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List of abbreviations

Aβ β Amyloid

AD Alzheimer's disease

BrdU 5-bromo-2-deoxyuridine 

BW Body weight

CADASIL      Cerebral autosomal dominant

                        arteriopathy with subcortical  

                        infarcts and leukoencephalopathy

cm Centimeter

CTR Control

DAB 3,3`-Diaminobenzidine

DAPI               4′6-diamidino-2-phenylindole

DG Dentate gyrus

DNA Deoxyribonucleic acid

ENR Enriched environment

FoV Field of view

g Gram

H202 Hydrogen peroxide

HCL Hydrochloric acid

Hz Hertz

Iba-1 Ionized calcium-binding adaptor  

                        molecule 1

i.p. intraperitoneal 

kPa Kilopascal

m Meter

MB Midbrain

mg Miligram

mm Milimeter

MPTP 1-methyl-4-phenyl-1,2,3,6-

                       tetrahydropyridine

MRE Magnet resonance   

                        elastography

MRI Magnet resonance imaging

ms Milisecond

MSG Motion sensitizing  gradient

mT Militesla

NaCl Sodiumchloride

NeuN Neuronal nuclei

NiCl Nickelchloride

PBS Phosphate-buffered saline

PD Parkinson's disease

PFA Paraformaldehyde

RM Repeated measures

ROI Region of interest

rpm Rounds per minute

RUN Running wheel

s Second

S.E.M. Standard error of the mean

SGZ Subgranular zone

SN Substantia nigra

STD Standard environment

T Tesla

TH Tyrosinhydroxylase

WT                 Wild type
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Abstract (English)

Alzheimer's disease (AD), Parkinson's disease (PD) and Cerebral Autosomal Dominant 

Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL) show particular 

neuropathologies prior to cognitive symptoms. Extra- and intracellular amyloid β accumulation 

(AD), loss of dopaminergic neurons (PD) and vascular and white matter degeneration (CADASIL) 

are hallmarks disrupting brain homeostasis and observable in hippocampus, substantia nigra and 

cortex. Methods sensitive enough to detect relevant early histological alterations are needed to 

enable early interventions. Magnetic resonance elastography (MRE) is a promising method for 

capturing biomechanical changes of local alterations in tissue viscoelasticity. We investigated how 

MRE can be used for correlation of viscoelasticity with histology as step towards using MRE for 

early diagnosis and/or disease staging. Also we studied effects of counteracting mechanisms as 

varied physical activities and environments. 

In study 1 we investigated the APP23 mouse model of AD under standard (STD) and enriched 

(ENR) living conditions at three early disease stages and correlated MRE data to histological 

changes. The biomechanical response of MRE to brain areas affected in the 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridin hydrochloride (MPTP) mouse model of PD correlated to histopathology 

was subject of study 2. In study 3 mice overexpressing wild type Notch3 (TgN3WT ) and mice with a

CADASIL mutation were exposed to ENR, a running wheel (RUN) and STD to further elucidate 

the mutations effect on neurogenesis and cell survival at early disease stages. MRE may also be a 

candidate for future early diagnosing and staging in CADASIL when early disease features are 

better understood. 

In study 1 viscosity (cellular network) and cell numbers in the hippocampus decrease with disease 

progression in APP23 mice and ENR is insufficient to counteract both processes. Hippocampal 

elasticity (cell density) is lower in young APP23 mice but increases as intracellular amyloid β 

deposits transiently rise with age. In study 2 we observed a decrease of viscosity and elasticity in 

the substantia nigra correlating to neurodegeneration of MPTP treated mice. Study 3 showed that 

neurogenic stimulation by RUN and ENR is impaired in both TgN3WT and CADASIL mice due to  

micromilieu changes.

In summary with MRE alterations in viscoelasticity in small brain areas are detectable and relatable

to early histopathological changes on a cellular level in AD and PD. ENR could not counteract the 

cell loss and change in viscosity in APP23 mice, nor could neurogenesis be stimulated by RUN or 

ENR in TgN3WT and CADASIL mice.
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Abstract (German)

Morbus Alzheimer (AD), Morbus Parkinson (PD) und Cerebral Autosomal dominante 

Arteriopathie mit subkortikalen Infarkten und Leukoenzephalopathie (CADASIL) zeigen 

präsymptomal spezifische Histopathologien. Extra- und intrazelluläre Amyloid-β-Akkumulation 

(AD), Verlust von dopaminergen Neuronen (PD) und vaskuläre und weiße Substanz Degeneration 

(CADASIL) stören die Gehirnhomöostase im Hippocampus, in Substantia Nigra und im Kortex. 

Von besonderem Interesse sind Methoden, die relevante frühhistologische Veränderungen erkennen,

um frühzeitig zu intervenieren. Magnetresonanz-Elastographie (MRE) ist eine vielversprechende 

Methode in der Erfassung lokaler biomechanischer Veränderungen der Gewebe-Viskoelastizität. 

Viskoelastizitätsparameter wurden mit Histopathologien korreliert, um die Eignung von MRE für 

die Früherkennung und /oder Stadieneinteilung zu analysieren. Auch wurden Effekte von 

körperlicher Betätigung und einer reizreichen Umgebung untersucht. In Studie 1 wurde das APP23-

Mausmodell für AD unter Standard (STD) und reizvolleren (ENR) Lebensbedingungen in drei 

frühen Krankheitsstadien untersucht und MRE-Daten zu histologischen Veränderungen korreliert. 

In Studie 2 wurde die biomechanische Reaktion von MRE auf Hirnareale, die im 1-Methyl-4-

phenyl-1,2,3,6-tetrahydropyridin-hydrochlorid (MPTP)-Mausmodell von PD betroffen sind 

untersucht und ebenfalls mit histologischen Veränderungen korreliert. In Studie 3 wurden Mäuse 

mit Wildtyp Notch3 Überexprimierung (TgN3WT) und Mäuse mit einer CADASIL-Mutation ENR, 

einem Laufrad (RUN) und STD ausgesetzt, um den Einfluss auf Neurogenese und des 

Zellüberlebens bei frühen Krankheitsstadien zu ermitteln. MRE kann künftig auch hier nützlich für 

die Früherkennung/Stadieneinteilung sein, wenn frühe Krankheitsmerkmale besser erfasst sind. In 

Studie 1 nehmen die Viskosität (zelluläres Netzwerk) und Zellzahlen im Krankheitsverlauf der 

APP23 Mäuse im Hippocampus ab und ENR ist unzureichend diesen Prozessen entgegenzuwirken.

Die hippocampale Elastizität (Zelldichte) ist bei jungen APP23-Mäusen geringer, nimmt aber mit 

dem vorübergehenden Anstieg der intrazellulären Amyloid-β-Ablagerungen zu. In Studie 2 

beobachten wir eine Abnahme der Viskosität und der Elastizität in der Substantia Nigra, die mit der 

Neurodegeneration von mit MPTP behandelten Mäusen korreliert. Studie 3 zeigte, dass 

Neurogenese durch RUN und ENR sowohl bei TgN3WT  als auch bei CADASIL-Mäusen aufgrund 

von Veränderungen des Mikromilieus beeinträchtigt wird. Zusammenfassend kann man mit der 

MRE Veränderungen der Viskoelastizität in kleinen Hirnarealen nachweisen und mit frühen 

histopathologischen Veränderungen auf zellulärer Ebene korrelieren. ENR konnte dem Zellverlust 

und der Viskositätsänderung bei APP23-Mäusen nicht entgegenwirken, noch konnte die 

Neurogenese durch RUN oder ENR in TgN3WT und bei CADASIL-Mäusen stimuliert werden.
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1. Introduction

Higher life expectancy, a lifestyle with limited physical activity and a high fat diet are 

characteristics of developed societies. Increased occurrence of neurodegenerative diseases like 

Alzheimer's- (AD) and Parkinson's Disease (PD) (1-3) is observed. In Cerebral Autosomal 

Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL), the most 

common hereditary form of stroke and dementia in the young (4), white matter infarcts lead to 

progressive decline in cognitive function also seen in AD and PD (4-6).

Histopathologically the decline is preceded by intra-and extracellular accumulation of Amyloid β in

mostly hippocampus in AD, loss of dopaminergic cells primarily in substantia nigra in PD and in 

CADASIL by vascular and white matter degeneration (4-10). To diagnose these pre-symptomatic 

alterations (4, 5, 7-12), non-invasive methods are of particular interest to allow earlier 

pharmacological treatment or lifestyle adaptations, as elements towards a better quality of life for 

affected persons (6, 13-15). So far conventional neuroimaging methods fail to detect these 

alterations of early disease stages (16-18). It has been shown that biomechanical properties of brain 

tissue are altered by histopathological changes (19-24) and magnetic resonance elastography 

(MRE) as in-vivo, non-invasive technique, is able to measure local biomechanical/viscoelastic 

properties of biological tissues (19, 20). 

In two of the subject studies MRE was used for measuring local viscoelastic changes in AD and PD

to further assess the usability of MRE as a clinical tool to reveal mechanical shifts in hippocampus, 

the midbrain, substantia nigra and cortex. The shifts were correlated to the histopathology of AD 

and PD for diagnosis and prognosis of early disease stages. Regular physical exercise, enriched 

environment (ENR) as well as the involvement in daily life problem solving decelerates 

degenerative processes, acts neuroprotectively and increases the number of newborn cells 

integrating into existing circuits (25, 26). These effects were subject of the study with CADASIL 

mice and ENR an additional investigation area in the study of AD. CADASIL patients carry 

dominant mutations in the notch3 gene, which is required for the function of small arteries and has 

been found to be expressed in neural precursor cells (4, 27). In CADASIL early cellular features 

that have an effect on neuronal plasticity still need to be further elucidated to then enable MRE as a 

potential early detection method (27).

In study 1 we correlated early histopathological changes in hippocampus and cortex, primarily 

affected brain areas in AD to alterations in viscoelasticity via MRE scans using the APP23 mouse 

model at three disease time points. The mice were kept in a standard (STD) and enriched 

environment (ENR) in order to analyze a potential environment effect on the disease progression 

and on MRE parameters.

In study 2 the non-transgenic 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridin hydrochloride (MPTP) 

mouse model of PD was used to correlate MRE parameters in the substantia nigra, hippocampus 
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and midbrain to histopathology. 

In study 3, mice overexpressing wild type Notch3 and mice overexpressing Notch3 with a 

CADASIL mutation were kept in RUN and ENR cages. The effects of an increase in physical 

activity and/or more demanding environmental conditions at early disease stages were compared in 

their ability to restore neurogenesis .and enhance the survival of neurons 

2. Methodology

2.1 Animals

Transgenic mice were bred in the Research Institutes for Experimental Medicine of the Charité 

Berlin (FEM). During experiments, all animals were kept in a temperature- and humidity-controlled

colony room and maintained on a light/dark cycle of 12/12h with ad libitum access to food and 

water. The experiments were approved by the local animal ethics committee (Landesamt für 

Gesundheit und Soziales, Berlin) and carried out in accordance with the European Communities 

Council Directive of 22 September 2010 (10/63/EU). The mice were randomly assigned to the 

experimental groups, the investigators blinded towards the groups.

2.1.1 APP23 mouse model of AD

Female six weeks old transgenic APP23 mice (APP23) with a C57BL/6J background expressing 

human APP751 cDNA with the Swedish double mutation under the murine THY-1, 2 promoter (43)

were used in study 1. The genotype was confirmed by PCR following ear punches (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’. Female six weeks old C57BI/6J mice were used as controls (CTR, Charles River,

Sulzfeld, Germany). 

2.1.2. MPTP mouse model of PD

Female eight to ten weeks old C57BI/6N mice (Charles River, Sulzfeld, Germany) received three 

intraperitoneal (i.p.) injections of MPTP-HCl /dissolved in 0.9% NaCl at a dose of 20 mg/kg 

bodyweight every 24 h. Control animals (CTR) were injected with 0.9% NaCl. MPTP lesions 

dopaminergic neurons in the SN, reduces dopamine in the striatum and also in the hippocampus, 

which is partly innervated by dopaminergic fibers from the SN (9, 28). The dopamine depletion 

leads to motor symptoms comparable to those in PD patients and impairs hippocampus-dependent 

learning and memory functions (28).
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2.1.3. TgN3R169C mouse model for CADASIL

Female eight to twelve weeks old mice carrying the R169C point mutation at exon 4 of the Notch3 

gene, which is known to cause the pathological features of CADASIL (4, 29) and TgN3WT mice 

expressing wildtype Notch3 serving as a control for the mutation were used in study 3. These two 

mouse strains show a 4-fold overexpression of either the mutated or the wildtype Notch3 transcript 

and protein. The genotype was confirmed by PCR following tail biopsies (Primers: Notch3 

forward: 5′ TTC AGT GGT GGC GGG CGTC 3′ ; Notch3 reverse: 5′GCC TAC AGG TGC CAC 

CAT TAC GGC3′; Vector forward: 5′AAC AGG AAG AA T CGC AAC GTT AAT3′ ; Vector 

reverse: 5′ AAT GCA GCG ATC AAC GCC TTC TC3′). The FVB/N background strain obtained 

from Janvier Labs (Le Genest-Saint-Isle, France) was used as the control (CTR) for this study.

2.2 In vivo designs

2.2.1 Study 1

Within each of the APP23 and CTR group, mice were randomly separated and placed into two 

different cages: STD under conventional laboratory conditions (n=5, Makrolon cages, 0.27 m x 

0.15 m x 0.42 m) and larger cages (0.74 m x 0.3 m x 0.74 m, n=10) for ENR with weekly new 

assembled tubes, boxes and plastic houses. The mice remained in their cages for either one week, 

twelve or 24 weeks until MRE measurement. A MRE scan for baseline data was performed on ten 

mice aged six weeks of each of the CTR and APP23 group. In total twelve different groups were 

submitted to MRE and a baseline measurement group of each genotype. After MRE measurement 

mice were anaesthetized with Ketamine/Xylacine and transcardially perfused with phosphate 

buffered saline (PBS) and 4% paraformaldehyde (PFA). Fig.1 in (30) shows the experimental 

procedures.

2.2.2 Study 2

Animals were randomly divided into seven groups of n=5. All animals, except the histological 

counterparts for the baseline measurement, were treated i.p. with MPTP. One group (n=5) 

underwent MRE-imaging the day before MPTP treatment (-3 days post-injection (dpi)) as baseline 

and three, six, ten, 14 and 18 days after the last MPTP injection (3, 6, 10, 14, 18dpi). At each of 

these time points and MRE measurement times, animals of the corresponding histological group 

(n=5) were perfused as in study 1. Fig.1 in (31) shows the experimental procedures.

2.2.3. Study 3

131 eight to twelve weeks old female FVB/N (WT), TgN3R169C  (CADASIL) and TgN3WT mice were

separated into groups housed in three different cage conditions. Mice maintained in STD or in ENR

(as in study 1, n=2-5 for STD, n=5-10 for ENR). In the third cage condition (RUN, n=2) mice were 

held in conventional cages and provided with a running wheel (Tecniplast, Italy). Wheel turns were 
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recorded by LCD counters to monitor the activity. Animals were kept in their cages for short (28 

days) or long duration (six months). Before exposure to their cages, mice received three i.p. 

injections of the mitotic marker 5-bromo-2-deoxyuridine  (BrdU) with an interval of 4 hours. It 

labels proliferating cells for the evaluation of the long-term survival under the influence of wild 

type and mutated Notch3 overexpression as well as in RUN and ENR. A separate set of FVB/N, 

CADASIL and TgN3WT mice (corresponding to the age of the 28 days groups) under STD cage 

condition was tested on the Rotarod to assess motor coordination skills. Anaesthesia and perfusion 

were performed as in study 1. Fig.1 in (32) shows the procedures.

2.3 Magnetic resonance elastography (MRE)

MRE (study 1 and 2) was performed on a 7 tesla MRI scanner as described in (20). Mouse brains 

were mechanically stimulated via vibrations applied to a toothbar with an air-cooled Lorentz coil, 

whilst they were under inhalational anesthesia with isuflorane/oxygen. 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: 128x128 matrix, 25 mm FoV, 14.3 ms TE, 116.2 ms TR, 8 time steps over a vibration period. 

Four axial slices with a thickness of 1 mm were acquired. A 2D-Helmholtz inversion was 

performed, yielding the complex shear modulus G*. The real part of G*, G′=Re(G*), represents 

tissue elasticity mainly determined by different cell types, while the imaginary part G″=Im(G*) 

represents viscosity determined by density and geometry of cellular networks. The regions of 

interest (ROI’s), hippocampus and cortex, were manually selected by outlining its anatomical 

structure from T2w MRI images (Fig. 1).

Figure 1: Representations of the MRI signal (A), 

shear waves (B), storage (C) and loss modulus (D) 

in the mouse brain overlaid with anatomic 

information obtained by MRI. Regions of interest: 

Cortex (blue line) and hippocampus (green line) 

were marked in T2w-MRI in (30).

2.4 Rotarod

Motor Coordination (study 3) was trained and tested on an accelerating Rotarod apparatus (TSE 

Systems) over three days. Day one and two were training days in four trials and animals were tested

in three trials on day three with an inter-trial interval of 20 min. After 30 min habituation five mice 

were placed in separate sections of the apparatus on rotating rods. Acceleration happened in six 
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steps from four to 40 rpm with a running time of two min. The latency to drop off and acceleration 

phase were recorded with the TSE Software.

2.5 Histology and cell quantification

2.5.1 Immunohistochemistry

To quantify the number of cells with intracellular Aβ, newborn (proliferating) cells, 

microglia/macrophages and dopaminergic neurons, separate one-in-twelve (study 1) or one-in-six 

series (study 2 and 3) of free-floating brain sections were stained for 4G8- (Aβ; study 1), BrdU- 

(newborn cells; study 3), Iba1- and TH (microglia/macrophages and dopaminergic neurons; study 

2) detection. Briefly, after pretreatment with H2O2 and HCl (the latter only for BrdU-detection), 

sections were blocked with PBS+ (0.1% Triton, 3% donkey serum) before being incubated 

overnight with diluted primary antibodies. The next day, sections were incubated with diluted 

biotinylated secondary antibodies followed by ABC reagent before visualization by 3,3'-

Diaminobenzidine (DAB)-NiCl staining. 

2.5.2 Immunofluorescence

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 

S100β for mature astrocytes was performed in study 3. Therefore, a one-in-six series of free-

floating brain sections of each animal was pretreated with HCl, followed by overnight incubation at

4 °C with primary antibodies against rat anti-BrdU, mouse anti-NeuN and rabbit anti-S100β. The 

next day, sections were incubated with fluorescent secondary antibodies RhodamineX, Alexa 647 

and Alexa 488. Brain sections were mounted on object slides and coverslipped. 

2.5.3 Histological stainings

For Congo-red staining (study 1) tissue sections were washed with PBS and mounted on slides. 

First, they were incubated for 5 min in matured haemalaun. Then they were put under running tap 

water for 10 min followed by exposure to solution 1a (saturated alcoholic sodium chloride solution:

2% NaCl in 80% ethanol, 1% aqueous NaOH per 100 ml) for 20 min. They were placed in solution 

2a (solution 1 with alkaline Congo red) for 45min. Here, the alkaline was added just before use. 

They were washed, dehydrated, and mounted with cover glass for quantification manually under 

200x magnification of the light microscope as above in hippocampus and cortex.

To determine the total cell number in the cortex and hippocampus (study 1), SN, midbrain and 

hippocampus (study 2) sections were stained with the fluorochrome 4′6-diamidino-2-phenylindole 

(DAPI), which binds to the DNA thereby labeling cell nuclei. Free-floating one in twelve-section 

series were rinsed and incubated with PBS-diluted DAPI for 7 min, washed again and afterwards 

mounted on microscope slides and coverslipped.
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2.5.4 Cell quantification

A Leica DMRE microscope equipped with StereoInvestigator (MicroBrightfield) software was 

used to quantify 4G8-positive (Aβ+, study 1). Aß was counted in the cortex and hippocampus in the

right and the left hemisphere in five APP23 mice of each age group. There was no 4G8-

immunoreactivity in the CTR. The brain areas were traced with a 5x objective in areas based on the

mouse brain atlas between Bregma -0.58 and -4.49 mm. Plaques were counted on every twelfth 

section with a 100x objective in oil. The software randomly arranged counting frames of 60 μm x 

60 μm × 60 μm with a sampling grid of 500 μm × 500 μm over the ROI and an Optical Dissector 

height of 20 μm starting 5 μm below the top surface. The total number of cells per selected brain 

region was automatically calculated based on the settings described before from manually counted 

cell numbers in the counting frames. This microscope was also used to quantify DAPI-positive 

(DAPI+) cells. In study 1 DAPI+ cell nuclei in the hippocampus of five mice and three mice for 

cortex per group of both genotypes were counted including every sixth section applying the same 

parameters as when counting Aβ+ cells. The DAPI+ cells in midbrain, SN and hippocampus in 

study 2 of two mice per group were analyzed. Two sections in an interval of twelve were counted 

using a sampling grid size of 250x200 μm in the the SN, 600x600μm in the midbrain and 

hippocampus. In study 2 Iba1-positive cells (Iba1+) were quantified with the same Leica DMRE 

microscope and the StereoInvestigator software in four sections with an interval of six using a 

sampling grid of 150x120 μm. In all brain sections in study 2 a counting frame of 60x60 μm 

without guard dissector height was used.

Extracellular plaques, visualized with Congo red, were counted manually in all APP23 mice with 

200x magnification of a light microscope (Zeiss Axioskop, Germany) in the same areas as 

described above in study 1.Four stained brain slices of each mouse were analyzed for TH positive 

cells (TH+; study 2) in the SN, including pars compacta and pars reticulata. Cells were manually 

counted via 40x magnification of the same light microscope and multiplied by six to obtain an 

estimated absolute number of cells per SN. BrdU/DAB-positive (BrdU+, study 3) cells were 

counted in the dentate gyrus (DG) including the subgranular zone (SGZ) of nine sections per 

animal under 200x magnification using the same light microscope as above. 

To detect co-labeled BrdU/NeuN-positive (BrdU+/NeuN+) and BrdU/S100β-positive 

(BrdU+/S100β+) cells in study 3, 50 BrdU+ cells across the rostrocaudal extent of the DG were 

sequentially scanned (z-stacks) using a confocal microscope (Leica TCS SP2). The obtained ratio 

was used to determine the absolute cell number. The confocal images were taken using the 40x 

immersion oil objective of the Leica DM 2500 confocal microscope. To get a whole image of the 

examined cells, 19 sequentially taken images were z-stacked. The distance between the images was

0.34 µm. Fiji for Windows 32 was used to adjust brightness and contrast. 
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2.6 Statistical analysis

Graphical and statistical analyses were accomplished using GraphPad Prism 5.0. The level of 

statistical significance was set at p≤0.05. IBM SPSS statistics 19 was used in study 1 and 2, data in 

study 3 were statistically analyzed using IBM SPSS Statistics 23.

In study 1 a three-way ANOVA was applied with factors genotype (g, CTR vs. APP23), cage 

condition (c, STD vs. ENR) and duration of the specific cage condition (d, one week vs. twelve 

weeks vs. 24 weeks). To analyze the histological data of the 4G8 staining in the APP23 mouse 

group, a two-way ANOVA with factors c and d was performed. There were only very sparse 

extracellular plaques stained with Congo Red in a few APP23 mice aged 24 weeks, here no 

statistical analysis was performed.

In study 2 the homogeneity of variance was tested by Levene test. One-way ANOVA was 

performed for the data from the quantification of TH+ and Iba1+ cells and one-way repeated 

measures (RM) ANOVA for MRE data. The data from the DAPI counts were not statistically 

evaluated, because only n=2 per time point were quantified.

In study 3 a two-way ANOVA was applied to analyze the effects of the factors Genotype (g), Cage 

Condition (c) and their interaction (cg) on the numbers of BrdU+, BrdU+/NeuN+ and 

BrdU+/S100β+ cells. Running wheel activity during the short-term (28 days), long-term (6 months)

and Rotarod performance were analyzed by a one-way ANOVA. In case of interaction of the 

factors, pairwise comparisons were done using the Bonferroni post-hoc test in all studies. 

Table 1: List of all substances used in the experiments and analysis with dilution and dosage

Substance Abbreviation Dilution Company

1-Methyl-4-phenyl-1,2,3,6-

tetrahydropyridine Hydrochloride

MPTP-HCl 10 mg/ml, 20 mg/kg BW Sigma-Aldrich 

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

Rhodamine X rat 1:250 Dianova 

Alexa 488 rabbit 1:1000 Invitrogen 

Alexa 647 mouse 1:300 Dianova 

Nickelchloride Ni2Cl 0.4 mg/ml Sigma-Aldrich

Ionized calcium-binding adaptor 

molecule 1 antibody rabbit

anti-Iba1 rb 1:1000 Wako

Vectastain® ABC Elite kit ABC reagent 9 l¼l/ml Vector 

Laboratories

3,3'-Diaminobenzidine DAB 0.025 mg/ml 2-methylbutane 

4G8 mouse-antibody 4G8 1:1000 BioLegend

Congo red 6mg/ml Sigma-Aldrich
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Hydrochloric acid HCl 2 M Merck 

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

Paraformaldehyde PFA 40 g/l Sigma-Aldrich

Phosphate-buffered saline PBS Roth

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

Hydrogen peroxide 30% H2O2 20 ml/l Roth

2-methylbutane C15H12 undiluted Sigma-Aldrich

Xylacine (Rompun) 2% Xylacine 0.25 ml/25 g BW Provet AG 

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

Astrocytes anti-S100β rabbit anti-S100β 1:150 Abcam

Neuronal nuclei antibody mouse Anti-NeuN ms 1:1000 Milipore

5'-Bromo-2'-deoxyuridine 

antibody rat

anti-BrdU 1:500 AbD serotec

Biotin rat 1:125 Dianova

Tyrosinhydroxylase antibody 

mouse 

TH 1:10000 Sigma-Aldrich

3. Results

3.1 Study 1: MRE is sensitive to detect alterations in viscoelasticity occurring on a 

cellular scale associated with early histopathological changes in a mouse model of 

AD.

MRE of hippocampus shows viscosity of CTR mice is higher than in the APP23: This becomes 

more obvious over time (F(2,78)=7.222, p=0.001, adult APP23 vs. adult CTR p<0.001) as 

hippocampal viscosity is increasing only in the CTR group (F(2,78)=7.222, p=0.001). 

Viscosity in the hippocampus of the CTR group also increases after exposure to ENR 

(F(1,80)=4.798, p=0.032, STD vs. ENR: p=0.007). ENR restored the lower cell numbers  in APP23

mice leading to similar cell levels in APP23 and CTR mice, but only transiently (F(2,54)=2.822, 

p=0.069, one week: p=0.002). The correlation of viscosity with DAPI+ cells was significant in 

APP23 mice under ENR cage conditions (p=0.01) indicating enhanced viscosity here relates to 

higher cell numbers in the adolescent mice. 

DAPI+ cell numbers in the hippocampus are generally lower in APP23 compared to CTR mice 

under STD cage condition, though cell numbers also decrease with aging in CTR (F(2,58)=21.688, 

p≤0.001, one vs. twelve vs. 24 weeks, p ≤ 0.001). Disease progression in APP23 corresponds to 

decreased cell numbers even more in adolescent (p=0.001) and adult (p ≤0.0001) mice 

(F(2,55)=4.575, p<0.015). 

Hippocampal elasticity of adolescent APP23 is lower compared to same aged CTR (p=0.018) but 
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increases with age (F(2,78)=3.928, p=0.024). Correlation of hippocampal elasticity to Aβ+ cells in 

the hippocampus shows that in ENR an increased amount of cells carrying Aβ may be the reason 

for enhanced elasticity. In general Aβ+ cells show a decreasing trend (F(2,28)=3.199, p=0.059) 

from young-adult to adult mice (p=0.057). 

In cortex, elasticity and also Aβ+ cells increase with age (F(2,82)=3.242, p=0.045; F(2,30)=3.660, 

p=0.041). DAPI+ cells in cortex decrease with age (F(2,33)=8.017, p=0.002).

3.2. Study 2: Viscoelasticity changes in the midbrain, hippocampus and SN due to the 
MPTP-induced dopaminergic neurodegeneration.

MRE parameters at -3dpi revealed a basic difference in viscosity between the various brain areas in 

baseline measurements (F(2,14)=5.396, p≤0.05). There is a higher viscosity in the midbrain (1.836 

±0.043 kPa) than in the hippocampus (1.426 ±0.051 kPa, p≤0.05).

In the SN a decrease in both elasticity and more so viscosity were seen following MPTP treatment 

with some restoration over time: Elasticity G'(F(5,29)=4.274, p≤0.01,) and viscosity 

G''(F(5,29)=8.350, p≤0.001). This decrease in elasticity and viscosity in SN post MPTP treatment 

correlates to MPTP induced neurodegeneration in the SN: TH+ dopaminergic neurons were lower 

at all time points (F(5,28)=7.499). The immediate reduction of TH+ dopaminergic neurons 

following treatment was 57%, persisting until the last time point. MPTP also reduces the cell 

amount (DAPI+ cells) in the SN with a slight restoration over time (224700 (±6967) cells at -3dpi 

to 164083 (±8417) cells at 6dpi. The Iba1+ cell count revealed that MPTP induces a transient 

increase of microglia and macrophages in the SN as a sign for a local inflammatory reaction 

(F(5,28)=5.706, p≤0.01, p≤0.05). Directly after MPTP treatment (3dpi) Iba+ cells were 

significantly more numerous (-3dpi vs. 3dpi: p≤0.05), although ceasing until baseline levels at 

18dpi. The initially elevated amount of Iba+ cells in the SN is not reflected in MRE. 

In the midbrain an increase in both elasticity and viscosity were seen post MPTP treatment: 

G'(F(5,29)=6.702, p≤0.001) and G''(F(5,29)=6.895, p≤0.001). MPTP reduces the amount of DAPI+

cells in the midbrain with a total cell amount from 1834800 (±116400) to 1333800 (±60600) cells 

at -6dpi. In contrast to the SN, the midbrain had  increased tissue stiffness in response to MPTP, the 

lower total amount of DAPI+ cells does not correlate with this finding.

In hippocampus MPTP also induces a transient increase of viscosity and elasticity, 

G'(F(5,29)=11.75, p≤0.001) and G''(F(5,29)=8.075, p≤0.001) indicating a transient tissue stiffening 

six days after treatment cessation. A total amount of 1385400 (±155400) DAPI+ cells at -3dpi and a

transient rise at 6dpi up to 1468200 (±89400) cells were seen in hippocampus. The increased 

viscosity and elasticity in the hippocampus correlates to a higher DAPI+ cell count.

3.3 Study 3: Hippocampal neurogenesis could not be stimulated by RUN or ENR, indicating
a disturbed neurogenic process in mice overexpressing Notch3 and with a CADASIL 
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mutation.

In the long-term STD group, notably but insignificant, WT and CADASIL mice displayed more 

BrdU+ and BrdU+/NeuN+ cells than TgN3WT  (F(4,53)=2.415 p=0.06) indicating reduced survival 

of newborn cells in TgN3WT mice.

Only in the WT short-term group RUN and ENR increased survival of BrdU+/S100β+ and of 

BrdU+/NeuN+ cells, F(4,60)=4.495, p < 0.01). During 28 days TgN3WT  have more running wheel 

activity in 24h than the other two mouse types (F(2,543)=84.66, p<0.001). Considering the most 

relevant first five days for neurogenesis, WT and TgN3WT  ran similar distances whereas CADASIL 

mice ran significantly less in 24h (F(2,92)=22.34, p < 0.001). 

During six months; running wheel activity was strongly reduced in both TgN3WT  and CADASIL 

mice compared to WT (F(2,1569)=229.7, p < 0.001) with CADASIL mice running even less than 

TgN3WT . The running distance per month of the CADASIL mice decreased further over time 

(F(5,8)=8.121, p < 0.01). In the long-term group in CADASIL mice more newly generated BrdU+ 

cells differentiate into astrocytic S100β+ cells than in WT mice (F(2,59)=4.030,p<0.05) resulting in

an age-dependent astrogliosis.

Rotarod performance revealed TgN3WT  and CADASIL mice spent less time on the rod than WT 

mice (F(2,16)=6.309, p < 0.01), indicating a motor deficit in both transgenic mouse lines.

4. Discussion

4.1. MRE detects early histopathological alterations as viscoelastic changes in hippocampus 
of an APP23 mouse model of AD

Viscosity, which depends on structural and functional integrity of cellular networks (21-24, 33), 

increases with age in the CTR within the time frame studied here. Neuronal disintegration due to 

aging may be the reason for a disturbed cellular structure and absorb strain energy (33, 34) resulting

in increased viscosity. Viscosity in the hippocampus of APP23 mice is in general lower than in the 

CTR and a rise in viscosity parameters does not occur in APP23 mice. This correlates to a 

significant neuronal loss reflected in a progressively lower DAPI+ cell count in the APP23 

compared to the CTR and also disease progression is known to result in decreased neuronal 

functionality (8, 35-38).

Elasticity, an indicator for cell density, is lower in the hippocampus of adolescent APP23 mice than 

in the age-matched CTR. This points towards very early pathological changes on a cellular level as 

intracellular Aβ can already be detected (8, 38). The rise in elasticity parameters observed with 

disease progression in APP23 mice may be linked to the slight but non-significant increase of Aβ+ 

cells and the externalization of Aβ with time, also affecting the mechanical integrity by filling the 

interstitial space. Intracellular amyloid β has also been shown to induce neuronal cell death (37). 

We speculate that neurons undergoing apoptosis exhibit different biomechanical characteristics as 

they go through considerably different morphological stages than healthy cells (39).

15



ENR transiently increased the total number of cells in the hippocampus of APP23 mice, keeping it 

on a higher level than mice in STD. This may be due to neuroprotective effects of ENR and/or due 

to enhanced neurogenesis (25, 39, 40), although a reduction of DAPI+ cells over time with disease 

progression can also be observed in ENR. The cell loss might be too severe for ENR to counteract 

and a restorative effect is also not seen in the viscous or elastic properties of the hippocampus. In 

CTR mice, ENR increases hippocampal viscosity, although cell numbers in CTR are not changed. 

Hence the component altered by ENR might not be just cellular, but growth of axons and synapses 

induced by ENR compacting the network (25, 40, 41).

In summary, elastic and viscous properties of hippocampal tissue are lower in APP23 mice at early 

disease stages compared to age-matched CTR mice. Only for viscosity, this difference becomes 

more pronounced with disease progression. ENR fails to stop the progressive neuronal loss and the 

decrease of viscosity in the long-term, indicating that it is therapeutically not suitable to prevent or 

halt the changes in tissue mechanical properties in AD. MRE has overall shown to be sensitive to 

detect specific alterations in viscosity and elasticity associated with early histopathological changes 

in AD and in aging processes.

4.2 MRE is sensitive to detect local decreased viscoelasticity in the SN correlating to 
reduced neurons due to MPTP-induced neurodegeneration

MPTP decreases viscosity (cellular network) and - to a lesser extent - elasticity (cell density) in the 

SN six days after treatment cessation. The SN is densely packed with dopaminergic cell bodies and 

their extensions (42). MPTP reduces TH+ dopaminergic neurons already three days after treatment, 

though MRE parameters are unchanged until 6dpi. TH activity has been shown to decrease first, 

followed by an obvious reduction of neurons after MPTP treatment (42). Here the number of 

DAPI+ cells correlates with the late changes in viscosity, hence the changed viscosity and partly 

elasticity reflects the dopaminergic neurodegeneration in the SN. 

In the hippocampus a transient rise of elasticity and viscosity correlates to the total amount of cells 

being elevated at 6dpi. The findings of Klein et al. underline this observation by showing an 

increased stiffness in hippocampus following MPTP treatment (14). Besides dopamine depletion, 

MPTP provokes an inflammatory response. It initially leads to a higher amount of microglia and 

macrophages in the SN and hippocampus, which diminishes after treatment cessation (43). In our 

study, the initially increased amount of Iba+ cells in the SN is not reflected in MRE parameters. 

MRE may not be suitable for detecting microglia or macrophages as small, transient, local 

inflammation at least in particular structures like the SN and hippocampus (43). In a study by 

Millward et al. (43) MRE did not respond to mild inflammation in a C57Bl/6 mouse model of 

autoimmune encephalomyelitis. Only in mice with a more severe reaction MRE showed altered 

brain elasticity during the course of the disease correlated to macrophages and microglia.
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MRE parameters of the midbrain were higher after treatment in response to MPTP. The lower 

amount of DAPI+ cells does not correlate with this, but MPTP is not known to lead to 

dopaminergic neurodegeneration in the midbrain (9, 10). The discrepancy between midbrain MRE 

and histology may be due to the midbrain being larger than the SN with several white matter tracts, 

which have been shown to be stiffer than grey matter in humans (44-46). In correlation to this, a 

higher basic viscosity was also seen in the midbrain compared to the hippocampus in healthy mice 

at -3dpi.

To summarize, we demonstrated that changes in the amount of dopaminergic neurons in the SN of 

MPTP-lesioned mice are detectable by MRE. The initially elevated amount of inflammatory cells 

in the SN however is not reflected in MRE parameters. This study contributes to the investigation 

of the missing link between histopathological alterations and biomechanical constants in small 

brain areas affected in PD and a decrease of viscoelastic properties of the adult brain is probably 

based on the reduced number of neuronal cells.

4.3 RUN or ENR failed to induce neurogenesis in both transgenic mouse lines probably due 
to Notch3-dependent micromilieu changes as a vascular-independent mechanism. 

As neurogenesis in the TgN3WT mice is decreased only in the long-term STD group, there has to be 

a counteracting mechanism in younger mice which is lost during aging. The decreased 

neurogenesis in TgN3WT mice of the long-term group replicates the finding of our previous study in 

six-months-old TgN3WT  mice. Lower neurogenesis levels were found four weeks after BrdU cell 

labeling (47) and were still evident five months later in TgN3WT, thus Notch3 overexpression seems

to suppress cell proliferation. Despite a reduced motor coordination, TgN3WT ran more in the 

running wheel than WT mice in the short-term group. RUN or ENR are normally potent neurogenic

stimulants (25, 26, 41) and in WT mice, as expected, they increased hippocampal neurogenesis (25,

26, 41). Both RUN and ENR failed to stimulate neurogenesis in TgN3WT  mice however, although 

under short-term STD conditions basal neurogenesis is not decreased. In our previous work, we 

demonstrated that the proliferative activity of neural precursor cells was potentially reduced by 

Notch3 overexpression (47), which might in turn prevent their activation via ENR or RUN (48). 

The TgN3WT  long-term group showed reduced physical activity and RUN or ENR failed to  

stimulate neurogenesis. As they ran more than the WT in the short-term group with no effect on 

neurogenesis levels, physical activity may not work as a supportive therapy unless Notch3 is 

regulated too. In ENR, social interaction with more mice and changing interior designs are extra 

stimulants, hence other functions than solely physical fitness could be affected by mutated Notch3. 

RUN or ENR did also not increase neurogenesis in CADASIL mice. They showed reduced physical

activity in the running wheels in both durations and impaired motor coordination on the Rotarod. 

Overexpression of mutated Notch3 may disturb the milieu of precursor cells preventing them from 

reacting to RUN or ENR (47, 48). Functional Notch3 and also its available amount in precursor 
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cells are probably essential for the regulation of hippocampal neurogenesis. In the CADASIL long-

term group neurogenesis is not decreased, though more new cells differentiated into astrocytes. 

Astrocytes have been shown to support the proliferation and differentiation of stem cells in vitro 

(49). A higher amount of astrocytes could be a counteracting mechanism for a disturbed 

neurogenesis due to mutated Notch3, although it could still not be stimulated by RUN or ENR. We 

also found a higher amount of astrocytes in WT animals induced by short-term RUN, replicated by 

previous findings showing different stimuli affect different subpopulations of hippocampal cells: 

RUN here also stimulated the formation of astrocytic cells (49-51).

Conclusively adult hippocampal basal neurogenesis itself is not altered in mice of the short-term 

group in both transgenic mouse lines. Neurogenesis however could not be stimulated by RUN or 

ENR of either duration, indicating a disturbance not reflected on the basal neurogenesis level. 

Maybe there is an independent regulatory role of Notch3 in neurogenesis, as all of this happens 

while there are no deficits in microcirculation or the vascular network (50, 52). Cell intrinsic 

deficits in Notch3 signaling might change the micromilieu and could be a vascular-independent 

mechanism regulating neurogenesis in CADASIL patients, supporting the development of cognitive

deficits (50, 52).

5. Conclusion

An aging society combined with physical inactivity increases prevalence of neurodegenerative 

diseases (1-3). Early detection of these diseases to start an early therapy and maintaining physical 

fitness can possibly, but not solely counteract and postpone their outbreak. The present results 

clearly show that (1) potential detection of AD at a still histologically early stage prior to clinical 

symptoms might be possible with MRE, which has also shown to be sensitive to histopathological 

changes in smaller brain areas as effected in PD. MRE could possibly be further used to detect early

histopathological changes in other genetic neuropathological diseases like CADASIL. (2) Changes 

in the micromilieu due to the influence of Notch3 overexpression or accumulation of Aβ in AD 

impact adult hippocampal neurogenesis, neurodegeneration and cell survival visibly at early disease

stages. .Physical exercise and ENR as known enhancers of neurogenesis and acting neuroprotective

might not be enough as a supportive therapy.
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Abstract
The biomechanical properties of brain tissue are altered by histopathological changes due

to neurodegenerative diseases like Parkinson's disease (PD). Such alterations can be

measured by magnetic resonance elastography (MRE) as a non-invasive technique to

determine viscoelastic parameters of the brain. Until now, the correlation between histo-

pathological mechanisms and observed alterations in tissue viscoelasticity in neurodegen-

erative diseases is still not completely understood. Thus, the objective of this study was to

evaluate (1) the validity of MRE to detect viscoelastic changes in small and specific brain

regions: the substantia nigra (SN), midbrain and hippocampus in a mouse model of PD, and

(2) if the induced dopaminergic neurodegeneration and inflammation in the SN is reflected

by local changes in viscoelasticity. Therefore, MRE measurements of the SN, midbrain and

hippocampus were performed in adult female mice before and at five time points after 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridin hydrochloride (MPTP) treatment specifically

lesioning dopaminergic neurons in the SN. At each time point, additional mice were utilized

for histological analysis of the SN. After treatment cessation, we observed opposed visco-

elastic changes in the midbrain, hippocampus and SN with the midbrain showing a gradual

rise and the hippocampus a distinct transient increase of viscous and elastic parameters,

while viscosity and–to a lesser extent—elasticity in the SN decreased over time. The

decrease in viscosity and elasticity in the SN was paralleled by a reduced number of neu-

rons due to the MPTP-induced neurodegeneration. In conclusion, MRE is highly sensitive

to detect local viscoelastic changes in specific and even small brain regions. Moreover,

we confirmed that neuronal cells likely constitute the backbone of the adult brain mainly

accounting for its viscoelasticity. Therefore, MRE could be established as a new potential

instrument for clinical evaluation and diagnostics of neurodegenerative diseases.
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Introduction
The macroscopic biomechanical properties of in vivo brain tissue are influenced by the cellular
composition of the brain given by the number of neurons and glial cells as well as their interac-
tions with the extracellular matrix [1–3]. This composition varies in diverse brain regions and
under pathological conditions so that histological differences may be reflected in the bio-
mechanical properties of tissue and can be represented in viscoelastic quantities. Therefore,
alterations in viscoelasticity can be considered to be a potential instrument for clinical evalua-
tion and diagnostics.

Magnetic resonance elastography (MRE) attracted attention as an appropriate medical
imaging technique to assess biomechanical properties of brain tissue non-invasively and in
vivo [4]. Biomechanical constants of soft tissues are measured by inducing shear waves and
processing the MR images of the propagating shear waves to calculate quantitative values of
viscoelasticity such as the complex shear modulus G� [4,5]. G� contains the storage modulus G'
and the loss modulus G''. G' gives information about the elasticity of the tissue, which is deter-
mined by the number and type of cells in the network. In contrast, G'' gives information about
the viscous, dampening properties of the tissue, which depend on the geometry of the network
including bonds and branching.

In humanMRE studies, it has been found that brain viscoelasticity is reduced during aging
[6,7] and under pathological conditions like multiple sclerosis (MS) [8,9], normal pressure
hydrocephalus [10], Alzheimer's disease (AD) [11], frontotemporal dementia [12], Glioblas-
toma [13] and progressive supranuclear palsy [14]. However, the histopathological mechanisms
underlying the observed alterations in tissue viscoelasticity are still not completely understood.

With the use of animal models, first steps have been made to elucidate the link between
MRE parameters and histology. Millward, Riek and colleagues revealed a correlation between
the degree of inflammation, mediated by T-cells and macrophages/microglia, and the viscoelas-
tic constants in a mouse model of MS [15,16]. Schregel and co-workers underlined the decrease
of elasticity in a different MS mouse model caused by demyelination and changed extracellular
matrix configuration [3].

Aside from inflammation, neuronal alterations have also been observed to play an impor-
tant role in changed viscoelastic parameters in the MRE. After middle cerebral artery occlusion
in mice, the depleted density of neurons correlated directly with reduced elastic properties in
the affected brain hemisphere [17]. In addition, mouse models for AD and Parkinson’s disease
(PD), have been investigated as well. A softening of brain tissue has been observed by MRE in
APP-PS1 AD mice [18], but correlating histopathological analyses with particular regard to
local changes correlating to region specific changes in MRE are missing. Changes in viscoelas-
ticity and correlating histopathological mechanisms have been observed in previous animal
studies in the whole brain [16], in one hemisphere [17] or the cerebellum [15], whereas such
investigations in smaller brain regions are still not completed. In the 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine hydrochloride (MPTP) mouse model reproducing PD-like histopa-
thology, a transient rise in viscoelasticity in the hippocampus has been observed. This was par-
alleled by a higher density of newly generated neurons, arising from a reactively generated
precursor cell population [1]. However, the lesioned substantia nigra (SN) as the mainly
affected structure in PD and its models has not been investigated yet in detail. In the work of
Klein et al., basic principles in the relation between changes in the number of neurons under
neurodegenerative conditions and MRE-measured viscoelastic properties using the MPTP
mouse model for PD has been established [1].

PD, however, is initially and mainly characterized by the loss of dopaminergic neurons in
the SN, a small region in the midbrain with synaptic connections to the surrounding basal
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ganglia and beyond [19]. The neurotoxin MPTP is an established animal model for the histo-
pathology seen in PD patients [20] due to its ability to selectively lesion dopaminergic cells in
the SN, which is also accompanied by inflammatory reactions [21,22]. Up to now, Lipp and co-
workers demonstrated a reduction of elasticity in the lentiform nucleus as part of the midbrain
in humans with PD, whereas the viscoelastic properties of the whole brain were unaffected
[14]. However, region specific changes of viscoelasticity due to aging and pathological condi-
tions like neurodegenerative diseases and the analysis of underlying histopathological alter-
ations is still lacking. Thus, we applied the MRE setup to MPTP-lesioned mice to investigate, if
acquired viscoelastic parameters are altered in affected areas: the SN, midbrain and hippocam-
pus. Furthermore, we investigated, if changes in MRE parameters in the SN correlate with
neurodegenerative and inflammatory processes and if we can confirm that MRE is feasible to
selectively detect local pathological alterations in neurodegenerative diseases. This would add
to the establishment of MRE as clinical evaluation tool.

Materials and Methods

Animal Treatment
All animal experiments were approved by the local animal ethics committee (Landesamt für
Gesundheit und Soziales, Berlin, Germany) and carried out in accordance with the European
Communities Council directive of 22 September 2010 (10/63/EU). In total, 35 female eight to
ten weeks old C57Bl/6N mice were group-housed in a temperature- and humidity-controlled
colony room with a light/dark cycle of 12/12 h and unrestricted access to food and water.

Animals were randomly divided into seven groups of n = 5. All animals, except the histolog-
ical counterparts for the baseline measurement, were treated intraperitoneally with MPTP
(Sigma Aldrich, Steinheim, Germany), dissolved in 0.9% NaCl, with a concentration of 20 mg/
kg bodyweight on three consecutive days. One group (n = 5) underwent MRE-imaging the day
before MPTP treatment started (-3 days post-injection (dpi)) as baseline and three, six, ten, 14
and 18 days after the last MPTP injection (3, 6, 10, 14, 18dpi). At each time point (six in total),
animals of the corresponding histological group (n = 5 for each time point) were perfused. A
timeline of the experimental procedure is given in Fig 1 and Table 1.

Perfusion and Tissue Preparation
At each time point of MRE measurement, the corresponding histological group of animals
were deeply anaesthetized with Ketamine/Xylacine (10% Ketamine hydrochloride, WDT; 2%
Rompun, Provet AG) and transcardially perfused with phosphate buffered saline (PBS) and 4%
paraformaldehyde (PFA). Brains were dissected carefully, postfixed in 4% PFA for 24 h and
dehydrated with 30% sucrose solution for 48 h. Then they were frozen in 2-methylbutane
(Sigma-Aldrich, Steinheim, Germany) cooled with liquid nitrogen, sliced in 40 μm thick coro-
nal sections using a Leica CM 1850 UV cryostat and stored in cryoprotectant solution until his-
tological stainings were performed.

Immunohistochemistry
For immunohistochemistry, a well-established staining protocol was followed [23,24]. Briefly,
a one-in-six free-floating brain section series of each mouse was pre-treated with 0.6% H2O2

and donkey serum-enriched PBS (PBS+) before being incubated with the first antibody anti-
Tyrosinhydroxylase (TH; mouse 1:10000, Sigma-Aldrich) or anti-ionized calcium-binding
adapter molecule 1 (Iba-1; rat 1:1000, Wako) at 4°C overnight. On the next day, brain sections
were first pre-treated with PBS+ for background blocking and then incubated with the
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secondary biotinylated antibody (anti-mouse or anti-rat, 1:250, Dianova) at room temperature
for two hours. Then, ABC solution (Vectastain Elite ABC Kit, Vector Laboratories) was
applied, before the formed streptavidin-peroxidase complex was visualized by 3,3'-diamino-
benzidine (DAB, Sigma-Aldrich)-nickel staining. Finally, stained sections were mounted on
microscope slides and coverslipped.

To determine the total cell number in each region of interest (SN, midbrain and hippocam-
pus), a separate one-in-twelve series of brain sections of two mice per group was stained with
the fluorochrome 4’,6-diamidino-2-phenylindole (DAPI), which binds to the DNA thereby
labeling cell nuclei. Sections were incubated with PBS-diluted DAPI (1:1000, Thermo Scien-
tific) for 7 min and afterwards mounted on microscope slides and coverslipped.

Cell Quantification
In total, four stained brain slices of each mouse were analyzed for TH+ cells in the SN, includ-
ing pars compacta and pars reticulata. Cells were manually counted under the 40x objective of

Fig 1. Timeline of the experimental procedure. The timeline of MPTP injections, time points of MRE
measurement and brain perfusions for histological analyses.

doi:10.1371/journal.pone.0161179.g001

Table 1. Experimental design.

Post-injection day Performance

-3 MREmeasurement or perfusion for histology

-2 MPTP injection

-1 MPTP injection

0 MPTP injection

3 MREmeasurement or perfusion for histology

6 MREmeasurement or perfusion for histology

10 MREmeasurement or perfusion for histology

14 MREmeasurement or perfusion for histology

18 MREmeasurement or perfusion for histology

doi:10.1371/journal.pone.0161179.t001
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an Axioskop HB50/AC light microscope (Zeiss, Germany) and multiplied by six to obtain an
estimated absolute number of cells per SN.

For quantification of DAPI-stained cell nuclei in all regions of interest and Iba-1+ cells in
the SN, the Stereo Investigator (MBF Bioscience) and a Leica DMRE microscope were used.
The region of interest was defined with the 5x objective. Actual counting was done with the
40x oil objective. For quantification of DAPI-stained cell nuclei, two sections in an interval of
twelve were counted by using a sampling grid size of 250x200 μm in the SN and 600x600μm in
the midbrain and hippocampus. Iba-1 positive cells were counted in four sections in an interval
of six by using a sampling grid size of 150x120 μm. In all brain regions, a counting frame of
60x60 μmwithout guard dissector height was used. Cells were counted when cell bodies
became sharp in their widest extent. The absolute number of cells per brain regionwas auto-
matically calculated based on the counted cell number, slice interval, counting frame size, sam-
pling grid size and slice thickness.

Magnetic Resonance Elastography (MRE)
All measurements were realized on a 7-Tesla MR Imaging (MRI) scanner (Bruker PharmaScan
70/16, Ettlingen, Germany) with a 20 mm diameter 1H-RF-quadrature mouse head coil and
using ParaVision 4.0 software. As illustrated in Fig 2, shear waves into the mouse brain were
induced by using a moveable bite bar transducer, linked with a carbon fiber piston to an elec-
tromagnetic coil as the source of vibration. During the MRE session, mice were anaesthetized
with isoflurane/oxygen. The transducer was gimballed through a rubber bearing and retaining
bracket at the temperature-controlled mouse bed. This setup was held in the middle of the
magnet bore of the MRI scanner by a plastic disc. Vibrations were induced by applying a sinu-
soidal electric current of 900 Hz frequency to an air-cooled Lorentz coil in the fringe area of
the MRI scanner and were initialized by a trigger pulse from the control unit of the scanner,
while the timing was defined by a customized FLASH sequence. Frequency, amplitude and
number of sinusoidal oscillation cycles were controlled by an arbitrary function generator con-
nected via an audio amplifier to the driving coil. The main polarization of the vibration was
transverse to the principal axis of the magnet field, with amplitudes in the order of tens of
micrometers.

The MRE data were acquired in one 2 mm transverse slice in which all regions of interests
(ROI) could be analyzed. The imaging sequence was modified for MRE by sinusoidal motion
sensitizing gradient (MSG) in the through-plane direction, as described elsewhere [16]. The
MSG strength was 285 mT/m with a frequency of 900 Hz and nine periods. Phase difference
images were calculated from two images differing in the sign of the MSG to compensate for
static phase contributions. Additional imaging parameters were: a 128x128 matrix, 25 mm
FoV, 14.3 ms echo time, 116.2 ms repetition time, eight dynamic scans over a vibration period
and an acquisition time of 20 min.

Complex wave images according to the harmonic drive frequency were estimated by tempo-
ral Fourier transformation of the unfolded phase-difference images and filtered for suppressing
noise and compression wave components [16,25]. An algebraic Helmholtz inversion was
applied to the pre-processed 2D scalar wave fields calculating the complex shear modulus G�

[26]. Then, G� was spatially averaged over the SN, midbrain and hippocampus of both hemi-
spheres as ROIs, which were manually segmented by delineating its anatomical structure from
T1w-MR images (Fig 3). Values of the averaged G� contain the real part of G�: storage modulus
G', and the imaginary part of G�: loss modulus G'', representing the elasticity and viscosity of
tissue, respectively.
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Statistical Analysis
All statistical analyses were performed by using SPSS Statistics19 for Windows and GraphPad
Prism 5. The homogeneity of variance was tested by Levene test. One-way ANOVA was per-
formed the data from the quantification of TH+ and Iba1+ cells and one-way repeated mea-
sures (RM) ANOVA for MRE data. The data from the DAPI counts were not statistically
evaluated, because only n = 2 per time point were quantified. Pairwise comparisons were done
using the Bonferroni test in case of a significant ANOVA. The level of statistical significance
was set at p�0.05. All data are shown as mean values with standard error of the mean (SEM).
Graphs were generated using GraphPad Prism 5.

Fig 2. Schematic of the mouse MRE apparatus.

doi:10.1371/journal.pone.0161179.g002
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Results
Initially, MRE measurement was performed the day before MPTP treatment started to generate
baseline data of healthy brain tissue. Sessions were repeated three, six, ten, 14 and 18 days after
the last MPTP injection and processed for the SN, midbrain and hippocampus. The MRE
results are presented together with the results of the histological analysis of each brain region
in Figs 4, 5 and 6.

One-way ANOVA of the MRE parameters at -3dpi revealed a significant difference in basic
viscosity between the various brain areas (F(2,14) = 5.396, p�0.05). Post-hoc pairwise compar-
ison using the Bonferroni test showed a significant higher viscosity in the midbrain (1.836
±0.043 kPa) than in the hippocampus (1.426 ±0.051 kPa) (p�0.05).

MPTP induces a decrease of viscosity and elasticity in the SN
In the SN, MRE generated baseline values with mean (±SEM) of 5.012 (±0.578) kPa and 1.627
(±0.137) kPa for G' and G'', respectively. A one-way RM ANOVA revealed a significant effect
in the storage modulus G' (F(5,29) = 4.274, p�0.01) and loss modulus G' (F(5,29) = 8.350,
p�0.001) following MPTP treatment, which reflects alterations in the elastic and viscous prop-
erties of the SN. Post-hoc pairwise comparison using the Bonferroni test showed a significant
decrease in G’ (3dpi vs. 6dpi: p�0.05) (Fig 4a) and G'' (-3dpi vs. 10dpi: p�0.05, -3dpi vs. 18dpi:
p�0.01, -3dpi vs. 6dpi: p�0.001) (Fig 4b), indicating a more reduced viscosity than elasticity in
the SN following MPTP treatment with a slight restoration over time.

MPTP induces an increase of viscosity and elasticity in the midbrain
Mean values (±SEM) of G' and G'' were 5.397 (±0.190) kPa and 1.836 (±0.043) kPa in the mid-
brain at -3dpi. The one-way RM ANOVA revealed a significant effect of MPTP treatment on
storage modulus G' (F(5,29) = 6.702, p�0.001) and loss modulus G' (F(5,29) = 6.895, p�0.001)
in the midbrain over time. A significant increase in G’ (-3dpi vs. 14dpi: p�0.05, -3dpi vs. 6dpi
and 18dpi: p�0.01) (Fig 5a) and G'' (-3dpi vs. 6dpi and 18dpi: p�0.01) (Fig 5b) was observed
as the post-hoc pairwise comparison showed. This indicates tissue stiffening in the midbrain
after MPTP treatment.

Fig 3. Representative images of MRI signal and complex modulusmap of G' and G''. Regions of interest: substantia nigra (red line), midbrain (blue
line) and hippocampus (yellow line) were marked in T1w-MRI.

doi:10.1371/journal.pone.0161179.g003
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MPTP induces a transient increase of viscosity and elasticity in the
hippocampus
At baseline, mean values (±SEM) were 4.997 (±0.402) kPa and 1.426 (±0.52) kPa for G' and G'',
respectively. The One-way RM ANOVA showed a significant effect of MPTP treatment on the
storage modulus G' (F(5,29) = 11.75, p�0.001) and loss modulus G' (F(5,29) = 8.075, p�0.001)
in the hippocampus over time. Here, post-hoc pairwise comparison revealed a significant
increase in G’ (-3dpi vs. 6dpi: p�0.001) (Fig 6a) and G'' (-3dpi vs.6dpi: p�0.01) (Fig 6b), indi-
cating a transient tissue stiffening in the hippocampus six days after treatment cessation.

MPTP induces dopaminergic neurodegeneration in the SN
A one-way ANOVA revealed a strong effect of MPTP treatment on the number of TH+ in the
SN (F(5,28) = 7.499, p�0.001). Pairwise comparison showed that the number of TH+ dopami-
nergic neurons was decreased by MPTP at all time points in comparison to baseline level
(-3dpi vs. 3dpi and 6dpi: p�0.001, -3dpi vs. 10dpi, 14dpi and 18dpi: p�0.01) (Fig 4c). The
immediate reduction of TH+ dopaminergic neurons following MPTP treatment was approxi-
mately 57% with mean values declining from 2018 at -3dpi to 856 at 3dpi, respectively. The
deficit of dopaminergic neurons persisted at least until the last time point at 18dpi investigated

Fig 4. Results of MREmeasurements and histological cell counts in the substantia nigra.MPTP
induced a significant reduction in MRE elasticity (a) and viscosity (b) in the substantia nigra (mean±SEM, n
(-3,3,6,10,14,18dpi) = 5). DAB-stained brain sections showed an immediate significant drop in TH+
dopaminergic neurons in the substantia nigra after MPTP treatment (c) (mean±SEM, n(-3dpi) = 4, n
(3,6,10,14,18dpi) = 5). DAPI-stained cell amount was decreased by MPTP (d) (mean±SEM, n
(-3,3,6,10,14,18dpi) = 2, no statistical analysis). Initially, the amount of Iba1+ microglia and macrophages
was significantly raised after MPTP treatment, but ceased over time (e) (mean±SEM, n(-3dpi) = 4, n
(3,6,10,14,18dpi) = 5). * vs. -3dpi, *p�0.05, **p�0.01, ***p�0.001. # vs. 3dpi, # p�0.05.

doi:10.1371/journal.pone.0161179.g004
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Fig 5. Results of MREmeasurement and histological cell count in the midbrain.MPTP induced a
significant increase of MRE elasticity (a) and viscosity (b) in the midbrain (mean±SEM, n
(-3,3,6,10,14,18dpi = 5). DAPI-stained brain sections showed a reduction following MPTP-treatment (c)
(mean±SEM, n(-3,3,6,10,14,18dpi) = 2, no statistical analysis). * vs. -3dpi, *p�0.05, **p�0.01.

doi:10.1371/journal.pone.0161179.g005
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Fig 6. Results of MREmeasurement and histological cell count in the hippocampus.MPTP induced a
transient increase of elasticity (a) and viscosity (b) in the hippocampus at 6dpi (mean±SEM, n
(-3,3,6,10,14,18dpi = 5). Quantification of DAPI-stained cells showed an elevated amount at 6dpi (mean
±SEM, n(-3,3,6,10,14,18dpi) = 2, no statistical analysis). * vs. -3dpi, **p�0.01, ***p�0.001.

doi:10.1371/journal.pone.0161179.g006
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here. Representative images of TH+ cells before and after MPTP treatment are shown in Fig 7a
and 7b.

MPTP induces a reduction of total cell amount in the SN and midbrain
and a transient rise in the hippocampus
In the SN, the quantification of DAPI+ cells (n = 2) revealed a decrease in the total amount of
cells from 224700 (±6967) cells at -3dpi to 164083 (±8417) cells at 6dpi following MPTP-treat-
ment. After that, a transient slight restoration over time can be observed (Fig 4d).

The DAPI+ cell count (n = 2) in the midbrain revealed a decrease in the total cell amount
from 1834800 (±116400) to 1333800 (±60600) cells at -6dpi (Fig 5c).

In the hippocampus, the DAPI+ cell quantification (n = 2) revealed a total amount of 1385400
(±155400) cells at -3dpi and a transient rise at 6dpi up to 1468200 (±89400) cells (Fig 6c).

MPTP induces a transient increase of microglia and macrophages in the
SN
The analysis of Iba1+ cell counts revealed a significant effect of MPTP treatment on the num-
ber of microglia and macrophages in the SN as a sign for a local inflammatory reaction
(F(5,28) = 5.706, p�0.01). Pairwise comparison showed that the amount of Iba+ cells directly
after MPTP treatment (3dpi) was significantly higher than at baseline (-3dpi vs. 3dpi: p�0.05),
whereas no significant difference in the amount of Iba-1+ cells was observed between baseline

Fig 7. Representative images of DAB–stained brain slices showing the substantia nigra. TH+ cells at
baseline at -3dpi (a) and directly after MPTP treatment at 3dpi (b) at 50x magnification, indicating a severe
loss of dopaminergic neurons induced by MPTP. Iba-1+ at -3dpi (c) and 3dpi (d) at 50x magnification with
detail in 200x magnification (scale bar 100 μm), showing a reactive increase in the number of microglia and
macrophages in the substantia nigra immediately after MPTP treatment.

doi:10.1371/journal.pone.0161179.g007
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and later time points from 6dpi to the end of the study (Fig 4d). MPTP induced a transient
inflammatory response, which is reflected here by increased numbers of microglia in the SN at
3dpi (21732 cells), that ceased over time until baseline levels (approximately 15000 cells) are
reached again at 18dpi. Representative images of Iba+ cells before and after MPTP treatment
are shown in Fig 7c and 7d.

Discussion
In this study, we demonstrate how viscosity and elasticity in various brain areas change in
response to MPTP treatment and that the significant reduction of dopaminergic neurons in
the SN in a mouse model for a neurodegenerative disease is reflected in the decrease of viscosity
and–to a lesser extent–elasticity. Hence, the MRE setup is viable to detect viscous and elastic
alterations even in small brain areas.

The neurotoxin MPTP primarily affects dopaminergic neurons and is therefore an estab-
lished animal model for the histopathology seen in PD patients [19,20]. Besides the SN, the
MPTP mouse model is also used for investigations in the midbrain [27] and hippocampus [24]
to elucidate the effects of nigral dopaminergic neurodegeneration in other specific brain
regions related to the pathology of PD. According to the fact that PD (and its animal model)
includes the neurodegenerative affection of different areas in the brain, e.g. reduced neural pre-
cursor cells caused by dopamine denervation in the subgranular zone of the hippocampus [28],
such extra-nigral histopathological changes were correlated to region specific changes in visco-
elasticity detected by MRE [1].

In the SN, we observed a significant decrease in viscosity and–to a lesser extent—elasticity
six days after treatment cessation followed by a slight but non-significant restoration over time.
MPTP seem to primarily affect the geometry of the cellular network in the SN and secondarily
the cell density. This is comprehensible considering the structure of the SN, with dopaminergic
cell bodies and many cellular processes, which are substantially reduced after MPTP treatment
(see Fig 7a and 7b for comparison). Our findings are in line with an observed tissue softening
in other animal and human studies of pathological conditions [8,15,17].

Surprisingly, in contrast to the SN, calculated MRE parameters of the midbrain were signifi-
cantly higher after treatment compared to healthy baseline values. This rather indicates an
increase in tissue stiffness in response to MPTP. The decreased total amount of DAPI+ cells
does not correlate with this finding. Up to now, it is known that MPTP treatment does not lead
to dopaminergic neurodegeneration in the midbrain in contrast to the SN [27]. The bio-
mechanical properties of tissue are not only determined by individual cell types and cellular
density but also by the complexity of the cellular network, which depends on the degree of
cross-linking and branching, and the interaction with the extracellular matrix [1–3]. The dis-
crepancy between midbrain MRE and histology data may therefore be attributed to other pro-
cesses following MPTP treatment than the ones examined here, as the midbrain is a larger and
more complex area with several core regions and white matter tracts than the SN and hippo-
campus and cannot be narrowed down to only neuronal cells. Though MRE sensitively detects
local tissue alterations, the specificity of the method is not yet established in detail.

Interestingly, a higher basic viscosity was observed in the midbrain compared to the hippo-
campus in healthy yet untreated mice at -3dpi. As mentioned above, the midbrain tissue exhib-
its more complex network geometry with diverse core regions and white matter tracts. In
humans, white matter has been shown to be stiffer than gray matter [29,30], which is in line
with our observed higher viscosity in the midbrain.

In the hippocampus we observed a transient rise of the storage and loss modulus as
described in our previous study [1]. In correlation to that, the total amount of cells was also
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transiently elevated at 6dpi. This underlines the histological findings of Klein and colleagues,
showing increased stiffness in the hippocampus following MPTP treatment. This was corre-
lated to a higher percentage of newly generated neurons resulting from a reactively enhanced
precursor cell proliferation [1].

The significant reduction of G' and G'' in the SN at 6dpi without full restoration over time is
paralleled by the reduction of TH+ dopaminergic neurons. It is well-known that the neurotoxin
MPTP damages dopaminergic neurons in the SN already shortly after application, which has
been demonstrated by a reduced amount of TH+ cells [23,24,31]. In our study, we confirm the
MPTP-induced decrease of TH activity in dopaminergic neurons of the SN. Although the
amount of TH+ neurons is already significantly reduced three days after MPTP treatment,
MRE parameters are changed not until 6dpi. Importantly, TH activity has been shown to
decrease first, followed and paralleled by a “real” reduction in the number of neurons after
MPTP treatment [32]. We confirm this observation by the quantified number of DAPI+ cells,
which correlates with the changes in viscosity. This means that the changed loss and–to a lesser
extent—storage modulus in our study are representative for the dopaminergic neurodegenera-
tion in the SN. Moreover, our findings are in accordance with the hypothesis that a decrease of
viscoelastic properties of the adult brain is mainly based on the reduced number of neuronal
cells, which has first been investigated in a murine stoke model as an example of disturbed
brain structure [17].

In line with a decreased brain stiffness in APP-PS1 mice, modelling AD [18], our results
support the assumption that viscoelastic properties in neurodegenerative diseases decrease in
the mainly affected area and can be correlated with histopathological changes in our animal
model for PD. As investigated here, the neurotoxin MPTP leads to different viscous and elastic
changes in adult mice depending on the studied brain area. Therefore, we conclude that alter-
ations in MRE parameters following MPTP treatment are highly region-specific.

The size of the processed ROI in the SN is a relevant factor in our study. While in previous
animal studies, MRE changes have been observed in the whole brain [16], in one hemisphere
[17], in the hippocampus [1] or the cerebellum [15], we processed our MRE data from a
smaller brain region. However, our correlating histological findings imply that the MRE setup
is eligible to detect viscous and elastic alterations even in small brain areas such as the SN.

Besides dopamine depletion, MPTP provokes an inflammatory response. It has been
shown, that the neurotoxin initially leads to a higher amount of microglia and oligodendro-
cytes in the SN and hippocampus, which diminishes over time after treatment cessation
[1,21,23,33]. This course of inflammatory reaction in response to MPTP is also seen in our
study. However, the initially elevated amount of Iba+ cells in the SN is not reflected in MRE
parameters. Similar observations have been made before in the hippocampus by Klein et al. [1].
Thus, the present data suggest that MRE may not be suitable for detecting elevated amounts of
microglia and macrophages or oligodendrocytes as a sign of a transient local inflammation at
least with regard to particular structures as the SN and hippocampus. Therefore, the present
data further support the hypothesis that neuronal cells likely constitute the mechanical back-
bone of the adult brain. However, the biomechanical properties of tissue not only depend on
mere cell numbers of one neural cell type but also on other cell types, the network neural cells
build by cross-linking and branching and their interaction with the extracellular matrix. Even
though neuronal cells have been identified to playing a key role in viscoelasticity, important
influence from other cell types, networks and interactions cannot be excluded.

In the present study, female mice were used. Human studies have revealed that female
brains are stiffer than brains of age-matched male counterparts [7,9]. This raises the question,
if the observed changes predominantly in the viscous properties of SN tissue following MPTP-
induced neurodegeneration are stable across sex in mice or if differences as in the mentioned
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human studies can be found. We have successfully established the MPTP mouse model in
females to study the dopamine dependency of functional neurogenesis in the hippocampus
and SN [23,24,34]. Thus, the present study can also be compared to our previous MRE study in
MPTP-treated female mice [1].

In summary, we demonstrated the feasibility of MRE to sensitively detect viscoelastic
changes in small and specific brain regions within an animal model for PD. Furthermore, we
contribute to the investigation of the missing link between histopathological alterations and
observed biomechanical constants in the SN, by demonstrating that changes in the amount of
dopaminergic neurons in the SN of MPTP-lesioned mice are detectable by MRE. Thus, MRE is
highly sensitive for the observation of local viscoelastic changes in particular brain regions add-
ing to the understanding of how altered histopathological conditions influence biomechanical
parameters of brain tissue that are changed under pathological conditions. This will help to
establish MRE as a new potential instrument for clinical evaluation and diagnostics of neurode-
generative diseases.
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Stimulation of adult hippocampal 
neurogenesis by physical exercise 
and enriched environment is 
disturbed in a CADASIL mouse 
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 (TgN3R169C), and mice overexpressing wild type Notch3 (TgN3WT) 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 adults1–3. 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 maturation4,5. The highly stereo-
typed mutations alter the number of cysteine residues in the extracellular domain of Notch3 (Notch3ECD), lead-
ing to abnormal vascular accumulation of mutated Notch3ECD 3. In CADASIL, small and medium sized arteries 
characteristically exhibit pathognomonic deposits of granular osmiophilic material (GOM) containing mutated 
Notch3ECD. 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 reported6. White matter infarcts are usually considered the leading cause of 
the progressive decline in cognitive function7. However, CADASIL patients show a decline in cognitive function 
prior to any infarcts8,9.

Interestingly, Notch3 has also been found to be expressed in neural precursor cells of the adult hippocampus10. 
Adult hippocampal neurogenesis is a lifelong process during which new neurons are generated in the subgranular 
zone (SGZ) and functionally integrated into neuronal networks11,12. 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 ageing13–15. In general, Notch is a 
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key regulator in the crosstalk between neurogenesis and angiogenesis. It controls vessel sprouting and is required 
for proliferation and differentiation of stem and precursor cells16–18. Moreover, adult hippocampal neurogenesis 
occurs in a highly vascularized niche of the SGZ19. 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 flow20,21, 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 affected22. 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 exercise23 and environmental enrichment24. 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 
(TgN3R169C) was used. To control for the effects of Notch3-overexpression in itself, mice overexpressing wild type 
Notch3 (TgN3WT), generated by the same approach as TgN3R169C, were used25.

Results
Notch3 overexpression results in reduced survival of newborn neurons after 6 months.  In 
the long-term group, the noticeable but non-significant interaction of genotype and cage condition revealed 
that TgN3WT 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: TgN3WT vs. WT, p <​ 0.01, TgN3WT vs. TgN3R169C, p <​ 0.05). 
Such reduction in BrdU+​/NeuN+​ cell numbers under STD was not found in CADASIL mice (TgN3R169C 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 TgN3R169C, 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 
S100β​+​ cells (F(2,59) =​ 4.030, p <​ 0.05; post-hoc: TgN3R169C vs. WT, p <​ 0.05) (Fig. 3b). This was not seen in 
Notch3 overexpressing mice (TgN3WT vs. 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, S100β​ and NeuN are given in Fig. 4(a–h), 
exemplarily showing a co-labeled BrdU+​/S100β​+​ 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 TgN3WT or TgN3R169C mice. Further cell charac-
terization showed that this increase was due to an enhanced survival of BrdU+​/S100β​+​ cells (F(4,60) =​ 6.037, 
p <​ 0.001; post-hoc: STD vs. RUN, p <​ 0.001) (Fig. 2c) 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).

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).
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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 TgN3WT (Fig. 5b,e and h) or TgN3R169C 
mice (Fig. 5c,f and i).

Figure 2.  Results of the histological analysis of adult hippocampal neurogenesis in brain sections from WT, 
TgN3WT and TgN3R169C 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+​/S100β​+​ (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 TgN3WT mice (e). Neurogenic stimulation by RUN or ENR failed in both TgN3WT and TgN3R169C 
independent of the duration (e and f). Data are expressed as mean ±​ S.E.M. *p <​ 0.05, **p <​ 0.01, ***p <​ 0.001.
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Running wheel activity is reduced in CADASIL mice and age-dependently decreased in Notch3 
overexpressing mice.  During 28 days (Fig. 6a), TgN3WT mice showed increased running wheel activity per 
24 h compared to WT and CADASIL mice (F(2,543) =​ 84.66, p <​ 0.001; post-hoc: TgN3WT vs. WT and TgN3R169C, 
p <​ 0.001). TgN3R169C 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 TgN3R169C vs. WT, p <​ 0.001) with TgN3R169C mice running 
even less than TgN3WT mice (p <​ 0.001). Detailed analysis of running wheel activity over six months (Fig. 6c) 
revealed that the distance run per month decreased over time in TgN3R169C 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 TgN3WT mice covered similar distances, while TgN3R169C mice showed 
significantly reduced physical activity per 24 h compared to WT and TgN3WT 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.  TgN3WT 
and TgN3R169C 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 models26–29. 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 TgN3WT mice22. The fact that the decreased neurogenesis already observed four 
weeks after BrdU cell labeling22 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 

Figure 3.  Results of the histological analysis of adult hippocampal neurogenesis in brain sections from WT, 
TgN3WT and TgN3R169C 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+​/S100β​+​ (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+​/S100β​+​ cells in TgN3R169C is increased in 
older mice independent of RUN or ENR (b). Data are expressed as mean ±​ S.E.M.
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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), S100β​+​ cells (green, c and g), two BrdU+​/NeuN+​ cell nuclei (d) and a 
BrdU+​/S100β​+​ cell (h). Scale bar =​ 50 μ​m.
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survival. Notch3 and Notch1 are possibly co-expressed in proliferating hippocampal precursor cells22. Moreover, 
Notch1 has been shown to be essential for progenitor pool maintenance and regulation of proliferation16,18,30.  
Therefore, it can be assumed that the suppression of cell proliferation by Notch3 is usually counteracted by 
Notch1-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 TgN3WT 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 survival31, 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 cells32. 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 
animals33,34 and in various rodent models of neuropathological diseases such as Alzheimer’s29 and Parkinson’s 
disease26. 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 TgN3WT 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 overexpression22. This might have prevented the activation by RUN or 
ENR. In contrast to the present results, Ables and colleagues35 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 

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 (TgN3WT) and CADASIL mice (TgN3R169C). Scale bar =​ 100 μ​m.
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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 antagonist36 
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 

Figure 6.  Effects of Notch3 overexpression (TgN3WT) and CADASIL (TgN3R169C) on physical activity per 24 h 
during 28 days (a), six months (b and c), 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 TgN3R169C mice and duration-dependently decreased in TgN3WT 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.
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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 neurogenesis33. 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 (>​2000 m 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 reported22,25, 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. TgN3R169C mice carry the R169C 
point mutation at exon 4 of the notch3 gene that causes cardinal pathological features of CADASIL25. TgN3WT 
mice express wild type Notch325. Both transgenic lines show a 4-fold overexpression of either the mutated or the 
wild type Notch3 transcript and protein25. 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 für 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), TgN3R169C and TgN3WT 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 ×​ 0.15 m ×​ 0.42 m) 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 (0.74 m ×​ 0.3 m ×​ 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, TgN3R169C 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)37.

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 5 rpm. 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 μ​m 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 H2O2 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 S100β​ was performed. Therefore, a one-in-six series of free-floating brain sections of each animal was pre-
treated with HCl, 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-S100β​ (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×​ objective. Representative images of BrdU+​ cells in the DG 
were taken using the 20×​ 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/S100β​-positive (BrdU+​
/S100β​+​) 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 μ​m. 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+​/S100β​+​ 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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