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4. INTRODUCTION

4.1. General consideration about the Alzheimer’s disease

AD is a neurodegenerative disease and the most common form of progressive dementia (Esteban
2004, Dodart 2005, Avraamides 2008, Kolarova 2012, Reinvang 2012, Song 2012, Cavanaugh
2014, Sasaguri 2017). Neurodegenerative diseases are characterized by disturbed protein
homeostasis (proteostasis) and the ubiquitous presence of misfolded proteins that form aggregates.
In the pathogenesis of AD, the misfolding and aggregation of p-amyloid and tau peptides play a
central role, which give rise to amyloid plagues and neurofibrillary tangles (NFTs) (Braak 1991,
1995, Esteban 2004, Duyckaerts 2009, Yerbury 2015, Goloubinoff 2016, Ciechanover 2015), and
neuronal death, in selective brain regions including the hippocampus and cortex (Rhein 2009,
Kishimoto 2017). The precise signaling pathways leading to the disease have not been elucidated
(Cakala 2007). NFTs and neuropil threads (NTs), collectively called the neurofibrillary changes,
are pathological hallmarks of AD, which exhibit a stereotypical pattern of hierarchical progression
initiated around the hippocampus (HC) (Uematsu, 2018). AD is clinically characterized by the
progressive loss of cognitive abilities, particularly the retention of recently learned information
(Dodart 2005, Spowart-Manning 2005, Takeda 2009, Kolarova 2012, Stohr 2012, Nussbaum 2013,
Kishimoto 2017). The most significant risk factor for neurodegenerative diseases is aging (Yerbury
2015) and it is becoming more prevalent in aging populations worldwide (Mucke 2009, Prince
2016).

AP pathology is initiated at least two decades before cortical tau pathology and the onset of clinical
symptoms. After disease onset, it is increasingly difficult to treat symptoms (Sasaguri 2017,
Ciechanover 2015). The degenerative brain is characterized by the presence of extracellular fibrillar
B-amyloid (fAB) in diffuse and neuritic plaques and the accumulation of intracellular
neurofibrillary tangles (NFTs) of hyperphosphorylated tau (pTau) (Braak and Braak 1991,
Manzon-Mayor 2000, Hetényi 2002, Datki 2004, Esteban 2004, Lansbury 2006, Rowan 2007, Hu
2008, Hung 2008, Ikonomovic 2008, Rezai-Zadeh 2008, Duyckaerts 2009, Bossers 2010, Oikawa
2010, Crespo-Biel 2012, Reitz 2012, Spuch 2012, Nussbaum 2013).

Oxidative stress is also one of the earliest changes and plays an important role in the pathological
process in AD (Spuch 2012).

Based on findings from in vitro and in vivo studies, it has been proposed that Ap plays a significant
role by initiating synaptic dysfunction and cognitive decline in AD patients (Hardy 1991, 2002,
2009; Spuch 2012). The loss of dendritic spines have been reported in the AD-affected human
brain (Baloyannis 2009). Deficits of episodic memory are the cognitive hallmarks of this disease
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(Dodart 2005, Doran 2012, Reinvang 2012). The executive problems appear after memory
disorders in time (Reinvang 2012) and is the usual complaint in mild cognitive impairment (MCI)
(Morris 1989, Reinvang 2012, Song 2012) that is considered as a transition state between normal
and aging AD, but it is not a distinct entity (Morris 1989). The MCI may take several forms, and
the amnestic MCI has been recognised as an early stage of AD (Duyckaerts 2009, Reinvang 2012).
The early symptom of the disease is a slow and insidious destruction of memory and cognitive
skills (Alkadhi 2010).

There are two main forms of AD: the familial (it starts in the age of forties-fifties) and the more
complex sporadic form, which begins in the age of sixties, although the two forms represent the
same disease (Proctor and Gray 2012). Less than 1% of the AD cases are the early onset familial
and hereditary; the sporadic, late onset AD is evident in the vast majority of the cases (Alkadhi
2011). Additionally, an increasing number of cases of sporadic AD in young people (early-onset
sporadic AD) have also been described. A large amount of knowledge has been gained in the past
decade on the etiopathology of the disease mainly thanks to genetic studies of familial AD and to
the increasing use of animal models (Balducci 2010, Cavanaugh 2014, Onos 2016, Orta-Salazar
2016, Esquerda-Canalas 2017).

In association with the global trend of prolonging human life and increasing number of elderly in
the human population, AD becomes one of the most important health and socioeconomic problems
(Jacobsen 2005, Kolarova 2012, Cavanaugh 2014, Esquerda-Canals 2017, Sasaguri 2017),
nowadays affects more than 40 million people worldwide and it is predicted to exponentially
increase in the coming decades (Cavanaugh 2014, Esquerda-Canals 2017). AD is responsible for
approximately 60-70% of all dementia cases (Reinvang 2012, Spuch 2012) and its prevalence
increases exponentially with age (Bossers 2010). In light of this frightening prospect, new and
effective methods for preventing, detecting, and treating AD are desperately needed (Cavanaugh
2014).

4.2.  The main hypotheses of the cellular mechanisms of AD

Despite more than 100 years of extensive research, the cause of AD is still not perfectly known and
no curative treatments are available (Onos 2016). A large part of the research on the etiology of AD
has been focused around six main hypotheses: the cholinergic, the amyloid, the tau, the vascular,
the immune-inflammatory and the proteostasis imbalance hypothesis.

1. The cholinergic hypothesis was put forward in the mid-1970s when it was found that the activity
of choline acetyltransferase (CAT), an enzyme that parallels the distribution of cholinergic neurons,

was reduced in the cerebral cortex and the hippocampus in post-mortem AD brains (Bowen 1976).



10

In AD a marked selective loss of cholinergic neurons is observed in the nucleus basalis of Meynert
(Whitehouse 1981). The first generation of AD drugs aim at increasing cholinergic levels to restore
cognitive deficits in AD patients. However, the benefits of these cholinesterase inhibitors in
treating AD are marginal and short-lasting, due to the progressive degeneration of cholinergic
neurons throughout the course of AD (Doody 2003).

2. In the early nineties, the amyloid cascade hypothesis was proposed (Hardy 1991). This
hypothesis states that the accumulation of the AP peptide (a heterogeneous mixture of 39, 40, 42
and 43 amino acid peptides) is the primary influence driving AD pathogenesis. The AP peptide is
derived through the proteolytic cleavage of the amyloid-f precursor protein (APP) by the enzymes
- and y-secretase, and it accumulates in the brain as neuritic plaques. However, only 1% of all AD
cases worldwide can be linked to genetic mutations directly involved in APP processing (familial
AD).

The amyloid cascade hypothesis has been radically changed several times during the past decade.
The AP hypothesis has been modified to include soluble oligomers and protofibrils as the cause of
AD (Walsh 2002), since these A species were shown to be toxic in vitro and in transgenic animal
models. Immunization against Ap has been suggested as a possible preventive or therapeutic
treatment for AD, but so far clinical trials based on the original amyloid hypothesis have failed to
show efficacy (Aisen 2009). Despite the negative results of AD treatment with A antibodies, the
amyloid hypothesis reached a firm research consensus.

3. The tau hypothesis offers the idea that tau protein abnormality (hyperphosphorylation) within the
neurons initiates the AD cascade by disrupting microtubule function, thereby impairing axonal
transport and triggering abnormal synaptic transmission (Trojanowsky 1995). Although it has been
suggested that inhibition of abnormal hyperphosphorylation of tau offers a promising therapeutic
target for AD (Gong 2010), no successful clinical studies have been carried out so far. The most
recent results demonstrate the secondary role of tau in AD development: tau acts as mediator in
AD-related synaptic deficits (Liao 2014).

4. Vascular hypothesis of AD

According to the cerebral hypoperfusion (CATCH) hypothesis, chronically disturbed capillary
blood flow will impair normal delivery of essential nutrients to neuronal and glial cells, as well as
impede catabolic outflow of central nervous system (CNS) waste products, leading oxidative stress
and mitochondrial dysfunction (de la Torre 2000). Hypoperfusion results in increased Af
production and reduced AP clearance, favoring the formation of neuritic plagues and cerebral

amyloid angiopathy (van Groen 2005). In turn, AB peptides can further enhance hypoperfusion of
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the brain. The synergistic negative effects of the amyloid and the vascular pathway on cerebral
perfusion cause a vicious cycle, further enhancing the pathological cascade, which could ultimately
result in development in progression of AD. The micron stroke hypothesis of AD and dementia
emphasizes the role of recurrent insults in brain aging process and rapid aging in AD (Orehek
2012).

5. Immune-inflammatory theory

Several lines of evidence suggest that immune-inflammatory processes may also play important
roles in certain neurodegenerative diseases like AD with selective initial injury of specific groups
of neurons in the CNS. In amyotrophic lateral sclerosis (ALS) the upper and lower motor neurons,
in Parkinson’s disease (PD) the dopaminergic neurons of the substantia nigra, and in AD the
cholinergic neurons in the basal forebrain and the dorsal raphe nucleus are damaged primarily.
Site- and disease specific immune-inflammatory reaction was demonstrated in ALS (Engelhardt
1993), PD and AD tissue. T lymphocytes, macrophages and dendritic cells appeared in the lesion
sites as a necessary (but not sufficient) proof of local antigen presentation (Henkel 2004). Recently,
immunoglobulin G (IgG) Fc receptor was discovered in vulnerable cell population in AD and it
was demonstrated that these receptors contribute to the development of hypercholesterolaemia-
associated features (increased brain levels of 1gG, upregulated Fc receptors in neurons susceptable
to Ap accumulation, Fernandez-Vizarra 2012). Using cells, AD-model mice and human AD tissue,
Kam et al. found that the 1IgG Fc gamma receptor I1b mediates A toxicity in neurons. Synthetic
peptides targeting this interaction may treat Ap pathology in AD (Kam 2013).

6. Proteostasis and the neurodegenerative disorders

Most recently AD and other protein conformational diseases are considered as protein misfolding
and proteostasis imbalance diseases caused by cellular stress, protein folding problems and
malfunction of endoplasmic reticulum resulting in unfolded protein response (details see in 5.5.4).
The main cellular mechanisms effectively controlling protein homeostasis in youth and healthy
adulthood are: the molecular chaperones, acting as aggregate unfolding and refolding enzymes, the
chaperone-gated proteases, acting as aggregate unfolding and degrading enzymes, the aggresomes,
acting as aggregate compacting machineries, and the autophagosomes, acting as aggregate
degrading organelles (Yerbury 2015, Goloubinoff 2016, Ciechanover 2015). Misfolded proteins
generated in various cellular compartments, including the cytoplasm, nucleus and endoplasmic
reticulum (ER), are efficiently removed by quality control systems composed of the ubiquitin-
proteasome system, chaperone mediated autophagy and macroautophagy. The first line of defense

in degrading soluble misfolded proteins is the ubiquitin-proteasome system, a selective proteolytic
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system in which substrates are tagged with ubiquitin, and cleaved into short peptides while passing
through the narrow chamber of the proteasome (Goloubinoff 2016, Yerbury 2016, Ciechanover
2015). Dysfunction of neuronal autophagy causing an increase in the amount and size of
endosomes at the cellular-level may be involved in the pathogenesis of AD (Sanabria-Castro 2017).
In the last few years there have been significant advances in our understanding of how proteostasis
collapse is associated with the pathogenesis of neurodegenerative diseases (Yerbury 2016),
especially in aged neurons, toxic aggregates may accumulate, induce cell death and lead to tissue
degeneration (Goloubinoff 2016, Yerbury 2016, Ciechanover 2015).

4.3. Genetic background of AD

Familial AD (FAD) has a clear genetic background: causative mutations in the APP gene or in
presenilin-1 (PS1) and presenilin-2 (PS2) genes. In the pathomechanism of sporadic, late onset AD
(LOAD), genome instability may play an important role. DNA damage and alterations in cellular

DNA repair capacity are implicated in the aging associated neurodegenerative diseases (Hou 2017).

Genome-wide association studies (GWAS) proved that AD is a multifactorial disease. Up to know

30-35 genes have been found that are involved in the development of sporadic AD (Harold 2009,

Lambert 2009, Seshadri 2010, Hollingworth 2011, Naj 2011). The causative and risk variants of

genes in AD are recently reviewed (Zhang 2017). The results of GWAS (Table 1) support several

hypotheses and confirm the results of the previous proteomic studies (Juhasz 2011, Penke 2012,

Foldi 2013, Sasaguri 2017):

1. The amyloid pathway plays important role in AD. The importance of the apolipoprotein E
epsilon4 (ApoEe4) allele has been well known for many years (Fullerton 2000) in increasing
AD risk (two ApoEe4 alleles cause elevated risk for dementia), however, also other gene
products participate in the trafficking and amyloidogenic processing of APP.

2. The immune—inflammatory hypothesis got a strong confirmation with the participation of big
number of genes involved in immune reactions.

3. The role of genes and proteins in lipid transport and metabolism is verified.

4. Genes and gene products concerning synaptic cell functioning and endocytosis are also
important. The role of endocytotic pathways of APP resulting intracellular Ap is explained by
the participation of these genes.

5. The role of tau pathology got also a confirmation with the genetic background.

6. The importance of cytoskeletal function and axonal transport in neurodegeneration process of
AD has been verified.
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7. Several genes in connection with hippocampal synaptic function, cell migration and myeloid
cell functions are new in AD genetic background, more detailed studies are needed for
understanding their roles.

Table I: Genes and pathways involved in the development of AD.

Pathway Genes

Amyloid pathway APOE, SORL1, CLU, CR1, PICALM, BIN1, ABCA7,
CASS4, PLD3

Immune system inflammation CLU, CR1, EPHAL, ABCA7, MS4A4A/MS4AGE, CD33,
CD2AP, HLA-DRB5/CRBI, INPP5D, MEF2C,
TREM2/TREML2

Lipid transport and metabolism APOE, CLU, ABCA7, SORL1

Synaptic cell functioning/endocytosis CLU, PICALM, BIN1, EPHALl, MS4A4A/MS4AGE,
CD2AP, PTK2B, SORL1, SLC24A4/RIN3, MEF2C

Tau pathology BIN1, CASS4, FERMT?2,

Cell migration PTK2B

Hippocampal synaptic function MEF2C, PTK2B

Cytoskeletal function and axonal transport CELF1, NMES8, CASS4

Microglial and myeloid cell function INPPD5

Genes: BIN1, ApoE4, ABCA7, E Epigenetic factors: g Environment:
SORL1, NMES, CR1, PICALM, i 1. Histone modifications i Hypoxia, Hypoglycemia, ROS,

PLD3, PTK2B, CD33, CASS4, | 2 DNA methylation ! Brain traumas, Viruses, MT-ER
! ! 4 ! _i - Hypomethylation ' X ) L.
EPHA1, APP, PS1, PS2, TREM2; -Hypermethylation i toxins (herbicides perticides),

! (e.g. m6A, m5c) i etc.

O.E, e-4 mutation APP, Presenilin mutation

08) . Brain
s ATP-decrease Hypoglycemia___—~

'CHONDRIAL MALFUNCTION,

t PROTSNS + ATP CLEARANCE-PROBL‘MS ’
~ -~

extra— and intracellular AB, Tau

auma

Vicious cirle + other misfolded proteins ER-MT Ca-cycle
—— failure
Synaptic failure
Neuronal dysfunction
¥ - cell to cell spread

Neuron death

Fig. 1. Common AD mechanisms: in center the formation of AB peptides AD shows a heterogenic genetic background. (Penke
2017).

We think that the different AD hypotheses have common denominators: malfunction of the
proteostasis pathways, formation of misfolded proteins, endoplasmic reticulum (ER) stress and
unfolded protein response. The toxic effect of AP peptides is involved in starting and continuing
the pathological process. Fig. 1 shows the central role of Af formation in the complex AD.

pathology.
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4.4. Key proteins and events in AD development

4.4.1. Physiological roles of the p-amyloid and tau protein

Both A peptide and tau protein are normal cellular constituents (Duyckaerts 2009, Doran 2012).
Despite the fact that AP is present in the cerebrospinal fluid and plasma of healthy individuals
throughout life (Esteban 2004), the deposition of AP is related to an imbalance between its
production and clereance (Duyckaerts 2009). Since the first description of the neurotoxic properties
of the AP peptide, an enormous number of studies have investigated the cellular and molecular
pathology triggered by AB. Nevertheless it is still far from clear, how the accumulation of this
peptide leads to the cognitive decline and more importantly, wheather the AP has an important
physiological role in the brain (Esteban 2004). This peptide has been found to act positively on
synapses at picomolar concentrations (Fig. 2), but the interacting substance of AP has not been
firmly identified yet (Duyckaerts 2009). Soluble oligomeric form of AB (0AB) in AD brains have
been found to bind to neuronal surfaces, specifically to a subset of synapses where they colocalize
with a postsynaptic density marker, suggesting that Ap may regulate postsynaptic function directly
(Wang 2012). Recent studies suggest that the a7-nicotinic acetylcholine receptor (a7-nAChR), a
Ca®*-permeable homopentameric ion channel highly expressed in the HC and cerebral cortex, is
another potential target of Ap (Wang 2012).

Lower than
normal level

x e Is, dynamin,
Neuronal activity! 7

Stress/damage

FAD mutations Pathologically

—_— . i AR
high level of AB

Fig. 2. Concentration-dependent effects of AB on synaptic function. At normal physiological levels (picomolar range), AB peptides

have positive effects on synaptic function: they can positively regulate presynaptic release probability and facilitate a-7-nAChR
(Wang 2012).

High affinity binding between oAP1-42peptide and a7-nAChRs either inhibits or activates
a7-nAChR signaling. It is possible that oAP1-42peptide may facilitate a7-nAChRs at low
concentrations but may inhibit a7-nAChRs when the burden of AB increases. This concentration

dependent role of AP peptides is suggested from studies showing that at normal concentrations

(picomolar range) AP peptides positively regulate presynaptic release at hippocampal synapses and
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facilitate long-term potentiation (LTP) and learning by activating a7-nAChRs. When the level of
AP is too low or too high (hanomolar range), AP peptides cause either deficits in presynaptic
function or abolish hippocampal LTP and learning via its interaction with a7-nAChRs (Wang
2012, Fig. 2).

Neurons are polarized cells with two types of cell extensions, dendrites and axons, whose
establishment depends on the microtubule cytoskeleton (Konzack 2007). Tau protein that belongs
to a group of proteins referred to as microtubule-associated proteins (Konzack 2007, Goétz 2011,
Crespo-Biel 2012) is an axonal phosphoprotein in normal adult brain (G6tz 1995) and also been
localized to dendrites (Ittner 2010). Tau promotes tubulin assembly into microtubules, one of the
major components of the neuronal cytoskeleton that defines the normal morphology and provides
structural support to the neuron. Tubulin binding of tau is regulated by its phosphorylation state,
which is regulated normally by coordinated action of kinases and phosphatases on tau molecule
(Kolarova 2012, Fig. 3).

Phosphotau

Vesicle /\

4
_d

[

Tau
protein

Fig. 3. Normal function of tau protein. Tau protein stabilizes microtubules through four tubulin binding domains (blue boxes) in case
of the longest isoform. Binding of tau protein to the microtubules is maintained in equilibrium by coordinated actions of kinases
(Kolarova 2012).

4.4.2. The amyloid precursor protein: sorting, trafficking and processing

To date, over 150 mutations in three autosomal dominant genes, APP, PS1 and PS2, are known to
cause FAD (Jacobsen 2005). PS1 and PS2 play a critical role in y-secretase-mediated cleavage of
APP and the subsequent generation of S-amyloid peptides (Sasaguri 2017, Kishimoto 2017). A
mutation in one of these 3 genes (APP, PS1, and PS2) accounts for approximately 1 to 5 percent of
all AD, this subtype of AD is known as FAD (Sasaguri 2017, Kishimoto 2017).

Surprisingly, the physiological function of APP is not fully understood, although the protein is
highly conserved throughout evolution and expressed widely in many different cell types (Jacobsen
2005). Very recent studies demonstrate the protective role of APP in acute neuronal insults (Hefter


https://www.ncbi.nlm.nih.gov/pubmed/?term=Kishimoto%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=29333315
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kishimoto%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=29333315
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2017): both APP and its soluble extracellular fragment (APPsa) can promote cell survival. APP
mediates Ca’*-homeostasis via NMDA receptors, participates in synapse formation and function
(Miiller 2017). The intracellular domain of APP, the AICD peptide plays an important role in lipid
homeostasis (Grimm 2017). Abnormal proteolysis of this membrane-bound protein triggers a
pathologic cascade years, or decades before the overt clinical manifestations of the disorder
(Crespo-Biel 2012, Sasaguri 2017). The neuronal dysfunction induced by A can progress trans-
synaptically from the neurons in the entorhinal cortex that selectively overexpress APP to the
terminal end of the dentate gyrus (Nath 2012). APP processing occurs by two pathways: a B-
secretase-based amyloidogenic and a-secretase-based nonamyloidogenic pathway (Claeysen 2012,
Spuch 2012, Fig. 4). In the nonamyloidogenic pathway, cleavage occurs by a-secretase within the
AP domain and generates the large soluble N-terminal fragment and a non-amyloidogenic C-
terminal fragment of 83 amino acid residues. Further cleavage of this C-terminal fragment by vy-
secretase generates the nonamyloidogenic peptide and APP intracellular domain (Spuch 2012, Fig.
4). The AP peptide was commonly considered as a dangerous, unfortunate byproduct of APP
processing by B- and y-secretases (Clippingdale 2001, Esteban 2004, Clifford 2007). In the
amyloidogenic pathway APP cleavage occurs by B-secretase at the beginning of the AB domain,
generating the soluble N-terminal fragment and the amyloidogenic C-terminal fragment of 99

residues. This C-terminal fragment is further cleaved by y-secretase and generates AP (Spuch 2012,

Fig. 4). Current studies support the idea that not only Ap but other fragments from the processing
of APP, such as C83 or AICD, contribute to the pathogenesis of AD (Simon 2010).

SAPP-$ SAPP-a
APP

APP-CTF99 APP-CTF83

1

‘. } 4
[

& 7

Fig. 4. APP processing pathways (membrane indicated in blue): a-secretase cleaves in the middle of the A region (red) to release
the soluble APP-fragment SAPP-a. The APP C-terminal fragment 83 (APP-CTF83) is then cleaved by y-secretase to release the APP
intracellular domain (AICD) and P3 fragment. B-secretase cleaves APP to produce the soluble fragment SAPP-B. APP-CTF99 is then
cleaved by y-secretase to produce AB1-40, AB1-42and AICD (Wang 2012).

Recently Claeysen et al. (2012) reviwed the studies on APP trafficking: APP is biosynthesized in
the ER and transported to the Golgi via the constitutive secretory pathway. The most frequent two
splicing forms of APP (695 and 751 amino acids) show different behaviour. APP 751 is sorted
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rather to the plasma membrane and processed to shorter peptides by non-amyloidogenic pathway.
In the neurons the main form is APP 695, it is sorted mainly to the Golgi, and thus APP 695
undergoes rather the processing by amyloidogenic pathway resulting in AB. In the Golgi apparatus,
APP undergoes various post-translational modifications (PTM) and transported to the plasma
membrane. These PTMs enhance the non-amyloidogenic pathway and decrease AB-production.
General consensus: impaired APP-transport along the constitutive secretary pathway is deleterious
and leads to the increased AB-production (Claeysen 2012). Most recent results demonstrate that

early endosomes are the most important places for APP processing to Ap.

4.5. AD as a protein folding and protein homeostasis disorder

45.1. AP conformational changes and aggregation. Extracellular and intracellular Ap

AP peptide is a natively unfolded peptide having high propensity to conformational change and
aggregation into cross-Ap amyloid fibrils (fAB) through a nucleation-dependent mechanism
(Brannstrom 2011, Doran 2012). It has been postulated that toxic intermediates, such as small
soluble oligomers are generated along the aggregation pathway (Lambert 1998, Wals 2002, Cleary
2005, Cooke 2006, Lansbury 2006, Lesné 2006, Rowan 2007, Hung 2008, Shankar 2008,
Duyckaerts 2009). The Ap-s, first of all AB1-42 have a high, spontaneous tendency to oligomerize
(Filop 2004, Duyckaerts 2009), which is the most toxic form (Takeuchi 2000, Hetényi 2002,
Clifford 2007, Takeda 2009). Water soluble oABs are the major neurotoxic congeners in the AD
brain and are involved in degeneration of synapses (Cooke 2006) causing cognitive dysfunction in
the early stages of AD (Tomiyama 2010). oAB may disrupt synaptic plasticity mechanism via
glutamate receptors (Rowan 2007, Hu 2008, Korczyn 2008, Duyckaerts 2009), rapidly inhibits LTP
and reduce dendritic spine density (Duyckaerts 2009, Alkadhi 2010). Very recently, it has been
demonstrated that the synaptotoxic effects of Ap depend on expression of APP. The impairment of
synaptic plasticity is associated with AP, localizing to synapses, and the binding of soluble Af
aggregates (oligomers) to synapses requires APP (Wang 2017).

The toxic effect of AP assemblies can be measured by the simple colorimetric cell viability test, the
MTT-assay in cell culture (Berridge 1993, Datki 2003, 2004). The assay reflects the activity of
NAD(P)H-dependent oxidoreductase enzymes. Both the Ap and tau protein in AD brain can form
abnormal fibrillary structures associated with poor solubility in aqueous solution (Duyckaerts
2009).

Recently, the interest of AD researchers has turned to the iAB. It is now well accepted that two

pools of AP exist in the brain: eAB and iAB, and there is a dynamic relationship between them
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(LaFerla 2007). The “iAB hypothesis“of LaFerla (2007) assumes that iA accumulation is the
early, causative event in AD development: 1A is the cytotoxic substance and eAp deposition (in
later stage of AD) is rather the result of cell death and destruction. iAp seems to initiate neuronal
dysfunction. The formation and presence of iAP is very well documented in the intracellular
deposits of the brain-parenchyma (Christensen 2009). AP also accumulates in choroid plexus
epithelial cells and intracerebrovascular walls, where it induces blood-brain barrier (BBB)
disruption (Spuch 2012).

4.5.2. The prionoid character of Ap

oA shows a prionoid character. Nath et al (2012) demonstrate direct evidence of the transmission
of soluble oligomeric AP via connections between neuronal cells. Their finding of direct cell-to-cell
AP transfer sheds light on the manner in wich AD may be propagated via neuroanatomical
connections. Polymorphism of fA leads to different toxicity in amyloid diseases and may be the
basis for prion strains, but the structural origin for fibril polymorphism is still elusive (Agopian
2012). The connections between prion diseases and other aggregation proteinopathies took an
unexpected turn when it was suggested that A triggers a toxic pathway that is mediated by cellular
prion protein (Aguzzi 2009). Stohr et al (2012) provide incontrovertible evidence that AP
aggregates are prions and the formation of ”ApB-prions” very probably does not require additional
proteins or cofactors.

It is believed that AP deposited in the brain originates from the brain tissue itself, however, AP is
generated in both brain and peripheral tissues. Bu et al. showed in 2017 that blood-derived A can
enter the brain, form the AB-related pathologies and induce functional deficits of neurons. Using a
model of parabiosis (binding together the blood circulation between APPswe/PS1dE9 transgenic
AD mice and their wild-type littermates), they observed that the human AP (originated from
transgenic AD model mice) entered the circulation and accumulated in the brains of wild-type
mice, and formed cerebral amyloid angiopathy and AP plaques after a 12-month period of
parabiosis. More importantly, hippocampal CALl long-term potentiation was also markedly

impaired in parabiotic wild-type mice (Bu 2017).

4.5.3. Tau-based neurofibrillary tangles in the Braak stages

Many adverse responses to AP, such as cytotoxicity, microtubule loss, impaired memory and
learning and neuritic degeneration are greatly amplified by tau expression (Nussbaum 2013). The
extent of neurofibrillary changes correlates with the severity of dementia in AD, probably prior to

the limbic area, subcortical nuclei such as the dorsal raphe nucleus and locus coeruleus develop


https://www.ncbi.nlm.nih.gov/pubmed/?term=Bu%20XL%5BAuthor%5D&cauthor=true&cauthor_uid=29086767
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neurofibrillary changes much earlier, because they are sometimes detectable under 30 years of age
in subclinical phases (Uematsu 2018). Clinical data show that the distribution of tangles formed by
the tau is better correlated with cognitive decline than the plaques formed by AP accumulation
(Braak and Braak 1991, Nath 2012). In pathological conditions, like in AD, first abnormal
phosphorylation of tau protein decreases its tubulin binding capacity leading to microtubule
disorganization. In the second step pTau self-polymerizes and aggregates into the form of NFTs
(Kolorova 2012). In AD, the normal role of tau protein (keeping the cytoskeleton well organized
for the axonal process) is missing because pTau loses its capacity to bind to microtubules. This
abnormal behaviour is promoted by conformational changes and misfoldings that leads to aberrant
pTau aggregation into fibrillary structures inside the neurons of demented individuals (Kolarova
2012). The neurofibrillary lesions are found in cell bodies and apical dendrites as NFTs, in distal
dendrites as neuropil threads and in the abnormal neurites that are associated with neuritic plaques
(Gotz 2011). The typical brain-regional occurrence and progression of tau pathology correlates
temporally and spatially well with neuronal and cognitive dysfunction, with the added weight of
the correlation to cerebrospinal fluid-levels of pTau (Crespo-Biel 2012). Neurofibrillary changes
are immunoreactive mainly toward the hyperphosphorylated form of tau protein: exon 9-12 of the
tau gene, each containing imperfect repeat, encode a microtubule-binding domain, and inclusion or
exclusion of exon 10 via alternative splicing generates isoforms with four repeats (4R tau) or three
repeats (3R tau), respectively (Uematsu, 2018). Interestingly, regional extent of each isoform is
differently regulated; for example, 3R tau-positive lesions are abundant in the areas in which tau
deposition begins early, such as parahippocampal area and subiculum, while 4R tau-positive
lesions are dominant in the areas in which tau deposition begins later, such as CA4 (Uematsu,
2018).

4.5.4. Central role of ER in protein homeostasis and the role of chaperone proteins

The endoplasmic reticumum (ER) is the major site for protein folding and trafficking in the cell and
is central for many cellular functions. Under physiological conditions, ER is a central subcellular
compartment for protein quality control in the secretory pathway that prevents protein misfolding
and aggregation. Proteins synthesized in the ER are properly folded with the assistance of ER
chaperones. When the amount of unfolded proteins exceed the folding capacity of the ER, human
cells activate a defense mechanism called the ER stress response, which induces expression of ER
chaperones and ER-assisted protein degradation (ERAD) components. These substances transiently

attenuate protein synthesis to decrease the burden of ER.
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It has been revealed that three independent response pathways separately regulate induction of
expression of chaperones, ERAD components, and translational attenuation. Protein misfolding in
the ER initiates the intracellular signaling network called unfolded protein response (UPR) for
reestablish homeostasis in energy-starved neurons (Roussel 2013, Li 2014). ER dysfunction is
involved in the initiation of neurodegenerative diseases. In general, a malfunction of ER stress
response caused by aging, genetic mutations or environmental factors can result in “conformational
diseases” (Yoshida 2007) and ER dysfunction might work as an important part in causing AD (Li
2014). Alterations in the UPR network are involved in cognitive impairment and memory loss
(Duran-Aniotz 2014) and intracellular accumulation of toxic turn AB” is associated with ER stress
in AD (Soejima 2013). iAp oligomers directly interact with ER, and thus mobilize Ca®* and cause
disruption of ER- Ca*" homeostasis which is characteristic in AD (Honarnejad 2013, Jensen 2013,
Popugaeva 2013). If cells fail in stress compensation, the UPR may shift adaptive programs toward
apoptosis to eliminate damaged neurons (Endres 2013, Pereira 2013). Subcompartments of ER are
in physical contact with mitochondria via mitochondria-associated ER-membranes (MAMs). A
elevates the expression of MAM-associated proteins, and thus increases ER-mitochondrial contacts
in HC neurons (Hedskog 2013). AB exposure increases the Ca®* shuttling from ER to mitochondria
and disturbs the ER-mitochondrial Ca** cycle decreasing energy-metabolism pathways. ER-

mitochondria contacts and cross-talk may play important role in AD pathology (Hedskog 2013).

4.6. Drug targets for treatment AD: a new era in drug research

The drugs currently used to treat AD (cholinesterase inhibitors, N-methyl D-aspartate (NMDA)
receptor agonist, antipsychotic drugs) have limited therapeutic value. Potentially disease-modifying
therapeutic approaches targeted Ap and tau protein (Reitz 2012), however, most of them failed in
clinical phases.

The failure of anti-Ap antibody therapies targeting eAp in 2012-2017 does not mean that the
amyloid hypothesis is incorrect, but the real culprit might be the intracellular AB. Various
biomarkers show that amyloid pathology correlates with progression at earlier stages of the
disease. The simplest therapeutic strategy is to rescue synaptic deterioration and dysfunction which
is a result of the overactivation of the innate immune system by high AP levels both within the
neuron and in the extracellular environment. A new strategy, a “triple therapy” is needed for
removing both the intacellular A (iIAB) and extracellular Ap (eAB) (Rosenblum 2014) as well as
targeting the synthesis of Ap peptides from APP (Rhinn 2013) and regulating protein folding in ER

and ER-stress response.
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Drug development approaches have been performed to date primarily against eAp and amyloid
plaques than the attention has been placed on formation of iAp (LaFerla 2007) and ER-dysfunction.
ApB-related synapse damage and memory impairment correlate with intracellular levels of A but
not with plaque burden (Tampellini 2010). Senile plaques may originate from iA as a result of its
secretion into extracellular space or its release after neuronal death (Gouras 2000). An AD drug
should prevent iAp-formation from APP or inhibit the formation of toxic AP structures.
Simultaneously, a good AD drug should also neutralize the toxic eAB oligomers in the interstitial
space. Clinical trials have largely been aimed at removing insoluble eAp in senile plaques and have
not targeted the soluble, extremely neurotoxic iAf oligomers. Trafficking and APP processing (that
is the formation of A) in the cell should be also targeted (Rosenblum 2014). Last but not least, AD
is spreading from neuron to neuron along the anatomical pathways in a prion-like fashion (the two
prionoids participating in the propagation of AD are very probably pTau and AB). During the years
of AD-progression a “quadruple therapy” is needed in the treatment: in the first phase AB-synthesis
inhibitors, in the following phases AB removing and inhibiting agents should be used, averting ER
stress and protein misfolding as well as regulation of the ER-mitochondria Ca**-cycle, and in the
last phases the prionoid propagation should also be prevented (e.g. by inhibiting exosomal
propagation of prionoids). Although specific receptors of “supertoxic AP oligomers” might exist

(Kim 2013), their validation as drug targets is very difficult.
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Fig. 6. The complex pathway system of formation and interaction of iAB, eAB (FAB), pTau in AD and cell-to-cell transmission
possibilities (Mizuno 2012).

AP in monomeric form might have important neurotrophic activity, and the presence of 1A is
common in normal brain (Blair 2014). However, it is widely accepted that Ap oligomers have no
physiological functions, all of their effects found to date have been negative. Misfolded, AS
oligomer is a pathological ligand. As a consequence, the best way is to prevent intracellular

synthesis of misfolded AB and interactions with cytoplasmic membrane proteins and subcellular
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organelles. Fig. 6. shows the simplified pathway network of AD and the possible drug targets

according to Mizuno et al.

4.6.1. Heat shock protein coinducers as putative AD drugs

Molecular chaperones, like heat shock protein70 (HSP70) has been shown to play important role in
the cytotoxicity of both AP and tau (Evans 2010). For example, HSP72 blocks the early stages of
AP aggregation in vitro at substoichiometric level (Evans 2010) and HSP70 has been shown to alter
processing of the APP (Kumar 2007), also, this chaperone protects against AfB-induced cytotoxicity
via inhibiting caspase-9 and accelerating the elimination of Ap (Veereshwarayya 2006). In addition
to the effects on AP, HSP70 also binds tau at two sites within its tubulin-binding repeats, which is
the same region required for tau self-association (Sarkar 2008). This finding suggests that HSP70
might compete with aggregation and toxicity and, consistent with this model, overexpression of
HSP70 reduces aggregated tau in mouse models (Petrucelli 2004).

HSP70 and co-chaperones form complex networks that are crucial to the folding of nascent
polypeptides, unfolding and refolding misfolded proteins, transduction of cellular signals and the
regulation of the cell cycle, proliferation and apoptosis (Jolly 2000, De Los Rios 2006). Activation
of certain HSPs such as HSP70 that may have function as molecular chaperone could be also one
of the most physiological methods of several possibilities for regulating the malfunction of ER

stress response and decrease the formation of misfolded proteins.

Considering the central role of ER and molecular chaperones in AD and other conformational
diseases, we started in our laboratory the development of novel therapeutic strategies based on ER

stress regulation and molecular chaperon induction.

Our research team in cooperation with another group found a novel group of compounds
(substituted 1.4-dihydropyridines, DHPs Fig. 7, (Kasza 2016).) that proved to be HSP co-inducers.
These compounds can selectively comodulate HSP activity, they act by regulating an existing stress
response and have little or no effect in non-stressed (healthy) systems. These coinducer compounds
do not affect HSP production, but can modulate HSP induction in combination with other mild
stresses that are present in different disease states. These compounds might be useful also for
neuroprotection in AD, simply by stabilizing the native structure of Ap-oligomers (0AB1-42) and
preventing misfolding and formation of toxic 0Ap.
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One of our aims was to investigate the neuroprotective effect of our newest chaperon protein

coinducer LA1011 in a transgenic mouse model of AD.

Code Structure Chemical Name

Dimethyl 4-(4-
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Fig. 7. The chemical structure of 1,4-dihydropyridine derivatives with HSP coinducer activity.

4.7. Modeling Alzheimer’s disease

In dementia research, animal models have become indispensable tools. They not only model
aspects of the human condition, but also simulate processes that occur in humans and hence
provide insight into how disease is initiated and propagated (Gotz 2009). To elucidate the
molecular basis of pathological processes in AD, several mouse models of AD have been
developed (Sasaguri 2017, Esquerda-Canals 2017, Jankowsky 2017). Most of these models exhibit
transgenic expression of one or more mutations in key proteins (APP, PS1, PS2) found in FAD
(Dodart 2005, Kishimoto 2017). Creating animal models that can recapitulate characteristic
features of AD is of great importance in increasing understanding of disease pathogenesis and
developing new therapies (Dodart 2005). AB- and tau-pathology in sporadic and familial AD-cases
are morphologically similar, rationalizing the use of mouse models with genetically engineered
FAD mutations for understanding sporadic AD (SAD). However, the extent to which these models
actually reproduce SAD remains unknown (Sasaguri 2017).

A great variety of transgenic mouse models of AD has been developed during the last decade for
studying the pathophysiological processes of the disease (Fiilop 2004, Duyckaerts 2009, Gotz
2009, Zussy 2013). Also a transgenic rat model was introduced (Glabe 2006). The most frequently
used rodent models (Puzzo 2015, Kumar 2016, Salari 2016) have been widely reviewed recently.
There is a big challenge to develop relevant animal models for AD owing to translation problems
across species: therapies that work in rodents often do not translate to humans (De Felice 2016).
The transgenic mouse and knockout models analyze certain aspects of AD pathology, allowing
exploration of unknown territories and revealing new pathogenic possibilities (Orta-Salazar, 2016).
Summaries of the most prominent mouse models of AD have been published very recently
(Cavanaugh 2014, Onos 2016, Esquerda-Canalas 2017). However, tg-models have had limited
success in translation of mouse experimental results into the clinics. The most obvious divergence

of transgenic animal models from human AD is the artificial nature of the transgenic technology.
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Table 1. Selected examples and the main characteristic of some frequently used tg mouse models of AD

Mouse  Transgene | Mutation Pathology Age of onset | Behavioural deficit | References
model (promoter) of pathology | (age of onset)
1. PDAPP Human APPIndiana Plaques 6-9 mo Learning/memory (Games 1995)
APP (human PDGFb) Neuronal loss (13-15 mo)
2. Tg2576 Human APPSwe Plagues ca. 8mo Learning/memory (Hsiao 1996)
APP (hamster PrP) (9-10 mo)
3. APP23 Human APPSwe Plagues 6 mo Learning/memory (Calhoun
APP (mouse Thy 1.2) Neuronal loss 14-18 mo (3 mo) 1999)
4. TY9CRND8 Human | APPSwe+Indiana Plaques 3 mo Learning/memory (Chishti 2001)
APP (J20) (hamster PrP) (3 mo)
5. APP/PS1 Human APPSwe+PS1dE9 Plagues 6 mo Learning/memory (Jankowsky
APP PS1 (mouse PrP) (8 mo) 2001)
6. CVN-AD Human | APPSweDI/NOS2- | Plaques, pTau; ~5-6 mo Learning/memory (Colton 2008)
APP /- neuronalloss
7.3xTg-AD Human | APPSwe+PS1M146 | Plaques, 6 mo Learning/memory (Oddo 2003)
APP, PS1, tau Vv Neurofibrillary pathology | 12 mo

+TauP301L
8. 5XFAD Tg6799 huAPPggs Plagues 1.5-2 mo 5-6 mo (Oakley 2006)

(Swe/Flo/Lon); hu | Gliosis,

PSEN1 Neuronal loss

(M146/L/L.286 V)

(mouse Thy 1.2)
9. TauPS2APP Swe+PS1M146V Plaques, Neurofibrillary | 3 mo None (Grueninger
Human APP, PS2, +TauP301L pathology (with tangles) 4-6 mo 2010)
tau (mouse Thy 1.2)
10.Tg4510 TauP301L Plagues,Neurofibrillary 2.5mo Learning/memory (Santacruz
Human tau (CAMKII) pathology (with tangles), (2.5 mo) 2005)

(teto) neurodegeneration
11.JINPL3 TauP301L Plaques, Neurofibrillary | 3 mo Motoric (4.5 mo) (Lewis 2001)
Human tau (mouse PrP) pathology (with tangles),

neurodegeneration

12.TauP301S TauP301S Plaques, Neurofibrillary | <5 mo Motoric (4.5 mo) (Allen 2002)
Human tau (mouse Thy 1.2) pathology (with tangles),

neurodegeneration

Rodents do not develop AD. The normal in vivo concentration of A might be in picomolar range,

contrary to that in human AD brains that has nanomolar A levels. In addition, rodent A differs
from human A by 3 AA substitutions (R5G, Y10F and H13R) and these changes also may prevent

amyloid aggregation. As a consequence, the introduction of at least one of the main human AD

genes (APP, PS1, PS2 and ApoE) is mandatory to model the pathology in rodents (Esquerda-

Canalas 2017). The ideal transgenic model should mimic multiple aspects of the disease including

its etiology and a time-dependent progression of the pathology, which involves similar structures

and cells, alike in human pathology. Very recently, the Alzforum Research Models has offered 139

transgenic mouse models for studying AD (www.alzforum.org/res/com/tra).

Mice that overexpress the human mutant APP show learning deficits (Chen 2000) and are indeed

valuable models for studying AD pathogenesis. However, it has been argued that the pathological

sequences observed in these animals are different from those in human AD brain and the cost of the

transgene technology limits their applicability (Sipos 2010), so nontransgenic animals are also

suitable for studying the pathogeneses of AP and tau pathology (Oikawa 2010). Direct
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administration of AP into the rodent brain has another advantage beyond the cost effectivity: the
method may be used in young animals, the administered Ap may cause rapid behaviour changes
and thus it does not require long (4-6 month) experimental process. The soluble 0AB observed in
AD patients contain AP in its most predominant sequences: AB1-40 or AB1-42 (Zussy 2013). Most
AP infusion models have been developed the assumption that brain AB deposition is a requisite to
inducing behavioural impairments. Indeed, methodologies differ by the type of peptide infused
(AP1-40, AB1-42, or shorter fragments), peptide concentration, duration of infusion (single versus
chronic treatment), site of infusion (intracerebroventricular, icv versus intracerebral), and type of
preparation infused (fresh versus “aged” AP preparation). Acute or chronic injections of AP or
other exogenous chemicals in rodents allowed the creation of animal models showing several
characteristics of AD. Minipumps that allow AP infusion over a 2-week period might not be
appropriate, as the conformation of AP found in the minipump may vary considerably from dayl to
day 14 at a constant temperature of 37°C.

Many of reports (O’Hare 1999, Sipos 2007, Takeda 2009, Balducci 2010) strongly support a
disruptive action of soluble species of AR on behaviour, suggesting that acute brain Af infusion
may be sufficient to induce learning and memory impairments (Dodart 2005). These less expensive
animal models have been administering AB peptides intrahippocampally (Christensen 2007,
Bagheri 2011, He 2011), intranasally (Sipos 2010), icv (Townsend 2006, Takeda 2009, Balducci
2010, Bozso 2010, Zussy 2011, Kim 2016) or by microinjections into the entorhinal cortex (Sipos
2007). It was found that the oAB1-42peptide administered into the rodent brain enters the neurons
from the interstitial space into the rodent brain. The most difficult problem of the use of 0Ap1-42
microinjections is the structural heterogeneity of oligomeric samples, they may have different
conformation, aggregation size and solubility. This heterogeneity causes severe problems in

reproduction of in vivo experiments.

In our laboratory we tried to elaborate a novel, robust AD animal model using icv microinjections
of oligomeric ABI1-42 into rat brain, it was the main aim of my thesis. For reproducible results the

0Ap1-42 samples should be well characterized.

AD is a very complex and multifactorial disease, thus it is not easy to find a reliable in vivo model
for translation the experimental results of drug candidates from animals to humans. However, as
AP peptides play central role in starting AD, animal models using AP administration or AP
overproduction (causing ER malfunction and disturbance of the ER-mitochondrial Ca**-cycle in the

rodent brain) could mimic the early phase of AD.



26

4.8. Aims

According to the recent studies, there is a need for a simple, cost-effective, reliable and repeatable
animal model in which the characteristic features of AD are developing after injection of a
wellcharacterized A form into the brain. Our first aim was to find and validate a good rat model
for studying the early phase of AD. We used icv injections of oligomeric AB1-42.
Improvement of icv 0AB1-42 administration as a model of early AD had the following
experimental steps:
1. Detect fluorescent 7-amino-4-methylcoumarin-3-acetic acid (AMCA) labeled 0Ap1-42
after icv administration in the HC area.
2. Find the toxic form of the controlled “in situ” preparated 0ApB1-42.
3. Estimate behavioural performance after administering the 0oAp1-42icv injection.
4. Detect mophological changes - neuronal dysfunction and tau-pathology - with histological
methods in the hippocampal area.
5. Examine degeneration of synapses by measuring the decrease of the number of dendritic
spines in the cornu ammonis 1 (CAL) region.
6. Validate the model with an additional experiment according to the results using the toxic
form of 0Ap1-42.

Simultaneously with these experiments, we measured with our hevavioural and pharmacological

methods the neuroprotective effect of LA1011 in a transgenic mouse model (APPxPS1) of AD.
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5. MATERIALS AND METHODS

5.1. Preparation of used chemical compounds

5.1.1. Preparation of different Ap1-42 oligomeric assemblies

The oligomeric AB1-42 peptide was synthesized in the following way: the AP peptide precursor
Is0-AP1-42 was synthesized by Fmoc-chemistry and transformed at neutral pH to AB1-42 by O—N
acyl migration in a short period of time, resulting in a water soluble oligomeric mixture of Ap1-42
oligomers as previously described (Bozso 2010). The aggregation grade of these oligomers thus
formed could be standardized. In these studies, the soluble 0AB1-42 peptide samples were freshly
prepared by incubating the 0AB1-42 peptide on 37°C in PBS at pH 7.4 for different time courses
(24 h, 120 h, 168 h) at the concentrations of 25, 50, 75 and 200 uM, respectively. It was
subsequently diluted to the final concentration of 10 uM. The amount of 0AB1-42 injected at the
concentration of 10 pM equaled 50 pmol or 225 ng of A peptides.

The fluorescent labeled AB peptide (AMCA-AP) was synthesized in our research group (Fiilop
2001).

5.1.2. Atomic force microscopy studies (AFM) of 0Ap1-42 assemblies

10 ul of peptide solution were pipetted onto freshly cleaved mica (Muscovite mica, V-1 quality,
Electron Microscopy Sciences, Washington DC, USA). After 2 min the samples were washed twice
with 10 ul of distilled water and then dried with nitrogen gas. The AFM images were obtained
using tapping mode on a NT-MDT SOLVER Scanning Probe Microscope under ambient
conditions. AFM tips type PPP-NVHAuUD-10 manufactured by NANOSENSORS were applied
with a nominal radius of curvature of 2 nm and 15 um length. The non-contact silicon cantilevers
having typical force constant of 42 N/m and resonance frequency of 278.8 kHz. Further
information of the tip: material n*-silicon, resistivity 0.01-0.02 Ohm cm, thickness 4.0 = 1 um,
length: 125 £ 10 pm, width 30 = 7.5 pm.

5.2. Experimental animals and housing

After arrival, the animals were housed under constant temperature and lighting conditions (23°C,
12:12 h light/dark cycle, lights on at 07:00 h). The rodents had free access to food and water
throughout the experiment. After arrival the animals were gently handled by daily measuring.
Experiments were performed in accordance with the Hungarian Health Committee and the

European Communities Council Directive of 24. November 1986 (86/609/EEC). Formal approvals
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to conduct the experiments have been obtained from the Animal Experimentation Committees of
the University of Szeged and of the Biological Research Center, and from the local authorities
(XV1./03835/001/2006).

5.2.1. Wild-type rats
Adult male Charles River-Harlan rats (Domaszék, Hungary) were the subjects of the experiments,

weighing 250-300 g before surgery.

5.2.2. Transgenic and wild-type mice

B6C3-Tg (APPswe/PS1dE9)85Dbo/Mmjax mice (APPxPS1) were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA) and maintained on the C57BL/6 genetic background (tg). The
mice were kept in individual ventilated cages (Acéllabor Ltd., Hungary).

5.3. Treatments

5.3.1. Experiments with rats

5.3.1.1.  Surgery and icv administration of 04f1-42
Before surgery, rats were deeply anesthetized by injecting ketamine (10.0 mg/100 g) and xylasine

(0.8 mg/100 g) mixture, and were placed in a stereotaxic apparatus. A midline incision of the scalp
was made, and the skull was carefully cleared from the skin and the muscles. After that two holes
were drilled above the target regions. Every solution was injected icv with a Hamilton syringe
bilaterally, into each hemisphere. 7.5 ul solution was injected per site (1.5 pl/min). The coordinates
were from Bregma: AP: -1,0; ML: £1,5; DV:-4,5 (Paxinos, 1982). The animals were treated after
the surgery with antibiotics and analgesic.

5.3.1.2.  Fluorescent microscopy for the pilot study
For fluorescent microscopy study, rats (n=2) received fibrillar form (fAB) and in the other

experiment rats (n=4) received oligomeric form and of AMCA (7-Amino-4-methylcoumarin-3-
acetic acid)-labeled APB1-42 at a single dose in dilution of AMCA-AB1-42: AB1-42 2.7 ratio
(concentrations: AMCA-AB1-4216.7 uM; AP1-42= 58.3 uM in total of 75 uM final peptide
concentration). fAB was administered bilaterally (10-10ul per site), and oA unilaterally into the
right cerebroventriculum (7.5 ul pro animal). 60 minutes after fAB1-42, and 5 or 60 minutes after
0AB1-42 administration the rats were transcardially perfused (100 ml PBS, pH = 7.4). The brains
were removed and cut to 30 um thick sagittal sections. Sections were placed on glass slides, air

dried, and mounted in Gel Mount (Biomeda, USA). Fluorescent signal was examined in the
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sections by a Nikon Eclipse TE2000 fluorescent microscope (Nikon, Japan) and photographed by a
Spot RT digital camera (Diagnostic Instruments, USA).

5.3.1.3.  Studies of two different icv administered oA81-42
Subjects were divided into three groups: the control group (n=12) was injected with

hydrocarbonate buffered saline (HCBS) solution, the other two groups were injected with 24 h
aggregated 0APB1-42 (n=12) and a 168 h aggregated 0AB1-42 (n=12).

5.3.1.4.  Systematic studies for finding the most toxic form among six different 0oAf1-42
samples

Table I11. The six AB-treated groups.

Groups of AB-treated animals Aggregation time (h) i Concentration (unM) of Ap
A (n=11) 24 25
B (n=11) 24 75
C (n=11) 24 200
D (n=12) 168 25
E (n=12) 168 75
F (n=12) 168 200

oA samples were prepared in combination of three different 0AB1-42 concentrations (25, 75 and
200 uM) with two different aggregation times (24 h and 168 h). The experiments were divided into
two divisions: 0Ap samples of 24 h and 168 h, respectively (altogether six groups, n=12/group): the
control groups (n=11 in the 24 h and n=12 in the 168 h experiments) in both studies were treated
with HCBS. For the statistical analysis the mean of data of the two control groups were evaluated
(n=23). Table Ill. summarizes the characteristics of AB-treated groups (A-F) to simplify further

orientation.

5.3.1.5. Validation of the toxic form of the A#1-42oligomers with MWM task
To validate the toxic oligomeric form of 0AB1-42, we used two of experimental groups: the rats

were injected with 120 h aggregated 0Ap1-42 in 50 uM concentration (n=10) in conclusion

recommended range and the control group was treated with HCBS (n=10).

5.3.2. Experiment with mice

5.3.2.1.  Experiment with drug candidate LA1011 in APP/PS1 tg line
In these experiments we worked with APP/PS1 male transgenic (tg) mice and their wild type (wt)

littermates. Animals were treated for six months by daily intraperitoneal (ip) administration of the
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drug candidate LA1011 in 3 mg/kg, starting at age of 3 months of mice. Physiological saline was
used as a vehicle solution. After the treatment, mice were tested in MWM at age of 9 months
(n=8/group).

5.4. Behavioural testing

Developed in the 1980s by R. Morris, the Morris water maze (MWM) has become one of the most
commonly used tasks to measure spatial learning for rodents. The test relies on distal cues to
navigate from start locations around the perimeter of an open swimming arena to locate a
submerged escape platform rodents (Morris 1982, Tomiyama 2010, Senechal 2008, Sipos 2007,
Vorhees 2006, Kopniczky 2006, Steckler 2001, Chen 2000).

Rodents were trained in an open-field water maze (diameter: 180 cm for rats, 130 cm for mice,
height: 60 cm), filled with water (23+1°C) that was made opaque by adding milk. The pool was
divided into four virtual quadrants, the unvisible platform (diameter: 10cm) was submerged in the
middle of one of the four quadrants (that was a standard position) 2 cm for rats or 0.5 cm for mice
below the water surface. Around the pool there was a black courtain with extramaze cues.

The experiment was a 5-day test. Four different starting points were used, the animals swam every
day two times and were placed into the water facing the wall of the pool. The animals were given
90s to find the platform and 15s to stay on it. Animals that did not find the platform were gently
guided and placed on it. The data were calculated automatically by a video tracking system. The

means of the data from first trials were used for statistics.

5.5. Histology

After the Morris water maze test the animals were deeply anesthetized and transcardialy perfused
with 150 ml (rats) or 10 ml (mice) 4°C phosphate-buffered saline solution (PBS), followed by 250
ml (for rats) or 30 ml (for mice) of 4°C paraformaldehyde solution (4% in phosphate buffer, pH
7.4). The brains were removed and postfixed for 24 h in the same fixative (4°C), and subsequently
cryoprotected in 30% sucrose solution for 72 h (4°C). Brains were cut on a cryostat to 30 pum
hippocampal coronal sections, and the slices were collected and stored at 4°C in PBS for free

floating histochemistry.

5.5.1. Cresyl-violet (Nissl) staining
The cresyl violet staining is used for neuronal tissue, the stain binds to the acidic components of the
neuronal cytoplasm, showing the number of viable neurons. Slides (n=4, 2 slice/animal) were

stained into the filtered 1% cresyl violet solution for 5 minutes and dehydrated subsequently in


http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Vorhees%2BCV%5Bauth%5D
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50% 70%, 95%, and twice in 100 % ethanol for 1 minute each. Slides were finaly placed in xylene

for another 10 minutes and coverslipped.

5.5.2. TAU- and Ap-immunohistology

To visualizate the presence of neurofibrillars tangles, we used human PHF-tau Mab (clone AT100)
primer antibody at 1:800 dilution in PBS (pH 7.4) for immunostaining (n=4, 4 slice/animal).

For the studies of AB1-42 immunhistochemistry in mice, rabbit anti-beta 1-42 amyloid primer
antibody (WO-2; Genetics Company) at 1:800 dilution was employed. The second antibody this
time was goat anti-rabbit Ap in 1:200 dilution.

The methodological steps for the immunohistological techniques were the same. After quenching
of endogenous peroxidase activity and a blocking step, the sections were incubated overnight at
4°C with the primary antibody in the presence of 20% goat serum and Triton X-100 0.2%. On the
following day the sections were washed in PBS and incubated 1 hour at room temperature with the
second biotinylated goat anti-mouse antibody (Vector Laboratories, Burlingame, CA, USA, 1:400).
The next step was an 1 hour incubation with avidine-biotin complex (Vectastain Elit ABC Kit,
Vector Laboratories, Burlingame, CA, USA; 1:400) and detection with nickel-enhanced 3,3’-
diaminobenzidine. After immunostaining and washing, all sections were mounted on gelatin-coated
slides, air-dried, dehydrated and coverslipped with DPX mountant for histology (Fluka
BioChemika, Buchs, Switzerland). Digital photographs were taken by a digital slide scanner
(Mirax Midi, Carl Zeiss, Hungary), for the analysis we used the Histoquant program (3DHistech,
Hungary).

5.6. Quantification of dendritic spine density using Golgi-Cox impregnation

The FD Rapid GolgiStain™ Kit (FD NeuroTecnologies, Consulting & Services, Inc., USA) was
used (n=3 animal per group, 2-2 slides and 3-3 neurons per slide for rats and n=3 animal per group,
1 slide per animal and 2 neurons per slide for mice) for measuring changes of dendritic spine
density in hippocampal CALl area.

Experimental animals were deeply anesthetized before the brain was removed from the skull. The
brains have to be removed as quickly as possible and have to handle carefully to avoid damage or
pressing of the tissue. The tissue was immersed in the impregnation solution (A+B solution) and
stored at room temperature for 2 weeks in the dark. The brains were transfered into another
solution (C) and stored at 4 °C in the dark for at least 48 hours. 100 um coronal sections were cut

with microtome (Zeiss Microm HM 650V). Sections were mounted on gelatin coated glass slides.
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After the staining procedure and dehydration, the slides were covered with DPX (VWR
international).

The clear Golgi sections were studied by inverse light microscope, using oil-immersion objectives.
The spine density of the proximal apical dendrite area was analyzed (100-200 pm from soma). One
segment (100 um in lenght) from a second-third-order dendrite protruding from its parent apical
dendrite was chosen in each examined neuron for spine density quantification, as described by
Nagy (2011). The dendrites were selected under a 100% oil immersion lens and the images (600x%)
of these apical dendrites were captured through a CCD camera (1,600 x 1,200 pixel) connected to a
light microscop (Olympus Vanox-T AH-2) and a computer. Serial images were made from each
dendrite in the whole of the analyzed segment. The captured multiple photomicrographs from one
dendrite were then stacked into one file. To stack the images Image- Pro-Plus image analysis
software (IPP; Media Cybernetics, Silver Spring, MD) was used. The whole process of
measurement of the spine density was performed by two independent experimenters to blind the

analysis.

5.7. Exvivo electrophysiological studies

5.7.1. Stimulation protocols

Using standard procedures, 350 um thick transverse acute hippocampal slices were prepared from
the brain using a Mcllwain tissue chopper (Campden Instruments, Loughborough, UK). Slices
were incubated in carbogenated standard ACSF (pH 7.4) at ambient temperature for at least 60 min
that contained the followings in mM: NaCl, 130; KCI, 3.5; CaCl,, 2; MgCl,, 2; NaH,PO,, 0.96;
NaHCOg, 24; D-glucose, 10. Individual slices were transferred to a 3D-MEA chip with 60 tip-
shaped electrodes (40 um in diameter and 50 — 70 pm in height, spaced by 200 pm, impedance at
1 kHz: 250 - 450 kQ, noise level: 15 - 20 uV; purchased from Ayanda Biosystems, S.A., Lausanne,
Switzerland). The surrounding solution was removed quickly and the slice was immobilized by a
grid. The slice was continuously perfused with carbogenated standard artificial cerebrospinal fluid
(ACSF) (1.5 ml/min at 34 °C) during the whole recording session. Data were recorded by a
standard, commercially available MEA (multi-electrode array) setup (Multi Channel Systems MCS
GmbH, Reutlingen, Germany).

The Schaffer-collateral was stimulated by injecting a biphasic current waveform (£ 100 ps) through
one selected electrode at 0.033 Hz, while the rest of them could be used as recording electrodes.
The positioning of the stimulating electrodes and that of the regions in the slices, compared to each
other, were constantly synchronized during the various investigations. The peak-to-peak amplitudes

of field excitatory postsynaptic potentials (fEPSPSs) at the stratum radiatum of CA1 were analyzed.
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After a 30 min incubation period, the threshold and the maximum of stimulation intensity for evoke
responses was determined. For evoking responses, 30 % of the maximal stimulation intensity was
used. When stable evoked fEPSPs were detected (for at least 20 min) LTP was induced, using a
theta-burst stimulation (TBS) protocol applied at the maximum stimulation intensity. TBS
comprised of 15 trains administered at 5 Hz, the individual trains contained 4 pulses separated by
10 ms. LTP was followed for an hour.

For the statistical analysis of ex vivo recordings, the peak-to-peak amplitude of evoked fEPSPs
recorded from the proximal part of stratum radiatum was calculated. The level of LTP was
determined comparing the average of fEPSP amplitudes recorded in the last five min of the

experiment to the baseline recording.

5.7.2. Multi-electrode array recordings

Electrophysiological measurements followed the Morris water maze task, in which different icv
injected 0APB1-42 was tested. TBS induced LTP recordings were performed using a MEA setup.
After establishing a stable baseline, LTP was elicited by applying a theta-burst stimulation protocol
and followed for an hour. The average of the peak-to-peak amplitudes of fEPSPs before the LTP
induction was taken as 100%. The slices obtained from HCBS-injected animals showed robust
potentiation after TBS (230 + 24%; n = 15 channels from 5 slices). There were two more groups of
icv injected animals treated with 24 h and 168 h 0Ap1-42 aggregates. The 24 h 0Ap1-42
assemblies caused a minor impairment in LTP (184 + 7%; n = 26 channels from 6 slices) while the
168 h amyloid aggregates led to a major disruption of potentiation (145 = 11%; n = 21 channels
from 6 slices).

5.8. Statistical analysis

Statistical analysis of the Morris water maze experiment was performed using SPSS software and
Python's Lifelines library (Davidson-Pilon 2016), Github repository. The latency time to attain the
platform (with 90 seconds limit) was measured in order to decide which of the four groups has the
highest learning rate. The longer the latency time to the platform is, the less the rats capable to
learn. “Survival curves” using Cox Proportional Hazard model were fitted, where the days and the
treatments were selected as covariates. The comparison of treatment groups was performed using
log-rank tests (Jahn-Eimermacher 2011).

In cases of three or more treatment groups in histological analysis, dendritic spine density
measurements and LTP analyses one-way ANOVA followed by Fisher's LSD post hoc test was

used when appropriate. When the data did not meet the homogeneity of variances assumption, we


https://www.ncbi.nlm.nih.gov/pubmed/?term=Jahn-Eimermacher%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21397635
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used the Games Howell post hoc test and Hochberg’s GT2 post hoc test for unequal group sizes
with a large n. When the assumptions of one-way ANOVA were not met, we used the
nonparametric independent-samples Kruskal-Wallis test followed by Mann-Whitney U test.

Statistical significance was determined by parametric analysis of repeated measures of ANOVA for
MWM. One-sample Student’s t-test for denditic spine density in validation experiment we used
two treatment groups. All of statistical analyses were performed using SPSS software Differences
with a p-value of less than 0.05, 0.01 or 0.001 were considered significant unless indicated

otherwise.
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6. RESULTS

6.1. Application of an AD model using icv microinjections of 0ApB1-42 in rat

Our main aim was to find a novel, robust and relatively cheap animal model of AD. Thus we have

studied the effect of well characterized oligomeric AB1-42 administered icv into rat brain.

6.1.1. Pilot experiment with icv administration of AMCA-labeled AB1-42 samples

Before the icv administration experiments, we wanted to see whether the AB1-42 could penetrate
across the cerebroventricular wall. We have shown that the diffusion of the fAB1-42 is stopped by
the ventricular wall, thus, an icv injection would be useless (Fig. 8). Therefore our first aim was to
demonstrate that oligomeric form of AB1-42 can reach the HC region after icv injection. Using an
unilateral injection of AMCA-labeled oligomeric AB1-42 into the right lateral ventricle, we have
found that the 0AB1-42 appear in the brain parenchyma: we could detect a few of fluorescent signs
in the HC area as early as 5 minutes after injection (Fig. 9A,B). The number of signs, namely of
0AP1-42, was evidently higher around the HC area 60 minutes after the injection (Fig. 9C), proving
that the AMCA-labeled 0AB1-42 penetrates across the ependyma, or penetrates into the brain by
the glymphatic flow (1liff 2012).

Fig. 8. icv administered fibrillar AB1-42 does not enter the ependyma and remains in the ventricles. Representative examples of brain
sections after icv injected AMCA-labelled AB1-42fibrils. A,B: signs in ventricles from 2 different slides (1h after injection). Animals
were injected bilaterally with 10-10 pl solution of AMCA fAB1-42, the surgical procedure was the same as described in Materials
and Methods.

Fig. 9. Oligomeric AB1-42 enters the brain parenchyma. Representative examples of brain sections after icv injected AMCA-labelled
AB1-420ligomers. A: diffusion from the ventricle (5 min after injection) B: sign in hippocampus (5 min after injection). C: sings in
brainparenchima (60 min after injection). Animals were injected unilaterally with 7.5 pl solution, the surgical procedure was the
same as described.
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6.1.2. Studies on the neurotoxic effect of two different, icv administered oAp1-42 aggregates
We demonstrated that 0AB1-42 can reach the HC area after icv administration. The effect of
different 0AB1-42 (24 h and 168 h aggregation time in 25uM peptide concentration) was then
studied. We analyzed the neuron viability with cresyl violet staining, tau level with tau-
immunochemistry, and finally the change of dendritic spine number was also measured. Our aim
was to study the neurotoxic effects of the 0AB1-42 in the HC.

In the experiment, three groups of rats were used: the 24 h and 168 h aggregated oAp1-42 treated
groups in the same concentration (25 uM) as well as HCBS-treated control. Abbreviation used for
oA assemblies: 24 h/25 uM and 168 h/25 uM.

6.1.2.1.  Histology
After icv administration of 0AB1-42 rats, significant difference exists between groups in number of

neurons. Significantly more viable neurons were counted in the HCBS treated group than in the
168 h/25 uM group (p= 0.001, Fig. 10A). The 24 h/25 uM assembly did not cause significant
decrease. Tau- immunochemistry resulted also neurotoxic effect in the 0AB1-42 treated groups,
significantly more abnormally accumulated TNFs could be detected in both 0AP1-42 treated
groups (24 h/25 uM and 168 h/25 uM) compared with the vehicle (HCBS) group (HCBS vs 24
h/25 uM p= 0.042; HCBS vs 168 h/25 uM 0AB1-42 p= 0.007, Fig. 10B).
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Fig. 10: Hippocampal slices after hydrocarbonated saline buffer (HCBS), 24 h aggregated and 168 h aggregated 0AB1-42 treatment
(24 h/25 pM and 168 h/25 uM). A: Cresyl violet staining: significant difference in the number of stained cells were observed
between HCBS vs. 168 h oAB1-42 treated group (n= 4, 2 slices/animal; n refers to the number of animals per group). B: Tau-
immunostaining: significant difference in the number of tau-immunopositive cells were observed between HCBS vs. 24 h 0AB1-42
treated group and HCBS vs. 168 h 0 AB1-42 treated group (n= 4, 4 slices/animal; n refers to the number of animals per group). Each
dot represents the counted raw data, while horizontal bars indicate mean values. Statistical significance was determined by one-way
ANOVA, followed by Hochberg’s GT2 post hoc test. Differences with a p-value of less than 0.05 (*), 0.01 (**) and 0.001 (***)
were considered significant.

Representative examples of coronal HC sections (Fig. 11) show the staining of neurons after 25 uM
0APB1-42 administration (A: control group, B: 24 h aggregation, C: 168 h aggregation assembly),
and the abnormal aggregated NFTs (D: control group, E: 24 h aggregation, F: 168 h aggregation
sample).
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Fig. 11. Representative coronal examples of hippocampcal sections stained with cresyl-violet staining (first row) to show the
presence of neuron number (first row) and with tau-antibody to show the presence of abnormally aggregated NFTs (second row).
A,D: control group, B,E: 24 h aggregated 25 uM amyloid treated group, C,F: 168 h aggregated 25 uM amyloid treated group. Scale
bar: 200pum.

6.1.2.2.  Studying the change of dendritic spine density using Golgi-Cox impregnation

The same three groups of animals (24 h/25 uM; 168 h/25 uM 0AB1-42 and HCBS-treated control)
were used as in the former experiments. We found significant difference in spine density compared
the 168 h aggregated 0AP1-42 treated and the control groups: the 168 h/25 uM 0AB1-42 injected
group had significant less dendritic spines than the HCBS-treated control group (p= 0.048, Fig. 12).
There was no significant difference in the 24 h aggregated 0AB1-42 group compared with the
controls. Representative photomicrographs demonstrate the difference between groups (Fig. 12C,
D, E).
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Fig. 12. Representative examples of hippocampcal sections stained with Golgi-Cox method to show the presence of the prevailing
changes in spine density after treatment with 24 h or 168 h aggregated 0AB1-42 (24 h/25 uM and 168 h/25 uM). A: Apical
dendritic spine density. Each dot represents the counted raw data, while horizontal bars indicate mean values. Significant difference
in spine densities was observed between after hydrocarbonated saline buffer (HCBS) and 168 h aggregated 0 AB1-42 treated groups
(n=2, 2-2 slices per group and 3-3 neurons per slice; n refers to the number of animals per group). Statistical significance was
determined by one-way ANOVA, followed by Games Howell post hoc test. Differences with a p-value <0.05 were considered
significant. B: 20x magnification of a CA1 subfield pyramidal neuron. C: control (HCBS) group D: 24 h aggregated 25 pM 0AB1-
42 treated group E: 168 h aggregated 25 uM 0AP1-42 treated group. Scale bar: 10um.

6.1.2.3.  Electrophysiological studies
Ex vivo electrophysiological recordings with multi-electrode array (MEA) were performed in acute
hippocampal slices in artificial cerebrospinal fluid (ACSF). After establishing a stable baseline,

LTP was elicited by applying a theta-burst stimulation (TBS) protocol and followed for an hour.
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The average of the peak-to-peak amplitudes of fEPSPs before the LTP induction was taken as
100% (Fig. 13). The slices obtained from HCBS-injected animals showed robust potentiation after
TBS (230 £ 24%; n = 5 slices). The two groups of icv injected animals treated with 24 h/25 uM and
168 h/25 uM 0AB1-42 aggregates showed impairment of LTP. The 24 h oAP1-42 assemblies
caused only a minor impairment (184 + 7%; n = 6 slices) while the 168 h amyloid aggregates led to

a major disruption of potentiation (145 £ 11%; n = 6 slices, Fig. 13A,B).
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Fig. 13. The amplitude of fEPSPs normalized to preLTP control. The fEPSPs were recorded from the proximal stratum radiatum of
CALl. The LTP of the 168 h 0AB1-42 treated animals showed robust impairment compared to after hydrocarbonated saline buffer
(HCBS) treated ones, while decrease was smaller in the group of 24 h 0AB1-42 injected rats. Statistical significance was
determined by one-way ANOVA, followed by Fisher's LSD post hoc test. The histogram shows the level of LTP between 55 and 60
min post-TBS for each group. Error bars represent mean £SEM. * p<0.05 and *** p<0.001.

6.1.3. Systematic studies for finding the most toxic form of the Ap1-42oligomers
The influence of both the peptide concentration and the aggregation time on the toxicity of
0AP1-42 assemblies were studied in these experiments. Altogether the effect of 6 different oAp1-42

assemblies was studied in the biological experiments (see Table IlI).

6.1.3.1.  AFM studies of the concentration and the aggregation time of 481-42oligomers
As the morphological characterization of a mixed oligomer preparation 0AB1-42 is crucial for the

better understanding of the biological effects exerted by the different types of oligomers, we
conducted in vitro aggregation studies, in which different concentrations of 0Ap1-42 were
incubated in physiologic buffers for an elongated period of time. Morphology and size of the
aggregates were studied by atomic force microscopy (AFM) in tapping mode. The representative
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images show that under the applied conditions, mainly spherical oligomers were formed after 24
hours, the size of which did not depend considerably from the peptide concentration (Fig. 14A-C)
as average heights of the aggregates after 24 h of aggregation were as follows: in a 25 pM solution
(A) 6.5 nm, in 75 uM (B) 5.4 nm, in 200 uM (C) 10.3 nm.
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Fig. 14. Morphology of 0AB1-42 oligomers observed on a mica surface in AFM experiments. Average heights of the aggregates
after 24 h of aggregation were as follows: in a 25 uM solution (A) 6.5 nm, in 75 uM (B) 5.4 nm, in 200 uM (C) 10.3 nm. After 168
h the following average heights were detected: in 25 uM (D) 8.2 nm, in 75 pM (E) 8.0 nm, in 200 uM (F) 21.5 nm. An elongated
incubation resulted in the formation of protofibrillar aggregates besides the spherical ones, as it could be observed in images D-E.

After 168 h, besides the spherical oligomers, protofibrillar aggregates appeared at smaller
concentrations (25 uM and 75 uM), while in the extremely high 200 uM concentration we could
experience the massive formation of large round aggregates, presumably due to the strong steric
hindrance between the monomers in the overcrowded aggregation environment. The detected
average heights were in 25 uM (D) 8.2 nm, in 75 puM (E) 8.0 nm, and in 200 uM (F) 21.5 nm.
Biological effectiveness of these different aggregates was further studied in consecutive biological

experiments.

6.1.3.2.  Spatial navigation in Morris water maze
The Morris water maze (MWM) task was used to assess spatial learning and memory. MWM is

one of the most commonly used experimental models for rodents to measure spatial learning and
memory (Morris 1984). The total time spent in arena from first trials (time spent with searching the
platform) was the most informative data. The results are represented in Fig. 15A.

Compared to day one of testing, in the lower aggregation grade (24 h aggregation) the 75 uM
0AB-42 treated Group B (p=0.003), and 200 uM 0AB1-42 treated Group C (p=0.001) rats were
more likely to find the platform on day four (p<0.001) and five (p<0.001) than the HCBS treated
group, however, on day two (p=0.959) and three (p=0.06) the change was not significant. The
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probability to reach the platform was determined using the Cox Proportional Hazard model (Fig.
15A).
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Fig. 15. Effect of different aggregation concentrations (25, 75 and 200 uM) of synthetic 0AB1-42 on Morris water maze
performance. A: 24 h aggregation grade. B: 24 h aggregation grade. We compared the the treatment groups groups using log-rank
tests. The fitted survival curves using the Cox Proportional Hazard model represents the probability that animals find the platform
during a trial, capped at 90 s. (n=12/group, except HCBS group, where n=23).

Compared to day one of testing, the rats in the 168 h/25uM o0ApB1-42 treated Group D (p=0.001)
found the platform more likely on day two (p=0.002), three (p<0.001), four (p=<0.001) and five
(p<0.001). The probability to reach the platform was determined using the Cox Proportional
Hazard model (Fig. 15B).

6.1.3.3.  Histology
Histochemical studies in the hippocampal region confirmed our behavioural results. Although, no

significant difference was found between groups in the number of viable neurons after
administration of 24 h aggregated 0Ap1-42, there was a tendency which suggested that the
increasing aggregation concentration of 0AB1-42 samples resulted in decreasing number of viable
neurons in the examined area (Fig.16A).
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Fig. 16. Cresyl violet staining of hippocampal slices after treatment with different aggregation concentrations (25, 75 and 200 pM)
of 0AB1-42 at A: 24 h aggregation grade. B: 168 h aggregated grade. Each dot represents the counted raw data, while horizontal
bars indicate median values (n= 4, 2 slices/animal; n refers to the number of animals per group). Statistical significance was
determined by nonparametric independent-samples Kruskal-Wallis test followed by Mann-Whitney U post test. Differences with a
p-value of less than 0.01 (**) and 0.001 (***) were considered significant.
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Significant difference appears between the 168 h aggregation time groups: significant loss of viable
neurons was found in the hippocampal area in each 0AB1-42 treated groups (D, E and F) compared
to the control HCBS group (HCBS vs 25 uM p=0.01; HCBS vs 75 uM p<0.001; HCBS vs 200 uM
p<0.001; Fig.16B).

Monitoring the presence of abnormally accumulated TNFs and comparing to the control group,
significantly higher number of tau immunopositive cells were observed in the 24 h/200 uM treated
(Group C, p=0.015, Fig.17A), the 168 h/25 uM treated (Group D, p<0.001, Fig.17B) and the 168
h/75 uM (Group E, p<0.001, Fig.17B) treated groups.
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Fig. 17. Tau-immunostaining of hippocampal slices after treatment with oAp assemblies using increasing aggregation
concentrations (25, 75 and 200 puM) of 0AB1-42 treatment. A: 24 h aggregation grade. Statistical significance was determined by
one-way ANOVA, followed by Hochberg’s GT2 post hoc test. B: 168 h aggregation time. Statistical significance was determined
one-way ANOVA, followed by Games-Howell post hoc test. Each dot represents the counted raw data, while horizontal bars
indicate mean values, n= 4, 4 slices/animal (n refers to the number of animals per group). Differences with a p-value of less than
0.05 (*) and 0.001 (***) were considered significant.
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Fig. 18. Representative coronal examples of hippocampcal sections with 24 h (first and third lines) and 168 h (second and fourth
lines) aggregation grade groups showing the presence of neurons with cresyl-violet staining (upper rows) and with TAU-antibody
to show the presence of abnormal aggregated NFTs (downer rows). AE,I,M: control group; B,F,J,N: 25 uM concentration;
C,G,K,0: 75 uM concentration; D,H,L,P: 200 uM concentration. Scale bar: 200um.
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Representative examples of coronal HC sections show neurons after 25, 75 and 200 uM 0Ap1-42
administration with 24 h aggregation time (Fig. 18A-D) and 168 h aggregation time (Fig. 18E-H)
besides control group using cresyl violet staining. The abnormal aggregated NFTs are

demonstrated in Fig. 18 (I-L) with 24 h aggregation and Fig. 18 (M-P) with 168 h aggregation time.

6.1.3.4.  Exvivo electrophysiological recordings with multi-electrode array (MEA)
The electrophysiological studies in the hippocampal region confirm our behavioural and

immunohistochemical results. Slices were prepared from rats that had received icv administration
of 24 h/25 uM (Group A), 24 h/75uM (Group B) and 24 h/200 uM oAP1-42 (Group C) oAp1-42.
0AP1-42 samples with Groups A and B caused reduced potentiation after LTP induction (168+8%
and 185+10%, n= 6 and 10; respectively) compared to HCBS treated group (233+26%, n=5, Fig.
16),but the greatest reduction of LTP level caused the 24 h/200 uM oAp peptide (Group C)
(136+3%, n=8, Fig. 19A).

The effect of the 168 h aggregates also showed concentration dependence (Fig. 19B). Similarly to
the 24 h aggregation experiments, the effects of 25 uM (Group D) and 75 uM (Group E) peptide
assemblies do not differ from each other, as they similarly reduced LTP level (145+11%; n=6 and
145+4%; n=12, respectively). In contrast, the 168 h/200 uM (Group F) caused oAp aggregates
much smaller reduction of LTP (182+9%; n=5 compared to HCBS group 232.5+26%; n=5, 19B).
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Fig. 19. LTP impairment depends on the aggregation concentration. The effect of 75 uM, 25 uM and 200 uM oAP samples on LTP
in HC slices.A: 24 h aggregation grade. B: 168 h aggregation grade. Statistical significance was determined by one-way ANOVA,
followed by Fisher's LSD post hoc test.The histogram shows the level of fEPSP potentiation between 55 and 60 min post-TBS.
Error bars represent mean £SEM. * p<0.05 and *** p<0.001.
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6.1.4. Validation of the most toxic form of the Ap1-42oligomers
To validate the results of the icv injected 0AB1-42 experiments, namely that the oligomeric size has
to be in range 8-10 nm to have toxic effect, we made a study with 120 h aggregation time and 50

uM concentrated 0AB1-42. Aggregation was tested by AFM, average particle diameter was 8.5 nm.

6.1.4.1.  Spatial navigation in Morris water maze
Mean of time spent in first trials in the arena resulted that cAB1-42 in this concentration and

aggregation grade (50 uM, 120 h) disturb the spatial memory. There was a significant difference
between groups (F120=1.713, p=0.001), the HCBS injected animals spent significant less time with
findig the platform compared with the 0AB1-42 treated group (Fig. 20).
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Fig 20. Mean time spent in first trials (+£S.E.M.) in the arena. Statistical significance was determined by parametric analysis of
repeated measured of ANOVA. Asterisks shows the difference compared with the control group. Differences with a p-value of less
than 0.001 (***) were considered significant.

6.1.4.2.  Studying the change of dendritic spine density using Golgi-Cox impregnation

Counting dendritic spines resulted significant difference in spine density compaired the groups, the
120 h aggregated 50 uM concentrated 0Af1-42 injected group had significant less dendritic spines
compared with the control group (t=9.092, p=0.001, Fig. 21A). Representative photomicrographs
show the effect of the 120 h, 50 uM o0AP1-42 oligomers on spine number (21C,D).

spine density [n/100um]

HCBS AB1-42

Fig. 21. A: Apical dendritic spine density analysis revealed that the amyloid treatment induced significant reduction in spine density
compared with the control group. Statistical significance was determined by one-sample Student’s t-test. Differences with a p-value
of less than 0.001 (***) were considered significant. Representative examples of HC sections stained with Golgi-Cox staining to
show the presence the prevealing changes in spine density. B: 20x magnification of a CA1 subfield pyramidal neuron C: HCBS
treated group D: 120 h 50 uM 0AP1-42 treated group.
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6.2. Experiment with LA1011 drug candidate on APP/PS1 transgenic mice

6.2.1. Experiment with LA1011 treatment on APP/PS1 mice
The neuroprotective effect of the HSP coinducer LA1011 was studied in AP overproducing

APPxPSL1 tg mice both with behavioural and histological methods.

6.2.1.1.  Spatial navigation in Morris water maze
After 6 months daily ip treatment of mice with either LA1011 (3 mg/kg) or saline, the MWM test

was applied. The animals were placed into the water facing the sidewalls of the pool at different
starting positions across trials, and the swim time to find the platform (escape latency) was
followed with a tracking system. The animals learned to swim to the correct location with
decreasing escape latencies across days. Pairwise comparison of daily performances was made
using the log-rank test and included all mice. Compared to day one of testing, mice were more
likely to find the platform on day two (p=1.65e-5), day three (p=5.24e-6), day four (p=1.88e-11)
and day five (p=4.55e-12). The probability to reach the platform was determined using the Cox
Proportional Hazard model. Significant differences were found between wt+saline vs. wt+LA1011
(p=0.047), wt+saline vs. tg+saline (p=0.036) and tg+saline vs. tg+LA1011 (p=0.001) groups.
Importantly, mice in the tg+saline group required significantly more time to find the platform
compared to the wt+saline group; however, the 6 months daily ip LA1011 treatment tg mice
showed a significantly improved learning ability (tg+saline vs. tg+LA1011 p=0.001). Interestingly,
we found LA1011 improved the memory potency (precognitive) of mice as wt+LA1011 treated
mice required less time to complete the task compared with controls (wt+saline) (p=0.047).
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Figure 22. Effect of LA1011 treatment on Morris water maze performance. We compared the the treatment groups groups using log-
rank tests. The fitted survival curves using the Cox Proportional Hazard model represents the probability that animals find the
platform during a trial, capped at 90 s (n=8/group).
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6.2.1.2.  Histology
Brain sections (prepared as described in “Materials and Methods™) were stained with cresyl violet,

which stain Nissl substance in the cytoplasm of neurons in paraformaldehyde or formalin-fixed
tissue. Digital images were analyzed by HistoQuant program. The difference in the number of
neurons was significant between the groups (Fig. 23A; Fig. 24A-D). Significantly fewer neurons
were observed in the tg+saline group compared with the wt group (tg+saline vs. wt+saline group,
p=0.002). Cresyl-violet staining confirmed that LA1011 was neuroprotective in the transgenic AD
mouse model. Treating tg mice with LA1011 for 6 months significantly prevented the loss of
neurons in this group (tg+saline vs. tg+LA1011, p=0.041, 23A).

Tau-pathology studies used immunohistochemistry to detect tau in PHF, a major component of the
neurofibrillary tangles (NFTs) involved in the pathology of AD that are not present in normal
biopsies (Nagy 2011). Digital images were analyzed by HistoQuant program. There were
significant differences in the number of abnormally accumulated NFTs in the HC between the
groups (p=0.001, Fig. 23B; Fig. 24E-H). There were more NFTs in the HC slices of the tg+saline
group compared with the wt+saline group (p=0.001). Most importantly, the administration of HSP
co-inducer LA1011 decreased the number of NFTs in tg mice HC to the level found in the HC of
wt mice (p=0.001) (Fig. 23B).

Long-term memory is mediated in part by the growth of new dendritic spines (or the enlargement
of pre-existing spines) to reinforce a particular neural pathway. According to the literature,
APPxPS1 mice undergo spine loss already by the age of 4 months (Smith 2009). One of the best

neurohistological methods to observe detailed morphology of neurons is Golgi staining.
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Figure 23. Cresyl-violet staining, TAU-immunostaining, and Golgi-Cox staining of hippocampal slices of wt and tg animals after 6
months treatment. (A) Number of counted neurons/mm?; n=4, 2 slices/animal, (B) number of counted neurofibrillary tangles/mm?;
n=4, 4 slices/animal and (C) measured spine density/100 pm; n=3, 2 slices/animal. Each dot represents the counted raw data, while
horizontal bars indicate mean values. Statistical significance was determined by one-way ANOVA, followed by Fisher's LSD post
hoc test. Differences with a p-value of less than 0.05 (*), 0.01 (**) and 0.001 (***) were considered significant; n refers to the
number of animals.
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The Golgi-Cox protocol can be used to study the experimental effects of different pharmacological
manipulations on the spatial distribution of neurons, dendrite density, spine number and
morphology. After the Golgi-Cox staining of the HC CA1 area, digital images were used to count
dendritic spines. The tg+saline group had fewer dendritic spines compared with the wt+saline
group (p=0.045). The 6 month LA1011 treatment of transgenic animals resulted in a considerably
greater number of spines in the HC slices (tg+saline vs. tg+LA1011; p=0.001, Fig. 23C).

The treatment did not affect the spine number of wt animals. This could be explained by the
molecule’s “HSP co-modulating activity” namely it acts like “smart molecules” by selective
interactions with only those cells, which are under acute or chronic stress.

AP peptide initiates inflammation in the HC of the human brain in AD. AP is chemically "sticky"
and gradually builds up into plagues (Duyckaerts 2009), which can be identified by
immunohistochemistry using anti-Ap antibody. We observed amyloid plaque-like structures in tg
mice (Fig 241-L). The representative examples of sections show a notable amount of plaque
formation in the HC of transgenic saline treated animals compared to that of wt samples.
Administering LA1011 to tg mice decreased plaque formation (Fig. 24K, L). There were no signs

of amyloid plagues in sections from wt animals (Fig. 241, J).
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Fig. 24. Representative coronal examples of hippocampal sections showing the presence of neurons with cresyl-violet staining (A-
D), the presence of abnormal aggregated NFTs using TAU-antibody (E-H) and the presence of amyloid plaque-like structures (I-L).
A, E, I: wt+saline group B, F, J: wt+LA1011 group C, G, K: tg+saline group

D, H, L: tg+LA1011 group. Scale bars: 100um (A-H) and 25um (I-L).
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7. DISCUSSION

Alzheimer’s disease (AD) is a very complex and multifactorial disorder. By now a large part of the
pathomechanism of the disease is known, although the complete etiology of AD is not perfectly
understood. One of the well proven characters of AD is that (similar to other neurodegenerative
diseases) it is a protein misfolding disorder. Very probably the endoplasmic reticulum (ER)
dysfunction, mitochondrial stress and the unfolded protein response (UPR) play pivotal role in the
initiation of the disease (Pereira 2013, Hedskog 2013). These processes may start by the formation
and accumulation of toxic AP aggregates. 0Ap is toxic for the ER and the mitochondria and starts
the malfunction of synapses. These are the most probable pathomechanisms of AD. As a
consequence, transgenic animals overexpressing AP could serve as good models for studying AD.
Nontransgenic animal models (e.g. AP brain infusion models) are also available (Oikawa 2010),
although they have not yet been standardized. The most difficult problem of the standardization has
been the heterogeneity of the oAP1-42 samples possessing different peptide conformation,
aggregation size and solubility.

The main aim of the present work was a systematic study of the neurotoxic effects of icv
administered oAPB assemblies in rat brain. The present study explored the effects of different
samples of oligomeric AB1-42 aggregates on neuron viability, formation of NFTs, dendritic spine
density, influence on synaptic plasticity and the change of spatial behaviour in nontransgenic rats.
In addition our aim was to develop an icv administration protocol allowing an injection without
direct technical damage and microglial inflammatory response in the target area caused by
Hamilton syringe that we saw in our earlier study (Zhu 2016).

The role of amyloid plaques and oligomeric A in the pathomechanism of AD has been debated for
a long time. Depositions of extracellular AR and the surrounding oA are considered as trigger
signals for changing homeostatic to disease-associated microglia and to induce dendritic spine loss
and synaptic dysfunction in AD. AP assemblies are synaptotoxic and dendritic spine loss is
strongly correlated with cognitive impairment in AD. A has been shown to target synapses (Wei
2010, Lacor 2004). Experiments demonstrated that synapse dysfunction was triggered by Af
(Lacor 2007). Bilateral intrahippocampal (ihc) injections of fibrillar AP resulted in reduction of
neuronal density, increased the intensity of glial fibrillary acidic protein and caused behaviour
performance deficits (He 2011, Chacon 2004). Our former experiments also demonstrated that
synthetic fAP after ihc administration simultaneously decreased spatial learning ability in MWM
and reduced dendritic spine density in the rat hippocampus CAL region (Borbény 2014). As fAp is

a non-diffusible form and act only locally, in these experiments, very probably the diffusible



48

oligomeric AP assemblies (that surround fAp) affect the neurons and synapses (Sandberg 2010). It
is widely accepted that accumulation of soluble toxic AP at the synapse may be on the critical path
to neurodegeneration (Fonseca 2014). AP dependent disruption of neural cell adhesion molecules
in AD HC may contribute to synapse loss (Kopniczky 2006). The synaptic changes in AD is
recently reviewed (Avraamides 2008).

In the present work at first we studied the penetration of icv administered AMCA-labeled AB1-42
into the brain parenchyma (Fig. 8 and 9). These experiments demonstrated that AMCA labeled
fAB1-42 remains in the ventricles after injection, but AMCA-0AP1-42 penetrated across the
ependyma or entered the brain parenchyma by the glymphatic flow. In this experiment we studied
also the effect of two different 0AP1-42 aggregates using 25 uM concentration and two different
aggregation times, 24 and 168 h in HC slices. (The abbreviation of the samples: 24 h/25uM and
168 h/25 uM, respectively). The results of the first series of experiments demonstrated that the
aggregation time of oAP1-42 plays a crucial role in the formation of toxic assemblies. 168 h
aggregation time in 25 pM concentration resulted in the formation of toxic assemblies, while the 24
h samples gave less toxic aggregates (Fig. 10,12,13).

In the second series of experiments we systematically studied the influence of both the peptide
concentration and the aggregation time on the formation of neurotoxic aggregates.

AFM studies of the different 0AB1-42 samples demonstrated big differences in size of the samples
(Fig. 14, Table I11). The mean of the particle diameter was in the range of 6.5 and 21.5 nm. Besides
the obvious differences in size, an altered morphology of the aggregates could also be observed, as
protofibrils were formed together with the spherical oligomers in lower (25 and 75 pM)
concentrations after 168 h. We assume that size and different conformations resulting in altered
morphology together are responsible for the enhanced toxicity. These 0Ap1-42 assemblies were
used in behavioural (learning and memory), histological and electrophysiological studies.

Our first aim was to examine whether these 0ABs impair memory functions (especially the spatial
memory) in rats and find optimal conditions to form toxic oligomers. We measured the effect of icv
administered oAP samples in MWM, a hippocampal learning and memory test, in which the
animals have to learn the location of the hidden platform (Morris 1984). Because the medial
temporal lobe, including HC, appear to play a central role for establishment in long-term memory
(Lavenex 2000) we determined the mean of the first swimmings. The second trial every day was a
potentiation for the animals to learn the exercise easier. The results demonstrated that finding of the
hidden platform took longer time for the A treated animals. After latency times of 5 days, o AP1-
42-treated animals exhibited significant differences compared with the control group. This finding
is in accord with the hypothesis that icv injection of AB1-42 oligomers impair the spatial memory.
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The highest significance (greatest difference in latency time) compared with the control animals
was exhibited by the group C (24 h/200 uM), where the particle size was 10 nm and by the group
D (168 h/25 uM), where the particle size exceeds 8 nm. (Fig. 14 and 15).

Histological studies partly confirm the results of behavioural experiments. Although the 24 h
aggregates do not significantly decrease the number of viable neurons, there is a clear tendency for
neuronal loss (Fig. 16A). The 168 h samples cause significant decrease of viable neurons compared
to the control (Fig. 16B; significances: in the 168 h/25uM group: p=0.011; in 168 h/75 uM
p<0.001; in 168 h/200 uM p<0.001). Measurement of the abnormally accumulated NFTs in the HC
slices gave interesting results (Fig. 17A): with lower aggregation grade only the 24 h/200 uM
0AP1-42 (Group C) assembly caused significant NFT accumulation. 168 h aggregation time
resulted in the formation of toxic assemblies in 25 and 75 uM concentrations, but the 168 h/200
uM sample did not cause change in the NFT level (Fig. 17B). These results are in a good
correlation with the size and morphology of 0AP assemblies (Table III, Fig. 14). Representative
examples show the coronal HC sections, applied for neuron viability and NFT-accumulation
measurements (Fig. 18).

Electrophysiological studies also support the results of the behavioural experiments. Only the 24
h/200 uM oAB1-42 (Group C) sample caused a great reduction in LTP, although the samples with
lower aggregation concentrations also showed a clear tendency for decreasing LTP (Fig. 19A).
Finally, the concentration-dependence in the 168 h groups was similar to the 24 h groups: the 25
and 75 uM oApB1-42 samples caused robust and significant reduction, the LTP reduction is much
smaller in the 200 uM group (Fig. 19B). These results also correlate well with the size and viability
of the 0AP assemblies.

The connection between amyloid aggregation, cellular toxicity and the biochemistry of
neurodegeneration has been a challenged, the molecular details are more or less unknown.
Determining the biophysical properties and conformational variety of a single species of amyloid
peptides/proteins represents a high experimental challenge. The main problem is the heterogeneous
nature and the nanoscale dimensions of the amyloid assemblies. Circular dichroism and infrared
spectroscopy are bulk techniques and cannot characterize the inner properties of aggregates at the
single species level (Ruggeri 2016). Lack of suitable methods prevents the profound study of the
correlation between the biophysical properties and toxicity of individual amyloid species.

In our studies we found a simple correlation between the aggregate size and the morphology and
toxicity of 0AB1-42. On the one hand there was an optimal size of 0AB1-42 assemblies (between 8
to 10 nm height) that caused elevated toxicity (24 h/200 uM, 168 h/25 uM and 168 h/75 uM
aggregates). On the other hand, too small and too big aggregates (24 h/25 uM, 24 h/75 uM, 168
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h/200 uM) were less toxic or nontoxic (Figs 15-19). Although the peptide conformation within the
0AB1-42 samples has been unknown, we suppose that the toxic samples have not only similar
particle size, but also structural similarity. To be sure, we tried the conformation in 50 pM
concentration and 120 h aggregation grade, with 8.5 nm size to prove our findings. The test
oligomeric form was also neurotoxic and we found impairment in the spatial memory and loss in
dendritic spines (Fig. 20 and 21).

Our current study demonstrates that icv administration of oAf assemblies or AP protofibrils of
defined size and structure into rats decreases cell viability and dendritic spine density, increases
NFT formation, disturbs synaptic plasticity and impairs the learning and spatial behaviour of the
animals. Our results could improve the “icv-administered AB” rat model using well-characterized

AB1-42 oligomers.

During this work, our second aim was to find new drug candidates for treating AD possibly in early
stage. Molecular chaperones and the ubiquitin-proteasome system represent the most important
defensive mechanisms against misfolded proteins in AD (Sulistio 2015). Each protein aggregation
disease can be characterized by a different set of HSPs that can rescue specific types of aggregation
(Kakkar 2014). Some of these HSPs have demonstrated effectiveness in vivo, in mouse models of
protein-aggregation diseases. HSP70 and HSP90 promote tau solubility and tau binding to
microtubules, reduce insoluble tau, and reduce tau hyperphosphorylation in a transgenic mouse
model of AD (Dou 2003).

We accepted the ER stress-UPR hypothesis and tried to find novel compounds that save the ER by
inducing heat shock proteins and supporting the protein folding native structures. Our
collaborators, F. Fiilop and co-workers prepared a series of 1.4-dihydropyridine derivatives. We
chosed the compound LA1011 as chaperon protein coinducer and a putative neuroprotective agent

for in vivo experiments, and detect besides a neuroprotective effect a slight procognitive action.

It is known that unregulated HSP induction might cause the excessive overexpression of HSPs
leading to instability of the stress response and unwanted side effects (Lamech 2015). However, in
our experiments, LA1011 increases HSP expression only under stressed conditions, and thus the
therapeutic use of DHPs in this study is novel and perhaps optimal strategy for the treatment of AD
and other neurodegenerative diseases. The compound LA1011 proved to be a very interesting
neuroprotective agent that will be used in further drug development studies. by the small
Hungarian firm LipidArt.
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8. SUMMARY

New scientific results of our studies summarized in the thesis:

1. We demonstrated that fluorescently labelled oligomeric form of 0AB1-42 penetrates into the
brain parenchyma after icv administration.

2. We optimized the aggregation time and concentration for preparation of toxic 0Ap1-42. The
experiments demonstrated that the medium size (8-10 nm) aggregates contain the most toxic
forms of 0Ap1-42.

3. A novel rat model was introduced using icv administration of the freshly prepared 0Ap1-42
aggregates as neurotoxic agents. The suitability of the model was demonstrated by behaviour
experiments (MWM), histology studies: cell viability, Tau immunostaining and counting
dendritic spine density, and LTP measurements.

4. It was demonstrated that the HSP coinducer LA1011, a 1.4-dihidropyridine derivate showed
neuroprotective effect on an AD tg mouse model (APPxPS1 mice). LA1011 also showed a

slight procognitive action in mice.
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Abstract: During the past 15 years, several genetically altered mouse models of human Alzheimer’s
disease (AD) have been developed. These costly models have greatly facilitated the evaluation of
novel therapeutic approaches. Injecting synthetic 3-amyloid (A[3) 1-42 species into different parts
of the brain of non-transgenic rodents frequently provided unreliable results, owing to a lack of a
genuine characterization of the administered Ap aggregates. Previously, we have published a new
rat AD-model in which protofibrillar-fibrillar A31-42 was administered into rat entorhinal cortex
(Sipos 2007). In order to develop a more reliable model, we have injected well-characterized toxic
soluble APB1-42 species (oligomers, protofibrils and fibrils) intracerebroventricularly (icv) into rat
brain. Studies of the distribution of fluorescent-labeled Af1-42 in the brain showed that soluble
AB-species diffused into all parts of the rat brain. After seven days, the AB-treated animals showed a
significant decrease of spatial memory in Morris water maze test and impairment of synaptic plasticity
(LTP) measured in acute hippocampal slices. The results of histological studies (decreased number of
viable neurons, increased tau levels and decreased number of dendritic spines) also supported that
icv administration of well-characterized toxic soluble A species into rat brain provides a reliable
rat AD-model.

Keywords: amyloid beta; AD rat model; icv administration; hippocampus; spatial memory; Morris
water maze; long-term potentiation; Golgi staining

1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia. AD is a neurodegenerative
disease that begins with synaptic dysfunction, which results in the loss of dendritic spines and
post-synaptic density, finally leading to the failure of neuronal networks [1]. The initial abnormal
neuronal activity progressively triggers neuronal cell death [2] as a consequence of the disruption of
many intracellular processes (e.g., protein folding and degradation, mitochondrial function, etc.) [3].
B-amyloid (AB) may play a crucial role in the initiation of AD.

AD demonstrates phenotypic (clinical, imaging and pathological) heterogeneity [4]. Plenty of
hypotheses try to explain the etiopathology of the disease. Based on the time of onset, AD is classified
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into two types [5]. Early-onset AD (EOAD) typically develops before the age of 65 years. The other
form, late-onset AD (LOAD), develops in patients older than 65 years. The production and clearance
of AP is regulated by a large group of genes. The genetic background of AD is widely reviewed [6-9].
For references, see also http://www.molgen.ua.ac.be/admutations/.

From the different AD theories, only the A hypothesis has survived the conflicting results of AD
research. The original hypothesis states that accumulation of A in the brain is the primary event that
drives AD pathogenesis [10,11]. The A protein (a heterogeneous mixture of peptides of 39-43 AA)
is derived from the proteolytic cleavage of amyloid precursor protein (APP) by 8- and y-secretases.
AP accumulates in the brain mainly as extracellular plaques, but accumulation of intracellular Af also
occurs in the early stage of AD [12,13].

According to Walsh, soluble oligomers and protofibrils initiate AD pathomechanism [14].
Other results emphasize the important role of Af oligomers, protofibrils and fibrils in AB toxicity [15].
Recently, the formation of soluble toxic oligomers is considered to be a key event in AD pathogenesis.
Increasing evidence indicates that the low-molecular weight oligomeric pre-fibrillar aggregates are
the most highly cytotoxic species [16]. The precise molecular mechanisms of AD are still not fully
understood despite 30 years of very intensive research. It is clear that LOAD is a multifactoral disease
with a complex genetic background.

The familial type EOAD has simple genetics: one of the three main AD proteins (the amyloid
precursor protein (APP), presenilin-1 and -2 (PSEN1 and PSEN2)) have mutations. Protein dyshomeostasis
and amyloid formation are central events of both forms of AD, neuroinflammation and vascular
dysfunction may play crucial roles in the onset of LOAD.

There is no “natural” animal model of the disease due to a poor understanding of AD and
the complexity of the human brain [17]. Pharmacological and genetic AD- models and different
animal species (primates, dogs, rodents, etc.) have been used in AD experiments during the 25 last
years [18,19]. Genetically modified (transgenic, knock-in and knock-out) animal AD models provide a
powerful approach to understand AD pathogenesis and study the disease [20]. These models allow
investigation of the early stages of the disorder. There are several Caenorhabditis elegans [21,22] and
Drosophila melanogaster [23,24] models of AD [20], which are widely used in screening experiments.
A great variety of first- and second-generation transgenic mouse models of AD have been developed
during the last 20 years for studying the pathophysiological processes of the disease, as reviewed
in [25-31]. The transgenic mouse and knockout models analyze certain aspects of AD pathology,
allowing exploration of unknown territories and revealing new pathogenic possibilities [32].
Summaries of the most prominent mouse models of AD have been published very recently [31,33,34].
Transgenic rat models were also introduced [35,36], possessing the key histopathological features of
human AD (amyloid plaques, neurofibrillary tangles) without widespread cell loss. However, they
have had limited success in translation of these findings into the clinics. The most obvious divergence of
transgenic animal models from human AD is the artificial nature of transgenic technology. Rodents do
not develop AD. The normal in vivo concentration of A might be in picomolar range, contrary to
that in human AD brains that has nanomolar A levels. In addition, rodent A differs from human
AP by 3 AA substitutions (R5G, Y10F and H13R) and these changes also might prevent amyloid
aggregation. As a consequence, the introduction of at least one of the main human AD genes (APP,
PS1, PS2 and ApoE) is mandatory to model the pathology in rodents [33]. The ideal transgenic model
should mimic multiple aspects of the disease including its etiology and a time-dependent progression
of the pathology, which involves similar structures and cells, alike in human pathology.

Other less expensive, pharmacological animal models have also been introduced during the
last 20 years. AD is considered to be a synaptic failure [37] and Ap oligomers induce synaptic
dysfunction [38,39], thus AP peptides have been used in model experiments. Synthetic A3-oligomers
impaired long-term memory after icv injection into mice [40-44]. (A peptides after icv injections reach
brain cells by CSF (cerebrospinal fluid) influx via the perivascular and glymphatic pathways [45]).
Rats offer numerous advantages over mice for developing AD models. Rats are closer to humans than
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mice [46]. Larger body and brain size facilitates in vivo electrophysiology, neurosurgical procedures
and neuroimaging. The resurgence of interest in the rat as the animal model of AD led to the use
of different types of rat models [19]. AB peptides were also administered intrahippocampally into
rat brains [47-50]. Intracerebroventricular injection of AB1-42 to rats and mice were used to model
AD [51,52]. Intranasal delivery or microinjecting AP oligomers into the entorhinal cortex was also
applied in rats [53,54]. Two recent articles have compared the different pharmacological and genetic
models of AD used in drug discovery [55,56].

The crucial problem of the application of AB in rat models is the heterogeneity of the peptide
samples [57]. AP exists in vitro and in vivo as a continuum of different oligomeric states, none of
which are particularly stable. All forms of AB-derived oligomers are potentially neurotoxic. During the
fibril formation, several coexisting species are formed, giving rise to a highly heterogeneous mixture.
The most difficult problem of the use of A1-42 microinjections is the structural heterogeneity of
oligomeric samples. This heterogeneity may cause severe problems in the evaluation of the results of
Ap-injection animal models and reproduction of in vivo experiments.

In our laboratory, we have tried to work out a novel, robust AD rat model, using icv administration
of oligomeric AB1-42. The aim of the present study was to develop a reliable and cheap method by
administering well-characterized A peptides into the brain of wild-type rats. Atomic force microscopy
was used for the characterization of A oligomers. We have used histochemical methods to track the
distribution of fluorescently labeled A and characterize various neurodegenerative markers (number
of viable neurons and dendritic spines, levels of tau). We also show that oligomeric Ap-treated rats
exhibit impaired synaptic plasticity (decreased LTP level) and cognitive disturbances (memory and
learning behavior changes).

2. Results

2.1. Pilot Experiment with Icv Administration of AMCA-Labeled AB1-42 Oligomers

Before the icv administration experiments, we wanted to see whether A1-42 oligomers could
penetrate across the cerebroventricular wall. We have shown that the diffusion of the fibrilar form
of AB1-42 is stopped by the ventricular wall, thus, an icv injection would be useless (Figure 1).
Therefore our first aim was to demonstrate that oligomeric form of AB1-42 can reach the hippocampal
(HC) region after icv injection. Using an unilateral injection of AMCA-labeled oligomeric A31-42
(0AB1-42) into the right lateral ventricle, we have found that the AB1-42 oligomers appear in the brain
parenchyma: we could detect a few of fluorescent signs in the HC area as early as 5 min after injection
(Figure 2A,B). The number of signs, namely of AB1-42 oligomers, was evidently higher around the HC
area 60 min after the injection (Figure 2C), proving that the AMCA-labeled A(1-42 penetrates across
the ependyma, or penetrates into the brain by the glymphatic flow [58].

Figure 1. In this figure, icv administered fibrillar AB1-42 does not penetrate the ependyma and remains
in the ventricles. Two representative examples of brain sections (A,B) after icv injected AMCA-labelled
A1-42 fibrils show the presence of the peptide in the ventricles at 1h after injection. Animals were
injected bilaterally with 10-10 pL solution of AMCA fAp1-42, and the surgical procedure was the same
as described in Materials and Methods.
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Figure 2. Oligomeric AB1-42 enters the brain parenchyma. Representative examples of brain sections
after icv injected AMCA-labelled Ap1-42 oligomers. (A): diffusion from the vehicle (5 min after
injection) (B): signal in hippocampus (5 min after injection); (C): signals in brain parenchyma (60 min
after injection). Animals were injected unilaterally with 7.5 uL solution, the surgical procedure was the
same as described in Materials and Methods.

2.2. Studies on the Neurotoxic Effect of Two Different, Icv Administered AB1-42 Aggregates into Rat Brains

We demonstrated that AB1-42 oligomers can reach the HC area after icv administration. The effect
of different AB1-42 oligomers (24 h and 168 h aggregation time in 25 pM peptide concentration)
was then studied. We analyzed the neuron viability with cresyl violet staining, tau level with
tau-immunochemistry and the change of dendritic spine number was also measured. Our aim was to
study if the AB1-42 oligomers show neurotoxic effects in the HC.

In the experiment, three groups of rats were used: the 24 h and 168 h aggregated A31-42 treated
groups in the same concentration (25 uM) as well as HCBS-treated control. Abbreviation used for
0AB-assemblies were: 24 h/25 uM and 168 h/25 pM.

2.2.1. Histology

After icv administration of 0Ap1-42 rats, significant differences exist between groups in the
number of neurons. Significantly more viable neurons were counted in the HCBS treated group than in
the 168 h/25 uM group (p = 0.001, n = 4 for each group, two slices/animal, Figure 3). (The 24 h/25 uM
assembly did not cause a significant decrease.). Tau-immunochemistry showed neurotoxic effect in
the APB1-42 treated groups, significantly more abnormally accumulated TNFs could be detected in
both AB1-42 treated groups (24 h/25 uM and 168 h/25 uM) compared with the vehicle (HCBS) group
(HCBS vs. 24 h/25 uM p = 0.042; HCBS vs. 168 h/25 uM 0AB1-42 p = 0.007, n = 4 for each group, four
slices/animal, Figure 4).
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Figure 3. Cresyl violet staining of hippocampal slices after HCBS, 24 h aggregated and 168 h aggregated
AP1-42 treatment (24 h/25 pM and 168 h/25 uM). Each dot represents the counted raw data, while
horizontal bars indicate mean values. Significant difference in staining density were observed when
compared HCBS vs. 168 h aggregated AB1-42 group (p = 0.001, n =4, 2 slices/animal; n refers to the
number of animals per group). Statistical significance was determined by one-way ANOVA, followed
by Hochberg’s GT2 post hoc test. * Differences with a p-value < 0.05 were considered significant.
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Figure 4. Tau-immunostaining of hippocampal slices after HCBS, 24 h aggregated and 168 h aggregated
AP1-42 treatment (24 h/25 uM and 168 h/25 uM). Each dot represents the counted raw data, while
horizontal bars indicate mean values. Significant difference in the number of tau-immunopositive
cells were observed between HCBS vs. 24 h AB1-42 treated group and HCBS vs. 168 h AB1-42 treated
group, (p = 0.042 and p = 0.007 respectively. n = 4, 4 slices/animal; 1 refers to the number of animals
per group). Statistical significance was determined by one-way ANOVA, followed by Hochberg’s GT2
post hoc test. * Differences with a p-value < 0.05 were considered significant.

Representative examples of coronal HC sections (Figure 5) show the staining of neurons after
25 uM A[31-42 administration (A: control group, B: 24 h aggregation, C: 168 h aggregation assembly),
and the abnormal aggregated NFTs (D: control group, E: 24 h aggregation, F: 168 h aggregation sample).
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Figure 5. Representative coronal examples of hippocampcal sections stained with cresyl-violet
(first row) to show the presence of neuron number (first row) and with tau-antibody to show the
presence of abnormally aggregated NFTs (second row). (A,D): control group; (B,E): 24 h aggregated
25 uM amyloid treated group; (C,F): 168 h aggregated 25 uM amyloid treated group. Scale bar: 200 pm.

2.2.2. Studying the Change of Dendritic Spine Density Using Golgi-Cox Impregnation

The same three groups of animals (24 h/25 uM; 168 h/25 uM oA 1-42 and HCBS-treated control)
were used as in the former experiments. We found significant differences in spine density comparing
the 168 h aggregated AB1-42 treated to the control group. The 168 h/25 uM 0AB1-42 injected group
had significantly less dendritic spines than the HCBS-treated control group (p = 0.048, Figure 6).
There was no significant difference in the 24 h aggregated AB1-42 group compared with the controls.
Representative photomicrographs demonstrated the difference between groups (Figure 6C-E, n =2,
2-2 slices/group and 3-3 neurons per slice).
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Figure 6. Representative examples of hippocampcal sections stained with Golgi-Cox method to show
the presence of the prevailing changes in spine density after treatment with 24 h or 168 h aggregated
AP1-42 (24 h/25 uM and 168 h/25 uM). (A): apical dendritic spine density. Each dot represents the
counted raw data, while horizontal bars indicate mean values. Significant difference in spine densities
was observed between HCBS and 168 h aggregated 0A1-42 treated groups (p = 0.048, n = 2, 2-2 slices
per group and 3-3 neurons per slice; 1 refers to the number of animals per group). Statistical significance
was determined by one-way ANOVA, followed by a Games Howell post hoc test. * Differences with a
p-value < 0.05 were considered significant; (B): 20 x magnification of a CA1 subfield pyramidal neuron;
(C): control (HCBS) group; (D): 24 h aggregated 25 uM A31-42 treated group; (E): 168 h aggregated
25 uM AB1-42 treated group. Scale bar: 10 um.
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2.2.3. Electrophysiological Studies

Ex vivo electrophysiological recordings with multi-electrode array (MEA) were performed in acute
hippocampal slices in artificial cerebrospinal fluid (ACSF). After establishing a stable baseline, LTP was
elicited by applying a theta-burst stimulation (TBS) protocol and followed for an hour. The average
of the peak-to-peak amplitudes of fEPSPs before the LTP induction was taken as 100% (Figure 7).
The slices obtained from HCBS-injected animals showed robust potentiation after TBS (230 =4 24%;
n =5 slices). The two groups of icv injected animals treated with 24 h/25 uM and 168 h/25 uM
0AB1-42 aggregates showed impairment of LTP. The 24 h AB1-42 assemblies caused only a minor
impairment (184 =+ 7%; n = 6 slices), while the 168 h amyloid aggregates sled to a major disruption of
potentiation (145 & 11%; n = 6 slices, Figure 7).
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Figure 7. Shows the amplitude of fEPSPs normalized to pre-LTP control. The fEPSPs were recorded
from the proximal stratum radiatum of CA1. The LTP of the 168 h 0A[31-42 treated animals showed
robust impairment compared to HCBS treated ones, while the decrease was smaller in the group of
24 h 0AB1-42 injected rats. The histogram shows the level of LTP between 55 and 60 min post-TBS for
each group. Error bars represent mean + SEM. * p < 0.05 and *** p < 0.001.

2.3. Systematic Studies for Finding the Most Toxic form of the AB1-42 Oligomers

The influence of both the peptide concentration and the aggregation time on the toxicity of
0AP1-42 assemblies were studied in these experiments. Altogether, the effect of six different A31-42
assemblies were studied in the biological experiments (see Table 1).
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Table 1. Variation of aggregation time and concentration for systematic studies of the effect on toxic
AB1-42 aggregates used in biological experiments.

Groups of AB-Treated Animals  Aggregation Time (Hour)  Concentration (uM) of AB during Aggregation

A (n=11),24h/25 uM 24 25
B (n=11),24h/75 uM 24 75
C (n=11),24 h/200 uM 24 200
D (n=12), 168 h/25 uM 168 25
E (n=12),168 h/75 uM 168 75
F (n = 12), 168 h/200 uM 168 200

The control groups (1 = 11 and n = 12, respectively) got icv HCBS solution.

2.3.1. AFM Studies of the Effect of the Concentration and the Aggregation Time on the Size of
AB1-42 Oligomers

As the morphological characterization of a mixed oligomer preparation of Af1-42 is crucial
for the better understanding of the biological effects exerted by the different types of oligomers, we
conducted in vitro aggregation studies, in which different concentrations of AB1-42 were incubated
in physiologic buffers for an elongated period of time. Morphology and size of the aggregates were
studied by atomic force microscopy (AFM) in tapping mode. The representative images showed
that, under the applied conditions, mainly spherical oligomers were formed after 24 h, the size
of which did not depend considerably from the peptide concentration (Figure 8A-C) as average
heights of the aggregates after 24 h of aggregation were as follows: (A) 6.5 nm in a 25 uM solution;
(B) 6.5 nm in 75 uM; (C) 10.3 nm in 200 uM. After 168 h, besides the spherical oligomers, protofibrillar
aggregates appeared at smaller concentrations (25 uM and 75 uM), while, in the extremely high 200 uM
concentration, we could experience the massive formation of large round aggregates, presumably due
to the strong steric hindrance between the monomers in the overcrowded aggregation environment.
The detected average heights were (D) 8.2 nm in 25 uM, (E) 8.0 nm in 75 uM, and (F) 21.5 nm in 200 uM,
respectively. Biological effectiveness of these different aggregates was further studied in consecutive
biological experiments.
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Figure 8. Morphology of AB1-42 oligomers observed on a mica surface in AFM experiments. Average
heights of the aggregates after 24 h of aggregation were as follows: (A) 6.5 nm in a 25 uM solution;
(B) 5.4 nm in 75 uM; (C) 10.3 nm in 200 uM. After 168 h, the following average heights were detected
(D) 8.2 nm: in 25 uM; (E) 8.0 nm in 75 uM; (F) 21.5 nm in 200 M. An elongated incubation resulted in the
formation of protofibrillar aggregates besides the spherical ones, as it could be observed in images (D,E).
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2.3.2. Spatial Navigation in Morris Water Maze

The Morris water maze (MWM) task was used to assess spatial learning and memory. MWM is
one of the most commonly used experimental models for rodents to measure spatial learning and
memory [59-64]. The total time spent in arena from first trials (time spent with searching the platform)
was the most informative data. The results are represented in Figures 9 and 10.
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Figure 9. Effect of different aggregation concentrations (25, 75 and 200 uM) of synthetic AB1-42
(24 h aggregation time) on Morris water maze performance. The fitted survival curves using the Cox
Proportional Hazard model represents the probability that animals find the platform during a trial,
capped at 90 s. We compared HCBS vs. 25 uM 0Ap1-42 (p = 0.219), HCBS vs. 75 uM 0A31-42 (p = 0.003),
and HCBS vs. 200 uM 0A1-42 (p = 0.001) treatment groups using log-rank tests (1 = 12/group, except
the HCBS group, where n = 23).
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Figure 10. Effect of different aggregation concentrations (25, 75 and 200 uM) of synthetic AB31-42
(168 h time) on Morris water maze performance. The fitted survival curves using the Cox Proportional
Hazard model represents the probability that animals find the platform during a trial, capped at 90 s.
We compared HCBS versus 25 uM 0A1-42 (p = 0.001), HCBS vs. 75 uM 0Ap1-42 (p = 0.053), and
HCBS versus 200 uM 0A1-42 (p = 0.534) treatment groups using log-rank tests (1 = 12/group, except
HCBS group, where n = 23).
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Compared to day one of testing, in the lower aggregation grade (24 h aggregation), the 75 uM
AP1-42 treated Group B (p = 0.003) and 200 uM A(1-42 treated Group C (p = 0.001) rats were more likely
to find the platform on day four (p < 0.001) and five (p < 0.001) than the HCBS treated group; however,
the change was not significant on day two (p = 0.959) and three (p = 0.06). The probability to reach the
platform was determined using the Cox Proportional Hazard model (Figure 9).

Compared to day one of testing, the rats in the 168 h/25 uM 0A1-42 treated Group D (p = 0.001)
found the platform more likely on day two (p = 0.002), three (p < 0.001), four (p < 0.001) and five
(p < 0.001). The probability to reach the platform was determined using the Cox Proportional Hazard
model (Figure 10).

2.3.3. Histology

Histochemical studies in the hippocampal region confirmed our behavioral results. Although no
significant difference was found between the treatment groups in the number of viable neurons
after administration of 24 h aggregated 0AB1-42 oligomers, there was a tendency that suggested
that the increasing aggregation concentration of AB1-42 samples resulted in decreasing number
of viable neurons in the examined area (n = 4; 2 slices/animal, Figure 11). Significant difference
appeared between the 168 h aggregation time groups: significant loss of viable neurons was found
in the hippocampal area between all 0A31-42 treated groups (D-F) compared to the control HCBS
group (HCBS vs. 25 uM p = 0.011; HCBS vs. 75 uM p < 0.001; HCBS vs. 200 uM p < 0.001; n = 4,
2 slices/animals, Figure 12).
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Figure 11. Cresyl violet staining (of hippocampal slices after treatment with different aggregation
concentrations (25, 75 and 200 uM) of AB1-42 at a 24 h aggregation time. Each dot represents the
counted raw data, while horizontal bars indicate median values. No significant difference in staining
density, only a clear tendency of decrease was observed among the treatment groups compared
to the HCBS group at the 0.05 significance level, n = 4, 2 slices/animal; n refers to the number of
animals per group. Statistical significance was determined by the nonparametric independent-samples
Kruskal-Wallis test.
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Figure 12. Cresyl violet staining of hippocampal slices after treatment with 168 h aggregated
0A[ assemblies using increasing aggregation concentrations (25, 75 and 200 uM) of synthetic
Ap1-42. Each dot represents the counted raw data, while horizontal bars indicate median values.
Significant differences in the staining density were observed between HCBS and the 25 uM Ap1-42
treated group (p = 0.011), HCBS and the 75 uM A1-42 treated group (p < 0.001), as well as between
HCBS and the 200 uM A31-42 treated group (p < 0.001), n = 4, 2 slices/animal; 1 refers to the number
of animals per group. Statistical significance was determined by a nonparametric independent-samples
Kruskal-Wallis test. * Differences with a p-value < 0.05 were considered significant.

Monitoring the presence of abnormally accumulated TNFs and comparing to the control group,
significantly higher number of tau-immunopositive cells were observed in the 24 h/200 uM treated
Group C (p = 0.015, n = 4, 4 slices/animal, Figure 13), the 168 h/25 uM treated Group D (p < 0.001,
Figure 14) and the 168 h/75 uM Group E, (p < 0.001, n = 4, 4 slices/animal, Figure 14) treated groups.
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Figure 13. Tau-immunostaining of hippocampal slices after treatment with 24 h aggregated oA
assemblies using increasing aggregation concentrations (25, 75 and 200 uM) of A1-42 treatment.
Each dot represents the counted raw data, while horizontal bars indicate mean values. Significant
difference in the number of tau-immunopositive cells were observed only between the HCBS and the
200 uM AB1-42 treated group (p = 0.015, n = 4, 4 slices/animal; n refers to the number of animals per
group) Statistical significance was determined by one-way ANOVA, followed by Hochberg’s GT2 post
hoc test. * Differences with a p-value < 0.05 were considered significant.
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Figure 14. Tau-immunostaining of hippocampal slices after treatment of 168 h aggregated A3 assemblies
using increasing aggregation concentrations (25, 75 and 200 uM) of synthetic AB1-42. Each dot
represents the counted raw data, while horizontal bars indicate mean values. Increasing number of tau
immunopositive cells were observed comparing the HCBS and the 25 uM 0A31-42 treated (p < 0.001),
as well as the HCBS and the 75 uM 0AB1-42 treated groups (p < 0.001). There is no significant difference
between HCBS and 200 uM oA [31-42 treated groups (p = 0.284), n = 4, 4 slices/animal; n refers to the
number of animals per group. Statistical significance was determined by one-way ANOVA, followed by
a Games—-Howell post hoc test. * Differences with a p-value < 0.05 were considered significant.

Representative examples of coronal HC sections show neurons after 25, 75 and 200 ptM oA [31-42
administration with 24 h aggregation time (Figure 15A-D) using cresyl violet staining. The abnormal
aggregated NFTs are demonstrated in Figure 15E-H).
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Figure 15. Representative examples of hippocampcal sections in 24 h aggregation groups, using
cresyl-violet staining, show the change of viable neuron number (A-D). Inmunochemistry with
tau-antibody shows the presence of abnormally aggregated NFTs (E-H). (A,E): control group;
(B,F): 25 uM concentration; (C-G): 75 uM concentration; (D-H): 200 uM concentration.

Representative examples of coronal HC sections show the presence of neurons after 25, 75 and
200 uM 0AB1-42 administration with 168 h aggregation time (A-D), using cresyl violet staining.
The abnormally aggregated NFTs are shown in Figure 16.
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Figure 16. Representative examples of hippocampcal sections in 168 h aggregation time groups
using cresyl-violet staining to show the decrease of viable neuron number (A-D). Immunochemistry
with tau-antibodies shows the increase of abnormally aggregated NFTs (E-H). (A,E): control group;
(B,F): 25 uM concentration; (C-G): 75 uM concentration; (D-H): 200 M concentration.

2.3.4. Ex Vivo Electrophysiological Recordings with Multi-Electrode Array (MEA)

The electrophysiological studies in the hippocampal region confirm our behavioral and
immunohistochemical results. Slices were prepared from rats that had received icv administration of
24 h/25 uM (Group A) and 24 h/75 uM oA p1-42 (Group B). Both 0AB1-42 samples caused reduced
potentiation after LTP induction (168 =+ 8% and 185 4= 10%, n = 6 and 10, respectively) compared to the
HCBS treated group (233 + 26%, n = 5, Figure 17). The 24 h/200 uM oA peptide (Group C) caused the
greatest reduction of LTP level (136 + 3%, n = 8, Figure 17).
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Figure 17. LTP impairment depends on the aggregation concentration. The effect of 24 h/75 uM,
24 h/25 uM and 24 h/200 uM oA samples on LTP in HC slices. The histogram shows the level of
fEPSP potentiation between 55 and 60 min post-TBS. Error bars represent mean + SEM. * p < 0.05 and
**p < 0.001.

The effect of the 168 h aggregates also showed concentration dependence (Figure 18). Similarly to
the 24 h aggregation experiments, the effects of 25 uM (Group D) and 75 uM (Group E) peptide
assemblies did not differ from each other, as they similarly reduced LTP level (145 + 11%; n = 6 and
145 =+ 4%; n = 12, respectively). In contrast, the 168 h/200 uM (Group F) oA} aggregates caused much
smaller reduction of LTP (182 = 9%; n = 5 compared to HCBS group 232.5 =+ 26%; n = 5).
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Figure 18. LTP impairment depends on the aggregation concentration of AB1-42. The effect of
168/25 uM, 168 h /75 uM and 168/200 uM 0AB1-42 samples in acute HC slices. The histogram shows
the level of fEPSP potentiation between 55 and 60 min post-TBS. Error bars represent + SEM. * p < 0.05
and ** p < 0.001.

3. Discussion

The main aim of the present work was a systematic study of the neurotoxic effects of icv
administered oA} assemblies in rat brain. Our principal aims were:

(1) Preparation of toxic AB1-42 oligomers from a precursor peptide (iso-A$1-42) and standardization
of the method of the synthesis and characterization of 0A1-42 assemblies.

(2) Measurement of the effect of different 0AB1-42 samples on neuron viability, NFT-formation,
dendritic spine density, synaptic plasticity and spatial behavior in nontransgenic rats.

(3) Development of a novel rat model of AD using icv administration of well-characterized
0APB1-42 samples.
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The role of amyloid plaques and oligomeric Af3 in AD etiopathology has been debated for a long
time. Depositions of extracellular AP and the surrounding oA are considered as trigger signals to
induce dendritic spine loss and synaptic dysfunction in AD. A3 assemblies are synaptotoxic, and
dendritic spine loss is strongly correlated with cognitive impairment in AD. A3 has been shown to
target synapses [65,66]. Experiments demonstrated that synapse dysfunction was triggered by A3
oligomers [67]. Bilateral intrahippocampal (ihc) injections of fibrillar A reduced neuronal density,
increased the intensity of glial fibrillary acidic protein and caused behavior performance deficits [49,68].
Our former experiments also demonstrated that synthetic fAp after ihc administration simultaneously
decreased spatial learning ability in MWsM and reduced dendritic spine density in the rat hippocampus
CA1 region [69]. As fAp is a non-diffusible form and act only locally, the diffusible oligomeric A
assemblies (that surround fAf3) very probably affect the neurons and synapses in these experiments [70].
It is widely accepted that accumulation of soluble toxic AP at the synapse may be on the critical
path to neurodegeneration [71]. AB-dependent disruption of neural cell adhesion molecules in AD
hippocampus may contribute to synapse loss [72,73].

In our former studies, we found that the aggregation grade of the oligomeric A1-42 samples
plays a crucial role in the toxicity [53,54]. We demonstrated that the aggregation grade can be
standardized using controlled in situ preparation of AB1-42 oligomers from the Ap-precursor
isopeptide (iso-AB1-42), and 0AB1-42 assemblies can be physicochemically characterized [74].
This method was used in the present work for preparation of different 0AB1-42 assemblies in two
series of experiments. Different aggregation times (24 h and 168 h) and peptide concentrations (25 uM,
75 uM, 200 pM) were used, and the AFM method was applied for characterization of oA assemblies.

In the first experiment, one peptide concentration (25 uM) and two different aggregation times
(24 h and 168 h), in the second experiment three peptide concentrations (25 uM, 75 uM and 200 pM)
and two different aggregation times (24 h and 168 h) were used. (The samples of the 0A31-42 were
signed as 24 h/25 uM, 168 h/25 uM, 24 h/75 uM, 168 h/75 uM, 24 h/200 uM, 168 h/200 uM.).
The morphology of some of the 0A1-42 assemblies is shown in Figure 8.

A pilot study (Figures 1 and 2) demonstrated that AMCA-labeled fibrillary AB1-42 remained in
the ventricles after injection, but AMCA-0A31-42 penetrated across the ependyma or entered the brain
parenchyma by the glymphatic flow.

The results of the first experiments are shown in Figures 3-7. There was a considerable difference
between the effects of the two 0A1-42 samples: the 168 h/25 uM sample showed significant change
in neuronal viability (p = 0.001, Figure 3), increase in NFI-level (p = 0.007, Figures 4 and 5), decrease
of dendritic spine density (Figure 6, p = 0.048) and robust impairment of LTP (Figure 7, p < 0.001).
The effects of 24 h/25 uM sample were not significant in the viability test (Figures 3 and 5B), as well as
in dendritic spine density measurement (Figure 6A). These results demonstrated that the aggregation
time of APB1-42 plays a crucial role in the formation of toxic assemblies. In addition, 168 h aggregation
time in 25 uM concentration resulted in the formation of toxic assemblies, while the 24 h samples gave
less toxic aggregates.

In the second series of experiments, the effect of six different 0A31-42 samples were systematically
studied. AFM studies of these 0AB1-42 samples demonstrated big differences in the size of the
assemblies (Figure 8). The mean of the particle diameter was in the range of 6.5 and 21.5 nm. Besides the
obvious differences in size, an altered morphology of the aggregates could also be observed, as
protofibrils were formed together with the spherical oligomers in lower (25 and 75 uM) concentrations
after 168 h. These 0A1-42 assemblies were used in behavioral (learning and memory), histological
and electrophysiological studies.

In this series of experiments, we examined whether these A oligomers impair memory functions
in rats, especially the spatial memory. We measured the effect of icv administered oA samples in
MWM, a hippocampal learning and memory test, in which the animals have to learn the location of the
hidden platform [60]. As HC appears to play a central role for establishment in long-term memory [75],
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we determined the mean of the first swimming session. The second trial every day was a potentiation
for the animals to learn the exercise easier.

Finding of the hidden platform took a longer time for the Ap-treated animals. After latency times
of five days, AB1-42-treated animals exhibited significant differences compared to the control group.
This finding is in accordance with the hypothesis that icv injection of iso-A 31-42 derived oligomers impair
the spatial memory. The highest significance (greatest difference in latency times) compared with the
control animals was exhibited by the group C (24 h/200 pM), where the particle size was 10 nm (Figures 8
and 9), the group D (25 uM and 168 h), where the particle size exceeds 8 nm (Figures 8 and 10).

Histological studies partly confirmed the results of behavioral experiments. Although the 24 h
aggregates did not significantly decrease the number of viable neurons, there was a clear tendency for
neuronal loss (Figure 11). The 168 h samples cause a significant decrease of viable neurons compared
to the control (Figure 12).

Measurement of the abnormally accumulated NFTs in the HC slices gave interesting results
(Figure 13): only the 24 h/200 uM oAp1-42 assembly caused significant NFT accumulation.
Aggregation time of 168 h in 25 and 75 uM concentrations resulted in the formation of toxic assemblies,
but the 168 h/200 uM sample did not cause a change in the NFT level (Figure 14). These results were
in good correlation with the size and mobility of oA assemblies (Figure 8). Representative examples
showed the coronal HC sections, applied for neuron viability and NFT-accumulation measurements
(Figures 15 and 16).

Electrophysiological studies also supported the results of the behavioral experiments. Only the
24 h/200 uM 0AP1-42 sample caused a great reduction in LTP, although the samples with lower
aggregation concentrations also showed a clear tendency for decreasing LTP (Figure 17). Finally, the
concentration dependence in the 168 h groups was similar to the 24 h groups: the 25 and 75 uM
0Ap1-42 samples caused robust and significant reduction, while the LTP reduction was much smaller
in the 200 uM group (Figure 18). These results also correlate well with the size and viability of the
0Af assemblies.

Summarizing our studies, we found a simple correlation between the aggregation size and the
mobility and toxicity of 0Ap1-42. There was an optimal size of 0Af31-42 assemblies (between 8 to
10 nm height) that caused elevated toxicity (24 h/200 uM, 168 h/25 uM and 168 h/75 uM aggregates,
(Figures 9, 10, 1214, 17 and 18). Too small and too big aggregates (24 h/25 uM, 24 h/75 uM,
168 h/200 uM) were less toxic or nontoxic (Figures 9, 11, 13, 14, 17 and 18). We assume that the
size and different conformations, resulting in altered morphology, together are responsible for the
enhanced toxicity. In addition, the peptide conformation within the 0A31-42 samples is unknown,
and we suppose that the toxic samples not only have similar particle size, but also structural similarity,
containing oligomeric and protofibrillar A31-42 species.

The connection between amyloid aggregation, cellular toxicity and the biochemistry of
neurodegeneration has been a challenge, and the molecular details are more or less unknown.
Determining the biophysical properties and conformational variety of a single species of amyloid
peptides/proteins represents a high experimental challenge. The main problem is the heterogeneous
nature and the nanoscale dimensions of the amyloid assemblies. Circular dichroism and infrared
spectroscopy are bulk techniques and cannot characterize the inner properties of the aggregates at the
single species level [57].

Taken together, the suitability of a new rat model was demonstrated. Our aim was to work
out a novel, robust AD rat model using icv administration of well characterized oligomeric A 1-42.
Such kind of model has several advantages compared to the existing mice and rat models:

(1) Mice are typically more variable in their behavior than rats; thus, we were able to use
fewer animals for getting significant results in rats than in mice in MWM and other
behavior experiments.
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(2) Rats are physiologically, genetically and morphologically closer to humans than mice [46].
Their larger body and brain size facilitate neurosurgical procedures, neuroimaging and
in vivo electrophysiology.

(3) Our research group also successfully used intranasal delivery of human A{ 1-42 for rat brain
targeting, but intranasal administration is complicated and very time-consuming.

(4) The recent method is a short-term model: it is possible to get pathology and behavior changes
within two weeks after the icv administration into rats.

(5) Several laboratories have used short human Af fragments (e.g., A$25-35) in rat experiments;
however, these kinds of short Ap peptides are not natural metabolites of AR degradation, only
aggregation-prone synthetic products.

(6) Other laboratories (e.g., [49]) used a rat model of AD injecting fibrillary A31-42 into the rat brain.
In this model, the injected fibrillar AP aggregates form a deposit in the brain and a long time is
necessary for destabilization and disintegration of the assemblies to diffusible toxic A-oligomers.
The use of icv administration of toxic 0A31-42 samples is advantageous, and the optimal size of
the APB1-42 assemblies is 8 to 10 nm height.

Our current study demonstrated that icv administration of 0Ap assemblies or A3 protofibrils of
definite size and structure into rats decreased cell viability and dendritic spine density, increased NFT
formation, disturbed synaptic plasticity and impaired the learning and spatial behavior of the animals.
Our results improve the “icv-administered AB” rat model using well-characterized Ap1-42 oligomers.

4. Materials and Methods
4.1. Preparation of AB1-42 Peptide Samples and Different Oligomeric Assemblies

4.1.1. Preparation of Different AB1-42 Oligomeric Assemblies

The oligomeric AB1-42 peptide was synthesized in the following way: the A peptide precursor
iso-Ap1-42 was synthesized by Fmoc-chemistry and transformed at neutral pH to AB1-42 by O—N
acyl migration in a short period of time, resulting in a water soluble oligomeric mixture of A31-42
oligomers as previously described [74]. Synthetic iso-Abeta peptide was pre-treated with HFIP in order
to facilitate its oligomerization, and to standardize its aggregation. The aggregation grade of these
oligomers thus formed was standardized. In these studies, the soluble AB1-42 oligomeric peptide
samples were freshly prepared by incubating the oligomeric AB1-42 peptide on 37 °C in PBS at pH 7.4
for different time courses (24 h and 168 h) at the concentrations of 25, 75 and 200 uM, respectively.
Samples were sonicated in normal bath sonicator for 5 min. Before use, each sample was subsequently
diluted to the final concentration of 10 uM, and 15 uL (2 x 7.5 uL) of these solutions were injected into
rat brain hemispheres (see Surgery). The amount of AB1-42 injected at the concentration of 10 uM in
each case equaled 50 pmol or 225 ng of A3 peptides.

The fluorescent labeled A peptide (AMCA-A) was synthesized also in our research group [76].

4.1.2. Atomic Force Microscopy Studies (AFM) of Ap1-42 Assemblies

For the experiment, 10 uL of peptide solution were pipetted onto freshly cleaved mica (Muscovite
mica, V-1 quality, Electron Microscopy Sciences, Washington, DC, USA). After 2 min, the samples
were washed twice with 10 pL of distilled water and then dried with nitrogen gas. The AFM images
were obtained using tapping mode on a NT-MDT Solver Scanning Probe Microscope (NT-MDT
Spectrum Intruments, Moscow, Russia) under ambient conditions. AFM tips type PPP-NVHAuD-10
manufactured by NANOSENSORS (Neuchatel, Schwitzerland) were applied with a nominal radius of
curvature of 2 nm and 15 um length. The non-contact silicon cantilevers having typical force constant
of 42 N/m and resonance frequency of 278.8 kHz. Further information of the tip: material n*-silicon,
resistivity 0.01-0.02 Q) cm, thickness 4.0 & 1 pum, length: 125 + 10 um, width 30 £ 7.5 pm.
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4.1.3. Fluorescent Microscopy

For fluorescent microscopy study, rats (1 = 2) received fibrillar form, and, in the other experiment,
rats (n = 4) received oligomeric form and of AMCA (7-Amino-4-methylcoumarin-3-acetic acid)-labeled
AP1-42 as a single dose in dilution of AMCA-A1-42:A31-42 2:7 ratio (concentrations: AMCA-Ap1-42
16.7 uM; AP1-42 = 58.3 uM in total of 75 uM final peptide concentration). fA} was administered
bilaterally (10-10 pL per site), and oAP unilaterally into the right cerebroventriculum (7.5 uL
pro animal). 60 min after fAB1-42, and 5 or 60 min after 0Af31-42 administration the rats were
transcardially perfused (100 mL PBS, pH = 7.4). The brains were removed and cut to 30 um
thick sagittal sections. Sections were placed on glass slides, air dried, and mounted in Gel Mount
(Biomeda, San Diego, CA, USA). Fluorescent signal was examined in the sections by a Nikon Eclipse
TE2000 fluorescent microscope (Nikon, Tokyo, Japan) and photographed by a Spot RT digital camera
(Diagnostic Instruments, Sterling Heights, MI, USA).

4.2. Treatment Groups

4.2.1. Studies on Two Different AB1-42 Oligomers (24 h and 168 h Aggregation Time,
Concentration 25 pM)

Subjects were divided into three groups: the control group (1 = 12) was injected with
hydrocarbonate buffered saline (HCBS) solution, the other two groups were injected with 24 h
aggregated AB1-42 (n = 12) and a 168 h aggregated Ap1-42 (n = 12).

4.2.2. Systematic Studies for Finding the Most Toxic Form among Six Different A$1-42 Oligomers

oA samples were prepared in combination of three different AB1-42 aggregation concentrations
(25, 75 and 200 uM) with two different aggregation times (24 h and 168 h). The experiments were
divided into two divisions: oA samples of 24 h and 168 h, respectively (altogether six groups):

A/ AP1-42, 24 h aggregation time, ¢ = 25 uM; mean particle diameter 6.5 nm,
B/ AB1-42, 24 h aggregation time, ¢ = 75 uM; mean particle diameter 6.5 nm,
C/ AR1-42, 24 h aggregation time, ¢ = 200 uM; mean particle diameter 10.3 nm,
D/ Ap1-42, 168 h aggregation time, ¢ = 25 uM; mean particle diameter 8.2 nm,
E/ AB1-42, 168 h aggregation time, ¢ = 75 uM; mean particle diameter 8.0 nm,
F/ AB1-42, 168 h aggregation time, ¢ = 200 uM; mean particle diameter 21.5 nm.

The control groups (7 = 11 in the 24 h and 7 = 12 in the 168 h experiments) in both studies
were treated with HCBS. For the statistical analysis, the mean of data of the two control groups were
evaluated (n = 23). Table 1 summarizes the characteristics of AB-treated groups (A-F) to simplify
further orientation.

4.2.3. Surgery and Icv Administration of 0A(1-42

Before surgery, rats were deeply anesthetized by e.g., injection of ketamine (10.0 mg/100 g) and
xylasine (0.8 mg/100 g) mixture, and were placed in a stereotaxic apparatus. A midline incision of the
scalp was made, and the skull was carefully cleared from the skin and the muscles. After that two
holes were drilled above the target regions. Every solution was injected icv with Hamilton syringe
bilaterally, into each hemisphere. Furthermore, a 7.5 uL solution was injected per site (1.5 uL/min).
The coordinates were from bregma: AP: —1.0; ML: +1.5; DV: —4.5. [77]. The animals were treated after
the surgery with antibiotics and analgesic.
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4.3. Spatial Navigation of Rats in a Morris Water Maze (MWM)

4.3.1. Experimental Animals and Housing

Adult male Charles River-Harlan rats (Domaszék, Hungary) were the subjects of the experiments,
weighing 250-300 g before surgery. After arrival, the animals were housed under constant temperature
and lighting conditions (23 °C, 12:12 h light/dark cycle, lights on at 7:00). The rodents had free access
to food and water throughout the experiment. After arrival, the animals were gently handled by daily
measuring. Experiments were performed in accordance with the Hungarian Health Committee and
the European Communities Council Directive of 24. November 1986 (86/609/EEC). Formal approvals
to conduct the experiments have been obtained from the Animal Experimentation Committees
of the University of Szeged and of the Biological Research Center, and from the local authorities
(XV1/03835/001/2006).

4.3.2. Morris-Water Maze Experiments

Animals were trained in open-field water maze (diameter: 180 cm) filled with water (23 + 1 °C)
that was made opaque with milk. The pool was divided into four virtual quadrants, and the invisible
platform (diameter: 10 cm) was submerged in the middle of one of the four quadrants. Around the
pool, there was a black curtain. The animals were allowed to swim for 5 days, twice a day and launched
from four different starting points. They were placed into the water facing the wall of the pool and
were given 90 s to find the platform and 15 s to stay on it. Animals that did not find the platform were
gently guided and placed on it. The escape latency data were calculated automatically by a video
tracking system (EthoVision 2002, Noldus Information Technology, Wageningen, The Netherlands).
The means of the data (+SEM) from the first swimming sessions were used for statistics.

4.4. Histology

After the Morris water maze test, the animals were deeply anesthetized and transcardially
perfused with 150 mL 4 °C phosphate-buffered saline solution (PBS), followed by 250 mL 4 °C
paraformaldehyde solution (4% in phosphate buffer, pH 7.4). The brains were removed and postfixed
for 24 h in the same fixative (4 °C), and subsequently cryoprotected in 30% sucrose solution for 72 h
(4 °C). Brains were cut on a cryostat to 30 um hippocampal coronal sections, and the slices were
collected and stored at 4 °C in PBS for free floating histochemistry.

4.4.1. Cresyl Violet (Nissl) Staining

The cresyl violet staining is used for neuronal tissue, the stain binds to the acidic components of
the neuronal cytoplasm, showing the number of viable neurons. Slides were stained into the filtered
1% cresyl violet solution for 5 min and dehydrated subsequently in 50%, 70%, 95%, and twice in 100%
ethanol for 1 min each. Slides were finally placed in xylene for another 10 min and coverslipped.

4.4.2. Tau-Immunohistology

To visualize the presence of neurofibrillars tangles, we used human PHF-tau Mab (clone AT100)
primer antibody at 1:800 dilution in PBS (pH 7.4) for immunostaining.

After quenching of endogenous peroxidase activity and a blocking step, the sections were
incubated overnight at 4 °C with the primary antibody in the presence of 20% goat serum and
Triton X-100 0.2%. On the following day, the sections were washed in PBS and incubated 1 h
at room temperature with the second biotinylated goat anti-rat antibody (Vector Laboratories,
Burlingame, CA, USA, 1:400). The next step was a 1-hour incubation with avidine-biotin complex
(Vectastain Elit ABC Kit, Vector Laboratories, Burlingame, CA, USA; 1:400) and detection with
nickel-enhanced 3,3’-diaminobenzidine. After immunostaining and washing, all sections were
mounted on gelatin-coated slides, air-dried, dehydrated and coverslipped with DPX, a synthetic
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resin mounting media for histology (Fluka BioChemika, Buchs, Switzerland). Digital photographs
were taken by a digital slide scanner (Mirax Midi, Carl Zeiss, Hungary); for the analysis, we used the
Histoquant program (3DHistech, Budapest, Hungary).

4.5. Quantification of Dendritic Spine Density Using Golgi Impregnation

The FD Rapid GolgiStainTM Kit (FD NeuroTecnologies, Consulting & Services, Inc.,
San Diego, CA, USA) was used (1 = 6, 2-2 slices per group and 3-3 neurons per slice) for measuring
changes of dendritic spine density in the hippocampal CA1 area.

Experimental animals were deeply anesthetized before the brain was removed from the skull.
The brains were removed as quickly as possible and handled carefully to avoid damage or pressing of
the tissue. The tissue was immersed in the impregnation solution (A + B solution) and stored at room
temperature for 2 weeks in the dark. The brains were transferred into another solution (C) and stored
at 4 °C in the dark for at least 48 h. In addition, 100 um coronal sections were cut with microtome
(Zeiss Microm HM 650 V, Carl Zeiss AG, Oberkochen, Germany). Sections were mounted on gelatin
coated glass slides. After the staining procedure and dehydration, the slides were covered with DPX
(VWR international).

The Golgi sections were studied by inverse light microscope, using oil-immersion objectives.
The spine density of the proximal apical dendrite area was analyzed (100-200 pm from soma).
One segment (100 um in length) from a second-third-order dendrite protruding from its parent
apical dendrite was chosen in each examined neuron for spine density quantification, as described
by [78]. The dendrites were selected under a 100x oil immersion lens and the images (600x) of
these apical dendrites were captured through a CCD camera (1600 x 1200 pixel) connected to a light
microscope (Olympus Vanox-T AH-2, Olympus Optical CO, LTD., Tokyo, Japan) and a computer.
Serial images were made from each dendrite in the whole of the analyzed segment. The captured
multiple photomicrographs from one dendrite were then stacked into one file. To stack the images,
the Image- Pro-Plus image analysis software (IPP; Media Cybernetics, Silver Springs, MD, USA) was
used. Measurement of the spine density was performed by two independent experimenters to blind
the analysis.

4.6. Ex Vivo Electrophysiological Studies

4.6.1. Stimulation Protocols

Using standard procedures, 350 um thick transverse acute hippocampal slices were prepared from
the brain using a Mcllwain tissue chopper (Campden Instruments, Loughborough, UK). Slices were
incubated in carbogenated standard artificial cerebrospinal fluid (ACSF; pH 7.4) at ambient temperature
for at least 60 min that contained the followings in mM: NaCl, 130; KCl, 3.5; CaCl,, 2; MgCl,,
2; NaH,POy, 0.96; NaHCO3, 24; D-glucose, 10. Individual slices were transferred to a 3D-MEA
chip with 60 tip-shaped electrodes (40 um in diameter and 50-70 um in height, spaced by 200 um,
impedance at 1 kHz: 250450 k), noise level: 15-20 uV; purchased from Ayanda Biosystems, S.A.,
Lausanne, Switzerland). The surrounding solution was removed quickly and the slice was immobilized
by a grid. The slice was continuously perfused with carbogenated standard ACSF (1.5 mL/min at
34 °C) during the whole recording session. Data were recorded by a standard, commercially available
MEA (multi-electrode array) setup (Multi Channel Systems MCS GmbH, Reutlingen, Germany).

The Schaffer-collateral was stimulated by injecting a biphasic current waveform (£ 100 ps)
through one selected electrode at 0.033 Hz, while the rest of them could be used as recording electrodes.
The positioning of the stimulating electrodes and that of the regions in the slices, compared to each
other, were constantly synchronized during the various investigations. The peak-to-peak amplitudes
of field excitatory postsynaptic potentials (fEPSPs) at the stratum radiatum of CA1 were analyzed.
After a 30 min incubation period, the threshold and the maximum of stimulation intensity for evoke
responses was determined. For evoking responses, 30% of the maximal stimulation intensity was used.
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When stable evoked fEPSPs were detected (for at least 20 min) LTP was induced, using a theta-burst
stimulation (TBS) protocol applied at the maximum stimulation intensity. TBS comprised of 15 trains
administered at 5 Hz, the individual trains contained 4 pulses separated by 10 ms. LTP was followed
for an hour.

For the statistical analysis of ex vivo recordings, the peak-to-peak amplitude of evoked fEPSPs
recorded from the proximal part of stratum radiatum was calculated. The level of LTP was determined
comparing the average of fEPSP amplitudes recorded in the last 5 min of the experiment to the
baseline recording.

4.6.2. Multi-Electrode Array (MEA) Recordings

Electrophysiological measurements followed the Morris water maze task, in which different icv
injected AB1-42 was tested. TBS induced LTP recordings were performed using a multi-electrode array
(MEA) setup.

After establishing a stable baseline, LTP was elicited by applying a theta-burst stimulation
protocol and followed for an hour. The average of the peak-to-peak amplitudes of fEPSPs before the
LTP induction was taken as 100%. The slices obtained from HCBS-injected animals showed robust
potentiation after TBS (230 =+ 24%; n = 15 channels from 5 slices). There were two more groups of icv
injected animals treated with 24 h and 168 h A31-42 aggregates. The 24 h Af31-42 assemblies caused a
minor impairment in LTP (184 4 7%; n = 26 channels from 6 slices), while the 168 h amyloid aggregates
led to a major disruption of potentiation (145 + 11%; 1 = 21 channels from 6 slices).

4.7. Statistical Analysis

Statistical analysis of MEA recordings: all data were expressed as the mean 4 SEM. Statistical
significance was determined by parametric analysis of one-way ANOVA followed by Fisher’s LSD post
hoc test for LTP using the statistical software OriginPro 8 package (Origin Lab, Northampton, MA, USA).
Differences with a p-value of less than 0.05 (*), 0.01 (**) and 0.001 (***) were considered significant.
Statistical analysis of the Morris water maze experiment (Figures 9 and 10) was performed using SPSS
software and Python'’s Lifelines library (Davidson-Pilon, C., Lifelines, 2016), Github repository. The latency
time to attain the platform (with 90 s limit) was measured in order to decide which of the four groups
has the highest learning rate. The longer the latency time to the platform is, the less the rats’ capability
to learn. “Survival curves” using the Cox Proportional Hazard model were fitted, where the days and
the treatments were selected as covariates. The comparison of treatment groups was performed using
log-rank tests.

One-way ANOVA followed by Fisher’s LSD post hoc test was used for histological analysis,
for dendritic spine density measurements and for LTP analysis using SPSS statistical software.
Differences with a p-value of less than 0.05 were considered significant unless indicated otherwise.
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Abbreviations

ACSF Artificial cerebrospinal fluid

AD Alzheimer’s disease

AFM Atomic force microscopy

AMCA 7 Amino-4-methylcoumarin-3-acetic acid
ANOVA Analysis of variance

ApoE Apolipoprotein E

APP Amyloid precursor protein

AR Beta-amyloid

CA Cornu Ammonis

EOAD Early-onset AD

ER Endoplasmic reticulum

fAR Fibrillar form of AR

fEPSP Field excitatory postsynaptic potential
HC Hippocampus

HCBS Hydrocarbonate buffered saline

icv Intracerebroventricular

LOAD Late-onset AD

LTP Long term potentiation

MEA Multi-electrode array

MWM Morris water maze

NFTs Neurofibrillary tangles

0AB Oligomeric form of Af

PBS Phosphate-buffered saline solution
PCA-AD Posterial cortical atrophy variant of AD
PSEN1, 2 Presenilin-1 and 2

r-AD Rapidy progressive form of AD

t-AD Typical prolonged-duration form of AD
TBS Theta-burst stimulation
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INTRODUCTION

Protein quality control requires constant surveil-
lance to prevent proteins misfolding, aggregating
and their subsequent loss of function. Maintenance
of proteome integrity and protein homeostasis (pro-
teostasis) critically depends on a complex network of
heat shock proteins (Hsps) thatact as molecular chap-
erones [1]. Small Hsps, together with other members
of the chaperone network such as the Hsp70 pro-
tein family, help maintain normal protein homeostasis
that is essential for cellular function [2]. However,
Hsps decline with age [3, 4] and this correlates with
a loss in the capacity of cells to maintain protein
homeostasis. It is therefore not surprising that the
prevalence of neurodegenerative diseases (NDDs)
such as Alzheimer’s disease (AD) and Parkinson’s
disease increases with age [2, 5]. Hsps play a role in
extending longevity in animal models, butitis unclear
whether this is true in humans [6].

Despite great diversity in the primary amino-
acid sequence of proteins, the oligomers of different
misfolded amyloidogenic proteins (hyperphospho-
rylated tau, amyloid-B, a-synuclein) elicit toxicity
by common mechanisms [7]. This toxicity involves
membrane perturbations, calcium dysregulation, the
accumulation of reactive oxygen species, endo-
plasmic reticulum (ER)-stress, impairment of the
ubiquitin-proteasome system, and the activation of
apoptotic signaling pathways [8—11]. Indeed, it is
hypothesized that the initiation of NDDs is a result of
ER-stress, damaged mitochondria, and loss of Ca?t-
and protein homeostasis [12—-16]. Additionally, ER-
stress caused by ER Ca?*-depletion, hypoxia, and/or
hypoglycemia, initiates the unfolded protein response
(UPR) [17] and prolongs UPR activation thus trigger-
ing apoptotic pathways that result in cell death [18].
Furthermore, mitochondrial energy production fail-
ure and the mitochondria-associated ER membrane
may play key roles in the generation of amyloid pro-
teins and the initiation of NDDs [19, 20].

Maintenance of protein homeostasis by the mod-
ulation of protein processing and folding systems
by chaperone induction are key therapeutic tar-
gets of drug discovery for AD treatment [21]. The
induction of Hsps also offers a potential strategy
for the treatment of other neurodegenerative disor-
ders [22, 23]. Small Hsps (such as Hsp27) bind
to improperly folded, partially denatured proteins,
preventing their aggregation and promoting cell
survival. Recovery is further enhanced when sHsp-
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bound proteins are transferred to ATP-dependent
chaperones like Hsp70, which facilitates refolding
[24] or transfer to protein degradation machinery. It
was reported that Hsp27, Hsp70, proteasomes, and
autophagosomes form a complex network that main-
tains protein homeostasis [25, 26]. Hsp27 and Hsp70
are usually co-expressed in response to stress stim-
uli [27]. Sequestration of misfolded proteins into
chaperone-enriched aggregates is a protective strat-
egy that slows the decline of proteostasis during
aging of the nematode Caenorhabditis elegans [28].
Because Hsp27 and 70 have a central role in pro-
tein homeostasis, their induction may prevent and
disassemble toxic protein aggregates, which might
represent a novel target for the treatment of NDDs
[2, 29-37].

Regulation of intracellular Ca®* levels contributes
to neuronal defense against protein misfolding. Thus,
Ca”* channel blockers (CCBs) may be putative drugs
for the prevention and treatment of NDDs such as
AD [38-40]. The family of 1,4-dihydropyridines
(DHPs) represents one of the most important groups
of CCBs. DHPs were originally identified as calcium
antagonists (nifedipine) and are widely used to treat
hypertension and heart failure [41]. Substitution of
the CCB molecular nucleus with variety of groups
is the most commonly tested scaffold among L-type
CCBs. These CCB variations result in a plethora of
diverse activities at receptors, channels, transporters,
and metabolizing enzymes [42]. In particular, DHPs
interact with ion channels and G-protein coupled
receptors [43]. CCBs have also been used in demen-
tia therapy and nilvadipine is well tolerated by AD
patients and is a promising candidate for AD treat-
ment [38, 44, 45].

Clinical data suggest that the underlying ther-
apeutic mechanism in AD is independent of the
anti-hypertensive action of the CCB. Longitudinal
studies of elderly people with AD support the use
of CCBs as potential disease progression therapy.
An ongoing advanced clinical trial (CT number
02017340) for the treatment of AD with nilvadipine
is due to close in 2017 [39]. Clinical evidence from
epidemiological studies, including a cohort of 3,000
people over 74 years of age, supports the efficacy
of DHP CCBs in reducing or delaying the develop-
ment of AD [44]. The recent Systolic Hypertension
in Europe randomized control trial reported a 55%
reduction in the incidence of dementia in people
taking nitrendipine over a 5-year follow-up period
[46].
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The neuroprotective mechanism of CCBs is poorly
understood. In the presence of CCBs, amyloid-f
(AB) production, aggregation, and neurotoxicity is
decreased, improving neuronal function both in vitro
and in vivo [38, 40]. BAY w 9798 is a DHP struc-
turally related to the Ca-antagonist nifedipine with
anti-inflammatory and anti-oxidative properties but
with no calcium antagonistic effects [47]. Because
lipophilic compounds DHPs bind to the membrane
lipid bilayer, they potentially act indirectly as allo-
network drugs via the propagation of changes in
cellular networks. In fact, lipid bilayer partitioning
of DHPs occurs prior to the drug binding to receptors
[48, 49]. Changes in the lipid phase of membranes
alter cell signaling [50, 51], which is also asso-
ciated with a variety of diseases including NDDs.
Modulation of the cell membrane composition and
structure as a molecular base for drug discovery and
new disease treatment was recently reviewed and
the term “membrane lipid therapy” was introduced
[52].

Hsp co-inducer hydroxamic acid derivatives can
normalize the dysregulated expression of Hsps in
pathological conditions and interact with membranes,
resulting in specific alterations in the membrane
nanostructure [53-55]. We searched for novel sub-
stances that do not directly exert stress on cells, but
have long-term effects on cellular stress responses
and viability (co-inducing activity). Such Hsp co-
inducer compounds potentiate the response to a
pre-existing stress without exhibiting effects in non-
stressed environments. These compounds provide a
higher degree of selectivity affecting only the dis-
eased/damaged tissue compared with non-specific
stressors. They also augment normal physiologic
stress response systems rather than just blocking or
activating a single enzyme that likely leads to a com-
pensatory feedback loop, counteracting its long-term
benefits.

The aim of this study was to investigate the ben-
eficial effect of Hsp co-inducers in a mouse model
of AD. A family of novel co-inducer compounds
was synthesized [56] from which three were selected
for further investigations (LA1011, LA1030, and
LA1044). The co-inducing effect of Hsp27, Hsp40,
and Hsp70 was verified. The neuroprotective effect
of the optimized compound LAI0I1 was demon-
strated in the APPxPS1 AD transgenic mouse model
using a spatial navigation test. Histology studies of
mouse brain slices were performed to investigate neu-
ronal viability, changes in dendritic spine density and
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the presence of AP and tau-pathology-characteristic
abnormalities in AD [57].

MATERIALS AND METHODS

Preparation and optimization of
1,4-dihydropyridines

BAY w 9798 [58] was selected as a starting
compound in our study [56]. During optimization
using standard dihydropyridine synthetic protocols,
the substituents at positions 1, 2, 4, and 6 were mod-
ified systematically, resulting in LA1030, a more
lipophilic compound with improved activity. To aug-
ment the oral bioavailability of the compounds, one or
two cationic centers were introduced to substituents at
positions 2 and 6. LA1011 and LA 1044 were the most
active compounds. The compounds were synthesized
using conventional techniques from commercially
available starting materials [59-63] (Fig. 1). Com-
pounds were characterized by melting point and
"H-NMR data (recorded on a DRX 400 MHz Bruker
spectrometer).

Synthesis of LA1011

Dihydropyridine (1 mmol), 5 mmol dimethylam-
ine-hydrochloride, 5mmol paraformaldehyde, and
I ml acetic acid were mixed and heated at 95°C
for 5h. The mixture was evaporated, dissolved in
water and extracted with ether. After separation, the
aqueous phase was neutralized with NaHCO3; and
extracted with ethyl acetate. The organic phase was
dried and evaporated, and the residue was purified
by column chromatography on silica with a mixture
of hexane/ethyl acetate. The pure fractions were col-
lected, transferred to hydrochloride or to other salts,
and recrystallized from methanol diethyl ether. The
melting point (Mp) was 273-276°C. "HNMR data:
D»0,400MHz, §:7.51 (d,/=8.3Hz,2 H, ArH), 7.28
(d, J=8.6Hz, 2 H, ArH), 5.07 (s, 1 H, CH), 3.67 (s,
6H, COOCH3), 3.14-3.59 (m, 11 H, -CH»-, -CH3),
2.87 (s, 12 H, -CH3).

Synthesis of LA1030

A mixture of 0.05 mol p-trifluoromethyl benzalde-
hyde, 0.1 mol methyl 3-oxovaleroate, and 0.05 mol
methylamine hydrochloride was refluxed in 25 ml
pyridine for 5h. The residue was dissolved in
dichloromethane and washed with water after evap-
oration of the solvent. The organic phase was dried
and evaporated. The residue was crystallized from
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Code Structue Chemical Name
CF;
Dimethyl 1,2,6-trimethyl-4-
(4-methylphenyl)-1,4-
BAY w9798 H3COOC COOCH; dihydropyridine-3,5-
| 1 dicarboxylate
HaC” N7 CH,
CH;
F3
Dimethyl 4-(4-
trifuoromethylphenyl)-2,6-
bis-(2-dimethylaminoethyl)-
LA1011 1-methyl-1,4-
HseR0C | | RO0cH dihydropyridine-3,5-
HaCo, _CH;, dicarboxylate
Nuer™ N NHel dihydrochloride
CH, CH, CH,4
F3
Dimethyl 2,6-diethyl-1-
LA1030 methyl-4-(triflouromethyl-
H,CO0C. COOCH; phenyl)-1,4-dihydropyridine-
| | 3,5-dicarboxylate
HyC
Y
CH,
F3
Dimethyl 2-(1,2,3,4-
tetrahydro-1H-isoquinolin-2-
LA1044 ylmethyl)-1,6-dimethyl-4-(4-
CH;00C COOCH; trifluoromethyl-phenyl)-1,4-
| dihydropyridine-3,5-
Hie” N N dicarboxylate hydrochloride
|
CH;  HCI

Fig. 1. Chemical structure of the synthesized 1.4-dihydropyridine derivatives.

methanol. The Mp was 133-138°C; THNMR data:
CDCls, 400 MHz, 8: 7.39 (d, J=8.6 Hz, 2H, ArH),
7.21(d,J=8.6Hz,2H, ArH), 5.08 (s, 1 H, CH), 3.67
(s, 6H, COOCH3), 3.14 (s, 3H, N-CH3), 2.99-3.11
(m, 2H, -CHj;-), 2.71-2.84 (m, 2H, -CHj-),
1.06-1.12 (m, 6 H, CH3).

Synthesis of LA1044

Compound LA1044 was transformed to the
2-bromomethy] derivative in pyridine with pyridini-
umbromoperbromide [62]. One mmol of this product
was dissolved in 10ml acetonitrile and 2 eq. of
K>COs3 and 1.1 eq. of 1,2,3,4-tetrahydroisoquinoline
was then added. The mixture was stirred until the
reaction was complete, then filtered and evaporated,
and the residue was purified by chromatography.
The Mp was 175-177°C; THNMR data: CDCl3,

400MHz, & 747 (d, J=8.2Hz, 2H, ArH), 7.29
(d, J=8.2Hz, 2H, ArH), 7.06-7.16 (m, 3H, ArH),
6.91-6.97 (m, 1 H, ArH), 5.22 (s, 1 H, CH), 4.20
(d, J=14.2Hz, 1 H, C-CH»-N), 3.80 (d, /= 14.2 Hz,
1 H, C-CH,-N), 3.73 (s, 3H, COOCH3), 3.72 (s, 3 H,
COOCH3), 3.58-3.69 (m, 2H, CHa), 3.35 (s, 3H,
N-CH3), 2.67-2.85 (m,4 H, CH,), 2.48 (s, 3 H, CH3).

Measurement of Hsp co-inducing activity

The effect of drug candidates on the stress
response was tested with the SH-SYSY (ATCC®
CRL-2266™) human neuroblastoma cell line sta-
bly transfected with a plasmid containing the Hsp70
promoter fused to yellow fluorescent protein (YFP)
(pPEYFP-N1, Clontech), a kind gift of Lea Sis-
tonen (Abo Akademi University, Turku, Finland)
(SH-SY5Y-pHsp70-YFP). Cells were maintained in
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a logarithmic-phase of growth on 100mm dishes
(Orange Scientific, Braine-1’Alleud, Belgium) in
DMEM-F12 (1:1) medium (Life Technologies, NY,
USA) supplemented with 10% heat-inactivated fetal
bovine serum (Life Technologies). Cultures were
maintained at 37°C in a humidified atmosphere
incubator with 5% CO;. When cells reached 80%
confluence, they were harvested in Trypsin/EDTA
Solution (Lonza, Basel, Switzerland) and were plated
at a density of 5x 10 cells/6-cm culture dishes
(Orange Scientific). After 24h, cells were pre-
incubated either with or without LA1011 (5 pM)
or LA1044 (40 uM) for 30 min. Following pre-
incubation, plates were divided into two groups: The
control group was maintained at 37°C for 17 h and
the other was heat-shocked at 42°C for 1 h and then
placed back at 37°C for a 16 h recovery period (HS
group). After recovery the expression of YFP, which
is directly correlated to the activity of its Hsp70
promoter, was followed by measuring the fluores-
cence intensity of the cells with a BD Accuri C6
flow cytometer (Becton, Dickinson and Company,
NJ, USA) [64].

Western blot analysis

SH-SYSY cells were grown and treated with
the drug candidates and heat exactly as described
above. Following the recovery, cells were extracted
in RIPA (radioimmunoprecipitation assay) bufter.
Cell lysates were constantly agitated at 4°C for
2h then centrifuged at 12,000x g for 1 min and
supernatants were saved. After determining the
protein concentration (BCA assay kit, Thermo Sci-
entific, Rockford, IL, USA), 20 g of total protein
was separated by sodium dodecyl sulfate polyacry-
lamide gel electrophoresis under reducing conditions
according to the method of Laemmli [65]. Pro-
teins were blotted onto polyvinylidene difluoride
membranes (Immobilon-P; Millipore, MA, USA).
The blot was incubated overnight at 4°C in the
presence of a-Hsp27 (ADI-SPA-803), «-Hsp70
(ADI-SPA-810), a-Hsp60 (ADI-SPA-806), a-Hsp90
(ADI-SPA-830) (Enzo Life Sciences, NY, USA), and
a-Hsp40 (C-20:s¢c-1800, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), antibodies diluted 1:1000
in phosphate-buffered saline solution (PBS). After
overnight incubation, the membrane was washed
three times in PBS-0.05% Tween and incubated
for 1h in peroxidase-conjugated anti-mouse, anti-
rabbit or anti-goat IgG antibody (Sigma-Aldrich, St.
Louis, MO, USA) diluted 1:50,000 in PBS con-

105

561

taining 3% non-fat dry milk powder. The immune
complexes were detected using enhanced chemi-
luminescence (ECL) (Amersham, Little Chalfont,
Buckinghamshire, UK) according to the supplier’s
instructions and analyzed using AlphaEase FC
software (Alpha Innotech, San Leandro, Canada).
Immunoreactive bands were normalized to the den-
sity a-GAPDH (1:20,000) (G9545; Sigma-Aldrich)
from the same sample.

Cytotoxicity assays

In vitro test: SH-SYSY cells were homogenously
distributed on 96-well plates in 5 x 10° cells/well
density and incubated at 37°C. Then, 24 h later,
cells were treated with LA1011, LA1030 or LA1044
at a 100 nM-200 uM concentration range for 24 h.
The viability of the cells was measured using
alamarBlue® assay kit (Life Technologies) according
to the supplier’s instructions. The in vivo acute toxi-
city of drugs selected for animal experiments were
assayed in 2-month-old BALB/c mice (n=10) by
injecting the compound in PBS solution intraperi-
toneally (ip) at a 300 mg/kg dose.

Measurement of neuroprotection

Animals and treatments

B6C3-Tg (APPswe/PS1dE9)85Dbo/Mmjax mice
(APPxPS1) were purchased from The Jackson Lab-
oratory (Bar Harbor, ME, USA) and maintained on
the C57BL/6 genetic background (tg). The mice were
kept in individual ventilated cages (Acéllabor Ltd.,
Hungary) ona 12/12 h dark/light cycle (lights on from
7a.m. to 7 p.m.) with food and water available ad libi-
tum and were treated ip with 3 mg/kg LA1011 once
a day for 6 months. Four groups (8 animals/group)
of 3 months old male mice were used: 1) wild type
(C57BL/6) mice (wt) treated with saline; 2) wt treated
with LA1011; 3) tg treated with saline; and 4) tg
treated with LA1011.

Animal care followed the Communities Council
Directive of 22 September 2010 (2010/63/EU on
the protection of animals used for scientific pur-
poses). Formal approval to conduct the experiments
described was obtained from the Animal Experimen-
tation Committee of the University of Szeged.

Behavioral test

The Morris water maze (MWM) is one of the
most commonly used experimental rodent models
to measure spatial learning and memory [66-73].
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Animals were trained in an open-field water maze
(diameter: 130 cm) filled with water (23 £ 1°C) made
opaque with milk. The pool was divided into four
virtual quadrants and the invisible platform (diam-
eter: 10cm) was submerged in the middle of one
of the four quadrants. Around the pool there was
a black curtain. The animals swam twice a day for
5 consecutive days, and were launched from four
different starting points. They were placed into the
water facing the wall of the pool and were given 90 s
to find the platform and 15s to stay on it. Animals
that did not find the platform were gently guided
and placed on it. The escape latency data were cal-
culated automatically by a video tracking system
(EthoVision 2002, Noldus Information Technology,
Netherlands).

Histology studies

After the MWM test, the mice were deeply anes-
thetized and transcardially perfused with 10 ml of 4°C
PBS, followed by 30 ml of 4°C paraformaldehyde
solution (4% in phosphate buffer, pH 7.4). Mouse
brains were removed and post-fixed for 24 h in the
same fixative (4°C), and subsequently placed in a
30% sucrose solution for 72 h at 4°C. Hippocampal
coronal sections were cut to 30 um on a cryostat, and
the slices were collected and stored at 4°C in PBS for
free floating histochemistry.

Cresyl violet (Nissl) staining

Cresyl violet readily binds to the acidic compo-
nents of RNA-rich ribosomes, as well as the nuclei
and nucleoli of nerve cells and is used to determine
neuron density. Slices (n=4, 2 slice/animal) were
mounted on slides and stained in filtered 1% cresyl
violet solution for 5 min and dehydrated subsequently
in 50% 70%, 95%, and twice in 100% ethanol for
1 min each. Slides were finally placed in xylene for
another 10 min and coverslipped. Digital images were
captured by a digital slide scanner (Mirax Midi, Carl
Zeiss, Hungary), and analysis was performed using
the Histoquant program (3DHistech, Hungary).

Tau immunohistochemistry

After quenching of endogenous peroxidase activ-
ity and non-specific blocking, the sections (n=4,
4 slices/animals) were incubated overnight at 4°C
with paired helical filament (PHF)-tau monoclonal
antibody (clone AT100, Pierce Biotechnology, USA)
at a 1:800 dilution in PBS (pH 7.4) in the pres-
ence of 20% goat serum and 0.2% Triton X-100.
On the following day, the sections were washed
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in PBS and incubated for 1h at room temperature
with biotinylated goat anti-mouse antibody (1:400)
followed by 1h incubation with avidin-biotin com-
plex (Vectastain Elite ABC Kit, Vector Laboratories,
Burlingame, CA, USA; 1:400). After washing, sec-
tions were incubated in peroxidase substrate solution
(nickel-enhanced 3,3’-diaminobenzidine) until the
desired stain intensity developed. Following rinsing
in tap water, sections were mounted on gelatin-coated
slides, air-dried, dehydrated, and coverslipped with
DPX mountant for histology (Fluka BioChemika,
Buchs, Switzerland). Digital images were captured
by a digital slide scanner (Mirax Midi), and anal-
ysis was performed using the Histoquant program
(3DHistech).

Quantification of dendritic spine density using
Golgi impregnation

The FD Rapid GolgiStain™ Kit (FD NeuroTech-
nologies, Consulting & Services, Inc., Columbia,
MD, USA) was used (n=3, 1 slice per animal and 2
neurons per slice) to measure dendritic spine density
in the hippocampal CA1 area. Experimental animals
were deeply anesthetized before brains were removed
as quickly as possible and then carefully handled to
avoid damage or pressing of the tissue. The tissue was
immersed in an impregnation solution (A + B solu-
tion) and stored at room temperature for 2 weeks in
the dark. The brains were transferred into another
solution (C) and stored at 4°C in the dark for at least
48h. Then, 100-pwm thick coronal sections were cut
with a microtome (Zeiss Microm HM 650 V). Sec-
tions were mounted on gelatin coated glass slides.
After the staining and dehydration procedure, the
slides were covered with DPX (VWR International,
Radnor, PA, USA).

Golgi sections were studied by inverse light
microscopy using oil-immersion objectives. The
spine density of the proximal apical dendrite area
was analyzed (100-200 wm from soma). One seg-
ment (100 wm in length) from a second-third-order
dendrite protruding from its parent apical dendrite
was chosen in each examined neuron for spine density
quantification, as described by Nagy et al. [74]. The
dendrites were selected under a 100 x oil immersion
lens and the images (600 ) of these apical dendrites
were captured through a CCD camera (1,600 x 1,200
pixel) connected to a light microscope (Olympus
Vanox-T AH-2) and a computer. Serial images were
captured from each dendrite in the analyzed segment.
The captured multiple photomicrographs from one
dendrite were then stacked into one file. To stack
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Fig. 2. The Hsp70 co-inducer effect of various LA drug candidates
was screened by using a promoter-probing assay. Bars represent-
ing co-induction were calculated by the following formula: Fold
change = [(Fx(42)-FO(37)]/[FO(42)-FO(37)], where “F” represents
the fluorescent intensity of cells incubated in the absence “0” or
presence of drug candidates of concentration “x” at 37°C or 42°C
for 1 h. The missing bars for LA1011 (20 and 40 M) indicate that
the drug was toxic at these concentrations. Data are means =+ SD.

the images Image- Pro-Plus image analysis software
(IPP; Media Cybernetics, Silver Spring, MD, USA)
was used. Measurement of the spine density was per-
formed by two independent experimenters to blind
the analysis.

Statistical analysis

For statistical evaluation of western blots (Fig. 3),
one-way ANOVA with post hoc Games-Howell test
was used, which was performed by R 3.1.1 for Win-
dows software. Data represent the mean = standard
deviation (SD) (n=6) (Figs. 2 and 3). A p<0.05
value was considered statistically significant. Statis-
tical analysis of the Morris water maze experiment
(Fig. 4) was performed using SPSS software and
Python’s Lifelines library (Davidson-Pilon, C., Life-
lines, 2016), Github repository. The latency time to
attain the platform (with a 90-s limit) was measured
to determine which of the four groups had the highest
learning rate. The longer the latency time to the plat-
form is, the lower the learning capacity of the mice.
“Survival curves” using the Cox Proportional Hazard
model [75] were fitted, and the days and the treat-
ments were selected as covariates. The comparison
of treatment groups was performed using log-rank
tests.

One-way ANOVA followed by Fisher’s LSD post
hoc test was used for histological analysis and for
dendritic spine density measurements (Fig. 5) using
SPSS statistical software. Differences with a p-value
of less than 0.05 were considered significant unless
indicated otherwise.
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RESULTS

Hsp co-inducing activity of LA1011, LA1030,
and LA1044

We used SH-SYS5Y human neuroblastoma cells
stably expressing YFP under the control of an Hsp70
promoter to select the non-toxic concentrations of
active Hsp co-inducing compounds (data not shown).
In addition to the original lead compound (BAY
w 9798), we investigated the effects of three novel
drug candidates (LA1011, LA1030, and LA1044) on
Hsp70 promoter activity (Fig. 2).

The drug candidates were added to SH-SYS5Y-
pHsp70-YFP cells at the four indicated concentra-
tions 30 min prior to heat treatment (42°C, 1 h), which
was followed by a 16 hrecovery period at 37°C. After
recovery, the expression of YFP was determined by
flow cytometry. At 37°C none of the compounds
had a significant effect on Hsp70 promoter activity
(data not shown); however, at an elevated temperature
(42°C) pronounced expression of YFP was observed
(2-3 fold increase in intensity), which was further
increased by administering the LA compounds, thus
indicating the co-induction property of these drug
candidates (Fig. 2). From these highly active “hit”
molecules we chose water soluble LA1011 and water
insoluble LA1044 for further in vitro and in vivo
investigations.

The Hsp co-inducing effect of LA1011 and
LA1044 on different Hsp-classes in SH-SYSY
cells was studied by western blot. Representative
immunoblots (Fig. 3) demonstrate that heat shock
induced Hsp27, Hsp40, and Hsp70 proteins; how-
ever, the level of Hsp60 and Hsp90 remained
unchanged (Supplementary Figure 1). The admin-
istration of LA1011 (5uM) and LA1044 (40 uM)
further increased the level of Hsp27, Hsp40, and
Hsp70. Importantly, in the absence of heat shock (cel-
lular stress), these compounds did not alter the level
of any Hsps measured. Results summarized in Fig. 3
demonstrate the unique Hsp co-inducer properties of
LA1011 and LA1044, as they act only during stress.
Inhibition of the ATPase activity of Hsp90 by nat-
urally identified antibiotics and synthetic molecules
is well-documented [76, 77] and is a known mecha-
nism for the upregulation of the heat shock response.
We therefore tested the ability of LA1011 to modu-
late the ATPase activity of yeast Hsp90. We found
that LA1011 did not modify the ATPase activity
of yeast Hsp90 at concentrations of 5 and 10 uM
(Supplementary Figure 2).
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Fig. 3. Effect of heat and LA1011 or LA1044 treatment on Hsp70, Hsp27 and Hsp40 levels in SH-SY5Y human neuroblastoma cell line
measured by western blotting (A, B) and quantitative densitometric analysis (C, D). Cells were untreated or treated with LA1011 (5 uM) or
LA1044 (40 pM) at 37°C or 42°C. Box plots represent quantitative data normalized to GAPDH. All data represent the mean =+ SD (n=6)
and p <0.05 was considered statistically significant. HS = heat shock at 42°C, 1 h. *p <0.05, when data are compared to LA compound (-),
HS (-) sample. *p<0.05, when data are compared to LA compound (), HS (+) sample. One way ANOVA followed by a Tukey post hoc
test was used for statistical comparisons.
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Fig. 4. Effect of LA1011 treatment on Morris water maze per-
formance. The fitted survival curves using the Cox Proportional
Hazard model represents the probability that animals find the
platform during a trial, capped at 90 s. The effect of day has
been modeled in. We compared wt+saline versus wt+LA1011
(p=0.047), wt+saline versus tg+saline (p=0.036), and tg+saline
versus tg+LA1011 (p=0.001) treatment groups using log-rank
tests (n=8/group).

In vivo neuroprotective effect of LA1011

After the acute toxicity test (at 300 mg/kg) was
negative, the neuroprotective effect of the Hsp co-
inducer LA1011 was studied in tg mice using
behavioral and histological methods. The applied
chronic dosage of 3 mg/kg for the in vivo experiments
was selected based on the in vitro results.

Spatial navigation in MWM
After 6 months daily ip treatment of mice with
either LA1011 (3 mg/kg) or saline, the MWM test
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was applied. The animals were placed into the
water facing the sidewalls of the pool at differ-
ent starting positions across trials, and the swim
time to find the platform (escape latency) was fol-
lowed with a tracking system. The animals learned
to swim to the correct location with decreasing
escape latencies across days (Supplementary Fig-
ure 3). Pairwise comparison of daily performances
was made using the log-rank test and included all
mice. Compared to day one of testing, mice were
more likely to find the platform on day two (p = 1.65¢-
5), day three (p=5.24e-6), day four (p=1.88e-11),
and day five (p =4.55e-12). The probability to reach
the platform was determined using the Cox Propor-
tional Hazard model (Fig. 4). Significant differences
were found between wt+saline versus wt+LA1011
(p=0.047), wt+saline versus tg+saline (p=0.036),
and tg+saline versus tg+LA1011 (p=0.001) treat-
ment groups. Importantly, mice in the tg+saline group
required significantly more time to find the platform
compared to the wt+saline group; however, the 6
months daily ip LA1011 treatment tg mice showed
a significantly improved learning ability (tg+saline
versus tg+LA1011p=0.001). Interestingly, we found
LA1011 improved the memory potency (procogni-
tive) of mice as wt+LA1011 treated mice required
less time to complete the task compared with controls
(wt+saline) (p =0.047).

Histology

The animals were treated as described in “Ani-
mals and treatments”. Brain sections (prepared as
described in “Materials and Methods™) were stained
with cresyl violet, which stain Nissl substance in
the cytoplasm of neurons in paraformaldehyde or
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Fig. 5. Cresyl-violet staining, tau-immunostaining, and Golgi-Cox staining of hippocampal slices of wt and tg animals after 6 months treat-
ment. (A) Number of counted neurons/mm?; n=4, 2 slices/animal, (B) number of counted neurofibrillary tangles/mm?; n =4, 4 slices/animal
and (C) measured spine density/100 wm; n=3, 2 slices/animal. Each dot represents the counted raw data, while horizontal bars indicate
mean values. Statistical significance was determined by one-way ANOVA, followed by Fisher’s LSD post hoc test. Differences with a
p-value <0.05 were considered significant; n refers to the number of animals.
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formalin-fixed tissue. Digital images were analyzed
by HistoQuant program. The difference in the num-
ber of neurons was significant between the groups
(Fig. 5A-D). Significantly fewer neurons were
observed in the tg+saline group compared with the wt
group (tg+saline versus wt+saline group, p=0.002).
Cresyl-violet staining confirmed that LA1011 was
neuroprotective in the transgenic AD mouse model.
Treating mice with LA1011 for 6 months signifi-
cantly prevented the loss of neurons in this group
(tg+saline versus tg+LA1011, p=0.041).

Tau-pathology studies used immunohistochem-
istry to detect tau in PHF, a major component of the
neurofibrillary tangles (NFTs) involved in the pathol-
ogy of AD that are not present in normal biopsies
[78]. Digital images were analyzed by HistoQuant
program. There were significant differences in the
number of abnormally accumulated NFTs in the
hippocampus (HC) between the groups (p=0.001)
(Fig. 5B; Supplementary Figure 4E-H). There were
more NFTs in the HC slices of the tg+saline group
compared with the wt+saline group (p=0.001). Most
importantly, the administration of Hsp co-inducer
LA1011 decreased the number of NFTs in tg mice
HC to the level found in the HC of wt mice (p =0.001)
(Fig. 5B).

Long-term memory is mediated in part by the
growth of new dendritic spines (or the enlargement
of pre-existing spines) to reinforce a particular neural
pathway. According to the literature, APPxPS1 mice
undergo spine loss already by the age of 4 months
[79]. One of the best neurohistological methods to
observe detailed morphology of neurons is Golgi
staining. The Golgi-Cox protocol can be used to study
the experimental effects of different pharmacological
manipulations on the spatial distribution of neurons,
dendrite density, spine number, and morphology.
After the Golgi-Cox staining of the HC CA1 area, dig-
ital images were used to count dendritic spines. The
tg+saline group had fewer dendritic spines compared
with the wt+saline group (p=0.045). The 6-month
LA1011 treatment of transgenic animals resulted in
a considerably greater number of spines in the HC
slices (tg+saline versus tg+LA1011; p=0.001). The
treatment did not affect the spine number of wt ani-
mals. This could be explained by the molecule’s
“HSP co-modulating activity” namely it acts like
“smart molecules” by selective interactions with
only those cells, which are under acute or chronic
stress.

AB peptide initiates inflammation in the HC of
the human brain in AD. AB is chemically “sticky”
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and gradually builds up into plaques [57], which
can be identified by immunohistochemistry using
anti-Af antibody. We observed amyloid plaque-like
structures in tg mice (Supplementary Figure 41-L).
The representative examples of sections show a nos
amount of plaque formation in the HC of transgenic
saline treated animals compared to that of wt samples.
Administering LA1011 to tg mice decreased plaque
formation (Supplementary Figure 4K, L). There were
no signs of amyloid plaques in sections from wt ani-
mals (Supplementary Figure 41, J).

DISCUSSION

At present, there are few drugs that improve the
memory deficits associated with normal aging and
none that prevent cognitive decline in chronic neu-
rodegenerative conditions such as AD. Except forrare
cases of familial AD, the cause of AD is not known,
but disease is highly correlated with aging, a process
involving a wide variety of physiological changes.
Therefore, it is likely that cells in the aging brain
are compromised not from a single cause but from
the convergence of multiple insults. Unfortunately,
drug candidates for AD have all failed in clinical tri-
als, perhaps because one target is not sufficient or
because the targets are also critical for normal brain
function. Molecular chaperones have central roles in
each of the arms of cellular proteostasis (synthesis,
folding, disaggregation, and degradation of pro-
teins); therefore, the approach described in this study,
the administration of Hsp co-inducer 1,4 DHPs,
might have therapeutic benefits for NDDs including
AD.

The most important finding of this study is that
the novel Hsp co-inducer is broadly neuroprotective
and has the ability to enhance memory in normal
animals as well as to prevent memory deficits in
AD transgenic mice. The neurotrophic and memory-
enhancing activities of LA1011 might be associated
with an increase in the levels of Hsp70, Hsp40, and
Hsp25.

The Hsp co-inducer effect of the novel 1,4-DHP
compounds LA1011 and LA1044 was demonstrated
in vitro by a promoter probing assay (Fig. 2), and by
western blot in a SH-SYS5Y human neuroblastoma
cell line (Fig. 3). The inhibition of the ATPase activity
of Hsp90 is a known mechanism for the upregulation
of the heat shock response. We therefore tested the
ability of LA1011 to modulate the ATPase activity of
yeast Hsp90 and found that LA1011 did not modify
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the ATPase activity of yeast Hsp90 at concentrations
of 5 and 10 wM (Supplementary Figure 2).

The observed Hsp modulating activity of the
compounds was separable from the Ca?>* channel
antagonist effect responsible for the antihypertensive
activity of many known 1,4-DHPs. For the known
Ca%* channel antagonist nilvadipine, the ECsg for
Hsp-modulation and for Ca®>* channel inhibition is
equal [56, 80]. The ECsq for the novel compounds
described in this study was above 10; thus, the sep-
aration of a potential antihypertensive effect allows
the selected compounds to be used to treat pathophys-
iological conditions mediated by Hsps, including
NDDs, without the risk of hypotension. The best
co-inducer, LA1011 was selected for in vivo exper-
iments in the tg mouse model of AD and proved to
be neuroprotective. LA1011 prevented neuron loss
in the HC of tg mice (Fig. 5A), decreased NFT
accumulation (Fig. 5B), and saved dendritic spine
numbers (Fig. 5C). In the MWM task, both wt groups
showed a progressive decrease in latency to reach
the platform, a measure of spatial learning. Tg ani-
mals, however, showed significantly higher latencies
compared to all other experimental groups sugges-
tive of delayed learning. In line with the histological
results, 6 months treatment with LA1011 signifi-
cantly restored the spatial learning capability of tg
mice (p=0.001) and further improved the memory
of wt animals (Fig. 4). These results can be explained
in the context of our knowledge of the pathogenetic
mechanisms of AD. Furthermore, maintenance of
protein homeostasis by chaperone induction predicts
the induction of abeneficial effect of LA1011 on brain
function and morphology.

AD is a complex, multifactorial syndrome
with a number of leading mechanisms, including
astrocyte hyperactivity (reactive astrogliosis), neu-
roinflammation, mitochondrial dysfunction, and the
accumulation of misfolded proteins (AR, NFT, a-
synuclein) in the brain [57]. A net loss of dendritic
spines is observed in AD and cases of intellectual
disability. Because dendritic spines are plastic struc-
tures whose lifespan is influenced by input activity
[81], spine dynamics may play an important role in
the maintenance of memory over a lifetime.

The original AR hypothesis of Hardy states that an
imbalance exists between AR production and clear-
ance resulting in A accumulation [82, 83]. During
the last 20 years, intensive research has targeted the
biosynthesis of AR (B-and y-secretases), as well as
the clearance of AB and amyloid plaques from the
brain [84]. However, these trials were unsuccessful
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and no efficient drug treatment of AD exists currently,
although a number of novel AD drug trials are in
progress.

Recent data on the molecular basis of AD patho-
physiology suggest a number of leading mechanisms
[85]. Mitochondrial DNA mutations leading to oxida-
tive stress-induced mitochondria dysfunction triggers
a chain of cellular events leading to neurodegener-
ation and a “vicious circle” that ends in dementia
[86, 87]. Molecular chaperones and the ubiquitin-
proteasome system represent the most important
defensive mechanisms against misfolded proteins
in AD [88]. Each protein aggregation disease can
be characterized by a different set of Hsps that
can rescue specific types of aggregation [89]. Some
of these Hsps have demonstrated effectiveness in
vivo, in mouse models of protein-aggregation dis-
eases. Hsp70 and Hsp90 promote tau solubility and
tau binding to microtubules, reduce insoluble tau,
and reduce tau hyperphosphorylation in a transgenic
mouse model of AD [90]. In addition, therapeu-
tic inducers of the Hsp70/Hsp110 system protected
Hsp-deficient mice against traumatic brain injury
[30] and the upregulation of Hsp by geldanamycin
reduced brain injury in a mouse model of intracere-
bral hemorrhage [33]. A molecular chaperone, the
human BRICHOS domain, can specifically inhibit
the AB-catalytic cycle (AB-42 fibrils effectively cat-
alyze the formation of neurotoxic AB-oligomers)
and limit human AB;-4> toxicity [91]. In addition,
some molecular chaperones forcibly untangle protein
aggregates (disaggregases) [92]. Omi/HtrA2, a mam-
malian chaperone, selectively binds and detoxifies
oligomeric AP by disaggregation [93]. Exogenous
human Hsp70 had dramatic neuroprotective effects
in olfactory bulbectomy mice and 5XFAD mouse
models of neurodegeneration [29] based on its
anti-apoptotic and anti-inflammatory effects. Conse-
quently, small molecule activators of the heat shock
response provide great therapeutic promise [94].
Ca”*-dependent activation of heat shock factor 1
suppressed protein misfolding and reprograming of
protein homeostasis [95]. Arimoclomol, an Hsp co-
inducer, may protect motor neurons by enhancing
Hsp expression, thus directly affecting protein aggre-
gation and clearance of misfolded assemblies via
the proteasome-ubiquitin system [32]. Recent exper-
iments have demonstrated the dual role of Hsp70
[96], which functions as a molecular chaperone for
damaged proteins, as well as simultaneously stabi-
lizing lysosomes, which can revert NDD-associated
lysosomal pathology [96-98].
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In summary, unregulated Hsp induction could
cause the excessive overexpression of Hsps leading
to instability of the stress response and unwanted side
effects [99]. Because LA1011 and LA1044 increase
Hsp expression only under stressed conditions, the
therapeutic use of DHPs in this study is novel and
perhaps an optimal strategy for the treatment of AD
and other NDDs.
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B-Amyloid (AB) peptides play a crucial role in the pathology of the neurodegeneration in Alzheimer's
disease (AD). Biological experiments (both in vitro and animal model studies of AD) require synthetic AR
peptides of standard quality, aggregation grade, neurotoxicity and water solubility. The synthesis of AR
peptides has been difficult, owing to their hydrophobic character, poor solubility and high tendency for
aggregation. Recently an isopeptide precursor (iso-AP(1-42)) was synthesized by Fmoc-chemistry and
transformed at neutral pH to AB(1-42) by O—N acyl migration in a short period of time. We prepared the

gzv: rl‘i)si:d same precursor peptide using Boc-chemistry and studied the transformation to AB(1-42) by acyl
Oligor:;ers migration. The peptide conformation and aggregation processes were studied by several methods
Aggregation (circular dichroism, atomic force and transmission electron microscopy, dynamic light scattering). The
Alzheimer’s disease biological activity of the synthetic AB(1-42) was measured by ex vivo (long-term potentiation studies in
Isopeptide rat hippocampal slices) and in vivo experiments (spatial learning of rats). It was proven that O—N acyl

migration of the precursor isopeptide results in a water soluble oligomeric mixture of neurotoxic AB(1-42).
These oligomers are formed in situ just before the biological experiments and their aggregation grade could
be standardized.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction vitro [21,35]. The most toxic form of the AR peptide is the one that

contains 42 residues.

Alzheimer disease (AD) is a progressive neurodegenarative
disorder. The probability of the disease is exponentially increasing
with age. The presence of amyloid deposits and neurofibrillary
tangles are the main pathologic features of AD. The main
components of the amyloid deposits are 3-amyloid (AR ) peptides.
These peptides consist of 39-43 amino acids. The monomeric AR
peptides are produced from a membrane protein, the amyloid
precursor protein (APP) with the cleavage by 3 and vy secretases
[23]. Initially these peptides are water soluble, then explore (3-
sheet conformation. This conformational transition induces
aggregation producing AP-oligomers, protofibrils and fibrils,
simultaneously the water solubility of these AB-species substan-
tially decrease. AB-peptides are neurotoxic both in vivo and in

* Corresponding author.
E-mail address: zbozso@yahoo.com (Z. Bozso).

0196-9781/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.peptides.2009.12.001

For AD research it is crucial to prepare AB(1-42) peptide to
study the aggregation process resulting in toxic AB-species and the
in vitro effects of the peptide in neuronal cells and brain tissues as
well as examine the progression of the disease in animal models.

It is well known that the synthesis of AB(1-42) is troublesome
thus it is considered to be a ‘difficult sequence’ [4,33,38]. The
difficulties arise from the hydrophobic nature of the peptide.
The presence of high number of hydrophobic amino acids in the
sequence and the high tendency of the peptide to adopt [3-sheet
conformation - both in solution and on the resin matrix — induces
aggregation. The aggregation of the growing peptide chains on the
solid support causes steric hindrance during the assembly of the
molecule. Several methods were reported to overcome the synthetic
problem associated with the aggregation of peptide chains on the
resin, such as using different solvents [13,38], adding chaotropic
salts [11], performing the synthesis at elevated temperature [34],
building up the peptide in resins made from or grafted with
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polyethylene glycol [15,22], incorporating pseudo-proline residues
[36,37] and applying backbone protection [14,24]. Even if the
synthesis is successful, it is difficult to dissolve the crude AP peptide
for loading it into an HPLC column. The broad elution profile - as a
result of aggregation - also makes the purification of the peptide
troublesome.

Until recently the synthetic commercial AB(1-42) samples
were not homogeneous as for aggregation grade and water
solubility. As a consequence, the biological studies performed by
these peptides were not always reproducible. The high sensitivity
of peptide conformation to handling (solvents, temperature, pH,
peptide concentration) might be the reason for different aggrega-
tion grade and solubility. Different procedures were worked out
during the years [6,16] to obtain oligomers or fibrils from the
altering product of the syntheses. Recent publications outline, that
it is important to access oligomers of Af3, since these are the most
toxic form of the peptide [2,7].

Kiso and co-workers [28], Carpino et al. [5] and Mutter and co-
workers [10] have independently described a method to ease the
synthesis and purification of AB(1-42) by preparing a precursor of
the peptide with low tendency for aggregation using N“-Fmoc
protected amino acids. The serine residue at position 26 was
incorporated as Boc-Ser-OH followed by the acylation of its free
hydroxyl side chain with the subsequent residue Gly*. After
cleavage of the peptide from the resin, the peptide chain contains
anester bond inits backbone (‘isopeptide’) and a free a-amino group
at Ser?%, The incorporated ester bond decreases the propensity of the
peptide to aggregate, thus the isopeptide (iso-ApB(1-42)) has an
enhanced water solubility. When the pH is raised to the physiologi-
cal value, a fast O—N acyl-transfer reaction occurs resulting in
AB(1-42). The O—N acyl-shift can occur both in vitro and in vivo,
thus iso-AP(1-42) can be used as a good precursor for AB(1-42).

Some possible drawbacks of the Fmoc-synthesis such as
incomplete deprotection of the growing peptide chain by the
20% piperidine in N,N-dimethylformamide (DMF) [9,18], potential
hydrolysis of the ester bond and diketopiperazine formation [8,26]
can be minimized if Boc-chemistry is applied for the synthesis of
depsipeptides [29].

Our aim was to prepare AB(1-42) with a simple and cheap
method and characterize the AB-peptide assemblies with a series of
microscopic, physicochemical and biological methods. Neurobiol-
ogists require well characterized, stable and water soluble AB(1-42)
of standard quality for reproducible biological experiments. First we
synthesized iso-A3(1-42) in solid phase using Boc-chemistry. The
subsequent O—N acyl-shift at pH 7.4 produced oligomers and other
AP species with different aggregation state, depending on the time
of the assembly formation. Thus iso-APB(1-42) can be used as a good
precursor for AB(1-42), as it was suggested by Sohma and Kiso [27]
and recently by us [3]. In vitro and preliminary ex vivo biological
experiments were presented by Kiso's [20] group and by us [3],
respectively.

In order to follow the aggregation process, conformational and
structural studies of the peptide were done by circular dichroism
spectroscopy (CD), dynamic light scattering (DLS), transmission
electron microscopy (TEM), nuclear magnetic resonance (NMR)
and atomic force microscopy (AFM). The biological activity of the
AB(1-42) formed from the precursor isopeptide was measured in
different test systems (ex vivo electrophysiological studies in rat
hippocampal slices and spatial learning of rats in Morris water maze).

2. Materials and methods
2.1. Materials

All N-terminally protected amino acids were purchased from
Orpegen (Heidelberg, Germany) and GL Biochem (Shanghai, China).

N-(2-chlorobenzyloxycarbonyloxy)succinimide  (2-CI-Z-OSu)
and O-tert-butyl-i-serine (H-Ser(OtBu)-OH), N,N-dicyclohexylcar-
bodimide (DCC), 1-hydroxybenzotriazole (HOBt), 1-hydroxy-7-
azabenzotriazole (HOAt) were purchased from GL Biochem
(Shanghai, China). Solvents and N,N-diisopropylethylamine (DIEA)
were obtained from Sigma-Aldrich. High performance liquid
chromatography (HPLC) grade triflouroacetic acid (TFA) was
ordered from Pierce.

2.2. Synthesis of 2-Cl-Z-Ser(OtBu)-OH

8.5 g (30 mmol) 2-Cl-Z-OSu in 60 mL DMF were added to 4 g
(25 mmol) of H-Ser(OtBu)-OH dissolved in 10% Na,CO5 solution
(60 mL, pH 9.5). The mixture was stirred on ice for 2 h, then the ice
bath was removed and the reaction was continued at room
temperature. The pH was maintained between 9 and 9.5 for 3 h,
when the change of the pH ceased. Then the mixture was diluted
with a three fold amount of water and extracted three times with
diethyl-ether. The pH of the aqueous phase was adjusted to 2 with
6 M HCI and was extracted three times with ethyl acetate (EtOAc).
EtOAc fractions were pooled, washed with brine solution and dried
over MgS0,. The purity of the product was checked by HPLC and
thin layer chromatography (TLC; 20% t-butanol-acetic acid-water
(4:1:1) in EtOAc, R¢=0.79), the molecular weight (MW) was
determined with mass spectrometry (MS).

2.3. Solid phase synthesis of iso-APB(1-42) with Boc-chemistry

The peptide was synthesized on a Boc-Ala-PAM resin. The
loading of the resin was 0.7 mmol/g. The side chains of Asp and Glu
were protected with cyclohexyl group. The N° of Lys was masked
with 2-chlorobenzyloxycarbonyl (2-CI-Z) group. The side chains of
Asn and GIn were unprotected. The guanidino group of the Arg was
tosylated. The imidazol group of His was protected with
benzyloxymethyl group. The aromatic OH of Tyr was masked
with 2-bromobenzyloxycarbonyl (2-Br-Z group). The side chain of
Ser was benzylated. Free hydroxyl groups of the resin were capped
by reacting it with 0.25 M acetic acid anhydride in the presence of
0.25 M N-methyl-imidazol (NMI) in dichloromethane (DCM) for an
hour. Following removal of the Boc group, 1 g of the resin was
treated with a mixture of Boc-1le-OH/DCC/HOAt (0.35 mmol each)
in DCM/DMEF (3:1) overnight. The unreacted amino groups of Ala*?
were acetylated by reacting the peptide-resin with acetic acid/
DCC/HOAt (3 mmol each, 1 h). The final loading of the resin was
0.32 mmol/g (determined with picric acid test). Peptide chain
elongation were done by activating three fold excess of N*-Boc
protected amino acids with DCC/HOBt in DCM/DMF (1:1) and the
peptide-resin was reacted with this mixture for 2 h. The couplings
were monitored with qualitative ninhydrin test. If the result of the
test had indicated, the coupling was repeated either using DCC/
HOBt or DCC/HOAt activation. The a-amino protecting groups
were removed by treating the resin with 50% TFA/DCM mixture
twice (5+ 25 min). Neutralization was done with 5% DIEA/DCM
(2 x 1 min). Ser?® was introduced into the peptide chain utilizing
2-Cl-Z-Ser(OtBu)-OH and the same conditions as detailed above.
The side chain of this serine was deblocked and neutralized with
the same method that was used in case of the a-amino groups.
Acylation of the hydroxyl group of Ser?® with Boc-Gly-OH was
done by treating the peptide-resin with Boc-Gly-OH/DCC/NMI (10-
fold excess) in DCM/DMF (3:1) for 2 x 4 h. Then the possibly
unreacted hydroxyl groups of Ser’® were capped as those of the
resin mentioned previously.

When the assembly of the isopeptide was completed, 3.0 g
peptide-resin was obtained. The peptide was cleaved from the
resin with a cleavage mixture containing HF (10 mL), anisol
(0.2 mL), dimethyl sulfide (DMS; 0.8 mL) and dithiothreitol (DTT;
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0.1 g) for 1 g of peptide-resin at 0 °C for 45 min. The peptide was
precipitated and washed with diethyl-ether and dissolved in 50%
acetic acid/water and lyophilized. 409 mg peptide was obtained
from 1.0 g peptide-resin (85% yield).

2.4. Analytical and preparative HPLC

Analytical analysis was done on a Hewlett-Packard Agilent
1100 Series HPLC apparatus using a Luna C18 column (100 A,
5 wm, 250 x 4.60 mm, Phenomenex) and the flow rate was 1.2 mL/
min. Preparative chromatography was done on a Shimadzu HPLC
apparatus equipped with a Jupiter C4 column (300 A, 10 wm,
250 x 21.2 mm, Phenomenex) with a flow rate of 5 mL/min. 0.1%
TFA in d.i. water and 80% acetonitrile (ACN), 0.1% TFA in d.i. water
was used as eluent A and eluent B, respectively. 85 mg pure
peptide were resulted from the purification of 200 mg crude
peptide (42.5% yield).

2.5. Mass spectrometry

Mass spectrometry measurements were done on a FinniganMat
TSQ 7000 mass spectrometer in ESI-MS mode.

2.6. Standard APB(1-42) sample preparation for microscopic and DLS
measurements

To obtain an acidic solution of iso-A3(1-42), the peptide was
dissolved in 0.1% (v/v) TFA solution, sonicated for 5min and
filtered through a syringe filter equipped with a 0.1 um pore size
PVDF membrane (Millex, Millipore Ireland, Carrigtwohill, Ireland).
For a pH 7.4 solution, the peptide was dissolved prior in MilliQ
ultrapure water to a concentration of 500 uM (2.5 mg/mL) and
sonicated for 5min. The solution was diluted in HBS (10 mM
HEPES, 0.154 M NaCl, pH 7.4) to a final peptide concentration of
50 uM and filtered the same way as written above. The solution
was incubated for the required time intervals at ambient
temperature. In case of AFM study of the effect of long-term
incubation on the aggregation of iso-APB(1-42), the peptide
solution was seeded with pre-formed fibrils of AP(1-42)
suspended in MilliQ water; the concentration of the fibrils reached
1 uM in the final volume of the sample.

2.7. Atomic force microscopy measurements

10 p.L of peptide solution were pipetted onto freshly cleaved
mica (Muscovite mica, V-1 quality, Electron Microscopy Sciences,
Washington DC, USA). After 2 min the samples were washed twice
10 pL of distilled water and then dried with nitrogen gas.

The AFM images were obtained using tapping mode on a PSIA
XE-100 SPM under ambient conditions. Tapping mode AFM tips
(Type NSGO1, NT-MDT, Moscow, Russia) were applied with a
nominal radius of curvature of 10 nm, the non-contact silicon
cantilevers having typical force constant of 5.5 N/m and resonant
frequency of 150 kHz. The scan rate was 1 Hz and the resolution of
the AFM scans was 512 x 512 pixels.

2.8. Dynamic light scattering measurements

All experiments were performed at 25°C with a Malvern
Zetasizer Nano ZS Instrument (Malvern Instruments Ltd., Worces-
tershire, UK) equipped with a He-Ne laser (633 nm) applying the
non-invasive back scatter (NIBS™) technology. The translational
diffusion coefficients were obtained from the measured autocor-
relation functions using the regularization algorithm CONTIN built
in the software package Dispersion Technology Software 4.0
(Malvern Instruments Ltd., Worcestershire, UK). Assuming the

scattering particles as hard spheres, their apparent hydrodynamic
radius can be calculated from the diffusion parameters by using
the Stokes-Einstein equation Ry, = kgT/(671nDy), where kg is the
Boltzmann constant, T is the absolute temperature, n is the
viscosity of the medium and Dy is the translational diffusion
coefficient. Samples were prepared as given in the section of
sample preparation. Correlation function and distribution of the
apparent hydrodynamic radii (Ry,) over the scattered intensity of
the samples were monitored for the expected time intervals.

2.9. Transmission electron microscopy measurements

10 L droplets of solutions were placed on 400 mesh carbon-
coated copper grids (Electron Microscopy Sciences, Washington,
PA), incubated for 2 min, fixed with 0.5% (v/v) glutaraldehyde
solution, washed three times with d.i. water, and finally stained
with 2% (w/v) uranyl acetate. Specimens were studied with a
Philips CM 10 transmission electron microscope (FEI Company,
Hillsboro, Oregon, USA) operating at 100 kV. Images were taken by
a Megaview Il Soft Imaging System at a magnification of x64,000
and analyzed by an AnalySis™ 3.2 software package (Soft Imaging
System GmbH, Miinster, Germany).

2.10. Circular dichroism spectroscopy

CD measurements were performed at 25 °C on a Jobin-Yvon
Mark VI dichrograph using a quartz cell of 0.1 cm pathlength. All
the spectra were the averages of four scans and the resolution was
0.2 nm. The iso-AB(1-42) was dissolved either in 5 mM phosphate
buffer (pH 7.4) or 0.1% TFA (pH 2) at a concentration of 50 M. The
samples were sonicated for 5 min immediately after dissolution
and prior to aging at room temperature. CD spectra were expressed
as mean residue ellipticity [@]ug, in units of deg cm? dmol ' using
a mean residue weight of 110.

2.11. Nuclear magnetic resonance

All NMR spectra were recorded on a Bruker AV600 spectrome-
ter that was equipped with a 2.5 mm triple-resonance capillary
probe at 285 K. The iso-Af3(1-42) was dissolved in water at a
concentration of 0.31 mg/120 pL and pH 2.1, 3.0 or 4.7. The 'H
NMR spectroscopy measurements were performed with a WA-
TERGATE solvent suppression scheme. The spectra were recorded
with identical conditions (same experimental setup, the same
spectrometer and the same probe) after dissolution and a week
later. For the relaxation delay, 2 s was used; the delay for binomial
water suppression was 150 ms; the number of scans was 256. The
NOESY measurements were carried out with a WATERGATE
solvent suppression scheme. For the NOESY mixing time 610 ms
were used; the number of scans was 64. The TOCSY measurements
were carried out with homonuclear Hartman-Hahn transfer with
the MLEV17 sequence, with an 80 ms mixing time; the number of
scans was 32. For all the 2D spectra, 2024 time domain points and
512 increments were applied. The processing was carried out by
using a cosine-bell window function, with single zero filling and
automatic baseline correction.

2.12. Pretreatment of rat hippocampal slices with AB(1-42)
oligomers in artificial cerebrospinal fluid (ACSF)

Using standard procedures, 400 pm thick transverse hippo-
campal slices were prepared from the brain of 3 months old male
Wistar rats using a Mcllwain tissue chopper (Campden Instru-
ments, Loughborough, UK). Slices were incubated in a custom-built
incubation system in oxygenated standard artificial cerebrospinal
fluid (ACSF, composition in mM: NacCl, 130; KCl, 3.5; CaCl,, 2;
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MgCl,, 2; NaH,P04, 0.96; NaHCO3, 24; p-glucose, 10 and pH 7.4) at
ambient temperature for at least 60 min. Individual slices were
transferred to a 3D-MEA (multielectrode array) chip with 60 tip-
shaped and 60-pwm-high electrodes spaced by 200 pm (Ayanda
Biosystems, S.A., Lausanne, Switzerland). The surrounding ACSF
solution was removed quickly and the slice was immobilized by a
grid. so-APB(1-42) was dissolved in ACSF at pH 7.4 (1 wM final
concentration) and let to transform to AB(1-42) and oligomerize in
10 min. The slice was incubated continuously with this solution
and perfused with oxygenated ACSF (1.5mL/min at 34°C).
Incubation was performed for 30 min on the chip before recording
commenced. Data were recorded by a standard, commercially
available MEA setup (Multi Channel Systems MCS GmbH,
Reutlingen, Germany).

2.13. Ex vivo electrophysiological recordings: measurement of long-
term potentiation (LTP)

The Schaffer-collateral was stimulated by injecting a biphasic
current waveform (—100/+100 ps) through one selected electrode
at 0.0166 Hz. Care was taken to choose the stimulating electrode in
the same region from one slice to the other one. The peak-to-peak
amplitudes of field excitatory postsynaptic potentials (fEPSPs) at the
proximal part of stratum radiatum of CA1 were analyzed. After a
30 min incubation period, the threshold and the maximum of
stimulation intensity of the evoked responses were determined. To
evoke responses, 30% of the maximal stimulation intensity was used.
Following a stable 15-min control sequence, LTP was induced usinga
theta-burst stimulation (TBS) protocol applied at the maximum
stimulation intensity. TBS comprised four trains administered at
20 s intervals with 10 bursts given at 5 Hz per train and four pulses
given at 100 Hz per burst. LTP was followed for 180 min.

2.14. Learning studies in rats in Morris water maze

A mixture of AB(1-42) oligomers was formed in hydrocarbonate
buffered saline (HCBS, 20 mM NaHCOs, 130 mM NacCl, purged with
CO,, pH 7.4) containing 50 M AB(1-42) freshly prepared from iso-
AB(1-42) at 20°C for 120 h. Aggregation was tested by AFM
(average particle diameter was 8.5 nm). This preparation, which
contains mostly oligomers and a small amount of protofibrils, will be
referred as “oligomeric mixture” later in this paper.

Adult male Wistar rats (age 8-9 weeks, weight 300-350 g) were
operated and Morris water maze experiments were performed as
published in [25] with some exception, detailed below. In the
control (n=10) and test group (n=10) 15 pL hydrocarbonate
buffered saline (HCBS) and 15 p.L of AB(1-42) solution in HCBS
(c=50 uM) were administered intracerebroventricularly (icv).
Administration was performed bilaterally with Hamilton syringe,
7.5 p.L solution was injected in both sides. The coordinates were
from Bregma: AP: —1.0; ML: +1.5; DV 4.3. Rats were treated with
antibiotics and analgesics after surgery.

Spatial learning and memory were assessed in Morris water
maze on days 8-12 post-surgery. The maze consisted of a circular
blue plastic (diameter: 180 cm, height: 60 cm) filled to a depth of
40 cm with water of 23 + 1 °C. The water was rendered opaque with
the addition of milk. The rats had to learn to find a transparent, hidden
escape platform (diameter: 10 cm) in the quadrants on the basis of
several constant spatial cues around the pool. The position of the
platform was stable during the 5 days study. Daily two trials were
conducted between 9:00 and 12:00. Rats were given a maximum of 90 s
to find the platformand were then allowed to stay on it for 20 s. Animals
that did not find the platform were gently guided and placed on it.

The data recorded by video-tracking were used to calculate the
time to reach the platform, during learning. Data were evaluated
using independent T-test.

3. Results
3.1. Boc-synthesis of iso-APB(1-42)

The synthesis of 2-Cl-Z-Ser(OtBu)-OH resulted an oil, which
was pure enough to be used in a solid phase synthesis, as it was
judged by TLC and HPLC, and it possessed the right molecular
weight (MW: 329.7). HPLC chromatogram in Fig. 1A was obtained
from the crude product of the synthesis of iso-AB(1-42). Peaks a
and b have molecular weights of 4530.4 and 4514.2, respectively.
(HPLC of the pure iso-AB(1-42) is in the Appendix A. Supplemen-
tary data).

3.2. Physicochemical characterization of iso-AB(1-42)

TEM (Fig. 2) measurements revealed that iso-APB(1-42)
contains small aggregates even in a pH 2 solution, which are
either round-shaped oligomers with an average width of 4-6 nm,
or bunches of protofibrils with an average length of 20-30 nm,
typical of this type of assembly.

The occurrence of the O—N acyl-shift at acidic pH was studied
by NMR. The enhanced solubility of iso-ApB(1-42) caused a
satisfying signal dispersion at 285 K, which cannot be observed
in case of the native AB(1-42) sequence. Based on the 1H, 2D
TOCSY and NOESY spectra, signal assignments could be carried out
for the residues 1-30 of the iso-AB(1-42). Conversion of the
peptide was monitored at different pH values (pH 2.1, 3.0 and 4.7)
for a week. During the observation period the isopeptide was stable
at pH 2.1, but new peaks appeared in the spectra at pH 3.0. The
signal assignment of the new peaks confirmed that these
resonances can be attributed to the native A3(1-42) form. Thus,
O—N acyl-shift starts even in the pH 3.0 solution: about 16% of the
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Fig. 1. (A) HPLC of crude iso-AP(1-42) synthesized by Boc-chemistry. Gradient:
from 5% eluent B in eluent A to 80% eluent B in eluent A over 25 min. (a) [Met(0)]**-
is0-APB(1-42), (b) iso-AB(1-42). (B) HPLC of crude iso-AP(1-42) dissolved in HFIP.
Gradient: from 20% eluent B in eluent A to 60% eluent B in eluent A over 25 min.
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Fig. 3. CD of iso-AP(1-42) dissolved in 0.1% TFA (pH 2.0, ¢ =50 pM).

ester was converted to amide bond in a week. At pH 4.7, the acyl-
transfer was instantaneous and some precipitation was observed
in the NMR tube.

CD spectroscopy showed that the structure of this peptide is
relatively stable in a pH 2.0 solution for a week and it explores
mostly random coil conformation (Fig. 3).

3.3. Standard preparation of AB(1-42) samples formed by O—N acyl
migration of iso-AB(1-42)

AFM study showed, that the average width of the particles was
1.8 and 3.4 nm, depending on that the sample was or was not
dissolved in d.i. water prior the adjustment of the pH to 7.4,
respectively (Fig. 4).

A o (8™

4|"
o" o

i

Fig.5.CD spectra of AB(1-42)(a) dissolved in d.i. water, then the pH adjusted to 7.4;
(b) first incubated in HFIP overnight, then HFIP is evaporated, followed by the same
treatment as that of a (¢ =50 uM).

CD spectroscopy (Fig. 5) confirmed that hexaflouro-2-propanol
(HFIP) treatment prior the adjustment of the pH to 7.4 of the iso-
AB(1-42) decreases the negative band intensity at 215nm
(characteristic for 3-sheets) of the spectra.

AFM detected the presence of oligomers with regular shape and
size (Fig. 4C, average width: 3.9 nm) if the sample was treated with
HFIP overnight, and after evaporation of the HFIP the peptide was
dissolved in d.i. water followed by the adjustment of pH to 7.4
(‘standard sample preparation’) and it was incubated in this
solution for an hour.

3.4. Characterization of the aggregation process of AB(1-42): change
of conformation and fibrillization

CD spectroscopy and DLS confirmed that both the (3-sheet
content of the peptide and the average hydrodynamical diameter
of the particles were increasing with time if the iso-AB(1-42) was
subjected to ‘standard sample preparation’ (Figs. 6 and 7).

AFM study in Fig. 8, shows the fibrillization of an AB(1-42)
sample prepared from iso-AB(1-42). The isopeptide was dissolved
in HBS to a concentration of 50 M, and seeded with a 100 .M
fibrillar suspension of AB(1-42) in 1:50 volume ratio. By this
method, formation of fibrillar structures (with an average width of
5-7 nm, which is typical for the mature amyloid fibrils) and large
globule-like assemblies could be observed in 24 h of incubation
time at ambient temperature.

3.5. Biological effect AB(1-42) oligomer mixtures: ex vivo and in vivo
experiments

In an ex vivo electrophysiology experiment (Fig. 9) control

slices exhibited a robust LTP recorded from the proximal part of the
str. radiatum (129 + 8% 180 min after TBS, n =16 electrodes from

Clam.

Fig. 4. AFM of AB(1-42) after O-N acyl migration of iso-AB(1-42) (A) dissolved in pH 7.4 PBS buffer, (B) first taken up into d.i. water followed by adjustment of the pH to 7.4

with PBS buffer and 1 h after ‘standard sample preparation’ (pH 7.4, ¢ = 50 uM).
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Fig. 6. Aggregation of the AB(1-42) peptide after ‘standard sample preparation’,
monitored by CD spectroscopy (pH 7.4, ¢ = 50 uM).

four slices). On the other hand, AB(1-42) treated slices showed a
significantly reduced LTP (105 +4% 180 min after TBS, n=15
electrodes from four slices).

The results of the Morris water maze showed, that the
performance of the control and AB(1-42) treated groups increased
across trials. However, statistic analysis of experimental data (time
needed to find the platform) revealed that learning was
significantly slower in APB(1-42) treated rats compared to the
control group (Fig. 10) at day 4 (*P = 0.048) and day 5 (**P=0.017).
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Fig. 7. Aggregation of the AB(1-42) peptide after ‘standard sample preparation’,
monitored by DLS measurement (pH 7.4, ¢ =50 uM).

4. Discussion
4.1. Boc-synthesis of iso-AP(1-42)

The crucial part of devising a Boc strategy for the synthesis of
iso-AP(1-42) was to determine what kind of protection should be
used on the Ser®®. The side chain of this residue will be masked to
avoid unwanted acylation during its activation. The protecting
group should be easily removable after the incorporation of the
building block. Thus, tBu group was selected for the protection of
the side chain of Ser?®, since it is removable with 50% TFA/DCM
mixture, routinely used in syntheses utilizing N*-Boc protected

Fig. 8. Aggregation of the AB(1-42) peptide (c = 50 M) after ‘standard sample preparation’ and seeding with AB(1-42) fibrils (c =1 uM), studied by AFM (pH 7.4).



123

254 Z. Bozso et al./Peptides 31 (2010) 248-256

240 -

220 ——Ap(1-42)
Control

200 4
180
160 4
140 4
120 4

100 4

fEPSP amplitude (% of control)

80

60 4

Time (min)

Fig. 9. The effect of AB(1-42) oligomer treatment on TBS induced LTP in
hippocampal slices. Data are mean + SEM. Insets show representative superimposed
fEPSPs recorded 1 min before (black) and 180 min after (gray) TBS.

amino acids. The protecting group of the a-amino group of the
Ser?® had to withstand repetitive TFA treatments and be removable
during the cleavage of the peptide from the resin to make the
precursor ready for the intramolecular O—N acyl-shift. Choosing
the 2-CI-Z group was plausible. 2-Cl-Z-Ser(OtBu)-OH was prepared
from 2-Cl-Z-OSu and H-Ser(OtBu)-OH as it was detailed in Section
2.2 and later it was used for the incorporation of Ser?®.

The presence of AB(1-25) as a byproduct was reported by
Sohma et al. [26] previously when certain resins were used for the
synthesis of iso-A(1-42). It was originated from the simultaneous
acylation of the side chain of Ser?® and the free hydroxyl groups of
the resin during formation of the ester bond between the 25th and
26th residue [8]. To avoid side product formation unreacted free
hydroxyl groups of the resin were acetylated. After acylation of the
deprotected side chain of Ser?® with Boc-Gly-OH using DCC/NMI
activation, the free hydroxyl groups were capped.

The major peak of our crude peptide (Fig. 1A, peak b) in the
HPLC has a molecular weight of 4514.2 which is in agreement with
the molecular weight of iso-AB(1-42) (calc. MW: 4514.0). The
molecular weight of peak b is by 16 mass unit higher than that of
the desired product, thus it is [Met(0)]**-iso-AB(1-42). This minor
byproduct can be completely eliminated, if the ‘low-high’ cleavage
procedure [30] is used, or if the crude peptide is treated with DMS/
NHg4l in TFA for 30 min at 0 °C [12]. In our synthesis no hydrolysis
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product or diketopiperazine formation was detected. It was
observed that the main peak had a wide tailing. Fractions belonging
to this part of the peak possessed no sign of any byproduct, only iso-
AB(1-42), when analyzed by MS. If these fractions were sonicated in
HFIP for 15 min after lyophilization, a sharp peak was obtained in the
HPLC (peaks in Fig. 1B after 14 min are present in the HFIP, see
Appendix A. Supplementary data). Thus the tailing can be due to
some sort of aggregation of the iso-Ap3(1-42). If we compare Fig. 1B
with chromatograms from the literature, where the peptide was
synthesized with Fmoc-chemistry and injected into the HPLC in a
disaggregating solvent (dimethyl sulfoxide; DMSO)[26,32], it can be
concluded that the Boc-synthesis gave comparable results with
them.

4.2. Physicochemical characterization of iso-AB(1-42)

The findings of other groups have outlined the improved
water solubility and stability of the isopeptide that could be
explained by its unique structure, lowering its propensity toward
aggregation. However, TEM (Fig. 2) measurements showed that
iso-A3(1-42) forms either round-shaped oligomers, or proto-
fibrils. As no O—N acyl migration occurs at pH 2.0 (NMR studies)
it seems to be very probable that iso-AB3(1-42) still has some
propensity to form small aggregates. Residues 17-20 and 30-35
play a crucial role in the aggregation of the native AP} peptides
and fragments containing these residues are either enhance
aggregation of the full length peptide or themselves are prone to
aggregate [19]. These regions are intact in the iso-ApB(1-42), so
the isopeptide can preserve some of their aggregation properties,
despite of the structure disrupting effect of the ester bond
between residues 25 and 26. Aggregation states of an amyloid
peptide are greatly influenced by previous treatments. In our
studies no chaotropic agents (e.g. DMSO or HFIP) were applied
upon purification to destroy the pre-formed aggregates as it were
in[26] and [32]. This can be the cause of the discrepancy between
our results and Taniguchi et al.’s [31], who detected isopeptide
monomers only with CD and size exclusion chromatography. Our
preparation most likely also contains some monomers besides
the oligomers, since monomers cannot be detected by AFM. CD
spectra of the iso-ApB(1-42) showed mostly random conforma-
tion for a week (Fig. 3). Nevertheless the isopeptide still has
superior solubility properties and much lower tendency to
aggregate than AB(1-42) has.

3 4. 8,
day

Fig. 10. The effect of AB(1-42) treatment (50 .M, icv administration) on the learning of rats during 5 days (Morris water maze, time spent in the arena during the first swims,

T-test: *P=0.048; **P=0.017).
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4.3. Standard preparation of AB(1-42) samples formed by O—N acyl
migration of iso-AB(1-42)

It was confirmed by AFM measurements that particles with
smaller size could be obtained if the peptide was dissolved in d.i.
water prior to the adjustment of the pH to 7.4 compared to the
protocol, which applies only pure pH 7.4 buffer as dissolution
media (Fig. 4). CD spectroscopy confirmed that HFIP treatment of
the iso-APB(1-42) decreased the 3-sheet content of the resulting
AB(1-42) after adjustment of the pH to 7.4 (Fig. 5). Based on these
findings, a ‘standard sample preparation’ protocol was worked out
to obtain starting material which possesses reproducible aggrega-
tion properties for our future experiments. According to this, the
peptide is first treated with HFIP overnight. Followed by the
evaporation of the HFIP, the iso-APB(1-42)is dissolved in d.i. water,
then the pH is changed to 7.4 with an appropriate buffer. In Fig. 4C
AFM image taken 1h after sample preparation followed by the
standard preparation protocol shows the overwhelming presence
of the small round oligomers of regular shape and size.

4.4. Characterization of the aggregation process of AB(1-42): change
of conformation and fibrillization

Both CD spectroscopy and DLS (Figs. 6 and 7) showed growing
B-sheet content and particle size of the A3(1-42) formed from iso-
AB(1-42) upon incubation. Care must be taken with the
interpretation of DLS results, since the increase of the diameters
detected by DLS are always distorted by the large particles, as the
observed scattering intensity is proportional to the sixth power of
the hydrodynamical radius of the scattering particle (the bigger is
the scattering particle, the more is its contribution to the scattering
intensity). Thus, the increase of the average size in a given time
interval is possibly smaller, than that measured by DLS. We
observed this phenomenon, when attempted to follow the AB(1-
42) aggregation by AFM, and found that though the formation of
large aggregates could be detected upon incubation of the sample
for an elongated time period, their occurrence compared to the
small oligomers was reduced. Proper fibrillization could be
achieved by seeding the sample with pre-formed fibrils of
AB(1-42), as it is presented by a series of AFM measurements
(Fig. 8).

4.5. Biological effect AB(1-42) oligomer mixtures ex vivo and in vivo
experiments

The effect of the peptide on synaptic plasticity was studied in an
ex vivo electrophysiology experiment. AB(1-42) has been
repeatedly shown to impair long-term potentiation in hippocam-
pal slices [1,17], thus we investigated LTP. The results in Fig. 9
indicate that APB(1-42) formed from the precursor isopeptide
hinders the long-term potentiation, thus it decreases synaptic
plasticity, a correlate of learning and memory.

Icv administered AB(1-42) oligomeric mixture (prepared from
iso-APB(1-42) and aggregated for 120 h) caused memory deficit in
rats (Morris water maze, Fig. 10). The difference of the treated and
control group proved to be significant on the 4th and 5th days of
the experiments. [cv administration into the 3rd ventricle has an
advantage (compared to microinjection into the entorhinal cortex)
that soluble AB(1-42) oligomers reach large areas of brain beside
minimal brain injury.

5. Conclusion
Iso-AB(1-42) was successfully synthesized using a Boc strate-

gy. The preparation of the 2-Cl-Z-Ser(OtBu)-OH building block
(used to introduce Ser at the position of the ester bond formation)

is easy and convenient. The applied protecting groups have been
widely used, well known and fulfill the stability requirements
toward acidic treatments. A3 assemblies with different aggrega-
tion grade - oligomers and (after prolonged incubation times and
seeding) fibrillar structures — can be obtained from iso-AB(1-42).
It was demonstrated that the isopeptide was a good precursor of
APB(1-42) for both structural and biological studies. This isopeptide
is water soluble, stable and the aggregation of the formed AB(1-
42) can be well characterized, thus it can be useful to perform
reproducible biological experiments. Moreover, by administering
this isopeptide chronically into animals, the O—N acyl-transfer
could happen in situ and in vivo. This chronic administration of the
AB-isopeptide may serve as a proper model system in order to
study Alzheimer's disease from an early onset.
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