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INTRODUCTION

The most common type of neurodegenerative disease is Alzheimer’s disease (AD) with wide
clinical heterogeneity. It is characterized by deficits in the learning process, severe memory
loss, as well as complex behavioral changes. The number of AD patients increases with the
growing life expectancy. AD has become one of the most important health and socioeconomic
problems.

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). The extracellular amyloid plaques composed of B-amyloid (AP)
peptide, and the intracellular neurofibrillary tangles (NFTs) formed by abnormally
hyperphosphorylated tau proteins were at first observed postmortem in 1906 by Alois
Alzheimer. The cerebral presence of these aggregates is considered the main pathological
hallmark, and they are still required for the diagnosis of AD. Accumulation of A is initiated
already two or three decades before the onset of neurological symptoms and the diagnosis of
AD. The appearance of A} deposits is followed by elevated tau levels in cerebrospinal fluid,
significant brain atrophy, neuronal hypometabolism, and impaired memory function before
the onset of symptoms.

There are two forms of AD: the dominantly inherited, early-onset or familiar form of AD
(FAD, begins typically in the age of forties, and gives less than 5% of total cases), and the
non-inherited, late-onset or sporadic form of AD (SAD, begins in the age of sixties, being the
most prevalent form of age-related dementia with 95% occurrence). The principal risk factor
of AD is age; the most endangered group is the population over-65 age. The clinical and
histopathological symptoms of FAD are similar to those of SAD, and presumably, they share
common pathomechanistic routes. 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. According to one of these widely accepted theories, the amyloid cascade hypothesis
(ACH), the development of the disease is caused by the excessive accumulation of the AB.4>
protein produced by proteolytic cleavage of the amyloid precursor protein, and its reduced
clearance.

Despite many years of research, the cause of AD is still unknown and there are no prophylaxis
or curative treatments available. According to basic and clinical research results, therapeutic

interventions may already be late in diagnosed AD patients to alleviate progression. Thus,



new, effective strategies and methods based on other molecular mechanisms instead of ACH
are desperately required to detect, prevent, and treat AD in the pre-symptomatic stage.

AIMS

Based on the ACH, 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, toxic AP with different aggregation forms.

1. In one study, fibrillar AB;.4> (fAPi.42) was administered in the HC of rats. We examined
the impact of a single injection of fAB;4, on spatial memory and on dendritic spine
density in the HC of the treated animals. Rats were subjected to standard Morris water
maze (MWM) tests (IHC experiment).

2. 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 0ABi4 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 oligomeric A4
(0APi42) and injected in the entorhinal cortex (EC). The neuroprotective impacts of
LPYFDa on cognition and 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

sigma-1 receptor (S1R)-dependent molecular processes.

3. In a third study, oAP,4 was administered intracerebroventricularly (ICV) in adult
wild-type C57BL/6 mice, to induce early acute AD-like impairments in neurogenesis
and to reveal its relationship with neuroinflammation (ICV experiment). We attempted
to restore normal functioning in the AB-treated animals by activating S1Rs with two
different S1R agonists, PRE084 (2-(4-morpholinethyl)-1-phenyl cyclohexane
carboxylate) and DMT (N, N-dimethyltryptamine).



MATERIALS AND METHODS

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.

Description of the materials used for the treatments

For the preparation of the iso-APi4, peptide, which is a chemically modified form of the
natural sequence, an optimized synthesis protocol was developed in-house. In the IHC
experiment, the fAB;.4,-containing samples were prepared as described by He ef al. In the EC
experiment, 0APi.4 was prepared by applying a modified protocol of Stine ef al. In the ICV
experiment, 1s0-APi.p-containing samples were optimized by our protocol, then a stable
aggregation state was prepared. The neuroprotective pentapeptide, LPYFDa was synthesized
in-house by standard solid-phase peptide synthesis methodologies. The BrdU, DMT, and
PREO84 were obtained from Sigma-Aldrich (Saint Louis, MO, USA) and Lipomed (AG,

Switzerland).

Surgery, solutions, and drug administration

Rodents were anesthetized by an intraperitoneal (IP) injection of a mixture of ketamine and
xylazine and were then placed into a stereotaxic apparatus. In all three experiments, Hamilton
syringes were used for the injections.

In the IHC experiment, the solution was injected into the right HC unilaterally. Rats were
randomly injected either with the fAB,4, (n=12) or with physiological saline (n=12).

In the EC experiment, the solution was injected into the EC at three bilateral sites. The rats
were randomly assigned to groups: 1. PBS, n=10; 2. LPYFDa, n=10; 3. 0Ai.42, n=10; and 4.
0APi.4 and LPYFDa (1:5 molar ratio), n=11.

In the ICV experiment, a single ICV injection of either oA, or PBS was administered at the
right side. To detect stem cells, mice were injected IP with BrdU 3 times, 24 h after the
surgery. PRE0O84 and DMT were also administered IP daily between post-surgery days 7—12.
Six groups of animals were developed: 1. PBS-PBS, n=18; 2. 0AB4.-PBS, n=18; 3. PBS-
PREO084, n=11; 4. 0AB1.4-PRE084, n=11; 5. PBS-DMT, n=11; 6. 0AB.4-DMT, n=11.



Fixed platform Morris Water Maze (MWM) and modified Morris Water Maze
(mMWM)

In the /HC experiment, spatial learning and memory were assessed by fixed platforms MWM
on days 14 to 20 after IHC administration of fAP,4. Memory acquisition trials were
performed daily, rats swam 4 times in a row per day in blocks, for 6 days. Twenty-four hours
after the last acquisition trial, retention was assessed on a 120-sec probe trial, with the
platform removed.

In the EC experiment, mMWM 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. One experiment lasted for six days. On days 1 to
4, animals were tested with the matching-to-sample protocol. 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 submerged in the same quadrant, as the day before (Q4), while on

the 6™ day, the smaller platform was also located in Q4.

Histological examination and Western Blot (WB) analysis

In the THC experiment, after the behavioral examinations, Golgi impregnation was carried out
during which the native rat brains were cut into blocks. After their two-phase impregnation,
100 um hippocampal sections were prepared. In further histological experiments, rodents
were anesthetized with chloral hydrate and were perfused transcardially with PBS and
paraformaldehyde (PFA). The brains were post-fixed in 4% PFA solution for a day and
afterward, they were put in a mixture of 30% sucrose solution. In the EC experiment, four
animals from each group were used. After the post-fixation, certain brain regions of EC were
slotted, and coronal, 30 um thick sections were cut by a freezing microtome. In case of the
ICV experiment, two weeks after the administration of 0A;.4, mice (n=8-8 from the PRE084-
and DMT-treated, and n=15-15 from the control groups) were processed.
Immunohistochemical analysis was carried out on 20 uM formalin fixed cryosections. For
immunostainings, the slides were incubated with the primary antibody (Ab) followed by the

corresponding biotinylated secondary Ab. The peroxidase reaction was carried out by



applying the Vectastain Elite ABC Kit system using 3,3’-diaminobenzidine as the substrate
and NiCl, as an intensifier.

In the WB of EC and ICV experiments, EC of the rats (n=6 animals/group), cortical regions,
and HC of mice (n=3 animals/group) were removed after cervical dislocation. After tissue
homogenization and centrifugation, the protein samples were run on an SDS gel and
transferred to a nitrocellulose membrane, then incubated with primary and secondary Ab.
During the immunoblot analyses, the effect of 0APi4 on the expression of GFAP was
detected. In the ICV experiment, we examined the effects of 0ABi.4, and PRE084 or DMT on
the expression of SIR.

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 were
examined from each of the 6 animals (25 dendritic shafts per animal were analyzed).
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. For quantifications, all sections derived
from each animal were analyzed. The number of stem cells (BrdU+) and neuroblasts
(doublecortin, DCX+) were assessed by the observers, and to calculate cell densities, we
divided the total number of counted cells per animal with the dentate gyrus (DG)/HC area and
represented them as cells/mm?®. In case of Neuronal Nuclei (NeuN), ionized calcium-binding
adapter molecule 1 (Ibal), and GFAP, the densities (%) of neurons (NeuN+), microglia
(Ibal+), and astrocytes (GFAP+) were calculated by the quantification software.

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 and ICV experiments, data obtained from the behavioral and
immunohistochemistry analyses were evaluated with ANOVA, followed by Fisher’s LSD
post-hoc tests. The WB data were analyzed with Kruskal-Wallis nonparametric tests, followed
by Mann-Whitney U tests for multiple comparisons. For the statistical analysis, SPSS
software was used, and the results were expressed as mean + (SEM). Statistical significance

was set at p< 0.05.






RESULTS

IHC experiment

Injection of fAf .+ induced deficits of spatial learning and memory in MWM and decreased
dendpritic spine density

MWM was used to test spatial learning and memory each day on days 14 to 20 after IHC
administration of fAPi.4. Escape latency to find the platform was used as a measure for
evaluating spatial memory. The results showed that the performance of both groups improved
from day to day, reflecting the functioning of long-term memory. However, learning became
slower each day in the fAB,.s-treated compared to the controls, as could be seen from escape
latencies (Fig. 1A). A significant difference was detected between the groups also for the
swimming distances (Fig. 1B). The Golgi staining method labels the neurons in the HC. Spine
density was different between the two groups. In the fAB,4-treated group, a decrease in
density was detected, compared to the controls (Fig. 1C).

2200

OPHYSIOLOGICAL SALINE B2Dﬂﬂ

WiARI-42

1800

1600

1400

1200

‘Z1000

E 800

0 g 400 -
EI 200
o

i 3 pavs 4 3 pavs 4

OPHYSIOLOGICAL SALINE OPHYSIOLOGICAL SALINE
WIARI-42 x BIAPL-42

(e}

2 o @ 4z v B
g 8
m)
=

e (cr

@

&8 3833 8

w
8

“.pmu mm\hu 100um

w
3

Latency to find the platform (sec) >

Total swimming distanc
8
8

o o

Figure 1. Results of IHC experiment. (A-B) In MWM, the performance of fAB.4-treated animals impaired

compared to the controls. (C) The amyloid treatment induced a decrease in spine density.

EC experiment

OAp..4; impaired, while LPYFDa improved the learning and memory functions when the
smaller platform was used

In the EC experiment, we intended to test the effect of EC-administered 0ABi4, in our
mMWM protocol, conducted with rats. LPYFDa, oAPi4, 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. During the 1¥ swims of days 1-6,
statistical differences could not be detected in the latencies between the groups. In case of the
2™ swims of days 1-5, no differences were found between the groups either. Additionally, the
pentapeptide was ineffective in this 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. The post-

hoc analysis of the results revealed that the oAP;.4 group had a longer escape latency
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compared to the other three groups, which confirms subtle learning and working memory
deficits in oA -treated rats, whereas LPYFDa seemed to have a positive effect on the
impaired learning and memory capabilities (Fig. 2A). On the 6™ day, a new searching strategy
of the 0Aps-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. 2B).
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Figure 2. Behavioral results of LPYFDa experiments. (A) Escape latencies of the 2™ trials of the four
experimental groups during the 6-day mMWM. (B) The total duration of searching in the annulus zone, in the 2™

trial, on the 6" day, using the smaller platform.

LPYFDa hindered the 0Ap,.4-induced neuroinflammatory processes in the rat brain

To examine the effect of 0ABi4 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 0AP.4.-treated group compared to the other three groups (Fig. 3A). 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. 3B).
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the GFAP staining. (B) WB analysis of GFAP levels.



ICV experiment

Effects of PRE084 and DMT on adult neurogenesis in 0Af .. and vehicle-treated mice
According to our results, the quantity of BrdU+ stem cells in the DG significantly differed
among the six groups. OAP;.4 infusion significantly reduced the number of progenitor cells
compared to the respective control group. Interestingly, significantly more severe negative
changes were detected in animals treated with DMT. In those co-treated with both 0A.4> and
DMT, hardly any BrdU+ stem cells were detected in the SGZ. PRE084 treatment increased
the amount of BrdU+ cells; the difference between the AB4.-infused groups was significant
(Fig. 4A).

To understand the effects of PRE0O84 and DMT on the maturation of granule cells, we
quantified immature neurons in the 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. In those
treated with 0Ai.»-PBS and PBS-PRE(084, the number of immature neurons was
significantly higher compared to the control group. We also detected a significant difference
between the 0AP,4-PBS and 0AB,4-PRE084 groups. DMT administration did not affect the
number of premature neurons compared to PBS-PBS mice (Fig. 4B).

To detect and evaluate mature granule cells in the HC, we performed NeuN immunostaining.
Again, significant differences were observed among the groups. In DMT-treated animals,
significantly lower NeuN+ cell densities were evident in the HC compared to the PBS-PBS
and 0Api.4-PBS groups (Fig. 4C).
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Figure 4. Results for (A) BrdU, (B) DCX, (C) NeuN immunolabeling.

Effects of PRE084 and DMT on neuroinflammation induced by 0Af .4

To identify activated microglia in the HC, we stained Ibal, expressed by microglia. Our
results showed a significant difference in the density of Ibal+ microglia among the groups.
OApi.+> administration significantly increased the density of activated microglia compared to
the vehicle-treated control groups. In the PBS-DMT group, the density of Ibal+ microglia
was significantly reduced compared to PBS-PBS-treated animals. Still, none of the treatments

was found to be able to alleviate the proinflammatory effect of 0AB;.4. (Fig. SA).



Significantly different GFAP+ cell densities were detected in the HC of the different groups.
A significant increase in the rate of reactivated astrocytes was detected in the 0AR;.4-PBS
group compared to PBS-PBS-treated mice. Also, GFAP+ cell densities were significantly
lower in all other groups compared to 0AP,4.-PBS-treated mice. The stimulatory effect of
0APi42 on astrocyte reactivation was alleviated by PRE084 and DMT administration (Fig.
5B).
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Figure 5. Results for (A) Ibal, (B) GFAP immunolabeling.

Alternation of SIR protein level as a result of the treatments

To determine the effects of 0AB 4. and PRE0O84 or DMT on the expression of SIR, a WB
analysis was performed on HC and cerebral cortex samples. Our findings revealed a
significant difference in the S1R levels among the groups. SIR protein levels were
significantly elevated in all groups, except in PBS-DMT-treated animals, as compared to
control subjects. In comparison with 0A;.4,-PBS-treated mice, the 0AP.4,-PRE084 and 0Ap;.
2-DMT groups showed higher protein levels, while significantly lower levels of SIR were
detected in PBS-PRE084 and PBS-DMT treated mice. As expected, the co-administration of
0APi4 and either of the SIR agonists increased the SIR protein level compared to the
respective control group. Notably, the expression of SIR was significantly increased in 0AP;.

»-PREO84-treated animals compared to the 0AB;»-DMT group (Fig. 6).
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DISCUSSION

In our research, we proved that murine models developed by the intraparenchymal and the
ICV administration of 0AB;.4 or fAB,.4 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 a modified MWM protocol, which can be
properly used for the sensitive measurement of mild cognitive deficits caused by 0ABi4, 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 0Ap;.s-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 0Ap;.4, 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. SIR plays an important
role in both processes. In our model, two SIR agonists were tested. DMT, binding moderately
to SIR but presumably with a high affinity to 5-HT receptors, negatively influenced the early
phase of neurogenesis. In contrast, the highly selective S1R 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 o0Api.s-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 Ap;.4; and

to assess the translatability of the results to human AD cases.

ACHIEVEMENTS
The major findings of the present study are as follows:
1. We induced AD-like symptoms by extracellular administration of 0AB;.42 or fABi.4 in

two widely used rodent models.
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e In the ITHC experiment, we proved that fAP,.4» decreased spatial learning ability

in traditional MWM and reduced dendritic spine density in the rat HC CA1l

region.

e In the EC experiment, we only observed a subtle but significant spatial deficit

in rats when the modified version of MWM was used, i.e., the target was

reduced. In this experiment, we noticed neuroinflammation, as we detected

increased levels of hyperreactive astrocytes in the EC area.

e In the ICV experiment, we observed that AD-like cerebral hippocampal

neurogenic and neuroinflammatory changes developed in mice by ICV

administration of 0AP.4.

2. In our experimental models, we tested 3 substances, a neuroprotective pentapeptide

(LPYFDa) and two S1R modulators (DMT, PRE084) regarding their effects on

molecular processes.

e Inthe EC experiment, LPYFDa could block the toxic effect of 0AB;.4.

e Inthe ICV experiment

>
>

DMT impaired, while PRE084 promoted the survival of progenitor cells.
PREO84 increased the number of premature cells, while DMT unaffected
their quantity.

the density of mature granule cells was unaffected by PRE084

administration, while DMT induced a decrease in neuronal density.

» O0APi4 stimulated microglia activation, and neither PRE084 nor DMT
alleviated this effect, while DMT alone significantly decreased microglial
density.

» 0APi.4 stimulated astrocyte reactivation, while the administration of DMT
or PRE084 reduced this effect.

» SIR protein level was elevated by oA treatment, as well as by the co-
administration of 0ABi.4x and PRE084 or DMT.
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