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Abstract (English)

The neurological diseases Morbus Alzheimer (AD) and Cerebral Autosomal Dominant
Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL) both currently
lack reliable early diagnostic methods. However, a diagnosis of the diseases before the onset
of clinical symptoms is essential for timely intervention. Presymptomatic histopathologies
include the deposition of amyloid B or the degeneration of brain-supplying blood vessels and
white matter (CADASIL) and lead to changes in the hippocampal tissue. A correlation of
these changes with early cognitive and psychosocial symptoms and biomechanical tissue
changes detectable by magnetic resonance elastography (MRE) was made here to evaluate
aforementioned alterations as new early diagnostic markers. At the same time, the therapeutic
effect of physical activity and a stimulating environment was investigated. In order to assess
the learning and memory performance as well as behavioral and psychological symptoms of
dementia, various behavioral tests were carried out in Study I using the AD mouse model
APP23. These were correlated with hippocampal neuronal proliferation and survival rates. In
Study II, hippocampal tissue biomechanics were assessed in APP23 using MRE and
compared with histological changes in the hippocampus. Furthermore, in both studies the
influence of an enriched environment (EE) as a therapeutic option was investigated. For this
purpose, the animals were kept in either standard or EE cages until the analysis was
performed at one of three different early disease stages. In Study III, mice with overexpressed
wild type Notch3 (TgN3"") and mice with a CADASIL mutation (TgN3"'*%) were exposed
to the above environments or a running wheel (RUN) to evaluate the influence of an enriched
environment and physical activity on neurogenesis and the survival of neurons. Study I
showed for the first time a correlation between early deficits in learning and memory,
psychological symptoms and changes in hippocampal neurogenesis. A curative effect of EE
was observed. In Study II, EE could not counteract the decrease in hippocampal cell count
and viscosity, i.e. cellular cross-linking. In addition, MRE showed an early reduction in cell
density as a reduction in elasticity, which however increased during the course of the disease
due to the intracellular deposition of AB. In the CADASIL model (Study III) neurogenesis
was neither stimulated by RUN nor EE.

Overall, a correlation of histopathological and tissue-mechanical changes in the course of AD
can be observed, which is also reflected in cognitive and psychosocial changes. EE constitutes
an early treatment option but has not been shown to effectively improve histopathological

alterations in CADASIL.



Abstract (German)

Die neurologischen Erkrankungen Morbus Alzheimer (AD) und Cerebrale Autosomal
Dominante Arteriopathie mit Subkortikalen Infarkten und Leukoenzephalopathie (CADASIL)
eint das Fehlen zuverldssiger diagnostischer Friiherkennungsmethoden. Eine Diagnose der
Krankheiten bereits vor dem Auftreten klinischer Symptome ist jedoch essentiell fiir eine
rechtzeitige Intervention. Prasymptomale Histopathologien beinhalten die Ablagerung von
Amyloid 3 bzw. eine Degeneration der hirnversorgenden Gefdfle und der weilen Substanz
(CADASIL) und fiithren zu Verdnderungen des hippocampalen Gewebes. Eine Korrelation
dieser Verdnderungen mit kognitiven und psychosozialen Frihsymptomen und
biomechanischen Gewebeveranderungen mittels Magnetresonanzelastographie (MRE) wurde
hier vorgenommen, um eben genannte als neue frithdiagnostische Marker zu evaluieren.
Gleichzeitig wurde der therapeutische Effekt physischer Aktivitit und einer reizreichen
Umgebung untersucht. Zur Erfassung der Lern- und Gedéchtnisleistung sowie Verhaltens-
und psychischen Symptome von Demenz wurden in Studie I verschiedene Verhaltenstests im
AD-Mausmodell ~ APP23 durchgefiihrt.  Diese =~ wurden  mit  hippocampaler
Neuronenproliferation und -iiberlebensrate korreliert. In Studie II wurde in APP23 die
hippocampale Gewebebiomechanik mittels MRE erfasst und mit histologischen
Verdnderungen im Hippocampus abgeglichen. Weiterhin wurde in beiden Studien der
Einfluss einer reizreichen Umgebung (Enriched Environment, EE) als Therapieoption
untersucht. Hierfiir wurden die Tiere bis zur Analyse an drei unterschiedlichen frithen
Krankheitsstadien entweder in Standard- oder EE-Kéfigen gehalten. In Studie III wurden
Miuse mit iiberexprimiertem Wildtyp Notch3 (TgN3"") und solche mit einer CADASIL-
Mutation (TgN3™%%) den 0.g. Umgebungen oder einem Laufrad (RUN) ausgesetzt, um den
Einfluss einer reizreichen Umgebung und physischer Aktivitdt auf die Neurogenese und das
Uberleben der Neuronen zu evaluieren. Studie I zeigte erstmals eine Korrelation zwischen
frithzeitig auftretenden Defiziten in Lern- und Gedéchtnisleistung, psychischer Symptomatik
und Verdnderungen der hippocampalen Neurogenese. Ein kurativer Effekt durch EE war
hierbei zu beobachten. In Studie II konnte EE nicht einer Abnahme hippocampaler Zellzahl
und Viskositét, d.h. sinkender zelluldrer Vernetzung, entgegenwirken. Zudem zeigte sich in
der MRE eine friihzeitig verringerte Zelldichte als Reduktion der Elastizitdt, welche jedoch im
Rahmen der intrazelluldren Ablagerung von AB im Krankheitsverlauf anstieg. Im CADASIL
Modell (Studie III) blieb eine Stimulation der Neurogenese durch RUN und EE aus.
Insgesamt ist eine Korrelation von histopathologischen und gewebemechanischen

Veranderungen im Krankheitsverlauf von AD festzustellen, welcher sich auch in kognitiven
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und psychosozialen Verdnderungen widerspiegelt. EE stellt hierbei eine friihzeitige
Therapieoption dar, die allerdings im Rahmen von CADASIL die histopathologischen

Verianderungen nicht positiv beeinflussen konnte.



1 Introduction

Although Alzheimer’s disease (AD) is one of the most common types of dementia and subject
to a great variety of studies, reliable early diagnostic tools or lasting effective therapies are not
yet available. These challenges also concern other neurodegenerative diseases including the
less common Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy (CADASIL). CADASIL is the most prevalent genetically hereditary
disease to cause strokes and thereby later dementia'. The cognitive decline observed in both
diseases' ? reflects underlying histopathological changes in the brain. In CADASIL, arterial
accumulations of granular osmiophilic extracellular material caused by a mutation in the
Notch3 gene lead to a progressive degeneration of vascular smooth muscle cells and in
consequence to arterial dysfunction. The associated inadequate or even disrupted blood
supply results in white matter infarcts®. These are mainly considered causal for the cognitive
decline associated with the disease’ and characterized by an early, progressing dementia
including memory loss, deficits in executive function and verbal fluency as well as apathy and
a narrowed field of interest’. However, such deficits are observed also before infarcts® and
possibly associated with the presence of Notch3 in neuronal precursor cells of the
hippocampus’, an area crucial for memory and learning processes. In AD, the presence of
Amyloid beta (AB) plaques is associated with disturbed neurogenesis, inflammation processes
and neurodegeneration particularly in the hippocampus®. Besides impaired learning and
memory, symptoms that arise with the occurrence of plaques also include Behavioral and
Psychological Symptoms of Dementia (BPSD)> °. At present, AD is only diagnosed when
these outward symptoms are detected. At that timepoint, neuropathological processes have
already damaged the brain'’. Available therapies may lead to a temporary improvement but
cannot avert the fatal outcome of the disease. An early diagnosis is therefore crucial to start
therapy in time to prevent the progression of AD. Studies of AD mouse models suggest that
cognitive symptoms as well as BPSD already occur in the pre-plaque stage''. A correlation of
such symptoms with neuronal properties of the hippocampus provides important information
about the early stage of the disease and at the same time evaluates the suitability of cognitive
and behavioral symptoms as pre-plaque markers for potential early neurodegenerative
processes. Another approach for a non-invasive diagnosis of AD is Magnetic Resonance
Elastography (MRE), which allows the measurement of tissue viscoelasticity'>. Examinations
in an AD model'’ suggest that alterations of the biomechanical properties of the brain reflect
underlying pathological changes and can thus help to detect neurodegenerative disease before

any symptoms occur. A social and active lifestyle, constituted in mouse models by an
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enriched environment (EE), has a beneficial effect on the survival of proliferating neurons in
the adult brain'*. EE also improves cognition in both AD patients and models, which indicates
that a change of lifestyle towards more social and physical activity may help prevent
neurodegeneration in AD and also CADASIL.

In study I, neurogenesis and survival of newly generated neurons in the hippocampus were
assessed in an AD mouse model to investigate potential disturbances of the neuronal network
in the pre-plaque stage. Since these might be accompanied by cognitive symptoms and BPSD
that could serve as disease indicators, parameters of cognitive and behavioral tests were
related to neuronal cell analysis. At the same time, the therapeutic effect of an enriched
environment on early disease progress was evaluated.

Closely linked with these ideas, MRE was tested as an early diagnostic tool for AD in study
II. To correlate viscoelastic properties with disease progression, the number of neurons and
presence of A} in the hippocampus of an AD mouse model was measured in both a standard
and an enriched environment.

Study III included a mouse model of CADASIL in an early disease stage. The animals were
exposed to physical activity or EE to investigate their impact on neurogenesis and neuronal

survival and thus therapeutic potential.

2  Methodology

2.1 Animals

All transgenic mice were bred in the Research Institute for Experimental Medicine (FEM)
within Charité Universitdtsmedizin Berlin. The animals were kept with ad libitum access to
food and water in humidity- and temperature-controlled rooms at a 12h/12h light/dark cycle
throughout the duration of the experiments. In all studies, only female animals were used to
minimize conflicts and stress in larger animal groups. The experiments were approved by the
responsible ethics committee (Landesamt fiir Gesundheit und Soziales, Berlin) and carried out
in accordance with the “Directive 2010/63/EU of the European parliament and of the council
of 22 September 2010 on the protection of animals used for scientific purposes” and the
German animal welfare law. In all studies the experimenters were blinded to the experimental

conditions whenever automated analysis was not possible.

2.1.1 APP23 mouse model of AD
In study I and II, mice of the transgenic strain APP23 (APP23) were used as an animal model

for AD and entered the experiment aged five weeks. The animals are based on a C57Bl/6]
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background and express human APP751 cDNA with the Swedish double mutation under the
murine Thy- 1.2 gene'®. PCR of ear biopsies was performed to confirm the genotype of the
single animal (Primers: APP ct forward: 5> GAA TTC CGA CAT GAC TCA GG 3’, APP ct
reverse: 5 GTT CTG CTG CTG CAT CTT CGA CA 3’). C57Bl/6J mice (Charles River,

Sulzfeld, Germany) of the same age were used as wild type control (WT).

2.1.2  TgN3®'%C mouse model for CADASIL

Study III included twelve-week-old animals of the transgenic lines TgN3ri&c and TgN3wr,
which both overexpress the mutant respectively the wild type Notch3 transcript. In TgN3risc
animals, a R169C point mutation at the exon 4 of the notch3 gene is responsible for typical
symptoms of CADASIL. Wild type Notch3 is expressed in the TgN3"" mouse'®. PCR of ear
biopsies was performed to confirm the genotype of each animal (Primers: Notch3 forward: 5’
TTC AGTGGTGGCGGGCGTC 3'; Notch3 reverse: 5 GCCTACAGGTGCCACCATTA
CGGC 3’; Vector forward: 5" AACAGGAAGAATCGCAACGTTAAT 3'; Vector reverse: 5’
AATGCA GCGA TCAACGCCTTCTC 3'). Age-matched FVB/N mice (Janvier, Le Genest-

Saint-Isle, France) served as WT.

2.2 Invivo designs
2.2.1 Study I: Behavioral and psychological symptoms of dementia (BPSD) and
impaired cognition reflect unsuccessful neuronal compensation in the pre-plaque
stage and serve as early markers for Alzheimer's disease in the APP23 mouse
model"’
At the age of five weeks, WT and APP23 mice were randomly assigned to standard (STD)
and enriched environment (EE) cages. A STD cage is a conventional laboratory cage
(Makrolon cages, 0.27 m x 0.15 m x 0.42 m) housing five animals. An EE cage (0.74 m x 0.3
m % 0.74 m) contains ten animals to provide social enrichment and various plastic tubes,
boxes and houses that are reassembled on a weekly basis to constitute a diversified
environment. The animals were kept in their assigned home cage until the start of the
behavioral experiments (elevated zero maze, sucrose preference test, rotarod, Morris water
maze) after either one (1W / adolescent), twelve (12W / young-adult) or 24 weeks (24W /
adult) and also during the experimental period except for the sucrose preference test.
Subsequently, at a final age of eight, 19 or 31 weeks the animals were sacrificed for further
histological analysis of the brains. For that purpose, the animals were deeply anesthetized and

then perfused transcardially. Four weeks (1W: three weeks) prior to perfusion, all mice
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received the cell proliferation marker 5-Bromo-2'-deoxyuridine (BrdU) dissolved in 0.9%
saline as an intraperitoneal (i.p.) injection every 24h during three consecutive days. A detailed

timeline of the setup is provided by Pfeffer et al. (2018), Fig. 1",

2.2.2 Study II: MR elastography detection of early viscoelastic response of the murine
hippocampus to amyloid beta accumulation and neuronal cell loss due to
Alzheimer's disease'®

A random selection of ten animals from both APP23 and WT underwent an initial MRE

measurement at the age of six weeks to obtain baseline data before all animals were assigned

to their cages. Separation of WT and APP23 mice into STD and EE cages was carried out
similarly to study I. The animals remained in their assigned cage until the MRE measurement
was performed after one, twelve or 24 weeks (corresponding to adolescent, young-adult or
adult). Afterwards, the animals were sacrificed as described for study I. A detailed depiction

of the experimental setup can be found in Munder et al. (2018), Fig. 1'%,

2.2.3 Study III: Stimulation of adult hippocampal neurogenesis by physical exercise
and enriched environment is disturbed in a CADASIL mouse model"’

Mice of the strains FVB/N (WT), TgN3"%¢ and TgN3V" were randomly assigned to STD or

EE cages as described in study I, or to a conventional cage containing two animals and a

running wheel (RUN) (Tecniplast, Italy). An LCD counter was used to register wheel turns

and thus measure the distance covered on the wheel. The animals were kept in their assigned
home cage for either 28 days (short-term) or six months (long-term). At the beginning of the

experiment, each mouse received three consecutive i.p. injections of BrdU in intervals of 4 h.

A further group of FVB/N (WT), TgN3®'%C and TgN3"" was kept in STD cages for 28 days

before their performance in the Rotarod was analyzed. All animals were sacrificed analogous

to study I. For a graphic description of the setup and procedures, please refer to Klein et al.

(2017), Fig. 1"°.

2.3 Behavioral Testing

2.3.1 Elevated Zero Maze

Mice were tested in the elevated zero maze (EZM) to measure anxiety, a component of BPSD
(study I). The experiments took place in the morning under consistent lightning conditions. To
provoke the natural aversion of mice to open spaces and height, one animal at a time was

placed on a circular maze with a 5.5 cm wide catwalk positioned 40 cm above the ground and
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divided into for quadrants — two walled, closed and two open quadrants. The animal’s
behavior was then video recorded for 5 min and the following parameters were assessed: The
time spent in the open quadrant was analyzed using Viewer® Software (Biobserve), while
entries from closed into open quadrants and head dips were counted manually. Another
parameter, Time by Entries (TbE)*, was calculated with the following formula: ThE = (Time
in Open Quadrants) / N(Number of Entries). Head dips and time spent in the open quadrant
represent anxiety and are influenced by the animals’ activity level, indicated by the number of
entries. Their increase indicates reduced anxious behavior’. In the parameter TbE, the

influence of activity is eliminated. TbE and anxiety are negatively correlated.

2.3.2 Sucrose Preference Test

To test for anhedonia as a symptom of depression and BPSD*, a sucrose preference test
(SPT) was performed (study I). In rodents, anhedonia is reflected e.g. in a decreased interest
for sugared water™. Based on this background, the mice were placed into STD cages
containing two drinking bottles and housing two animals each. In an initial 12 h training
phase, the animals received drinking water containing 5% sucrose for habituation.
Subsequently, the mice received regular drinking water for 12 h before entering the actual
test. In the test phase, both drinking water and 5% sucrose solution were provided and the
amount of consumed liquids was measured after 12 h and 24 h. Food was provided ad libitum

at all times. The sucrose preference was then calculated as follows:

Sucrose total

Sucrose Preference (%) = x 100 *.
Sucrose total + Water total

2.3.3 Rotarod

Motor coordination was examined in study I and III using the well-established rotarod setup.
In study I, mice were first trained on the rotarod apparatus (TSE Systems) in four trials on
each of two consecutive days. On day three, motor coordination was tested in three trials and
performance recorded automatically as latency to drop off the rod (TSE RotaRod Version
4.1.7 Software). Here, five mice per trial were placed in separate sections on the rotating rod,
which was accelerated in six steps from four to 40 rounds per minute (rpm) with a total
running time of five minutes (Phase 1: 10 s, 4 to 10 rpm; Phase 2: 50 s, 10 rpm; Phase 3: 60 s,
10 to 20 rpm; Phase 4: 60 s, 20 to 30 rpm; Phase 5: 60 s, 30 to 40 rpm; Phase 6: 60 s, 40 rpm).
The mice were able to recover during an inter-trial interval of 30 min. In study III, mice were
tested in three consecutive trials on one day. The speed of the Rotarod (Columbus

instruments, Columbus, OH, USA) was accelerated continuously from 5 to 65 rpm.
13



2.3.4 Morris Water Maze

Visuo-spatial memory and the ability of hippocampus-dependent (flexible) learning was
assessed in the Morris Water Maze (MWM) (study I). On five consecutive days in six trials
each, mice were tested in a circular pool (diameter: 1.2 m) filled with opaque water (19 £ 1
°C) and containing a hidden platform 1 cm under the surface. With geometrical cues
providing orientation, the animals were supposed to find the hidden platform within a period
of 2 min based on an established protocol®. After the acquisition phase (day 1 to 3), the
hidden platform was relocated to analyze reversal learning abilities (day 4 to 5, reversal
learning phase). The starting point changed daily. A detailed visual description of starting
points and platform positions can be found in 4. Pfeffer et al. (2018), Fig. 4'". Mice were
directed to the platform and kept there for five seconds to memorize the position in case they
did not find the goal within the trial period. The animals were able to recover after each trial
for at least 30 min. All trials were recorded, tracked and analyzed using Viewer®* Software
(Biobserve). The parameters average velocity and latency were used to calculate the covered
distance to the target, and the time spent in the previous target quadrant.

The xy-coordinates of the prevailing spatial position in each trial were transformed into a
heatmap image by using an established algorithm® for MATLAB (Mathworks, USA). This
also allowed a qualitative analysis of search strategies and thus learning abilities. As
previously described”, strategies are categorized into hippocampus-dependent “spatial” and -
independent “non-spatial” strategies as well as “perseverance”. The latter describes a behavior
on the first trial of the reversal learning phase characterized by abidance in the previous goal

quadrant.

2.4 Magnetic Resonance Elastography

The MRE measurement in study II was conducted in a 7T MRI Scanner (Bruker Pharma
Scan, Ettlingen, Germany). Throughout the whole process the mice were anesthetized with
isoflurane / oxygen through a face mask, kept on a temperature-controlled heating mat and
monitored via a respiration sensor. First, To-weighted MRI images were created to select the
regions of interest — cortex and hippocampus — for the subsequent elasticity measurement. To
transfer vibration generated by the electromagnetic Lorentz coil to the mouse brain, the
animals were placed on a tooth bar integrated in the face mask and connected to the coil. The
imaging sequence was altered for MRE by sinusoidal motion sensitizing gradient (MSG) in
the through-plane direction with a strength of 285 mT/m, a frequency of 900 Hz and 9
periods. Further imaging parameters were: 128 x 128 matrix, 25 mm FoV, 14.3 ms TE, 116.2
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ms TR, eight time steps over a vibration period. For each brain, four axial slices of 1 mm
thickness were produced. To visualize elasticity as wave images, a 2D-Helmholtz inversion
was conducted, producing the complex shear modulus G*. Tissue elasticity, which is mainly
influenced by different cell types, is represented in the real part of G*, G'= Re(G*). The
imaginary part of G*, G"=Im(G*), gives information about tissue viscosity, which is
determined by the density and three-dimensional structure of the cellular network. A close

description of the setup and imaging process is provided in Munder et al. (2018)"®.

2.5 Perfusion and tissue processing

At the end of all experiments, brain tissue was collected. For this purpose, animals were
deeply anaesthetized by i.p. application of Ketamine / Xylazine. Subsequently, a transcardial
perfusion was carried out first with phosphate-buffered saline (PBS) and then
paraformaldehyde (PFA). Brains were removed and stored in PFA for 24 h (4 °C) before
being transferred into 30 % sucrose solution (4 °C, 48 h) for dehydration. The tissue was then
frozen in 2-methylbutane in liquid nitrogen at -70 °C and stored until histological analysis at -
80 °C. For histological staining brains were cut into 40 pum thick slices and stored at 4 °C in

24-well-plates in cryoprotectant solution.

2.6 Histology and cell quantification

2.6.1 Immunohistochemistry

To detect and quantify the number of proliferating cells (study I and III), microglia and
macrophages (study I), and intracellular AP (study II), series of free-floating brain sections
were stained against the respective markers BrdU (proliferating cells; study I/III; one-in-six
series), Iba-1 (microglia, macrophages; study I; one-in-six series), or 4G8 (A; study II; one-
in-twelve series). After pre-treatment with H,O, (and HCI in case of BrdU) and blocking with
PBS+ (0.1 % Triton, 3 % donkey serum), the tissue was incubated overnight with a diluted
primary antibody. Subsequently, the slices were exposed to a diluted biotinylated secondary
antibody and then a streptavidin peroxidase complex (Vectastain). The binding of antibodies
was visualized by 3,3’-Diamoniobenzidine (DAB)-NiCl staining before the brain slices were

mounted onto object slides and coverslipped.

2.6.2 Immunofluorescence
To determine the proliferation stage of neuronal cells in study I and neuronal and astrocytic
cell types in study III, a one-in-six series of free-floating brain sections was triple stained
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against BrdU, Doublecortin (DCX) and Neuronal Nuclei (NeuN) (study I), or BrdU, NeuN
and S1008 (study III). Briefly, sections were treated with HCI, blocked with PBS+ and then
incubated over night with the diluted primary antibodies. The following day, the sections were
exposed to the diluted secondary antibodies Rhodamine X, Alexa 647 and Alexa 488 before

being mounted onto object slides and coverslipped.

2.6.3 Histological staining

To detect AB plaques in APP23 (study I and II), a one-in-twelve series of brain sections of
representative animals for each group was washed in PBS and mounted onto object slides.
Once dried, the sections were incubated in matured haemalaun and afterwards washed under
running tap water. Subsequently, the tissue was exposed to a solution of saturated alcoholic
sodium chloride (2% NaCl in 80% ethanol, 1% aqueous NaOH per 100 ml) and afterwards in
a solution of saturated alcoholic sodium chloride and Congo red. In a final step, the slides
were washed, dehydrated and coverslipped.

To quantify the number of cells in the cortex and hippocampus (study II), cell nuclei were
labelled with the DNA-binding fluorochrome 4'6-diamidino-2-phenylindole (DAPI). For this
purpose, free-floating one-in-twelve series of brain sections were washed before being
incubated with DAPI diluted in PBS. After a final washing step, the brain sections were

mounted onto object slides and coverslipped.

2.6.4 Cell quantification

To quantify proliferating cells, the number of BrdU-positive (BrdU+) cells in the dentate
gyrus (DG) including the subgranular zone and granule cell layer was counted using a light
microscope (Zeiss Axioskop) with a 40x objective. Of each animal, seven (study I) or nine
(study III) tissue sections were analyzed. The number of BrdU+ cells was multiplied by six to
estimate the total number of proliferating cells in the DG.

Pictures of Iba-1-labelled cells in four sections per animal were taken with a Leica DmiS8
microscope (study I). In three animals per group, the number of Iba-1-positive (Iba-1+) cells
was counted manually in the left and right DG using the Cell Counter Plug-In of Image J
(NIH, USA). The number of Iba-1+ cells was multiplied by six to extrapolate the amount of
microglia and macrophages to the whole DG.

4G8-positive (AB+) cells were counted in the cortex and hippocampus of the left and right
hemisphere of five animals per APP23 group (study II). WT were not analyzed as they show

no immunoreactivity to 4G8. Using a Leica DMRE microscope equipped with
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Stereolnvestigator (MicroBrightfield) software, the brain areas were defined under a 5x
objective based on the mouse brain atlas (Bregma -0.58 to -4.49 mm). With the software
randomly providing counting frames (60 um x 60 pm x 60 pum; sampling grid 500 um x 500
um over the region of interest (ROI); Optical Dissector height 20 um, starting 5 um below top
surface), plaques were counted in one-in-twelve sections under a 100x oil objective. Based on
the pre-settings described above and the number of manually counted cells, the cell numbers
of the selected brain regions were counted automatically.

The same procedure, settings and microscope were used to quantify DAPI-labelled (DAPI+)
cells in study II. Here, the cortex of three and hippocampus of five mice per group were
analyzed in one of six tissue sections per mouse.

The quality of proliferating cells in study I was examined with a confocal microscope (Leica
TCS SP2) under a 40x oil objective. For each animal, 50 BrdU+ positive cells in the granule
layer of the respective brain sections were selected randomly. By taking z-stacks, the co-
expression of BrdU/DCX-positive (BrdU+/DCX+, neuronal precursor cells) and BrdU/NeuN-
positive (BrdU+/NeuN+ mature granule cells) was visualized. To extrapolate the absolute
number of the specific cell types, the total number of BrdU+ cells was multiplied by the ratio
of BrdU+/DCX+ and BrdU+/NeuN+ cells obtained from the 50 analyzed fluorescently
marked cells. Proceedings in study III to investigate the co-labeling of BrdU+/NeuN+ and
BrdU/S100B-positive cells (BrdU+/S1008+, astrocytic cells) in the rostrocaudal extent of the
DG were similar. Here, a Leica DM 2500 microscope was used.

The extracellular plaques labelled with Congo red in study I and II were detected and counted

manually using a light microscope (Olympus BX60 — study [; Zeiss Axioskop — study II).

2.7 Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics (Armond, NY. Version 19:
study II; version 23: study I/III) and graphic presentation was realized with Graph Pad Prism
(San Diego, CA. Version 5: study II/III; version 7: study I). The level of significance was set
to P <0.05.

In study I and II, a three-way analysis of variance (ANOVA) was applied with the factors
genotype (g; WT vs. APP23), cage (c; STD vs. EE) and duration (d; 1 week vs. 12 weeks vs.
24 weeks, respectively adolescent vs. young-adult vs. adult) for neuronal cell and microglia
analysis, the EZM, rotarod and parameters of the MWM (single day distances and search
strategies, perseverance and time spent in the previous target quadrant). A Bonferroni post-

hoc test for pairwise comparisons was done in case of any interaction of the factors.
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Furthermore, in study I, Repeated Measures ANOVA was applied to compare distances and
search strategies between the test days (t; time) in the MWM and percentage amounts of
consumed liquids in the sucrose preference test. The effect size for each comparison was
reported as Partial Eta Squared (n?p). Levene’s test was performed to analyze variance
homogeneity and Shapiro Wilk test was used to test for normality.

In study II, in addition, a two-way ANOVA with the factors ¢ and d was applied to analyze
data referring to cells positive for A in APP23 animals.

A two-way ANOVA was also performed in study III to study the effects of genotype and cage
as well as their interaction on total numbers and percentages of proliferating, mature granule
and astrocytic cells. One-way ANOVA served to analyze Rotarod performance and running
wheel activity in the short- and long-term group. In case of significant interaction of the

factors, pairwise comparisons were done using the Bonferroni post-hoc test.
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Table 1: List of all substances used in the experiments and analysis including dilution and dose applied.

Substance Abbreviation | Dilution/Dose Company

2-Methylbutane Merck

3,3'-Diaminobenzidine DAB 0.025 mg/ml Sigma-Aldrich

4G8 mouse-antibody (AB;;.,4 antibody) 4G8 1:1000 BioLegend

4'6-diamidino-2-phenylindole DAPI 1:1000 Thermo Scientific

5'-Bromo-2'-deoxyuridine BrdU 10 mg/ml, 50 mg/kg BW | Sigma-Aldrich

5'-Bromo-2'-deoxyuridine antibody rat 1:500 Biozol (study I)
ADbD serotec (study I1I)

Alexa 488 mouse, rabbit 1:1000 Invitrogen

Alexa 647 mouse 1:300 Dianova

Alexa 647 goat 1:300 Invitrogen

Biotin rat, rabbit 1:250 Dianova

Congo red Sigma-Aldrich

Donkey Serum 3ml/ 100ml PBS EMD Millipore Corp

Doublecortin antibody goat 1:100 Santa-Cruz

Ethanol 800ml/1 Roth

Haemalaun Merck

Hydrochloric acid HCI 2M Merck

Hydrogen peroxide 30% H,0, 20 ml/1 Roth

Ionized calcium-binding adaptor 1:1000 Wako

molecule 1 antibody rabbit

Isoflurane 1.5-4% (02: 0,3%/1 air) | CP Pharma

Ketamine hydrochloride 10% Ketamine 0.75 ml/25 g BW WDT

Neuronal nuclei antibody mouse 1:1000 Millipore

Nickelchloride NiCl 0.4 mg/ml Sigma-Aldrich

Paraformaldehyde PFA 40 g/1 Sigma-Aldrich

Phosphate-buffered saline PBS pH=7.4,0.1M Roth

Rhodamine X rat 1:250 Dianova

S1008 antibody rabbit 1:150 Abcam

Sodium chloride NaCl 20ml/1 Roth

Sodium hydroxide NaOH 1mg/100ml Roth

Sucrose Solution 5¢l Roth

Sucrose Solution 30 g/l Roth

Triton X-100 10% Triton 10 ml/1 Fluka

Vectastain® ABC Elite kit ABC reagent | 9 pl/ml Vector Laboratories

Xylazine (Rompun) 2% Xylazine 0.25 ml/25 g BW Provet AG
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3 Results
3.1 Study I: Reduced anxiety behavior and early deficits in visuo-spatial memory and
learning flexibility are accompanied by impaired neuronal maturation, all partly
reversible by exposure to EE
In the EZM, APP23 spent more time in the open quadrants compared to WT (P < 0.001). This
reduction in anxiety was also present under EE condition at all ages (WT vs. APP23 IW: P =
0.009; 12w/ 24W: P < 0.001). At the same time, the activity level represented by the number
of entries into the open quadrant was significantly higher in APP23 under both cage
conditions (WT vs. APP23 STD: P = 0.004; EE: P < 0.001). The number of entries performed
by APP23 in STD decreased with duration (APP23 STD IW vs. I12W: P < 0.001; IW vs. 24W:
P = 0.004). The reduction of the parameter TbE in APP23 compared to WT (WT vs. APP23:
P < 0.001) indicates a decrease of mere anxiety in the transgenic mice.
The SPT, in which all experimental groups preferred sucrose solution to water (P < 0.001),
and the RR test (genotype x duration x condition: P = (0.322) revealed no differences between
WT and APP23.
Analysis of covered distances in the MWM showed a significantly inferior performance of
APP23 compared to WT throughout the acquisition phase, both in STD (WT vs. APP23: P =
0.001) and EE (WT vs. APP23: P < 0.001). However, adolescent and young-adult animals
were able to improve their performance on day 3 to a distance similar to WT (WT vs. APP23 1
W: P=0.021; 12 W: P=0.114, 24 W: P=0.001). On the first day of the reversal learning phase
(day 4), all animals covered significantly longer distances compared to day 3 (day 3 vs. 4. P <
0.001). Measurement of the perseverance and time spent in the previous target quadrant in the
first trial of day 4 shows that both genotypes learned the primary platform position equally
well (perseverance: WT vs. APP23: P = (0.647). However, APP23 covered longer distances in
this trial (APP23 vs. WT STD: P=0.01; EE: P = 0.048). On day 5, APP23 swam significantly
longer distances to the platform than WT (WT vs. APP23: P < 0.001), which improved their
performance from day 4 to 5 both under the STD and EE condition. APP23 could improve
their performance between these days only in the young-adult EE group (4PP23 12W EE, day
4vs. 5: P=0.001), for 24W EE a trend towards decrease of distance was detectable (4PP23
24W EE, day 4 vs. 5: P=0.056).
Regarding the search strategies applied in the MWM, APP23 were less likely to use spatial
strategies than WT in STD (WT vs. APP23: P = 0.007). In contrast to covered distances, EE
did not only have a positive effect on WT, but also increased the use of spatial strategies in

APP23 (STD vs. EE WT: P=0.003; APP23: P=0.015).

20



Congo red staining confirmed the APP23 model as AB plaques appeared only from 24W in
both STD and EE transgenic mice and not in WT. Characterization of neuronal cell types
revealed a significantly higher prevalence of neuronal precursor cells (BrdU+/ DCX+) in IW
STD APP23 compared to the age-matched WT (/W STD WT vs. APP23: P = 0.011). This
effect was even stronger in EE (/W EE WT vs. APP23: P < 0.001) but diminished with age in
both cage conditions and genotypes. The number of mature neurons (BrdU+ / NeuN+) was
similar for all groups in STD. Exposure to EE had a positive effect on WT until young-
adulthood (WT STD vs. EE I1W: P < 0.001; 12W: P=0.063; 24W: P=0.238). In APP23 a
similar effect could be observed in young-adult animals (4PP23 12W STD vs. EE: P < 0.001)
and significantly more mature neurons were detected than in the corresponding WT (4PP23
vs. WT 12W EE: P=0. 028).

The analysis of Iba-1+ cells revealed a general reduction of these cells with age (/W vs. 12 W:
P=0.009; IW vs. 24 W: P=0.003). At the same time, the number of microglia was increased
in APP23 (WT vs. APP23: P=0.002) and especially in EE condition (APP23 24 W STD vs.
EE: P < 0.001). For enhanced readability, F-values have been omitted in this paragraph and
can be found in the supplementary table to Pfeffer et al. (2018)'” on pages 50 ff.

3.2 Study II: Changes on the cellular level involve alteration of hippocampal
visoelastic properties and histopathologic signs of AD

MRE measurements of the hippocampus revealed a reduced viscosity in APP23 compared to
WT (F(1,82) = 8.469, P = 0.005), especially prominent in adult animals (F(2,78) = 7.222, P
=0.001; 24 W WT vs. APP23: P < 0.001). The exposure to EE resulted in increased viscosity
in WT (F(1,80) = 4.798, P = 0.007), but no effect of EE could be observed in APP23 (P =
0.838).

Also in the hippocampus, the number of DAPI+ cells generally decreased with age (F(2,58) =
21.688, P <0.001; 1W vs. 12W vs. 24W: P <0.001). At the same time, the amount of DAPI+
cells in adult and adolescent APP23 kept in STD condition was lower than in age-matched
WT (F(2,55) = 4.575, P = 0.015; WT vs. APP23 12W: P = 0.001, 24W: P < 0.001).
However, in the AD model more DAPI+ cells could be detected in the hippocampus under EE
compared to STD condition (F(1,57) = 26.097. P = 0.001). This was reflected in a
hippocampal cell number similar to the WT (P = 0.989), but the effect diminished with age
(F(2,54) = 2.822, P = 0.069; EE WT vs. APP23 IW: P = 0.002, 12W: P = 0.066, 24W: P =
0.350). In APP23, a correlation between DAPI+ cells and viscosity (» = 0.632, P = 0.011)
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under EE condition suggests that viscosity increases with cell density in the hippocampal
tissue.

While hippocampal elasticity was not affected by age progress in WT (F(2,81) = 3.794, P =
0.027; IW vs. 12W: P = 0.684, 12W vs. 24W: P = 0.260), age and elasticity were positively
correlated in APP23 (F(2,78) = 3.928, P = 0.024,; I1W vs. I12W: P = 0.026,; I1W vs. 24W: P =
0.003). The analysis of AB+ cells in the hippocampus of APP23 revealed a trend towards an
age-dependence of these cells (F(2,28) = 3.199, P = 0.059) with a decrease from 12W to
24W (P = 0.057). While EE had neither impact on WT nor APP23, (F(1,80) = 0.009, P =
0.926), a positive correlation between cells containing A3 and elasticity could be observed in
APP23 exposed to EE (» = 0.536, P = 0.04).

An analysis of the cortex resulted in similar viscous properties for both WT and APP23
(F(1,83) = 0.464, P = 0.498). Also, no effect of EE on either viscosity (¥ (1,81) = 0.069, P =
0.794) or elasticity (F(1,81) = 0.326, P = 0.570) could be observed for either genotype.
However, duration had an effect on cortical tissue: with age, the number of DAPI+ cells
decreased (F(2,33) = 0.464, P = 0.002; I1W vs. 24W: P = 0.008), while the amount of AR+
cells in APP23 increased with age (F(2,30) = 3.660, P = 0.041; IW vs.12W: P = 0.037). A
trend towards an increase with duration could also be observed for elasticity (F(2,82) = 3.242,
P = 0.045; 12W vs. 24W: P = 0.063). Results are visualized in Munder et al. (2018) *°,
figures 3 to 5.

3.3 Study III: While neurogenesis is unaltered in Notch3 overexpressing and
CADASIL mice under short-term condition, exposure to RUN and EE fails to
stimulate neurogenesis in both age groups

Under the STD long-term condition, TgN3"" showed a reduced amount of BrdU+/NeuN+

cells compared to WT and CADASIL (F(4,53) = 2.415, P = 0.06; TgN3"" vs. WI: P < 0.01;

TgN3"" vs. TgN3"%C: P < 0.05). Thus, the overexpression of Notch3 reduces the survival of

newborn neurons within a period of six months.

In the long-term group the number of BrdU+/S100B+ cells remained unaltered in TgN3%",

However, in CADASIL the percentage of BrdU+ cells differentiating into astrocytes was

increased (F(2,59) = 4.030, P < 0.05; T gNS’RMg Cvs. WT: P < 0.05), indicating a positive

correlation between astrogliosis and age. No effect of genotype on BrdU+/NeuN+ and

BrdU+/AB+ cells was observed in the short-term groups (£ (1,66) = 1.264, P > 0.05).

The exposure to EE and RUN for 28 days stimulated the proliferation of BrdU-+/S1008+

(F(4,60) = 6.037, P < 0.001; STD vs. RUN: P < 0.001) and BrdU+/NeuN+ cells (¥(4,60) =
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4.147, P < 0.01; STD vs. RUN and EE: P < 0.001) in WT. This effect was absent in
CADASIL and TgN3"" in the short-term group as well as all transgenic and WT mice in the
long-term group.

Although an effect of RUN on cell proliferation could only be observed in WT, performance
on the running wheel differed between genotypes. In the short-term group, compared to WT,
daily activity on the running wheel was increased in TgN3™' (F(2,543) = 84.66, P < 0.001)
and decreased in TgN3®'®C (P < 0.001). Also, during the first five days of RUN condition,
TgN3®%C showed significantly reduced daily running activity compared to WT and TgN3%V"
(F(2,92) = 22.34, P < 0.001). Over a period of six months, running distances decreased with
age for CADASIL mice (F(5,8) = 8121, P < 0.0]) and were overall reduced in TgN3"'
(F(2,1569 = 229.7, P < 0.001; TgN3"" and TgN3*'% vs. WT: P < 0.001).

The latency to drop off the RR was reduced in both transgenic lines compared to WT (F(2,16)
= 6.309, P <0.001), indicating motor deficits. A graphical presentation of the results is
provided in Klein et al. (2017) ” figures 2 to 5.

4 Discussion
4.1 Study I: BPSD and impaired cognition involve deficient neuronal compensation in
the pre-plaque stage and serve as early markers for AD

Compared to WT, the investigation of anxiety revealed a reduced anxious behavior prior to
plaque deposition in APP23, which was reflected in an increased time spent in the open
quadrants and also included a rise in activity (increased entries into the open quadrants). Both
time spent in and entries into the open quadrants are influenced by activity”. To evaluate
anxiety unbiased by activity, the parameter Time by Entries (TbE)* was calculated for all
animals. TbE in APP23 was increased compared to WT, which suggests that the level of mere
anxiety in the Alzheimer model prior to plaque deposition is in fact decreased and not only a
result of increased hyperactivity. These observations in the pre-plaque stadium are consistent
with those derived from other AD models®® #7. They may be similar to agitated behavior
observed in patients affected by AD*® and can thus be an early indicator of the disease. As
expected from the outcome of a previous study in AD animals®’, the exposure of APP23 to a
stimulating environment resulted in further reduction of anxiety and increase of activity in
mice aged 19 weeks or older. Indeed, EE not only increases the activity of different mouse
strains but has also proven to enhance hippocampal neurogenesis'®. This suggests a
therapeutic benefit of EE also for human AD patients in terms of reducing anxiety as a

symptom of BPSD and increasing the cognitive reserve. According to Then et al. (2013), in
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animal studies “(a) the confrontation with new stimuli, (b) a high number of objects that
stimulate the use of higher cognitive skills, and (c) the opportunity for the individual to carry
out tasks independently” are the basic principles of EE that should also be followed when
translating EE to humans®. These prerequisites can be met by social interaction in group
activities such as board games, sports or common meals as well as personal enrichment
(hobbies, music, reading, puzzles) as applied in stroke patients earlier’'.

Although depression is a common symptom of AD*?, anhedonia as one of its components
could not be detected within the SPT. This result is similar to that of an earlier study by
Vloeberghs et al. (2007)* who did not observe any signs of depression in the SPT, Tail
Suspension and Forced Swim test. It is therefore likely that these behavioral assays lack the
necessary sensitivity to detect all facets of depression as present in humans.

Likewise, motor impairment as observed in AD patients’* was not reproduced in APP23 or

another AD model®

. Motoric deficits at this disease stage should therefore rather be
interpreted as a sign of aging than a component of AD. However, with disease progression
and expansion of the pathology to the motor cortex and subcortical areas, they can be a
symptom of later AD stages.

In the MWM, APP23 showed inferior cognitive abilities compared to WT throughout the
acquisition phase. However, adolescent and young-adult APP23 were able to catch up with
their respective WT counterpart at the end of the acquisition phase, as did 6 to 8-week-old
APP23 in another study®®. These observations imply that although spatial memory is already
impaired at an early age, it can be restored in young animals by sufficient training like
repeatedly performing the MWM task. Reversal learning abilities were assessed in the second
part of the MWM. On the first day of this test (day 4), both mouse strains proved to have
learned the initial target position as they spent equal amounts of time in the previous target
zone. Also, they covered similar distances to find the new location of the platform. But
contrary to the first part of the MWM, APP23 were not able to improve their performance
over time in this hippocampus-dependent reversal learning task. Particularly adult APP23 and
those kept in STD swam longer distances than WT, which were able to improve their
performance towards the end of the task. In addition to the described impairments, throughout
the MWM, APP23 were less likely to use effective spatial search strategies than WT when
exposed to STD. This unfavorable choice from a variety of well-described spatial and non-
spatial strategies® confirms the deficiencies in spatial and reversal learning observed above.
The exposure to EE did not have any beneficial effect on APP23 in the acquisition phase but

was noted in a previous study involving APP23*". Most likely, the positive influence of EE
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does not unfold immediately but only in combination with sufficient training, which in the
study above was provided by a longer acquisition phase. After three days of training, EE did
also unfold its effect in the study at hand and led to improved performance of young-adult and
adult APP23 in comparison to those kept under STD. In addition, the exposure to a
stimulating environment improved the quality of applied search strategies in APP23 in both
phases of the experiment. The pick of strategy also serves as a specifically sensitive
parameter: in contrast to swimming distances measured in the MWM, it can help uncover
deficienies without the necessity of sufficient prior training. Moreover, a poor choice of
strategy can already be detected in adolescent APP23 when swimming distance is still
unaltered.

In summary, the alterations observed in the MWM can be related to the pathological changes
observed in human AD patients and the corresponding AD model'> **. According to the
results above, these appear long before plaques are detectable and thus constitute a valuable
tool for early detection of AD. Sufficient training and exposure to EE can ameliorate these
deficits in spatial learning and flexibility as therapeutic interventions in the pre-plaque stage
by supporting the successful integration of newborn neurons into the hippocampal network™.
Consistent with the deficiencies of APP23 becoming evident in the behavioral tests,
histological analysis revealed alterations in neurogenesis as described below. While the
proliferation pattern of neuronal precursor cells was unchanged in WT, the raised number of
precursor cells in adolescent APP23 implies a compensatory mechanism to AD, which is even
more prominent under exposure to EE. This compensation diminishes in young-adult animals
as a result of various changes in the neurogenic niche, which include altered
microvasculature® and the presence of inflammatory factors*' accompanied by soluble AB*.
As the precursor cells generated in adolescent APP23 are only detectable as newly generated
neurons in young-adult APP23, microenvironmental disturbances also seem to slow down the
transformation of precursors into mature neurons. In WT, EE did not increase the number of
neuronal precursor cells but of new neurons. This observation suggests that EE enhances the
survival of newly generated neurons rather than the proliferation of neuronal precursors'®. By
contrast, as described above, a neurogenic reserve compensatory for AD is established in
adolescent APP23. Initially a raised number of microglia, especially in APP23 STD, protects
the neurogenic reserve from soluble AB** *. However, an adequate development of
precursors into functional neurons is constrained by exacerbating pathologic changes in the
microenvironment. EE further increases the number of microglia present and thus improves

the inflammatory response in the pre-plaque stage of AD.
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Altogether, the results of this study indicate the occurrence of cognitive deficits and anxiety as
a BPSD already in the pre-plaque stage of AD. A first-time correlation of these symptoms
with histopathological findings indicates their close association with neurological changes in
the hippocampus. Subtle behavioral and mood alterations can thus serve as early signs for the
disease and provide an indication for necessary therapeutic intervention. Such intervention
may be an early exposure to EE, which transferred to human patients as a socially rich and
active lifestyle, can add to an effective treatment of AD by preventing or reducing cognitive

decline.

4.2 Study II: Early histopathological changes in the hippocampus of APP23 are
reflected in viscoelastic alterations detectable using MRE

Viscous properties in the hippocampus of APP23 were overall reduced in comparison to WT

and, unlike WT, a rise in viscosity with progressing age was not detected. These results reflect

the impairment of neuronal functionality during the progression of AD®* **

. They also imply a
disturbance of modification processes that take place over time within the healthy brain* and
involve a disintegration of the neuronal network, which eventually increases viscosity™®. The
observation that viscosity of APP23 brains remains unchanged with progressing age is
coherent with the compared to WT significantly decreased number of DAPI+ cells, that is
neurons.

Concerning elasticity, hippocampal values of adolescent APP23 were decreased compared to
the corresponding WT, which hints at pathological alterations already present in the pre-
plaque stage of AD. In general, compared to WT, elastic properties are increased in APP23 as
a possible consequence of an accumulation of AB within hippocampal neurons and later
externalized AB in the extracellular matrix. Moreover, the intracellular presence of Af
induces apoptosis of the hosting neuron®’. This contributes to heightened elasticity as
biomechanical properties of apoptotic or death cells differ from those of healthy ones*®. The
same pattern of A was present in the cortex of adult APP23, as expected from the onset of
plaque deposition described in the literature®. However, other than in the hippocampus,
elasticity was similar for both mouse strains and thus cannot be clearly related to cortical AB.
The exposure to EE led to an increase of cells in the hippocampus of APP23 compared to
animals of the same line kept in STD at all ages. However, cell numbers still decreased with
age and disease progression under both cage conditions. As described earlier, EE has a
beneficial effect on neurogenesis in the hippocampus'*, but cannot sufficiently compensate

neurodegeneration induced by AB here. The described effect of EE on cell numbers was not
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reflected in hippocampal viscosity or elasticity of APP23 animals. In WT, although cell
numbers were not influenced by exposure to EE, hippocampal viscosity was increased.
Therefore, other factors than cells seem to additionally influence mechanical properties of the
hippocampal tissue.

In summary, MRE can be evaluated as an appropriately sensitive tool to detect viscoelastic
changes in the brain associated with histopathological changes characteristic for AD. In
APP23, neurodegeneration is correlated with reduced hippocampal elasticity and viscosity at
an early stage of the disease. However, it remains yet to be investigated whether this is a
causal interrelation or whether other tissue components such as extracellular matrix, non-
neuronal cells or blood supply affect viscoelasticity. Nevertheless, although EE reduces cell
loss, the number of neurons decreases with disease progression as does viscosity. This implies
that exposure to a socially and active environment cannot effectively prevent or hinder the

alteration of tissue mechanical properties accompanying disease progression.

4.3 Study III: Notch3 overexpression causes alterations of the micromilieu that reduce
the neurogenesis stimulating response to RUN and EE observed in healthy
animals

The results of study III reveal in particular a reduced survival of new neurons in Notch3

overexpressing animals under STD condition in the long-term group, an effect that wasn’t

observed in the CADASIL model. Moreover, in contrast to an AD disease model® 7, neither of
the transgenic models responded positively to activity on the running wheel and
environmental enrichment throughout both experimental time periods. The reduced number of

mature neurons in TgN3™'

of the long-term group is in line with previous results in six-
month-old TgN3"", showing decreased neurogenesis already four weeks after cell labeling
with BrdU™. This early decrease of neurogenesis therefore implies a suppression of neuronal
cell proliferation due to Notch3 overexpression rather than disturbed cell survival. As shown
before’’, RUN and EE had a positive effect on WT in both stimulating neurogenesis and
increasing the number of astrocytic cells. These cells play a crucial role in the generation of

neurons and their survival®?

. Based on these observations, the increase of astrocytic cells in
CADASIL mice in the long-term group appears to be a counteraction to Notch3
overexpression and associated impaired neurogenesis.

While RUN and EE increased neurogenesis in healthy animals, these stimulants had no effect

3WT

on neurogenesis in young TgN3" ', which despite impaired motor coordination actually

covered longer distances on the running wheel than WT. Thus, although the number of
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neurons appears to be unchanged, Notch3 overexpression disturbs the stimulating potential of
RUN and EE already in young animals. Also, in the long-term groups of both TgN3“" and
CADASIL, running wheel activity had no positive effect on neurogenesis. Both transgenic
models ran shorter distances than WT. However, the distances exceeded the daily amount
required for stimulation of neurogenesis in healthy animals (> 2000 m per 24 h)>.
Consequently, the overexpression of Notch3 impedes stimulation through physical exercise or
enrichment. A downregulation of Notch3 is likely to counteract this disturbance.

In conclusion, the actual generation of neurons is neither generally affected in young Notch3
nor CADASIL animals. However, the failing response to RUN and EE stimulation in both age
groups suggests a dysfunction of neurogenesis originating from non-neuronal occurrences
such as microenvironmental alterations. It is likely that Notch 3 features further functions in
regulating neurogenesis that might lead to changes in neurogenesis although no vascular

dysfunction is observed at the same time'®.

5 Conclusion

In AD, already prior to plaque deposition, symptoms of BPSD coincide with impaired
cognition, which manifests itself in defective spatial memory and flexible learning. The
observed correlation of such symptoms with histological alterations suggests that
histopathological processes within the neuronal network of the hippocampus may be the cause
for these deficiencies but can be compensated at very early stages by increased cell
proliferation. However, impeding mechanisms quickly give way to neurodegeneration and
cell loss. In both AD and CADASIL, changes in the microenvironment associated with the
presence of A3 and Notch3 overexpression, respectively, finally lead to neurodegeneration. A
social and active lifestyle as a therapeutic approach was not successful to enhance
neurogenesis in CADASIL. Possibly, the effect of EE is disguised by a strong genetic
component. However, if applied sufficiently early in AD, EE can increase the neuronal
reserve and hippocampal cell survival and thus alleviate the deficiencies mentioned above.
MRE is sensitive to detect biomechanical tissue alterations associated with histopathological
changes in AD and can thus be a useful tool for early diagnostic that may also be applicable

for other neurodegenerative diseases as CADASIL.
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MR elastography detection of early viscoelastic response of the murine hippocampus to
amyloid B accumulation and neuronal cell loss due to Alzheimer's disease.

Munder T, Pfeffer A, Schreyer S, Guo J, Braun J, Sack I, Steiner B, Klein C.
J Magn Reson Imaging. 2018 Jan;47(1):105-114. Epub 2017 Apr 19.
https://doi.org/10.1002/jmri.25741
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SCIENTIFIC REPLIRTS

Stimulation of adult hippocampal
neurogenesis by physical exercise
‘and enriched environment is
neeee disturbed in a CADASIL mouse
e model

C.Klein, S. Schreyer, F. E. Kohrs, P. Elhamoury, A. Pfeffer, T. Munder & B. Steiner

In the course of CADASIL (Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy), a dysregulated adult hippocampal neurogenesis has been suggested as a

. potential mechanism for early cognitive decline. Previous work has shown that mice overexpressing

. wild type Notch3 and mice overexpressing Notch3 with a CADASIL mutation display impaired cell

. proliferation and survival of newly born hippocampal neurons prior to vascular abnormalities. Here,

. we aimed to elucidate how the long-term survival of these newly generated neurons is regulated

. by Notch3. Knowing that adult neurogenesis can be robustly stimulated by physical exercise and
environmental enrichment, we also investigated the influence of such stimuli as potential therapeutic

. instruments for a dysregulated hippocampal neurogenesis in the CADASIL mouse model. Therefore,

. young-adult female mice were housed in standard (STD), environmentally enriched (ENR) or running

. wheel cages (RUN) for either 28 days or 6 months. Mice overexpressing mutated Notch3 and developing
CADASIL (TgN3R'%%¢) and mice overexpressing wild type Notch3 (TgN3"“T) were used. We found that
neurogenic stimulation by RUN and ENR is apparently impaired in both transgenic lines. The finding
suggests that a disturbed neurogenic process due to Notch3-dependent micromilieu changes might be
one vascular-independent mechanism contributing to cognitive decline observed in CADASIL.

Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL)
is the most common heritable cause of stroke and vascular dementia in adults'~. It represents a genetic arche-
type of non-hypertensive ischemic cerebral small vessel disease. CADASIL patients carry dominant mutations
in the notch3 gene, which encodes a transmembrane receptor belonging to the Notch receptor family. Notch3 is
required for the structural and functional integrity of small arteries. It is predominantly expressed in vascular
. smooth muscle cells and pericytes, controlling their arterial differentiation and maturation®®. The highly stereo-
© typed mutations alter the number of cysteine residues in the extracellular domain of Notch3 (Notch3E¢P), lead-
ing to abnormal vascular accumulation of mutated Notch3EP3, In CADASIL, small and medium sized arteries
. characteristically exhibit pathognomonic deposits of granular osmiophilic material (GOM) containing mutated
. Notch3ECP, The resulting progressive degeneration of vascular smooth muscle cells (vSMC) leads to arteriole dys-
function, followed by subcortical lacunes with white matter injury. Cortico-cortical network disruptions in the
. frontal lobe have also been recently reported®. White matter infarcts are usually considered the leading cause of
. the progressive decline in cognitive function’. However, CADASIL patients show a decline in cognitive function
. prior to any infarcts®’.
: Interestingly, Notch3 has also been found to be expressed in neural precursor cells of the adult hippocampus?®.
. Adult hippocampal neurogenesis is a lifelong process during which new neurons are generated in the subgranular
: zone (SGZ) and functionally integrated into neuronal networks'"'2. This might represent a part of the CADASIL
. pathology as hippocampal neurogenesis has been demonstrated to play a crucial role in hippocampus-dependent
- learning and memory, maintaining cognitive flexibility during adulthood and ageing'*-">. In general, Notch is a
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Figure 1. Experimental Design. Mice of each genotype were housed in standard (STD), running wheel (RUN)
or enriched environment (ENR) cages for either a short (28 days) or a long duration (6 months).

key regulator in the crosstalk between neurogenesis and angiogenesis. It controls vessel sprouting and is required
for proliferation and differentiation of stem and precursor cells'®'%. Moreover, adult hippocampal neurogenesis
occurs in a highly vascularized niche of the SGZ'. Here, capillaries provide the supply of nutrients and oxygen
to maintain the proliferative capacity of the stem and precursor cells. As notch3 mutations in CADASIL lead to
arteriole dysfunction and decreased blood flow?*?!, it seems plausible that the resulting deficit in oxygen and
glucose might influence adult hippocampal neurogenesis. Aside from the direct effect Notch3 can exert on neu-
rogenesis by its expression in neural precursor cells, the Notch3-dependent vascular influence might, in turn,
also be responsible for the observed cognitive impairments in CADASIL patients. Our previous study using
a mouse model overexpressing Notch3 with a CADASIL mutation has demonstrated that adult hippocampal
neurogenesis is indeed affected??. We have shown that neural cell proliferation and survival are reduced in the
CADASIL mice at 12 months of age. This suggests functional consequences of the impaired neurogenesis on
hippocampus-dependent learning and memory functions in the model and raises the question of whether phys-
iological neurogenic stimuli might reverse the effect of the altered Notch3.

In the present study, we further elucidate how the short-term and long-term survival of newly generated
neurons in the SGZ is regulated by Notch3, and how it depends on an intact Notch3 expression (Fig. 1). Adult
neurogenesis can be robustly stimulated by physical exercise” and environmental enrichment?*. To investigate
whether a dysregulated hippocampal neurogenesis can also be improved in CADASIL by these physiological neu-
rogenic stimuli, female adult mice were housed in standard (STD), environmentally enriched (ENR) or running
wheel cages (RUN) for either 28 days (short-term) or 6 months (long-term) (Fig. 1). To address these questions,
the well-established transgenic mouse model overexpressing Notch3 with a CADASIL-causing point mutation
(TgN3R1°C) was used. To control for the effects of Notch3-overexpression in itself, mice overexpressing wild type
Notch3 (TgN3"T), generated by the same approach as TgN3R%C, were used?.

Results
Notch3 overexpression results in reduced survival of newborn neurons after 6 months. 1In
the long-term group, the noticeable but non-significant interaction of genotype and cage condition revealed
that TgN3"T mice displayed reduced BrdU+/NeuN+ cell numbers (Fig. 2f) under STD compared to WT and
CADASIL mice (F(4,53) =2.415, p=0.06; post-hoc: TgN3"T vs. WT, p < 0.01, TgN3"T ys. TgN3RI®C p < 0.05).
Such reduction in BrdU+/NeuN+ cell numbers under STD was not found in CADASIL mice (TgN3®¢C vs, WT,
p>0.05).

There were no changes in the number of neuronal cells in the short-term group in either transgenic mouse line
under STD cage condition (WT vs. TgN3WT and TgN3R®C, p > 0.05).

Astrogliosis in CADASIL mice depends on the duration of cell survival. In the long-term group,
CADASIL mice showed an increased percentage of newly generated BrdU+- cells differentiating into astrocytic
S10083+ cells (F(2,59) =4.030, p < 0.05; post-hoc: TgN3RI*C yvs. WT, p < 0.05) (Fig. 3b). This was not seen in
Notch3 overexpressing mice (TgN3"Tvs. WT, p > 0.05).

Astrogliosis did not occur in the short-term cell survival group in either transgenic mouse line
(F(2,66) = 1.264, p > 0.05).

Representative images of the triple fluorescent staining for BrdU, S$10083 and NeuN are given in Fig. 4(a-h),
exemplarily showing a co-labeled BrdU+/S1003+ cell (Fig. 4h) in the DG. Co-labeled BrdU+/NeuN+ cells are
also presented (Fig. 4g).

Neurogenic stimulation by short-term RUN or ENR is impaired in both Notch3 overexpressing
and CADASIL mice. The significant interaction of both genotype and cage condition revealed that 28 days
of RUN and ENR increased the number of BrdU+ cells (Fig. 2a) only in WT mice (F(4,60) =4.495, p < 0.01;
post-hoc: STD vs. RUN and ENR, p < 0.001) but not in in TgN3"T or TgN3R!%*C mice. Further cell charac-
terization showed that this increase was due to an enhanced survival of BrdU+/S1003+ cells (F(4,60) = 6.037,
P <0.001; post-hoc: STD vs. RUN, p < 0.001) (Fig. 2¢) and particularly of BrdU+-/NeuN+- cells (F(4,60) = 4.147,
p <0.01; post-hoc: STD vs. RUN and ENR, p < 0.001) (Fig. 2e).
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Figure 2. Results of the histological analysis of adult hippocampal neurogenesis in brain sections from WT,
TgN3WT and TgN3R1C mice after 28 days (a,c and e) or 6 months (b,d and f) under standard (STD), running
wheel (RUN) or environmentally enriched (ENR) cage conditions. The absolute number of BrdU+ (a and b),
BrdU+/S1003+ (c and d) and BrdU+/NeuN+- cells (e and f) was quantified to determine the survival rate of
proliferating cells, new astrocytic and new neuronal cells. New neuron survival is reduced in older (f) but not
younger TgN3%T mice (e). Neurogenic stimulation by RUN or ENR failed in both TgN3"T and TgN3R!¢*¢
independent of the duration (e and f). Data are expressed as mean £ S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001.

No such increase of (neuronal) cell numbers was found after 6 months of RUN or ENR (BrdU+ cells:
F(4,53) =2.108, p > 0.05; BrdU+/NeuN+- cells: F(4,53) =2.415, p >0.05) either in WT or transgenic mice (STD
vs. RUN or ENR: p > 0.05).

Representative microscope images of the BrdU staining are given in Fig. 5, demonstrating that WT mice
display more BrdU+- cells after 28 days of RUN (Fig. 5d) and ENR (Fig. 5g) compared to STD (Fig. 5a). Figure 5
also shows that RUN and ENR did not stimulate BrdU+ cell survival in TgN3"T (Fig. 5b,e and h) or TgN3R®!®°¢
mice (Fig. 5¢,fand 1).
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Figure 3. Results of the histological analysis of adult hippocampal neurogenesis in brain sections from WT,
TgN3WT and TgN3R!C mice after 28 days (a and c) or 6 months (b and d) under standard (STD), running
wheel (RUN) or environmentally enriched (ENR) cage conditions. The percentage of BrdU+/S1003+ (a and
b) and BrdU+/NeuN+ cells (c and d) of all BrdU+- cells was determined to assess effects on the differentiation
of BrdU+ cells to astrocytes and neurons. The percentage of BrdU+/S1008+ cells in TgN3R!°C js increased in
older mice independent of RUN or ENR (b). Data are expressed as mean =+ S.E.M.

Running wheel activity is reduced in CADASIL mice and age-dependently decreased in Notch3
overexpressing mice. During 28 days (Fig. 6a), TgN3"T mice showed increased running wheel activity per
24h compared to WT and CADASIL mice (F(2,543) = 84.66, p < 0.001; post-hoc: TgN3"Tvs. WT and TgN3RI1®C,
p < 0.001). TgN3RIC mice in turn ran a shorter distance per 24 h than WT (p < 0.001).

During 6 months (Fig. 6b), in contrast, running wheel activity was reduced in transgenic mice
(F(2,1569) =229.7, p < 0.001; post hoc: TgN3WT and TgN3®®C vs. WT, p < 0.001) with TgN3®%C mice running
even less than TgN3"T mice (p < 0.001). Detailed analysis of running wheel activity over six months (Fig. 6¢)
revealed that the distance run per month decreased over time in TgN3R!%C mice (F(5,8) =8.121, p < 0.01).

When considering just the first five days of RUN (Fig. 6d), which are most relevant for the stimulation of neu-
ral cell proliferation in the DG, WT and TgN3"T mice covered similar distances, while TgN3®%¢ mice showed
significantly reduced physical activity per 24 h compared to WT and TgN3"T mice (F(2,92) =22.34, p < 0.001;
post-hoc: p < 0.001).

Motor coordination on the Rotarod is impaired in both transgenic mouse lines. TgN3W!
and TgN3RI®C mice spent significantly less time on the rotating rod than WT mice (F(2,16) = 6.309, p < 0.01;
post-hoc: p < 0.05) (Fig. 6e). This indicates motor deficits in both transgenic mouse lines.

Discussion

The present study aimed to investigate whether adult hippocampal neurogenesis in CADASIL can be influenced
in short- and long-term by physiological stimuli, which have been shown to robustly enhance it in healthy animals
and neuropathological disease models?*-*. We found that the long-term survival of new neurons was reduced in
Notch3 overexpressing but not CADASIL mice under STD cage conditions compared to WT. Moreover, short-
and long-term neurogenic stimulation by RUN or ENR apparently failed in both transgenic mouse lines.

The decreased neurogenesis in Notch3 overexpressing mice of the long-term group replicates the finding of our
previous study in six-months-old TgN3"T mice?. The fact that the decreased neurogenesis already observed four
weeks after BrdU cell labeling® is still evident after five more months, shows that this is really due to a suppression
of cell proliferation by Notch3 overexpression, as suggested in our previous work, rather than an influence on cell
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Figure 4. Representative confocal images of the triple fluorescent staining of the DG of two different mice
(a-d): TgN3WT ENR 6 months; (e-h) TgN3WT STD 28 days). Arrows point to BrdU+ cell nuclei (red, a and
e), NeuN+ cell nuclei (cyan, b and f), S1003+ cells (green, ¢ and g), two BrdU+/NeuN+ cell nuclei (d) and a
BrdU+/S1003+ cell (h). Scale bar =50 pm.
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Figure 5. Representative light microscope images of the BrdU staining of the DG of each genotype after 28 days
of STD (a-c), RUN (d-f) and ENR (g-i) cage conditions. They illustrate the increase in the number of BrdU-
positive cells (black dots) in healthy WT animals after RUN (d) or ENR (g) and the missing stimulating effect
on cell survival in Notch3 overexpressing (TgN3"T) and CADASIL mice (TgN3R!%°¢). Scale bar = 100 um.

survival. Notch3 and Notch1 are possibly co-expressed in proliferating hippocampal precursor cells??. Moreover,
Notch1 has been shown to be essential for progenitor pool maintenance and regulation of proliferation!®83,
Therefore, it can be assumed that the suppression of cell proliferation by Notch3 is usually counteracted by
Notchl-activated cell proliferation leading to a balanced cell proliferation rate. Overexpression of Notch3
clearly shifts the balance towards a down-regulation of precursor cell proliferation. Surprisingly, neurogenesis
is not suppressed in TgN3"T mice under short-term STD conditions. This might indicate an age-dependency of
Notch3-dependent suppression of hippocampal neurogenesis with a counteracting mechanism being effective in
younger mice of the short-term group but being lost during ageing in the long-term group.

In CADASIL mice, neurogenesis is not decreased as in Notch3 overexpressing mice. However, more newly
generated cells differentiate into astrocytic cells in the long-term than in WT mice. As astrocytes are critical for
neurogenesis and the neuronal long-term survival®, an increase in their portion here could represent a coun-
teracting mechanism for a disturbed neurogenesis due to mutated and imbalanced Notch3. In support of this
hypothesis, we also found an increased amount of astrocytic cells in WT animals induced by short-term RUN,
which is similar to our previous findings showing different stimuli selectively affecting distinct subpopulation of
newly generated hippocampal cells®?. This may point towards the need for an intact microenvironment in the DG
for a functional neurogenesis, as the generation of astrocytes is enhanced by RUN in parallel to neurogenesis.

Usually, RUN and ENR of short- or long-term durations are robust neurogenic stimulants in healthy or aged
animals**** and in various rodent models of neuropathological diseases such as Alzheimer’s®® and Parkinson’s
disease?. Here, RUN and ENR cage conditions increased hippocampal neurogenesis in healthy WT mice as
expected. Although Notch3 overexpressing mice of the short-term group ran more in the running wheel than
WT mice, despite a reduced motor coordination tested on the Rotarod, neurogenesis remains unaffected. This
suggests that although neurogenesis is not yet reduced in younger TgN3"T mice, it is already disturbed due to
Notch3 overexpression as it could not be stimulated by RUN and ENR. In support of this, we have demonstrated
in our previous work using a KCl-activation neurosphere assay that the proliferative activity of neural precursor
cells was potentially reduced by Notch3 overexpression?. This might have prevented the activation by RUN or
ENR. In contrast to the present results, Ables and colleagues® have been able to restore neurogenesis by RUN in a
Notch1 knock-out mouse. Knock-out of Notch1 specifically diminished the undifferentiated cell pool in the SGZ
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Figure 6. Effects of Notch3 overexpression (TgN3"T) and CADASIL (TgN3®%C) on physical activity per 24 h
during 28 days (a), six months (b and ¢), during the first five days (d) under running wheel cage condition
(RUN) and on Rotarod performance in transgenic mice corresponding to the 28 days group (e). Running wheel
activity is reduced in TgN3®1% mice and duration-dependently decreased in TgN3"T mice (a-d). Motor
coordination on the Rotarod is impaired in both transgenic mouse lines (e). Results of pairwise comparisons

following a significant one-way ANOVA are displayed in the graphs. Data are expressed as mean + S.E.M.
*p <0.05,*p <0.001.

causing a decreased neurogenesis. RUN rescued the number of differentiated but not undifferentiated cells, indi-
cating that this neurogenesis stimulation might not be mediated by Notch1. To clarify, if Notch3 may be involved
instead, as suggested by the present results, a similar knock-out model but for Notch3 or a Notch3 antagonist®
could be used in follow-up studies.

In CADASIL mice, hippocampal neurogenesis was similarly not increased by RUN or ENR. In contrast to
Notch3 overexpressing mice, CADASIL mice showed reduced physical activity in the running wheels throughout
both durations. Motor coordination on the Rotarod was also impaired. This might be interpreted as the level
of physical activity in RUN, and probably also in ENR, being insufficient to stimulate neurogenesis under this
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neuropathological condition. However, running wheel activity of less than 2000 m covered distance per day dur-
ing 6 months has been shown to enhance neurogenesis®. In the present study, CADASIL mice ran mostly more
than 2000 m per 24 h. Therefore, we suggest that the overexpression of mutated Notch3 disturbed the micromilieu
of hippocampal precursor cells, which may have prevented these cells from reacting to RUN or ENR. This implies
that not only functional Notch3 is crucial for the regulation of hippocampal neurogenesis but also its available
amount in precursor cells itself and in the vascular neurogenic niche. This is of particular importance from a
therapeutic point of view as it suggests that in CADASIL mutated Notch3 not only needs to be replaced but also
the balance needs to be maintained.

Similar to CADASIL mice, Notch3 overexpressing mice also showed reduced physical activity (>2000m dis-
tance covered) in the long-term and no stimulation of neurogenesis by RUN or ENR. But as they ran even more
than WT mice in the short-term with still no change in neurogenesis levels, physical activity may not function as
an adequate supportive therapy unless the amount of (functional) Notch3 is regulated at the same time. In ENR,
however, physical activity is only one stimulation aside from visual, social and olfactory interaction with numer-
ous other mice in a diversified equipped large cage. As the neurogenic stimulation by ENR was impaired to the
same extent as by RUN, other functions than solely physical fitness could have been affected by mutated Notch3.
Possible candidates are motivation, curiosity or anxiety, all of which might have been reduced in the transgenic
mice, thus preventing the full experience of and benefit from ENR. This needs to be further investigated in these
transgenic mouse lines.

In summary, we found that adult hippocampal neurogenesis per se is not altered in mice of the short-term
group overexpressing wild type Notch3 or Notch3 with a CADASIL mutation. However, neurogenesis could not
be stimulated by RUN or ENR of either duration, which may indicate a disturbed neurogenic process that is not
reflected on the basal neurogenesis level. Considering this can be observed while no deficits in microcirculation
or the vascular network have been reported?*?, it suggests an additional independent role of Notch3 in hip-
pocampal function. We conclude that cell intrinsic deficits in Notch3 signaling contributing to changes in adult
hippocampal neurogenesis by changing the micromilieu is one vascular-independent mechanism in CADASIL
patients, which might be a supporting factor for the development of cognitive deficits.

Methods

Animals. Two different transgenic mouse lines were used in this experiment. TgN3R'%C mice carry the R169C
point mutation at exon 4 of the notch3 gene that causes cardinal pathological features of CADASIL®. TgN3"T
mice express wild type Notch3%. Both transgenic lines show a 4-fold overexpression of either the mutated or the
wild type Notch3 transcript and protein®. The FVB/N background strain served as control. FVB/N mice were
obtained from Janvier Labs (Le Genest-Saint-Isle, France). Transgenic mice were bred in the Research Institutes
for Experimental Medicine of the Charité Berlin (FEM). All experiments were approved by the local animal
ethics committee (Landesamt fiir Gesundheit und Soziales, Berlin) and were carried out in accordance with the
European Communities Council Directive of 22 September 2010 (10/63/EU). The genotype was confirmed by
PCR following tail biopsies (Primers: Notch3 forward: 5 TTC AGTGGTGGCGGGCGTC 3’; Notch3 reverse: 5/
GCCTACAGGTGCCACCATTA CGGC 3'; Vector forward: 5 AACAGGAAGAATCGCAACGTTAAT 3/; Vector
reverse: 5 AATGCA GCGA TCAACGCCTTCTC 3'). To minimalize stress and conflicts in the experimental
groups, only females were included in the experiments. Water and rodent lab chow were provided ad libitum and
a constant twelve hours light/dark cycle was applied.

Experimental design. 131 eight to twelve week-old female FVB/N (WT), TgN3®¢C and TgN3¥T mice
were each separated into three different cage conditions (Fig. 1). Mice maintained under standard conditions
(STD) were housed in conventional cages (Makrolon cages, 0.27 m x 0.15m x 0.42m) in groups of two to five
animals per cage. Mice kept in an enriched environment (ENR) were housed in groups of five to ten animals
in larger cages (0.74m x 0.3 m x 0.74 m), containing multiple plastic tubes, which varied in size and shape and
were frequently rearranged, a cardbox house and a plastic house. In the third cage condition (RUN) mice were
maintained in conventional cages in groups of two animals and provided with a running wheel (Tecniplast, Italy).
Wheel turns were automatically recorded by LCD counters to monitor running wheel activity. Animals were kept
in their specific cage condition either for a short (28 days) or a long (6 months) duration (Fig. 1). At the beginning
of exposure to their specific cage condition, mice received three intraperitoneal (i.p.) injections of the mitotic
marker Bromodeoxyuridine (BrdU, Sigma-Aldrich, Steinheim, Germany; 50 mg/kg in 0.9% NaCl) separated by
an interval of 4 hours to label proliferating cells (Kuhn and Cooper-Kuhn, 2007) for the evaluation of their short-
and long-term survival under the influence of wild type and mutated NOTCH3 overexpression as well as RUN
and ENR.

A separate set of 20 eight to twelve week-old FVB/N, TgN3R!*C and TgN3WT mice was exposed to the STD
cage condition for 28 days and then tested on the Rotarod to assess motor coordination skills (Fig. 1)*.

Rotarod. To test aspects of motor coordination, animals had to complete three consecutive trials on one day
on the Rotarod (Columbus instruments, Columbus, OH, USA). The Rotarod consists of an elevated rod with
modifiable rotating speed. Each mouse was placed on the rotating rod at a start speed of 5rpm. When the animal
found balance, the trial was started and the rod accelerated with a defined speed to a maximum of 65 rpm. The
duration the animal could hold itself on the rotating rod was recorded automatically.

Perfusion and Tissue Processing. All animals were killed at the end of the experiment. First, the mice
were deeply anesthetized with Ketamine/Xylazine (10% Ketamine hydrochloride, WDT; 2% Rompun, Provet AG;
i.p. injection) and then transcardially perfused using 0.1 M phosphate buffered saline (PBS) followed by 4% par-
aformaldehyde in PBS. Brains were removed and post-fixed overnight in PFA at 4°C and afterwards transferred
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into 30% sucrose for 48 h for dehydration. Brains were then frozen in 2-methyl butane cooled with liquid nitro-
gen, and cut into 40 pm thick coronal sections (Bregma —0.22 mm to —3.80) using a cryostat (Leica CM 1850
uv).

Immunohistochemistry and immunofluorescence. Adult hippocampal neurogenesis was evaluated by
quantifying the number of proliferating cells, which were characterized by the incorporation of BrdU. Therefore,
a one-in-six series of free-floating brain sections of each animal was pretreated with H,0, and HCl and then
incubated with a primary anti-rat BrdU antibody (AbD serotec, 1:500) overnight at 4 °C. The next day, the sec-
tions were incubated with a biotinylated secondary antibody (Dianova, 1:125), followed by streptavidin peroxi-
dase complex (Vectastain Elite ABC Kit, Vector Laboratories). Antibodies were visualized by diamoniobenzidine
(DAB)-nickel staining, after which the brain sections were mounted on microscope slides and coverslipped.

For a more detailed investigation of neuronal and astrocytic cell types, a triple fluorescent staining against
BrdU, the specific endogenous marker for Neuronal Nuclei (NeuN) and the specific marker for mature astro-
cytes S1003 was performed. Therefore, a one-in-six series of free-floating brain sections of each animal was pre-
treated with HCI, followed by an overnight incubation at 4 °C with primary rat anti-BrdU antibody (AbD serotec,
1:500), mouse anti-NeuN (Millipore, 1:1000) and rabbit anti-S1003 (Abcam, 1:150). The next day, sections were
incubated with fluorescent secondary antibodies RhodamineX (Dianova, anti-rat, 1:250), Alexa 647 (Dianova,
anti-mouse, 1:300) and Alexa 488 (Invitrogen, anti-rabbit, 1:1000) for four hours. Finally, brain sections were
mounted on microscope slides and coverslipped.

Cell Quantification and image processing. For every animal, BrdU-positive (BrdU+) cells in the DAB
staining were counted in nine sections containing the dentate gyrus (DG) with the SGZ, using a light microscope
(Axioskop HB50/AC, Zeiss, Germany) and the 40 x objective. Representative images of BrdU+- cells in the DG
were taken using the 20x objective (Leica DMI 3000 B, bright field) and are shown in Fig. 5(a-i).

To detect fluorescently co-labeled BrdU/NeuN-positive (BrdU+/NeuN+) and BrdU/S1003-positive (BrdU+
/S1008+) cells, 50 BrdU+ cells spread across the rostrocaudal extent of the DG were sequentially scanned
(z-stacks) using a confocal microscope (Leica DM 2500). The obtained ratio was used to determine the absolute
cell number. Representative confocal images of the triple fluorescent staining are shown in Fig. 4(a-h). The con-
focal images were taken using the 40x oil immersion objective. To get a whole image of the examined cells, 19
sequentially taken images were z-stacked. The distance between the images was 0.34 pm. Fiji for Windows 32 was
used to adjust brightness and contrast.

Statistical analysis. The data sets of the short- and long-term group were graphically presented using
GraphPad Prism 5 and separately analyzed using IBM SPSS Statistics 23. A two-way ANOVA was applied to
analyze the effects of the investigated factors genotype and cage condition and their interaction on the num-
bers and percentages of BrdU+, BrdU+/NeuN+ and BrdU+/S1008+ cells. Running wheel activity during the
short-term (28 days) and long-term (6 months) exercise intervention and Rotarod performance were analyzed by
a one-way ANOVA. In case of a significant ANOVA, pairwise comparison using the Bonferroni post-hoc test was
performed. The level of significance was set at p <0.05.
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