the hippocampus, in which the main 

cell mass (~80%) is composed of Zn
2+

 containing glutamatergic principal neurons. During 

neurotransmission these neurons release vesicular Zn
2+

 into the synaptic cleft, where Zn
2+

 can 

precipitate Aβ. Moreover, according to the literature data Aβ depositions are enriched with 

Zn
2+

, therefore it would be very important to investigate the effect of endogenous 

extracellular Zn
2+

 to Aβ aggregation. 

Recent findings have revealed that there are a close relationship between AD and PD; 

Aβ may interact with αSN, therefore it should be reasonable, to study Aβ and αSN 

simultaneously.  

 

In the course of my Ph.D. work I attained the following aims: 

 

1. Examining different extrinsic factors, which can enhance Aβ toxicity and aggregation via 

synergistic way. 

1.1. Explore whether endogenous vesicular Zn
2+

 could be able to precipitate and 

subsequently intensify the neurotoxic effect of exogenous Aβ (synergistic effect of 

peptide – metal). 

1.2. Investigating Aβ and αSN interactions and their boosting effect to each other‟s 

aggregation (synergistic effect of peptide – protein). 

2. For the fast and effective measurements it was essential to develop two methods: 

2.1. A novel method for maintaining and even treating acute hippocampal slices in small 

working volume (ExViS). 

2.2. A novel method for fluorescent detection of Aβ precipitation in acute hippocampal 

slices.  
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3. Materials and methods 

3.1. Materials 

 

 Cell impermeant forms of RhodZin-3, FluoZin-3 and Newport Green were from 

Molecular Probes, Invitrogen, (Budapest, Hungary). ZnAF-2, TFLZn, 4,4(')-dianilino-1,1(')-

binaphthyl-5,5(')-disulfonate dipotassium salt (Bis-ANS), Thioflavine T, N,N,N‟,N‟-

tetrakis(2-pyridylmethyl)ethylenediamine (TPEN), calcium ethylenediaminetetraacetic acid 

(CaEDTA), 2,4-dinitrophenol (DNP), propidium iodide (PI) pyrithione, chloral hydrate, 3-

(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl-sulfoxide 

(DMSO), bovine serum albumin (BSA), all-trans retinoic acid (RA), 12-O-tetradecanoyl-

phorbol-13-acetate (TPA), hydrogen peroxide (H2O2), amphotericin B, ruthenium red, Triton 

X-100, Tween 20, protease inhibitor cocktail, polyclonal anti- αSN antibody produced in 

rabbit, and mouse anti-β-tubulin monoclonal antibody, lactate dehydrogenase assay kit (LDH 

kit), 96-well plates, and general reagents were from Sigma-Aldrich, (Budapest, Hungary). 

Fetal bovine serum (FBS), phosphate buffered saline (PBS), L-glutamine, penicillin–

streptomycin, and MEM non-essential amino acids were purchased from Gibco, Invitrogen 

(Budapest, Hungary), 96-well plates from Nunc (Roskilde, Denmark), peroxidase-conjugated 

goat anti-rabbit IgG antibody from Dako (Glostrup, Denmark), anti-TrkB antiserum from Cell 

Signaling Technologies (Budapest, Hungary) chemiluminescent substrate of peroxidase from 

Pierce (Rockford, IL, USA), and bicinchoninic acid (BCA) assay kit from Novagen (Madison, 

WI, USA). For all experiments which require distilled water, MilliQ ultrapure water (upH2O) 

was used. The ExViS mini-chamber system was made in-house at BAYGEN (Szeged). The 

animal protocols applied in this study had been approved by the National Institute of Health 

and by the University of Szeged; permission number: I-02442/001/2006. Three types of 

synthetic Aβ(1-42) were used: normal Aβ(1-42) (solid phase synthesis; Zarandi et al., 2007) 

applied for αSN overexpressing cell line studies, iso-Aβ(1-42) (Bozso et al., 2010) and 

AβΔ2His (synthesis proceeded as by iso-Aβ(1-42) with histidine residues at positions 13 and 14 

replaced with Ala) used for Zn
2+

-Aβ precipitation experiments, were synthesized in our 

laboratory at the Department of Medical Chemistry, University of Szeged, Hungary.   
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3.2. Developing the ExViS mini tube chamber 

 

Most of the Aβ-Zn
2+

 precipitation experiments were performed using an ex vivo 

model, namely acute hippocampal slices (section 3.3). For those experiments we needed 

equipment that is able to maintain the tissue slices without decreasing their viability and allow 

treatment with Aβ (or other agents) in small working volume. To satisfy these claims, we 

developed the ExViS device.  

ExViS is a novel floating incubation system using very small amount of incubation 

volume (1 ml). Simultaneously, the system should provide optimal conditions 

(microenvironment) for the tissue slices (O2, CO2, pH, glucose, etc.). Application of carbogen 

(95 % O2, 5 % CO2) gas current (bubbling) instead of perfusion was designed to avoid 

adsorption and precipitation of substances (e.g. β-amyloid peptide) in the circulating system. 

Floating the tissue slices instead of mechanical fixation minimizes tissue damage. The novel 

floating chamber provides simultaneous incubation for several slices in the same chamber to 

be able to run parallel experiments for statistical evaluation. The scaled drawing of ExViS 

mini tube chamber can be seen in Figure 3.  

 

 

Figure 3. Schematic structure of ExViS mini tube chamber. 
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3.3. Preparation of acute hippocampal slices 

 

A modified version of the method reported by (Datki et al., 2007) was used. After 

anesthesia with chloral hydrate (0.4 g/kg), 10 ± 1 and 65 ± 4-weeks-old male and female 

Wistar rats were decapitated and the whole heads (without scalp) were put into ice-cold 

upH2O for 1 min. The brains were quickly removed and immersed in Ca
2+

 free ACSF with 

elevated Mg
2+

 at 4ºC (Lipton et al., 1995). Brain slices (thickness 400 μm) were prepared 

from the hippocampus with a McIlwain tissue chopper at 4 ºC. The surface area of the slices 

was determined with a dissecting microscope (type Nikon SMZ800 with a 12 megapixel 

camera) directly after preparation. The well area (15 mm
2
) was used for area calibration. The 

slices (area ≈9 mm
2
) were rapidly transferred into the ExViS mini-chamber (maximum 10 

slices in 1 ml) for conditioning (30 min) in carbogenated Ca
2+

-free ACSF preparation solution 

at room temperature (23 ºC). During this period the amount of LDH released into the Ca
2+

-

free ACSF was assayed by LDH kit as an index of cytosolic release caused by mechanical 

trauma. 

The slices were kept oxygenated by saturating bubbling carbogen into every buffer. 

The only time that there was not constantly bubbling carbogen present was during the last 

step of the actual experiment (e.g. treatment with high K
+
). Following that the slices were 

transferred to the multiwell format, which contained carbogen-saturated buffer. 

The results from female rats were reproducible when performed at intervals of one or 

two weeks apart, indicating that stage of estrus did not influence the results. 

 

3.4. Measurement of the extracellular Zn
2+

 release and uptake 

 

After preparation, the hippocampal slices were incubated in carbogenated (actively 

bubbling in the ExViS chamber) Ca-free ACSF (in mM: NaCl 127, KCl 2, MgCl2 5, NaHCO3 

25, D-glucose 10, pH=7.4) while loaded with Zinquin (30 μM, 25 min). The slices were then 

washed for 5 min in dye-free, actively carbogenated, Ca-free ACSF (1 ml), and the slices then 

placed in a multi-well plate. H-ACSF (composition in mM: NaCl 115, KCl 3; CaCl2 2, MgCl2 

2, NaHCO3 10, HEPES 25, D-glucose 12, pH=7.4; 40 μl/well) supplemented with RhodZin-3 
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or ZnAF2 (10 μM) was then added and kinetic measurements were taken by plate-reader. 

H-ACSF was utilized for fluorescent assay experiments since fluorophores are sensitive to 

pH, and the additional HEPES helped maintain pH stability. Release and uptake studies were 

performed at 36 °C, which was reported to be optimal for Zn
2+

 release (Frederickson et al., 

2006). 

In some experiments, Zn
2+

 uptake into slices was measured over a period (10 minutes) 

that required continuous oxygenation. To accomplish this we sampled and assayed the 

overlying incubation media at intervals. Ten slices together in each ExViS chamber were 

treated ± DNP (0.3 mM) or pyrithione (50 μM) for 30 min in actively-carbogenated Ca
2+

-free 

ACSF at room temperature. The media were then changed to normal, actively carbogenated 

H-ACSF (composition in mM: NaCl 125, KCl 2, CaCl2 2, MgCl2 2, NaHCO3 25, D-glucose 

12, pH 7.4; 15 ml, 36ºC) ± DNP or pyrithione, supplemented with 2 μM ZnSO4. We then 

sampled (0.15 ml) the Zn
2+

- containing H-ACSF media from the same chamber at 30 s and 10 

min. The remaining Zn
2+

 in the samples was assayed by adding RhodZin-3 and ZnAF2 (both 

to 10 μM). DNP did not alter the background fluorescent signal of the Zn
2+

 detection reagents. 

Pyrithione 50 μM quenched ≈5% (≈100 nM) of the total ZnAF2 fluorescence of 2 μM Zn
2+

 in 

H-ACSF, but had no significant effect on RhodZin-3 fluorescence in the same solution. 

To study the effects of Aβ on Zn
2+

 uptake, following the slice preparation and loading 

with Zinquin we substituted the Ca-free ACSF wash step with an incubation in normal 

carbogenated ACSF supplemented with Aβ1-42 (50 μM, 10 min), after that the slices were 

washed with H-ACSF, and placed into wells for treatment with 50 mM KCl. 

 

3.5. MTT mitochondrial reductase assay of hippocampal slices 

 

Acute hippocampal slices were treated ± different Aβ forms in actively carbogenated 

ACSF at 36 °C (Aβ or AβΔ2His, 15 μM) in ExViS chambers for 10 min. Then the 

concentrations of either KCl or NaCl in the ACSF were raised (to 50 mM) for 5 min. The 

slices were then washed twice with ACSF, whereupon they were incubated ± CaEDTA (0.1 

mM) for 3 hours in carbogenated ACSF solution (1 ml) at room temperature. Hence, the 

toxicity of Aβ could only be attributed to the material that had precipitated (e.g. by 
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endogenous Zn
2+

 release) and been trapped on the slices, and not been washed off. After 3 

hours we added 0.1 ml MTT (stock solution 5 mg/ml) to the chamber for 30 min. The 

reduction of MTT was stopped by transferring the slices from ACSF to ice-cold upH2O. We 

then transferred the slices to pure DMSO for 30 min to dissolve the formazan precipitate, 

followed by absorbance assay at 550 and 620 nm. The results were normalized with the 

formula: (OD550 – OD620)/area of slice (mm
2
) = 100% in control rats. 

 

3.6. Measurement of total, vesicular and released Zn
2+

 and Aβ aggregation 

 

Freshly prepared hippocampal slices were immediately lyophilized and stored at -80°C 

until analysis. At the start of the experiment the tissue was rehydrated in upH2O, 

ultrasonicated and its protein content determined. Total zinc was measured by inductively-

coupled plasma mass spectrometry as previously described (Maynard et al., 2006). 

Fluorescence was measured with a 96-well plate reader (NOVOstar OPTIMA, BMG 

Labtech, Budapest, Hungary) using the method described by Datki et al. (2007). After resting 

(30 min) in the carbogenated Ca
2+

-free ACSF solution at room temperature, the acute 

hippocampal slices (maximum 10) were washed for 30 s in 2 ml preheated (36 ºC) 

carbogenated H-ACSF. The slices were then transferred from the mini-chamber to the plate 

wells and immobilized by a round non-fluorescent plastic grid. The H-ACSF was carefully 

removed and substituted with carbogen-saturated H-ACSF (40 μl per well) containing either 

Zn
2+

 fluorophore (10 μM), or bis-ANS (indicator of peptide aggregation; 10 µM), or 

Thioflavine-T (10 μM). For bis-ANS and Thioflavine- T peptide aggregation assays, the H-

ACSF solution was also supplemented with Aβ peptide (50 μM). The plates and the H-ACSF 

solution were preheated to 36 ºC before the slices were transferred. The temperature within 

the plate-reader was maintained 36 ºC. The acute hippocampal slices were treated with 

additional KCl (50 mM) to induce depolarization or additional NaCl (50 mM) as an osmotic 

control. Measurement of fluorescence in the acute hippocampal preparations was started 1 

min before the KCl/NaCl treatment.  

To prove that ZnAF2 is cell impermeable we treated SH-SY5Y human adrenergic 

neuroblastoma cells, as well as CHO cells with 10 μM ZnAF2 in H-ACSF. After 10 minutes 
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of incubation followed by washing with H-ACSF, there was no fluorescent signal above the 

background in the cells.  

For studies of vesicular Zn
2+

 load, the slices were incubated with TFLZn (0.3 mM) for 

30 min in Ca-free ACSF, washed (3x) before measurement with the plate reader. Specificity 

was determined by abolishing fluorescence with the cell-impermeable Zn
2+

 chelator CaEDTA 

(0.5 mM), which does not significantly affect extracellular Ca
2+

 concentration (Koh et al., 

1996, Qian and Noebels, 2005) or cell-permeable TPEN for intracellular signals. 

 

3.7. Western blot analysis 

 

Hippocampal tissue (10 μg) was blotted with anti-ZnT3 polyclonal antiserum as 

described by Smidt et al. (2009). 

Normal and αSN overexpressing differentiated neuroblastoma cells were extracted in 

PBS containing 1% Triton X-100 and 1% protease inhibitor cocktail. The cell extracts were 

centrifuged at 16000×g for 10 min and the supernatants were saved. 15 µg of total protein was 

separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under 

reducing conditions according to the method of Laemmli (1970). Proteins were blotted onto 

nitrocellulose membrane. The blot was incubated overnight in the presence of rabbit anti-

alpha-synuclein polyclonal antibody diluted 1:500 in PBS. Then, the membrane was washed 

three times in PBS–0.05% Tween and incubated for 2 h peroxidase-conjugated goat anti-

rabbit IgG antibody diluted 1:10000 in PBS. Then the membrane was washed three times in 

PBS–0.05% Tween. The immune complexes were detected with chemiluminescent substrate 

of peroxidase according to the supplier‟s instructions. Protein concentration was determined 

using a BCA assay kit. Images were densitometry analyzed using Scion Image software. 

Densitometric data were normalized for β-tubulin. 
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3.8. Analytical ultracentrifugation 

 

Analytical ultracentrifugation was performed by our Australian collaborators (by Dr. 

Ashley Bush and colleagues, Mental Health Research Institute, Parkville, Victoria, Australia) 

on a Beckman Optima XL-A. Sedimentation velocity runs were performed at 23 °C using a 

four-hole AN-60Ti rotor and double-sector charcoal/Epon-filled centerpieces. Aβ(1-42) (15-

50 μM) and bis-ANS (30-100 μM) samples (±Zn
2+

 15-50 μM) were centrifuged in Chelex 100 

(Sigma) -treated PBS at 40,000 rpm. We allowed the temperature of the rotor to equilibrate 

for 30-60 min at 3,000 rpm, then the rotor speed was increased to 40,000 rpm and absorbance 

scans were taken every 2 minutes for a total of 100 scans (3.3 hours). For sedimentation 

velocity experiments without bis-ANS Aβ(1-42) was monitored by Abs. 225 nm. The 

wavelength used for bis-ANS sedimentation experiments was chosen so the total absorbance 

was 1.0 : 385 nm for bis-ANS 30μM, 420nm for bis-ANS 100 μM. Scans were collected 

using absorbance optics in 0.003 cm radial steps. The data were fit using Sedfit software 

(Schuck, 2000). The frictional coefficient ratios (f/fo) for the bis-ANS and Aβ experiments 

were 1.2 and 1.8 respectively. The 1.8 f/fo ratio for Aβ is consistent with the shape of the 

molecules being elongated or fibril in structure. All s values are reported as S20,w values. The 

reproducibility of the curve fit is scrutinized by running Monte-Carlo (n=1000, 0.95 

confidence interval) simulations, which allows us to assign a statistical confidence to the c(s) 

distribution that best describes the data. 

 

3.9. Multi-electrode array (MEA) electrophysiology 

 

One acute hippocampal slice was placed in a 3D-MEA chip with 60 tip-shaped and 

60-μm-high electrodes spaced by 100 μm (Ayanda Biosystems, S.A., CH-1015 Lausanne, 

Switzerland). The surrounding solution was removed, and the slice was immobilized by a 

grid. The slice was continuously perfused with carbogenated ACSF (1.5 ml/min at 34 °C) 

during the whole recording session. Data were recorded with a Multi-Channel System (MCS 

GmbH, Reutlingen, Germany). The Schaffer-collateral was stimulated by injecting a biphasic 

current waveform (100 + 100 μs) through one selected electrode at 0.033 Hz. Care was taken 
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to choose the stimulating electrode in the same region from one slice to the other. The peak-

to-peak amplitudes of field excitatory postsynaptic potentials (fEPSPs) at the proximal 

stratum radiatum of CA1 were analyzed. Following a 30 min incubation period, slices were 

continuously stimulated with medium-strength stimuli. When stable evoked fEPSPs were 

detected (for at least 20 min), the stimulus threshold was determined, and a stimulus strength-

evoked response curve (i.e. input-output, I-O curve) was recorded by gradually increasing 

stimulus intensity until the maximal stimulus strength was reached. The stimulus intensity 

was continuously increased from 0 to 120 μA with 10 μA steps. Stronger stimulation led to 

large Faradic effects on the electrodes causing artifacts. 3 data sets were recorded for each 

stimulation intensity. The intensity of the test stimulus was set to be 30% of the threshold and 

maximum stimulus strength interval. After recording a 10 min stable control sequence, LTP 

was induced by applying theta-burst stimulation (TBS; trains of 15×100 Hz bursts, 5 pulses 

per burst with a 200 ms interburst interval), at the maximum stimulation intensity, then 

fEPSPs were recorded for 60 min. We analyzed the 20-80% slope of the initial portion of 

fEPSPs. 

 

3.10. Confocal microscopy 

 

Three-dimensional fluorescence confocal imaging was performed by using an 

Olympus Fluoview FV1000 confocal laser scanning microscope (Olympus Life Science 

Europa GmbH, Hamburg, Germany). The microscope configuration was: UPLFLN 40X oil 

immersion objective with the numerical aperture of 1.30; scanning dimensions- 512x512 

pixels; sampling speed- 2 μs/pixel; z-step size- 0.6 μm; number of z-sections- 36; confocal 

aperture- 358 μm; zoom- 2x; line averaging- 2x; scanning mode- sequential unidirectional; 

excitation- 405 nm (bis-ANS) and 543 nm (PI); laser transmissivity- 0.1% and 8% were used 

for bis-ANS and PI, respectively; main dichroic beam splitter- DM405/488/543; intermediate 

dichroic beam splitter- SDM 490; bis-ANS was detected between 470-520 nm using the 

spectral channel, PI was detected between 555-655 nm. Using Olympus Fluoview software 

(version 1.7.2.2) bis-ANS and PI images were pseudo colored green and red, respectively. 
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"Three planes" visualization option of the Fluoview software was used to show x-z and y-z 

planes of 3-D image stacks. 

 

3.11. Treatments of differentiated αSN normal and overexpressing cells 

 

The αSN “normal expressing” (NE) and the αSN “wild type overexpressing” (OE) 

SH-SY5Y cell lines were obtained from Alex Liu (Department of Neurology, University of 

Saarland, Homburg, Germany). The cells were grown till confluency in Dulbecco„s modified 

Eagle‟s medium (MEM):F-12 (1:1), supplemented with FBS (10%), L-Glutamine (4 mM), 

penicillin (200 units/ml), streptomycin (200 µg/ml), MEM non-essential amino acids RA 

(10 µM) and TPA (16 nM) (Lambert et al., 1994, Flood et al., 2004, Presgraves et al., 2004) 

in 96-well plates in a humidified atmosphere (37 °C, 5% CO2) for 8 days. The number of 

passages in case of both cell lines was 3. On the first day, the number of non-differentiated 

cells in the wells was 2.5×10
5
 cells/ml. After 8–10 days of differentiation, the cells were 

attached to the plate as a monolayer, and cell counting indicated 3×10
5
 cells/cm

2
 (equals to 

6.5×10
5
 cells/ml in suspension). Aggregation of Aβ(1-42) and NAC were performed in 

aqueous solution (100 µM) by gentle shaking at room temperature for 1 h or 8 days. In order 

to prevent infection, the solutions were ultrasonicated daily. The aggregation states of the 

peptides were: 1 h pre-aggregated Aβ(1-42) (protofibrils), 8-day pre-aggregated Aβ(1-42) 

(fibrils) (Fulop et al., 2004), 1 h pre-aggregated NAC (protofibrils) and 8-day pre-aggregated 

NAC (fibrils; TEM pictures not shown). The original supernatant solution was removed from 

the cells with a pipette, and a new medium (100 µl/well, containing 2% FBS and aggregated 

Aβ(1-42) or NAC in 10 µM concentration) was quickly added to the wells and was kept at 

37 °C for 24 h. 

 

3.12. MTT bioassay for αSN normal and overexpressing cell culture 

 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), a widely used 

assay was performed to compare the viability of cells (Liu et al., 1997). Differentiated 

neuroblastoma cells (Datki et al., 2003) were incubated in a 96-well plate for 24 h with the 
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following peptides: (a) 10 µM of Aβ(1-42) pre-aggregated for 1 h or 8 days; (b) 10 µM NAC 

pre-aggregated for 1 h or 8 days. In a second set of experiment, cells were treated with the 

following classical apoptotic factors: H2O2 (40 µM), amphotericin B (3 µM) and ruthenium 

red (200 µM). MTT solution was added to each well (0.4 mg/ml), containing 100 µl cell 

culture medium, and then the mixture was incubated for 3 h. The MTT solution was carefully 

decanted and formazan was extracted from the cells using 100 µl/well of a DMSO/EtOH (4:1, 

v/v). The color intensity of formazan was measured by a 96-well plate reader (BMG Labtech, 

Budapest, Hungary) at 550 nm. All MTT assays were triplicated, hence, one measurement 

contained seven parallels (n = 21). 

3.13. Statistical analysis 

 

 Data are presented as mean ± S.E.M. Unpaired Student‟s t-test (for Western blot 

analysis) and ANOVA with post hoc Bonferroni or Tukey was used for statistical evaluation, 

both performed by GraphPad Prism 5.0 software. A p ≤ 0.05 value was considered 

statistically significant, unless otherwise stated (e.g. p ≤ 0.01; p ≤ 0.001). 
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4. Results 

4.1.  Experiments on the role of Zn
2+

 dishomeostasis in Aβ aggregation 

 

4.1.1. Activated hippocampal slices from aged rats release more zinc 

 

Slices from young (10-weeks-old) rats were found to release Zn
2+

 upon stimulation 

with 50 mM K
+
, in a Ca

2+
-dependent manner (Fig. 4a), as reported previously (Datki et al., 

2007). CaEDTA, a cell-impermeable Zn
2+

 chelator that does not affect extracellular Ca
2+

 

concentrations (Koh et al., 1996) rapidly reversed the signal, indicating that the indicator was 

detecting Zn
2+

 released from the slices (Fig. 4a). Results were confirmed using two different 

cell impermeable Zn
2+

 indicators, RhodZin3 and ZnAF2. Using this system, we found that the 

maximal extracellular Zn
2+

 concentrations produced by K
+
 stimulation were significantly 

higher (+50-70 %) in slices from older rats (65-weeks-old) (Fig. 4b). While there was no 

difference between young males and females in the amounts of Zn
2+

 released, older male 

hippocampi released ≈50% more Zn
2+

 than young males, and older females released ≈70% 

more Zn
2+

 than young females and significantly more (≈20%) than old males (Fig. 4b).  

The phenomenon that the slices are sensitive to mechanical trauma in different extent 

was excluded by measuring LDH release into the media after preparation, which 

demonstrated no difference between slices taken from young and old rats (2.819 ± 0.029 

U/ml, n=12 vs. 2.849 ± 0.130 U/ml, n=12, p=0.46). We measured the levels of total zinc in 

young and old hippocampi to determine whether differences in total zinc could be the reason 

for increased Zn
2+

 release, and found the levels to be unchanged with age even in a sample of 

“very old” 17 month old rats (Fig. 4c).  
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Figure 4. Age and gender affect Zn
2+

 release from rat acute hippocampal slices. (a) Release of Zn
2+

 

from slices taken from 10-weeks-old male rats, depolarized with high K
+
 in H-ACSF supplemented 

with the cell-impermeable Zn
2+

-indicator RhodZin3 (10 μM). Data are means ± SEM, n = 5 

experiments. (b) Increased depolarization-induced Zn
2+

 release from older and female slices. Data are 

mean ΔFmax (± SEM, n = 60) of two different impermeant Zn
2+

 fluorophores (RhodZin3 and ZnAF2, 

indicated) taken within 120 secs of depolarization with high K
+
. *** p < 0.001, compared to the mean 

ΔZn of young male and female slices; # p < 0.001, between old male and female slices, Tukey’s 

multiple comparison test. (c) Mean total Zn levels (± SEM, n = 10 for young and old, n = 5 for 17 

month “V. old”) in male hippocampal slices measured by inductively coupled plasma mass 

spectrometry are indicated. (d) Mean intravesicular Zn
2+

 levels in male hippocampal slices detected 

by TFLZn fluorescence, normalized to slice surface area (± SEM, n = 30 for each group), are 

indicated. (e) ZnT3 levels in male hippocampal slices (means ± SEM, n = 10 for young and old, n = 5 

for V. old). 

 

Since the releasable pool of Zn
2+

 is in synaptic vesicles, we also assayed for this 

fraction using TFLZn, which selectively detects vesicular Zn
2+

, in the young and old rat 

hippocampi, as previously described (Budde et al., 1997). There was indeed a small (7.0%) 

but significant increase in vesicular Zn
2+

 in slices from old rats compared to young ones (Fig. 

4d). 
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One explanation of this increase in vesicular Zn
2+

 could be the increased expression of 

ZnT3, the transporter of synaptic vesicular Zn
2+

. Surprisingly, western blot analysis of the 

slices indicated that ZnT3 levels actually decrease significantly with age, with additional 

samples from 17-month old rats expressing even lower levels (Fig. 4e). Taken together, these 

data indicate that, with age, the hippocampal vesicular Zn
2+

 pool enlarges (Fig. 4d), despite 

the lower ZnT3 expression (Fig. 4e). Therefore, activity-dependent Zn
2+

-release must be less 

frequent with aging. If Zn
2+

 release is decreased in older tissue, Zn
2+

-uptake would need to be 

inhibited to maintain the balance, because there are no changes in total zinc levels (Fig. 4c). 

The increased release of Zn
2+

 from female hippocampus could be explained by increased 

ZnT3 expression (Friedlich et al., 2004), however, the 7.0 % increase in vesicular Zn
2+

 in 

slices from old compared to young rats (Fig. 4d) seems too small to explain the ≈50% 

increase in extracellular Zn
2+

 released from old rat slices upon K
+
 stimulation (Fig. 4b). 

Therefore, we explored next whether the changes we observed with age and gender could also 

be explained by impaired reuptake of extracellular Zn
2+

. 

 

4.1.2. Impaired reuptake of extracellular zinc by older hippocampal slices 

 

Constant high levels of extracellular Zn
2+

 are potentially neurotoxic (Choi et al., 

1988), therefore synaptic Zn
2+

 must rise only briefly during neurotransmission. In the 

hippocampal tissue there is most likely to be a robust and possibly energy dependent Zn
2+

 

reuptake process. Double-labeling experiments that can differ extracellular from intracellular 

Zn
2+

, revealed an increased level of  intracellular Zn
2+

  within seconds of Zn
2+

 being released 

into the media by stimulation of the slices with high K
+
 (Fig. 5a). To prove that there is a 

reuptake of Zn
2+

 after the incited release, we stimulated the slice with high K
+
 in the presence 

of CaEDTA (rather than adding it after stimulation), and thus any Zn
2+

 released extracellular 

space is captured by the impermeable chelator. Indeed, this reduced the rise in intracellular 

Zn
2+

 (Fig. 5b). CaEDTA alone did not decrease intracellular Zn
2+

 (Fig. 5a). Then, we repeated 

the experiment in the presence of Ca
2+

-free H-ACSF (artificial CSF supplemented with 

HEPES), which suppresses vesicular release of Zn
2+

 (Fig. 4a). This also suppressed the rise in 

intracellular Zn
2+

 (Fig. 5b), consistent with the elevated Zn
2+

 originating from the release of 

synaptic vesicles. The rate of Zn
2+ 

reuptake released from young hippocampal slices is 
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significantly higher than the reuptake of old rat slices, for both males and females (Fig. 5c). 

This is consistent with the increase in extracellular Zn
2+

, we observed in stimulated old rat 

slices (Fig. 4b), caused by inhibited reuptake. 

 

 

Figure 5. Effects of age, gender and mitochondrial function on Zn
2+

 uptake in rat acute 

hippocampal slices. (a) Slices from young male rats were preloaded with Zinquin, which detects free 

intracellular Zn
2+

, before being introduced into HACSF supplemented with RhodZin-3, which detects 

extracellular Zn
2+

, whereupon fluorescence of the two fluorophores is recorded simultaneously. (b) 

Slices were prepared as in (a), but were stimulated with high K
+
 either in the presence of Ca-free H-

ACSF (containing 1 mM EGTA), or in the presence of H-ACSF + 2 mM CaEDTA, and Fmax was 

determined. (c) The rise in the intracellular free Zn
2+

 detected by Zinquin in slices from young 

compared to old female and male rats following K
+
 stimulation. Data are means (± SEM, males n = 

10, females n = 20 slices). Slopes from 60 – 160 secs were significantly greater for young compared to 
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old gender matched rats (p < 0.001). ANOVA with post-hoc Tukey’s was performed on values 200 

secs onwards: ### young and old groups were significantly different from each other within their 

respective genders (p < 0.001). (d) Residual extracellular Zn
2+

 (Zince) levels of hippocampal slices 

after bathing and resting in H-ACSF for 30 secs (baseline) and 10 mins after introducing 2 μM ZnSO4. 

(e) MTT assay results from freshly prepared hippocampal slices. (f) Uptake of Zn
2+

 into hippocampal 

slices from young male rat slices treated  with Aβ(1-42) (50 μM), monitored by Zinquin fluorescence. 

Values were calculated following background fluorescence subtraction. Data are means (± SEM, 

a,b,c,f n = 5 chambers, each containing 10 slices). For c, ANOVA with Bonferroni multiple 

comparison correction. # p < 0.01, *** p < 0.001. For e, unpaired t-test values are shown. 

 

To confirm that the Zn
2+

 uptake in older slices is disrupted, we studied uptake when a 

fixed amount of Zn
2+

 was added to the incubation media. Using extracellular Zn
2+

 indicators 

RhodZin3 and ZnAF2, we observed that ≈40% of the added Zn
2+

 (2 μM, a subtoxic 

concentration) was consumed within 10 minutes from the overlying media of young slices, 

but that significantly less Zn
2+

 was cleared from the media of old slices (Fig. 5d). In addition, 

the Zn
2+

 ionophore pyrithione (Colvin et al., 2008) caused the clearance of Zn
2+

 from both 

young and old slices within 10 minutes (Fig. 5d), confirming that we observed uptake. 

Treatment of the slices with a sub-toxic concentration of the mitochondrial uncoupler agent 

DNP (Mattson et al., 1993) markedly ruined the uptake of Zn
2+

 (Fig. 5d), indicating that 

energy impairment could explain the inadequate Zn
2+

 reuptake observed in old slices. There 

was no difference in uptake between genders under these conditions (Fig. 5d). Therefore, the 

increased release of Zn
2+

 from K
+
-treated older female slices (Fig. 4b) probably reflects a 

higher maximal capacity for Zn
2+

-release. 

To check if an age-dependent decrease in mitochondrial activity was the cause of the 

impaired Zn
2+

 reuptake in older slices, we measured the MTT reductase activity (indicator of 

mitochondrial activity) of the slices after the preparation process, and found that the older rat 

slices had markedly less activity (-8.5%) than slices from the young animals (Fig. 5e). 

Consequently, the inhibited reuptake of released Zn
2+

, which is caused by age dependent 

mitochondrial failure, is responsible for the increase in extracellular Zn
2+

 in case of activated 

older hippocampal slices. 

The chelation of extracellular Zn
2+

 by Aβ aggregates which then prevent Zn
2+

 to reach 

post-synaptic targets might have a role in AD cognitive loss (Adlard et al., 2010). To test this, 
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we studied Zn
2+

 uptake into slices with Zinquin following high K
+
 stimulation (Fig. 5f), 

which releases extracellular Zn
2+

 (Fig. 4a).The results showed, that the slices treated with 

Aβ(1-42) (50 μM) had significantly less Zn
2+

 reuptake than untreated slices. 

 

4.1.3. Zn
2+

 from activated hippocampal slices induces Aβ(1-42) oligomerization 

 

Next we investigated whether Zn
2+

 release from the hippocampal slices could induce 

the aggregation of synthetic Aβ(1-42) added to the media. We monitored aggregation with 

bis-ANS, a fluorescent indicator of prefibrillar, low-order oligomers (LeVine, 2002, Kayed 

and Glabe, 2006) which are markedly neurotoxic (Ferrao-Gonzales et al., 2005), as well as 

thioflavine-T, a fluorophore for fibrillar species (LeVine, 2002). As a control, we used a 

synthetic mutant of Aβ(1-42) with histidine-to-alanine substitutions at residues 13 and 14 

(AβΔ2His), which reduce its ability to bind Zn
2+

 (Liu et al., 1999). In vitro, bis-ANS showed 

marked aggregation of Aβ(1-42) induced by Zn
2+

 (50 μM) within seconds, and was rapidly 

reversed by addition of the Zn
2+

 chelator CaEDTA (0.5 mM, Fig. 6a). In the absence of Zn
2+

, 

Aβ(1-42) aggregation was relatively slow and incomplete (Fig. 6a), and was not changed by 

addition of 50 mM K
+
 (used in subsequent experiments to stimulate slices). AβΔ2His (50 μM) 

self-aggregation was much slower as detected by bis-ANS and it was only slightly increased 

by addition of 50 μM Zn
2+

, as expected (Fig. 6a). In case of Aβ(1-42) Zn
2+

 induced an 

elevated bis-ANS fluorescence in a concentration-dependent manner (Fig. 6b). Since 

thioflavine-T fluorescence did not increase for Aβ(1-42) incubated for 1000 seconds under 

these conditions ± 50 μM Zn
2+

 indicating that the aggregates detected by bis-ANS were not 

fibrils, but prefibrillar, low-order oligomers.  
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Figure 6. In vitro bis-ANS assay for Aβ aggregation. (a) Aβ(1-42), or the non-Zn
2+

 binding mutant 

AβΔ2His, was incubated in H-ACSF containing bis-ANS (10 μM) ± Zn
2+

 or K
+
, added after 50 secs to 

represent conditions in Figure 7a. Data are mean ΔF ± SEM, n (well) = 30. (b) bis-ANS fluorescence 

(subtracting background) of a solution of Aβ(1-42) (50 μM) incubated (5 minutes, RT) in H-ACSF with 

bis-ANS (10 μM) and various Zn
2+

 concentrations (indicated). (c) bis-ANS fluorescence (subtracting 
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background) of a solution of Aβ(1-42) (concentrations indicated) incubated (5 minutes, RT) in H-

ACSF with bis-ANS (10 μM) and Zn
2+

 (50 μM). The slope of the Hill plot is 1.0 indicating non-

cooperativity. (d, e) Analytical Ultracentrifugation of Aβ(1-42). (d) Aβ(1-42) in the absence of bis-

ANS demonstrated a 40 : 60 distribution of monomer : oligomer respectively (black line). (e) Bis-ANS 

detects oligomers of Aβ and not monomers as demonstrated by the sedimentation of bis-ANS : Aβ 

complexes detected by monitoring the absorbance of bis-ANS. 

 

As far as we know, this is the first description of bis-ANS-reactive prefibrillar Aβ 

which aggregates rapidly when induced by Zn
2+

. We determined the increase in bis-ANS 

fluorescence induced by a 5 minute incubation with Zn
2+

 over a range of Aβ(1-42) 

concentrations. Even a low (0.5 μM) concentration had a significantly higher signal than 

background, and there was a non-cooperative (slope of the Hill plot is 1.0) log-linear increase 

in fluorescence with peptide concentration (Fig. 6c). Therefore, structural changes of 

Aβ(1-42) could be expected to occur even at low peptide concentrations.. 

To characterize soluble Aβ(1-42) oligomers detected by bis-ANS, analytical 

ultracentrifugation was performed. By monitoring Aβ directly without bis- ANS (by 225 nm 

absorbance), sedimentation velocity analysis showed a distinct peak at 0.6 S that corresponds 

to monomeric Aβ (apparent MW ≈5700 Da, Fig 6d) and a multimodal distribution of 

oligomeric Aβ species that ranged between 5-30 S (14.5 S average, MW 670 kDa, Fig 6d). 

The ratio was ≈40% monomers and ≈60% oligomers. The multimodal character of the 

oligomers and wide range of peak distribution indicate that the oligomeric species are in rapid 

exchange (Schuck, 2000). The addition of equimolar Zn
2+

 precipitated 57.6% of the soluble 

Aβ(1-42) (50 μM) to the bottom of the cell, where it could not be analyzed by analytical 

ultracentrifugation under these conditions, leaving 34% remaining monomeric (0.9 S) and 

8.4% remaining as soluble oligomer (mainly 3.7 S, with <1% oligomers 5-40 S). Similar 

results were achieved with 15 μM Aβ(1-42). Taken together this data indicate that the 

addition of Zn
2+

 selectively precipitate soluble oligomers, as previously reported (Bush et al., 

1994a). 

While bis-ANS did not bind monomeric Aβ, the c(s) distribution of soluble Aβ 

oligomers detected by bis-ANS (Fig. 6e) was similar to that without bis-ANS (Fig. 6d), 

ranging between 5-25 S (13.8 S average). Bis-ANS detected abundant soluble oligomers in 

the Aβ:Zn
2+

 mixture in the 5-25 S range, similar to the oligomer distribution in the absence of 
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Zn
2+

, despite there was <1% of soluble Aβ ≥5S detectable by UV absorbance, with 

continuous broad distribution of species from 25-60 S. The continuous distribution from 25-

60 S indicates that Zn
2+

 increases the rate of exchange between interacting Aβ(1-42) 

oligomeric species. The detection of soluble Aβ oligomers in the presence of Zn
2+

 by bis- 

ANS that were near-invisible by 225 nm absorbance indicates that Zn
2+

-induced oligomers 

bind bis-ANS with a greater stoichiometric ratio. Based on the molar extinction coefficients 

of Aβ(1-42) and bis-ANS, we calculated that without Zn
2+

 there are ≈2.5 bis-ANS molecules 

per Aβ (within soluble oligomers of 5-60 S), whereas with Zn
2+

 this increases to ≈12.2 bis-

ANS molecules per Aβ:Zn
2+

 molecule. These data indicate that bis-ANS detects soluble 

Aβ(1-42) oligomers and Zn
2+

 changes the dynamics of Aβ oligomerization. Importantly, 

Stokes‟ radius analysis indicates that these oligomers are less than 20 nm in diameter, thus 

they can penetrate into the synaptic cleft. 

We next tested whether bis-ANS-positive Aβ oligomers could be formed by the 

endogenous Zn
2+

 released from rat hippocampal slices. Freshly dissolved synthetic Aβ(1-42) 

was added to the slices in carbogenated H-ACSF containing bis-ANS and then they were 

stimulated with 50 mM K
+
, as in Figs. 4a and 5a, to induce Zn

2+
 release. Bis-ANS showed 

rapid Aβ(1-42) aggregation after the stimulation with 50 mM K
+ 

(Fig. 7a), and the possibility 

that K
+
 addition was responsible for this phenomenon was excluded (Fig. 6a). The rapid 

aggregation of Aβ(1-42) was inhibited when Ca
2+

 was removed from the high K
+
 buffer (Fig. 

7a), which means that the aggregating factor was released upon synaptic activation. 

Aggregation was reversible by addition of CaEDTA and no aggregation was observed upon 

high K
+
 depolarization of the slices which were incubated with AβΔ2His (Fig. 7a), therefore it 

proves that the aggregating factor is Zn
2+

 which is released by the hippocampus upon 

activation. 
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Figure 7. Aβ aggregation on hippocampal slices assayed by bis-ANS fluorescence. (a) Slices from 

young male rats were incubated with Aβ(1-42) (50 μM) or mutant Aβ(1-42) lacking Zn
2+

-coordinating 

histidines (AβΔ2His). (b) Age and gender modulate Aβ aggregation monitored by bis-ANS fluorescence. 

The data are mean ΔFmax of bis-ANS fluorescence induced by high K
+
 treatment of hippocampal slices. 

*** p < 0.001, # p < 0.002, ANOVA with post hoc t-tests, n = 30 slices per condition. 

 

Hippocampal slices from older (65-weeks-old) rats activated by high K
+
, induced 

significantly more aggregation of Aβ(1-42) than slices from younger (10-weeks-old) rats (Fig. 

7b), and slices from older female rats induced significantly more aggregation than slices from 

older male rats (Fig. 7b). The greater Aβ aggregation from older and female slices are 

consistent with being mediated by the increased extracellular Zn
2+

 levels recorded under these 

conditions (Fig. 4b), and consistent with the pathology of AD. 
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4.1.4. Endogenous Zn
2+

 mediates Aβ(1-42) synaptotoxicity 

 

In the next step we investigated the consequences of Zn
2+

-induced Aβ aggregation on 

the function and viability of the hippocampus. Using MEA technique on slices from 

10-weeks-old male rats, we studied LTP induced by TBS. Acute slices were incubated in 

ExViS chambers with Aβ(1-42) (15 μM in ACSF) for 10 min, followed by high K
+
 (50 mM 

in ACSF) for 5 min to induce Zn
2+

 release and Aβ aggregation. Then, we washed the slices 

twice with ACSF to remove unbound Aβ, and incubated ± CaEDTA (0.1 mM, as a control to 

reverse the Zn
2+

-induced Aβ aggregates) for a further 1 h in the incubation chamber, after that 

the slices were transferred to the MEA chip perfused by carbogenated ACSF and rested for an 

additional 30 min. These measures were to ensure that LTP was not induced by K
+
-induced 

depolarization, and that any change in LTP was due only to Aβ remaining on the tissue and 

not due to Aβ remaining soluble in the perfusate. Input/output curves were obtained for every 

slice, but did not show any significant difference among the treatment groups (data not 

shown), indicating normal basal synaptic function. TBS and subsequent LTP recordings were 

then performed over 30 min. Slices were stimulated in the Schaffer-collateral, and recordings 

were made in the proximal stratum radiatum of CA1. Normal LTP could be induced in the 

K
+
- treated slices (Fig. 8a), demonstrating that the underlying pathways of LTP remained 

intact. 
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Figure 8. Effects of Zn
2+

-Aβ complexes on acute hippocampal slice electrophysiology and viability. 

Data are means ± SEM. (a) Aβ suppression of LTP on depolarized tissue is rescued by Zn
2+

-chelation. 

(b) Zn
2+

-Aβ complexes inhibit slice viability. *** p < 0.001, ANOVA post hoc Bonferroni, n = 10 

slices. (c) Hippocampal depolarization induces Aβ toxicity that is rescued by Zn
2+

-chelation. *** p < 

0.001, ANOVA post hoc Bonferroni; Aβ inhibited viability only with depolarized tissue (* p < 0.05, 

tissue from 65-weeks-old rats was more affected, n = 30 slices for this comparison), which was 

rescued by Zn
2+

-chelation.  

 

Slices treated with Aβ (15 μM) + high K
+
 showed markedly impaired LTP compared 

to slices treated with high K
+
 alone (Fig. 8a). CaEDTA, added to slices after Aβ/high K

+
 



33 

 

treatment, reverted this LTP suppression (Fig. 8a), as well as in the case of Zn
2+

-induced Aβ 

aggregates (Figs. 6a and 7a). 

Next, we tested the toxicity of Zn
2+

-induced Aβ(1-42) aggregates in this timeframe by 

adding Aβ(1-42) ± Zn
2+

 (both 15 μM) to acute hippocampal slices that had not been exposed 

to high K
+
. MTT assay of the slices indicated that, after 3-hour treatment, Zn

2+
 or Aβ alone 

did not inhibit viability, but the combination of them was markedly toxic (Fig. 8b). To 

determine whether the toxicity of Aβ could be induced by endogenous Zn
2+

, we performed 

MTT viability assays on hippocampal slices (the treatment was the same as in the LTP 

studies, Fig. 8a) in ExViS chamber. Aβ induced toxicity only occurred with high K
+
 where 

the slices were expected to release Zn
2+

 (Fig. 8c). The toxicity was abolished by CaEDTA 

added after the high K
+
 treatment (Fig. 8c), consistent with the disaggregation of Zn

2+
-

induced Aβ aggregates (Figs. 6a & 7a). AβΔ2His was not toxic with high K
+
 (Fig. 8c), due to its 

inability to form Zn
2+

-induced aggregates (Figs. 6a & 7a). The responses of old (65-

weeks-old) and young (10-weeks-old) male hippocampi were compared. The viability of the 

older tissue was only significantly more impaired after high K
+
 exposure (Fig. 8c), consistent 

with greater Aβ aggregation induced by high K
+
 (Fig. 7b), the higher extracellular Zn

2+
 levels 

released by older hippocampi upon high K
+
 exposure (Fig. 4b) and their slower reuptake of 

Zn
2+

 (Fig. 5c,d). 

 

4.1.5. Zinc-induced Aβ(1-42) oligomers attach and enter neurons 

 

To investigate the mechanism of Zn
2+

-induced toxicity of Aβ, we analyzed the slices 

treated with the bis-ANS indicator by fluorescence microscopy. Slices from young rats treated 

with Aβ(1-42) (50 μM) and high K
+
, as in Figure 7a, were washed with H-ACSF to remove 

unbound Aβ, showed strong fluorescence on neurons but not glia in the granule cell layer, 

CA3 pyramidal cell layer, as well as hilar pyramidal neurons and the mossy fibers (Fig. 9a-e). 

To determine whether this fluorescence was due to Aβ(1-42) adhering to the surface, we 

studied the effects of carbonate pH 12 washing of the slices after being treated with Aβ(1-42) 

and high K
+
. This technique for stripping surface-bound polypeptides indeed decreased but 

did not terminate the bis-ANS signal (Fig. 9f,g). The fluorescence we detected was not non-

specific fluorescence from bound bis-ANS since tissue without added Aβ, but incubated with 
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bis-ANS, was not fluorescent under these conditions (Fig. 10a). We studied the possible 

intraneuronal localization of Aβ by confocal microscopy. This required unfixed tissue, 

because fixation removes bis-ANS fluorescence. PI staining was used to label the cell nuclei. 

Bis-ANS fluorescence was only identified within neurons treated with Aβ + Zn
2+

, not with Aβ 

or Zn
2+

 alone (Fig. 9h-k), and co-localized with PI. Taken together, these findings indicate 

that Zn
2+

-induced Aβ oligomers can bind to and enter hippocampal neurons. 

 

 

Figure 9. Bis-ANS fluorescence of adherent Aβ(1-42) predominantly on neurons of acute 

hippocampal slices. (a) Image of bis-ANS labeling of a complete slice. Scale bar = 300 μm. (b-e) 

Enlargements of subiculum, hilus, CA1 and CA3 pyramidal cell layer showing that bis-ANS detects 

neurons but not glia. Scale bar = 50 μm. (f),(g) Effect of carbonate wash on bis-ANS labeling. The 

slices were prepared as for (a), but after washing off the unbound bis-ANS, the slices were washed 

with either (f), ACSF or (g) 110 mM NaCl, 50 mM Na2CO3, pH=12, for 5 min, and then washed twice 

with ACSF before microscopy. (h-l) Confocal reconstruction of unfixed slices in the xy,xz, and yz 

planes of the CA1 pyramidal cell layer are shown following staining with propidium iodide (red) for 
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intracellular nucleic acids and bis-ANS (green) for Aβ(1-42) oligomers. Scale bar = 20 μm. (h) 

Treatment with Aβ(1-42), no Zn
2+

; (i) Aβ(1-42) + Zn
2+

 (50 μM); (j) Zn
2+

 alone (50 μM); (k) co-

localization plot of PI (red) and bis-ANS (green) with (right panel) a pseudo-color image of co-

localized pixels (white). Data are each representative of n = 5 slices. 

 

We examined the attachment and neuronal entry of Aβ oligomers following CaEDTA 

washing by bis-ANS fluorescence microscopy. Treatment with Aβ alone, which caused little 

aggregation or toxicity, was associated with only low level of bis-ANS fluorescence on the 

washed slices (Fig. 10b). However, depolarization of Aβ-treated slices with K
+
, or 

aggregation of the Aβ with added Zn
2+

, both caused markedly increased bis-ANS 

fluorescence on the same, washed, hippocampal structures observed in Figure 9a (Fig. 10c,e). 

The increased adherence of bis-ANS-labeled Aβ to hippocampus under these conditions was 

consistent with the increased aggregation and toxicity detected (Figs. 7a and 8b,c). 

 

Figure 10. Bis-ANS fluorescence within acute hippocampal slices treated with Aβ(1-42). The slices 

were treated with freshly prepared Aβ(1-42) and prepared as for Figures 7 and 9 (± 50 mM K
+
 or 50 
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μM Zn
2+

 treatment, as indicated) but after washing off the unbound bis-ANS, the slices were washed 

with either (a-c), (e), ACSF or (d), (f), CaEDTA (0.5 mM in ACSF), for 5 min, and then rinsed twice 

with ACSF before microscopy. Treatment with 50 μM Zn
2+

 alone gave an image similar to panel (a) 

(see also Figure 9j). 

 

CaEDTA decreased the toxicity of Aβ on slices induced by K
+
 (Fig. 8a,c), reversed the 

aggregation of Aβ induced by K
+
 in vivo (Fig. 7a), and Zn

2+
 in vitro (Fig. 6a, and chelates 

Zn
2+

 released from excited tissue (Fig. 4a). Toxicity is mediated by Zn
2+

-induced Aβ 

aggregates adhering to or entering neurons, Aβ-treated slices treated with K
+
 or Zn

2+
 and then 

washed with CaEDTA (Fig. 10d,f) showed much lower bis-ANS fluorescence than slices 

washed with ACSF (Fig. 10c,e). Slices that were first fixed with ethanol or formaldehyde and 

then treated, as above, with Aβ ± high K
+
 or Zn

2+
 did not label with bis-ANS (data not 

shown). This indicates that the Aβ:Zn
2+

 complexes only adhere to living neurons. Therefore, 

it is not possible to examine fixed human or APP transgenic mouse tissue using bis-ANS 

staining. 

 

4.2. Experiments on the role of α-synuclein in Aβ aggregation 

 

To explore whether other factors could influence the aggregation propensity of Aβ we 

investigated the synergistic effect of the Aβ and the intracellular aggregation-prone protein α-

synuclein (αSN) which, according to the recent findings, may interact with Aβ. Via this 

interaction Aβ and αSN could promote each other‟s aggregation. For these studies we have 

taken the advantage of an αSN overexpressing SH-SY5Y cell line and investigated the effects 

of the above mentioned synergistic peptide-protein interaction by treating the cells with 

synthetic Aβ(1-42. 

 

4.2.1. Phenotypic characterization of αSN normal and overexpresing cell lines 

 

Eight days after plating, differentiated normal (NE) and differentiated overexpressing 

(OE) showed different distribution and shape as investigated by transmission light 

microscopy at 200× magnification (Fig. 11). OE cells showed lower cell density, while 
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synaptogenesis and neurite growth have been enhanced compared to the NE cells. Neurite 

lengths of NE cells were increased after differentiation, and interestingly a marked slowdown 

could be seen in cell metabolism of αSN OE cells (data not shown). 

 

 

 

Figure 11. Snapshots of αSN normal and overexpressing SH-SY5Y cell lines in transmission light. 

(A) Differentiated αSN normal expressing (NE) cells; (B) differentiated αSN overexpressing (OE) 

cells. Scale bar 30µm. 

 

4.2.2. Measurement of proliferation kinetics with MTT assay 

 

Kinetics of cell proliferation were investigated by MTT assay using an initial cell 

number of 2×10
5
/ml from non-differentiated cells. The kinetics were monitored up to 4 days 

after culturing. NE cells showed significant MTT reduction capacity already on day 2 

(n = 21), compared to NE cells (Fig. 12).  
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Figure 12. Proliferation kinetics of non-differentiated NE and OE cell measured by MTT assay 

using an initial cell number of 2×10
5
/ml. αSN = alpha-synuclein protein, NE = alpha-synuclein 

normal expressing; OE = alpha-synuclein overexpressing. Data are expressed as means ± S.E.M. 

Differences (*) compared with the untreated control values (0 min) are significant at a level p ≤ 0.01, 

n = 21. Statistical analysis by ANOVA post hoc test, Bonferroni. 

 

4.2.3. Western blot analysis of αSN 

 

The αSN protein expression level of differentiated NE and OE cells was determined 

by Western blot analysis (Fig. 13). Immunoreactive bands were detected at the molecular 

weight of 19 kDa in the samples of both cell lines, which proved the presence of the wild type 

monomeric αSN protein (Fig. 13A). Moreover, the sample from OE cells showed a well-

defined band at the molecular weight of approximately 24–26 kDa, which indicated a 

covalently modified isoform of αSN protein (Fig. 13A). Two types of covalently modified 

αSN isoform have been reported: the O-glycosylated (Shimura et al., 2001) and the 

monoubiquitinated form (Hasegawa et al., 2002). The result of the αSN protein content 
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analysis confirmed, that under the same conditions the αSN protein expression in OE cells 

was significantly higher than in NE counterparts (Fig. 13B and C). 

 

 

 

Figure 13. Comparison of αSN levels of αSN normal and overexpressing neuroblastoma cell lines. 

(A) Western blots show representative αSN levels. (B) ~19 kDa monomer αSN levels of normal (NE) 

and overexpressing (OE) neuroblastoma cells. (C) ~24–26 kDa monomer αSN levels of NE and OE 

neuroblastoma cells. αSN = alpha-synuclein protein; AU= arbitrary unit. Data are means ± SEM, 

n = 3. Asterisks indicate significant difference between NE and OE cells (*p ≤ 0.05; **p ≤ 0.01; 

***p <  0.001; unpaired Student’s t-test)  

 

4.2.4. The effects of A(1-42) and NAC on cell viability 

 

Differentiated cells were treated with protofibrillar and fibrillar Aβ(1-42) or NAC, and 

MTT assay was performed for detecting the cell viability. Data were expressed as percentage 

of non-treated control value (not shown). Even protofibrillar and fibrillar Aβ(1-42) was toxic 

to NE cells, i.e., NE cells exhibited 57±5.6 % and 49±8.3 % viability after 1 and 8 days, 
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respectively (n=21). Moreover, Aβ(1-42) caused more dramatic decrease in cell viability of 

OE cells, i.e., OE cells exhibited 31± 4.9 % and 25±7.3 % viability after 1 and 8 days, 

respectively (n=21). NAC peptide was not toxic to either cell type after 1 h aggregation, 

however, after 8 day pre-aggregation it became markedly toxic, especially on OE cells 

(32±3.7 % viability) (Fig. 14). 

 

 

Figure 14. The effects of the treatment with various aggregating state of Aβ(1-42) and NAC 

peptides on NE and OE cell lines measured with MTT assay. The initial cell number was 2 x 10
5
/ml 

in both cell lines. αSN = alpha-synuclein protein; p.a. = pre-aggregated Differences (*) compared to 

the non-treated control values (100%) and differences (#) compared to the αSN NE neuroblastoma 

cell values are significant at a level p0.05, n=21. Statistical analysis by ANOVA post hoc test, 

Bonferroni. 

 

4.2.5. The effects of classical apoptotic factors on cell viability 

 

To investigate whether the marked decrease in cell viability of OE cells is due to the 

altered Aβ aggregation caused by the elevated amount of αSN or the OE became totally 

vulnerable to every stressor, we determined the cytotoxic effect of three different classical 

apoptotic molecules using MTT assay. After H2O2, amphotericin B and ruthenium red 
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treatment, the viability of NE cells reduced to approximately 50 % of the untreated control 

(IC50, n=21). Remarkably, αSN OE cells were less sensitive to cell damage caused by these 

agents than the NE counterparts , which can be explained by the anti-apoptotic effect of 

αSN.(75±5.9 % for H2O2, 62±7.9 % for amphotericin B and 87±7.1 % for ruthenium red, 

n=21) (Fig. 15). 

 

 

 

Figure 15. Differentiated NE and OE cells treated with classical apoptotic factors. Cell viability was 

determined by MTT assay. Alpha-synuclein protected the OE cells from cell damage caused by these 

compounds. αSN = alpha-synuclein protein; NE = alpha-synuclein normal expressing; OE = alpha-

synuclein overexpressing; p.a. = pre-aggregated. Differences compared to the IC50 values are 

significant at a level p0.01(*), or at p0.001 (**); n=21. Statistical analysis by ANOVA post hoc test, 

Bonferroni. 
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5. Discussion 

 

It is the first time, to our knowledge, that Zn
2+

-induced Aβ aggregation has been 

characterized by bis-ANS or analytical ultracentrifugation (Fig. 6). The results showed that, 

over a short time, the reaction yields toxic Aβ oligomers and they formed much faster than by 

spontaneous aggregation (Ferrao-Gonzales et al., 2005). We demonstrated that Aβ(1-42) 

could be aggregated into bis-ANS reactive species within seconds by endogenous Zn
2+

 

released from hippocampus (Fig. 7a), and that LTP and mitochondrial activity are inhibited as 

a consequence (Fig. 8). Previous studies found that Zn
2+

 inhibited the toxicity of Aβ(1-42) in 

dissociated cell culture (Cuajungco et al., 2000). However, these experiments were performed 

over a much longer time-frame (e.g. 48 hours), which was enough for Zn
2+

 and Aβ to form 

amyloid fibrils (Bush et al., 1994b) which are much less toxic than oligomers (Ferrao-

Gonzales et al., 2005, Hung et al., 2008). In contrast, we found that Zn
2+

-induced aggregates 

of Aβ were toxic to hippocampal slices within 3 hours (Fig. 8b,c), and inhibited LTP within 1 

hour (Fig. 8a). The rate of Aβ aggregation into oligomers (but not fibrils) correlates with 

toxicity (Hung et al., 2008), therefore Zn
2+

 may support toxicity by accelerating the rate of Aβ 

aggregation. 

Moreover, bis-ANS detects a toxic, soluble Aβ(1-42) oligomer species that are similar 

to soluble ADDL-oligomers that have been reported to play key role in AD pathogenesis 

(Gong et al., 2003, Barghorn et al., 2005, Kayed and Glabe, 2006, Noguchi et al., 2009). The 

13.8 S (est. MW 300 kDa) species of Aβ:bis- ANS formed by Zn
2+

 (Fig. 6e) has a very similar 

size and molecular weight to the recently found native-amylospheroids (ASPD) oligomeric 

species from human brain (Noguchi et al., 2009) and to the previously reported ADDLs (a 

well-characterized oligomeric preparation of Aβ) analyzed by sedimentation velocity 

technique under similar conditions (Hepler et al., 2006). The ADDLs were reported to have a 

size distribution that ranged from 4-12 S. Like ADDLs, the Zn
2+

-induced Aβ oligomers were 

markedly neurotoxic (Fig. 8) and bound to the surface of neurons (Figs. 9 & 10). Our results 

indicate that Zn
2+

 promotes and accelerates the formation of neurotoxic ADDL-like high-

order diffusible oligomers. ADDLs require 24 hours preincubation (Lambert et al., 2001), 

whereas we found Zn
2+

-induced Aβ(1-42) oligomers to be toxic within 3 hours (Fig. 8). 
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Additionally, in our studies a specific form of Aβ(1-42) induced by Zn
2+

 appears to 

enter neurons immediately, because even low concentrations (<0.5 μM) were sufficient to 

detect them within the neurons. We deduce this concentration from the proportion of Aβ(1-

42) that remains bound to bis-ANS from the reaction of 50 μM Aβ(1-42) with 50 μM Zn
2+

 in 

vitro (Fig. 6d,e). This form of Zn
2+

-modified soluble Aβ, which is small enough (<20 nm) to 

enter the synaptic cleft and has 5-fold higher binding affinity to bis-ANS (Fig. 6d,e) is a 

candidate for an especially neurotoxic species that is induced by Zn
2+

 in our studies (Fig. 8). 

The bis-ANS fluorescent Aβ(1-42) aggregates attached exclusively to neurons (Fig. 

9). The neuron-specific deposition of Aβ that we observed using bis-ANS is rather similar to 

toxic soluble Aβ oligomers species that selectively deposit on neuronal dendrites (Barghorn et 

al., 2005) and specifically at NMDA-containing synapses (De Felice et al., 2007). It is 

important that the highest concentrations of intracellular Zn
2+

 have been detected by 

fluorophores in the hilus (Kay, 2003). In our study bis-ANS detected Zn
2+

- mediated 

attachment of Aβ(1-42) to non-hilar structures such as the granule cell layer of the dentate 

gyrus (Figs. 9 and 10). Therefore, Aβ oligomers are not attaching to the slices merely at sites 

of highest intracellular Zn
2+

 concentration.. The distribution of Aβ detected by bis-ANS 

corresponds to the distribution of the NR2B subunit of the NMDA receptor (Petralia et al., 

1994), which was reported to be the binding site of Aβ(1-42) oligomers attracted to the Zn
2+

 

(Deshpande et al., 2009) that is released upon activation as a co-transmitter with glutamate 

(Qian and Noebels, 2005). Our findings are therefore consistent with Zn
2+

-dependent 

adherence of Aβ to the NR2B subunit. NR2B has a Zn
2+

 binding site that allosterically 

modulates the NMDA channel. Therapeutic drugs such as Clioquinol and Memantine are 

blocking Aβ(1-42) to bind to NR2B (Deshpande et al., 2009). This may also explain why the 

peptide was not removed from slices by washing with ACSF, but was removed by pH 12 and 

by chelation with CaEDTA (Figs. 9 & 10). 

The mechanism of LTP inhibition (Fig. 8a) could be interpret by the blockade of the 

NMDA receptor or intrinsic toxicity of Zn
2+

-induced Aβ oligomers (Fig. 8b,c). It is also 

possible that the growing Aβ mass at the synapse has the potential to disrupt synaptic 

physiology by chelating Zn
2+

, which is crucial for the normal function of the NMDA receptor 

and hereby LTP formation (Lu et al., 2000, Li et al., 2001, Qian and Noebels, 2005, Adlard et 

al., 2010). Soluble Aβ monomers bind one equivalent of Zn
2+

 with low micromolar affinity 
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(Danielsson et al., 2007), but oligomeric Aβ binds up to ≈3.0 equivalents of Zn
2+

 under 

physiological conditions (Atwood et al., 2000). With time Aβ oligomers may fuse into Zn
2+

-

filled fibrillar amyloid plaques (Lovell et al., 1998, Cherny et al., 1999), which are less toxic 

than oligomers (Cuajungco et al., 2000). The possibility that Aβ toxicity is enhanced by Cu
2+

 

(Opazo et al., 2002) released from the activated glutamatergic synapses (Schlief et al., 2005) 

is not excluded by our current findings. 

These data provide evidence for altered extracellular Zn
2+

 regulation potentially 

explaining age and gender as risk factors for AD. We hypothesize that as a consequence of 

energy depletion with aging (Shigenaga et al., 1994), the tissue does not efficiently 

reassimilate Zn
2+

 release during neurotransmission (Fig. 5c-e), and it causes metallostasis 

(increased average extracellular Zn
2+

 concentrations), which leads to Aβ aggregation (Fig. 5). 

Aβ is also released by synaptic activity (Cirrito et al., 2003), therefore Aβ and Zn
2+

 could be 

very close to each other in the extracellular space, for that reason the reuptake mechanisms 

have high importance to prevent Zn
2+

 and Aβ from reacting. We observed that extracellular 

Aβ prevents Zn
2+

 from entering the tissue (Fig. 5f), possibly contributing to an intracellular 

zinc-deficiency in AD. We also observed that Zn
2+

-induced Aβ aggregates suppress 

mitochondrial activity (Fig. 8b,c), which could lead to further impairment of energy-

dependent Zn
2+

 uptake and so a vicious cycle could emerge (Fig. 16). 

 

Figure 16. Model for synaptic Zn
2+

 release in the pathogenesis of AD. Zn
2+

 is released upon synaptic 

activity, and is normally rapidly taken up by energy dependent mechanisms. With age, mitochondrial 

energy is decreased, leading to more sluggish reuptake of extracellular Zn
2+

. This allows Zn
2+

 to react 
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with Aβ, which is also released into the same vicinity by an activity-dependent mechanism. We have 

found that Aβ-Zn
2+

 complexes adhere to and are taken up by neurons, and inhibit mitochondrial 

activity. This will further suppress the uptake of Zn
2+

, leading to a vicious cycle. 

 

While the released Zn
2+ 

levels upon slice activation were increased with age in both 

female and male tissue, the extracellular Zn
2+

 concentrations achieved were significantly 

higher for older females than older males (Fig. 4b). While this increase was only ≈20%, the 

age-adjusted risk of AD in females is only ~1.56 times higher compared to males (Gao et al., 

1998). Therefore, the modestly increased risk for AD in females is proportional to the 

modestly increased release of Zn
2+

. This gender difference was not due to greater uptake 

fatigue in older females (Fig. 5d). Hence, female rat hippocampal tissue must possess a 

greater capacity to release Zn
2+

 upon synaptic activation with age, which is consistent with the 

reported higher levels of releasable Zn
2+

 only becoming evident with aging in female mouse 

hippocampus (Lee et al., 2002). Exchangeable Zn
2+

 levels increase with age in female mouse 

hippocampi because decreased estrogen induces an increase in ZnT3 protein levels (Lee et al., 

2004). Consistent with those previous findings, we now present the first experimental data 

that, with age, activity-dependent Zn
2+

 release can induce increased Aβ aggregation in 

females (Figs. 4b and 7b). 

We have developed a new and simple model for AD that recapitulates changes with 

aging and gender of direct relevance to neurochemical changes that drive the actual disease 

pathology. These findings may explain why the knockdown of ZnT3 abolishes both amyloid 

deposition and the increased in amyloid level in females seen in APP transgenic mouse brain 

(Lee et al., 2002). We observed that the classical Zn
2+

-ionophore, pyrithione, corrected the 

inhibition of Zn
2+

 uptake caused by ageing (Figure 5d). This result is similar to the proposed 

therapeutic mechanism of ionophores like Clioquinol and PBT2, which rapidly reversed 

cognitive loss in APP transgenic mice (Adlard et al., 2008) and induced cognitive benefit 

within 12 weeks in a recent phase 2 clinical trial in AD patients (Lannfelt et al., 2008). 

 As a part of our investigations we were searching for other Zn
2+

-independent factors, 

which exert totally different synergistic effect to Aβ aggregation (e.g. peptide – protein 

instead of peptide – metal interactions). Starting from the principle that αSN is an intracellular 

aggregation-prone protein, and extracellular Aβ is able to penetrate into the neurons (Bahr et 

al., 1998, Kanekiyo and Bu, 2009, Fuentealba et al., 2010), we supposed that they can meet, 
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interact and synergistically promote each other‟s aggregation. Moreover, recent studies 

revealed that there are close connections between AD and PD (Lewis et al., 2010) and the 

appearance of AD and PD symptoms are often mixed, establishing the Lewy body variant of 

Alzheimer‟s disease. Based on these, it was reasonable for us to investigate together Aβ, αSN 

and their interactions.  

We have compared the viability of cells expressing normal (NE), or elevated amount 

(OE) of αSN exposed to various stressors. The overexpression of αSN was proven by 

Western-blot analysis. Interestingly, OE cells had decreased sensitivity to classical apoptotic 

compounds, in contrast aggregated, disease-related peptides caused more serious damage to 

this cell line, compared to NE. Furthermore, αSN OE cells showed altered phenotype, their 

neurite lengths and arborisation increased, accompanied by decreased cell motility.   

It is already known from the literature, that increased level of αSN impairs 

microtubule-dependent trafficking (Lee et al., 2006), which may result in the altered 

phenotype we observed (Rui et al., 2006). Moreover, the proliferation rate of OE cells slowed 

down compared to NE cells. This can be explained by the direct toxic effect of abnormal αSN 

level (Kumar et al., 2005), or alternatively, by the inhibition of cell-division in OE cells 

(Winner et al., 2004).  

Recent findings indicate that programmed cell death could contribute to Parkinson‟s 

disease pathogenesis (Mattson, 2006), moreover, insufficient regulation of αSN may induce 

apoptosis (Kumar et al., 2005). On the other hand, our results and several recent reports (da 

Costa et al., 2000, Manning-Bog et al., 2003, Vartiainen et al., 2006) demonstrated the anti-

apoptotic, or neuroprotective property of wild-type αSN overexpression. One possible 

explanation of this is the chaperon-like activity of αSN (da Costa et al., 2000), since αSN 

shows a 40% homology with members of the 14-3-3 chaperone protein family (Ostrerova et 

al., 1999). Consequently, αSN may interact with some participant of apoptotic pathways, 

preventing the progress of programmed cell death. Surprisingly, αSN OE cells were more 

sensitive to aggregated Aβ(1-42) and NAC treatment than the NE counterparts. Most 

probably, aggregated peptides and apoptotic factors activated different apoptotic pathways, or 

the overexpression of αSN resulted in an altered stress response. Aβ(1-42) and NAC may 

cause the hyperphosphorylation and aggregation of tau protein (Zheng et al., 2002, Blurton-

Jones and Laferla, 2006), which subsequently promotes αSN aggregation (Giasson et al., 
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2003), and ultimately leads to the breakdown of the microtubule system. In addition, tau and 

αSN can synergistically promote each other‟s aggregation and fibrillarization (Giasson et al., 

2003, Duka et al., 2006), however, each protein prefers the homopolymeric form instead of 

heteropolymeric filaments (Giasson et al., 2003). This phenomenon can be more serious in the 

OE cells, which are containing elevated level of αSN from the beginning, thus Aβ(1-42) may 

cause a more extensive devastation. Consistent with this theory, as we described earlier, the 

damaging effect of exogenous Aβ(1-42) on SH-SY5Y cells depends on the level of 

arborisation (Datki et al., 2004). More expanded neurite arborisation is accompanied by 

highly developed microtubule system, and elevated level of tau protein, therefore exogenous 

aggregated Aβ-triggered intracellular tau and αSN may cause a more severe cellular damage. 

Classical apoptotic factors, which we used in this study, did not induce 

hyperphosphorylation and aggregation of tau or αSN directly. Amphotericin B is an 

ionophore, which causes K
+
 leakage and subsequent apoptotic pathway activation (Fujii et al., 

1997, Varlam et al., 2001). Ruthenium red serves as a calcium channel blocker, which 

disrupts mitochondrial Ca
2+

-homeostasis (Cibulsky and Sather, 1999), while H2O2 causes 

massive oxidative stress and damage. On the other hand, aggregated peptides affect the 

microtubule system, facilitating tau aggregation, which eventually leads to αSN aggregation.  

We conclude that aging alters Zn
2+

 dynamics within rat acute hippocampal slices in a 

manner that could explain why aging is the major risk factor for AD. Zn
2+

-release from slices 

induced by high K
+
 was significantly higher in case of older (65-week-old) compared to 10-

week-old rats, and it is more pronounced in females. This was associated with slower uptake 

of extracellular Zn
2+

 in older slices, and recapitulated by mild mitochondrial intoxication of 

younger ones. Zn
2+

:A(1-42) aggregates were toxic to slices, under conditions where A 

alone was not. In addition, αSN overexpression alters the neuronal phenotype and protects 

cells from classical apoptotic compounds, while it makes cells more vulnerable to aggregated 

Aβ(1-42) and NAC. This phenomenon indicates that there are synergistic interactions 

between αSN and Aβ aggregation, and vice versa. Accordingly Aβ aggregation (and therefore 

AD) seems to be a multifactorial event, which makes difficult to find a convenient single-drug 

therapeutic solution. 
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6. Summary 

 

In this section, I would like to summarize all the novel findings of my Ph.D work: 

 

 We developed the ExViS device for maintaining and treating tissue slices in small 

working volume. 

 We developed a high throughput screening method to follow the Zn
2+

 release and 

uptake in hippocampal slices. 

 First time in the literature, we proved that endogenous Zn
2+ 

can precipitate exogenous 

Aβ. 

 We confirmed that the Zn
2+

-Aβ complex is neurotoxic and inhibits normal neuronal 

functions. 

 We shoved the gender and age dependency of hippocampal Zn
2+

 release. 

 We demonstrated that Zn
2+

 chelators could be suitable drug candidates for preventing 

Aβ toxicity. 

 We proved that Aβ and αSN can synergistically enhance neurotoxicity. 
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