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3 ABBREVIATIONS

5-HT: 5-hydroxytryptamine

Ab: antibody

AD: Alzheimer’s disease

AICD: APP intracellular domain
ANOVA: one-way analysis of variance
APP: amyloid precursor protein

ATF6: activating transcription factor 6
AP: beta-amyloid, amyloid-3

BACE: B3-secretase

BiP: binding immunoglobulin protein
BrdU: 5-Bromo-2’-Deoxyuridine

CA: Ammon horn

C83, 99: 83, 99 amino acid-long C-terminal
fragment

CNS: central nervous system

DAB: 3,3’-diaminobenzidine

DCX: doublecortin

DG: dentate gyrus

DHEA: dehydroepiandrosterone
DMSO: dimethyl sulfoxide

DMT: N, N-dimethyltryptamine

EC: entorhinal cortex

ER: endoplasmic reticulum

FAD: familiar Alzheimer’s disease

fAP: fibrillar amyloid-beta

GAPDH: glyceraldehyde  3-phosphate
dehydrogenase

GFAP: glial fibrillary acidic protein

HC: hippocampus

HFIP: 1,1,1,3,3,3-hexafluoro-2-propanol
iAp: intracellular beta-amyloid

Ibal: ionized Ca?*-binding adapter

molecule 1

ICV: intracerebroventricular

IHC: intrahippocampal

IP: intraperitoneal

IRE1: inositol-requiring enzyme 1
LPYFDa: Leu-Pro-Tyr-Phe-Asp-amide
MAM:  mitochondria-associated  ER-
membrane

mMWM: modified Morris water maze
MTL: medial temporal lobe

MWM: Morris water maze

NeuN: Neuronal Nuclei

NFT: neurofibrillary tangle

NGS: normal goat serum

NSAID: non-steroid anti-inflammatory
drug

NSC: neuronal stem cell

0AP: oligomeric beta-amyloid

PBS: phosphate-buffered saline

PERK: protein kinase R-like ER kinase
PFA: paraformaldehyde

PRE084:
cyclohexane carboxylate
PS1, 2: presenilin 1, 2
Q1-4: quadrant 1-4

ROI: regions of interest

2-(4-morpholinethyl)-1-phenyl

ROS: reactive oxygen species

SR: sigma receptor

S1(2)R: sigma-1 (-2) receptor
SAD: sporadic Alzheimer’s disease
SGZ: subgranular zone

UPR: unfolded protein response

WB: Western Blot analysis



4 INTRODUCTION

4.1 General introduction

Alzheimer’s disease (AD) is the most common type of neurodegenerative disease with wide
clinical heterogeneity. It is characterized by deficits in the learning process, severe memory
loss, language deterioration, executive and visuospatial dysfunction, as well as complex
behavioral (personality and mood) changes such as apathy, agitation, anxiety, and depression
[1-4]. AD affects about 35-40 million people worldwide, and it is the leading cause of death in
Europe and America [5]. The number of AD patients increases with the growing life
expectancy. AD has become one of the most important health and socioeconomic problems,
recent studies predict 65 million AD diagnoses by 2030, and 107 million individuals will be
presumably affected by 2050 [6].

AD is neuropathologically characterized by severe synaptic loss and the presence of misfolded
proteins, forming aggregates in cerebral brain tissue, mainly in the neocortex and in the
hippocampus (HC) [7, 8]. The extracellular amyloid plaques composed of B-amyloid (ApR)
peptide, and the intracellular neurofibrillary tangles (NFTs) formed by abnormally
hyperphosphorylated tau proteins were at first observed postmortem in 1906 by Alois
Alzheimer [9-15]. The cerebral presence of these aggregates is considered the main
pathological hallmark, and they are still required for the diagnosis of AD [9, 10, 16, 17].
There are two forms of AD: the dominantly inherited, early-onset or familiar AD (FAD), which
begins typically in the age of forties, and gives less than 5% of total cases, and the non-inherited,
late-onset or sporadic AD (SAD), which begins in the age of sixties, being the most prevalent
form of age-related dementia with 95% occurrence. FAD has been linked to autosomal
dominant mutations in the amyloid precursor protein (APP), presenilin-1 (PS1), and presenilin-
2 (PS2) [18]. More than 60 mutations have been identified in APP and around 400 in PSs

(www.alzforum.org/mutations). However, SAD is linked to other typical mutations, like

apolipoprotein E epsilon4, Sortilin-related Receptor 1, Bridging Integrator 1, Clusterin, and
Phosphatidylinositol Binding Clathrin Assembly Protein [19]. The principal risk factor of AD
is age; the most endangered group is the over-65 population [12, 20]. Aside from age, there are
other risk factors: family history with dementia, head injury, genetic factors, being female,
vascular disease, untreated high blood pressure, and environmental factors such as stress [9];
their combination enhances the possibility for the development of AD. The clinical and
histopathological symptoms of FAD are similar to those of SAD, and presumably, they share

common pathomechanistic routes [21, 22].
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Accumulation of AB is initiated already two or three decades before the onset of neurological
symptoms and the diagnosis of AD [22]. The appearance of A deposits is followed by elevated
tau level in cerebrospinal fluid, significant brain atrophy, neuronal hypometabolism, and
impaired memory function roughly 10-15 years before the expected onset of symptoms [22-
26]. According to the results of basic and clinical research, therapeutic interventions may
already be late in diagnosed AD patients to alleviate progression. Thus, in the pre-symptomatic
stage, new, effective strategies and methods are desperately required to detect, prevent, and
treat AD.

4.2 The AD pathology

AD was first identified more than 100 years ago, but the intensive research to reveal its basic
biological causes and risk factors began only 40-45 years ago. Despite many years of research,
the cause of AD is still unknown and there are no prophylaxis or curative treatments available
[27]. To date, research is being conducted to clarify the etiology of the disease, so several
hypotheses have been proposed to explain the pathomechanism of AD [15]. Some of the main
hypotheses are discussed below.

The cholinergic hypothesis - created in the 1970s - claimed that degeneration of the cholinergic
neurons and the damage of cholinergic neurotransmission in the cerebral cortex and in the HC
contributed to the cognitive deficits found in AD patients [28, 29]. The aim of the researchers
was, therefore, to increase the level of cholinergic neurotransmitters by cholinesterase inhibitors
in order to reverse cognitive deterioration. Although nowadays first and second-generation
cholinomimetics are available, these drugs are proven to be suitable only for symptomatic,
palliative treatment [30, 31].

In the nineties, after the discovery of AD-associated autosomal dominant mutations in the APP,
the p-amyloid cascade hypothesis was proposed by John Hardy which claimed that the
accumulation of AB is a crucial step in the development of AD [32]. APP is a highly conserved
protein in different species, and it is expressed in the central nervous system (CNS). APP is a
type 1 transmembrane protein with a long extracellular N-terminal and a short intracellular C-
terminal domain. It has important physiological functions [33] and it is implicated in cellular
processes (e.g., regulation of extracellular protease activity [34], regulation of Ca?* level,
neuroprotective activities [35], cell growth, and synaptic plasticity [36]. In the so-called
amyloidogenic pathway, the proteolytic cleavage of APP by - (BACE) and y-secretases results
in the formation of Ap together with other fragments such as soluble APP (SAPP) and the 99



amino acid-long C-terminal fragment (C99). By the action of y-secretase on the intracellular
part of the APP, another important fragment is formed, the APP intracellular domain (AICD).
Only a minor portion of APP (10%) is processed on this enzymatic pathway, resulting in a
heterogeneous mixture of AP peptides of different lengths, among which AB1-42 and AB1-40 are
considered as the most common forms that constitute neuritic plaques in the specific brain
regions. The APi42 shows a higher tendency to form toxic assemblies than APi40. The
neurotoxicity of Ap has been widely acknowledged but this peptide has also been found to
regulate the synapses/post-synaptic function in picomolar concentrations, so its physiological
role is still not clear [37, 38]. In the non-amyloidogenic pathway, the APP is cleaved by a- and
y-secretases producing mainly soluble, non-toxic fragments, such as soluble APPa (sAPPa),
the 83 amino acid-long C-terminal fragment (C83), p3, and AICD. The imbalance between the
two pathways, as well as between AB-production and its clearance may initiate the pathogenic
cascade of AD [17, 32, 33] (Fig. 1).
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Figure 1. Schematic representation of the proteolytic cleavage of APP by a- or B- and y-secretases. In the non-
amyloidogenic pathway, APP is cleaved by a- and y-secretase enzymes producing different fragments such as
SAPPa, C83, AICD, and p3. In the amyloidogenic pathway, - and y-secretases cleave APP to release SAPPJ3,
C99, AB1-40, AB1-42, and AICD. The image is taken from Ref. [39].

The native peptides produced in the amyloidogenic pathway can misfold by various triggers
(e.g., increased temperature, mechanical stress, extreme pH, oxidative stress, glycation, or
mutation), which initiate conformational changes. As soon as the misfolded proteins reach a
critical concentration, oligomers, then protofibrils, and finally mature fibrils form
extracellularly. During this process, the extracellular fibrillar AB (fAB) peptide accumulates
into plaques which were assumed to be the cause of dementia for a long time. However, analysis
of postmortem human brain samples (healthy controls, patients with mild cognitive

impairments, and also diagnosed AD cases) has revealed by now, that there is no significant



link between the number of amyloid plaques and the loss of cognitive functions [17], suggesting
that the extracellular amyloid deposits alone cannot be responsible for all AD pathologies and
symptoms. In 2002, the B-amyloid cascade hypothesis was significantly revised [40, 41].
According to this, besides the extracellular fAB, soluble oligomer forms of AB (0AB) and
protofibrils were also found capable to exert neurotoxicity [41, 42]. The neuronal receptors can
bind oA extracellularly, which can initiate aberrant signaling pathways [43-45]. In 2007, it
was proposed that AP can be formed intracellularly (iAB), and it can accumulate in subcellular
organelles (e.g., mitochondria, endoplasmic reticulum (ER), trans-Golgi network, lysosomes,
endosomes) [15, 46]. Moreover, the subcellular presence of iAB can cause dysregulation and
dysfunction of Ca?* homeostasis and ER stress, which initiate a series of biological events called
‘unfolded protein response’ (UPR) [47-49].

Many experiments have proved that both the fAp and the oAP can be synapto- and neurotoxic,
activate neuroinflammation, and induce tau-hyperphosphorylation [50-54]. Nowadays it is
accepted that AB is accumulated both intra- and extracellularly and the two pools have a
dynamic connection [15]. Recent results have demonstrated that instead of the extracellular
amyloid forms, the amount of iAp correlates well with memory declines [15, 55], and synapse
damage [56, 57]. Synaptotoxic soluble AP oligomers inhibit long-term potentiation of the
neurons, thereby influencing memory consolidation [58].

The tau hypothesis states that abnormal phosphorylation (hyperphosphorylation) of the tau
protein initiates AD pathology by disrupting the microtubule function in the cells so that axonal
transport collapses and abnormal synaptic processes can take place [59-61]. Physiologically,
tau supports the assembly of tubulin into microtubules to promote the normal structure of the
cytoskeletal system, and consequently the morphology of the neurons. To determine the degree
of AD, the Braak-staging is used which is based on the localization of NFTs (tau deposits) in
the brain structure [11] but this characterization does not always reflect the severity of the
disease [62]. Nonetheless, the inhibition of hyperphosphorylated tau seems to be a reliable
therapeutic target. Still, currently, there are no clinical studies with successful results in this
field [63]. Taking these facts together with the revision of the B-amyloid cascade hypothesis by
Hardy and Selkoe, it seems more feasible that AB is the synaptotoxic initiator, and tau has only
a secondary role. [40, 64].

The vascular hypothesis of AD was proposed in the mid-1990s. Vascular risk factors can induce
neurovascular impairments and cause endothelial damage by oxidative stress and

neuroinflammation, leading to local, cerebral hypoperfusion and ischemia. In this case,



increased AP production and reduced AP clearance can be observed resulting in the excessive
formation of neuritic plaques, and cerebral amyloid angiopathy. The vascular changes are
thought to be responsible for cognitive decline and dementia [65-67]. The hypothesis is further
strengthened by the finding, that disturbed cerebral blood flow can serve as an important
biomarker for the prediction of AD [68].

According to the inflammation hypothesis, hyperreactive astrocytes and activated microglia
play a key role in AD. Neuroinflammation in CNS is the result of the activation of the immune
system as a protective reaction to injuries, infections, and neurodegeneration. One of the most
important pathological hallmarks of AD is neuroinflammation, which manifests in the
activation of various inflammatory processes involving immune cells, cytokines, and
chemokines. Increasing evidence suggests that non-steroid anti-inflammatory drugs (NSAIDs)
may alleviate the development of AD. These compounds have an impact not only on the
cyclooxygenase system but on the modulation of APP processing as well, whereby Ap
production may be inhibited. Clinical trials were carried out with NSAIDs, but the results
remain conflicting [69, 70].

Neurodegenerative diseases, including AD, Parkinson’s, and Huntington’s disease belong to
the family of protein misfolding and protein homeostasis (proteostasis) imbalance diseases,
which are characterized by intracellular and/or extracellular misfolded protein aggregates [71].
Factors, like glucose starvation, impairment of intracellular Ca?* homeostasis, and failure in
protein synthesis, secretion, transport, and degradation can cause ER stress which leads to UPR
[72]. An upregulation of proteins involved in the ER stress can be detected postmortem in the
AD brain tissue [72]. In mammals, the canonical UPR pathway has three branches, representing
key transmembrane proteins: inositol-requiring enzyme 1 (IRE1), protein kinase R-like ER
kinase (PERK), and activating transcription factor 6 (ATF6), as proximal stress sensors [73]. If
ER stress is prolonged, and cannot be restored, and the misfolded proteins cannot be degraded
by common cellular quality control mechanisms, then the UPR may turn into the induction of
apoptotic cell death. Maladaptive UPR and ER stress could be reliable therapeutic targets for
the treatment of AD [74].

Among several membrane-bound organelles that interact with ER, the membrane connection
between ER and mitochondria (so-called mitochondria-associated ER-membrane, MAM) is
extensively studied and well-characterized [75]. Several proteins, like APP, PS1-2, and the
sigma-1 receptor (S1R), the dysfunction of which is associated with neurodegeneration, are also
located in MAM [76, 77]. The altered ER-mitochondria contacts have been proved in both FAD
and SAD. The MAM hypothesis proposed that the disturbed MAM functions are responsible for
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the development of AD [78]. Based on recent results, the utilization of MAM modulators has
therapeutic opportunities in this field [76, 78, 79].

Besides the aforementioned hypotheses, several other theories exist, which would explain the
origin of AD, such as Ca?*-influx into neurons, cell cycle, estrogen, metal ions, lymphatic
system, dual pathway [80], a-Synuclein, free radicals-oxidative stress, autoimmune origin [65],
microorganism, microRNA, and prion/prionoid hypotheses [46, 69, 81]. All theories are
interconnected and overlapping, using common crucial cellular signaling pathways. Every
hypothesis has been proposed to explain the origin of the pathology but none of them can
account for every detail of AD. However, for effective therapy, it would be important to identify
the starting/most toxic molecular factor(s) in AD. It is very probable, that A still plays key

roles in the development of AD.

4.3 The central role of medial temporal lobe structures in AD

The medial temporal lobe (MTL) structure, which includes a system of anatomically related
areas that are responsible for mnemonic function [82], is the primarily affected brain region in
AD [11]. The parts of the MTL are the hippocampal formation (dentate gyrus, DG), HC proper,
the subicular complex, and the adjacent cortices [83, 84]. The HC is located medially and
ventrally in the inferior part of the lateral ventricle in humans (in rodents, the HC is located
dorsally). The HC contains two interlocking parts: the outer domain is the CA region (or
Ammon horn CA1, CA2, CA3); and the inner part is DG. The unidirectional transverse loop of
excitatory pathways through the DG, CA3, CAL, and subiculum is typical for HC [85]. The
pyramidal cell bodies of the 2 major parts of Ammon horn (CA1, CA3) constitute a single
continuous layer, the stratum pyramidale. The unique, specialized granule cells of DG can be
also located in a separate layer. The dendrites of granule cells project to the molecular layer of
DG and constitute synapses with the neurons of the entorhinal cortex (EC). Their axons (mossy
fibers) terminate on hilar cells and apical dendrites of neurons of CA3. The collaterals of axons
of CA3 pyramidal cells (Schaffer collateral) converge on CAl pyramidal cells. These
collaterals can form synapses at several points of the dendrites of pyramidal cells in CA1. The
CAL1 pyramidal cells connect to cells of the subicular complex and have projections towards
neurons of EC. HC receives inputs from all neocortical sensory regions through the EC, and
efferent fibers of HC connect to the neocortex via the subiculum and EC [86]. The perforant
pathway, one of the major afferents of HC provides a connection route from entorhinal neurons
to granule cells and pyramidal cells of CA3 or CA1. These axons of the perforant pathway are

able to terminate not only on the dendritic spines of pyramidal cells to form asymmetrical,
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excitatory synapses but also on dendritic spines of inhibitory interneurons [87, 88]. Together
the perforant pathway from EC, the mossy fibers, and the Schaffer collateral constitute the
glutamatergic, excitatory trisynaptic loop, which is a characteristic feature of the HC.
Generally, most of the synapses are formed on dendritic spines. Dendritic spines are cellular
compartments containing the molecular machinery important for synaptic transmission and
plasticity [89]. Interestingly, each pyramidal cell of CA1 has only one excitatory synapse while
in many brain regions, the spines have two inputs: excitatory and inhibitory ones. In pyramidal
neurons of the HC, there is an almost one-to-one relationship between the numbers of dendritic
spines and excitatory synapses [89, 90]. The strength, stability, and function of the excitatory
synaptic connections constitute the basis of cognitive functions [91]. The progressive loss of
dendritic spines and the presence of dystrophic neurites have been reported with aging as well
in AD-affected human brain [91-94] and in transgenic mouse models [95, 96], as a hallmark of
cognitive decline [1, 97].

At the cellular level, the place cells of HC mediate the allocentric navigation, and form neural
spatial maps; moreover, they re-map the place field (update neural spatial maps) in the
environment. The place, grid, head direction, and border cells of EC are connected to HC, and
they form a system that is able to map the environment with considerable accuracy [98, 99].
These abovementioned cells are collectively responsible for spatial navigation, which is
dramatically impaired in AD. The dysfunction or loss of hippocampal and entorhinal cells has
been reported in different mouse models of AD [58, 100, 101]. It is proved that the earliest
pathological changes typical for AD arise in HC-EC circuits, so these brain structures were

targeted with our AB-injection experiments.

4.4  Adult neurogenesis and neuroinflammation

In mammals, new neurons and glial cells continue to be generated throughout life. In adulthood,
neurogenesis is derived via mitosis from neuronal stem cells (NSCs). NSCs, which are located
in the subgranular zone (SGZ) of the DG in the HC, and the subventricular region of the lateral
ventricles, generate neuronal progenitor cells [102-107]. An optimal microenvironment is
essential for the division, differentiation, migration, and maturation of NSCs.

After differentiation and migration of the type 2A-B, 3, and immature cells, the newly formed
mature granule neurons can integrate into local neuronal circuits of the HC; thus, they might
have a significant role in plasticity, cognitive functions, learning, and memory processes [108].
Both extrinsic (stress, aging) and intrinsic (signal transduction pathways, epigenetic

modulators, immune system) modulators can influence the whole process of neurogenesis [107-
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113]. Physiologically, the activity of adult hippocampal neurogenesis decreases with aging,
leading to a usually mild, age-associated cognitive decline [111, 114-117]. However, the results
are mainly based on studies conducted with animal models. Because of the problems, which
arise upon detecting human neurogenesis processes in vivo, it is debated, if the findings are
translatable to the human case [118]. Still, the decline of adult neurogenesis in the aging human
brain could be detected with careful experimental planning and methodical considerations
[119]. It was also proven, that the extent of adult neurogenesis is diminished in the early stages
of AD, even before the appearance of senile plaques [115, 120-122]. The findings suggest that
the stimulation of neurogenesis might serve as a promising therapeutic target to improve
cognitive functions and promote neural adaptability, whereby it might prevent or even treat AD.
In recent decades, besides AP and NFTs, neuroinflammation has been identified as a third
neuropathological hallmark of AD [123, 124]. The neuroinflammatory changes associated with
AD have been observed in animal models [125], postmortem human brain tissue [126], and in
in vivo molecular imaging [127]. Studies have demonstrated that activated microglia or
astrocytes that release proinflammatory cytokines and chemokines, support neuroinflammation
and they also negatively impact the proliferation and differentiation of NSCs [115, 128-130].
In the early phase, activated microglia and hyperreactive astrocytes probably slow down the
progression of the disease by clustering around the plaques and thus exerting a protective effect
against the neurotoxic AP forms. In later stages of AD, uncontrolled neuroinflammation might
enhance A production and plaque formation and it could also be detrimental to adult
neurogenesis that may contribute to the onset of more severe neurological symptoms [115, 131].
Therefore, it is hypothesized that reduction of neuroinflammation, possibly together with an
intensive stimulation of hippocampal neurogenesis could slow down the decline of cognitive
skills in AD.

4.5 Sigma receptors and modulators

Sigma receptors (SRs) are unique transmembrane proteins, acting as intracellular receptors with
chaperone protein functions. Two subtypes of SRs exist, the SIR and SR2 [132-134]. S1R is
broadly expressed in the CNS, especially in the DG region of the HC, both in neurons and glial
cells. S1Rs are mainly located in the MAM where the ER and the mitochondria establish a tight
interplay [76, 135-138].

Without agonists or any other activating stimulus (e.g., cellular stress), the inactive form of S1R
binds to the binding immunoglobulin protein (BiP), which initiates the oligomerization of S1R

to form low-n oligomers. When the receptor is activated, monomers dissociate from the BiP-
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S1R oligomer complex and translocate to various cellular components, such as the cytoplasm,
the cell membrane, and the nucleus, where they bind to target proteins and induce a cellular
response [136, 138, 139].

S1R, as a pluripotent modulator, can interfere with different ion channels, G-protein coupled
receptors (e.g., opioid, dopaminergic receptor, and corticotropin-releasing factor), and cell-
signaling molecules, thus it participates in numerous physiological and pharmacological
processes [140, 141]. For example, this receptor is thought to play an important role in the
modulation of intracellular Ca?* levels or in the regulation of phosphorylation of IRE1 [76,
140]. S1IR modulates the UPR pathways as its overexpression enhances neuronal survival by
decreasing the activation of PERK and ATF6. The low activity of the receptor causes
conformational changes in IRE1 and impairs cell survival [76]. The activation of S1IR can
promote protection from ER stress by defeating reactive oxygen species (ROS) while the low
activity of SIR may lead to apoptosis [138, 142]. Besides the neuroprotective role of S1R
agonists, peripheral cytoprotective effects of the S1IR agonists could also be observed in
ischemic hepatocytes and hypertrophic cardiocytes [140, 143]. S1R is known to influence
neurite outgrowth, proliferation, plasticity, as well as learning and memory functions [143-147].
Many S1R agonists (sertraline, fluvoxamine, dipentylammonium) improved the nerve growth
factor-induced neurite outgrowth in different cell lines [140]. In pathological conditions, e.g.,
in AB-induced AD animal models or in neuroblastoma cell lines, the activation of S1R can
attenuate ROS production and ameliorate cognitive functions [146-148]. Furthermore, S1R
may be essential for modulating neurogenesis in adulthood, which has been already linked to
AD. It is proved that in case of S1R deficiency adult neurogenesis is disturbed, as in an S1R
knockout animal model, the proliferation of progenitor cells raised but both the neurite growth
and the survival of newborn cells significantly decreased [149]. S1R also plays an important
role in neuroinflammation. The receptor is expressed in microglia and astrocytes, and it can
modulate their activation thus attenuate neuroinflammation [140, 150]. In several animal
models of stroke [151-153], amyotrophic lateral sclerosis [154], and AD [155], S1R ligands
influenced reactive astrogliosis, thereby modified microglial activity [76]. It is also reported
that the expression level of S1R decreases in patients with neurodegenerative diseases like AD
[76, 156, 157].

With its unique ligand-binding side, S1IR binds a diverse set of molecules with different
chemical structures and diverse pharmacological profiles, for example, antipsychotics,
antidepressants, and neurosteroids [158-161]. Functional (in vivo, ex vivo, in vitro) and

quantitative cell-based assays, methods which measure Ca®* levels, receptor fluorescent
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resonance energy transfer, and S1R-BiP association enzyme-linked immunosorbent assay
experiments help to distinguish between agonists and antagonists - however, none of them are
precise. S1R agonists activate S1IR and thus support the formation of SIR monomers and
dimers, while the antagonists favor the binding to the oligomeric state of S1R [140]. The S1R
does not have a well-identified intrinsic activity [162], thus standardized methods in order to
characterize the identity and activity of possible intrinsic ligands should be established [140].
Many endogenous (dehydroepiandrosterone (DHEA), pregnenolone, and N, N-
dimethyltryptamine (DMT) [144]), and exogenous S1R ligands ((+)-pentazocine, fluvoxamine,
ANAVEX2-73, and 2-(4-morpholinethyl)-1-phenyl cyclohexane carboxylate (PRE084),
donepezil, cutamesine, haloperidol, NE-100, and sertraline) have been identified [76, 137, 144,
163]. They all can be classified either as agonists (DMT, fluvoxamine, DHEA, donepezil,
cutamesine, (+)-pentazocine, fluvoxamine, ANAVEX2-73, PRE084, pregnenolone) or
antagonists (NE-100, haloperidol, sertraline) [140, 162]. During our experiments, the impacts
of two agonists, DMT and PRE084 were studied.

DMT is a non-specific endogenous ligand of S1R, which is a hallucinogenic agent assumed to
be biosynthesized in small quantities and accumulated in the CNS [164-166]. Previous studies
have shown that the administration of DMT modulates many ion channels [165], protects
against hypoxia-induced damage [167], alleviates neuroinflammation [168, 169], increases the
density of dendritic spines [170], as well as promotes neurogenesis and neuritogenesis [171-
175]. However, DMT might also exert anxiogenic, neuro-, and cytotoxic effects [173, 176-178].
DMT is known to bind to several receptors with different affinities (5-hydroxytryptamine (5-
HT)ia8, 5-HT1p, 5-HT2ac, 5-HTsa, 5-HTs, 5-HT7 receptors, S1R, serotonin transporter,
dopamine 1-5 receptors, a1 adrenergic receptor, imidazoline 1-3 receptor, trace amine
associated receptor, N-methyl-d-aspartate receptor [179-181]). Several adverse effects of DMT
are primarily associated with the stimulation of 5-HTa receptors [173, 176, 177, 179, 182],
while its positive impact is rather related to the activation of S1Rs [153, 166-170, 172, 175,
176, 178]. However, inflammation regulatory and plasticity-promoting activities of DMT are
also considered as results of its binding to both S1 and 5-HT receptors.

The antidepressant and nootropic properties of PRE084 are also recognized [183]. Based on
our current knowledge, PRE084 may promote neuroprotection and neurite growth by
stimulating the expression of different neurotrophic factors, as well as by activating signaling
pathways involved in cell survival [154, 184-188]. Previous studies suggest that this S1R
agonist might positively impact learning and memory, as it was demonstrated in animal models

of neurodegenerative diseases or of traumatic brain injuries [186, 187, 189]. It is also reported
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that after the administration of A2s-35 into the right lateral ventricle of mice, PRE084 treatment
moderated the adverse behavioral effects of AB2s.35 [147] via reducing neurotoxicity-induced
cell death [190]. Moreover, PRE084 may also promote neurogenesis [191] and cell survival by
attenuating excitotoxicity and reducing microglial activity, as well as diminishing the
expression of proinflammatory factors [192, 193]. Based on the findings detailed above, S1R
received considerable attention for its potential role in the prevention of Ap-induced
neurotoxicity, as well as in the regulation of the pathophysiology of AD. Thus, S1R ligands are
being recognized as promising therapeutic agents for treating or alleviating AD [53, 76, 194-
196].

4.6 Animal models and behavior tests in AD research

Creating animal models that can recapitulate specific features of AD is of great importance in
the understanding of the pathogenesis of the disease and in the development of new therapies
[197]. A great variety of models have been developed, invertebrates (Caenorhabditis elegans,
Drosophila melanogaster, and yeast [198, 199]) and vertebrate animals (Rhesus monkey,
canine, rodent, and zebrafish models [199]) have been employed to elucidate how the disease
is initiated and spread. However, currently, we do not have a single model to mimic the
complexity of the disease. Transgenic models (mouse [200] and rat [201],

https://www.alzforum.org/research-models/alzheimers-disease) express the genetic features of

FAD, by applying one or more human mutations of the key proteins (e.g., APP, PS1-2). The
possible therapeutic drug candidates are mainly tested on these systems, however, more than
95 % of AD cases belong to the sporadic form [86]. In AD research, a well-established SAD
animal model would be urgently needed for the testing of neurocognitive compounds. In the
past decades, many SAD models have been generated, based on hypertension, hypoxia, and
stroke, lipopolysaccharide-induced neuroinflammation, and the application of neurotoxins or
infused AP [125, 202, 203]. The main problem with these animals is that they only mimic
certain pathological hallmarks of human AD, and none of them can reflect entirely the
fundamental pathophysiology of the disease. Nonetheless, nowadays, the non-transgenic rodent
models are proven to be cheap, and as they apply young animals, they can serve as a fast and
flexible possibility to investigate the etiology, progression, and molecular mechanisms of AD.
A non-transgenic model can be obtained by injecting extracellular AP peptides directly into the
murine brain via intrahippocampal (IHC) [204-215], entorhinal (EC) [203, 216, 217] or
intracerebroventricular (ICV) [191, 200, 218-227] administration. In a study, Ap was

administered into different brain areas (olfactory bulb, parietal cortex, striatum, EC, and HC)
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[228]. Although AP seeds of exogenous origin were detected in all regions, the entorhinal and
hippocampal AP aggregates were significantly overrepresented and more congophilic
compared to those in the striatum. Moreover, the depositions were still present near the injection
site even 3 months after the delivery, and their spreading into adjacent brain regions was also
detected (e.g., injection into the EC induced the appearance of AP deposits in the molecular
layer of DG). In another study, it was also proven that the ICV injected oA could enter the
brain tissue from the cerebrospinal fluid, inducing widespread changes in neuronal cells [221].
Acute AP infusion into the brain rapidly establishes some symptoms of AD, like learning and
memory impairments, and a range of AD-associated histopathological hallmarks, such as
dendritic spine and synaptic loss, altered neurogenesis, and neuroinflammation are also
evincible with varying severity [205]. However, common Ap-injection experiments widely
differ from each other in experimental parameters, such as the type of AP (i.e., AB1-40, AP1-42,
AP2s-35) the aggregation grade (fAB, oAp), the concentration of the applied AP solution, the
duration of infusion (single or chronic treatment), and the site of infusion (ICV, IHC, EC, etc.),
which makes the comparison of the results difficult.

In animal research paradigms, behavioral tests are commonly used to assess the effects of
neurodegeneration on cognition and behavior. These methods are designed to measure a range
of behavioral changes in learning and memory (Morris water maze, Object recognition, Y- and
T-maze, Radial arm maze, Hole board, Barnes maze), anxiety (Open field, Elevated plus maze,
Light-dark box, Social interaction test), depression (Forced swim and Tail suspension tests), or
motor function (Rotarod and Locomotor activity tests) [197, 203, 204, 229, 230]. In AD
research, learning and memory are the most studied features. For this purpose, the Morris water
maze (MWM) is often used, in which the spatial learning and memory of the rodents are tested.
The MWM was developed by Richard G. M. Morris in 1984 [231]. During the test, the rodents
navigate in an open swimming arena by using distal cues to find the submerged escape platform
in the tank [231, 232]. Several properties of the MWM have contributed to its widespread use
such as its reliability despite variable testing procedures, its validity for assessing hippocampal-
dependent spatial learning and memory, its sensibility as it is capable to detect subtle
differences in learning and memory, and its cross-species applicability (rat, mouse or even
human) [232]. Moreover, it can be used to examine versatile research questions related to
cognitive functions such as the effects of drugs, aging, and neurodegenerative diseases on
learning and memory. Moreover, MWM has further advantages: it requires minimal training of
the animals, it is non-invasive, and the rodents possess sufficient motivation to locate the hidden

island, moreover, it does not require food deprivation, and complete inactivity of the animals
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in the tests is very rare [99, 232, 233]. Still, a few disadvantages are also described [232, 233],
e.g., the most common claim is that MWM s stressful to the subjects. The testing procedure
increases the level of the stress-related marker, corticosterone, 4-fold in the Barnes maze and
5-fold in MWM, but its influence on the subjects’ performance is not yet obvious [234]. Some
animals are not motivated to find the platform, they are floating or moving around the perimeter
of the arena, and they do not perform an effective searching strategy in the maze. This
behavioral phenotype is more characteristic of inbred mouse strains. According to the opinion
of certain researchers, the test is not sensitive enough to measure working memory [99].

The most basic procedure of MWM is spatial or place learning. During the learning trials, the
rodents must acquire the way to the hidden, escape platform, by using the distal cues, when
they start from different points around the perimeter of the arena. At the end of the learning
phase, generally within 24 hours, a probe trial is given to assess the reference memory. Several
variations of the basic protocol exist that can be used to enhance the evaluation of spatial
cognitive functions. The reversal MWM versions (‘spatial reversal’, and ‘spatial double-
reversal’ ones with a smaller platform), in which the platform is relocated to different quadrants,
disclose the learning flexibility of the subjects - that is whether the animals can extinguish their
original goal position and acquire new ones. When using a smaller platform, more accuracy is
required from the animals to solve the task because the elevated ratio of the search area to target
size increases the task difficulty. Consequently, such subtle cognitive deficits and/or effects of
drugs may be detected that remain hidden in the learning phase. Another procedure to examine
the animals’ flexibility and rapid learning ability is the ‘matching-to-sample’ or ‘trial-
dependent’ protocol. In this procedure, in order to assess the spatial working or trial-dependent
learning and memory, (which is primarily affected in AD), a different protocol is required: the
platform is relocated every day. Each day, during the first swim, which represents a sample
trial, the animals must learn the new position of the island. The second swim on the same day
serves as the test or matching trial, in which the performance of working memory is measured.
Besides the abovementioned protocols, ‘repeated’, ‘discrimination’, ‘latent’, and ‘cued’
learning procedures exist, and their application is determined by the goal of the given
experiment. During our experiments, the basic and some modified versions of MWM were also
applied. We intended to use a modified version of MWM, in which, by combining several
protocols (matching-to-sample, basic, and smaller platform), the Api-s2-injected rodents’
learning and memory flexibilities and their subtle cognitive deficits would have become
detectable. In human AD, after the impairment of the working memory, other memory types

become also affected, like the declarative/explicit/episodic/allocentric one, and the
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implicit/procedural/egocentric one. These functions rely mainly on the intact HC and on the
parahippocampus. In animal models, it is hard to precisely separate which type of memory is
tested. Basic MWM protocols mostly test the allocentric memory that is homologous to
declarative memory in humans. In our modified MWM, by applying the matching-to-sample
protocol followed by a smaller platform, the spatial accuracy requirements of the animals were
enhanced, thus the working memory could be also tested.

Despite many animal models and experiments, currently, there is no cure for AD, and its
progression cannot be prevented; at present, only symptomatic treatments with mild to
moderate efficiency are available. Several cases reported that drug candidates improved
memory functions in a rodent model, but they were ineffective in human clinical trials. There
are different theories to explain the negative outcomes. The brains of humans and rodents are
structurally and functionally different which can affect information processing. Moreover,
artificial rodent models may not reflect accurately the natural progression of the disease.
Besides, metabolism and absorption processes in rodents are dissimilar from those in humans,
which can influence the efficacy and toxicity of the tested drug candidates. Nonetheless, the
importance of animal models and experiments is undeniable. By studying underlying molecular
mechanisms and progression of AD in rodent models, potential drug targets and biomarkers for
an early diagnosis can be identified. Screening of drug toxicity in animal models helps to reveal
safety issues in the early phases of pharmaceutical development. Admitting the fact, that
human-rodent comparisons are limited, it seems probable that the exact pathomechanism of AD
cannot be elucidated by human experiments alone [235]. Therefore, a methodic selection of
translatable experimental paradigms is required, whereby the conversion of basic experimental
discoveries into practical applications may considerably improve the diagnosis, prevention, and
treatment possibilities of AD [86, 236].

4.7 Drug research in AD

The expansion of knowledge related to AD pathology, and the dynamical adjustment of theories
to the experimental findings constantly influence the directions of AD-related drug research. In
parallel with the establishment of the first hypothesis of AD, which was the cholinergic one,
cholinesterase inhibitors appeared as potential causative therapeutics [30, 31]. Afterward, the
identification of the AP peptide provided new possibilities for drug research. At this time, the
tau protein also became a potential target, although less significantly, possibly because it is
more difficult to create relevant tau-based biological models in which the effects of the

compounds could be reliably monitored.
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Alforum.org is an internet database, which summarizes the results relating to AD research in a
revised form. On this website, discoveries, drug research outcomes, diagnostic procedures, and
experimental models are collected (https://www.alzforum.org/databases). Analysis of the

database related to therapeutics shows that all the main AD hypotheses have already been
targeted by pharmaceutical research. Because of the central role of AB in AD pathology, one of
the largest groups is related to it, with 71 therapeutics being in various phases of clinical testing.
A strong candidate among AD therapies is immunotherapy, in which either AP antibodies are
administered (passive immunotherapy), or a humoral immune response is induced with a proper
antigen in the biological system (active immunotherapy). Unfortunately, most of the active
immunization trials in humans had to be discontinued, due to severe side effects (encephalitis)
[237, 238]. In the last five years, leading pharmaceutical companies (Eli-Lilly, EISAI, Janssen-
Pfizer, Hoffmann-La Roche) have focused their efforts on the development of passive
immunization therapies [239]. In this procedure, antibodies are produced against AP of a
specific length or aggregation (monomeric, protofibrillar, and fibrillar) form. Unfortunately, the
results revealed problematic efficacy in many cases, e.g., bapineuzumab could not possess any
clinical efficacy regarding the cognitive functions, except in the 0.15 mg/kg dose, which caused
a significant worsening in cognitive functions [240]. In preliminary experiments, a single
administration of solanezumab reduced the amyloid plagques and reversed the memory deficits
in a transgenic mouse model, but in human clinical trials, its effects were insignificant [237,
241]. A possible reason for the ineffectiveness of therapies could be the fact that the penetration
of the antibodies to the appropriate brain area is limited.

AP peptides are produced from sequential cleavage of APP by y- and B-secretases thus the
application of secretase inhibitors or modulators was considered as another promising strategy
to treat AD. However, trials with small-molecular B- or y-secretase inhibitors have also failed
because of the negative side effects and the lack of meeting their primary endpoints, i.e.,
significant improvement of cognitive functions [30, 241]. Secretases act on several biological
targets; therefore, they may cause serious adverse effects, e.g., liver toxicity, skin cancer, and
decreased resistance to infections [237, 242].

By 2017, the research community was shocked by the negative outcomes of clinical studies
applying immunization and secretases. John Hardy summarized the disappointing results and
he also attempted to define new therapeutic approaches for the treatment of AD [243].
Systematic and open data analysis at all stages of the disease is a key element for the
understanding of AD research. Failed trials still have value, if we learn from them, thus improve

our theories and concepts.
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Currently, according to the Alzforum.org database, there are 8 therapies available for the
treatment of AD in the USA. Five of these therapeutics (Donepezil, Galantamine, Memantine,
Rivastigmine, Tacrine) affect the cholinergic system or the level of other neurotransmitters, and
they provide therefore only symptomatic treatment. One molecule (Suvorexant) is an approved
medication to cure insomnia which became the first drug to be accepted to treat circadian
disruption in AD. The two remaining treatments are passive immunization-based monoclonal
antibodies, Aduhelm (Aducanumab) and Legembi (Lecanemab) that are considered to reduce
AP accumulations. In 2021, the Food and Drug Administration approved the therapeutic use of
Aduhelm in the USA after serious professional debates and required further Phase 4 studies to
confirm efficacy and to determine appropriate dosages. These investigations are currently
ongoing. Legembi is an approved antibody which selectively binds to soluble A protofibrils,
but its Phase 3 studies are currently still ongoing. Although the current results are promising
for AD patients, it seems obvious that antibodies possess clinical efficacy only in very high
doses. Because of the high costs of antibody production, an effective treatment that is
financially affordable for all members of the human community will not be available in a short
time. Whether antibody therapies are the right therapeutic approach is also highly debated. All
opinions agree that the delivery of antibodies to the target site must be increased, which would
possibly enhance the efficacy, and thus reduce the required dose and the costs of the treatments.
Therefore, it is worth considering other, less-studied targets of AD pathology. In case of anti-
inflammatory drugs, clinical trials have already been carried out aiming their application for
AD treatment. The Alzheimer's Disease Anti-Inflammatory Prevention Trial, which examined
the effects of naproxen and celecoxib, ended unfortunately with negative results [244]. The
reasons for the ineffectiveness may be an insufficient experimental design, a short treatment
time, the advanced age of the patients, several comorbidities, genetic reasons, and the
inhomogeneity of experimental groups [245]. It can be assumed that by eliminating the errors,
the beneficial effects of the anti-inflammatory drugs would be detectable over the course of
AD.

One of the targets of our research was the therapeutic application of SIR modulators for AD
treatment. Blarcamesine (ANAVEX) which is a mixed S1R/muscarinic agonist [246] is
currently being investigated in a Phase 3 clinical trial. Blarcamesine reduced the deterioration
of cognitive abilities, although dizziness and confusion occurred in some patients as side
effects. Moreover, preclinical studies aiming at the therapeutic expansion of several approved
drugs (Fluvoxamine, Donepezil, Citalopram, Dextromethorphan) that bind to S1R, are also

underway.
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5 AIMS

Based on the amyloid cascade hypothesis, our research group aimed to establish such

experimental models, in which potential drug candidates, designed and synthesized in-house,

could be cost- and time-effectively tested in vivo. To achieve this, we formulated and validated

different treatment protocols applying exogenous AP, with the following considerations:

1.

In one study, fAB1-42 was administered in the HC of rats. We examined the impact of a
single injection of fABi-42 on spatial memory and on dendritic spine density in the HC

of the treated animals. Rats were subjected to standard MWM tests (IHC experiment).

The effect of Leu-Pro-Tyr-Phe-Asp-amide (LPYFDa), a potential drug candidate
molecule was tested in a cooperative project. Our collaborators examined its effect in
an injection model, in which 0Ap1-42 was administered in wild-type mice in the presence
of LPYFDa, and the animals were subjected to fear conditioning tests. In parallel with
this, we aimed to evaluate spatial memory in a modified version of MWM. Instead of
mice, we used rats, which were treated once with 0Api.42, injected in the EC. The
neuroprotective impacts of LPYFDa on cognition and on neuroinflammation were also

studied in this model (EC experiment).

The change in the leading directions of AD-related drug research made us broaden our portfolio

and find possible therapeutics with new pathomechanistic targets. We aimed to assess the role

of adult neurogenesis and neuroinflammation in AD, and its connection to S1R-dependent

molecular processes.

3.

In a third study, 0Ap1-42 was administered ICV in adult wild-type C57BL/6 mice, in
order to induce early acute AD-like impairments in neurogenesis and to reveal its
relationship with neuroinflammation. We attempted to restore normal functioning in the
ApB-treated animals by activating S1Rs with two different S1IR agonists, PRE084 and
DMT (ICV experiment).
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6 MATERIALS AND METHODS

6.1 Animals

Male Wistar rats (n=24, Charles-River, Germany), weighing 210-230 g at the beginning of the
IHC experiment, male Wistar-Harlan rats (n=41, Charles-River, Germany), weighing 250-350
g, and aged 8-10 weeks at the beginning of the EC experiment, and male C57BL/6 wild-type
mice (n=80) from in-house breeding, weighing 23-28 g and aged 12 weeks at the beginning of
the ICV experiment, were used as subjects.

All animals, divided into groups, were kept under constant circumstances, including constant
temperature (23 = 0.5 °C), lighting (12:12 h light/dark cycle, lights on at 7 a.m.), and humidity
(~50%). Standard rat or mouse chow and tap water were supplied ad libitum. All behavioral
experiments were performed in the light period. Handling was executed daily, at the same time,
started one week before the experiments. All efforts were made to minimize the number of
animals used, and their suffering throughout the experiments.

All experiments were performed in accordance with the European Communities Council
Directive of 22 September 2010 (2010/63/EU on protecting animals used for scientific
purposes). The experimental protocols were approved by the National Food Chain Safety and
Animal Health Directorate of Csongrad County, Hungary (project license numbers:
XXV1/01699/2010, XXX1/2012., XXVI1./3644/2017). Formal approval to conduct the

experiments was obtained from the Animal Welfare Committee of the University of Szeged.

6.2 Synthesis of ABi1-42, and preparation of Api-42 aggregates

The iso-AP142 peptide, which is a chemically modified form of the natural sequence was
synthesized in the solid phase using tert-butyloxycarbonyl (Boc)-chemistry in-house, as
reported earlier [247]. In the IHC experiment, the fAPB1-42 was prepared as described by He et
al. [204]. Briefly, iso-ApB1-42 was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Sigma
Aldrich, Saint Louis, MO, USA) to 1 mM. HFIP was removed in vacuo, and the peptide film
was suspended in dimethyl sulfoxide (DMSO, Sigma Aldrich Saint Louis, MO, USA) to make
a 5 mM solution. The fAB1.42 was prepared by diluting the DMSO stock solution with a 100
mM HEPES buffer to a final concentration of 222 ;M. The solution was incubated at 37°C for
7 days. After the aggregation period, the sample was centrifuged for 10 min at 15,000 g at RT.
The pellet containing the freshly prepared fABi-42 was resuspended in 100 mM HEPES buffer

(pH 7.5) and used in the experiments.
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In the EC experiment, 0AB1-42 was prepared by applying a modified protocol of Stine et al.
[248]. According to this, iso-APi-42 was dissolved in HFIP and incubated overnight at RT.
Aliquots were transferred into Eppendorf tubes, and HFIP was evaporated in vacuo. Oligomers
were prepared by resuspending the peptide film in NaHCOs-buffered saline (20 mM NaHCOs,
154 mM NaCl saturated with CO,, pH=7.0). Samples were filtered through a syringe filter
equipped with a sterile PVVDF membrane (pore size 0.1 xm, Millipore, Hungary). The peptide
content of the filtrate was determined by a bicinchoninic acid assay. The final peptide
concentration was adjusted to 75 M. The oligomeric solution was stored at 4°C until further
use on the same day.

In the ICV experiment, a stock solution of iso-Ap1.42 was prepared using distilled water, to yield
a concentration of 1 mg/ml (200 «M, pH=7), and it was sonicated for 3 minutes. The solution
was incubated for 10 minutes at RT, then the pH level was adjusted with NaOH to pH=11, and
it was further incubated for 2 h. After a 3-minute-long sonication process, the 0Ap1-42 solution
was diluted in phosphate-buffered saline (PBS, 20 mM) to a final peptide concentration of 50
uM, verified by a bicinchoninic acid assay. The oligomeric solution was stored at 4°C until
further use on the same day.

The fibrillar and oligomeric states of the Ap aggregates were checked by transmission electron
microscopy (Philips CM10, FEI Company, Hillsboro, OR, USA; JEM-1400, JEOL USA Inc.,
MA, USA) operating at 120 kV. Images were taken by MegaView Il Soft Imaging System
(Gmbh, Miinster, Germany) and an EM-15300SXV system, routinely at a magnification of
25,000 and 50,000, and were processed by the SightX Viewer software.

6.3 Drug candidate (LPYFDa) synthesis

The neuroprotective pentapeptide, LPYFDa was synthesized in-house by standard solid-phase
peptide synthesis methodologies using Rink-amide resin and fluorenyl-methoxycarbonyl
(Fmoc-) chemistry. The pentapeptide was purified on a C18 RP-HPLC column; pure fractions
were checked by analytical HPLC, pooled, and lyophilized. Purity control and molecular weight
were controlled by mass spectrometry (ESI MS, FinniganMat TSQ 7000) [249, 250].

6.4 Surgery, solutions, and drug administration

Rats and mice were anesthetized by an intraperitoneal (IP) injection of a mixture of ketamine
(10.0 mg/0.1 kg) and xylazine (0.8 mg/0.1 kg). The animals were placed into a stereotaxic
apparatus (David Kopf Instruments, Tujunga, CA, USA; Stoelting Co., Wood Dale, IL, USA),

a midline incision of the scalp was made, the skin and muscles were carefully retracted to
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expose the skull, and a hole was drilled above the target area. In all three experiments, Hamilton
syringes (32 G) were used for the injections. In each case, the administration started 2 min after
lowering the needle, and it was removed very slowly 2 min after the end of the injection. All
animals were treated with antibiotics and analgesics after the surgery.

In the IHC experiment, the solution was injected into the right HC unilaterally at a rate of 1.0
w1l/min. The following coordinates were used from Bregma point: AP: -3.6; ML: -2.4; DV: -2.8
[251]. Rats were randomly injected either with the fAB142 (222 uM fAB1-42) or with vehicle
(physiological saline). Two groups: control (n=12) and fAp1-42-treated (n=12) were formed.

In the EC experiment, the solution was injected into the EC at three bilateral sites (2.5 ul per
site, altogether 15 ul) at a rate of 0.5 ul/min. The injection locations were approached at an
angle of 15°. The following coordinates were used from Bregma point: AP: -6.4, -6.7, -6.8; ML:
+4.0, +2.4, £3.5; DV: -8.2, -7.8, -7.4, respectively [251]. The rats were randomly assigned to
groups and subjected to injections with the following solutions: 1. PBS (20 mM), n=10; 2.
LPYFDa (375 uM), n=10; 3. 0AP1-42 (75 uM), n=10; and 4. 0AP1-42 and LPYFDa (for 0AB1-42
75 uM; for LPYFDa 375 uM, 1:5 molar ratio), n=11.

In the ICV experiment, a single intracerebroventricular injection of either 0AP1-42 (50 uM) or
PBS (20 mM) was administered at the right side, injected at a rate of 0.5 uL/min. The following
coordinates were used from Bregma point: AP: -0.3; ML: -1.0; DV: -2.5.

To detect stem cells, mice were injected IP with 5-Bromo-2’-Deoxyuridine (BrdU, 50 mg kg™;
Sigma-Aldrich, Saint Louis, MO, USA) dissolved in PBS, 3 times, 24 h after the surgery as
described previously by Li et al. [191].

PREO084 (1 mg kg, Sigma-Aldrich, Saint Louis, MO, USA) and DMT (1 mg kg, Lipomed
AG, Switzerland) were also administered IP daily between post-surgery days 7-12. Both
substances were dissolved in PBS (sterile filtered, 20 mM) complemented with 1% DMSO
Six groups of animals were developed. In the nomenclature of the groups, the first term refers
to the ICV-administered solution (PBS or 0Api42), while the second one indicates the IP
injected agent with potential disease-modifying activity (PBS again as a control, or PRE084 or
DMT). Based on this nomenclature, the six groups were the following:

1. PBS-PBS: PBS-treated, non-diseased control; n=18; 2. 0AB1-4-PBS: AD-induced, PBS-
treated control; n=18; 3. PBS-PRE084: PREO084-treated, non-diseased control; n=11; 4.
0AP1-42-PRE084: AD-induced, PRE084-treated group; n=11; 5. PBS-DMT: DMT-treated, non-
diseased control; n=11; 6. 0AP1-42-DMT: AD-induced, DMT-treated group; n=11.
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6.5 General description of MWM

Behavioral testing was carried out in a separated behavioral experimental room illuminated by
three lamps giving diffuse light of approximately equal intensity at all points of the maze. The
maze consisted of a circular pool (d=180 cm, h=60 cm) filled with water (23+1°C) and made
opaque with milk. A black curtain was positioned around the pool with some high-contrasted
distal paper cues. The cages were put in the behavioral testing room 1 hour before the swims
for adaptation. The starting positions of the animals varied over the trials and the days. The
maze was virtually divided into four quadrants (Q1-4 or NE, NW, SE, SW quadrants, Fig. 2);
the part of the pool directly by the wall was the so-called peripheral zone. At the beginning of
the swims, rats were placed into the water facing toward the wall of the pool in the peripheral
zone. The island was placed at the center of a quadrant, always within a ring-shaped virtual part
of the arena (annulus), submerged 1.5 cm below the surface to remain invisible to the animals.
The animals were allowed to stay on the escape platform for 15 sec. When a rat did not find the
island, it was guided by hand or placed on it. The behavior of the animals was automatically
recorded with the software EthoVision 2.3 (Noldus Information Technology, The Netherlands,
2002) to calculate the time to reach the platform, swim speed, and swim path length (distance)
during acquisition trials as well as percent time spent in each of the 4 virtual quadrants and time

spent over the platform’s position during the probe test.

Peripheral zone

* Platform

E

* Annulus

Figure 2. Important areas of the Morris Water Maze. The tank is divided into four virtual quadrants (Q1-4 or NE,
NW, SE, and SW quadrants). The target island is located at the center of a quadrant. The annulus is the space
between two concentric circles defined by lines touching the in- and outside border of the platform. The peripheral
zone is close to the wall of the maze from where the animals start to swim. Behavioral data are measured in these

areas by an EthoVision software, and statistically analyzed.

6.5.1 Fixed platform MWM
In the IHC experiment, spatial learning and memory were assessed on days 14 to 20 after IHC
administration of fAB1-42 [204]. Memory acquisition trials (training period) were performed

daily, rats swam 4 times in a row per day in blocks, for 6 days [204]. In each trial, rats were
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allowed to swim freely for a maximum of 120 sec. Twenty-four hours after the last acquisition

trial, retention was assessed on a 120-sec probe trial, with the platform removed.

6.5.2 Modified MWM (MMWM)

In the EC experiment, mMMWM was carried out on the 15" day after the surgery. Two plastic
platforms were used: a larger (d=10 cm), and a smaller (d=5 cm) hidden, escape island. On days
1 to 5 the larger, and on the 6™ day the smaller platform was placed into the tank. During the
experiments, two trials per day were performed from two different starting points, while the
platform remained in the same position. The delay time between the two trials was 1.5 minutes.
Each test lasted a maximum of 90 sec. One experiment lasted for six days.

On days 1 to 4, animals were tested with the matching-to-sample protocol [232]. In this phase,
the large platform was relocated every day (from Q1 to Q4). During the first swim (‘sample’),
the animals had to learn the platform location. The second one served as the ‘test’ or ‘matching’
trial. On the 5" day, the large platform was again submerged in the same quadrant, as the day
before (Q4/NE), while on the 6" day, the smaller platform was also located in Q4. The starting

points and the target quadrants of a 6-day experiment were summarized in Table 1.

DAY D1 D2 D3 D4 D5 D6
TRIAL 1st 2nd|1st 2nd |1st 2nd |1st 2nd |1st 2nd |1st 2nd
STARTING POINT NE W |[S NEIN SE W S |[SE NW|SW SE
TARGET QUADRANT SE NW SW NE NE NE

Table 1. Starting points and target quadrants in the 6-day MWM. The setting parameters correspond to Fig. 2. To
assess the trial-dependent learning and memory of the rats, the matching-to-sample protocol was used on 1 to 4
days (D1-D4). In this phase, the platform was relocated every day (Q1-Q4 or SE, NW, SW, NE quadrants,
respectively), and animals swam in two trials per day. Two different starting points per day were applied. On the
4™ 5t and 6™ days, the platform was submerged in the NE quadrant. On the last day, the smaller island was

submerged in the tank.

6.6 Histological examination

In the IHC experiment, after the behavioral examinations, Golgi impregnation was carried out.
FD Rapid GolgiStain™ Kit (FD NeuroTechnologies, Consulting & Services, Inc., USA) was
used according to the manufacturers’ instructions. The brains (n=6, 3 per group) were removed
quickly, and tissue blocks including HC (approximately 0.7-0.8 cm) were cut from the brain.
Tissue blocks were subjected to a two-phase impregnation. 100 xm coronal sections were cut
with a vibration microtome (Zeiss Microm HM 650V) and were mounted on gelatin-coated

glass slides. After the staining procedure and dehydration, the slides were coverslipped with
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dibutyl phthalate xylene (DPX) mountant for histology (Sigma-Aldrich, Saint Louis, MO,
USA).

In the further histological experiments, rodents were anesthetized with chloral hydrate (1 mg
kgl) and were perfused transcardially with PBS, followed by 4% paraformaldehyde (PFA,
Sigma-Aldrich, St. Louis, MO, USA). The brains were post-fixed in 4% PFA solution for a day
and afterward, they were put in a mixture of 30% sucrose and 0.01% sodium-azide solution.
All chemicals used in the immunohistochemical procedures, except the antibodies (Abs), were
purchased from Sigma-Aldrich (St. Louis, MO, USA). After the immunostaining and washing
steps, all sections were mounted on gelatin-coated slides, air-dried, dehydrated, and
coverslipped with DPX (Fluka BioChemika, Buchs, Switzerland).

In the EC experiment, four animals from each group were used. After the post-fixation, specific
brain regions from the dorsal HC to the posterior part of EC were slotted, and coronal, 30 um
thick sections were cut by a freezing microtome (Leica, CM 1850, Germany).

For glial fibrillary acidic protein (GFAP) staining, the sections were quenched (0.3% H>0>) and
blocked (normal goat serum, NGS, 1:10 dilution), thereafter the slides were incubated with the
primary Ab (MAB360, Millipore, Billerica, MA, USA) in the presence of 20% NGS and 0.2%
Triton X-100 overnight at 4°C. On the following day, the sections were washed in PBS and
incubated for 1 h at RT with the biotinylated secondary goat anti-mouse Ab (1:400 dilution).
The peroxidase reaction was carried out by applying the Vectastain Elite ABC Kit system
(Vector Laboratories, Burlingame, CA, USA) using 3,3’-diaminobenzidine (DAB) as the
substrate and NiClz as an intensifier.

In case of the ICV experiment, two weeks after the administration of 0AB1-42, mice (n=8-8 from
the PREO084- and DMT-treated, and n=15-15 from the control groups) were processed.
Immunohistochemical analysis was carried out on 20 M formalin fixed cryosections. All
immunohistochemical procedures were performed according to Szogi et al. [252, 253]. The
following primary Abs were added to the samples: mouse anti-BrdU Ab (1:800; Santa Cruz
Biotechnology, Dallas, Texas, USA), goat anti-doublecortin (DCX) Ab (1:4000; Santa Cruz
Biotechnology, Dallas, Texas, USA), mouse anti- Neuronal Nuclei (NeuN) Ab (1:500; Merck
Millipore, Darmstadt, Germany), rabbit anti- ionized calcium-binding adapter molecule 1
(Ibal) Ab (1:3600; Wako Chemicals GmbH, Neuss, Germany) and mouse anti-GFAP Ab
(1:1500; Santa Cruz Biotechnology, Dallas, Texas, USA). For BrdU, DCX, and NeuN
stainings, the sections were treated with a polymer-based HRP-amplifying system (Super
Sensitive™ One-Step Polymer-HRP Detection System, BioGenex, Fremont, Cal., USA),

according to the manufacturer’s instructions. For Ibal and GFAP labeling, the slices were
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incubated with the corresponding secondary Abs: biotinylated goat anti-rabbit Ab (1:400;
Jackson ImmunoResearch, West Grove, PA, USA) and biotinylated goat anti-mouse Ab (1:400;
ThermoFisher Scientific, Waltham, MA USA) for 60 min. Next, the sections were rinsed 3
times in PBS, and were incubated with avidin-biotin-complex (ABC Elite Kit; Vector
Laboratories, Burlingame, Ca, USA) for Ibal in 1:1000 and for GFAP staining in 1:1500
dilutions, for 60 min at RT. The peroxidase immunolabeling was developed in 0.5 M Tris-HCI
buffer (pH 7.7) with DAB (10 mM) at RT for 30 min.

6.7 Quantification of the data

Golgi-impregnated sections were studied by inverse light microscopy, using oil-immersion
objectives. A total of 25 pyramidal neurons from the dorsoventral hippocampal CA1 (stratum
radiatum) were examined from each of the 6 animals (25 dendritic shafts per animal were
analyzed). The spine density of the proximal apical dendrite area was analyzed (minimum 100
wm from the soma). For each examined neuron, one 100 xm-long segment from a second- or
third-order dendrite (protruding from its parent apical dendrite) was chosen for spine density
quantification as previously described [254]. The dendrites were selected under a 100x oil
immersion lens and the images of these apical dendrites were captured with a camera (AxioCam
MRC V5, program: AxioVision 40 V. 4.8.1.0 Carl Zeiss Imaging Solutions GmbH) connected
to a light microscope (Zeiss Observer Z1, with 10x ocular magnification) and a computer. Serial
images were made from each dendrite in the whole of the analyzed segment (Z-stack). The
captured multiple photomicrographs from one dendrite were then stacked into one file. To stack
the images and determine the spine density, ImageJ 1.44 software (National Institute of Health,
Bethesda, USA) was used.

Immunohistochemical slides were scanned by a digital slide scanner (Mirax Midi, 3DHistech
Ltd., Budapest, Hungary), equipped with a Pannoramic Viewer 1.15.4, a CaseViewer 2.1
program, and a QuantCenter, HistoQuant module (3DHistech Ltd., Budapest, Hungary). For
quantifications, all sections derived from each animal were analyzed. In DG and HC, the
regions of interest (ROI) were manually outlined. Ab-positive cell types were counted and
quantified from ROIs. The number of stem cells (BrdU+) and neuroblasts (DCX+) were
assessed by the observers, and to assess cell densities, we divided the total number of counted
cells per animal with the DG/HC area and represented them as cells/mm?. In case of NeuN,
Ibal, and GFAP, the densities (%) of neurons (NeuN+), microglia (Ibal+), and astrocytes

(GFAP+) were calculated by the quantification software.
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6.8 Western Blot analysis

In the EC experiment, after removing EC of the rats (n=6/group), the samples were processed
for western immunoblot (WB) analyses to detect the effects of 0AB1-42 on the expression of
GFAP. In the ICV experiment, to determine the effects of 0AP1-42 and PRE084 or DMT on the
expression of S1R, the HC and cerebral cortex samples of 3 animals per group (n=18) were
identically prepared, separated, and transferred to nitrocellulose membranes as reported earlier
[252]. In both experiments, the membranes were treated as described by Szogi et al. [252]. The
levels of GFAP (mouse monoclonal Ab, MAB360, Millipore, Billerica, MA, USA, 1:1000),
and S1R (mouse S1R Ab, Santa Cruz, Dallas, TX, USA, 1:1000) were analyzed in each group.
For the analysis, we used glyceraldehyde 3-phosphate dehydrogenase signal (GAPDH, rabbit
GAPDH Ab, Cell Signaling, Danvers, MA, USA, 1:200,000) as the loading control. The optical
densities of GFAP and S1R bands from the membranes were determined and quantified with a
Molecular Imager ChemiDoc XRS+ gel documentation system (Bio-Rad Hungary Ltd.,

Hungary, Image Lab software).

6.9 Statistical analysis

In the IHC experiment, behavioral data were analyzed by repeated measures one-way analysis
of variance (rANOVA), followed by Fisher’s LSD post-hoc tests for multiple comparisons. For
the evaluation of the results of Golgi impregnation, a Student’s t-test for independent samples
was used. In the EC experiment, in which LPYFDa was tested, behavioral data of different
groups were compared with ANOVA, followed by Fisher’s LSD post-hoc tests for multiple
comparisons. In the EC and ICV experiments, data obtained from the immunohistochemistry
analyses were evaluated with ANOVA, followed by Fisher’s LSD post-hoc tests. The WB data
did not follow a normal distribution; thus, they were analyzed with Kruskal-Wallis
nonparametric tests, followed by Mann-Whitney U tests for multiple comparisons. For the
statistical analysis, SPSS software (IBM SPSS Statistics 24) was used, and the results were

expressed as mean + (SEM). Statistical significance was generally set at p< 0.05.
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7 RESULTS

7.1 IHC experiment

7.1.1 Injection of f4p1.42 induced deficits of spatial learning and memory in MWM

MWM was used to test spatial learning and memory each day on days 14 to 20 after IHC
administration of fAPi-42. Escape latency to find the platform was used as a measure for
evaluating spatial memory. The results showed that the performance of both groups (fAp-
treated and untreated) improved from day to day, reflecting the functioning of long-term
memory. However, learning became slower each day in the fAB1-42-treated group compared to
the control one, as it could be seen from escape latencies analyzed by rANOVA (F1,94=6.450;
p=0.013) (Fig. 3A). A significant difference was detected between the groups also for the
swimming distances (F1,04=6.840; p=0.010) (Fig. 3B).
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Figure 3. FAPi.sp-injection induced learning deficit in MWM. (A) FApi.so-injection resulted in an impaired
learning process during the acquisition phase compared to the control group; (B) FAB1-s2-treated animals swam

longer distances than the controls to find the platform.

Despite the significantly impaired learning process of the fAP1.42-treated group, the observed
performance in the probe test (conducted 24 h after the learning phase) indicated that spatial
memory was not altered, as the times spent in quadrants and the number of crossing-overs in
the virtual platform’s position were comparable in the two groups (t22=-1.247; p=0.226 and
t20=0.745; p=0.464, respectively) (Fig. 4A, B).
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Figure 4. Injection of fAB1.4, did not affect the performance in MWM on the probe day. (A) In the target quadrant,
the amyloid-treated animals spent comparable times to those of the controls. (B) FAPi-s2-injection did not have a

significant effect on the number of crossings-overs in the position of the virtual platform.

7.1.2 Administration of fAf1-4> decreased dendritic spine density

The Golgi staining method labels the neurons randomly in the HC. Therefore, it is critical, that
each analyzed sample belonging to the different groups must possess a comparable quality of
staining. We counted all types of spines together and focused on determining the apical
dendritic spine density. Spine density was different between the two groups (ts=14.415;
p<0.0001). In the fAP1.4>-treated group, a decrease of density was detected, compared to the
controls (Fig. 5A). The photomicrographs demonstrate representative CA1 pyramidal neurons
and their dendrites in a control (Fig. 5B, D) and in a fAB1-s2-injected (Fig. 5C, E) subject.
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Figure 5. Golgi staining revealed changes in spine density after the fAB1.42-injection. (A) Apical dendritic spine
density analysis showed that the amyloid treatment induced a decrease in spine density. B-C representative
photomicrographs of CA1 subfield pyramidal neurons of a control (B), and an amyloid-treated (C) rat. (D-E)
Photomicrographs of oblique dendritic segments from the previously presented neurons (D control, E amyloid-

treated). Injection of fAP-42 reduced the local spine density in the fAP1.4o-treated group.
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7.2 EC experiment
7.2.1 OAp1-42 impaired, while LPYFDa improved the learning and memory functions
when the smaller platform was used
OAp1-42-induced deficits were investigated in two different experimental paradigms, by
working together with a cooperative research group in the Netherlands. For their experiments,
we supplied 0AB1-42 and LPYFDa. While they examined the impact of oAB1-42 injected IHC
bilaterally, on the behavior of mice, with a fear conditioning test, we intended to test the effect
of EC-administered oAp1-42 in our mMWM protocol, conducted with rats. Accordingly, both
research groups examined the neuroprotective effects of LPYFDa in their own in vivo
paradigms. LPYFDa, 0A1-42, or the combination of both substances were administered directly
into the EC of rats, and mMWM was conducted 15 days after the injections. To assess the
working memory or trial-dependent learning of the animals, the matching-to-sample paradigm
was applied.
In the experiments, two swims per day were conducted and analyzed. During the 1% swims of
days 1-6, the animals learned successfully, how to find the platform, and statistical differences
could not be detected in the latencies between the groups (data not shown).
In case of the 2" swims of days 1-4, no differences were found between the groups either (Fig.
6A, days 1-4, successively: F337=0.280, p=0.840; F337=1.044, p=0.385; F337=0.570, p=0.638;
F337=0.164, p=0.920). On the 5" day, the unchanged platform position did not affect the
learning and memory processes of the animals (Fig. 6A, 5" day, Fs337=1.104, p=0.360).
Additionally, the pentapeptide was also ineffective in this time interval.
However, upon the evaluation of the 2" swims of the 6 day, a significant difference was found
in the latencies to find the platform (Fig. 6A, F337=3.472, p=0.026). The post-hoc analysis of
the results revealed that the oAB1-42 group had a longer escape latency compared to the other
three groups (post-hoc tests: oApi42 vs. control: p=0.040, vs. LPYFDa: p=0.004; vs.
0AP1-42+LPYFDa: p=0.027), which confirms subtle learning and working memory deficits in
0AP1-42-treated rats, whereas LPYFDa seemed to have a positive effect on the impaired learning
and memory capabilities.
On the 6 day, a new searching strategy of the oAp1-s.-treated animals could also be observed.
During the 2" trial, they spent a significantly longer time in the annulus zone, searching for the
platform, in comparison with the other groups. Besides, an improvement of the searching
strategy could also be experienced, which was exerted by the protective LPYFDa (Fig. 6B,
ANOVA: F337=3.723 p=0.049; post-hoc tests: oAPi-42 vs. control: p=0.017; vs. LPYFDa:
p=0.042; vs. 0AP1-42+LPYFDa: p=0.016).
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Figure 6. Behavioral results of LPYFDa experiments (A) Escape latencies of the 2™ trials of the four experimental
groups during the 6-day mMWM. The entorhinal injection of 0A 1.4 resulted in a significant learning and memory
deficit on the 6 day when the smaller platform was used. The performance of the oApi.s-treated rats was
significantly worse than those of the control, the LPYFDa, and the oAB1.4o+LPYFDa groups. (B) The total duration
of searching in the annulus zone, in the 2" trial, on the 6" day, using the smaller platform. The o AB1.4o-treated rats
spent significantly longer times in the virtual annulus zone than the control ones, LPYFDa, and 0AB1..+LPYFDa;

a positive effect of LPYFDa on the searching strategy could also be detected.

7.2.2 LPYFDa hindered the oA4p1-42-induced neuroinflammatory processes in the rat brain
Neuroinflammation in the CNS results from the activation of the immune system, initiated by
injuries, infections, and neurodegenerative processes. Hyperreactive astrocytes have a key role
in the inflammatory response; their activation can be characterized by the measurement of
GFAP levels. To examine the effect of 0AP1-42 and LPYFDa on the activation of astrocytes, we
applied immunohistochemical staining, and we found elevated numbers of hyperreactive
astrocytes in the whole EC of the 0AB1-42-treated group compared to the other three groups (Fig.
7A, 7C-E, ANOVA: F31,=5.508 p=0.003; post-hoc tests: oAPi-42 vs. control: p=0.001; vs.
LPYFDa: p=0.002; vs. 0AP1-42+LPYFDa: p=0.046).

WB analysis also revealed significant differences between the GFAP intensity levels of the
different experimental groups, and it corroborated the immunohistochemical results, as the
intensity of GFAP was also significantly higher in the amyloid-treated group than in the other
groups (Fig. 7B, ANOVA: F320=3.432 p<0.001; post-hoc tests: oApi-42 vs. control: p<0.001;
vs. LPYFDa: p<0.001; vs. LPYFDa+0A1.42: p<0.001).



34

B

2>
S

45000

ES
%
40000
35000/
300001
£ 25000
I 20000/
15000 1
10000
5000

0
Control LPYFDa 0AB, -+ 0AB, ,, Control LPYFDa 0AB, .+ 0AB, .,
LPYFDa LPYFDa

Figure 7. Histology results. (A) Quantitative immunohistochemical results of the GFAP staining. The diagram

]
wn
S

]
S
=

Intensity

(=3
(=}

4
<

Total number of hyperreactive astrocytes
&
S

(=

shows the numbers of hyperreactive astrocytes in EC observed in the groups. In the control, LPYFDa-treated, and
0AP1-42+LPYFDa-treated groups, low numbers of reactive astrocytes could be seen. In the 0AB1-42-treated group,
numerous hyperreactive astrocytes were observed among glial elements, throughout the whole EC. (B) WB
analysis of GFAP levels. In parallel with the results of GFAP immunochemistry, the 0oAPi-42 group had a
significantly higher GFAP intensity (p<0.001) than the other three ones (Intensity + S.E.M is shown). (C-F)
Representative photomicrographs of each group showing GFAP staining in the EC of (B) control, (C) LPYFDa,
(D) oAP1.42-injected, and (E) 0AP1-42+LPYFDa groups (scale bar: 100 um).
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7.3 ICV experiment
7.3.1 Effects of PRE084 and DMT on adult neurogenesis in 048142 and vehicle-treated
mice
7.3.1.1 OAp1-42 and DMT impaired, while PRE084 promoted the survival of progenitor cells
in DG.

Proliferating cells were labeled by three IP injections of BrdU with 6 hours intervals, which
were administered 24 h after the stereotaxic surgery. BrdU is a synthetic thymidine analog,
which incorporates into the DNA strand and can be detected by specific Abs. We counted
BrdU+ cells 14 days after the surgery (Fig. 8). According to our results, the quantity of BrdU+
stem cells in the SGZ of the DG significantly differed among the six groups (ANOVA:
p<0.0001). OAP1-42 infusion significantly reduced the number of progenitor cells compared to
the respective control group (PBS-PBS vs. 0AB1-42-PBS p=0.001).
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Figure 8 (A) Results for BrdU immunolabeling. We observed significant differences in the quantity of stem cells
among the six groups. (B—G) Representative images of BrdU staining: (B) PBS-PBS, (C) 0AB1-42-PBS, (D) PBS-
PRE084, (E) 0AB1-42-PRE084, (F) PBS-DMT, (G) 0AB1-42-DMT. Scale bars represent 100 gm.

Interestingly, more severe negative changes could be observed in animals treated with DMT.
In those co-treated with both 0AP1-42 and DMT, hardly any BrdU+ stem cells were detected in
the SGZ (0AP1-42-DMT vs. PBS-PBS p<0.0001, vs. 0AP1-42-PBS p=0.005, vs. 0AP1-42-PRE084
p<0.0001; PBS-DMT vs. PBS-PBS p=0.001, vs. PBS-PRE084 p<0.0001). PRE084 treatment
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increased the amount of BrdU+ cells; the difference between the AP1.s2-infused groups was
significant (0AP1-42-PBS vs. 0AP1-42-PRE084 p<0.0001 (Fig. 8). The differences between the
following groups in pairwise comparisons also reached significance: PBS-PRE084 vs. 0Ap:-
42-PBS p<0.0001, vs. PBS-DMT p<0.0001, vs. 0AB1-22-DMT p<0.0001; 0AB1-22-PRE084 vs.
PBS-DMT p<0.0001, vs. 0AB1-4-DMT p<0.0001 (Fig. 8).

7.3.1.2 OAp142 and PREO84 increased the number of premature cells, while DMT did not
affect their quantity.

To understand the effects of PRE084 and DMT on the maturation of granule cells, we quantified

immature neurons in the SGZ of DG. To label premature cells, we stained a microtubule-

associated protein, DCX, which is expressed specifically in migrating neuronal precursors. The

measured DCX densities were significantly different among the six groups (ANOVA:

p<0.0001, Fig. 9).

- ==

£70

%30

1l B
0

Figure 9. (A) Results of DCX immunostaining. Detected DCX densities significantly differed among the six
groups. (B-G) Representative images of DCX immunolabeling: (B) PBS-PBS, (C) 0Ap1.4-PBS, (D) PBS-
PREO084, (E) 0Ap1-4-PRE084, (F) PBS-DMT, (G) 0AP1-4>-DMT. Scale bars represent 100 um.

In the 0AP142-PBS and PBS-PRE084 groups, the number of immature neurons was
significantly higher compared to the control (PBS-PBS vs. 0A1-42-PBS p=0.037, vs. PBS-
PRE084 p<0.0001, vs. 0AP1-42-PRE084 p<0.0001). We also detected a significant difference
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between the 0AP1-42-PBS and 0AP1-42-PRE084 groups (p=0.007). DMT administration did not
affect the number of premature neurons compared to PBS-PBS mice. Additional significances
that are not relevant to the experiment were also detected: oApi-42-PRE084 vs. PBS-DMT
p<0.0001, vs. 0AB1-42-DMT p<0.0001 (Fig. 9).

7.3.1.3 The density of mature granule cells was unaffected by 0A4p142 or PRE084

administration, while DMT induced a decrease in neuronal density.
To detect and evaluate mature granule cells in the HC, we performed NeuN immunostaining.
Again, significant differences were observed among the groups (ANOVA: p=0.001). In DMT-
treated animals, significantly lower NeuN+ cell densities were evident in the HC, compared to
the PBS-PBS and 0Ap1-42-PBS groups (PBS-PBS vs. PBS-DMT p=0.001, vs. 0AP1.4>-DMT
p=0.022; 0Ap1-42-PBS vs. PBS-DMT p<0.0001, vs. 0AB1-42-DMT p=0.003; Fig. 10). Other, not
relevant significances could also be identified when the groups were compared to the PBS-
DMT-treated one: PBS-DMT vs. PBS-PRE084 p=0.001, vs. oAPi1-42-PRE084 p=0.006;
0APB1-42-DMT vs. PBS-PRE084 p=0.024 (Fig. 10).
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Figure 10. (A) Results for NeuN immunostaining. Significant differences were detected among the groups. (B—
G) Representative photomicrographs of NeuN immunolabeling: (B) PBS-PBS, (C), 0Api-4-PBS (D) PBS-
PRE084, (E) 0AP1.42-PREQ84, (F) PBS-DMT, (G) 0AP1-42-DMT. Scale bars represent 200 zm.
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7.3.2 Effects of PRE084 and DMT on neuroinflammation induced by 0481-42
7.3.2.1 0OAp1-42 stimulated microglia activation, and neither PRE084 nor DMT alleviated this
effect, while DMT alone significantly decreased microglial density.

Neuroinflammation results from the activation of an immune response in the CNS, mediated
by microglia and astrocytes. This process is induced by infective agents, neurodegenerative
diseases, or injuries. To identify activated microglia in the HC, we stained Ibal, expressed
explicitly by monocyte-derived and resident macrophages, including microglia. Our results
showed a significant difference in the density of Ibal+ microglia among the groups (ANOVA:
p=0.002). OAB1-42 administration significantly increased the density of activated microglia
compared to the vehicle-treated control groups (PBS-PBS vs. 0AP1.42-PBS p=0.015; PBS-
PRE084 vs. 0AP1-42-PRE084 p=0.035; PBS-DMT vs. 0AP1.42-DMT p=0.039). In the PBS-DMT
group, the density of Ibal+ microglia was significantly reduced compared to PBS-PBS-treated
animals (PBS-PBS vs. PBS-DMT p=0.031). Still, none of the treatments was found to be able
to alleviate the proinflammatory effect of 0AP142 (Fig. 11). Additionally, significances were
also detected between the following groups: oAp1-42-PBS vs. PBS-PRE084 p=0.005, vs. PBS-
DMT p<0.0001; 0Ap1-42-PRE084 vs. PBS-DMT p=0.002 (Fig. 11).
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Figure 11. (A) Results for Ibal immunolabeling. Significant differences were observed among the groups. (B-G)
Representative images of Ibal immunostaining: (B) PBS-PBS, (C) 0AB1.42-PBS, (D) PBS-PRE084, (E) 0AB1-42-
PRE084, (F) PBS-DMT, (G) 0AP1-42-DMT. Scale bars represent 100 um.
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7.3.2.2 OAp14 stimulated astrocyte reactivation, while the administration of DMT or
PREO084 reduced this effect.
Reactive astrocytes were immunostained for GFAP, an intermediate filament protein expressed
by different cell types, mainly reactive astrocytes, in the CNS. Significantly different GFAP+
cell densities were detected in the HC of the different groups (ANOVA: p=0.002). A significant
increase in the rate of reactivated astrocytes was detected in the 0AB1-4>-PBS group compared
to PBS-PBS-treated mice (p<0.0001). Also, GFAP+ cell densities were significantly lower in
all other groups compared to 0Api4.-PBS-treated mice (0Api-42-PBS vs. PBS-PRE084
p=0.013, vs. 0AB1-42-PRE084 p=0.013, vs. PBS-DMT p<0.0001, vS. 0AP1-42-DMT, p=0.001).

The stimulatory effect of 0AP1.42 0n astrocyte reactivation was alleviated by PRE084 and DMT
administration (Fig. 12).
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Figure 12. (A) Results of GFAP immunostaining. The densities of GFAP+ astrocytes differed among the groups.
(B-G) Representative images of GFAP immunolabeling: (B) PBS-PBS, (C) 0AB1.42-PBS, (D) PBS-PRE084, (E)
0AP1-42-PRE084, (F) PBS-DMT, (G) 0AB1-42-DMT. Scale bars represent 100 um.



40

7.3.3 SI1R protein level was elevated by 0A4pfi4 treatment, as well as by the co-

administration of 04f1-42 and PRE084 or DMT
To determine the effects of 0AP1-42 and PREO084 or DMT on the expression of S1IR, a WB
analysis using GAPDH as loading control was performed on samples of the animals. Our
findings revealed a significant difference in the S1R levels among the groups (ANOVA:
p<0.0001). S1R protein levels were significantly elevated in all groups, except in PBS-DMT-
treated animals, as compared to control subjects (PBS-PBS vs. 0AB1-42-PBS p<0.0001, vs. PBS-
PRE084 p=0.018, vs. 0AP1-42-PRE084 p<0.0001, vs. PBS-DMT p=0.540; vs. 0AB1-42>-DMT
p<0.0001, respectively). In comparison with 0AP1.22-PBS-treated mice, the 0AP1-42-PRE084
(p=0.004) and 0AB1-42-DMT (p=0.673) groups showed higher protein levels, while significantly
lower levels of S1IR were detected in PBS-PRE084 (p=0.032) and PBS-DMT (p=0.001) treated
mice. As expected, the co-administration of 0A1.42 and either of the S1R agonists increased
the S1R protein level compared to the respective control group (0Ap1-22-PRE084 vs. PBS-
PRE084 p<0.0001; 0AP1-42-DMT vs. PBS-DMT p=0.015). Notably, the expression of S1IR was
significantly increased in 0Api-42-PRE084-treated animals compared to the 0AP1.40-DMT
group (p<0.0001). (Fig. 13). Also, significant differences were detected in the S1R expression
upon the pairwise comparisons of the following groups: 0Api-42-PBS vs. PBS-PRE084
p=0.032, vs. PBS-DMT p=0.001; 0AB1-42-PRE084 vs. PBS-DMT p<0.0001, respectively (Fig.
13).
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Figure 13. (A) Results for the WB analysis. Significant differences were observed in the S1R levels among the

groups. B) WB gel electrophoresis images of S1IR and GAPDH lines of the experimental groups.
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8 DISCUSSION

Alzheimer’s disease is the most common form of dementia characterized by cognitive
dysfunctions [23]. The main pathological hallmarks of AD are extracellular amyloid plaques
and intracellular NFTs [10] accumulated in the cerebral tissue. They appear initially in the
hippocampal and entorhinal regions of the brain [3, 7], accounting for the impairment of
cognitive functions. Pharmacological interventions to slow the progression of AD are
intensively studied. Recognizing potential targets or ligands (e.g., S1IR) as promising
therapeutic agents that may alleviate the severity of AD, is one of the main aims of the research.
Another goal is to create and use valid animal models that mimic specific features of AD,
whereby novel strategies for its curation could be found. Results in the field have pointed out
that an early diagnosis and a possible treatment before the onset of dementia would be equally
necessary. Furthermore, AD patients have an impaired ability to learn and retrieve information
in a changing context, and interfering effects (e.g., simultaneous solving of concurrent tasks)
worsen their learning and memory retention [255-257]. Therefore, in an optimal case,
behavioral protocols, applied in non-human experiments, should also simulate this complex
context. With our models, we attempted to achieve all goals mentioned above: to rapidly
establish the symptoms of AD in the murine brain by the injection of different Ap forms, and
to test the neurobiological and behavioral impacts of both AB and different compounds in these

models.

8.1 Non-transgenic AD rodent models induced by the administration of exogenous
AP1-22
Firstly, AD-like symptoms were induced by extracellular administration of 0AP1-42 or fAB1-42
in two widely used rodent models [191, 203, 204, 206, 210]. One might ask, why the application
of injected models can be advantageous instead of transgenic lines. One possible answer is that
gene-modified strains do not provide opportunities to test the immediate impact of different A
aggregates on the progression of symptoms. Considering our incomplete knowledge regarding
this issue, it would be important to set up animal models where AD-like changes develop after
the injection of a well-defined aggregated A form into the brain [203]. At the beginning of our
experiments, the fibrillar form of AB1-42 - contributing to the senile plaques and associated with
local synapse and dendritic spine loss - was applied, because it was well characterized and
thought to be the most toxic form of AP peptides [1, 97, 258, 259]. Our results proved that

synthetic fAP1-42 decreased spatial learning ability and dendritic spine density in the rat HC
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CAL1 region. However, at the time of those experiments, conflicting results arose regarding the
neurotoxicity of B-amyloid plaque depositions, although the toxic effect of the fAp forms on
synapses had previously been widely acknowledged [62, 260]. In that era, several studies
demonstrated that the accumulation of pathogenic AP assemblies, mainly soluble oligomeric
iAP in the HC, and the EC, is linked to the progression of AD [15, 56, 261-263]. It is also
proved that together with fAp assemblies there are also AP oligomers present [264], keeping
up a dynamic aggregation equilibrium between the two forms. Encouraged by the paradigm
shift in the amyloid cascade hypothesis, we decided to establish models applying pure 0Ap1-42,
in order to induce AD-like changes (e.g., cognitive dysfunctions, neuroinflammation, and
impaired neurogenesis) in our further experiments.

In the experiments conducted with synthetic AB, not only its aggregation grade can be varied,
but the length of the peptide sequence as well. Several research groups administer shorter A
fragments, e.g., ABas-35 [147, 159, 191, 265], but AB2s-3s is a non-natural, truncated sequence,
and although it is prone to aggregation, its aggregation kinetics differ from that of the native
APi1-42 peptide. Therefore, using this latter peptide should yield biologically more relevant
findings [266]. Nowadays, it is accepted that an imbalance between the production and
clearance of AP results in its accumulation and aggregation [40, 267]. It is also recognized that
soluble 0Ap, i1AB, and plaques containing fAPB are together responsible for the observed
neurotoxicity; they can damage the neurons, dendritic spines, and synapses, which leads to
neurodegeneration and dementia [40, 268, 269].

In our experiments, three different brain areas were selected for Api-42 administration. Among
these, the temporal neocortical targets (HC and EC) play major parts in cognitive dysfunction
observed at the early stage of AD. Both regions, with their extensive cortical and subcortical
connections, are involved in spatial (working) learning and memory processing [98, 270, 271].
Lesions in EC or HC impair memory functions, including spatial and recognition memory [204,
205, 211, 272-274]. Numerous articles reported that ICV administration of ABi-42 induces early
AD-like changes [221, 223, 275-279]. In our IHC and EC experiments, besides impairments of
spatial learning and memory, pathological changes were also detected, such as impaired
numbers of dendritic spines, and elevated levels of hyperreactive astrocytes. Furthermore, in
our ICV experiment, AD-like cerebral neurogenic and neuroinflammatory changes could be
observed as early as two weeks after the ICV administration of 0Ap1-4.

Regarding the injection modes, there is no consensus in the literature, on which one is more
suitable for the experiments with exogenous Af. Some groups criticize ICV injection and prefer

IHC instead, stating that the latter would be more effective in contributing to memory
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dysfunction [280]. This statement can be explained by major anatomical differences between
the two areas. In the walls of ventricles, special ependymal cells (tanycytes) can be found, which
transfer chemical signals from the cerebrospinal fluid to the CNS and probably inhibit the
penetration of the molecules with large molecular mass to the brain tissue. Still,
intraparenchymal (IHC or EC) injection might directly injure relevant brain circuits and
connections which are responsible for the cognitive processes. Moreover, an intensive clearance
might strongly influence the effective concentration of the intraparenchimally injected A
[267]. Considering our results, we could observe biological effects in all experimental setups.
Nevertheless, based on our experience, we prefer the ICV injection because the administration
of substances is easy, it is a less invasive technique thus causing fewer mechanical lesions in
the relevant brain areas. Furthermore, we experienced the most robust behavioral and

histological impact of AB by this injection mode.

8.2 Application of the traditional and modified MWM protocols to model early
symptoms of AD; behavioral and molecular outcomes
Behavioral assays such as MWM [99, 230, 232, 255], novel object recognition [281], and Y-
maze tests are applied in both fundamental and targeted pharmaceutical studies of AD. Besides
the abovementioned cognitive tests, the MWM is extensively used to measure learning and
memory processes in non-human experiments. Although spatial memory and learning deficits
were detected in our experiments, in case of a traditional MWM protocol, we came to the
conclusion that MWM with a fixed platform location may not be suitable enough to mimic
contextual variations. The modified versions of MWM (e.g., matching-to-sample, or smaller
platform) increase the task difficulty so they may imitate the contextual changings more
effectively, thereby becoming useful models to detect the earliest AD symptoms (i.e., deficits
in spatial working memory and learning). In our EC experiment, differences could not be
detected between the 0A1-42-treated and the control groups on 1-5 days, in any of the related
cognitive processes, like accuracy of learning, spatial working memory, switching ability, and
flexibility. A subtle but significant spatial deficit could only be observed when the target was
reduced. During the 2" trial of the 6™ day, the 0 AP1-42-treated rats found the smaller platform
significantly slower, and they possessed lower switching ability and flexibility in learning under
changed context than the control subjects. It seems that spatial impairment of the oA p1-42-treated
animals could be detected only when the task difficulty was increased. As a consequence, we
hypothesize, that our rat model mimics the prodromal phase of AD (‘mild cognitive

impairment’), that is when only minor, hardly detectable memory malfunctions can be detected.
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At the beginning of our work, we focused on the detection of cognitive dysfunction; but even
then, molecular examinations were also conducted to support the in vivo behavioral tests. In the
IHC experiment, fAB injection resulted in the loss of dendritic spine density in the HC of rats.
Although the injected sample contained mainly fibrillar aggregates, we cannot exclude the
presence of diffusible AB oligomers, which would also be responsible for the direct neurotoxic
effects. The measured spine loss in the CA1 region can explain the decreased learning ability
since the formation and maturation of dendritic spines of the pyramidal cells are necessary for
the development of the spatial memory unit. In the EC experiment, the injected oAp1-42 elevated
the number of reactive astrocytes in the EC of the rats, proving that already a single injection
of neurotoxic species can initiate immunological processes, which can lead to inflammation. In
our later work (ICV experiment), neurogenesis and neuroinflammation were examined in
parallel. Lately, it has been recognized that adult neurogenesis declines with age, being partially
responsible for cognitive impairments [282]. In AD, the cognitive symptoms become much
more pronounced due to a decreased rate of neurogenesis, increased destruction of mature
neurons, and enhanced neuroinflammatory responses. The early alternation in adult
neurogenesis and the neuroinflammation may appear several years before the diagnosis of AD,
and probably they both contribute to the onset of neurological symptoms. We demonstrated that
a single administration of 0Ap1-42 directly into the lateral ventricles significantly impaired the
proliferation and increased the number of immature cells in mice. The effects of A on
neurogenesis are highly controversial in the literature. Numerous reports indicate that Ap
significantly decreases the formation of new neurons, possibly by impairing their ability to
divide, as well as by diminishing the survival of NSCs in DG [191, 265, 283-287]. However,
some research groups have published that Af can induce the initial proliferation step of neuron
formation in transgenic mouse strains [191, 285, 288-290] or in cellular models of AD [291-
296]. In our experiments, an increase in the number of differentiating immature neurons was
observed in 0Api-4o-treated animals, which may be explained by a compensatory cerebral
mechanism [297, 298]. Specifically, this enhancement of neuronal cell differentiation may be
a response to the disturbed homeostasis resulting from the decrease of the stem cell population,
aiming to restore the balance within the CNS. As we expected, in our experimental model no
significant reduction was detected in the density of mature, functional neurons in HC two weeks
after the administration of 0AB1-42, indicating that the existing neuronal system may remain
unaffected. Regarding neuroinflammation, we found that a single administration of 0AB1-42
stimulated neuroinflammatory processes, causing a significant increase in the densities of

activated microglia and hyperreactive astrocytes. In line with our observations, several in vivo
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experiments have demonstrated the neuroinflammation-inducing effects of Ap fibrils and
oligomers injected into the brain tissue in different experimental models [299-301]. This
neuroinflammatory environment may affect adult neurogenesis either positively or negatively
[115, 302-308]. It is known that cytokines and chemokines produced by activated microglia
and astrocytes play an important role in neuroinflammatory processes. Certain anti- (IL-4, IL-
10) and proinflammatory (IL-6, TNF-a) factors substantially influence neurogenesis, €.g., they
can diminish proliferation and cell survival, while they may also stimulate cell differentiation
[131]. Thus, beyond its direct effects on immature neurons, ABi-42 may also affect neurogenesis
by generating a relatively mild, but chronic neuroinflammatory environment. Further research
is needed to clarify the relative contribution of these two processes (direct and indirect) to the
resulting decline of adult neurogenesis in AD.

8.3 Neuroprotection with small molecular substances acting on different pathways

The uniquely structured S1R protein, functioning as a ligand-operated chaperone, is known to
play a major role in both neurogenesis and neuroinflammation. Thus, it is assumed that the
activation of S1Rs may be a promising therapeutic strategy to stimulate adult neurogenesis and
alleviate neuroinflammatory processes. As changes in S1R expression levels have not been
studied in exogenous Ap-induced AD models, in the ICV experiment, we examined the
expression of this protein and experienced an increase after a single administration of AP1-42.
This finding may contradict some literature data, which report on the down-regulation of S1R
in the early stage of human AD [144]. In the reported cases, both the amount and the binding
potential of S1IR were found to be decreased, presumably as a consequence of hippocampal
neuronal death [144, 156, 157, 309, 310]. In contrast, other studies indicate that AD-related ER
stress can lead to an up-regulation of S1R [76, 142, 311, 312], which, serving as a chaperon,
modulates the canonical UPR pathways (PERK, IREla, ATF6) [76, 313]. In our study, the
observed elevation of the level of S1IR may be a consequence of the cytotoxic effect of APi-42,
which induces ER stress, and thus activates the UPR pathways and upregulates S1R expression.
It is hypothesized that certain molecules, which act either as intensive protectors of neurons and
glial cells (LPYFDa) or effectors against neuroinflammation (DMT, PRE084) could slow down
the rate of decline of cognitive skills in AD.

In our previous studies, LPYFDa had exerted a neuroprotective effect on differentiated
neuroblastoma cells, and on primary cortical neurons [249, 314], and it also protected neurons
and synapses of HC against the toxic effect of AB1-42 in vivo [249, 250, 314]. LPYFDa was able

to prevent APi42-induced memory impairments when oApi42 was injected in mice 1 hour
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before the behavior test [314]. In our experiments, LPYFDa per se did not prove to be harmful
and also did not influence the exploratory behavior of the rats. In the EC experiment, on days 1
to 5, no differences in learning and memory performance could be detected between the groups.
On the 6" day of mMWM, LPYFDa could block the toxic effect of 0AB1-42 and thus maintain
the ability of learning and memory in a changed context.

To date, the biological effects of DMT and PRE084 have not been studied in an AB-induced
model of early AD with demonstrated changes in neurogenesis and S1R expression levels, as
well as neuroinflammation. Therefore, we aimed to assess whether the modulation of S1Rs with
these ligands could restore APi-42-induced alternations in adult neurogenesis and reduce
neuroinflammation. In our study, DMT significantly diminished the number of NSCs and
densities of neurons. Similar to our finding, another tryptamine, psilocybin (4-phosphoryloxy-
N, N-dimethyltryptamine) with a chemical structure close to that of DMT and a high binding
affinity to 5-HT2a receptors (Kd=6 nM), was also found to impair synaptic growth and
neurogenesis (proliferation and neuronal survival) [315]. However, the neuroprotective and
neurogenesis-stimulating effects of DMT and its analog, 5-methoxy-DMT, exerted via S1Rs,
were also described in in vitro cell cultures and in a wild-type rodent model [170, 172, 175,
180]. In our study, DMT was administered at a concentration of 1 mg kg, thus it is supposed
to have occupied both S1R and 5-HT2a, so their mixed effects could have been observed.
Comparison of the Kd values (DMT-S1R Kd=14.75 uM, DMT-5-HT2a receptor Kd=130 nM)
indicates that DMT binds to the 5-HT2a receptor with higher affinity than to S1R, thus, it is
more likely to act on the 5-HTa receptors than on S1R [165, 179]. Therefore, we suppose that
DMT exerted its negative effect on neurogenesis via the 5-HT2a receptors. The results of our
WB analysis support this hypothesis since the expression of the S1R protein was only slightly
elevated after DMT treatment.

Regarding the relationship between DMT and neuroinflammation, conflicting findings are
published in the literature. Some of them support the theory that DMT can alleviate
neuroinflammatory processes, thus it may reduce the density of reactive astrocytes [153, 167-
169, 178]. This effect may be related to the ability of DMT to bind to S1R [167-169, 178], but
the serotonergic receptors may also have roles in this process [316]. Morales-Garcia et al.
reported that DMT induces a significant increase in the density of GFAP+ astrocytes via the
activation of S1R, but these researchers conclude that this elevated GFAP level promotes
neurogenesis [175]. In our experiments, DMT treatment was found to exert a positive effect on
activated microglia and hyperreactive astrocytes against the Api-s2-induced neurotoxicity, but

it was not detected to promote neurogenesis. These contradictory results may be explained by
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the application of different protocols (injection and doses of BrdU and DMT, different survival
times). It is also known that although DMT can penetrate the blood-brain barrier, upon
exogenous administration its concentration in the CNS is elevated for a relatively short time
only (elimination half-life ~15 min [170]). Therefore, it is also possible that in our model, the
concentration of DMT in the CNS after IP administration was not sufficient to exert its effects
on S1R as Morales-Garcia reported [175]. Further experiments are required to elucidate the
exact mode of action of DMT regarding neurogenesis and neuroinflammation.

To study the effect of an exogenous S1R agonist on neurogenesis and neuroinflammation, we
applied PRE084 (Kd=2.2 nM, [317]). Similarly, as Li et al. reported in an AP2s-3s5-induced
mouse model of AD, we have demonstrated that PRE084 promotes neurogenesis upon
treatment with AP1.42, as it is indicated by the quantitative increase of stem cells and immature
neurons after PREO84 administration. Regarding neuroinflammation, the density of
hyperreactive astrocytes and the degree of APi-s2-induced astrogliosis were reduced by the
administration of PRE084. However, the substance neither per se nor in combination with
AP1-42 could impair microglial activation. It is known that in case of CNS tissue damage,
activated microglia may behave either neurotoxic or neuroprotective, depending on their
morphological and functional states. According to the literature, PRE084 can stimulate the
proliferation of the anti-inflammatory type of microglia (M2), while it suppresses pro-
inflammatory M1 microglia, thus it maintains the delicate balance between functional
restorative and inflammatory glial phenotypes [154, 318]. As we did not analyze the distribution
and morphology of the microglia, we assume that the apparent ineffectiveness of PRE084
treatment on microglial activation may result from the abovementioned two mutual processes.
PREO084 binds to S1IR with high affinity, either alone (compared to PBS and DMT controls)
and when co-administered with ABi.42 (compared to AB1-42-PBS or AB1-42-DMT animals), and
significantly induces the expression of this receptor protein. These results may confirm that
PREO084 activates the S1R receptors effectively, so its neurogenic impact is more pronounced
than that of DMT.
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9 SUMMARY

In our research, we proved that murine models developed by the intraparenchymal and the ICV
administration of oligomeric or fibrillary APi42 are valid and reproducible, thus useful
paradigms for the detection of early behavioral and molecular symptoms of AD.

In case of the behavioral experiments, we suggested an mMWM protocol, which can be
properly used for the sensitive measurement of mild cognitive deficits caused by 0AB142 in a
rat model. This method for rodents might successfully mimic the changing context in which
AD patients have spatial learning and memory difficulties. The oAp1-4o-treated rats showed
mild spatial learning and memory impairments when the ratio of searching, and target areas
were changed. The protective effect of the pentapeptide LPYFDa was also proven by behavioral
and histological experiments.

In the ICV study, we established a model of early AD induced by 0Api-42, in which acute
neuroinflammation, impaired neurogenesis, and elevated S1R levels were detected.

Adult neurogenesis is essential for CNS plasticity. During the treatment of AD, neurogenesis
should be promoted, while neuroinflammation should be suppressed. S1IR plays an important
role in both processes. In our model, two S1R agonists were tested. DMT, binding moderately
to S1R but presumably with a high affinity to 5-HT receptors, negatively influenced the early
phase of neurogenesis. In contrast, the highly selective S1IR agonist, PRE084 improved the
proliferation and differentiation of hippocampal stem cells, manifesting in a quantitative
increase of progenitor cells and immature neurons. Further experiments are required to
investigate the main molecular pathways targeted by DMT, through which it affects
neurogenesis and the survival of mature neurons. Moreover, DMT and PRE084 were found to
significantly reduce APi-42-induced hyperreactive astrogliosis, however, none of these ligands
had a remarkable effect on microglial activation. Therefore, further studies are needed to clarify
the role of DMT and PRE084 in neuroinflammatory processes induced by ABi-42 and to assess

the translatability of the results to human AD cases.
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Several animal models of Alzheimer’s disease have been used in laboratory experiments. Intrahippocampal injection of fibrillar
amyloid-beta (fAf) peptide represents one of the most frequently used models, mimicking A deposits in the brain. In our
experiment synthetic fAf3,_,, peptide was administered to rat hippocampus. The effect of the Af peptide on spatial memory and
dendritic spine density was studied. The fAf3, _,,-treated rats showed decreased spatial learning ability measured in Morris water
maze (MWM). Simultaneously, fAf3,_,, caused a significant reduction of the dendritic spine density in the rat hippocampus CAl
region. The decrease of learning ability and the loss of spine density were in good correlation. Our results prove that both methods
(MWM and dendritic spine density measurement) are suitable for studying A 3-triggered neurodegeneration processes.

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disorder characterized by deficit of learning process,
severe memory loss, and complex behavioural changes [1-
5]. Neuropathological hallmarks of AD include the cerebral
accumulation of extracellular senile plaques containing vari-
ous forms of amyloid-beta (Af3) peptide assemblies and the
presence of intracellular neurofibrillary tangles containing
tau protein [6-8]. Other features of AD are neuroinflam-
mation, cerebrovascular alterations, activated astrocytes, and
microglia as well as synaptic and neuronal loss in specific
brain regions [9-11]. The affected brain regions are forebrain
and medial temporal lobe structures like the hippocampus
(HC), the entorhinal cortex, and the amygdala [11]. Synapse
loss is strongly correlated with cognitive impairment; thus
synapse number is the best indicator of cognitive decline
in AD [1, 12]. The senile plaques are associated with local
synapse and dendritic spine loss [13, 14]. Moreover, the
fibrillar deposits are surrounded by a halo of oligomeric
A assemblies [15]. Extracellular oligomeric Af3 associates

with dendritic spines covering their surface [15]. In addition,
intracellular A may also contribute to AD pathology by
tau hyperphosphorylation and synaptic dysfunction [16]. The
toxic effects of different aggregation forms of A (oligomers,
protofibrils, and fibrils) have not been revealed completely
yet.

Dendritic spines are cellular compartments containing
the molecular machinery important for synaptic trans-
mission and plasticity [17]. In pyramidal neurons of the
hippocampus, there is an almost one-to-one relationship
between the number of dendritic spines and excitatory
synapses [17, 18]. The loss of dendritic spines and the presence
of dystrophic neurites have been reported both in the amyloid
precursor protein (APP) overexpressing transgenic mouse
model of AD and in the AD-affected human brain [2, 8, 19,
20]. The spine density of prefrontal cortex neurons is greatly
reduced in aged monkeys as a hallmark of cognitive decline
[21]. Neurocortical pyramidal neurons have extensive apical
and basilar dendritic trees to integrate information from
excitatory and inhibitory synaptic inputs. In the neuronal
network, dendritic spines represent the principal receptive
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sites for the excitatory inputs to the neurons. The strength,
stability, and function of the excitatory synaptic connec-
tions constitute the basis of cognitive function [22]. In
the cerebral cortex of mammals, the rapid synaptogenesis
during early postnatal life is followed by a substantial loss
of synapses/spines that extends through adolescence. In
adulthood, the number of spines remains relatively stable
and then decreases progressively with aging [22, 23]. Spines
appear and disappear through life, but their turnover rate
declines with the age and is regulated by the neuronal activity
[18]. Dendritic spines undergo structural modifications when
the synaptic strength is experimentally modified (e.g., by
evoking long-term potentiation or long-term depression) [18,
22, 24].

Extracellular delivery of Af3 peptides can initiate synaptic
loss in rodent brains [25]. Intrahippocampal (IHC) admin-
istration of Af is a widely used animal model to study AD
[4, 25-38]. The injection of AfS into murine brain rapidly
establishes the symptoms of AD. This method is suitable
for studying the effects of the different aggregates of Af.
There are conflicting results about the neurotoxicity of f3-
amyloid plaque depositions [39]; however, the toxic effect of
A peptides on synapses has been widely acknowledged.

Reduction of dendritic spine density has been shown in
cell cultures after Af treatment [40-43]. Furthermore, IHC
administration of fibrillar Af3,_,, has been shown to decrease
spine density [25, 28]. Interestingly, no experiments have
been performed using well characterized Af,_,,, the most
toxic form of Af peptides. Thus the aim of this study was to
assess the impact of fibrillar Af;_,, (fAf;_,,) administration
on spatial memory of rats and dendritic spine density in the
hippocampus. Our hypothesis was that IHC injected syn-
thetic, fibrillar form of A3, _4, could simultaneously influence
and reduce the learning process and dendritic spine density.
Since hippocampal dendritic spines are the key elements
in acquisition and retention and have been implicated in
learning and memory processes [44, 45], we also compared
the correlation between the changes of dendritic spine density
(induced by fAB,_,, administration) and the spatial memory
of rats.

2. Materials and Methods

2.1. Animals. Male Charles-River Wistar rats (n = 24),
weighing about 210-230 g at the beginning of the experiment,
were used as subjects. Two groups, control (n = 12) and
tAf,_4,-treated (n = 12), were formed. They were housed in
groups of three under constant temperature, humidity, and
lighting conditions (23°C, 12:12h light/dark cycle, lights on
at 7 a.m.). Standard rat chow and tap water were supplied ad
libitum. All behavioural procedures were conducted during
the light phase. Handling was done daily at the same time.
Experiments were performed in accordance with the Euro-
pean Communities Council Directive of 22 September 2010
(2010/63/EU on the protection of animals used for scientific
purposes). Formal approval to conduct the experiments was
obtained from the Animal Experimentation Committee of
the University of Szeged.

BioMed Research International

FIGURE 1: Representative electron microscope photomicrograph of
the injected amyloid-beta fibrils.

2.2. Synthesis of APB,_4, and Preparation of the Fibrillar
Peptide Aggregates. The synthesis was performed as reported
earlier in Bozso et al. [46]. The fAf3,_,, was prepared as
described by He et al. [4]. Briefly, AB,_,, was dissolved
in hexafluoroisopropanol (HFIP, Sigma Aldrich) to 1mM;
HFIP was removed in vacuo. The peptide was suspended to
make a 5mM solution in dimethyl sulfoxide (DMSO, Sigma
Aldrich). The fibrillar form was prepared diluting the DMSO
stock solution of the peptide with a 100 mM HEPES bufter to
a final concentration of 222 yM. The solution was incubated
at 37°C for 7 days. After the aggregation period the sample
was centrifuged for 10 min at 15000 g at room temperature.
The pellet containing the freshly prepared fibrillar AS,_,,
was resuspended in 100 mM HEPES buffer (pH 7.5) and used
in the experiment. The samples containing Af fibrils were
characterized by transmission electron microscope (Philips
CMI0, FEI, Eindhoven, Figure 1).

2.3. Surgery. Rats were anaesthetized with an intraperitoneal
injection of a mixture of ketamine (10.0 mg/0.1kg) and
xylasine (0.8 mg/0.1kg). The animals were then placed in a
stereotaxic apparatus, a midline incision of the scalp was
made, the skin and muscles were carefully retracted to expose
the skull, and a hole was drilled above the target area. The
solution was injected with a Hamilton syringe into the right
HC unilaterally at a rate of 1.0 uL/min, beginning 2 min after
the needle was lowered. The needle was removed very slowly
2min after the end of injection. The following coordinates
were used (from Bregma point): AP: —-3.6; ML: —2.4; DV:
-2.8 [47]. Rats were randomly injected either with the
fibrillar form of AfB,_4, (222uM Af3,_,,) or with vehiculum
(physiological saline). The Af3,_,,-injected and the control
animals were treated with antibiotics and analgesics after the
surgery.

2.4. Spatial Navigation in the Morris Water Maze. Spatial
learning and memory were assessed in a Morris water maze
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(MWM) on days 14 to 20 after IHC fAf3,_,, administration.
Behavioural testing was carried out in a room illuminated
by three lamps giving diffuse light of approximately equal
intensity at all points of the maze. The maze consisted of
a circular pool (d = 180cm, h = 60cm) filled with water
(23 + 1°C) and made opaque with milk. A black curtain
was positioned around the pool with distal cues. A video
camera was mounted on the ceiling directly above the
test apparatus and relied to a video tracking system. The
behaviour of the animals was automatically recorded with the
software EthoVision 2.3 (Noldus Information Technology,
The Netherlands, 2002).

Memory acquisition trials (training period) were per-
formed daily during the light phase, in blocks of 4, for 6 days
[4]. The pool was divided into four virtual quadrants, and an
invisible escape platform (diameter: 10 cm) was submerged in
the middle of one of the four quadrants 1.5 cm below the water
surface. At each trial, the rats were allowed to swim freely for
a maximum of 120 sec until they found the platform and were
then allowed to stay on it for 10 sec. If the rat failed to find the
platform within 120 sec, it was guided to or was placed on the
island manually for 10 sec. During the acquisition period, four
different starting points were used and the starting positions
were varied pseudorandomly over the trials. Twenty-four
hours after the last acquisition trial, retention was assessed
in a 120 sec probe trial, with the platform removed.

The data recorded by video tracking were used to calcu-
late the time to reach the platform, swim speed, and swim
path length (distance) during acquisition trials as well as
percent time spent in each of the 4 virtual quadrants and time
spent and number of crossings over the platform’s position
during the probe test.

2.5. Quantification of Dendritic Spine Density Using Golgi
Impregnation. FD Rapid GolgiStain Kit (FD NeuroTechnolo-
gies, Consulting & Services, Inc., USA) was used according
to the manufacturers’ instructions. Rats (n = 6, 3 per group)
were deeply anesthetized before the brain was removed from
the skull. The sacrificing was made after 29 days of the IHC
injection. The brains were removed quickly and handled
carefully to avoid damage of the tissue, and then tissue
blocks including hippocampus (approximately 0.7-0.8 cm)
were cut from the brain. The tissue blocks were immersed
in the impregnation solution (A + B solution) and stored
at room temperature for 2 weeks in the dark. After the first
impregnation period the brains were transferred into the
second solution (C) and stored at 4°C in the dark for at least
48 hours.

100 ym coronal sections were cut with a vibration micro-
tome (Zeiss Microm HM 650V) and were mounted on
gelatin coated glass slides. After the staining procedure (D, E
solution) and dehydration, the slides were coverslipped with
DPX mountant for histology (VWR International).

2.6. Quantitative Analysis. The Golgi sections were studied
by inverse light microscopy, using oil immersion objectives.
A total of 25 pyramidal neurons from the dorsoventral
hippocampal CAl (stratum radiatum) were studied from each

of the 6 animals (75 dendritic shafts per group were analyzed).
The spine density of the proximal apical dendrite area was
analyzed (minimum 100 ym from soma). For each examined
neuron, one 100 ym long segment from a second- or third-
order dendrite (protruding from its parent apical dendrite)
was chosen for spine density quantification as previously
described [48]. The dendrites were selected under a 100x oil
immersion lens and the images of these apical dendrites were
captured through a camera (AxioCam MRC V5, program:
AxioVision 40 V. 4.8.1.0 Carl Zeiss Imaging Solutions GmbH)
connected to a light microscope (Zeiss Observer Z1, with
10x ocular magnification) and a computer. Serial images
were made from each dendrite in the whole of the analyzed
segment (Z-stack). The captured multiple photomicrographs
from one dendrite were then stacked into one file. To stack the
images and determine the spine density, Image] 1.44 software
(National Institute of Health, Bethesda, USA) was used.

2.7 Statistical Analysis. Behavioural data were analyzed by
repeated measures ANOVA, followed by Fisher’s LSD post
hoc tests for multiple comparisons. For the evaluation of the
results of Golgi impregnation, Student’s t-test for indepen-
dent samples was used. Statistical significance was set at P <
0.05. The data were expressed as the means + (S.E.M.).

3. Results

3.1. Spatial Learning and Memory in the Morris Water Maze.
MWM was used to test spatial learning and memory each day
on days 14 to 20 after IHC administration of fAf3,_,,. Escape
latency to find the platform was used as a measure for evaluat-
ing spatial memory. The results showed that the performance
of both groups (fAf-treated and untreated) improved from
day to day, reflecting long-term memory. However, learning
was slower each day in the fAf, ,,-treated compared to
the control group: escape latencies were significantly longer
in rats with fAf3,_,, treatment than in the control animals
analysed by repeated measures ANOVA (F, o4 = 6.450; P =
0.013) (Figure 2(a)). A significant difference was observed
between the groups also for swimming distance (repeated
measures ANOVA: F| 5, = 6.840; P = 0.010) (Figure 2(b)).

Despite the significantly slower learning in the fAf3,_,,-
treated group, performance at the probe test (given 24h
after the learning phase) indicated that spatial memory
was not impaired, as the time spent in quadrants and the
number of crossings over the virtual platform’s position were
comparable in the two groups (¢,, = —1.247; P = 0.226 and
ty, = 0.745; P = 0.464, resp.) (Figures 3(a) and 3(b)).

3.2. Dendritic Spine Density. The Golgi staining method
labelled a subset of neurons in the hippocampus. In gen-
eral, 20-30 fully impregnated CAl pyramidal cells could
be detected per slice. There was no difference between the
groups in staining.

We investigated all types of spines but solely focused
on determining dendritic spine density. Spine numerical
density was different between the two groups (t,; = 14.415;
P < 0.0001). In the fAf,_,,-treated group decreasing
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FIGURE 2: fAf,_,,-injection induced learning deficit in the Morris water maze test. (a) fAf3,_,,-injection resulted in slower learning during
the acquisition phase compared to control group (P = 0.013); (b) fAf, _,,-treated animals swam longer distance than the controls to find the
platform (P = 0.010). Each value represents the mean (+S.E.M.) (n = 12 rats per group).
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FIGURE 3: Injection of fAf3,_,, did not affect performance in the Morris water maze probe test. (a) In the target quadrant, the amyloid-treated
animals spent time comparable to controls. (b) fA,_,,-injection did not have a significant effect on the number of crossings over where the
virtual platform had been in the maze. Each value represents the mean (+S.E.M.) (n = 12 rats per group).

spine density (spine number) was detected compared to the
controls (Figure 4). Each column represents the mean value
of the dendritic spine number of 75-75 pyramidal neurons.
Photomicrographs of the pyramidal neurons from con-
trol, nontreated rats (Figures 5(a) and 6), and fA 3, _,,-treated
rats (Figures 5(b) and 7) clearly demonstrate the difference in
dendritic spine density in the two experimental groups.

4. Discussion

The present study explored the effects of fAf,_,, on spatial
behaviour and on hippocampal dendritic spines in nontrans-
genic rats. A3 accumulation in the specific brain regions is
a hallmark of AD pathology; however, the role of amyloid
plaques has been debated. Depositions of fAf3 in plaques
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FIGURE 4: Golgi staining revealed changes in spine density after the fAf,_,,-injection (A). Apical dendritic spine density analysis showed that
the amyloid treatment induced a decrease in spine density (P < 0.0001). In each experimental group 75 dendritic shafts of 3 animals were

studied. The values represent the mean (+S.E.M.) (n = 3 rats per group).

FIGURE 5: Representative photomicrograph of a CAl subfield pyramidal neuron from a control (a) and an amyloid-treated (b) rat.

and the surrounding oligomeric A are considered as trigger
signals to induce dendritic spine loss and synapse dysfunction
in AD. A assemblies are synaptotoxic: they can be bound to
axons and membrane proteins, resulting in Ca*" influx into
the neurons [49]. The synapse and dendritic spine loss are
strongly correlated with cognitive impairment in AD, and Af3
has been shown to target synapses [40, 50].

Numerous studies have reported significant changes after
IHC administration of various types and aggregation forms of
A [4, 25-38]. Some studies reported that synapse dysfunc-
tion was triggered by Af oligomers [49, 51]. Other studies
proposed fAf3 deposits as causative factor for the local synap-
tic abnormalities since decrease of dendritic spine density was
detected nearby the A plaques [13, 52-54]. However, it has
not been clear how the nondiffusible, immobile Af fibrils
interact with neuronal structure. As of today, senile plaques
are considered mostly as nontoxic “outburns” sequestering
toxic A species to nontoxic fibrils. However, bilateral IHC
injection of fAf,_,, results in reduction of neuronal density
and increases of glial fibrillary acidic protein intensity, with
simultaneous appearance of numerous Af deposits and
behavioural performance deficits [4, 26]. IHC administration

of shorter form of Af (Af3,_,) results in decreased density of
dendritic spines in hippocampus [25, 28].

Our current findings demonstrated that synthetic fAf,_,,
simultaneously decreased spatial learning ability measured in
MWM (Figure 2(a)) and reduced dendritic spine density in
the rat hippocampus CALl region (Figures 4-6). According
to the literature data, the synthetic fAf3 assemblies have also
a surrounding of Af oligomers [55], in accordance with the
law of chemical equilibriums. After fAf3 injection, diffusible
Ap oligomers could be formed in the rat hippocampus and
initiate dendritic spine density loss. The measured spine loss
in HC CAl region may explain the decreased learning ability
since the presence and maturation of dendritic spines on the
CAl pyramidal cells are necessary to evolve the spatial mem-
ory unit [56]. It is generally accepted that misfolded proteins
initiate dendritic spine reduction and memory decline. Af
and a-synuclein oligomers decrease the amount of synaptic
proteins and vesicles and via tau hyperphosphorylation
initiate the loss of dendritic spines [57, 58]. The instability
of dendritic spines leads to progressive neocortical spine loss
in a mouse model of Huntington’s disease [59]. Our results
support the theory that decreasing spine density in AD can
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FIGURE 6: Representative photomicrographs of oblique dendritic segments from hippocampal CAl pyramidal neurons of three control rats
((a), (b), and (c)). The dendritic spine density of vehiculum treated animals was significantly higher compared to the fAf,_,,-treated rats.
(1000x).

FIGURE 7: Representative photomicrographs of oblique dendritic segments from hippocampal CAl pyramidal neurons of every amyloid-
treated Golgi impregnated rat ((a), (b), and (c)). The fAp,_, locally reduced the spine density in the fAf,_,,-injected group (1000x).
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cause or contribute to the memory decline: dendritic spines
are the site of most excitatory synapses and their loss is in
good correlation with the cognitive dysfunction.
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Abstract. Misfolding, oligomerization, and aggregation of the amyloid-3 (A3) peptide is widely recognized as a central event
in the pathogenesis of Alzheimer’s disease (AD). Recent studies have identified soluble A3 oligomers as the main pathogenic
agents and provided evidence that such oligomeric A3 aggregates are neurotoxic, disrupt synaptic plasticity, and inhibit long-term
potentiation. A promising therapeutic strategy in the battle against AD is the application of short synthetic peptides which are
designed to bind to specific A3-regions thereby neutralizing or interfering with the devastating properties of oligomeric A3 species.
In the present study, we investigated the neuroprotective properties of the amyloid sequence derived pentapeptide LPYFDa in
vitro as well as its memory preserving capacity against ASs2-induced learning deficits in vivo. In vitro we showed that neurons
in culture treated with LPYFDa are protected against ABs2-induced cell death. Moreover, in vivo LPYFDa prevented memory
impairment tested in a contextual fear conditioning paradigm in mice after bilateral intrahippocampal AB42 injections. We thus
showed for the first time that an anti-amyloid peptide like LPYFDa can preserve memory by reverting A4z oligomer-induced
learning deficits.

Keywords: Alzheimer’s disease, amyloid-3 oligomers, 3-sheet breaker peptides, behavioral tests, circular dichroism spectrometry,
fear conditioning, hippocampus, molecular modeling, neuroprotection, primary cortical neurons

INTRODUCTION

Progressive neurodegeneration and cognitive decline
are typical features of Alzheimer’s disease (AD), the
most common form of dementia [1]. Besides the for-
mation of neurofibrillary tangles, it is widely acknowl-
edged that the aggregation of amyloid-8 (Ag3) initi-
ates a complex series of events that ultimately results
in neuronal cell death particularly in forebrain regions,
which is paralleled by the cognitive and behavioral de-

*Correspondence to: Prof. Dr. Ulrich L. M. Eisel, Department
of Molecular Neurobiology, University of Groningen, Kerklaan 30,
9751 NN Haren, The Netherlands. Tel.: +31 50 363 2366; Fax: +31
50 363 2331; E-mail: U.L.M.Eisel@rug.nl.

cline that is characteristic for pathogenesis of AD. AS
is generated by sequential proteolytic cleavage from
the amyloid-5 protein precursor (AGPP) by 8- and ~-
secretases (amyloidogenic processing). Alternatively
AQSPP can be cleaved by «a-secretase within the A3 se-
quence which prevents the generation of A3 peptide.
Once released, A3 due to its physico-chemical prop-
erties has the strong tendency to misfold, oligomerize
and to aggregate into fibrils and plagues [2].

Although amyloid plaques represent a major hall-
mark of AD, they correlate poorly with the progres-
sion of the disease [3]. Interestingly, more recent
studies have identified soluble A3-oligomer assemblies
as the main pathogenic agents which, in contrast to
plaques, do correlate well with the mental decline ob-

ISSN 1387-2877/10/$27.50 © 2010 — 10S Press and the authors. All rights reserved
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served in AD patients [1,4-7]. Furthermore, soluble
A oligomers have been shown to be neuro- and synap-
totoxic and to inhibit long-term potentiation (LTP) [8—
12]. Acute application of oligomeric AS leads to inter-
nalization of glutamatergic AMPA and NMDA recep-
tors and finally to synaptic downscaling [13,14]. How-
ever, it should be appreciated that next to its patholog-
ical properties, A3, notably in very low physiological
concentrations, may have an important role in synap-
tic plasticity and normal brain functioning [10,15,16].
The endogenous level of A3 in the brain is regulat-
ed by synaptic activity in vivo, suggesting a dynamic
feedback loop involving APP metabolism and A that
may modulate synaptic activity [1]. Recently, Garcia-
Osta and coworkers showed that depletion of endoge-
nous AS by a single intrahippocampal (i.h.) adminis-
tration of anti-A-antibody leads to disrupted memory
retention in rats [17]. During the pathogenesis of AD,
the equilibrium of A3 generation and Ag clearance is
disturbed, which eventually leads to elevated Aj lev-
els, increased A( aggregation, and impaired memory
function [10].

Multiple therapeutic strategies have been developed
since the second half of the previous century [18].
Unfortunately, most of the currently available thera-
pies target only the symptoms, acting on presumed
downstream neurotoxic pathogenic mechanisms with-
out tackling the cause and thus hardly able to affect the
progression of the disease. Experimental data from an-
imal studies using immunotherapy in order to remove
Ag from the brain were highly promising [19]. How-
ever, clinical trials with active immunization against
AS were halted due to severe brain inflammation and
premature death of several patients [20,21].

Consequently, as a therapeutic strategy, compounds
were developed that could inhibit or delay the devel-
opment of A3 aggregation, fibrillization, and/or plaque
formation and were thus potentially capable of protect-
ing neurons from A toxicity. As part of this approach,
small peptides derived from the A3 sequence were
designed, such as the pentapeptide LPYFDa, which
seemed to offer a promising starting point to devel-
op potential drugs that can somehow revert the dev-
astating impact of A3 aggregates. The advantage of
such compounds, in comparison to other putative ther-
apeutic approaches for AD such as vaccination, is that
they specifically target the abnormal conformation of
A without interfering with any possible physiological
function of the soluble, monomeric Ag3 peptide.

There have been numerous attempts to develop treat-
ments developed to interfere with various key steps in

the amyloidogenic process. Promising putative treat-
ments may be those designed to inhibit steps that pre-
cede A peptide aggregation, by blocking production
of the toxic soluble AgZ oligomers in the first place, or by
reversing, somehow, the toxic effect of these oligomers.
In the present study we established an in vivo mod-
el in the mouse for AS-induced memory impairment
through a single bilateral injection of oligomeric A3 42
into the hippocampus and explored in this model
whether LPYFDa can be beneficial against the Aj-
induced cognitive deficits. Furthermore, we investigat-
ed the neuroprotective properties of Ag-derived syn-
thetic 3-sheet breaker peptide Leu-Pro-Tyr-Phe-Asp-
amide (LPYFDa) [22,24] against the neurotoxic effects
of soluble AB342 oligomers in cultured mouse primary
cortical neurons (PCN). Finally, we employed molecu-
lar modeling and docking experiments to reveal part of
the putative mechanism of action of these peptides.

MATERIAL AND METHODS
Compounds

The (3-sheet breaker LPYFDa was synthesized in
our laboratories by a solid-phase procedure involv-
ing the use of Merrifield resin and Boc chemistry.
Purity control and structure verification were carried
out by amino acid analysis and mass spectrometry
as previously described [25]. The control peptide
(scrP), which is a scrambled version of the LPYFD
peptide (Pro-Asp-Tyr-Leu-Phe-amide), and AB1_4o
(AB42) were purchased from EZBiolab Inc. (Carmel,
USA). Anti-Ag antibody (6E10) was obtained from
Covance (Emeryville, USA). Other compounds used in
this study were purchased from Invitrogen (Carlsbad,
USA) or Sigma-Aldrich Corporation (St. Louis, USA).

Preparation of AG-oligomers

Oligomeric AB42 was prepared as described by
Dahlgren and colleagues [26]. In short, the synthet-
ic AB4o peptide was initially dissolved in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) to a concentration of 1
mM. The peptide solution was divided into aliquots
and the HFIP removed by evaporation under vacu-
um (SpeedVac; Savant Instruments, Hyderabad, India).
The dry peptide films were stored at —20°C until fur-
ther processing. Before use, the dry film A3, was
dissolved in anhydrous DMSO to 5 mM followed by
bath sonication (Decon, Hove Sussex, UK) for 10 min,
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subsequently diluted in neurobasal medium to a final
concentration of 100 M (stock solution) and incubat-
ed at 4°C for 24 h to enable A342 oligomerization. The
aggregation state and the secondary structure of the
oligomeric A3y preparation was examined by sodi-
um dodecyl sulfate (SDS)-PAGE Western blotting and
Circular Dichroism (CD) spectrometry (Fig. 1).

Gel electrophoresis and Western blot analysis

Gel electrophoresis and Western blot analysis were
adopted from Stine et al. [27]. Briefly, unheated sam-
ples in SDS sample buffer were applied to 10-20%
tris-tricine gradient gels (BioRad, Munich, Germany),
electrophoresed using tricine running buffer, and sub-
sequently transferred to 0.45-pm polyvinylidene di-
fluoride membranes (Millipore, Bilerca, USA). Mem-
branes were blocked with 1% I-Block (Tropix, Bed-
ford, USA) in Trisbuffered saline containing 0.0625%
Tween-20. Blots were incubated with primary antibody
6E10 overnight (1:2000; mouse monoclonal against A3
residues 1-16; Covance Emeryville, USA). Immunore-
activity was detected using enhanced chemilumines-
cence (Pierce Biotechnology, Rockford, USA) and im-
aged on an Kodak X-Ray film (Eastman Kodak Com-
pany, Rochester, USA) (Fig. 1A). Molecular weight
values were estimated using the PageRuler (Fermentas
International, Ontario, Canada) pre-stained molecular
weight marker.

CD spectrometry

CD measurements were performed at 25°C on a
CD Spectrometer Model 62DS (AVIV Associates Inc.,
Lakewood, USA) using a quartz cell of 0.1 cm path-
length. All spectra were averages of four scans; the
resolution was 1 nm. The oligomerized AS was dilut-
ed in PBS to a concentration of 25 M. The samples
were sonicated for 10 min immediately after dissolu-
tion. CD spectra were expressed as mean residue el-
lipticity [©]asr in units of deg cm? dmol~* (Fig. 1B).
The percentages of secondary structures were analyzed
using the K2D2 program [28].

Molecular modeling

Sochastic conformational search. EDMC
calculations

The conformational space was explored using the
method previously employed by Liwo et al. [29],
which includes the electrostatically driven Monte Car-

lo (EDMC) method [30,31] implemented in the ECEP-
PAK [32] package. Conformational energy was evalu-
ated using the ECEPP/3 force field [33]. Hydration en-
ergy was evaluated using a hydration-shell model with
a solvent sphere radius of 1.4 A and atomic hydration
parameters that have been optimized using nonpeptide
data (SRFOPT) [34,35]. In order to explore the con-
formational space extensively, we carried out 10 differ-
ent runs, each of them with a different random num-
ber. Therefore, we collected a total of 5000 accepted
conformations. Each EDMC run was terminated af-
ter 500 energy-minimized conformations had been ac-
cepted. The parameters controlling the runs were the
following: a temperature of 298.15 K was used for
the simulations. A temperature jump of 1,000 K was
used; the maximum number of allowed repetitions of
the same minimum was 50. The maximum number of
electrostatically predicted conformations per iteration
was 400; the maximum number of random-generated
conformations per iteration was 100; the fraction of
random/electrostatically predicted conformations was
0.30. The maximum number of steps at one increased
temperature was 20; and the maximum number of re-
jected conformations until a temperature jump is exe-
cuted was 100. Only trans peptide bonds (w = 180°)
were considered. All accepted conformations were
then clustered into families using the program ANA-
LY ZE [36,37] by applying the minimal-tree clustering
algorithm for separation, using all heavy atoms, energy
threshold of 30 kcal.mol~!, and RMSD of 0.75 A as
separation criteria. This clustering step allows a sub-
stantial reduction of the number of conformations and
the elimination of repetitions. A more detailed descrip-
tion of the procedure used here is given in section 4.4
Computational Methods of reference [38].

Docking studies

Two models for AG were used as target systems;
the monomeric AB4, elucidated by Crescenzi et al.
(monomeric model) [39], PDB code 11YT, and the pen-
tameric aggregate AS4 developed by Masman et al.
(pentameric model) [40]. The structures were prepared
for docking study as follows: for the AG42 molecules,
water molecules were removed from the PDB file and
hydrogen atoms were added; Gasteiger charges, atom-
ic solvation parameters and fragmental volumes were
merged to the target system. For both LPYFDa and
scrP, the structure of the most populated family (re-
sults from the EDMC calculations) was taken as initial
conformation. Gasteiger charges were assigned and
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Fig. 1. A) Oligomeric preparation of AB342 was examined by Western blot using the anti-A3 antibody 6E10 (1:2000). Bands correspond to
monomeric up to tetrameric forms of AB42. B) CD spectrum of (x) AB42 in PBS after 24 hours incubation at 4°C. (-) fitted line data using
K2D2 program. C)Schematic outline of the experimental procedure in vitro. PCN from C57BL6 mouse embryos (E14) were cultured for 6 days
and then treated for 24 h with different concentrations of oligomerized AB342, 3-sheet breaker peptides or combinations of both. On day 7 medium
was completely exchanged and 24 h later the cell viability was assessed by an MTT reduction assay. D) Schematic outline of the experimental
setup in vivo. C57BL/6J mice were cannulated 7 days prior i.h. injection with oligomerized A342 and/or (3-sheet breaker peptides. One hour
after the injection the animals were trained in a contextual fear conditioning paradigm. 24 hours after the training session memory performance
was assessed. Cannula position was evaluated by methylene blue injection after the behavioural test. E) Representative coronal brain sections of

a bilateral dorsal hippocampal (i.h.) injection with methylene blue counterstained with nuclear fast red.

non-polar hydrogen atoms were merged. All torsions
were allowed to rotate during docking. The docking
energy grid was produced with the auxiliary program
AutoGrid. The grid dimensions were 60 x 60 x 60 for
the monomeric model, and 90 x 60 x 60 for the pen-
tameric model, points along the x-, y- and z-axes, with
points separated by 0.375 A. The grids were chosen to
be sufficiently large to cover significant portions of the
putative binding sites. The center of the pentapeptide
was positioned at the grid center. All graphic manip-
ulations and visualizations were performed by means
of the AutoDock Tools [41] and the Chimera [42] pro-
grams, and ligand docking with AUTODOCK 4 [43].
The Lamarckian genetic algorithm was utilized and the
energy evaluations were set at 2.5 x 106, A total of
250 accepted conformations were collected. Other pa-
rameters were set to default values.

Primary cortical neuron culture

PCN were prepared from embryonic brains (E14) of
C57BI/6J mice. The cortices were carefully dissected,
meninges were removed, and the neurons separated by
trituration. Cells were plated on poly-D-lysine pre-
coated plates at a density of 1.2 x 10° cells/well (96

well plates). Neurobasal medium supplemented with
2% (viv) B27-supplement, 0.5 mM glutamine and 1%
(v/v) penicillin/ streptomycin was used as a culture
medium. After 48 h, neurons were treated with 10 M
cytosine arabinoside for another 48 h to inhibit non-
neuronal cell growth. Subsequently, the medium was
completely exchanged, and, after 6 days of in vitro
culture, the neurons were used for experiments.

Treatment of cells

Possible toxicity of LPYFDa, its control peptide scrP,
and A4 oligomers was determined by incubating neu-
ronal cultures for 24 h with different concentrations
of the peptide solutions. The neuroprotective effect of
LPYFDa was assessed by incubating neurons (cultured
in 96 well plates) for 24 h with 20 M oligomeric Ag
in the presence or absence of different concentrations
of LPYFDa or control peptide. After the treatment,
the medium was completely exchanged, and 24 h lat-
er, the cell viability was determined by an MTT-assay
(Fig. 1C). All treatments were performed in triplicates
and the experiments were repeated at least two times.
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Determination of cell viability by MTT-assay

Neuronal viability was determined by the colorimet-
ric MTT [3-(4,5-dimethylthiazol-2-yl-)2,5-diphenylte
trazolium bromide] assay as described previously [44].
1.25 mg/ml MTT solution was added to each well of a
96 well plate. After 2 h of incubation, cells were lysed
in acidic propan-2-ol solution (37% HCI/ propan-2-ol:
1/166). The absorbance of each well was measured
with an automated ELISA plate reader (BioRad, Mu-
nich, Germany) at 595 nm with a reference filter at
630 nm.

Animals

Behavioral experiments were performed with 9-
12 weeks old male C57BI/6J mice (Harlan, Horst, The
Netherlands). Individually housed mice were main-
tained on a 12 h light/dark cycle (lights on at 7.00 a.m.)
with food (Hopefarms, standard rodent pellets) and wa-
ter ad libitum. A layer of sawdust served as bedding.
The animals were allowed to adapt to the housing con-
ditions for 1-2 weeks before the experiments started.
The procedures concerning animal care and treatment
were in accordance with the regulations of the Ethical
Committee for the use of experimental animals of the
University of Groningen (DEC4668C).

Animal surgery

Double guide cannulae type C235 (Plastics One,
Roanoke, USA) were implanted in the brain using a
Kopf stereotactic instrument during Hypnorm/Midazo-
lam (10 ml/kg, i.p.) anesthesia under aseptic conditions
as previously described [45] with anteroposterior (AP)
coordinates zeroed at Bregma directed toward both dor-
sal hippocampi (i.h.), AP -1.5 mm, lateral 1 mm, depth
2 mm [46]. Each double guide cannula with inserted
dummy cannulaand dust cap was fixed to the skull with
dental cement (3M ESPE AG, Seefeld, Germany). Ad-
ministration of 1 mg/ml finadyne (2.5 mg/kg s.c.) be-
fore the surgery served as analgesic. The animals were
allowed to recover for 6-7 days before the behavioral
measurements started.

Intrahippocampal injections

Bilateral i.h. injections were performed under short
isofluran anesthesia using a Hamilton microsyringe fit-
ted to a syringe pump unit (TSE systems, Bad Hom-
burg, Germany) at a constant rate of 0.3 pl/min (fi-
nal volume: 0.3 ul per side). The amount of injected
AS4o was of 15, 30, or 60 pmol and LPYFDa as well
as the control peptide scrP in an amount of 150 pmol
into the dorsal hippocampus. PBS (pH 7.5) served as
vehicle. One hour after the injection the animals were
subjected to a training session in a fear conditioning
paradigm (Fig. 1D). The number of animals per group
varied from 5 to 9.

Fear conditioning

Fear conditioning was performed in a plexiglas cage
(44 x 22 x 44 cm) with constant illumination (12 V,
10W halogen lamp, 100-500 lux). The training (con-
ditioning) consisted of a single trial. Before each in-
dividual mouse entered the box, the box was cleaned
with 70% ethanol. The mouse was exposed to the
conditioning context for 180 s followed by a scram-
bled footshock (0.7 mA, 2 s, constant current) deliv-
ered through a stainless steel grid floor. The mouse
was removed from the fear conditioning box 30 s after
shock termination to avoid an aversive association with
the handling procedure. Memory tests were performed
24 h after fear conditioning. Contextual memory was
tested in the fear conditioning box for 180 s without
footshock presentation. Freezing, defined as the lack
of movement except for respiration and heart beat, was
assessed as the behavioral parameter of the defensive
reaction of mice by a time-sampling procedure every
10 s throughout memory tests. In addition, mean ac-
tivity of the animal during the training and retention
test was measured with the Ethovision system (Noldus,
Wageningen, The Netherlands).

Histology

Immediately after the behavioral test, mice were in-
jected i.h. with methylene blue solution during sodium-
pentobarbital anesthesia (0.1 ml/ 10 g, i.p.). Brains
were removed and serially sectioned at 50 ;zm. Sections
were stained on glass for 5 min in 0.1% nuclear fast red
solution. To identify the location of the injection, sec-
tions were analyzed using light microscopy. Only data
from animals in which the proper intrahippocampal site
of injection was confirmed, were evaluated (Fig. 1E).
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Satistical analysis

Behavioral data were analyzed by analysis of vari-
ance (ANOVA) followed by the Bonferroni post-hoc
test to determine statistical significance. For statistical
analysis of the MTT assays, an unpaired Student’s ¢
test with unequal variance was used. A p-value < 0.05
was considered to be statistically significant. Data are
presented as mean value =+ standard error of the mean
(SEM).

RESULTS
Characterization of the oligomeric AGB42

The state of aggregation of the oligomeric AS42
preparation was determined by Western blot analy-
sis.  The results confirmed that the AB4. prepara-
tion consisted of a mixture of small molecular weight
Ap4o oligomers from monomeric to tetrameric ASG 4o
(Fig. 1A). In addition, we used CD spectrometry to
characterize the secondary structure of AG4o in solu-
tion. We could show that our oligomeric AS 42 prepa-
ration consists of 43.02% [3-sheets, 5.40% a-helix, and
51.58% random-coil conformation (Fig. 1B), which
shows a good correlation to the conformation behavior
of AS4o aggregates observed by Masman et al. [40].

Molecular modeling and stochastic confor mational
search. EDMC calculations

To have a better view at the molecular level, it is
crucial to assess the conformational behavior of the
pentapeptides in solution. Therefore, LPYFDa and
scrP were selected for energy calculations to determine
the biologically relevant conformations. The results of
the theoretical calculations are summarized in Table 1.
Calculations yielded a large set of conformational fam-
ilies for each peptide studied. The total number of con-
formations generated was 62515 and 65056, for LPYF-
Da and scrP respectively, whereof 5000 conformations
for each pentapeptide were accepted. In the clustering
procedure, an R.M.S.D (Root Mean Square Deviation)
of 0.75 A and a AE of 30 kcal mol —* were used. The
number of families after clustering was 220 and 323,
for LPYFDaand scrP, respectively. The total number of
families accepted with a relative population higher than
0.50% was 10 and 25, for LPYFDa and scrP, resped-
tively, that sum up to ca 90% of all conformations. All
low-energy conformers of pentapeptides studied here

Table 1
Conformational search and clustering results for LPYFDa and scrP
optimized at the EDMC/SRFOPT/ECCEP/3 level of theory. Total
( Etot, kcal mol—1) and relative (AE, kcal mol—1) energies are
also shown. All conformational families shown here have relative
population (%PF) higher than 0.5%

LPYFDa Electrostatic  Random  Thermal Total
Generated® 4233 58242 40 62515
Acceptedb 535 4431 34 5000
Family NFe %PFd Etot AE
1 2502 50.04 —70.79 0.00
2 768 15.36 —70.76 0.03
3 370 7.40 —69.43 1.36
4 262 5.24 —70.12 0.66
5 261 5.22 —69.31 1.47
6 247 4.94 —70.25 0.54
7 62 1.24 —69.37 1.42
8 47 0.94 —70.13 0.66
9 35 0.70 —69.75 1.03
10 30 0.60 —68.45 2.34
scrP Electrostatic Random  Thermal Total
Generated® 4288 60708 60 65056
Accepted® 362 4595 43 5000
Family NFe %PFd Etot AE
1 1146 22.92 —49.71 1.18
2 635 12.70 —50.16 0.73
3 478 9.56 —49.95 0.93
4 329 6.58 —50.88 0.00
5 272 5.44 —49.66 1.22
6 250 5.00 —49.94 0.94
7 190 3.80 —50.19 0.69
8 116 2.32 —49.71 117
9 114 2.28 —50.57 0.31
10 101 2.02 —49.44 1.44
11 97 1.94 —49.63 1.26
12 88 1.76 —50.23 0.65
13 60 1.20 —50.25 0.64
14 53 1.06 —49.47 141
15 51 1.02 —49.81 1.07
16 48 0.96 —49.39 1.50
17 45 0.90 —48.58 2.30
18 39 0.78 —48.78 2.10
19 39 0.78 —48.22 2.66
20 38 0.76 —48.97 191
21 37 0.74 —49.23 1.65
22 32 0.64 —49.74 1.14
23 30 0.60 —48.90 1.98
24 27 0.54 —49.03 1.86
25 26 0.52 —49.07 1.81

aNumber of conformations generated electrostatically, randomly and
thermally during the conformational search.

PNumber of conformations accepted from those generated electro-
statically, randomly and thermally during the conformational search.
“NF represents the total number of conformational families as result
of the clustering run.

d96PF represents the percent relative population based on a total of
5000 accepted conformations.

were then compared to each other. The comparison
involved the spatial arrangements, relative energy, and
populations. The LPYFDa evaluation showed that the
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Fig. 2. Stereoview of selected conformations for LPYFDa and scrP optimized at EDMC/SRFOPT/ECCEP/3 level of theory. A) overlapping
of the two most populated and energetically preferred families of LPYFDa, family 1 (AE = 0.00 cal.mol—!, white) and family 2 (AE = 0.03
kcal.mol—1, pink). B) Family 4 with a relative energy (AE) of 0.00 kcal.mol—! and C) Family 1 with an AE = 1.18 kcal.mol—! of ScrP. All

hydrogen atoms have been deleted for more clarity.

most populated family (50.04%) is also the energetical-
ly preferred one, while its second most populated fam-
ily (15.36%) has a relative energy of 0.03 kcal mol —!
above the global minimum. This small energetic dif-
ference is due to a slight reorientation of the side-chain
of the residue Phe (see Fig. 2A), while the rest of the
structure showed approximately the same orientation.
On the other hand, the most populated family of scrP
(22.92%) showed a relative energy of 1.18 kcal mol —*
above the global minimum and a relative population of
6.38%. It was observed that LPYFDa is confrontation-
ally, generally more restricted than scrP, with a pref-
erence to form folded structures, while scrP tended to
form semi-extended or fully-extended conformations.
Spatial views of selected conformations, for LPYFDa
and scrP are shown in Fig. 2.

Docking studies

Monomeric model

Two potential binding sites were found by using a
single blind docking run (results not shown) on the
monomeric AB42 molecule (PDB code 11YT), which
comprises two a-helix moieties (residues 8-25 and 29—

39) connected by a loop (residues 26-28). Site | en-
compasses the residues 21-26 containing Glu2? and
Asp?3, which were previously identified as residues for
aggregation of the oligomers [40,47]. Site Il includes
residues 6-12 located in the portion of the molecule
that loses all structural organization after oligomer for-
mation, thus forming the so-called disordered region.
In Table 2 the two most populated families of the com-
plexes of LPYFDa and scrP with the monomeric A5 4
are summarized. LPYFDa showed lower binding en-
ergies, while site Il was in general energetically pre-
ferred over site | but families on site 11 poorly populat-
ed. In general it can be concluded that LPYFDa binds
stronger to the monomeric AS42 than scrP.

Pentameric model

As previously reported by Masman et al. [40], the
Ap42 aggregates contain two [-sheet moieties (51,
residues 18-26 and 32, residues 31-42) organized into
a parallel interchain orientation, which were proposed
as intermolecular binding sites for the pentameric con-
formation. Moreover, a third possible site for inter-
actions with ligand molecules was postulated, which
involves the 51 and 32 portions of the chain located at
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Table 2
The two most populated families of LPYFDa and scrP found by docking simulations on the monomeric and pentameric
ApB42 peptide and the corresponding binding energies (E g) of the complexes. The binding constant (K ) and the relative
populations (%P) are also shown

LPYFDa scrP

Ep Ka, %P Ep Ka, %P

(kcal mol—1) (M) (kcal mol—1) (M)
Monomeric ABs2  Sitel 1 —4.42 578 x 10-* 136 —3.67 2.05x 1073  4.80
2 —435 6.49 x 10~%  8.00 —3.18 466 x 1073 4.00
Sitell 1 —4.95 235 x107%  6.40 —4.10 9.89 x 10~*  3.20
2 —4.66 3.85x 104 3.20 —3.96 124 x 1073 2.00
Pentameric ABs2  TOP 1 —5.67 6.99 x 10~% 560 —450 503 x 10~* 520
2 —5.04 202 x10~* 3.60 —4.73 339 x10~* 3.60
81 1 —8.19 9.88 x 10-7  8.80 —6.17 3.00 x 107> 520
2 —7.05 6.75 x 10~%  6.80 —5.01 211 x10~%  4.40
32 1 —4.75 3.32x10~%  6.00 —4.68 3.69 x 10~* 2.80
2 —4.77 320 x 1004 3.20 —4.92 248 x 10~%  2.40

aKp is calculated in with the equation Kz = exp(AG*1000.)/(Rcal*TK), where AG is the docking energy, Rcal is

1.98719 and TK is 298.15.

Disordered Region

Fig. 3. A steric view of binding between the pentameric AB42 model and LPYFDa. Salt bridges are signalized with block-arrows. All the

ligand-target contacts are depicted as wireframe spheres.

the edge of the aggregate. This site is orientated into
axis of the oligomers, in the same direction where the
oligomers grows by aggregation. Table 2 shows the two
most populated families of the complexes of LPYF-
Da and ScrP with the pentameric AB42. For all the
sites proposed, LPYFDa showed lower binding ener-
gies than scrP. Interestingly, both pentapeptide LPYF-
Da and scrP, revealed an energetic preference for site

B1. LPYFDa was designed on the basis of Soto’s pen-
tapeptide LPFFD, which derives from the amino acid
sequence Leu'"-Val-Phe-Phe-Ala?! of A3z, being the
(51 portion of the aggregate. Figure 3 shows the atomic
details of the interactions of the best complex (family
(11, in Table 2) found between LPYFDa and the pen-
tameric AfB42. It can be appreciated that the N-terminal
of LPYFDa formed a double salt bridge with the Glu22s
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Fig. 4. Cell viability of PCN as determined by an MTT-assay. Neurons treated with increasing concentrations of A) ABs2 or B) pentapeptides
LPYFDa and scrP incubated for 24 hours. Neuroprotection by C) scrP or D) LPYFDa was determined by co incubating increasing concentrations
of the pentapeptides with 25 uM Af42 for 24 hours. Bars indicate the mean cell viability in % relative to untreated controls + SEM. (* =

significant at p < 0.05).

of the second and third chain of the aggregate. Also,
a second salt bridge links the Lys16 to the Asp residue
of LPYFDa. All salt bridges, indicated with a block-
arrow that points to the positive member of the interac-
tion, revealed an interacting distance of approximately
3.5 A. All the ligand-target contacts are depicted as
wireframe spheres. An important hydrophobic pocket
was formed between the residues Phe?° and Val'® of
the aggregate, and the residues Leu, Pro and Phe of
the pentapeptide LPYFDa. This hydrophobic pocket is
indicated with a dashed line.

LPYFDa is neuroprotective against oligomeric A342
invitro

Part of our study was to assess the neuroprotective
potential of the 3-sheet breaker LPYFDa against Aj3-

induced toxicity. Therefore, we first determined the
toxic effect of the A342 oligomer preparationinvitroon
cultured PCN. Neuronal cultures were exposed to in-
creasing concentrations of oligomerized A3 4o for 24 h,
followed by an MTT-reduction assay to assess cell via-
bility. The results showed a clear A3-induced, dose de-
pendent decrease in cell survival reaching significance
at concentrations higher than 10 uM (Fig. 4A). For the
subsequent experiments we used oligomeric AG 4, at a
concentration of 25 M as a toxic stimulus.

Second, we investigated if LPYFDa or the control
peptide scrP exhibited any toxicity to PCN and whether
the 5-sheet breaker peptides were capable to overcome
the toxic effect of oligomeric AB4. For this pur-
pose PCN were exposed to different concentrations of
LPYFDa or scrP alone, A4 alone (25 M) or 3-sheet
breaker peptides and Af342 together for 24 h. The re-
sults showed that LPYFDa and scrP alone were not
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Fig. 5. Effect of AB42 and LPYFDa on contextual fear conditioning. A) A single i.h. injection of oligomeric A342 led to a dose dependent
significant decrease in conditioned fear when compared to a vehicle injection. B) Co-injection of AB42 with LPYFDa prevented the Aj3-induced
memory impairment significantly, whereas the non-specific control peptide scrP failed to revert memory deficits. Bars indicate the mean relative

freezing score in % + SEM. Differences were determined by ANOVA (* = significant at p < 0.05).

toxic to PCN at any tested concentration (Fig. 4B). Fur-
thermore, the control peptide scrP was not able to pro-
tect the neurons from Ag-induced toxicity (Fig. 4C).
In contrast, we could demonstrate a dose dependent
neuroprotective effect of LPYFDa against AG-induced
toxicity, reaching significance at 4 uM LPYFDa and
higher (Fig. 4D).

A single intrahippocampal injection of oligomeric
AB4 induces cognitive deficits in contextual fear
conditioning

One hour prior to the training session in a contextual
fear conditioning paradigm C57BL/6J mice received
a single injection of oligomeric AB42 (15, 30, or 60
pmol) or vehicle. Injections did not affect locomotion
or the shock reaction during training (data not shown).
The vehicle injected animals displayed an average rel-
ative freezing behavior of 58.9 + 2.9%, which did not
differ from untreated control animals (61.1 + 2.4%).
The mice injected with AB42 showed a dose dependent
decrease in freezing behavior (Fig. 5A). 15 pmol A5 42
caused an average relative freezing of 50.0 + 4.2%,
which was not significantly different from the vehicle-
injected animals. However, the mice injected with 30
pmol and 60 pmol of AB42 had significantly reduced

freezing scores compared to the vehicle group (36.2 +
4.6%; p = 0.024 and 33.3 + 5.3%; p = 0.037).

Next, we investigated whether LPYFDa is able to
revert the AB-induced memory deficits. Therefore, we
injected mice with 150 pmol LPYFDa or 150 pmol of
the non specific control peptide scrP in the presence or
absence of 30 pmol oligomerized A342 into the hip-
pocampus. The LPYFDa and the scrP injected mice
showed an average freezing of 61.1 + 5.0% and 63.0
+ 5.5% which did not significantly differ from the un-
treated (61.1 &+ 2.4%) or vehicle injected group (58.9
+ 2.9%).

However, LPYFDa co-injected with ASG42 was able
to abolish the AB,2 oligomer-induced memory impair-
ment (57.4 + 5.2% versus 36.2 + 4.46%; p = 0.039).
Co-injection of AS with the control peptide scrP, which
resulted in an average freezing score of 48.0 & 4.9%,
did not significantly reverse the Ag-induced memory
deficits (Fig. 5B).

These results indicate that LPYFDa can reverse the
detrimental effects of Ag342 oligomers and subsequent
impaired memory performance.

DISCUSSION

In the present study, we could show that AG4
oligomers are toxic to primary cortical neurons in cul-



I. Granic et al. / LPYFDa Neutralizes A3-Induced Memory Impairment and Toxicity 1001

ture in a dose-dependent manner (Fig. 4A). These re-
sults are in line with studies by Dahlgren and col-
leagues, who reported that the oligomeric form of A3 4o
is 10 fold more toxic when compared to the fibrillar
form [26]. These and our present findings support the
growing general view that, in particular, oligomeric
AS4o peptides contribute to the progressive neuronal
loss and the associated memory impairment observed
in AD patients. Indeed, several studies showed that ele-
vated levels of soluble oligomeric Ag correlate strong-
ly with cognitive decline in AD patients [6,7]. Walsh
and colleagues observed that a low-n oligomeric assem-
bly of naturally secreted human Ag alters hippocampal
synaptic plasticity by inhibiting LTP [48]. Also the
number of dendritic spines was dramatically decreased
when neurons were incubated with A3 oligomers, but
not with monomers [48]. However, the loss in spines
could be reverted by treating neurons with an anti-Ag3
antibody [14].

A possibility to counteract the injurious effects of
oligomeric AG is by modulating its aggregation. Cru-
cial for the aggregation process of the A3 molecule are
the hydrophobic residues (amino acids 17-21: LVFFA)
within the internal region of the A3 peptide. Experi-
ments by Hilbich and colleagues revealed that replace-
ment of those hydrophobic residues by hydrophilic
residues results in impaired fibril formation [49]. These
and other findings eventually led to the concept of 3-
sheet breakers as therapeutic strategy for AD as pro-
posed by Soto et al. [50,51]. The initially synthesized
compounds were peptides of 11 to 5 amino acids tar-
geting the center region of the A peptide and evolved
to compounds like LPFFD (iA35) and/or LPYFDa.
These pentapeptides are partially homologous to this
hydrophobic center region and bind with a relatively
high affinity to A3 [52-54] by similar intermolecular
interactions, leading to a competitive replacement of
A molecules. A major drawback with peptide drugs
for neurological disorders is their rapid degradation
in vivo by proteolytic enzymes and their poor blood-
brain permeability [55]. These issues were overcome
by chemical modifications, like C-terminal amidation
and N-terminal carboxylation, which resulted in in-
creased half life in vivo and rapid brain uptake [54].
Although our knowledge of the biochemistry in re-
spect to catabolism and brain uptake of certain aggre-
gation inhibitor peptides has developed greatly in re-
cent years, the detailed mechanisms of action are still
poorly understood. Therefore, it is essential to eluci-
date and study the three dimensional structure of the
Ag peptide/aggregation inhibiting peptide complex to

gain more insight into the molecular dynamics of the
Ag aggregation process.

We used computational modeling and docking ex-
periments to address this question. Interestingly our
docking results showed that LPYFDa binds preferably
to the 31 portion of the aggregate (Table 2 and Fig. 3),
which has a good correlation with the design of this pen-
tapeptide, since LPYFDa derives from the wild-type
sequence Leu'”-Val-Phe-Phe-Ala?! of A342, Which is
contained in this portion of the aggregate. Our docking
results did not show any binding preference of LPYFDa
(nor scrP) for the monomeric or the pentameric AS.

In the present study, we showed that the pentapeptide
LPYFDa can protect cultured neurons from oligomer-
ic AgB-induced cell death. Datki and colleagues re-
ported similar results on neuronal-like cell lines, e.g.,
SHSY-5Y cells. They could show that a 5-fold mo-
lar excess of LPYFDa protects these cells from toxic
effects of fibrillar Ag [24,56]. In our study we could
confirm that a molar excess of LPYFDa can prevent
AB42 mediated neurotoxicity. Moreover, we demon-
strated a dose-dependent protective effect of LPYFDa
and that this pentapeptide already has significant neu-
roprotective properties even with a 6-fold molar ex-
cess of oligomeric A(345. Our results are also in agree-
ment with other studies reporting protection by LPYF-
Da against the rapid neuromodulatory action of fibrillar
A4 demonstrated by invitro and in vivo electrophys-
iology [23].

We found that a single bilateral intrahippocampal in-
jection of oligomeric A3,42 impairs memory formation
if applied 1 h before the training session in a contextual
fear conditioning paradigm. These findings are in line
with several other studies, which consistently report on
memory deficits after intracerebral injections of A5 4o
peptides, although the experimental conditions vary in
terms of the injected peptide, injection procedure, and
behavioral tasks employed [57-62]. It should be noted
that these injections obviously lead to Aj levels beyond
the basal levels necessary for proper synaptic function-
ing. Garcia-Osta showed that neutralizing endogenous
Ag by an anti-Ag antibody resulted in memory im-
pairment which implies that physiological soluble A3
levels are required for proper memory function [17],
which was recently confirmed by a study of Morley et
al. [63].

The peptide LPFFD, which was designed by the Soto
group, was able to prevent fibrillogenesis in a rat brain
model [64] and to reduce AS deposition a transgenic
AD mouse model [54]. Most interestingly, iA55p was
shown to reverse the memory impairment caused by
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intrahippocampal injections of Ag fibrils in rats [65].
However, these studies did not reveal whether impair-
ment of learning and memory after oligomeric Ag in-
jections could be counteracted by such compounds. A
novelty of our study is that we used A3 oligomers in-
stead of the less effective Ag fibrils. Therefore, an im-
portant aim of our study was to establish if a compound
like LPYFDa is able to prevent A3 oligomer-induced
learning and memory deficits. We showed that a 5-
fold molar excess of LPYFDa to AS could overcome
the detrimental effects of A3 oligomers on memory.
Thus, we provide evidence that so-called 3-sheet break-
er peptides such as LPYFDa bear therapeutic potential
against Ag-induced memory impairment. Moreover,
it was recently demonstrated that intraperitoneally ad-
ministered LPYFDa is able to cross the blood brain
barrier and protects synapses against excitatory action
of fibrillar Ag [22].

The mechanism of how these pentapeptides exert
their protective effects on cell death and behavior is
not yet fully understood. However, it should be not-
ed that the two actions of AS reported here, namely,
the neuronal degeneration following application of Ag
oligomers in vitro and memory loss following injec-
tions of A oligomers invivo may be unrelated. In hip-
pocampal tissue extracted one hour after A3 injection,
we were unable to detect any caspase-3 cleavage which
would indicate apoptotic cell death (data not shown).
Furthermore, there are no studies so far that show toxic
effects of oligomeric A3 on neuronsinvivo. Therefore,
the effects on memory following an hour post-injection
may not have a direct correlation with neuronal degen-
eration, but could simply reflect the effects of A5 on
synaptic integrity. It is well documented that the main
effects of A3 on synapses are inhibition of LTP [9,66]
and elimination of postsynaptic glutamate receptors [8,
67,68]. Remarkably, the AB-induced synaptic dys-
function occurs rather rapidly, starting 20 minutes after
application, and does not need chronic exposure [69—
72]. Furthermore, it is likely that the injected oligomer-
ic AS does not remain unchanged in terms of its con-
formation, and the effects on memory may be due to
changes of A to other conformations. The importance
of the A3 conformation on memory was demonstrated
by Lesne and collaborators [73], who showed that only
specific Ag protein assemblies in the brain are able to
impair memory [73].

It remains elusive whether aggregation inhibiting
peptides like LPYFDa directly bind to A3, and thereby
prevent possible interactions between A and neuronal
membrane proteins, and in this way neutralize its toxic

effect. We could consider two options of interaction
with AG: 1) the pentapeptides bind to the monomeric
Ag, thus preventing and/or retarding the formation of
toxic oligomers; and 2) the pentapeptides bind the Ag
oligomers already formed preventing and/or modulat-
ing, somehow, its neurotoxic properties. On the other
hand, both above mentioned possibilities might act si-
multaneously comprising a third possible way of action
of this peptide toward its neuroprotective effects.

Being aware of the many possible biological path-
ways that these peptides might follow while inducing
neuroprotection, it is interesting to see whether these
peptides show a preference to bind the monomeric A3
or its soluble oligomers. Previous studies using CD
spectrometry and molecular docking studies have been
carried out on LPYFDa and other so-called 3-sheet
breaker peptides [24,52,74,75] but none of them so far
have demonstrated proof at the molecular level of the
(-sheet breaking properties of these peptides. We al-
so might consider the possibility that these peptides
might act as “glue” that promote elongation to biologi-
cally inert larger aggregates, or conversely, bind to the
monomeric AG and this way inhibits oligomer forma-
tion. By either of these actions, or both, the neurotoxi-
city of Ag is decreased or reverted.

In summary, our findings provide evidence on how
and where LPYFD interacts with A3 mono- and
oligomers, that LPYFDa neutralizes the neurotoxic ac-
tivity of soluble A3 oligomers, and in the present con-
ditions can effectively prevent the oligomer-induced
deficits in memory performance.
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Abstract: Alzheimer’s disease (AD) is the most common form of dementia characterized by cogni-
tive dysfunctions. Pharmacological interventions to slow the progression of AD are intensively
studied. A potential direction targets neuronal sigma-1 receptors (S1Rs). SIR ligands are recognized
as promising therapeutic agents that may alleviate symptom severity of AD, possibly via preventing
amyloid-f-(Ap-) induced neurotoxicity on the endoplasmic reticulum stress-associated pathways.
Furthermore, SIRs may also modulate adult neurogenesis, and the impairment of this process is
reported to be associated with AD. We aimed to investigate the effects of two SIR agonists, dime-
thyltryptamine (DMT) and PRE084, in an Ap-induced in vivo mouse model characterizing neuro-
genic and anti-neuroinflammatory symptoms of AD, and the modulatory effects of SIR agonists
were analyzed by immunohistochemical methods and western blotting. DMT, binding moderately
to SIR but with high affinity to 5-HT receptors, negatively influenced neurogenesis, possibly as a
result of activating both receptors differently. In contrast, the highly selective S1IR agonist PRE084
stimulated hippocampal cell proliferation and differentiation. Regarding neuroinflammation, DMT
and PRE084 significantly reduced Api-4-induced astrogliosis, but neither had remarkable effects on
microglial activation. In summary, the highly selective SIR agonist PRE084 may be a promising
therapeutic agent for AD. Further studies are required to clarify the multifaceted neurogenic and
anti-neuroinflammatory roles of these agonists.

Keywords: Alzheimer’s disease; APi-4-induce mouse model; neurogenesis; neuroinflammation;
sigma-1 receptor; dimethyltryptamine; PRE084

1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia, characterized by
progressive memory loss, impaired learning, and cognitive dysfunction. The main patho-
logical hallmarks of AD are extracellular amyloid plaques and intracellular neurofibril-
lary tangles accumulated in the cerebral tissue [1], which first appear in the hippocampal
and entorhinal regions of the brain, explaining the impairment of cognitive functions [2].
These changes are accompanied by the damage of synaptic connections, and neuronal
death. The abnormal cleavage of amyloid precursor protein (APP) by (3- and y-secretases
predominantly yields 40 to 43 amino acid long amyloid-3 (A3) peptides, which aggregate,
and manifest as cerebral deposits. Besides forming plaques, these oligomeric forms of A3
are also thought to be neurotoxic [3-6]. These short oligomers might interfere with crucial
intracellular mechanisms and signaling pathways. Thus, they may affect cell homeostasis,
proliferation, differentiation, and survival [7-10]. Another significant symptom of AD is
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neuroinflammation, which involves various inflammatory components, such as immune
cells, cytokines, and chemokines. Neuroinflammation might significantly alter neurogen-
esis, as well as enhancing A3 production and plaque formation [11-13]. Currently, there
is no cure for AD, and its progression cannot be prevented; at present, only symptomatic
treatments of mild to moderate efficiency are available. Therefore, effective disease-mod-
ifying therapeutics that may halt the progression of AD and contribute to the protection
of neuronal integrity are eagerly awaited. A potentially new direction of the research aim-
ing to find novel disease-modulating agents targets the sigma receptors (SRs). SRs have
received considerable attention for their potential role in the prevention of AfB-induced
neurotoxicity, as well as in the regulation of the pathophysiology of AD. Furthermore, SRs
may be essential for modulating neurogenesis in adulthood, and the stimulation of this
process has been linked to AD. Thus, SR ligands are being recognized as promising ther-
apeutic agents for treating or alleviating AD [6,14-16].

Two subtypes of SRs are distinguished, sigma-1 receptor (51R) and sigma-2 receptor
[17-19]. SIR is broadly expressed in the central nervous system (CNS), especially in the
dentate gyrus (DG) region of the hippocampus (HC), both in neurons and glial cells. S1Rs
are mainly located in a specific part of the cell where the endoplasmic reticulum (ER) and
the mitochondria establish a tight interplay; this area is called the mitochondria-associated
ER membrane (MAM) [16,20-23]. S1R is known to influence neuronal survival, prolifera-
tion, neurite growth, plasticity, as well as learning and memory functions [24-27]. It has
been reported that the expression level of SIR decreases in patients with neurodegenera-
tive diseases like AD [16,22,23,28-33].

SIR binds a diverse set of molecules, for example, antipsychotics, antidepressants,
and neurosteroids [34-37]. A non-specific endogenous ligand of SIR is N,N-dimethyltryp-
tamine (DMT), a hallucinogenic agent assumed to be produced in small quantities and
accumulated in the CNS [16,38-40]. Previous studies have shown that the administration
of DMT modulates many ion channels [39], protects against hypoxia-induced damage
[41], alleviates neuroinflammation [42,43], increases the density of dendritic spines [44],
as well as promotes neurogenesis and neuritogenesis [45-49]. However, DMT might also
exert anxiogenic, neuro- and cytotoxic effects [47,50-52]. DMT is known to bind to several
receptors with different affinities: 5-hydroxytryptamine (5-HT)ias, 5-HTip, 5-HT2ac, 5-
HTsa, 5-HTe, 5-HT7 receptors, SIR, SERT, dopamine (D)1s receptors, aiAR, Iis, TAAR,
NMDA [53-55]. Several adverse effects of DMT are primarily associated with the stimu-
lation of 5-HT2a receptors [47,50,51,53,56], while its positive impacts are rather related to
the activation of S1Rs [40-44,46,49,50,52,57]. Moreover, the inflammation regulatory and
plasticity promoting activities of DMT are also considered to result from its binding to
both the S1Rs and 5-HT receptors. Identifying the valid contributor molecules and signal-
ing pathways behind this assumption requires more convincing evidence.

Many exogenous ligands of S1R have been identified, including (+)-pentazocine, flu-
voxamine, ANAVEX2-73, and 2-(4-morpholinethyl)-1-phenylcyclohexanecarboxylate
(PRE084) [16,22,24,58]. The antidepressant and nootropic properties of PRE084 are also
recognized [59]. Based on our current knowledge, PRE084 may promote neuroprotection
and neurite growth by stimulating the expression of different neurotrophic factors, as well
as by activating signaling pathways involved in cell survival [60-65]. Previous studies
suggest that this S1IR-agonist might positively impact learning and memory, as demon-
strated in animal models of neurodegenerative diseases or traumatic brain injuries
[63,64,66]. It is also reported that after the administration of Azs3s infusion into the right
lateral ventricle of mice, PRE084 administration has moderated the adverse behavioral
effects of APasss [27] via reducing neurotoxicity-induced cell death [32,64]. Moreover,
PRE084 may also promote neurogenesis [9] and cell survival by attenuating excitotoxicity
and reducing microglial activity, as well as diminishing the expression of proinflamma-
tory factors [67,68].

As mentioned above, in addition to its ability to support cell survival under stress
conditions, activated S1Rs may also stimulate the formation of new neurons, even in the
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adult brain. In adulthood, mammalian neurogenesis is derived from neuronal stem cells
(NSCs) located in the subgranular zone (SGZ) of the dentate gyrus (DG) in the hippocam-
pus (HC), as well as from NSCs in the subventricular region of the lateral ventricles
[69,70]. After differentiation and migration, these newly formed neurons can integrate
into local neuronal circuits of the HC; thus, they might have a significant role in plasticity,
cognitive functions, learning, and memory processes [71]. An optimal microenvironment
is essential for the division, differentiation, migration, and maturation of NSCs. Physio-
logically, the activity of adult hippocampal neurogenesis decreases with aging, leading to
a usually mild, age-associated cognitive decline. However, a growing body of evidence
indicates that the extent of adult neurogenesis is sharply diminished in the early stages of
AD, even before the appearance of senile plaques [72-78]. This finding raises the question
of whether impaired neurogenesis may initiate and/or contribute to more severe cognitive
deficits, thus mediating AD’s pathogenesis. Furthermore, these findings suggest that the
stimulation of neurogenesis might serve as a therapeutic target in AD, with a potential to
improve cognitive functions and promote neural adaptability, thereby it might prevent or
even treat AD.

In this study, two main objectives were addressed. First, to induce early acute AD-
like impairments in neurogenesis and generate neuroinflammation in adult wild-type
C57BL/6 mice by the intracerebroventricular (ICV) administration of APi42oligomers. In
this experimental paradigm, we followed the administration protocol described by Li et
al., who examined the effects of A32535 on the same processes [9]. They reported that A3z
35 stimulated the proliferation of neuronal progenitor cells, while enhancing the death of
newly formed neurons and impaired neurite growth. Secondly, we attempted to restore
the normal functioning of adult neurogenesis and reduce neuroinflammation by activat-
ing SIRs with two different ligands, PRE084 and DMT. The intraperitoneally-(IP-)-in-
jected compounds were tested in wild-type mice, either treated with Afi4-oligomers or
injected with vehicle (phosphate buffered saline (PBS)) as a control. Based on previously
published articles on the beneficial effects of these SIR modulators, we expected to detect
an obvious positive impact of the tested agents on the Ap1-4-induced impairments in adult
neurogenesis and neuroinflammation [41-43,49,52,57,60-64,79].

2. Results
2.1. Effects of PRE084 and DMT on Adult Neurogenesis in APi4 and Vehicle-Treated Mice

Api42 and DMT impair, while PRE084 promotes the survival of progenitor cells in
DG.

Proliferating cells were labeled by three IP injections of 5-Bromo-2'-Deoxyuridine
(BrdU) with a 6 h interval, which was administered 24 h after the stereotaxic surgery.
BrdU is a synthetic thymidine analog, which incorporates into the DNA strand, and can
be detected by specific antibodies. We counted BrdU+ cells 14 days after the surgery. Ac-
cording to our results, the quantity of BrdU+ stem cells in the SGZ of the DG significantly
differed among the six groups (ANOVA: p < 0.0001). AP1-4«2 infusion significantly reduced
the number of progenitor cells compared to the respective control group (PBS-PBS vs. Af:-
2-PBS p = 0.001). Interestingly, significantly more severe negative changes were detected
in animals treated with DMT. In those co-treated with both APi42 and DMT, hardly any
BrdU+ stem cells were detected in the SGZ (A1-42-DMT vs. PBS-PBS p < 0.0001, vs. AB1-4-
PBS p = 0.005, vs. AP1--PRE084 p < 0.0001; PBS-DMT vs. PBS-PBS p = 0.001, vs. PBS-
PRE084 p <0.0001). PRE084 treatment increased the amount of BrdU+ cells; the difference
between the ABi4-infused groups was significant (A1-42-PBS vs. Af314:-PRE084 p < 0.0001)
(Figure 1).
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Figure 1. (A) Results for 5-Bromo-2'-Deoxyuridine (BrdU) immunolabeling. We observed significant
differences in the quantity of stem cells between the six groups (ANOVA: p < 0.0001). Significantly
fewer BrdU+ cells were detected in the Af3142-PBS, PBS-DMT, and in the AB1.42-DMT treated animals
compared to the PBS-PBS group (PBS-PBS vs. AB1-42-PBS p = 0.001, vs. PBS-DMT p = 0.001, vs. A
2-DMT p < 0.0001). The difference between the AP1-42-PBS and AB1-42-DMT treatment groups was
also significant (p = 0.005). PRE084-treatment increased the number of stem cells detected in the
SGZ; this change was significant in the APi-42-administered group compared to its vehicle-treated
control (AP1-42-PBS vs. Ap1-42-PRE084 p < 0.0001). The differences between the following groups in
pairwise comparisons also reached significance: PBS-PRE084 vs. A{3142-PBS p <0.0001, vs. PBS-DMT
p < 0.0001, vs. AP1-2-DMT p < 0.0001; AB142-PRE084 vs. PBS-DMT p < 0.0001, vs. AB142-DMT p <
0.0001. (B-G) Representative images of BrdU staining: (B) PBS-PBS, (C) AP1-42-PBS, (D) PBS-PRE084,
(E) AP1-22-PRE084, (F) PBS-DMT, (G) AB14-DMT. Scale bars represent 100 um. *: p < 0.05

A1+ and PRE084 increase the number of premature cells, while DMT does not affect
their quantity.

To understand the effects of PRE084 and DMT on the maturation of granule cells, we
quantified immature neurons in the SGZ of DG. To label premature cells, we stained a
microtubule-associated protein called doublecortin (DCX), which is expressed specifically
in migrating neuronal precursors. The measured DCX densities were significantly differ-
ent among the six groups (ANOVA: p <0.0001). In those treated with Af314:-PBS and PBS-
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PRE084, the number of immature neurons was significantly higher compared to the con-
trol group (PBS-PBS vs. AB142-PBS p =0.037, vs. PBS-PRE084 p < 0.0001, vs. AP1-42-PRE084
p < 0.0001). We also detected a significant difference between the AB14-PBS and AP14a-
PRE084 mice groups (p = 0.007). DMT administration did not affect the number of prem-
ature neurons compared to PBS-PBS mice (Figure 2).
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Figure 2. (A) Results for doublecortin (DCX) immunostaining. Detected DCX densities significantly
differed among the six groups (ANOVA: p <0.0001). Compared to the control (PBS-PBS) animals, a
significantly higher amount of DCX+ cells were detected in the AB14-PBS, PBS-PRE084 and Af1-4-
PRE084-treated groups (PBS-PBS vs. AP142-PBS p = 0.037, vs. PBS-PRE084 p < 0.0001, vs. Afi-4-
PRE084 p <0.0001). Similarly, a significant difference was detected between the groups treated with
Ap1-42-PBS and AP1-22-PRE084 (p = 0.007). DMT treatment did not alter the number of immature neu-
rons in the SGZ. Furthermore, significant differences were found when the groups were compared
to the PBS-PRE084-treated group: PBS-PRE084 vs. AfB14-PBS p = 0.023, vs. PBS-DMT p = 0.001, vs.
AB1-42-DMT p = 0.001. Additional significant results were detected: ApB1-42-PRE084 vs. PBS-DMT p <
0.0001, vs. AP1-42-DMT p < 0.0001. (B-G) Representative images of DCX immunolabeling: (B) PBS-
PBS, (C) AP142-PBS, (D) PBS-PRE084, (E) AP14-PRE084, (F) PBS-DMT, (G) Ap142-DMT. Scale bars
represent 100 um. *: p < 0.05

The density of mature granule cells is unaffected by A2 or PRE084 administration,
while DMT induces a decrease in neuronal density.

To detect and evaluate mature granule cells in the HC, we performed neuronal nuclei
(NeuN) immunostaining (Figure 3). Again, significant differences were observed among
the groups (ANOVA: p =0.001). In DMT-treated animals, significantly lower NeuN+ cell
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densities were evident in the HC compared to the PBS-PBS and Af14-PBS group (PBS-
PBS vs. PBS-DMT p = 0.001, vs. AP12-DMT p = 0.022; AfB14-PBS vs. PBS-DMT p < 0.0001,
vs. AP1-2-DMT p = 0.003).
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Figure 3. (A) Results for neuronal nuclei (NeuN) immunostaining. Significant differences were de-
tected among the groups as follows (ANOVA: p = 0.001): in DMT-treated animals, significantly
lower NeuN densities were evident compared to the PBS-PBS and Ai42-PBS groups (PBS-DMT vs.
PBS-PBS p = 0.001, vs. AB1-42-PBS p < 0.0001; AP1-.2-DMT vs. PBS-PBS p = 0.022, vs. AP12-PBS p =
0.003). Furthermore, significant differences were found when the groups were compared to the PBS-
DMT-treated group: PBS-DMT vs. PBS-PRE084 p = 0.001, vs. AB142-PRE084 p = 0.006; AP1-42-DMT vs.
PBS-PRE084 p = 0.024. (B—G) Representative photomicrographs of NeuN immunolabeling: (B) PBS-
PBS, (C), Ap1-42-PBS (D) PBS-PRE084, (E) AP1-+2-PRE084, (F) PBS-DMT, (G) Ap1-22-DMT. Scale bars
represent 200 um. *: p < 0.05

2.2. Effects of PRE084 and DMT on Neuroinflammation Induced by Api-4

AP1ie2 stimulates microglia activation, and neither PRE084, nor DMT alleviate this
effect, while DMT alone significantly decreases microglial density.

Neuroinflammation results from the activation of an immune response in the CNS,
mediated by microglia and astrocytes. This process is induced by infective agents, neuro-
degenerative diseases, or injuries. To identify activated microglia in the HC, we stained
ionized calcium-binding adapter molecule 1 (Ibal), expressed explicitly by monocyte-de-
rived and resident macrophages, including microglia. Our results showed a significant
difference in the density of Ibal+ microglia among the groups (ANOVA: p = 0.002). A1
administration significantly increased the density of activated microglia compared to the
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vehicle-treated control groups (PBS-PBS vs. AB14-PBS p = 0.015; PBS-PRE084 vs. Afi4-
PRE084 p = 0.035; PBS-DMT vs. Ap1-42-DMT p = 0.039). In the PBS-DMT group, the density
of Ibal+ microglia was significantly reduced compared to PBS-PBS-treated animals (PBS-
PBS vs. PBS-DMT p = 0.031). Still, none of the treatments were found to be able to alleviate
the proinflammatory effect of AP« (Figure 4).
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Figure 4. (A) Results for ionized calcium-binding adapter molecule 1 (Ibal) immunolabeling. Sig-
nificant differences were observed among the groups (ANOVA: p =0.002). AB1-42 increased the den-
sity of Ibal+ microglia significantly compared to PBS-PBS, PBS-PRE(084, and PBS-DMT treated mice,
respectively (PBS-PBS vs. AP1«-PBS p = 0.015; PBS-PRE084 vs. Af1.42-PRE084 p = 0.035; PBS-DMT
vs. AP12-DMT p = 0.039). The difference between the PBS-PBS and PBS-DMT groups was also sig-
nificant (PBS-PBS vs. PBS-DMT p = 0.031). Moreover, significant differences were detected between
the following groups: AB1-42-PBS vs. PBS-PRE084 p = 0.005, vs. PBS-DMT p < 0.0001; Ap1-42-PRE084
vs. PBS-DMT p = 0.002. (B-G) Representative images of Ibal immunostaining: (B) PBS-PBS, (C) Af1-
2-PBS, (D) PBS-PRE(084, (E) AB1-42-PRE084, (F) PBS-DMT, (G) ApP1-42-DMT. Scale bars represent 100
pum. *: p <0.05

Api42 stimulates astrocyte reactivation, while the administration of DMT or PRE084
reduces this effect.

Reactive astrocytes were immunostained for glial fibrillary acidic protein (GFAP), an
intermediate filament protein expressed by different cell types, mainly reactive astrocytes,
in the CNS. Significantly different GFAP+ cell densities were detected in the HC of the
different groups (ANOVA: p = 0.002). A significant increase in the rate of reactivated as-
trocytes was detected in the APi4-PBS group compared to PBS-PBS-treated mice (p <
0.0001). Furthermore, GFAP+ cell densities were significantly lower in all other groups
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compared to Afi4-PBS-treated mice (AP142-PBS vs. PBS-PRE084 p = 0.013, vs. Afi1-4-
PRE084 p=0.013, vs. PBS-DMT p <0.0001, vs. AB1-2-DMT, p =0.001). The stimulatory effect
of Afi420n astrocyte reactivation was alleviated by PRE084 and DMT administration (Fig-
ure 5).

The activation of inflammatory processes was assessed by the determination of cer-
tain proinflammatory cytokines (IL13 and TNF«). The levels of both pro-IL1f3 and soluble
IL1B, as well as membrane-bound TNFa and soluble TNFa, were determined by western
blot analyses (see Supplement Figure S1). These results corroborate our findings regard-
ing the activation of the glial immunodefense system in response to the A1 stimulus.
The production of the active cytokine forms could be modulated by DMT-treatment; how-
ever, only the change in TNFa-level was significant.
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Figure 5. (A) Results of glial fibrillary acidic protein (GFAP) immunostaining. The densities of
GFAP+ astrocytes differed among the groups (ANOVA: p <0.0001). A significantly higher GFAP+
density was detected in the AP1-42-PBS group compared to those treated with PBS-PBS (p < 0.0001),
PBS-PRE084 (p = 0.013), AP1-42-PRE084 (p = 0.013), PBS-DMT (p < 0.0001), and Ap1-42-DMT (p = 0.001).
(B-G) Representative images of GFAP immunolabeling: (B) PBS-PBS, (C) Ap14-PBS, (D) PBS-
PRE084, (E) AP1-42-PRE084, (F) PBS-DMT, (G) Ap1-42-DMT. Scale bars represent 100 pum. *: p < 0.05
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2.3. S1IR Protein Level Is Elevated by Api-42 Treatment, as Well as by the Co-Administration of
Ap142 and PRE084 or DMT

To determine the effects of ABi42 and PRE084 or DMT on the expression of SIR, a
western blot (WB) analysis using GAPDH loading control was performed on HC and cer-
ebral cortex samples of three animals per group. Our findings revealed a significant dif-
ference in the S1R levels among the groups (ANOVA: p <0.0001). SIR protein levels were
significantly elevated in all groups, except in PBS-DMT-treated animals, as compared to
control subjects (PBS-PBS vs. AB1-4-PBS p < 0.0001, vs. PBS-PRE084 p = 0.018, vs. APi-4-
PRE084 p < 0.0001, vs. PBS-DMT p = 0.540; vs. AB14-DMT p < 0.0001, respectively). In
comparison with A1-42-PBS-treated mice, the AP1-42-PRE084 (p = 0.004) and AB1-2-DMT (p
=0.673) groups showed higher protein levels, while significantly lower levels of SIR were
detected in PBS-PRE084 (p = 0.032) and PBS-DMT (p = 0.001) treated mice. As expected,
the co-administration of Afi42and either of the SIR agonists increased the SIR protein
level compared to the respective control group (AP14-PRE084 vs. PBS-PRE084 p < 0.0001;
AB142-DMT vs. PBS-DMT p = 0.015). Notably, the expression of SIR was significantly in-
creased in Af1-4-PRE084-treated animals compared to the APi4-DMT group (p < 0.0001).
(Figure 6).
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Figure 6. (A) Results for the western blot (WB) analysis. Significant differences were observed in the
SIR levels among the groups (ANOVA: p < 0.0001). Compared to PBS-PBS-treated mice, the SIR
protein levels were significantly elevated in the Af1.42-PBS (p < 0.0001), PBS-PRE(084 (p = 0.018), A1
42-PRE084 (p < 0.0001), and AP1-42-DMT (p < 0.0001) groups. In PBS-DMT-treated mice, the S1R pro-
tein expression remained close to the control level (p = 0.540), while SIR levels were somewhat
higher in the PRE084-treated groups (PBS-PBS vs. PBS-PRE084 p = 0.018; AP14-PBS vs. Afi«-
PRE084 p = 0.004; PBS-PRE084 vs. AB14-PRE084 p < 0.0001). In contrast, the co-administration of
Api42 and DMT induced a significant increase in the quantity of SIR (PBS-DMT vs. Af1.42-DMT p <
0.0001). Furthermore, significant differences were detected in the S1R expression upon the pairwise
comparisons of the following groups: Af14-PBS vs. PBS-PRE084 p = 0.032, vs. PBS-DMT p = 0.001;
AP1-42-PRE084 vs. PBS-DMT p < 0.0001, vs. AB14-DMT p < 0.0001, respectively. (B) WB gel electro-
phoresis images of SIR and GAPDH lines of the experimental groups. *: p <0.05



Int. ]. Mol. Sci. 2022, 23, 2514

10 of 20

3. Discussion

During neurogenesis in adulthood, new neurons continuously develop and differen-
tiate from hippocampal stem cells, and are integrated into existing neuronal networks to
maintain plasticity of the CNS, and thereby preserve learning and memory functions. It
has been recognized that the formation of new neurons reduces with age, manifesting in
impaired cognitive functions [80]. In certain neurodegenerative diseases this cluster of
mental symptoms is much more pronounced due to a decreased rate of neurogenesis, in-
creased destruction of mature neurons, and enhanced neuroinflammatory responses. The
most prevalent disease of this kind is AD, characterized by progressive dementia. Early
alternations in adult neurogenesis and neuroinflammation may appear several years or
even a decade before the diagnosis of AD, and probably contributes to the onset of neu-
rological symptoms. It is hypothesized that an intensive stimulation of hippocampal neu-
rogenesis and the reduction in neuroinflammation in adulthood could slow down the rate
of decline of cognitive skills. Moreover, the uniquely structured SIR protein, functioning
as a ligand-operated chaperone, is known to play a major role in both neurogenesis and
neuroinflammation. Thus, it is assumed that the activation of SIRs may be a promising
therapeutic strategy to stimulate adult neurogenesis and alleviate neuroinflammatory
processes.

The first objective of our study was to model these early alternations appearing in
AD. Our experimental paradigm was based on the work of Li et al., in a modified way:
instead of Afas.35, we injected AP142 ICV to induce early AD-like changes [9]. The reason
for this modification is that AP2s.35 is a non-natural, truncated sequence, and although it is
prone to aggregation, its kinetics for aggregation differ from that of the native A4 pep-
tide. Therefore, using this latter peptide should yield biologically more relevant findings
[81]. In the work of Li et al., neurogenesis was assessed 14 and 28 days after the peptide
injections, and significant differences were detected on day 28 in neurogenic markers com-
pared to baseline (reduced proliferation and neurite growth, increased death of newly
formed cells) [9]. In our experimental model, AD-like cerebral neurogenic and neuroin-
flammatory changes could be detected as early as two weeks after the administration of
Ap12. We demonstrated that a single administration of A1, directly into the lateral ven-
tricles, significantly impaired the proliferation and increased the number of immature
cells in mice. The effects of A3 on neurogenesis are highly controversial in the literature.
Numerous reports indicate that A significantly decreases the formation of new neurons,
possibly by impairing their ability to divide, as well as by diminishing the survival of
neuronal stem cells in DG [7-9,75-77,82]. However, some research groups have published
that AP can induce the initial proliferation step of neuron formation in different transgenic
mouse strains [9,78,83-85] or in cellular models of AD [86-91]. In our experiments, an
increase in the number of differentiating immature neurons was observed in Ap1-4-treated
animals, which may be explained by a compensatory cerebral mechanism [77,92]. Specif-
ically, this enhancement of neuronal cell differentiation may be a response to the disturbed
homeostasis resulting from the decrease in the stem cell population, aiming to restore the
balance within the CNS. As we expected, in our experimental model, no significant reduc-
tion was detected in the density of mature, functional neurons in HC two weeks after the
administration of Af14, indicating that the existing neuronal system may remain unaf-
fected. Regarding neuroinflammation, we found that a single administration of Afi-4
stimulated neuroinflammatory processes, causing a significant increase in the densities of
activated microglia and hyperreactive astrocytes. In line with our observations, several in
vivo experiments have demonstrated the neuroinflammation-inducing effects of Af fi-
brils and oligomers injected into the brain tissue in different experimental models [93-95].
This neuroinflammatory environment may affect adult neurogenesis either positively or
negatively [11,12,96-101]. It is known that cytokines and chemokines produced by acti-
vated microglia and astrocytes play an important role in neuroinflammatory processes.
Certain anti-(IL-4, IL-10) and proinflammatory (IL-6, TNF-a) factors substantially influ-
ence neurogenesis, e.g., they can diminish proliferation and cell survival, while they may
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also stimulate cell differentiation [13]. Thus, beyond its direct effects on immature neu-
rons, APi42 may also affect neurogenesis by generating a relatively mild, but chronic neu-
roinflammatory environment. Further research is needed to clarify the relative contribu-
tion of these two processes (direct and indirect) to the final decline of adult neurogenesis
in AD.

Since the S1R protein plays a major role in neurogenesis and neuroinflammation, and
changes in SIR expression levels have not been studied in exogenous A@-induced AD
models, we examined the expression levels of this protein. In our case, the expression of
SIR increased after a single administration of APi4. This finding may contradict some
literature data, which report on the down-regulation of SIR in the early stage of human
AD [24]. In the reported cases, both the amount and the binding potential of SIR were
found to be decreased, presumably as a consequence of hippocampal neuronal death
[24,102-105]. In contrast, other studies indicate that AD-related ER-stress can lead to an
up-regulation of S1R [16,29,106,107], which, serving as a chaperon, modulates the canon-
ical unfolded protein response (UPR) pathways (PERK, IREla, ATF6) [16,108]. In our
study, the observed elevation of the level of SIR may be a consequence of the cytotoxic
effect of APi42, which induces ER stress, and thus activates the UPR pathways and upreg-
ulates S1R expression.

To date, the biological effects of DMT and PRE084 have not been studied in an Ap-
induced model of early AD with demonstrated changes in neurogenesis and SIR expres-
sion levels, as well as neuroinflammation. Therefore, we aimed to assess whether the mod-
ulation of S1Rs with selected ligands can restore Api«-induced alternations in adult neu-
rogenesis and reduce neuroinflammation.

In our study, DMT significantly reduced the number of neuronal stem cells and den-
sities of neurons. Similar to this finding, another tryptamine, psilocybin (4-phosphory-
loxy-N, N-dimethyltryptamine) with a chemical structure close to that of DMT and a high
binding affinity to 5-HT2a receptors (Kd =6 nM), was also found to impair synaptic growth
and neurogenesis (proliferation and neuronal survival) [109]. However, the neuroprotec-
tive and neurogenesis stimulating effects of DMT and its analog, 5-methoxy-DMT, exerted
via SIRs, were also described in in vitro cell cultures and in a wild-type rodent model
[44,46,49,54]. In our study, DMT was administered at a concentration of 1 mg kg-', thus it
is supposed to have occupied both receptor types, so their mixed effects could have been
observed. Comparison of the Kd values (DMT-S1R Kd = 14.75 uM, DMT-5-HT2a receptor
Kd =130 nM) indicates that DMT binds to the 5-HT2a receptor with higher affinity than to
SIR; thus, it is more likely to act on the 5-HT2a receptors than on S1R [39,53]. Therefore,
we suppose that DMT exerted its negative effect on neurogenesis via the 5-HT2a receptors.
The results of our WB analysis support this hypothesis, since the expression of the SIR
protein was only slightly elevated after DMT treatment.

Regarding the relation of DMT and neuroinflammation, conflicting findings are pub-
lished in the literature. Some of them support the theory that DMT can alleviate neuroin-
flammatory processes, thus it may reduce the density of reactive astrocytes [41-43,52,57].
This effect may be related to the ability of DMT to bind to SIR [41-43,52], but the sero-
tonergic receptors may also have roles in this process [110]. Morales-Garcia et al. reported
that DMT induces a significant increase in the density of GFAP+ astrocytes via the activa-
tion of S1Rs, but these researchers conclude that this elevated GFAP level promotes neu-
rogenesis [49]. In our experiments, DMT treatment was found to exert a positive effect on
activated microglia and hyperreactive astrocytes against the Api-«-induced neurotoxicity,
but it was not detected to promote neurogenesis.

These contradictory results may be explained by the application of different proto-
cols (injection and doses of BrdU and DMT, different survival times). It is also known that
although DMT can penetrate the blood-brain barrier, upon exogenous administration its
concentration in the CNS is elevated for a relatively short time only (elimination half-life
~15 min [44]). Therefore, it is also possible that in our model, the concentration of DMT in
the CNS after IP administration was not sufficient to exert its effects on S1R as Morales-
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Garcia reported [49]. Further experiments are required to elucidate the exact mode of ac-
tion of DMT regarding neurogenesis and neuroinflammation.

To study the effect of an exogenous SIR agonist on neurogenesis and neuroinflam-
mation, we applied PRE084 (Kd =2.2 nM, [111]). Similarly, as Li et al. reported in an A
ss-induced mouse model of AD, we have demonstrated that PRE084 promotes neurogen-
esis upon treatment with A{14, as it is indicated by the quantitative increase in stem cells
and immature neurons after PRE084 administration. Furthermore, PRE084 per se activates
cell proliferation, possibly by stimulating SIR.

Regarding neuroinflammation, the density of hyperreactive astrocytes and the de-
gree of APiw-induced astrogliosis were reduced by the administration of PRE084. How-
ever, the substance neither per se, nor in combination with Ap14 could impair microglial
activation. It is known that in case of CNS tissue damage, activated microglia may behave
either neurotoxic or neuroprotective, depending on their morphological and functional
states. According to the literature, PRE084 can stimulate the proliferation of the anti-in-
flammatory type of microglia (M2), while it suppresses pro-inflammatory M1 microglia,
thus it maintains the delicate balance between functional restorative and inflammatory
glial phenotypes [62,112]. As we did not analyze the distribution and morphology of the
microglia, we assume that the apparent ineffectiveness of PRE084 treatment on microglial
activation may result from the above mentioned two mutual processes.

PRE084 binds to S1R with high affinity, either alone (compared to PBS and DMT con-
trols) and when co-administered with AP+ (compared to AP1-42-PBS or Afi4-DMT ani-
mals), and significantly induces the expression of this receptor protein. These results may
confirm that PRE084 activates the S1R receptors effectively, so its neurogenic impact is
more pronounced than that of DMT.

5. Materials and Methods
5.1. Animals

Male C57BL/6 wild-type mice (1 = 80) from in-house breeding, weighing 23-28 g and
aged 12 weeks at the beginning of the study, were used for the experiments. All animals,
divided into groups, were kept under constant circumstances, including constant temper-
ature (23 + 0.5 °C), lighting (12:12 h light/dark cycle, lights on at 7 a.m.), and humidity
(~50%). Standard mouse chow and tap water were supplied ad libitum. All behavioral ex-
periments were performed in the light period. Handling was executed daily, at the same
time, started one week before the experiments. All efforts were made to minimize the
number of animals used, and their suffering throughout the experiments.

All experiments were performed in accordance with the European Communities
Council Directive of 22 September 2010 (2010/63/EU on protecting animals used for scien-
tific purposes). The experimental protocols were approved by the National Food Chain
Safety and Animal Health Directorate of Csongrad County, Hungary (project license:
XXVI./3644/2017). Formal approval to conduct the experiments was obtained from the
Animal Welfare Committee of the University of Szeged (project No. 1-74-16/2017,
04.07.2017).

5.2. Preparation and Structure Analysis of A1+ Peptide Oligomers

The iso-Af1-42 peptide was synthesized in the solid phase using tert-butyloxycarbonyl
(Boc)-chemistry in-house, as reported earlier [113]. A stock solution of this peptide was
prepared using distilled water, to yield a concentration of 1 mg/mL (200 uM, pH =7), and
it was sonicated for 3 min. The solution was incubated for 10 min at room temperature
(RT), then the pH level was adjusted (pH = 11), and it was further incubated for 2 h. After
a 3-min-long sonication process, the AB14solution was diluted in phosphate buffer (PBS,
20 mM) to a final peptide concentration of 50 pM (26.67 mM phosphate, 1.2% NaCl, pH =
7.4). The solution was stored at 4 °C until further use on the same day.
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The oligomeric state of the A3 peptide was verified by a transmission electron mi-
croscope (JEM-1400, JEOL USA Inc., Peabody, MA, USA) operating at 120 kV. Images
were taken by an EM-15300SXV system, routinely at a magnification of 25,000 and 50,000,
and were processed by the SightX Viewer Software (EM-15300SXV Image Edit Software,
JEOL Ltd., Tokyo, Japan).

5.3. Surgery, Solutions, and Drug Administration

Mice were anesthetized by an IP injection of a mixture of ketamine (10.0 mg/0.1 kg)
and xylazine (0.8 mg/0.1 kg). The animals were then placed into a stereotaxic apparatus
(David Kopf Instruments, Tujunga, CA, USA; Stoelting Co., Wood Dale, IL, USA), a mid-
line incision of the scalp was made, the skin and muscles were carefully retracted to ex-
pose the skull, and a hole was drilled above the target area. A single intracerebroventric-
ular injection of either AB14 (50 uM) or PBS (20 mM) was administered at the right side
using a Hamilton syringe (32 G), injected at a rate of 0.5 pL/min. The following coordinates
were used (from Bregma point): AP: —0.3; ML: —1.0; DV: -2.5. All animals were treated
with antibiotics and analgesics after the surgery.

To detect stem cells, the animals were injected IP with BrdU (50 mg kg'; Sigma-Al-
drich, Saint Louis, MO, USA) dissolved in physiological saline, 3 times, 24 h after the sur-
gery as described previously by Li et al. [9].

PRE084 (1 mg kg, Sigma-Aldrich, Saint Louis, MO, USA) and DMT (1 mg kg, Li-
pomed AG, Switzerland) were also administered IP on a daily basis between
postsurgery days 7-12. Both substances were dissolved in PBS (sterile-filtered, 20 mM)
complemented with 1% dimethyl sulfoxide (DMSO, Sigma-Aldrich, Saint Louis, MO,
USA).

Six groups of animals (with 18 mice in the control group, whereas 11 mice per group
in the other groups) were developed to represent a control for each of the ABi4«-treated
groups (i.e., those PBS-treated after the development of AD-like symptoms of impaired
neurogenesis and neuroinflammation and those treated with DMT or PRE084 after the
induction of neurogenic and neuroinflammatory changes). In the nomenclature of the
groups, the first term refers the ICV administered solution (PBS or Api-42), while the sec-
ond one indicates the IP injected agent with potential disease-modifying activity (PBS
again as a control, or PRE084 or DMT). Based on this nomenclature, the six groups were
the following;:

ICV: PBS-IP: PBS (PBS-PBS, i.e., PBS-treated, non-diseased control; n = 18),

ICV: AB14-IP: PBS (AP142-PBS, i.e., ABi-4«-treated, PBS-treated control; n=18),

ICV: PBS-IP: PRE084 (PBS-PRE084, i.e., PRE084-treated, non-diseased control; n = 11),
ICV: APi4-1P: PRE084 (A{31-42-PRE084, i.e., ABi4w-treated, PRE084-treated group; n = 11),
ICV: PBS-IP: DMT (PBS-DMT, i.e., DMT-treated, non-diseased control; n=11),

ICV: ABi1-2-IP: DMT (AB142-DMT, i.e., AB14-treated, DMT-treated group; n=11).

5.4. Immunohistochemistry

Two weeks after the surgery, mice (n = 8-8 from the PRE084- and DMT-treated, and
n =15-15 from the control groups) were anesthetized with chloral hydrate (1 mg kg-') and
were perfused transcardially with PBS, followed by 4% paraformaldehyde (PFA, Sigma-
Aldrich, St. Louis, MO, USA). All procedures after perfusion, including the post-fixation
and the preparation of the slides, were executed the same way as described previously
[114].

Immunohistochemical analysis was carried out on 20 uM formalin fixed cryosec-
tions. All immunohistochemical procedures were performed according to Szogi et al.
[114]. All chemicals used in the immunohistochemical procedures, except the antibodies
(Ab), were purchased from Sigma-Aldrich (St. Louis, MO, USA). Briefly, for BrdU stain-
ing, the sections were incubated in 2 M HCI for 2 h at RT to denature DNA. For the eval-
uation of BrdU-stained and NeuN-positive cells, the sections were blocked in a mixture
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of 8% normal goat serum, 0.3% bovine serum albumin (BSA), and 0.3% Triton X-100 in
PBS for 1 h at RT. For DCX, Ibal and GFAP labeling, the sections were blocked in a mixture
of 0.1% BSA and 0.3% Triton X-100 in PBS for 1 h at RT. After this step, the slices were
incubated at 4 °C overnight with primary antibodies added to the samples in the following
dilutions: mouse anti-BrdU Ab (1:800; Santa Cruz Biotechnology, Dallas, TX, USA), goat
anti-DCX Ab (1:4000; Santa Cruz Biotechnology, Dallas, TX, USA), mouse anti-NeuN Ab
(1:500; Merck Millipore, Darmstadt, Germany), rabbit anti-Ibal Ab (1:3600; Wako Chemi-
cals GmbH, Neuss, Germany), and mouse anti-GFAP Ab (1:1500; Santa Cruz Biotechnol-
ogy, Dallas, TX, USA). For BrdU, DCX, and NeuN stainings, the sections were treated with
a polymer-based HRP-amplifying system (Super Sensitive™ One-Step Polymer-HRP De-
tection System, BioGenex, Fremont, CA, USA), according to the manufacturer’s instruc-
tions. For Ibal and GFAP labeling, the slices were incubated with the corresponding sec-
ondary antibodies: biotinylated goat anti-rabbit Ab (1:400; Jackson ImmunoResearch,
West Grove, PA, USA), and biotinylated goat anti-mouse Ab (1:400; ThermoFisher Scien-
tific, Waltham, MA, USA) for 60 min. Next, the sections were rinsed 3 times in PBS, and
were incubated with avidin-biotin-complex (ABC Elite Kit; Vector Laboratories, Burlin-
game, CA, USA) for Ibal in 1:1000 and for GFAP stainings in 1:1500, for 60 min at RT. The
peroxidase immunolabeling was developed in 0.5 M Tris-HCl buffer (pH 7.7) with 3,3'-
diaminobenzidine (10 mM) at RT in 30 min. The sections were mounted with dibutyl
phthalate xylene onto the slides and were coverslipped.

5.5. Quantification of the Immunohistochemical Data

Slides were scanned by a digital slide scanner (Mirax Midi, 3DHistech Ltd., Budapest,
Hungary), equipped with a Panoramic Viewer 1.15.4, a CaseViewer 2.1 program and a
QuantCenter, HistoQuant module (3DHistech Ltd., Budapest, Hungary). For quantifica-
tions, all sections derived from each animal were analyzed. In DG and HC, the regions of
interest (ROI) were manually outlined. Antibody-positive cell types were counted and
quantified from ROIs. The number of stem cells (BrdU+) and neuroblasts (DCX+) were
assessed by the observers. The densities (%) of neurons (NeuN+), microglia (Ibal+), and
astrocytes (GFAP+) were calculated by the quantification software. To assess cell densities,
we divided the total number of counted cells per animal with the DG/HC area, and rep-
resented them as cells/mm? (BrdU+, DCX+) or % (NeuN+, Iba+, GFAP+).

5.6. Western Blot Analysis

To determine the effects of AB142 and PRE084 or DMT on the expression of SIR, the
receptor protein samples of 3 animals per group (n = 18) were identically prepared, sepa-
rated, and transferred to nitrocellulose membranes. The membranes were washed and
treated as described by Szogi et al. [54]. The levels of SIR (mouse SIR antibody, Santa
Cruz, Dallas, TX, USA, 1:1000) were analyzed in each group. For the analysis, we used
glyceraldehyde 3-phosphate dehydrogenase (GAPDH, rabbit GAPDH antibody, Cell Sig-
naling, Danvers, MA, USA, 1:200,000) as the loading control.

5.7. Statistical Analysis

The data obtained from the immunohistochemistry analyses were evaluated with a
one-way ANOVA, followed by Fisher’s LSD post hoc tests. The WB data did not follow
normal distribution; thus, they were analyzed with Kruskal-Wallis nonparametric tests,
followed by Mann-Whitney U tests for multiple comparisons. Data were analyzed with
the SPSS software (IBM SPSS Statistics 24), and the results were expressed as mean +
(SEM). Statistical significance was set at p < 0.05.

4. Conclusions

Adult neurogenesis is essential for CNS plasticity. In early AD, neurogenic impair-
ment can be observed, accompanied by hyperreactive astrogliosis. During the treatment
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of AD, neurogenesis should be promoted, while neuroinflammation should be sup-
pressed. S1R plays a role in both processes. In our experiments, we established a model of
early AD induced by A, in which acute neuroinflammation, impaired neurogenesis
and elevated S1R levels were detected. In this model, two SIR agonists were tested. DMT,
binding moderately to S1R but with a high affinity to 5-HT receptors, negatively influ-
enced neurogenesis in the Api-«w-induced rodent model, probably explained by its acting
on the latter receptor class. In contrast, the highly selective SIR agonist, PRE084 improved
the proliferation and differentiation of hippocampal stem cells, manifesting in a quantita-
tive increase in progenitor cells and immature neurons. Further experiments are required
to investigate the main molecular pathways targeted by DMT, through which it affects
neurogenesis and the survival of mature neurons. Moreover, DMT and PRE084 were
found to significantly reduce Afi4-induced hyperreactive astrogliosis. However, none of
these ligands had a remarkable effect on microglial activation. Therefore, further studies
are needed to clarify the role of DMT and PRE084 in neuroinflammatory processes in-
duced by AP« resembling the changes characteristic of AD.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/ijms23052514/s1, Figure S1: Figure S1. Results for the Western Blot
(WB) analyses and representative gel images.
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Abbreviations

5-HT 5-hydroxytryptamine
AD Alzheimer’s disease

APP amyloid precursor protein
AB amyloid-f3

BrdU 5-Bromo-2'-Deoxyuridine
BSA bovine serum albumin
CNS central nervous system
DCX doublecortin

DG dentate gyrus

DMT N,N-dimethyltryptamine
ER endoplasmic reticulum

GAPDH glyceraldehyde 3-phosphate dehydrogenase
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GFAP glial fibrillary acidic protein
HC hippocampus
Ibal ionized calcium-binding adapter molecule 1
Icv intracerebroventricular
P intraperitoneal injection
MAM mitochondria-associated ER membrane
NeuN neuronal nuclei
NMDA N-methyl-d-aspartate receptor
NSC neuronal stem cell
PFA paraformaldehyde
PRE084 2-(4-morpholinethyl)-1-phenylcyclohexanecarboxylate
SR sigma receptor
SIR sigma-1 receptor
SGZ subgranular zone
UPR unfolded protein response
WB western blot analysis
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