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Abstract (deutsch)

Die Neurogenese im Gyrus dentatus (DG) des Hippocampus kann durch diverse Faktoren wie
eine modulierte Transmitterhomdostase oder Entziindung beeinflusst werden und ist auch in
neurodegenerativen Erkrankungen verandert. Mediatoren einer Entziindung sind zum Beispiel
Zytokine oder Prostaglandine, wobei letztere durch das Enzym Cyclooxygenase (COX) erzeugt
werden. Ob eine COX-Hemmung und dadurch modulierte Entziindungsreaktionen die adulte
Neurogenese im DG in neurodegenerativen Erkrankungen beeinflussen, ist bisher unklar. Eine
veranderte Neurogenese oder ein neuronaler Zellverlust in neurodegenerativen Erkrankungen
kénnte auBerdem zu einer modifizierten Zusammensetzung des zelluldren Netzwerks fihren und
sich in den viskoelastischen Eigenschaften widerspiegeln, welche durch die Messparameter des
neuen bildgebenden Verfahrens Magnetresonanz-Elastographie (MRE) ermittelt werden
kdénnten. Veranderte viskoelastische Parameter des Gehirns wurden bereits in Patienten mit
neurodegenerativen Erkrankungen beobachtet, aber bisher gibt es nur wenige Studien zur
Untersuchung der zugrundeliegenden zellularen Mechanismen.

In der vorliegenden Arbeit wurden die Veranderungen viskoelastischer Eigenschaften mittels
MRE und mégliche basierende zellulare Mechanismen im Hippocampus (Studie 1) und in der SN
(Studie 2) im  1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridin ~ (MPTP)-Mausmodell  fir
Neurodegeneration mit resultierender Dopamindepletion untersucht. Des Weiteren wurde der
Einfluss des nichtselektiven COX-Hemmers Indomethazin auf die adulte hippocampale
Neurogenese und deren regulatorische Signalwege sowie die Entziindungsreaktionen im DG und
SN eruiert (Studie 3). Die hippocampale Neurogenese und zellulare Entziindungsreaktion wurden
unter Zuhilfenahme immunhistochemischer Farbungen beurteilt. Ferner wurden Veranderungen
neurogeneserelevanter Signalwege mit Hilfe der quantitativen Polymerase-Kettenreaktion und in
Zytokinkonzentrationen mittels enzymatischen Immunadsorptionsverfahrens bestimmt.

Nach MPTP-Behandlung zeigte sich im Hippocampus eine transient héhere Anzahl neuer
Vorlauferzellen, welche in einem kurzfristig gesteigerten prozentualen Anteil neuer Neurone
resultierte und somit zu einer transient héheren Viskoelastizitat fihrte. In der SN hatte der Verlust
dopaminerger Neurone eine Verringerung viskoelastischer Eigenschaften zur Folge. Die Anzahl
neuer reifer Neurone im DG war zu einem spéateren Zeitpunkt nach MPTP-Gabe vermindert,
welches durch Indomethazinbehandlung, unterstitzt durch hochregulierte proneurogene
Signalwege, verhindert werden konnte. Dies war zudem mit einer verringerten zellularen
Entzindungsreaktion assoziiert.

Zusammenfassend weisen die Ergebnisse darauf hin, dass Neurone zu den biomechanischen
Eigenschaften eines Gewebes beitragen. Daher kénnte die MRE durch Erfassung verminderter
viskoelastischer Eigenschaften bei neurodegenerativen Erkrankungen ein mdgliches Klinisch
diagnostisches Werkzeug sein. Ferner verhinderte der COX-Hemmer Indomethazin eine
geschadigte Neurogenese und Entziindung nach Dopamindepletion. Dies tragt dazu bei
nichtselektive COX-Hemmer als mégliche Medikamente zur Verbesserung der Neurogenese in
neurodegenerativen Erkrankungen in Betracht zu ziehen.



Abstract (english)

Neurogenesis in the dentate gyrus (DG) of the hippocampus can be influenced by diverse factors,
such as altered transmitter homeostasis or inflammation, and is also changed in
neurodegenerative diseases. Mediators of inflammation are, for example, cytokines or
prostaglandins. Last-mentioned mediators are catalyzed by the enzyme cyclooxygenase (COX).
However, it is still not clear if COX inhibition and thus modulated inflammatory reactions influence
adult neurogenesis in the DG in neurodegenerative diseases. In neurodegenerative diseases,
altered neurogenesis or the loss of neurons could also lead to a changed composition of the
cellular network and could be displayed in viscoelastic properties, which could be detected by
parameters of the novel imaging technique magnetic resonance elastography (MRE). Altered
viscoelastic parameters of the brain have already been observed in patients with
neurodegenerative diseases, but to date only a few studies have researched the underlying
cellular mechanisms.

Here, we investigated the alterations of viscoelastic properties using MRE and possible
underlying cellular mechanism in the hippocampus (study 1) and in the SN (study 2) by applying
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of dopamine depletion.
Moreover, we evaluated the influence of the nonselective COX inhibitor indomethacin on adult
hippocampal neurogenesis and neurogenic signaling pathways as well as inflammation in the DG
and SN (study 3). Hippocampal neurogenesis and cellular inflammation were investigated using
immunohistochemical stainings. Furthermore, alterations in neurogenesis-relevant signaling
pathways were analyzed using quantitative polymerase chain reaction, and concentrations of
cytokines were quantified by enzyme-linked immunosorbent assay.

In the hippocampus, MPTP treatment caused a transiently increased amount of new progenitor
cells resulting in a transiently increased percentage of new neurons leading to a temporarily
higher viscoelasticity. In the SN, the loss of dopaminergic neurons led to a decrease of
viscoelastic properties. At a later time point after MPTP administration, the number of new mature
neurons was decreased in the DG. This could be prevented by indomethacin treatment, which
was supported by upregulated proneurogenic signaling pathways, and was associated with a
decreased cellular inflammation.

In conclusion, the MRE and histological results show that neurons contribute to the biomechanical
tissue characteristics. Thus, decreased viscoelastic properties in neurodegenerative diseases
observed by MRE may be a potential approach for clinical diagnosis. Furthermore, the COX
inhibitor indomethacin prevented impaired adult neurogenesis and inflammation after dopamine
depletion. This contributes to the validation of nonselective COX inhibitors as a potential
therapeutic drug to restore neurogenesis in neurodegenerative diseases.



1. Einleitung

In mehreren Studien wurde eine Bildung neuer Neurone im Gyrus dentatus (DG) des
Hippocampus eines erwachsenen Menschen beobachtet'3. Dabei befinden sich in der
subgranulédren Zone des DG die gliadhnlichen Stammzellen Typ-1, welche in der weiteren
Proliferation und Differenzierung tber die Stadien der Vorlauferzellen Typ-2a sowie Typ-2b in die
sogenannten Neuroblasten Typ-3 Ubergehen. Von hier aus bilden sich proliferationsinaktive,
unreife Neurone, die sich in der weiteren Entwicklung zu reifen Neuronen differenzieren®. Die
Bildung neuer Neurone wird von vielen Faktoren, wie zum Beispiel Entziindungsprozesse oder
Transmittersysteme, beeinflusst’. In Tierstudien konnte gezeigt werden, dass dopaminerge
Fasern von der Substantia nigra (SN) zur subgranularen Zone ziehen und der Verlust
dopaminerger Neurone in einer geanderten Bildung neuer Vorlauferzellen und verminderten
Uberlebensrate neuer Neurone im DG resultiert®®. Auch in post-mortem-Studien zeigten sich im
DG von Patienten mit idiopathischem Parkinsonsyndrom weniger Vorlauferzellen®, was zu den
bekannten kognitiven Einschréankungen von Erkrankten beitragen konnte®.

Um eine modglichst frihzeitige Diagnosestellung und einen raschen Therapiebeginn von
neurodegenerativen Erkrankungen in Zukunft zu ermdglichen, kénnten mit Hilfe einer
nichtinvasiven Methode namens Magnetresonanz-Elastographie (MRE), &hnlich wie bei der
manuellen Palpation, die viskoelastischen Eigenschaften der zu untersuchenden Areale ermittelt
werden'®'", Bei Patienten mit der Parkinson-Krankheit wurde eine reduzierte Viskoelastizitat im
Nucleus lentiformis und atrophiebedingt im gesamten Gehirn festgestellt'>'3. Erste Studien im
Tiermodell fir Multiple Sklerose und Ischdmie haben eine Korrelation von verénderter
Viskoelastizitdt und Zellzusammensetzung gezeigt'*'e. Inwieweit Veranderungen der
biomechanischen Parameter in primdr neurodegenerativen Erkrankungen, wie dem
idiopathischen Parkinsonsyndrom, mit Abweichungen der Zellzusammensetzung von Neuronen,
deren Vorlauferzellen sowie Gliazellen, deren Vernetzung und Dichte Ubereinstimmen, wurde
bisher nicht untersucht.

Ein etabliertes Tiermodell flir Neurodegeneration mit nachfolgender Dopamindepletion ist die
Applikation des Opiumderivats 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridin (MPTP)'’, welches in
den 1980er Jahren Aufmerksamkeit aufgrund irreversibler Parkinsonsyndrome bei akzidentellem
Konsum erlangte'®. Die Injektion von MPTP flihrt zu einem Verlust dopaminerger Neurone in der
SN'7 und wird von entzlindlichen Prozessen begleitet'®?’. Zudem konnten im MPTP-Tiermodel
auch hippocampusassoziierte Defizite, zum Beispiel des rdaumlichen Arbeitsgedachtnisses,
festgestellt werden?'22,

Um die MRE als diagnostisches Werkzeug flr neurodegenerative Erkrankungen weiter zu
etablieren, wurden Messungen der viskoelastischen Parameter in den vulnerablen
Gehirnbereichen des MPTP-Tiermodells durchgefiihrt und eine histologische Aufarbeitung dieser
vorgenommen. Hierzu wurde zum einen der Zusammenhang zwischen den biomechanischen
Eigenschaften im Hippocampus und die Bildung neuer Neurone und deren Vorlauferzellen
untersucht (Studie 1: MRE-Hippocampus-Studie). Zum anderen wurde das Vorhandensein einer
Ubereinstimmung von viskoelastischer und zellulérer Veranderung in der SN eruiert (Studie 2:
MRE-SN-Studie).

Neurodegenerative Erkrankungen werden zudem von entziindlichen Prozessen, zum Beispiel
von der Aktivierung mikroglialer Zellen, Infiltration von Lymphozyten oder Freisetzung von



Botenstoffen, wie Zytokine als auch Prostaglandine, begleitet®. Entziindliche Verédnderungen
beeinflussen selbst auch die adulte Neurogenese®. Indomethazin, ein nichtselektiver
Cyclooxygenase (COX)- Hemmer, konnte in friiheren Studien mit Tiermodellen fir Ischamie und
radioaktiver Bestrahlung die Bildung neuer Neurone im Hippocampus, assoziiert mit einer
Verminderung mikroglialer Aktivitat, fordern®+25. Ebenso zeigte sich in der SN ein geringerer
Verlust dopaminerger Neurone nach MPTP bei praventiver Gabe von Indomethazin?. Daher
interessierten wir uns fir den Einfluss von Indomethazin auf die Bildung neuer Neurone sowie
deren Vorlauferstufen im DG und auf die entztindlichen Veranderungen im Hippocampus und SN
im MPTP-Model fir neurodegenerative Erkrankungen (Studie 3: Indomethazin-Studie).

2. Material und Methodik

2.1. Tiere

Sechs bis zwdlf Wochen alte, weibliche C57BI/6N-Mause (Charles River Laboratories Inc.,
Deutschland) und transgene C57BI/6N-M&use aus der Forschungseinrichtung fir experimentelle
Medizin (Berlin, Deutschland), die das grin fluoreszierende Protein (GFP) unter dem Promotor
fir das Intermediarfilament Nestin (Nestin-GFP) exprimieren, wurden verwendet. Die
Koexpression von GFP und Nestin unterstitzt Nestin exprimierende Zellen, vornehmlich
neuronale Vorlauferzellen, zu identifizieren®’. Die Tiere wurden in einem Standardkéfig in einem
fir Temperatur und Luftfeuchtigkeit kontrollierten Raum mit einem 12-Stunden-Tag/Nacht-
Rhythmus sowie freiem Zugang zu Futter und Wasser gehalten. Alle Experimente wurden mit der
Genehmigung vom Landesamt fiir Gesundheit und Soziales, Berlin und in Ubereinstimmung mit
den Richtlinien des Rates der Europdischen Gemeinschaft vom 22. September 2010
(2010/63/EEC) durchgefiihrt. Die M&use wurden pseudorandomisiert den Gruppen zugeordnet.

2.2. In-vivo-Behandlungen und Untersuchungen
2.2.1. MPTP-Mausmodell fir Dopamindepletion

Zur Erreichung eines dopaminergen Zellverlustes in der SN erhielten die Mause in Studie 1 und
2 das Neurotoxin MPTP-Hydrochlorid (MPTP) und in Studie 3 1-Methyl-4-(2'-methylphenyl)-
1,2,3,6-tetrahydropyridin-Hydrochlorid (auch 2'-Methyl-MPTP genannt, ebenso MPTP), geldst in
0,9 % Kochsalzlésung (NaCl), mit einer Dosis von 20 mg/kg Koérpergewicht (KG) an drei
aufeinanderfolgenden Tagen intraperitoneal (i.p.). Kontrolltiere far MPTP (CTR) wurden
stattdessen mit 0,9 % NaCl behandelt.

Die in den Studien verwendeten Substanzen sind in Tabelle 1 aufgelistet.

Tabelle 1: Liste der verwendeten Substanzen einschlieBlich verwendeter Dosis und Herstellerangabe

Substanz Abkilirzung | Dosis/ Hersteller

Eigenschaften
1-Methyl-4-phenyl-1,2,3,6- MPTP 20 mg/kg KG Sigma-Aldrich Inc., St. Louis, USA;
tetrahydropyridin- Geschenk von Prof. Dr. Christian
Hydrochlorid; Klein, Medizinische Chemie, Institut
1-Methyl-4-(2'-methylphenyl)- fir Pharmazie und Molekulare
1,2,3,6-tetrahydropyridin- Biotechnologie, Universitat
Hydrochlorid Heidelberg, Deutschland




2-Methylbutan unverdinnt Sigma-Aldrich Inc., St. Louis, USA

3,3'-Diaminobenzidin 0,025 mg/ml Sigma-Aldrich Inc., St. Louis, USA

4',6-Diamidin-2-phenylindol DAPI 1:1000 Thermo Fisher Scientific Inc.,
Waltham, USA

5'-Bromo-2'-desoxyuridin BrdU 50 mg/kg KG Sigma-Aldrich Inc., St. Louis, USA

5'-Bromo-2'-desoxyuridin- anti-BrdU 1:500 AbD Serotec, Kidlington, UK

Antikérper

Alexa-488-gekoppelter 1:1000 Invitrogen AG, Carlsbad, USA

Antikérper

Alexa-647-gekoppelter 1:300 Dianova GmbH, Hamburg,

Antikérper Deutschland

Aprotinin 1 pl/ml Sigma-Aldrich Inc., St. Louis, USA

Bio-Plex Pro™ Mouse Bio-Rad Laboratories Inc., Hercules,

Cytokine Th17 Panel A 6- USA

Plex Group 1

Biotinylierter Antikdrper 1:250 Dianova GmbH, Hamburg,
Deutschland

Boratpuffer 0,1 M, pH 8,5 Carl Roth GmbH + Co. KG,
Karlsruhe, Deutschland

Chlorwasserstoff HCI 2N Merck KGaA, Darmstadt,
Deutschland

Cluster-of-differentiation-68- | anti-CD68 1:400 AbD Serotec Kidlington, UK

Antikérper

Doublecortin-Antikérper anti-DCX 1:100 Santa Cruz Biotechnology Inc.,
Dallas, USA

Eselserum 3%, 10 % Sigma-Aldrich Inc., St. Louis, USA

Ethylenclykol 25 % Carl Roth GmbH + Co. KG,
Karlsruhe, Deutschland

Gapdh TagMan® assay Applied Biosystems, Foster City,
USA

Gli TagMan® assay Applied Biosystems, Foster City,
USA

Glycerin 25% Carl Roth GmbH + Co. KG,
Karlsruhe, Deutschland

Griun-fluoreszierendes- anti-GFP 1:250, 1:200 Novus Biologicals, Abcam plc.

Protein-Antikdrper

Hes5 TagMan® assay Applied Biosystems, Foster City,
USA

High Capacity RNA-to- Applied Biosystems, Foster City,

cDNA™ Kit USA

Indomethazin 2,5 mg/kg KG Chiesi Farmaceutici S.p.A., Parma,
Italien

lonisiertes-Calcium- anti-lba1 1:1000 FUJIFILM Wako Chemicals Europe

bindendes-Adaptermolekl- GmbH, Neuss, Deutschland

1-Antikérper

Isofluran 1,5-2% AbbVie Inc., North Chicago, USA




Ketaminhydrochlorid/Xylazin | Ketamin/ 10 %/ 2 %, Provet AG, Lyssach, Schweiz
Xylazin 0,1 ml/ 20 g KG

Kochsalzlésung NaCl 0,9 % B.Braun Melsungen AG, Melsung,
Deutschland

Lef 1 TagMan® assay Applied Biosystems, Foster City,
USA

Natriumborhydrit 1 mg/ml Carl Roth GmbH + Co. KG,
Karlsruhe, Deutschland

NeuroD6 TagMan® assay Applied Biosystems, Foster City,
USA

Neuronal Nuclei-Antikérper anti-NeuN 1:100 Merck Millipore, Billerica, USA

Ngni TagMan® assay Applied Biosystems, Foster City,
USA

Nickelchlorid 0,01 % Sigma-Aldrich Inc., St. Louis, USA

(0,4mg/ml)

Nucleo Spin® RNA/Protein MACHEREY-NAGEL GmbH & Co.

Kit KG

Paraformaldehyd PFA 4 % Sigma-Aldrich Inc., St. Louis, USA

Phosphatgepufferter PBS 0,1M,pH 7,4 Carl Roth GmbH + Co. KG,

Kochsalzlésung Karlsruhe, Deutschland

ProTags®Clear, Quartett GmbH, Berlin, Deutschland

ProTags®PARAmount

Rhodamin-X-gekoppelter 1:250 Dianova, Hamburg, Deutschland

Antikérper

Saccharoselésung 20 % Sigma-Aldrich Inc., St. Louis, USA

TagMan® Fast Advanced Applied Biosystems, Foster City,

Master Mix USA

Thyrosinhydoxylase- anti-TH 1:10000 Sigma-Aldrich Inc., St. Louis, USA

Antikdrper

Triton-X-100 0,1% Sigma-Aldrich Inc., St. Louis, USA

Vectastain® ABC Elite Kit ABC Vector Laboratories Inc., Burlingame,

Reagenz USA

Wasserstoffperoxid H202 0,6 %, 0,3 % Carl Roth GmbH + Co. KG, Karlsruhe,

Deutschland

2.2.2. 5'-Bromo-2'-desoxyuridin (BrdU)-Injektion

Um die Zellproliferation und das Uberleben neu gebildeter Zellen zu quantifizieren, erhielten die
Mause, welche fiir die histologischen Untersuchungen bestimmt waren, in Studie 1 und 3 das
Thymidinanalogon BrdU i.p. an drei aufeinanderfolgenden Tagen mit einer Konzentration von
50 mg/kg KG, beginnend am letzten Tag der MPTP- bzw. NaCl-Injektion.

2.2.3. Indomethazinbehandlung

Indomethazin ist ein Analgetikum aus der Gruppe der nichtsteroidalen Antirheumatika. Seine
Wirkungsweise beruht auf der nichtselektiven Hemmung der COX-1 und -2, so dass durch die
verminderte Bildung von Prostaglandinen eine Ausschiittung entziindungsférdernder Stoffe, wie
zum Beispiel Zytokine, moduliert wird?. In Studie 3 erhielten die Tiere der Interventionsgruppen
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Indomethazin, gelést in destilliertem Wasser, i.p. in einer Konzentration von 2,5 mg/kg KG.
Kontrolltiere fir Indomethazin (vehicle) wurden hingegen mit 0,9 % NaCl behandelt.

2.2.4. Magnetresonanz-Elastographie (MRE)

In den Studien 1 und 2 wurden Messungen viskoelastischer Eigenschaften des Gehirns mittels
MRE durchgefuhrt. Die MRE beruht in diesen Studien auf der Induktion von Scherwellen,
Aufnahme der Ausbreitung mittels eines 7 Tesla Magnetresonanztomographen (MRT, Bruker
PharmaScan 70/16, Ettlingen, Deutschland) und Auswertung mit Welleninversionsalgorithmen.
Wahrend der Messungen waren die Tiere mit Isofluran/Sauerstoff anédsthesiert. Wie ausfihrlich
von Riek und Kollegen™ beschrieben wurden Scherwellen innerhalb des Gehirngewebes
mechanisch induziert, indem Vibrationen mit einer Frequenz von 900 Hz durch einen sinusoidalen
Strom und einer luftgekihlten Lorentz-Spule im magnetischen Randfeld des MRTs generiert und
Uber einen BeiBBstab auf das Tier Ubertragen wurden. Die Bildakquisition erfolgte mit einer
FLASH-Sequenz, modifiziert mit einem sinusoidalen, bewegungssensitiven Gradienten (engl.
motion-sensitizing gradient, MSG) in Schichtselektionsrichtung mittels ParaVision 4.0 Software
(Bruker BioSpin, Ettlingen, Germany). Weitere Parameter waren: 9 Zyklen, 285 mT/m MSG-
Amplitude, 116,2 ms Wiederholungszeit, 128 x 128 Matrixgr6Be, 25 mm Sichtfeld, 2 mm
Schichtdicke, 14,3 ms Echozeit, 8 Aufnahmen Gber einen Zyklus und 20 Minuten Aufnahmezeit.
Die viskoelastischen Parameter wurden aus dem komplexen Schermodul G*, welcher mithilfe
einer 2D-Helmholtz-Inversion aus den Wellenbildern bestimmt und rdumlich Uber die relevanten
Messbereiche gemittelt wurde, berechnet. Die relevanten Messbereiche: Hippocampus (Studie 1
und 2), gesamtes Gehirn (Studie 1), SN (Studie 2) und Mittelhirn exklusive SN (Studie 2) wurden
manuell in einer T1-gewichteten Aufnahme eingezeichnet. Das komplexe Schermodul G* besteht
aus dem Realteil, ,storage modulus®, G'=Re(G*), Parameter fir Elastizitat, und dem Imaginarteil,
,l0ss modulus®, G"=Im(G*), Parameter fur Viskositat, welcher vor allem aus der Geometrie und
Dichte des mechanischen Netzwerks bestimmt wird. Insbesondere in elastischen Geweben kann
die Elastizitdt und Viskositdt auch durch die Parameter Magnitude abs(G*) und dem
Phasenwinkel ¢ dargestellt werden.

MRT Elastogramm Realteil G' Elastogramm Imaginarteil G"

.

0..15kPa

«

Abbildung 1: Représentative Bilder des Magnetresonanztomographie (MRT)-Signals in T1-Wichtung zur Einzeichnung
der Messbereiche (rot: Substantia nigra, gelb: Hippocampus, blau: Mittelhirn) und Magnetresonanz-Elastogramme des
Realteils G und Imaginarteils G* in Kilopascal (kPa). (Modifiziert aus Referenz 29).
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2.3. Versuchsaufbau
2.3.1. Studie 1: MRE-Hippocampus-Studie

Mit einer Gruppe unbehandelter, transgener Nestin-GFP-C57BI/6N-Mause (n=5) wurden MRE-
Messungen zur Ermittlung der Ausgangswerte viskoelastischer Parameter an Tag -3 post
injectionem (engl. post-injection day, dpi) durchgefihrt. Hiernach wurde diesen Tieren als CTR-
Gruppe 0,9 % NaCl i.p. an -2, -1 und 0 dpi injiziert und es erfolgten weitere MRE-Messungen an
3, 6, 10, 14 und 18 dpi. Im weiteren Verlauf wurde denselben Tieren nach Abschluss der
Kontrollmessungen MPTP an -2, -1 und 0 dpi i.p. injiziert und es fanden weitere MRE-Messungen
an 3, 6, 10, 14 und 18 dpi statt. Parallel zu den Tieren, welche die MRE-Messungen durchliefen,
wurden weitere elf Gruppen von transgenen Nestin-GFP-C57BI/6N-Mausen (n=5) als
histologische Referenzgruppen zu den MRE-Messungen gebildet. Eine Gruppe wurde als
Ausgangsgruppe an -3 dpi perfundiert. Die anderen Gruppen wurden entweder mit 0,9 % NaCl
oder MPTP i.p. an -2, -1 und 0 dpi behandelt und an den jeweiligen Messtagen (3, 6, 10, 14, 18
dpi) perfundiert. Den Mausen der histologischen Gruppen wurde zudem zur Identifikation sich
teilender Zellen in der unter 2.2.2. beschriebenen Methode BrdU verabreicht, wobei die Tiere der
Ausgangsgruppe an -3 dpi zehn Stunden vor Perfusion BrdU erhielten. Das Schema der
zeitlichen Abfolge befindet sich in Abbildung 2.

studie1 [ TRCE T T T T T T T T T T T T T T T T T
swie2 [ T T T T T T T T T T T T T T T T T
dpi =3 -2 A 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Studie 3

sT-Gruppe  [HENNINNNN WO DO D
\T-ruppe  [HNNDINNNNI WO O TONNN VOO [OUNN DO [N DO OO
-BrdU Ausgangsgruppe DMRE-MessunglPer‘fusion

BveTeicTR [Emete [Brdu [l indomethazinivehicle [l Perfusion

Abbildung 2: Schematischer Versuchsaufbau aller drei Studien. dpi: post-injection day, ST: short-term treatment, LT:
long-term treatment, BrdU: 5'-Bromo-2'-desoxyuridin, MRE: Magnetresonanz-Elastographie, MPTP: 1-Methyl-4-
phenyl-1,2,3,6-tetrahydropyridin, CTR: Kontrolltiere fir MPTP, vehicle: Kontrolltiere flir Indomethazin.

2.3.2. Studie 2: MRE-SN-Studie

Mit einer Gruppe von zunachst unbehandelten C57BI/6N-Mausen (n=5) wurden MRE-
Messungen zur Ermittlung eines Ausgangswertes fur die Elastizitat G' und Viskositat G" an -3 dpi
durchgefuhrt. Hiernach wurde diesen Tieren MPTP an -2, -1 und 0 dpi i.p. injiziert und es erfolgten
weitere MRE-Messungen an 3, 6, 10, 14 und 18 dpi. Parallel zu den Tieren, die die MRE-
Messungen durchliefen, wurden weitere sechs Gruppen von C57BlI/6N-Mausen (n=5) als
histologische Referenz zu den MRE-Messungen gebildet. Von denen wurde eine Gruppe ohne
Behandlung an -3 dpi perfundiert. Die anderen Gruppen wurden ebenfalls mit MPTP i.p. an -2,
-1 und 0 dpi behandelt und an den korrespondierenden Messtagen (3, 6, 10, 14, 18 dpi) getétet.
Das Schema der zeitlichen Abfolge kann aus der Abbildung 2 enthommen werden.
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2.3.3. Studie 3: Indomethazin-Studie

Sowohl Wildtyp-C57BI/6N- als auch transgene Nestin-GFP-C57BI/6N-Mause wurden zunachst in
zwei Gruppen aufgeteilt, um entweder das Neurotoxin MPTP oder 0,9 % NaCl i.p. an drei
aufeinanderfolgenden Tagen (-2 dpi bis 0 dpi) zu erhalten. Die anschlieBende Behandlung mit
dem Medikament Indomethazin wurde in den Interventionsgruppen der MPTP- und CTR-
behandelten M&usen wie unter 2.2.3. beschrieben durchgefuhrt. Die Indomethazininjektion
erfolgte entweder Uber sechs aufeinanderfolgende Tage (Kurzzeitbehandlung, engl. short-term
treatment, ST) oder Uber 17 Tage an jedem zweiten Tag (Langzeitbehandlung, engl. long-term
treatment, LT). Die Perfusion fand flr die ST-Gruppe an 7 dpi und fir die LT-Gruppe an 18 dpi
statt. Den M&usen flr die histologischen Auswertungen wurde zur Identifikation sich teilender
Zellen in der unter 2.2.2. beschriebenen Methode BrdU verabreicht. Die Tiere fur die
molekularbiologischen Analysen erhielten stattdessen 0,9 % NaCl i.p.. In Abbildung 2 stellt sich
die Reihenfolge der Injektionen schematisch dar.

2.4. Perfusion und Probengewinnung

Die Tiere fur die histologischen Analysen aller drei Studien wurden zuerst tief mit Ketamin/Xylazin
analgosediert, dann transkardial mit phosphatgepufferter Kochsalzlésung (engl. phosphate
buffered saline, PBS) und anschlieBend mit 4 % Paraformaldehyd (PFA) perfundiert. Hiernach
wurden die Gehirne entnommen, bei 4 °C Uber Nacht in PFA post-fixiert und anschlieBend zur
Dehydratation in 30 %-Saccharoselésung gegeben. Nach zwei Tagen wurden die Gehirne in
2-Methylbutan, gekihlt auf -72 °C mit FlUssigstickstoff, gefroren. Die Gehirne wurden mit einem
Kryostaten (Leica CM1850 UV, Leica Biosystems GmbH, Wetzlar, Deutschland) koronar in
40 pum dicke Scheiben geschnitten und bei 4 °C in einer kryoprotektiven Lésung (PBS mit 25 %
Glycerin und 25 % Ethylenglykol) gelagert.

Den Tieren fur die molekularen Analysen der Studie 3 wurde nach tiefer Narkose mit
Ketamin/Xylazin zun&chst Blut aus der Vena cava inferior entnommen. Hiernach erfolgte die
transkardiale Perfusion mit PBS. Die herauspraparierten Gehirne wurden auf Trockeneis
gefroren. Den Blutproben wurde Aprotinin zur Hemmung der Fibrinolyse hinzugefiigt. Die Proben
wurden bei 8000 x g fur 15 Minuten bei 4 °C zentrifugiert und die Sera abgenommen. Gehirne
und Sera wurden bei -80 °C gelagert.

2.5. Histologie und Zellquantifizierung
2.5.1. Immunhistochemie

Zur Quantifizierung BrdU-positiver Zellen, dopaminerger Zellen und, als Ausdruck zellularer
Entziindungsreaktion, Cluster-of-Differentiation (CD) 68-positiver sowie lonisiertes-Calcium-
bindendes-Adaptermolekil (Iba) 1-positiver Zellen wurde in Studie 1 jeder zwdlfte, in Studie 2
und 3 jeder sechste Schnitt gefarbt. An den Schnitten fir die Farbung von CD68 in Studie 3 wurde
zuerst eine Antigendemaskierung mit Natriumborhydrid durchgeflihrt. Dann wurden die Schnitte
aller immunhistochemischen Farbungen mit 0,6 % Wasserstoffperoxid (H202) behandelt. Fir die
BrdU-Farbungen in Studie 3 wurden die Schnitte zudem fir 30 Minuten mit Chlorwasserstoff (HCI)
inkubiert und anschlieBend mit Boratpuffer und PBS gewaschen. Nach Antigenblockierung mit
Eselserum angereichertem PBS (PBS+, bestehend aus PBS mit 0,1 % Triton-X-100 und 3 %
oder 10 % Eselserum), erfolgte die Inkubation mit dem Erstantikérper (anti-BrdU, anti-lbat, anti-
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CD68, anti-Thyrosinhydroxylase (TH)) bei 4 °C Uber Nacht. Am zweiten Tag wurden nach
erneuter Waschung die Schnitte zuerst fir zwei Stunden mit dem biotinisierten Zweitantikrper
und danach fir eine Stunde mit ABC-Reagenz inkubiert. Als Farbstoff diente
3,3’-Diaminobenzidin, gelést in PBS, 0,01 % H202 und 0,04 % Nickelchlorid. Nach Waschung
erfolgte die Entwasserung mit einer aufsteigenden Alkoholreihe und ProTags®Clear sowie das
Eindeckeln mit ProTags®Paramount.

Zur Quantifizierung der absoluten Zahlen wurde mittels manueller Auszahlung auf jedem zwdlften
(Studie 1) oder sechsten Schnitt (Studie 2 und 3) die Anzahl Iba1-positiver Zellen, améboider
CD68-positiver Zellen als Ausdruck aktivierter Mikroglia und Makrophagen im Kérnerzellband,
subgranularen Zone, Molekularschicht sowie Hilius, BrdU-positiver, proliferativer Zellen in der
Kérnerzellschicht und subgranuléren Zone des DG in 200-facher VergréBerung und TH-positiver,
dopaminerger Neurone sowie amdboider CD68-positiver Zellen in der SN in 400-facher
VergréBerung an einem Lichtmikroskop (Axioskop HB50/AC, Carl Zeiss Jena GmbH, Jena,
Deutschland) ermittelt und zur Berechnung der Gesamtzellzahl mit zwélf oder sechs multipliziert.
Die Auszahlung der Gesamtzellzahl Iba1- und CD68-positiver Zellen in der SN wurde mittels
Stereo Investigator® (MBF Bioscience, Williston, USA) an einem Leica DMRA (Leica Biosystems
GmbH, Wetzlar, Deutschland) durchgefiihrt. Nach Festlegung der Z&hlbereiche in 50- bzw. 40-
facher VergrdoBerung wurden die Ibal- bzw. alle CD68-positiven Zellen in 400-facher bzw. 200-
facher VergréBerung mit einem Durchmusterungsgitter von 150 um x 120 um GréBe und einem
Zahlrahmen von 60 um x 60 um GrdBe markiert. Der Fehlerkoeffizient (Gundersen, m = 1) war
<0,09. Die Anzahl ramifizierter CD68-positiver Zellen ergab sich aus der Differenz der Zellzahl
aller und amdéboider CD68-positiver Zellen.

2.5.2. Immunfluoreszenz

Zur Typisierung der sich teilenden Zellen und Einordung in den Reifeprozess neuer Neurone im
DG wurde jeder zwdlfte Schnitt dreifach gefarbt fur BrdU, Nestin (unter GFP), Doublecortin (DCX)
oder BrdU, Nestin (unter GFP), Neuronal Nuclei (NeuN) oder BrdU, DCX und NeuN. Zuné&chst
wurden die Schnitte fir die BrdU-Visualisierung fir 30 Minuten mit HCI inkubiert und anschlieBend
mit Boratpuffer und PBS gewaschen. Nach Antigenblockierung mit PBS+ erfolgte die Inkubation
mit den Erstantikbrpern (anti-BrdU, anti-GFP, anti-DCX, anti-NeuN) bei 4 °C fir 48 Stunden
(Studie 1) oder tber Nacht (Studie 3). Am zweiten Farbetag wurden nach erneuter Waschung die
Schnitte lichtgeschitzt fir vier Stunden mit den fluoreszierenden Zweitantikérpern (Rhodamin-X,
Alexa-488, Alexa-647) inkubiert.

Zur Quantifizierung aller Zellen jeglichen Typus in der subgranularen Zone und des
Kérnerzellbandes des DG (Studie 1) sowie in der SN, Mittelhirn exklusive SN und DG (Studie 2)
wurde ebenso jeder zwdlfte Schnitt mit dem in PBS-gelésten Fluoreszenzfarbstoff 4’,6-Diamidin-
2-phenylindol (DAPI), welcher alle Zellkerne markiert, fir sieben Minuten inkubiert.

Nach Waschung der Schnitte erfolgte die Entwasserung mit einer aufsteigenden Alkoholreihe und
ProTaqs®Clear sowie das Eindeckeln mit ProTags®Paramount.

In Studie 1 wurde zur Quantifizierung BrdU-positiver Zellen des DG die manuell ermittelte Anzahl
unter Benutzung eines Fluoreszenzmikroskops (Axioskop HB50/AC, Carl Zeiss Jena GmbH,
Jena, Deutschland) bei 400-facher VergréBerung mit zwolf multipliziert.

Zur Typisierung der proliferierenden Zellen (Studie 1 und 3) wurde in insgesamt 50 zufallig
ausgewahlten, BrdU-positiven Zellen im DG die Koexpression von Nestin, DCX und/oder NeuN

14



durch die Bildung von z-Stapeln in der konfokalen Lasermikroskopie (Leica TCS SP2, Leica
Biosystems GmbH, Wetzlar, Deutschland) bei 400-facher und 630-facher VergréBerung
analysiert. Eine morphologische Unterscheidung erfolgte zwischen BrdU/Nestin-positiven Typ-1-
Zellen, welche ein dreieckséhnliches Soma und einen apikalen Fortsatz haben, und BrdU/Nestin-
positiven Typ-2a-Zellen, welche kurze, tangential orientierte Fortsatze besitzen*. Zur Ermittlung
der absoluten Zellzahlen wurden die prozentualen Werte auf die Zahl aller BrdU-positiven Zellen
Ubertragen. Die Auszahlung der DAPI-positiven Zellen wurde nach Markierung der Zahlbereiche
in 50-facher VergréBerung bei 400-facher VergréBerung (Studie 1: Zahlrahmen: 30 um x 30 um,
Durchmusterungsgitter: 120 um x 100 pm; Studie 2: Zahlrahmen: 60 pm x 60 pm;
Durchmusterungsgitter: SN: 250 um x 200 um, Mittelhirn und Hippocampus: 600 um x 600 um)
mittels Stereo Investigator® (MBF Bioscience Williston, USA) an einem Leica DMRA (Leica
Biosystems GmbH, Wetzlar, Deutschland) durchgefiihrt. Der Fehlerkoeffizient (Gundersen, m=1)
war <0,09.

2.6. Molekularbiologie
2.6.1. Enzymatisches Immunadsorptionsverfahren

Zur Bestimmung der Proteinkonzentration der Zytokine: Interleukin (IL)-18, IL-6, IL-10, IL-17a,
Interferon(IFN)-y und Tumornekrosefaktor (TNF)-a, in Serum (Studie 3) wurde das enzymatische
Immunadsorptionsverfahren (engl. enzyme-linked immunosorbent assay, ELISA) verwendet.
Hierzu wurde das Bio-Plex Pro™ Mouse Cytokine TH17 Panal A 6-Plex Group 1 Kit entsprechend
dem Herstellerprotokoll Bio-Plex Pro™ Cyokine, Chemokine, and Growth Factor Assays
Instruction Manual benutzt. Die Messung und Kalkulation der Fluoreszenzsignale und
Konzentrationen erfolgte mit einem Bio-Plex® 200 System (Bio-Rad Laboratories Inc., Hercules,
USA).

2.6.2. Quantitative Polymerase-Kettenreaktion

Um Veranderungen in den regulatorischen Signalwegen der Neurogenese zu ermitteln, wurde
die Genexpression von gli1, hes5, lef1 als Effektorgene des Sonic Hedgehog-, Notch- bzw. Wnt-
Signalwegs, und von neuroD6 sowie ngn1 als proneurogene Faktoren analysiert. Hierfir wurden
Proben von 1 mm Durchmesser von Scheiben des vorderen Hippocampus, welche koronar von
Bregma -1,82 bis -2,3 mm mittels Kryostaten (Leica CM1850 UV, Leica Biosystems GmbH,
Wetzlar, Deutschland) herausgeschnittenen wurden, fir die quantitative Polymerase-
Kettenreaktion herausgestanzt. Nach Extraktion und Aufreinigung der Boten-Ribonukleinsaure
(engl. ribonucleic acid, RNA) mittels Nucleo Spin® RNA/Protein Kit, erfolgte die Synthese der
komplementaren Desoxyribonukleinsdure (engl. complementary deoxyribonucleic acid, cDNA)
unter Benutzung des High Capacity RNA-to-cDNA™ Kit. Hiernach wurde eine Amplifizierung mit
dem TagMan® Fast Advanced Master Mix unter den Assays fur gli1, hes5, lef1, neuroD6, ngnt
und gapdh laut TagMan® Fast Advanced Master Mix Protocol im StepOne™ Real-Time PCR
System (Applied Biosystems, Foster City, USA) durchgefiihrt. Gapdh diente als Referenzgen, um
die relative Genexpression mittels vergleichender Ci-Methode (AAC) in der Software StepOne™
(Applied Biosystems, Foster City, USA) zu normieren und die Expressionslevel zu berechnen.
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2.7. Statistische Analyse und Darstellung

Die statistischen Auswertungen wurden mit IBM SPSS Statistics (International Business
Machines Corporation (IBM), Armonk, USA) Version 19 sowie 25 und GraphPad Prism
(GraphPad Software, San Diego, USA) Version 5 sowie 7 durchgefiihrt. Die Daten wurden mit
einer einfaktoriellen oder zweifaktoriellen Varianzanalyse (engl. analysis of variance, ANOVA) mit
oder ohne Messwiederholung getestet. Bei statistischer Signifikanz von p<0,05 schlossen sich
paarweise Vergleiche mit dem Post-hoc-Test nach Bonferroni an. Die Daten wurden als Mittelwert
t+Standardfehler oder Boxplots mit Median, 25. bis 75. Perzentile als Box sowie minimaler und
maximaler Wert als Whiskers dargestellt. Die Graphen wurden mit GraphPad Prism (GraphPad
Software, San Diego, USA) Version 5 sowie 7 erzeugt. Es erfolgte bei n=2 keine statische
Auswertung der DAPI-Zellz&hlung in Studie 2.

3. Ergebnisse

3.1. MRE-Hippocampus-Studie (Studie 1): Transient hdhere Elastizitat im Hippocampus ist
assoziiert mit kurzfristig gesteigerter Neurogenese nach Dopamindepletion

Es wurden die Parameter der Elastizitat: Realteil G' sowie Magnitude abs(G*), und der Viskositét:
Imaginérteil G" sowie Phasenwinkel @, im Hippocampus einschlieBlich des DG und im gesamten
Hirnparenchym in einer Ausgangsgruppe an -3 dpi und in MPTP-behandelten sowie CTR-Tieren
an den Tagen 3, 6, 10, 14 und 18 dpi ermittelt. Es zeigte sich ein transienter Anstieg der
Viskoelastizitat, gleichbedeutend mit einer kurzfristigen Versteifung, nach MPTP-Behandlung im
Vergleich zur CTR-Gruppe an 6dpi (G': F(5,40) = 3,841, p<0,01; G": F(5,40) = 4,240, p=<0,01;
abs(G*): F(5,40) = 4,045, p<0,01; MPTP vs. CTR 6 dpi: p<0,01). Hier erhéhten sich nach
Dopamindepletion die Werte auf G' = 6,971 (x1,019) kPa, G" = 1,767 (x0,103) kPa und abs(G*)
= 7,192 (£1,011) kPa. Die Messwerte der CTR-Tiere betrugen im Hippocampus G' = 4,608
(x0,719) kPa, G" = 1,388 (+0,125) kPa und abs(G*) = 4,816 (+0,705) kPa. Dies bedeutet eine
Erhéhung der Viskoelastizitdt um 51%, 27% bzw. 49% im Hippocampus sechs Tage nach MPTP-
Behandlung. Ferner zeigte sich ein Anstieg der Viskoelastizitat Gber die Zeit (G": F(5,40) = 5,239,
p<0,001; G": (F(5,40) = 9,699, p<0,001; abs(G*) (F(5,40) = 5,689, p<0,001). Der Phasenwinkel ¢
war weder durch die Zeit noch durch die MPTP-Behandlung signifikant veréandert. Im gesamten
Hirnparenchym lief3 sich ebenfalls ein kurzfristiger Anstieg der Messparameter an 6 dpi erkennen
(G': F(5,40) = 4,811, p<0,01; G": F(5,40) = 3,271, p<0,05; abs(G*): F(5,40) = 4,756, p<0,01).

In der histologischen Auswertung des DG MPTP-behandelter Tiere zeigte sich ein transienter
Anstieg in den absoluten Zahlen neu generierter BrdU/Nestin-positiver Vorlauferzellen (F(5,48) =
2,758, p<0,05). In der relativen Anzahl neuer neuronaler Vorlauferzellen aller Tiere liel3 sich tGber
die Zeit eine Reduktion finden (F(5,48) = 9,070, p<0,001), wohingegen die der neu gebildeten
BrdU/NeuN-positiven Neurone stieg (F(5,48) = 41,910, p<0,001). In den paarweisen Vergleichen
offenbarte sich in den MPTP-behandelten Tieren eine gesteigerte Proliferation von neuronalen
Vorlauferzellen im Vergleich zur CTR-Gruppe an 3 dpi sowohl in den relativen (CTR vs. MPTP 3
dpi: p<0,05) als auch in den absoluten Zellzahlen (CTR vs. MPTP 3 dpi: p<0,001), wobei sich hier
am nachfolgenden Messtag eine Reduktion zeigte (MPTP 3 dpi vs. MPTP 6 dpi: p<0,01). An
diesem Beobachtungszeitpunkt konnte stattdessen eine hdhere relative Anzahl neu generierter
BrdU/NeuN-positiver Neurone (CTR vs. MPTP 6 dpi: p<0,05) eruiert werden, welche zeitlich zum
Anstieg der viskoelastischen Parameter nach MPTP-Behandlung korrespondiert.
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Die Anzahl der Ibai-positiven Zellen stieg Uber die Zeit (F(5,48) = 9,635, p<0,001). In den
paarweisen Vergleichen konnte eine héhere Anzahl von Mikroglia nach MPTP-Gabe an 3 dpi
(CTR vs. MPTP 3 dpi: p<0,05) gesehen werden. Die Zahl aller DAPI-positiven Zellen im
Koérnerzellband inklusive der subgranularen Zone war weder durch MPTP-Behandlung noch
durch die Zeit veréndert.

3.2. MRE-SN-Studie (Studie 2): Reduktion der Viskoelastizitat in der SN ist assoziiert mit dem
Verlust dopaminerger Neurone nach MPTP-Behandlung

Es wurden die viskoelastischen Parameter in der Ausgangsgruppe an -3 dpi und MPTP-
behandelten Tieren an 0, 3, 6, 10, 14 und 18 dpi in der SN, Mittelhirn exklusive der SN und
Hippocampus ermittelt.

In der SN ergab sich nach MPTP-Gabe eine Reduktion in den elastischen und viskésen
Messparametern (G*: F(5,29) = 4,274, p<0,01; G*: F(5,29) = 8,350, p<0,001). In den paarweisen
Vergleichen zeigte sich eine verringerte Elastizitat innerhalb der ersten beobachteten Zeitpunkte
nach MPTP-Behandlung (3 dpi vs. 6 dpi: p<0,05) und eine verminderte Viskositat im Vergleich
zur Ausgangsgruppe (-3 dpi vs. 6 dpi: p<0,001, -3 dpi vs. 10 dpi: p<0,05, -3 dpi vs.18 dpi: p<0,01),
so dass durch Gabe von MPTP vor allem die viskdsen Eigenschaften der SN abnehmen.

Im Mittelhirn hingegen konnte ein kontinuierlicher Anstieg der Elastizitat G’ (F(5,29) = 6,702,
p<0,001; -3 dpi vs. 6 dpi und 18 dpi: p<0,01; -3 dpi vs.14 dpi: p<0,05) und der Viskositat G*
(F(5,29) = 6,895, p<0,001; -3 dpi vs. 6 dpi und 18 dpi: p<0,01) nach MPTP-Behandlung eruiert
werden. Insbesondere die erhdhte Elastizitat weist auf eine kontinuierliche Versteifung des
Mittelhirns hin.

Im Hippocampus konnte durch Dopamindepletion ein transienter Anstieg in den Messparametern
der Elastizitdt G’ (F(5,29) = 11,75, p<0,001; -3 dpi vs. 6 dpi: p<0,001) und der Viskositat G"
(F(5,29) = 8,075, p<0,001; -3 dpi vs. 6 dpi: p<0,01) beobachtet werden, welches auf eine
kurzfristige Versteifung hindeutet.

In der Ausgangsgruppe zeigte sich eine signifikante Differenz im Messparameter G* in den drei
Arealen (F(2,14) = 5,396, p<0,05), wobei die paarweisen Vergleiche eine h6éhere Viskositat im
Mittelhirn (1,836 + 0,043 kPa) als im Hippocampus (1,426 + 0,051 kPa) (p<0,05) offenbarte.

In der histologischen Auswertung der SN offenbarte sich eine Reduktion in der Anzahl TH-
positiver, dopaminerger Neurone nach MPTP-Behandlung (F(5,28) = 7,499, p<0,001) an allen
Messtagen im Vergleich zur Ausgangsgruppe (-3 dpi vs. 3 dpi and 6 dpi: p<0,001, -3 dpi vs. 10
dpi, 14 dpi und 18 dpi: p<0,01). Bereits am ersten Messtag nach der Behandlung (3 dpi) konnte
eine Reduktion dopaminerger Neurone um ca. 57% auf 856 Zellen von 2018 Zellen an -3 dpi
beobachtet werden.

In der Anzahl der Mikroglia zeigte sich ein Anstieg auf 21732 Iba1-positive Zellen am ersten
Messtag nach MPTP-Gabe (F(5,28) = 5,706, p<0,01; -3 dpi vs. 3 dpi: p<0,05). Hiernach kam es
zu einer stetigen Erholung bis fast auf den Ausgangswert mit ca. 15000 Zellen, insgesamt
Ausdruck einer kurzzeitigen zellularen entziindlichen Reaktion.

Zudem konnte bei jeweils n=2 in der SN eine Reduktion DAPI-positiver Zellen von 224700
(x6967) in der Ausgangsgruppe auf 164083 (x8417) an 6 dpi festgestellt werden. Danach kam
es wieder zu einem leichten Anstieg der Gesamtzellzahl. Ebenso zeigte sich eine Reduktion von
1834800 (£116400) DAPI-positiven Zellen an -3 dpi auf 1333800 (x60600) an 6 dpi im Mittelhirn.
Im Hippocampus hingegen konnte ein temporérer Anstieg der Gesamtzellzahl von 1385400
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(x155400) Zellen in der Ausgangsgruppe auf 1468200 (+89400) Zellen an 6 dpi beobachtet
werden.

3.3. Indomethazin-Studie (Studie 3): Héhere Uberlebensrate neuer Neurone im DG durch
Indomethazinbehandlung nach MPTP-Gabe in Zusammenhang mit verringerter zellularer
Inflammation und hochregulierter proneurogener Signalwege

Zur Evaluation des Indomethazineffekts auf die adulte Neurogenese erfolgte die histologische
Auswertung von Anzahl und Typisierung BrdU-inkorporierender Zellen. In der LT-Gruppe konnte
im DG eine Reduktion neuer reifer BrdU/NeuN-positiver Neurone durch MPTP-Gabe (F(1,26) =
5,413, p<0,05; CTR + vehicle vs. MPTP + vehicle: p<0,05) beobachtet werden, welche durch die
Behandlung mit Indomethazin verhindert werden konnte (MPTP + vehicle vs. MPTP +
Indomethazin: p<0,01). In der Kontrollgruppe ergab sich keine Veranderung durch Indomethazin
(CTR + vehicle vs. CTR + Indomethazin: p=0,748).

In der Gesamtzellzahl proliferierender BrdU-positiver Zellen ergaben sich an beiden
Beobachtungszeitpunkien keine signifikanten Veranderungen. In den absoluten Zahlen
neuronaler Vorlauferzellen zeigte sich ein signifikanter Interaktionseffekt in der Zahl der
BrdU/Nestin/DCX-positiven Typ-2b-Zellen in der ST-Gruppe (F(1,26) = 4,325, p<0,05), wobei die
paarweisen Vergleiche keinen signifikanten Unterschied darlegten. Durch MPTP-Behandlung
lieB sich jedoch eine Reduktion neuer BrdU/Nestin-positiver Typ-2a-Zellen in der LT-Gruppe
(F(1,28) = 4,893, p=<0,05) ermitteln. Keine signifikanten Effekte waren in den absoluten Zahlen
der BrdU/Nestin-positiven Typ-1-Zellen, BrdU/Nestin-positiven Typ-2a-Zellen in der ST-Gruppe
und BrdU/Nestin/DCX-positiven Typ-2b-Zellen in der LT-Gruppe sowie BrdU/DCX-positive Typ-
3-Zellen, welche ebenso die unreifen Neurone beinhalten, an beiden Zeitpunkten zu sehen.

In der Analyse regulatorischer Signalwege der Neurogenese zeigte sich in der mRNA-Expression
von lefl, Effektorgen des Wnt-Signalweges, eine Reduktion durch alleinige MPTP- oder
Indomethazinbehandlung in den Kontrolltieren der ST-Gruppe (F(1,16) = 7,067, p<0,05; CTR +
vehicle vs. MPTP + vehicle: p<0,05; CTR + vehicle vs. CTR + Indomethazin: p<0,01). Zu diesem
Zeitpunkt stellte sich auch die Expression des antineurogenen Gens hes5 aus dem Notch-
Signalweg, unabhéangig von der jeweils anderen Behandlung, durch das Neurotoxin verringert
(F(1,16) = 5,469, p<0,05), aber durch das Medikament erhéht (F(1,16)= 5,482, p<0,05) dar. Die
Indomethazinbehandlung bewirkte zudem eine gesteigerte mMRNA-Expression des
proneurogenen Gens neuroD6 in der ST-Gruppe (F(1,16) = 9,530, p<0,01). Diese war jedoch
verringert in der LT-Gruppe (F(1,16) = 13,548, p<0,01). Es konnte keine mMRNA-Expression des
Gens ngnt in der ST-Gruppe gemessen werden. Es zeigten sich keine signifikanten Effekte in
der mRNA-Expression von ngntin der LT-Gruppe und gli1 an beiden beobachteten Zeitpunkten.
Zur Evaluation zellularer entziindlicher Reaktionen wurde die Anzahl Ibai- und CD68-positiver
Zellen bestimmt. Im DG der Tiere konnte eine héhere Anzahl améboider CD68-positiver Zellen,
Ausdruck aktivierter Mikroglia und Makrophagen, in beiden Messzeitrdumen in nur mit MPTP-
behandelten Tieren im Vergleich zur Kontrolle beobachtet werden (ST: F(1,28) = 7,923, p<0,01;
CTR + vehicle vs. MPTP + vehicle: p<0,001; LT: F(1,26) = 5,860, p<0,05; CTR + vehicle vs. MPTP
+ vehicle: p<0,05). In der ST-Gruppe konnte dies durch die Indomethazinbehandlung verhindert
werden (MPTP + vehicle vs. MPTP + Indomethazin: p<0,01). Keine signifikanten Unterschiede
stellten sich in der in der Anzahl ramifizierter CD68-positiver und aller CD68-positiver Zellen dar.
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In der Menge Ibal-positiver Zellen konnte in der ST-Gruppe eine Interaktion der Faktoren
(F(1,28)=4,497, p<0,05) ohne signifikante paarweise Vergleiche ermittelt werden.

Neben der zelluldren Komponente wurden zudem die Konzentrationen von Zytokinen im Serum
gemessen. Hier konnte in der LT-Gruppe eine Konzentrationserhbhung des
antiinflammatorischen ILs-10 (F(1,31) = 4,432, p<0,05; CTR + vehicle vs. MPTP + vehicle:
p<0,05) und des proinflammatorischen ILs-17a (F(1,29) = 7,825, p<0,01; CTR + vehicle vs. MPTP
+ vehicle: p<0,01) nach MPTP-Gabe ermittelt werden. Indomethazinbehandlung hingegen
verhinderte dies (MPTP + vehicle vs. MPTP + Indomethazin IL-10 und IL-17a: p<0,01). Es zeigten
sich keine signifikanten Unterschiede in den Konzentrationen der proinflammatorischen Zytokine
IL-1B, IL-6, IFN- y, und TNF-a an beiden beobachteten Zeitpunkten.

In der SN wurde der Effekt der Indomethazinbehandlung auf die Anzahl dopaminerger Neurone
und ebenso auf die zellulare entziindliche Reaktion eruiert. Durch MPTP-Gabe zeigte sich eine
Reduktion TH-positiver, dopaminerger Neurone an beiden Zeitpunkten (ST: F(1,26) = 8,609,
p<0,01; LT: F(1,33) = 11,303, p<0,01). Die Indomethazinbehandlung hatte hier keinen Effekt (ST:
F(1,26) = 2,573, p=0,121; LT: F(1,33) = 3,189, p=0,083). In der Auswertung lba1-positiver Zellen
stellte sich nach Dopamindepletion mehr Mikroglia dar (ST: F(1,28) = 7,715, p<0,01; CTR +
vehicle vs. MPTP + vehicle: p<0,01; LT: (F(1,26) = 5,800, p<0,05; CTR + vehicle vs. MPTP +
vehicle: p<0,05), wohingegen die nachfolgende Indomethazingabe dem entgegenwirkte (MPTP
+ vehicle vs. MPTP + Indomethazin: ST p<0,001, LT p<0,05). In der ST-Gruppe wurde auch eine
verringerte Anzahl der améboiden CD68-positiven Zellen durch Indomethazingabe allein (F(1,28)
= 14,753, p<0,001) ermittelt. Ansonsten ergaben sich in den Zahlen der CD68-positiven Zellen in
der SN keine Effekte.

4. Diskussion

In den drei Studien konnte in einem neurotoxininduzierten Tiermodell fir Neurodegeneration
dargelegt werden, dass insbesondere Neurone zu den viskoelastischen Eigenschaften von
Gehirngewebe beitragen und das Uberleben neuer Neurone durch Indomethazin, begleitet von
antiinflammatorischen Effekten, geférdert wird.

In der MRE-Hippocampus-Studie (Studie 1) konnte drei Tage nach MPTP-Gabe eine temporar
gesteigerte Bildung von zunachst neuronalen Vorlauferzellen beobachtet werden. Der kurzzeitige
Anstieg neuronaler Vorlauferzellen im DG nach MPTP-Behandlung wurde bereits in einer
friheren Studie beobachtet und kann als temporérer, endogener, reaktiver Versuch des
Hippocampus mittels Regeneration einem neuronalen Verlust entgegenzuwirken interpretiert
werden®. In der jetzigen Studie ergab sich nachfolgend durch die weitere Differenzierung auch
ein Anstieg in der relativen Zahl neuer Neurone an 6 dpi, welches ebenso das Bild eines
kurzzeitigen Regenerationseffektes unterstiitzt.

An 6 dpi war zudem ein temporarer Anstieg der viskoelastischen Parameter mittels MRE zu
verzeichnen. Trotzdem sich die Dichte neuer Neurone nur um 10 % steigerte, fand durch die
maogliche Integration dieser im DG in das bestehende biomechanische Gerist insbesondere eine
Erhdéhung der Elastizitat, d.h. Versteifung, um fast 50 % sechs Tage nach induzierter
Dopamindepletion statt. Hingegen sah man keine Veradnderungen der viskoelastischen
Parameter zeitgleich mit dem temporaren Anstieg neuer neuronaler Vorlduferzellen an 3 dpi.
Insgesamt kann dies auf eine Sensitivitat des Elastizitdtsparameters G*' in Bezug auf Neurone,
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welche zur biomechanischen Matrix beitragen, hindeuten. Zudem lasst sich vermuten, dass sich
die biomechanischen Eigenschaften der Vorlduferzellen von denen der Neurone unterscheiden.
Bisher wurde zumindest eine hdéhere Steifigkeit in Neuronen im Vergleich zu Gliazellen
gesehen®'. Die hier gemessene hohere Elastizitat durch neue Neurone ist passend zu dem bisher
beobachteten Gegensatz, dass ein Verlust dieser im Tiermodel der Ischdmie in einer verringerten
Steifigkeit resultiert’®. Dies zeigt insgesamt eine wichtige Funktion der Neurone im
biomechanischen Gerilst des Gehirns.

Dass Neurone eine Schllsselrolle beziglich Viskoelastizitdt in neurodegenerativen
Erkrankungen innehalten, ergab sich ebenso aus den Erkenntnissen der MRE-SN-Studie (Studie
2). Hier zeigte sich sechs Tage nach MPTP-Gabe eine Verringerung der Viskositat und im
geringen MaBe der Elastizitdt ohne vollstandige Wiederherstellung Uber die Zeit im primar
betroffenen Areal der Parkinson-Erkrankung, der SN. Ein gréBerer Effekt auf die Viskositat deutet
insbesondere auf eine Verdnderung auf Ebene der Geometrie und Dichte des mechanischen
Netzwerks hin, hier beruhend auf den Verlust von Neuronen und deren Fortsatze. Eine verringerte
Anzahl TH-positiver, dopaminerger Neurone war bereits drei Tage nach MPTP-Behandlung zu
erkennen. Dies ist darauf zurlickzufihren, dass eine reduzierte TH-Aktivitat innerhalb der Zellen
frliher einsetzt als die eigentliche Zerstérung der Neurone'”. Folglich resultierte erst der
tatsachliche Verlust von dopaminergen Neuronen und Zellfortsatzen an 6 dpi in einer verringerten
Viskositat.

Im Mittelhirn konnte ein Anstieg der Viskoelastizitait nach MPTP-Gabe beobachtet werden.
Jedoch zeigt sich in der Gesamtzellzahl im Gegensatz dazu eine Reduktion. Méglicherweise sind
andere Prozesse, welche eine Veranderung der Komplexitdt des mechanischen Netzwerks
hervorrufen, zum Beispiel Veranderungen in Vernetzungen und Verzweigungen,
Intermediarfilamente sowie die Interaktion mit der extrazellularen Matrix'®3233 verantwortlich. Die
héhere Viskositat im Mittelhirn im Vergleich zum Hippocampus in der Ausgangsgruppe kénnte
sich ebenso durch die hier vorhandenen Leitungsbahnen der weiBen Substanz erklaren, da die
weiBe Substanz allgemein mehr Steifigkeit aufweist als die graue Substanz''.

Im Hippocampus war in Studie 2 ebenso wie in Studie 1 ein temporarer Anstieg der Elastizitat
und Viskositat zu verzeichnen. In Studie 1 konnte keine Korrelation mit der Gesamtzellzahl des
Kérnerzellbandes inklusive der subgranularen Zone beobachtet werden. In Studie 2 ergaben sich
hingegen Hinweise auf einen Zusammenhang zwischen hdéherer Viskoelastizitdt und
Gesamtzellzahl des DG, was jedoch bei hier nichterfolgter statistischer Auswertung weiter
untersucht werden muss.

Insgesamt konnte in beiden Studien im DG und in der SN nach MPTP-Behandlung, welche
bekanntermaBen eine zelluldre entziindliche Reaktion in beiden Regionen verursacht?$343% eine
kurzfristige Vermehrung Iba1-positiver Mikroglia eruiert werden, welche sich aber jedoch nicht in
den MRE-Parametern widerspiegelte. In dem Model fur experimentelle autoimmune
Enzephalomyelitis konnte im Zerebellum eine Korrelation von gesteigerter F8/40-Expression,
einem Marker flir Makrophagen, und verringerter Elastizitdt nach 21 Tagen gezeigt werden®,
Daher ist in kleinen Regionen, wie Hippocampus und SN, die MRE eher geeignet viskoelastische
Eigenschaften basierend auf der neuronalen Komponente darzustellen als kurzzeitige mikrogliale
Reaktionen. Nichtsdestotrotz hdngen die biomechanischen Eigenschaften nicht nur von der
Anzahl eines Typs neuraler Zellen ab, sondern auch von anderen Zelltypen, dem Netzwerk,
Verzweigungen und Interaktion mit der Extrazellularmatrix. Unter anderem musste der Einfluss
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langanhaltender, entziindlicher Prozesse insbesondere in kleinen Arealen auf viskoelastische
Eigenschaften untersucht werden. Beziiglich der Diagnostik neurodegenerativer Erkrankungen
konnte im gesamten Gehirn oder in ausgewdhlten Regionen von Patienten mit der Parkinson-
Krankheit, Alzheimer-Krankheit, progressiven supranuklearen Blickparese oder Multiplen
Sklerose eine verminderte Viskoelastizitat beobachtet werden'?3-3°, Zusammen mit unseren
Studien kann der neuronale Verlust als Ursache vermutet werden. Studien mit humanem Gewebe
zur Korrelation von MRE-Parametern und histologischen Untersuchungen wurden bisher jedoch
nicht durchgefihrt.

Im Hinblick auf den MPTP-induzierten Effekt auf die Uberlebensrate neu gebildeter Neurone im
Hippocampus zeigte sich in der Indomethazin-Studie (Studie 3) als auch in vorherigen
Studien3%40, dass trotz kurzfristig hoherer Bildung die neu generierten Neurone mittelfristig nicht
mehr fortbestanden. Wie auch in Studie 1 gezeigt, rief MPTP eine transiente zellulare
entzindliche Reaktion im DG hervor und Inflammation selbst verhindert ebenso wie
Dopamindepletion eine regelhafte Neurogenese®*#°. Die Gabe des COX-Hemmers Indomethazin
férderte die Uberlebensrate neuer reifer Neurone im DG in der LT-Gruppe nach MPTP und zeigte
damit einen proneurogenen Effekt in einem Modell fir Neurodegeneration. Dies ist
dbereinstimmend mit der erhdhten Anzahl neuer Neurone nach Ischamie und radioaktiver
Bestrahlung durch Indomethazin, begleitet von einer reduzierten mikroglialen Aktivitat?425. In
unserer Studie stellte sich der antiinflammatorische Effekt von Indomethazin in der reduzierten
Anzahl amdboider CDG68-positiver Zellen, welche reaktive Mikroglia und Makrophagen
beinhalten, dar. Ahnlich wie in einer anderen Studie®, zeigte sich in den verschiedenen Stadien
der Neurogenese 18 Tage nach MPTP, unabhangig von der Indomethazinbehandlung, eine
verringerte Anzahl neuer Typ-2a-Vorlauferzellen. Dies verdeutlicht insbesondere den bereits
erwahnten nur kurzzeitigen Anstieg von Vorlauferzellen®® (Studie 1). Indomethazin selbst oder
nach MPTP-Gabe hatte keinen negativen Einfluss auf die neuronalen Vorstufen und unterstiitzte
somit eine physiologische neuronale Zelldifferenzierung bis hin zu einer regelrechten Anzahl
reifer Neurone.

In der Analyse neurogeneserelevanter Signalwege konnte eine reduzierte Expression von /ef1,
ein Effektorgen des Wnt/B-Catenin-Signalwegs, nach MPTP-Gabe in der ST-Gruppe beobachtet
werden. In einer in-vitro-Studie wurde ebenso eine Verminderung von B-Catenin in neuronalen
Vorlauferzellen der subventrikularen Zone nach Hinzufligen von MPTP und mikroglialen Zellen
gesehen*'. Zudem ist eine verringerte Aktivierung des Wnt-Signalwegs ebenso mit einer
verminderten Anzahl neuer Typ-3-Zellen und unreifen Neuronen bekannt*?. Daher fiihrte das
herunterregulierte Wnt-Signal vermutlich zu einer geringeren Uberlebensrate reifer Neurone in
der LT-Gruppe. Eine signifikante Erhéhung durch Indomethazin in den MPTP-behandelten Tieren
konnte nicht beobachtet werden. Ferner offenbarte sich eine verringerte lef1-Expression in den
gesunden Tieren durch Indomethazin. Bisher ergaben sich Hinweise, dass eine
indomethazinbedingte verminderte Wnt-Signallbertragung zumindest in Krebszellen ein
unkontrolliertes Tumorwachstum hemmt*®. In dieser Studie konnte jedoch kein negativer Effekt
von Indomethazin auf die neu gebildeten Zellen und deren Differenzierung gesehen werden. In
der ST-Gruppe war durch Indomethazin die Expression des proneurogenen Gens neuroD6,
bedeutend fir die neuronale Differenzierung, das Uberleben der Neurone und der Toleranz
gegeniiber oxidativem Stress*445, hoher. Dies kann auch zu der hdheren Uberlebensrate der
Neurone bis zum zweiten beobachteten Zeitpunkt beigetragen haben. Ein Effekt der verringerten
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Expression von neuroDé6 auf die Neurogenese in der LT-Gruppe nach Indomethazinbehandlung
konnte in dem Beobachtungszeitraum dieser Studie nicht eruiert werden. Eine Aktivierung des
Notch-Signalwegs hemmt die Weiterdifferenzierung von Vorlauferzellen zu reifen Neuronen“®, In
unseren  Untersuchungen offenbarte sich unabhdngig von der nachfolgenden
Indomethazinbehandlung ein temporarer Anstieg der Expression von hes5, Effektorgen des
Notch-Signalweges, durch das Neurotoxin MPTP. Die kurzzeitige Indomethazinbehandlung
selbst jedoch, unabhangig von der MPTP-Gabe, reduzierte die Expression von hes5, so dass die
verringerte Aktivierung des Notch-Signalwegs auch zu einer Weiterdifferenzierung zu reifen
Neuronen in der LT-Gruppe gefuhrt haben kénnte.

Die Konzentrationen von Zytokinen sind sowohl in der zerebrospinalen Fllssigkeit als auch im
Serum von Patienten der Parkinson-Krankheit erhoht*”48, Da sich keine Veranderungen der
Serumkonzentrationen von den meisten proinflammatorischen und antineurogenen Zytokinen
nach MPTP zeigten, jedoch das antiinflammatorische und proneurogene Zytokin IL-10 in der LT-
Gruppe héher war, kann ein beginnender Rickgang der Entzindung nach MPTP vermutet
werden. Zusammen mit den Ergebnissen zweier anderer Studien*®4® muss aber beachtet werden,
dass eventuell gesteigerte Zytokinkonzentrationen in C57BI/6 Mausen nach MPTP peripher im
Serum nicht messbar sind, auch wenn diese in der Zerebrospinalfliissigkeit erhéht waren.
Zudem koénnen die hdheren Zytokinkonzentration von IL-10 und IL-17a auch von einer
entzindlichen Reaktion in peripheren Organen wie des Darms stammen, wo ebenfalls eine
Makrophageninfiltration und gestiegene Zytokinlevel nach MPTP gefunden wurden®.

In der SN konnte wie bei Kurkowska-Jastrzebska und Kollegen?® kein Erhalt der dopaminergen
Neurone durch therapeutische Indomethazingabe beobachtet werden. In friheren Studien zu
Indomethazin oder anderen COX-2-Hemmern wurde hingegen bei Verabreichung vor MPTP-
Gabe ein neuroprotektiver Effekt mit einhergehender verringerter Entziindung eruiert®®34. Zwar
konnte in der hier durchgeflhrten Studie ebenso eine Reduktion der zellularen
Entzindungsreaktion in der Anzahl der Ibal-positiven Zellen festgestellt werden, aber die
dopaminerge Neurodegeneration ist hier am ehesten auf die direkte Neurotoxizitdt von MPTP
zuriickzufuhren®'.

In Humanstudien wird ein reduziertes Risiko fur die Entwicklung einer Parkinson-Krankheit durch
die Einnahme von nichtsteroidalen Antiphlogistika angenommen, wohingegen es bisher keinen
Anhaltspunkt fiir eine Verhinderung des Krankheitsfortschritts gibt®2. Eventuell kann aber durch
eine Verringerung der entzindlichen Vorgange doch einem weiteren Verlust dopaminerger
Neurone entgegengewirkt werden, auch wenn sich dies im hier verwendeten Tiermodell nicht
zeigte. In Studie 3 konnte trotz Dopamindepletion eine regelhafte hippocampale Neurogenese
mit reduzierter zellularer Entzindung durch Indomethazinbehandlung festgestellt werden. Dies
legt eine Beeinflussung der Neurogenese eher durch Entziindung als durch eine veranderte
Transmitterhomdostase nahe. Ferner kdnnte, da eine gestérte Neurogenese im DG von
Patienten mit idiopathischem Parkinsonsyndrom bekannt ist®, eine Indomethazinbehandlung
durch Foérderung einer regelrechten Neurogenese als mdoglicher Therapieansatz
hippocampusassoziierter kognitiver Einschrankungen in Betracht kommen.

4.1. Schlussfolgerung

Unter Anwendung des MPTP-Mausmodells fir Neurodegeneration mit resultierender
Dopamindepletion konnte gezeigt werden, dass (1) Verédnderungen in den biomechanischen
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Eigenschaften mit histologischen Prozessen, insbesondere die Neuronenzahl betreffend, in
kleinen, spezifischen Regionen einhergehen. Dies tragt insgesamt zur Weiterentwicklung der
MRE als mdogliches neues nichtinvasives diagnostisches Werkzeug neurodegenerativer
Erkrankungen bei. Zudem konnte (2) nach dopaminergem Zellverlust in der SN ein
proneurogener Effekt im Sinne einer gesteigerten Uberlebensrate reifer Neurone im DG durch
Indomethazinbehandlung, begleitet von reduzierter zellularer Entziindung und proneurogenen
Signalwegen, festgestellt werden. Daher reprasentiert Indomethazin einen maoglichen
Therapieansatz die Neurogenese in neurodegenerativen Erkrankungen zu verbessern.
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Abstract

The mechanical network of the brain is a major contributor to neural health and has been recognized by in vivo magnetic
resonance elastography (MRE) to be highly responsive to diseases. However, until now only brain softening was observed
and no mechanism was known that reverses the common decrement of neural elasticity during aging or disease. We used
MRE in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride (MPTP) mouse model for dopaminergic
neurodegeneration as observed in Parkinson’s disease (PD) to study the mechanical response of the brain on adult
hippocampal neurogenesis as a robust correlate of neuronal plasticity in healthy and injured brain. We observed a steep
transient rise in elasticity within the hippocampal region of up to over 50% six days after MPTP treatment correlating with
increased neuronal density in the dentate gyrus, which could not be detected in healthy controls. Our results provide the
first indication that new neurons reactively generated following neurodegeneration substantially contribute to the
mechanical scaffold of the brain. Diagnostic neuroimaging may thus target on regions of the brain displaying
symptomatically elevated elasticity values for the detection of neuronal plasticity following neurodegeneration.
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Introduction

Magnetic resonance elastography (MRE) has been developed
over the last few years as a non-invasive tool to evaluate the
elasticity of biological tissues [1]. The presence of the skull has
always prevented manual palpation of the brain, but MRE now
offers the possibility to assess brain consistency under physiological
and pathological conditions by in-vivo imaging [2—7]. In the brain,
the viscoelastic properties are determined by neurons, glial cells [8]
and extracellular matrix in addition to fluid flow of interstitial
fluid, CSF and blood [9]. Disruption of this complex system by
pathological processes provokes mechanical responses, which are
influential to the progression of the disease but also of potential
value for its diagnosis and clinical assessment. However, the
biophysical mechanisms behind an alteration of the mechanical
properties of tissue are entirely unknown in the brain.

It has just recently been discovered that brain elasticity is
reduced in the course of physiological aging [10] and in diseases
such as normal pressure hydrocephalus (NPH) [11], Alzheimer’s
disease (AD) [12] and multiple sclerosis (MS) [13,14]. First steps to
correlate these findings with the histopathology have been taken
quite recently by Schregel and colleagues inducing reversible toxic
demyelination in the mouse [15] and by Riek and co-workers who
studied the effect of inflammation in a mouse model of
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experimental autoimmune encephalitis (EAE) [16]. Both groups
observed a marked decrease of viscoelastic constants similar to
what has been detected in patients with NPH, AD and MS. Of
particular interest is a very recent study by Freimann and co-
workers demonstrating a clear correlation of brain tissue softening
with reduced neuronal density after middle cerebral artery
occlusion (MCAOQO) in mice, which is a commonly used stroke
model [17]. It is remarkable that all pathophysiological processes
studied by cerebral MRE so far exhibited a rather unspecific
reduction in either elasticity or viscosity or both. Inversely, no
neural alteration has been observed associated with an increase of
viscoelastic constants. Potentially, such a disease-related process
would appear highly significant in diagnostic MRE since it would
be distinguishable from the general pattern of tissue softening
reported in the literature. Based on previous work that showed the
correlation between neuronal density and macroscopic brain
stiffness by inducing neuronal loss [17], we hypothesize that the
generation of new neurons would increase the macroscopic
elasticity of the brain. Given that this hypothesis is corroborated,
our study would provide an indication about the close relationship
between brain mechanical constants and neuronal network
density.

The generation of new neurons should be apparent in regions
with high cellular turnover. In the adult brain, new nerve cells are
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generated in the subgranular zone (SGZ) of the hippocampal
dentate gyrus (DG) at substantial levels throughout lifetime. Here,
neural precursor cells characterized by the expression of the
intermediate filament nestin [18] continuously proliferate and
mature into functionally integrated cells in the granular cell layer
(GCL) via a multistep process termed adult neurogenesis [19-21].
It has been shown that a homeostasis of neurotransmitters such as
dopamine plays a key role in the regulation of adult neurogenesis
and the maintenance of a so-called neurogenic niche. Alterations
in dopamine levels as observed in Parkinson’s disease (PD) and its
animal models result in significant quantitative changes of newly
generated neural precursor cells and mature neurons in the DG

[22-30].

Therefore, we applied MRE to such a mouse model of

dopamine depletion, which is induced by the neurotoxin 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride
(MPTP) leading to degeneration of dopaminergic neurons in the
substantia nigra pars compacta (SNpc) with a subsequent
dopamine deficit in the striatum, hippocampus and other brain
areas that are innervated by dopaminergic fibers from the SNpc
[31-35]. Cellular changes in the DG of the hippocampus as a
consequence of the induced dopamine deficit were visualized by
labelling newly generated cells in the SGZ with specific mitotic
and neuronal markers, and characterized and quantified using
confocal microscopy. To also determine alterations in the total cell
number, cells of the GCL in the DG including the SGZ were
counted using stereological microscopy. Hence, this animal model
of dopamine depletion provides the possibility to examine how
alterations of the neuronal matrix in certain brain areas resulting
from a dopamine deficit relate to MRE measurements, and to
expand the utility of MRE as a tool to monitor cellular changes in
the pathology of neurodegenerative diseases.

Materials and Methods

Animals

A total of 60 eight to ten weeks old female transgenic C57Bl/6
mice (Forschungseinrichtung fiir experimentelle Medizin, FEM,
Berlin, Germany), expressing the green fluorescent protein (GFP)
under the nestin promoter, were group-housed (n=5) in a
temperature- and humidity-controlled colony room and main-
tained on a light/dark cycle of 12/12 h (lights on at 6 am) with ad
libitum access to rodent lab chow and water. All experiments were
approved by the local animal ethics committee (Landesamt fiir
Gesundheit und Soziales, Berlin) and were carried out in
accordance with the European Communities Council Directive
of 24 November 1986 (86/609/EEC).

Group Design and Experimental Procedure

The mice were randomly assigned to four groups in total - three
for histology and one for MRE. The MRE group (n=15) was
investigated first without any modifications for obtaining reference
(baseline) data; then MRE was applied at five time-points after
NaCl treatment at 3, 6, 10, 14 and 18 days post injection (dpi),
followed by MPTP treatment and MRE measurements again at 3,
6, 10, 14 and 18 dpi. The last MRE measurement of NaCl-treated
mice (18 dpi) also served as baseline data of MPTP-treated mice.

The histology groups (not investigated by MRE) comprised
untreated mice (baseline; n=>5) and treated animals either with
MPTP (MPTP; n=25) or with NaCl (Control, CTR; n =25). The
treated groups (MPTP and CTR) were further subdivided into
groups of five, which were sacrificed at 3, 6, 10, 14 and 18 days
after the MPTP/NaCl treatment period. Figure la summarizes
the timeline of the injections, MRE experiments and histology.

PLOS ONE | www.plosone.org

Enhanced Neurogenesis Increases Brain Stiffness

MPTP Model

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine ~ hydrochloride
(MPTP, Sigma-Aldrich, Steinheim, Germany) was dissolved in
0.9% NaCl.

For lesioning, a protocol previously applied was followed
[27,28]. Briefly, mice received three single intraperitoneal (i.p.)
injections of MPTP (20 mg/kg body weight; in total 60 mg/kg) on
three consecutive days every 24 hours. Control animals were
treated with injections of 0.9% NaCl instead for the same time
period. Control mice of the baseline group remained untreated.

BrdU Injections

Bromodesoxyuridine (BrdU, Sigma-Aldrich, Steinheim, Ger-
many), used here as the mitotic marker to label proliferating cells,
was dissolved in 0.9% NaCl and filtered. Animals received three
single i.p. injections of BrdU (50 mg/kg body weight; in total
150 mg/kg) on three consecutive days every 24 h. BrdU treatment
started at the final day of MPTP-injections.

Magnetic Resonance Elastography (MRE)

Mechanical stimulation. Mouse brains were mechanically
stimulated as previously illustrated [16]. A schematic of the
experimental setup is shown in Figure 1b. Briefly, the vibration
source was an electromagnetic coil, attached to a carbon fiber
piston, the end of which was mounted to the respiratory mask with
a bite-bar transducer. The transducer was gimballed through a
rubber bearing and retaining bracket at the temperature-
controlled mouse bed. The entire setup was held in the centre of
the magnet bore by a plastic disk. Vibrations were produced by
applying a sinusoidal current of 900 Hz frequency to an air-cooled
Lorentz coil in the fringe field of the MRI scanner. Frequency
amplitude and number of sinusoidal oscillation cycles were
controlled by an arbitrary function generator connected 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.

Data acquisition and analysis. As previously described
[16,17], all measurements were performed on a 7 tesla scanner
(Bruker PharmaScan 70/16, Ettlingen, Germany) running Para-
Vision 4.0 software and using a 20 mm diameter 1H-RF-
quadratur mouse head volumecoil. The vibration was initiated
by a trigger pulse from the control unit of the scanner, the timing
of which was defined by a customized FLASH sequence. 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 9 periods. To compensate for static
phase contributions, phase difference images were calculated from
two images differing in the sign of the MSG. Further imaging
parameters were: a 128 x128 matrix, 25 mm FoV, 14.3 ms echo
time (TE), 116.2 ms repetition time (TR), eight dynamic scans
over a vibration period, one transverse 2-mm slice, and an
acquisition time of 20 min.

Complex wave images (Figure 2) corresponding to the harmonic
drive frequency were calculated by temporal Fourier transforma-
tion of the unfolded phase-difference images and filtered for
suppressing noise and compression wave components [16,36]. The
pre-processed 2D scalar wave fields were analyzed for the complex
shear modulus G* by algebraic Helmholtz inversion [37]. Then,
G* was spatially averaged over two regions of interest (ROTI’s), 1)
the whole brain parenchyma displayed in the image and ii) the
hippocampal area (Figure 2), manually segmented by delineating
its anatomical structure from MRE magnitude images. The
tabulated spatially averaged G*-values are represented by the real
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a MRE Measurements/Sacrifice for Histology
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Figure 1. Timeline of the study design and schematic of the mouse MRE apparatus. The timeline (a) of MPTP and BrdU injections, time-
points of MRE measurement and sacrifice for histology. A schematic (b) of the mouse MRE apparatus: (A) driving coil, (B) magnet bore, (C) respiratory
mask, (D) rubber bearing, (E) retaining bracket, (F) mouse bed, (G) carbon fiber piston, (H) plastic disk, and (I) Lorentz coil (modified from [16]).

doi:10.1371/journal.pone.0092582.g001

part of the complex shear modulus G*, G’ =Re(G*), known as
storage modulus, the imaginary part G” = Im(G*), which is the loss
modulus, the magnitude | G*| = abs(G*) and the loss tangent given
by ¢ = arctan(G"/G"). The storage, loss and magnitude moduli are
expressed in kilopascals (kPa) while ¢ is given in radians. In
general, G' relates to the elastic properties of a material, while G”
is a measure of viscosity, which is determined by the density and
geometry of the mechanical network in biological tissues. In
materials with dominating elastic behaviour, the parameters | G*|
and ¢ represent similar properties as G’ and G”. However, in
highly crosslinked biological tissues, the phase angle @ better
represents geometrical changes in the mechanical network than G”

[38].

Perfusion and Tissue Processing

Mice of the histology groups were sacrificed according to the
corresponding MRE measurement time-points as depicted in
Figure 1la.

They were deeply anesthetized with an overdose of ketamine
(ketamine hydrochloride, 100 mg/ml, WDT) and sacrificed by
transcardial perfusion with 1 M phosphate buffered saline (PBS)
and 4% paraformaldehyde (PFA). Brains were removed and post-
fixed overnight in PFA at 4°C and then transferred into 30%
sucrose for dehydration for 48 h. Brains were frozen in 2-methyl
butane cooled with liquid nitrogen, cut into 40 pm thick coronal
sections (Bregma —0.1 mm to —4.04 mm) using a cryostat (Leica
CM 1850 UV) and stored in cryoprotectant-containing 24-well
plates at 4°C until histological analysis.
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Immunohistochemistry

Immunohistochemistry for the Ibal antigen as a marker for
microglia and macrophages was performed following a well-
established staining protocol [28]. Briefly, free-floating 1-in-12
section series were treated with 0.6% HyO, to deactivate
endogenous tissue peroxidases. After 30 min background blocking
with PBS enriched with 3% donkey serum (PBS+), sections were
incubated with primary anti-Ibal (rabbit, 1:1000, Wako) antibody
overnight at 4°C. The next day, after washing with PBS and
blocking with PBS+, sections were incubated with biotinylated
secondary antibody (anti-rabbit, 1:250, dianova) for 2 h at room
temperature (RT). ABC reagent (Vectastatin ABC Elite Kit,
Vector Laboratories) was applied for 1 h. Finally, sections were
incubated with Diaminobenzidine (DAB)/peroxidase (Sigma,
Germany) in a solution containing 0.3% HyO, and 0.01% nickel
chloride for at least 5 min at RT. Sections were mounted on
microscope slides and coverslipped for later quantification.

Immunofluorescence

For triple-labelling, free-floating 1-in-12 section series were
rinsed and incubated as described above except for HyOq pre-
treatment but 1 h PBS+ blocking instead. Anti-BrdU (rat, 1:500,
AbD Serotex) anti-GFP (chicken, 1:250, Novus Biologicals) and
anti-NeuN (mouse, 1:100, Millipore) were used as primary
antibodies. BrdU denotes newly generated cells, while BrdU/
Nestin  (Nestin/GFP) and BrdU/NeuN denote new neural
precursor cells and new neurons, respectively. After incubation
for 48 h at 4°C, RhodamineX (anti-rat, 1:250, dianova), Alexa
488 (anti-chicken, 1:1000, Invitrogen) and Alexa 647 (anti-mouse,
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Figure 2. Representative images of the magnitude MRE signal, shear waves and the magnitude complex modulus (|G¥|) in a mouse.
The green line demarcates the chosen region of interest in the hippocampus.

doi:10.1371/journal.pone.0092582.g002

1:300, dianova.) as secondary antibodies diluted in PBS+ were
applied for 4 h at RT. Sections were mounted on microscope
slides and coverslipped for later quantification.

For stereological counting of cells in the GCL of the DG
including the cells in the SGZ in order to determine its total cell
number, separate 1-in-12 series of sections were incubated with
the fluorochrome 4',6-diamidino-2-phenylindole (DAPI), which
binds to the DNA thereby labeling cell nuclei in general. For this
purpose, sections were incubated with PBS-diluted DAPI (1:1000,
Thermo Scientific) for 7 min and afterwards mounted on
microscope slides and coverslipped for later quantification.

Quantification

Ibal-positive cells of DAB/peroxidase-stained 1-in-12 section
series (480 um apart) from all animals were counted throughout
the rostrocaudal extent of the GCL/SGZ, molecular layer (ML)
and hilus in the hippocampal formation in both hemispheres using
the 40xobjective of a light microscope (Axioskop, Zeiss,
Germany). In total, four brain slices per animal containing the
hippocampus were analyzed. Resulting absolute cell numbers were
then multiplied by twelve to obtain the estimated total number of
Ibal-positive cells per brain.

BrdU-positive cells in the fluorescent-stained sections were
counted as described for Ibal but in the GCL/SGZ only using a
fluorescence microscope (Axioskop, Zeiss, Germany).

Double-labeled cells were quantified by analyzing 50 BrdU-
positive cells spread throughout the rostrocaudal extent of the
GCL/SGZ of four brain slices per animal for co-expression of
BrdU and additional markers (Nestin/ GFP and NeuN) using a
Leica TCS SP2 confocal microscope (400x and 630x amplifica-
tion). All images were taken in a sequential scanning mode (z-
stacks) to identify superposed cell bodies or nuclei, which appeared
artificially merged. Then, the percentages of Nestin/GIFP- and
NeuN-positive cells in all 50 BrdU-cells were determined. These
rations along with the total numbers of BrdU-positive cells were
then used to calculate the absolute numbers of doubly labeled cells.

For quantification of absolute numbers of DAPI-stained cell
nuclei in the GCL, a Leica DMRE microscope and Stereo-
Investigator (MicroBrightfield) software were used. The bound-
eries of the GCL, the region of interest, of five sections per animal
were traced at 200 xmagnification and the thickness of the slices
(40 um) was entered to the software program. The software then
randomly arranged counting frames (30 pmx30 pmx30 pm) in a
sampling grid (120 pmx100 pm), which was placed over the
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region of interest. The DAPI-stained cell nuclei were counted at
400 xamplification in oil in the counting frames and in an Optical
Disector height of 20 pum, which started 5 pm below the top
surface. The total number of cells in the GCL was automatically
calculated based on the counted cell number, slice interval,
counting frame size, sampling grid size, slice thickness and Optical
Disector height.

Statistical Analysis

To test for normal distribution and homogeneous variances, the
Kolmogorov-Smirnov test and the Levené test, respectively, were
applied. Since group sizes in this study were completely equal
(n=15), for analysis, two-way ANOVAGs of the histological data and
repeated measures (RM) two-way ANOVAs of the MRE data
were conducted, although not all data sets met the assumptions for
an ANOVA. In the two-way ANOVA, Treatment represented the
between-subjects factor and Time the within-subjects factor. In the
RM two-way ANOVA, Time and Treatment by Time represent-
ed the within-subjects factors and Treatment the between-subjects
factor. Pairwise comparisons applying the Bonferroni test were
used to directly compare the two treatment groups within each
time-point or the different time-points within each treatment
group, respectively. All statistical analysis was conducted using
SPSS Statistics 19 for Windows with the level of significance set at
0.05. The diagrams were prepared using GraphPad Prism 5.

Results

MPTP-induced Transient Increase of Brain Elasticity and
Viscosity

We investigated how brain viscoelasticity is affected by a
MPTP-induced dopamine deficit. MRE was performed one day
before MPTP-treatment (to establish a baseline), and 3, 6, 10, 14
and 18 days after treatment cessation to determine viscoelastic
changes as a consequence of dopamine depletion. The results of
MRE measurements focussing on the hippocampus, the region
that contains a highly neurogenic area (SGZ) modulated by
dopamine, are shown in Figure 3 (a—d). No influence of time was
seen in the control group for any of the MRE parameters. Mean
values (£ standard error of the mean, SEM) in the hippocampal
region of controls were 4.608 (£0.719) kPa, 1.388 (+0.125) kPa,
4.816 (+£0.705) kPa and 0.549 (=0.073) for G’, G" abs(G*) and ¢,
respectively. Similar values were found in the entire brain of the
control group with 5.234 (*0.564) kPa, 1.447 (=0.87) kPa, 5.432
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(*0.553) kPa and 0.574 (*£0.034) for G’, G" abs(G*) and o,
respectively. RM two-way ANOVA showed an overall effect of
time on G’ (F(5,40)=5.239, p<<0.001), G" (F(5,40)=9.669, p<
0.001) and abs(G*) (F(5,40) = 5.689, p<<0.001), a treatment by time
effect on G" (F(5,40)=3.841, p<<0.01), G" (F(5,40) =4.240, p<
0.01) and abs(G*) (F(5,40)=4.045, p<<0.01) in MPTP-treated
mice, but no effect of treatment alone on G’ (F(1,8)=3.758,
p=0.089), G” (F(1,8)=1.378, p=0.274) and abs(G¥
(¥(1,8)=3.979, p=0.081). Pairwise comparison between groups
at different days using the Bonferroni test revealed a marked
temporary MPTP-induced increase at 6 dpi of G’ (Figure 3a, p<
0.01), G” (Figure 3b, p<0.01) and abs (G*) (Figure 3c, p<<0.01)
towards 6971 (1019) kPa, 1767 (103) kPa, 7192 (1011) kPa in the
hippocampus, which was still significant within the whole-brain
region (Figure S1). Relative to baseline values, the changes of G',
G" and abs(G*) at 6 dpi in the hippocampus were 51%, 27%, and
49% and 29%, 16%, and 28% in the whole brain, respectively.
Since the phase angle ¢ (Figure 3d) remains unchanged by
treatment (F(1,8)=0.363, p=10.563) during the course of mea-
surements (F(5,40)=0.573, p = 0.720), the findings suggest that the
viscoelasticity of hippocampal tissue is selectively altered tran-
siently after MPTP treatment without influencing the architecture
of the cellular matrix.

MPTP-induced Transient Increase of New Neural
Precursor Cells and Neurons

Figure 3 (e and f) shows cell numbers of new neurons (BrdU+/
NeuN+) and precursor cells (BrdU/+Nestin/ GFP+) relative to the
total number of BrdU-positive cells in the SGZ and GCL. Analysis
by two-way ANOVA revealed a noticeable time effect on both cell
types (BrdU+/Nestin/ GFP+: F(5,48)=9.070, p<0.0001; BrdU+/
NeulN+: F(5,48)=41.910, p<<0.0001), but only a marginal
Interaction of  both factors (BrdU+/Nestin/ GFP+:
F(5,48)=2,146, p=0.076; BrdU+/NeuN+: F(5,48)=2.095,
p =0.082). Pairwise comparisons showed that mice treated with
MPTP displayed a larger proportion of new precursor cells at 3
dpi (Figure 3e; p<0.05) and of new neurons at 6 dpi (Figure 3f; p<
0.05) than controls regarding the total amount of newly generated
cells. However, at 18 dpi, referring to the last day of MRE
measurement, MPTP treatment appeared to provoke a reduced
neurogenesis expressed as a smaller proportion of new neurons
compared to controls (Figure 3f; p<<0.05).

Absolute numbers of newly generated cells (BrdU+), new neural
precursor cells and new neurons are shown in Figure 4 (b—d).
Representative confocal images of BrdU and its colocalization
with Nestin/ GFP or NeuN, respectively, are shown in Figure 5. A
two-way ANOVA revealed a strong influence of time on all three
cell types (BrdU: F(5,48)=19.336, p<<0.0001; BrdU/Nestin:
F(5,48)=12.542, p<<0.0001; BrdU/NeuN: F(5,48)=13.920, p<
0.0001). Furthermore, the ANOVA also showed a treatment by
time effect on newly generated precursor cells (F(5,48) = 2.768, p<
0.05). Pairwise comparison showed that in MPTP-treated mice,
compared to controls, an increased proliferation of Nestin/GIP
cells occurred until 3 dpi (Figure 4c; p<0.001) with a subsequent
drop on 6 dpi (p<0.01, compared to MPTP at 3 dpi; not indicated
in the figure) that may suggest a transient reactive proliferation of
Nestin/GFP precursor cells in response to the neurotoxin as
shown before in previous work from our group (27, 28). The
observed course of BrdU-, new Nestin/GFP- und new NeuN-
positive cell numbers over time generally parallels the suggested
different stages during neuronal development including prolifer-
ation, survival and maturation [20].
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MPTP-induced Increase of Microglia in the DG Region
does not Change the Total Number of Cells in the GCL

The obtained numbers from stereological counting of DAPI-
stained GCL/SGZ cells are shown in Figure 4a. Neither an overall
effect of treatment (F(1,48)=1.052, p=0.31) or time
(F(5,48) = 0.382, p = 0.859) alone nor an interaction between these
factors (F(5,48)=0.713, p=0.616) was found, indicating that the
total number of GCL and SGZ cells was not affected by MPTP
treatment and there was also no change in the total cell number
over time.

Absolute numbers of all Ibal-positive cells in the GCL/SGZ,
molecular layer and hilus are shown in Figure 4e. As a two-way
ANOVA revealed, only time had an influence on the number of
Ibal-positive cells (F(5,48)=9.635, p<<0.0001). Pairwise compar-
1sons showed that treatment groups differed at 3 dpi (p<<0.05) with
MPTP-treated mice displaying more microglia and macrophages
in the DG region than their unaffected controls. However,
numbers of Ibal-positive cells in mice treated with MPTP stay
high, while controls then reach the same level of microglia and
macrophages at 6 dpi.

Discussion

MPTP-induced degeneration of dopaminergic neurons affects
neurogenesis in the hippocampus [24,28,29] and leads to changes
in neural cell proliferation patterns in wide regions of the brain
[24,25,27,39]. We observed for the first time that newly generated
neurons in the DG potentially integrate with the mechanical
scaffold of brain tissue yielding an apparent invigoration of the
viscoelastic lattice with 50% increased shear modulus (G') in
MPTP-lesioned mice at 6 dpi. In comparison, the neuronal density
in the SGZ/GCL changed only by 10% (see Figure 3f) thereby
highlighting the sensitivity of macroscopic shear modulus to the
number and type of cells engaged in the mechanical tissue matrix.
This marked increase of shear elasticity as a result of reactively
generated neurons induced by a dopamine deficit is in alighment
with observations of [17] who demonstrated that, in contrast to
our study, brain stiffness in a murine stroke model is reduced due
to neuronal loss. Taken together both studies shed light onto the
important role of neurons as a supporting structure of the brain’s
mechanical scaffold and complements recent results of in vivo
MRE in volunteers and patients: A loss of neuronal support in the
viscoelastic lattice of the brain may contribute to the disseminated
decrease of G" and G” observed in the aging brain and in patients
with NPH, AD and MS [10-14]. Given this pivotal role of neurons
for the macroscopic mechanical properties of the brain, it is not
surprising that cerebral MRE has been more sensitive to
physiological aging than any other MRI method [13,40].

In general, the sensitivity of in vivo MRE arises from the scaling
properties of mechanical constants. The shear modulus of a
hierarchical system is determined by crosslinks in each existing
level within the tissue’s architecture towards microscopic interac-
tions of cells [38]. Understanding the macroscopic mechanical
response of our mouse model requires both knowledge about
single-cell properties and how these properties would integrate into
the multi-hierarchic lattice of the brain. Single neurons and glia
cells taken from mouse brain tissue investigated by scanning force
microscopy showed — similar to the bulk tissue — a higher storage
modulus than loss modulus (G'>G") with neurons being generally
stiffer than glia cells [41]. This supports our proposed mechanistic
explanation that the neuronal network establishes the primary
mechanical backbone of the brain. In the bulk tissue, the ratio
between elastic and viscose properties (as quantified by our loss
tangent @ =arctan(G"/G")) can give some insight into the
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Figure 3. Variation of MRE parameters due to MPTP in the hippocampus of mice and results of cell counts in the DG. MPTP induced a
transient increase of brain elasticity and viscosity (a, b and c) at 6 dpi, while the phase angle ¢ (d) remained unchanged (mean=SEM). Histologically, a
transient MPTP-induced increase of new precursor cells (BrdU+/Nestin/GFP+) at 3 dpi (e) and of new neurons (BrdU+/NeuN+) at 6 dpi (f) as
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doi:10.1371/journal.pone.0092582.g003
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Figure 4. Results of cell counts in the DG. Fluorescence- and DAB-stained brain sections of MPTP-treated and CTR mice at the different time-
points of MRE assessment, showing the total number of a) GCL/SGZ cells (DAPI), b) newborn cells (BrdU+), c) new precursor cells (BrdU+/Nestin/GFP+
), d) new neuronal cells (BrdU+/NeuN+), and f) microglia and macrophages (Iba1+) in the GCL/SGZ, ML and hilus (mean=*SEM). *p<0.05, **p<<0.01.

doi:10.1371/journal.pone.0092582.g004

alteration of the geometrical arrangement of the mechanical
networks. The nonsignificant alteration of @ in our data suggests
that newly born neurons do not assemble a new network with own
geometry at 6 dpi, shortly after their generation. They rather
appear isolated yet as differentiation and maturation of newly
generated cells into neurons and their functional integration into
the present neuronal network by fully developing axons, dendrites

PLOS ONE | www.plosone.org

and synaptic links and thus being involved in the structure of the
matured viscoelastic lattice takes about four weeks [20,42-45].
There is growing evidence that this process of adult neurogen-
esis is intimately connected with an intact neurotransmitter
homeostasis, since dopamine depletion has been shown to cause
disturbances in precursor cell proliferation [24,27-29]. Here, the
analyses of newly generated cells in the DG, characterized as cells
that incorporated the exogenous mitotic marker BrdU and its co-
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Figure 5. Representative confocal images of doublelabeled BrdU+/Nestin/GFP+ and BrdU+/NeuN+ cells. Mouse brain sections (40 pum)
fluorescently stained with BrdU (red), NeuN (blue) and Nestin/GFP (green), showing the granular cell layer of the dentate gyrus with a Nestin/GFP-
expressing precursor cell that is also positive for BrdU (a, 200 xmagnification and b, 630 xmagnification; arrow) and BrdU-positive cells coexpressing
the neuronal marker NeuN (c, 400 xmagnification and d, 630 xmagnification; arrows).

doi:10.1371/journal.pone.0092582.g005

localization with Nestin/GFP to identify neural precursor cells,
showed a marked transient increase of proliferated Nestin/GIFP
cells at 3 dpi in MPTP-lesioned mice. It is noteworthy that this rise
occurred already at 3 dpi, while the transient gain in viscoelasticity
was detected three days later at 6 dpi, which makes the
proliferated neural precursor cells an unlikely candidate to account
for the augmented stiffness. The observed increased number of
proliferated precursor cells is in line with previous findings from
our laboratory [27,28] demonstrating an acute and transient rise
in new Nestin/GFP-positive cells in the DG and SNpc,
respectively, shortly after MPTP treatment. We have previously
shown a comparable stimulus-dependent selective regulation of
different neural maturation stages in the DG [43,45]. The
observed phenomenon possibly reflects a reactive neural precursor
cell proliferation that may be, according to studies on other
neurodegenerative processes, interpreted as an endogenous
regenerative mechanism of the hippocampus to counteract
neuronal injury in terms of keeping the endogenous stem-like cell
pool at a stable level [46-49]. In the present study, the proportion
of new neurons among all BrdU-positive cells at 6 dpi was higher
in MPTP-lesioned mice than in unaffected animals. This finding
suggests that the previous reactively generated precursor cells
maturate into neurons, which further supports the intended
regenerative potential of the hippocampus. Unlike the Nestin/
GFP-positive precursor cells, the increased neuron density three
days later at 6 dpi, arisen from the enhanced precursor cell
population in the DG, might have provoked the higher
viscoelasticty values of the brain tissue at the same time-point.
After this cellular gain up to 6 dpi, the proportion of new neurons
slightly decreased until 18 dpi. From this, one could hypothesize
that the pathological effect of MPTP is partially compensated by a
transiently boosted proliferation of precursor cells without an
increased net neurogenesis [29,39]. Additionally, although MPTP
treatment modulated precursor cell proliferation and neurogene-
sis, it had no effect on the total amount of newborn BrdU-positive
cells in the DG, which is in line with findings from other groups

[29,39].
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The neurotoxin MPTP is not only known to cause disturbances
in neural cell proliferation and differentiation due to dopamine
depletion but to also evoke an inflammatory reaction in affected
brain areas including accumulation of microglia, lymphocytic
infiltration and an increase in cytokine production [50], which
might have been also a cause for the observed transient increase in
brain elasticity. We addressed this issue by evaluating the number
of microglia and macrophages in the DG area, which comprised
the GCL/SGZ, molecular layer and hilus. We detected a peak in
microglia and macrophages in MPTP-treated at 3 dpi, where no
change in MRE measurements was observed. Although it appears
unlikely that these inflammation-associated cell types contributed
to the noticeable increase in brain viscoelasticity of MPTP-
lesioned mice at 6 dpi, we can not preclude an inflammatory rise
in extracellular fluid inducing an edematous swelling at a later
time-point to be accountable for the observed brain stiffening. Due
to the applied fixation method of the brain tissue for histological
analysis, by which blood and other fluids are first washed out by
PBS and then replaced by PFA, a potential edema is cleared out
and not assessable anymore.

The synchrony of the transient MPTP-induced alteration of
MRE parameters and neuronal cell density in our mouse model of
dopamine depletion highlights the pivotal role of neurogenesis for
brain elasticity. It is remarkable that Nestin/GFP-positive
precursor cells do not alter MRE constants until their differenti-
ation into NeuN-positive neurons. Hence, their mechanical
properties must differ from those of neurons. It has already been
demonstrated that neuronal cells are stiffer than glial cells [41],
and that the elasticity of reactive glial cells depends on
intermediate filament cell content [8]. In future experiments,
neurons and neural precursor cells should be studied i vitro,
applying MRE to analyse their individual mechanical properties
and using histological and biomolecular techniques to correlate
these mechanical characteristics with their cellular and molecular
features. Interestingly, MRE seems to be more sensitive to the
process of cell differentiation than histological cell counts and
provides additional information about the dissemination of
neuronal turnover. Albeit most enhanced in the hippocampus,
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we observed a marked increase of G’, G” and abs(G*) throughout
the whole brain in a transverse image slice. This apparently diffuse
pattern of transiently increased neurogenesis in the hippocampus
due to MPTP treatment is a surprising result and motivates further
investigations of the correlation between histology and viscoelastic
parameters in different regions of the brain. With the current state
of the art, MRE can provide consistent quantitative values on a
global scale, i.e. considering spatially averaged constants. This
permits the detection of diffuse pathology as has been demon-
strated for NPH, AD and MS [11-14]. However, fast sampling
methods and optimized reconstruction routines are being devel-
oped, which expand MRE towards a high resolution imaging
modality [7,51,52].

When comparing human MRE with small animal studies,
caution has to be taken: The higher dynamic range of MRE in the
mouse (900 Hz in our study) compared to ~50 Hz in humans
may cause a shift in MRE sensitivity towards the loss properties of
the tissue. Whether the complex shear modulus of brain tissue at
low vibration frequencies would be sensitive to detecting the
changes reported in this paper remains to be determined.

In the near future, viscoelastic constants of the brain may
provide the missing link between morphometric imaging param-
eters and neuronal health on the cellular network level. Our results
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provide the first indication of the involvement of newly generated
neurons into the viscoelastic matrix of the brain, corroborating the
hypothesis that the neuronal network effectively contributes to the
mechanical scaffold of the brain and therewith encourage further
studies on humans for the clinical assessment of neural plasticity
and neurodegeneration by MRE.
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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 human MRE 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 fiir
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 pm 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% H,O,
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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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.0161179.9001

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

Table 1. Experimental design.

Post-injection day Performance

-3 MRE measurement or perfusion for histology
-2 MPTP injection

-1 MPTP injection

0 MPTP injection

3 MRE measurement or perfusion for histology
6 MRE measurement or perfusion for histology
10 MRE measurement or perfusion for histology
14 MRE measurement or perfusion for histology
18 MRE measurement 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 um in the SN and 600x600um 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 pm. In all brain regions, a counting frame of
60x60 um without 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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Fig 2. Schematic of the mouse MRE apparatus.

doi:10.1371/journal.pone.0161179.9002

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 Ibal+ 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.
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Fig 3. Representative images of MRI signal and complex modulus map 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

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 ANOV A 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 ANOV A 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.
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Fig 4. Results of MRE measurements 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) (meantSEM, 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) (meant+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.0161179.9004

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 ANOV A 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 ANOV A 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
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Fig 5. Results of MRE measurement 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)
(meantSEM, n(-3,3,6,10,14,18dpi) = 2, no statistical analysis). * vs. -3dpi, *p<0.05, **p<0.01.

doi:10.1371/journal.pone.0161179.9005
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Fig 6. Results of MRE measurement 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.0161179.9006
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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 um), showing a reactive increase in the number of microglia and
macrophages in the substantia nigra immediately after MPTP treatment.

doi:10.1371/journal.pone.0161179.9007

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 5¢).

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 6¢).

MPTP induces a transient increase of microglia and macrophages in the
SN

The analysis of Ibal+ 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
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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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Abstract

Background: Parkinson’s disease (PD) is characterized by dopaminergic cell loss and inflammation in the substantia
nigra (SN) leading to motor deficits but also to hippocampus-associated non-motor symptoms such as spatial learning
and memory deficits. The cognitive decline is correlated with impaired adult hippocampal neurogenesis resulting from
dopamine deficit and inflammation, represented in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride
(MPTP) mouse model of PD. In the inflammatory tissue, cyclooxygenase (COX) is upregulated leading to an ongoing
inflammatory process such as prostaglandin-mediated increased cytokine levels. Therefore, inhibition of COX by
indomethacin may prevent the inflammatory response and the impairment of adult hippocampal neurogenesis.

Methods: Wildtype C57BI/6 and transgenic Nestin-GFP mice were treated with MPTP followed by short-term or
long-term indomethacin treatment. Then, aspects of inflammation and neurogenesis were evaluated by cell counts using
immunofluorescence and immunohistochemical stainings in the SN and dentate gyrus (DG). Furthermore, hippocampal
mMRNA expression of neurogenesis-related genes of the Notch, Wnt, and sonic hedgehog signaling pathways and
neurogenic factors were assessed, and protein levels of serum cytokines were measured.

Results: Indomethacin restored the reduction of the survival rate of new mature neurons and reduced the amount of
amoeboid CD68+ cells in the DG after MPTP treatment. Indomethacin downregulated genes of the Wnt and Notch
signaling pathways and increased neuroD6 expression. In the SN, indomethacin reduced the pro-inflammatory cellular
response without reversing dopaminergic cell loss.

Conclusion: Indomethacin has a pro-neurogenic and thereby restorative effect and an anti-inflammatory effect on the
cellular level in the DG following MPTP treatment. Therefore, COX inhibitors such as indomethacin may represent a
therapeutic option to restore adult neurogenesis in PD.
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Background

The hallmark of Parkinson’s disease (PD) is the dopa-
minergic cell loss in the substantia nigra (SN) leading to
the characteristic motor deficits. Moreover, hippocampal
non-motor functions such as spatial learning and memory
are also impaired [1]. As nigral dopaminergic fibers project
to the hippocampus, dopaminergic cell loss results in a
deficit of the neurotransmitter dopamine in that brain area,
affecting adult neurogenesis in the dentate gyrus (DG) of
the hippocampus [2-5]. Animal models of PD have shown
that this impaired neurogenesis following dopamine
depletion correlates with PD-associated cognitive deficits
[6-11]. These cognitive deficits together with a higher
prevalence and earlier onset of PD are associated with the
male gender [12, 13]. A commonly used animal model of
the disease is the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyr-
idine hydrochloride (MPTP) mouse model. It represents
the characteristic dopaminergic cell loss in the SN, deter-
mining the onset of PD [14, 15]. In this model, an impaired
neurogenic process in the hippocampus and associated
cognitive decline have also been reported [6-11]. In the
SN, dopaminergic neurodegeneration leads to a release
of soluble neuron-injury factors, which activate microglia
[16, 17]. This results in the release of neurotoxic agents
such as cytokines, reactive oxygen species, nitric oxide
radicals, and prostaglandins (PG) and attracts lymphocytic
infiltration of CD4+ and CD8+ T cells [17, 18]. All these
events lead to a perpetuation of inflammation and neuro-
degeneration in the SN [17-21].

In the DG of the hippocampus of MPTP-treated mice,
reactive microglia have also been observed [22, 23].
Microglial activation is known to alter the hippocampal
microenvironment leading to a decreased survival of newly
generated neurons in the DG [24-27]. The differentiation
from newborn neural progenitor cells into functionally
integrated neurons in the DG is a multistep process
[28-30], which is highly vulnerable to pathological
changes of the microenvironment such as inflammation
[25, 27, 31]. Microglia-released pro-inflammatory cyto-
kines such as interleukin (IL)-6 have been shown to be
important factors between activated microglia and decreased
hippocampal neurogenesis [27, 32]. In PD patients,
pro-inflammatory cytokines are also elevated in the
cerebrospinal fluid [33, 34], and microglial activation
has been observed in the hippocampus of post-mortem
brains [35, 36]. Thus, neurogenesis in the adult DG of
PD patients might also be affected by inflammation in
addition to the impaired homeostasis of the neurotrans-
mitter dopamine.

The anti-inflammatory effect of the non-selective
cyclooxygenase (COX) inhibitor indomethacin is based
on a reduced PG production by inhibiting the basally
expressed enzyme COX-1 and the inflammation-induced
COX-2 [37, 38]. COX catalyzes the synthesis of PGH2 in a
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two-step process, which is accompanied by the production
of neurotoxic free radicals [38, 39]. PGH2 is converted
into biologically active PG such as PGE2, which leads
to a rapid expression of COX-2 itself and other pro-
inflammatory agents by activation of the PGE2 receptor
2 [38, 40]. A decreased inflammation by indomethacin
treatment leads to the protection against neural cell loss
in the hippocampus in animal models of cranial irradi-
ation or ischemia [27, 41-45]. However, some studies de-
scribed a decreased proliferation of hippocampal neuronal
cells by COX inhibition in healthy and ischemic brains
[46, 47]. Serrano and colleagues suggested a potential early
neuroprotective role and a delayed neurodegeneration by
COX-2 signaling [48].

Interestingly, COX-2 is upregulated in the SN of PD
patients and in the MPTP mouse model [49] and leads to
higher dopaminergic cell loss than in COX-2-deficient
mice [50]. COX inhibition has been shown to prevent
microglial activation and dopaminergic cell loss in the SN
[51-53], which implies that COX plays a role in dopamin-
ergic neurodegeneration.

This suggests that a PG-mediated inflammation represents
a potential target. Thus, treatment with the non-selective
COX inhibitor indomethacin might be a therapeutic option
against dopaminergic cell loss and inflammation in the SN
and the DG. We investigated here if indomethacin shows an
anti-inflammatory effect on the cellular level, thereby redu-
cing the levels of circulating pro-inflammatory and elevating
the levels of anti-inflammatory cytokines, respectively.
Furthermore, we studied the influence of indomethacin
on different stages of adult hippocampal neurogenesis
after MPTP treatment to test whether a therapy with
indomethacin could be a suitable strategy to restore
adult neurogenesis in PD patients.

Methods
Animals and housing
In total, 6- to 12-week-old female wildtype C57Bl/6N mice
(n=131; Charles River, Sulzfeld, Germany) and transgenic
C57BI/6N mice, expressing the green fluorescent protein
(GFP) under the nestin promoter (Nestin-GFP) to label
neural progenitor cells (n =70, Forschungseinrichtungen fiir
Experimentelle Medizin, Berlin, Germany) with a median
weight of 21.1 g, were used. They were group-housed in
standard cages in a temperature- and humidity-controlled
standard colony room with a light-dark cycle of 12 h (start-
ing at 6 am) and free access to food and water. Even though
estradiol has a pro-neurogenic effect, adult hippocampal
neurogenesis is not influenced by the sex itself in C57Bl/6
mice at the age investigated here [54—56].

All experiments were approved by the local animal ethics
committee (Landesamt fiir Gesundheit und Soziales, Berlin,
Germany) and carried out in accordance with the European
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Communities Council Directive of 22 September 2010  Indomethacin treatment
(10/63/EU). Indomethacin (Liometacen, Promedica Chiesi, Parma,
Italy) was dissolved in distilled water and administered i.p.
. . at a concentration of 2.5 mg/kg body weight in the morning
Group design and e)fperlrner.\tal prf>cedure ) hours either over 6 consecutive days (ST) or every other
After 1 week of acclimatization, wildtype and Nestin-GFP day over 17 days (LT), starting after the last day of MPTP

mice were divided into two groups to receive eigher ?" or saline. Animals receiving 0.9% saline injections instead of
methyl-MPTP (further denoted as MPTP) or 0.9% saline ;i qomethacin served as controls for the drug treatment

as control (CTR) intraperitoneally (i.p.). Both groups were (vehicle).

further assigned to short-term treatment (ST) groups and

long-term treatment (LT) groups. Then, they were further  pgifusion and tissue preparation

divided to be treated either with indomethacin or 0.9% 5, imals were deeply anesthetized with ketamine/xyla-

saline as vehicle i.p. over 6 consecutive days (ST) or every .. (10% Ketamine hydrochloride, WDT; 2% Rompun,
other day over 17 days (LT), starting after the last day of = py;yet AQG) i.p. before being transcardially perfused with
MPTP or saline injection. This results in eight groups phosphate-buffered saline (PBS) and 4% paraformal-
with one control group (CTR + vehicle) in both time dehyde (PFA). The brains were removed from the
spans (ST and LT). All assignments into groups were skull, post-fixed in 4% PEA at 4 °C overnight, dehy-
performed pseudorandomly. After treatment cessation,  jy..ted with 30% sucrose solution at 4 °C for 48 h,
mice were killed for histology and molecular analyses. .4 fiozen at — 72 °C in 2-methylbutane (Sigma-Aldrich,
A timeline of the experimental procedure is displayed  giinheim, Germany). Afterward, the brains were coronally
in Fig. 1. sliced into 40-pum-thick sections using a Leica CM1850 UV
cryostat and stored in cryoprotectant solution at 4 °C until
histological analysis was performed.

For collecting blood samples and fresh brain tissue
for molecular analysis, the animals were as well deeply
anesthetized with ketamine/xylazine. Then, the abdomen
was opened, and the blood samples were taken from the
inferior vena cava. Aprotinin (Sigma-Aldrich, St. Louis,
USA; 1 pl/1 ml blood sample) was added to the samples
to prevent protein degradation. Samples were spun with
an acceleration of 8000xg at 4 °C for 15 min, and sera
were collected. After taking blood samples, the animals
were transcardially perfused with PBS. Afterward, the
brains were quickly removed from the skull and rapidly
frozen on dry ice. The brains and serum samples were
stored at — 80 °C until further analysis.

MPTP mouse model

MPTP (generous gift from Prof. Dr. Christian Klein,
Medicinal Chemistry, Institute of Pharmacy and Molecular
Biotechnology IPMB, Heidelberg University, Heidelberg,
Germany) was dissolved in 0.9% saline and injected i.p. at a
dose of 20 mg/kg body weight in the morning hours on
three consecutive days. CTR mice received three injections
of saline instead. During MPTP injections, mice were
treated in an extra room of the animal housing facility and
transferred into an isolation cage from the first day of
MPTP treatment until 2 days after due to the excrements
containing MPTP and its metabolites.

BrdU injections

5-Bromo-2'-deoxyuridine (BrdU, Sigma-Aldrich, Steinheim,  Immunohistochemistry and cell quantification

Germany) was used for labeling proliferating cells. It was  For CD68 staining, antigen retrieval was performed on
dissolved in 0.9% saline. All animals received BrdU ip. ata  the brain sections using NaBH3. To continue with the
dose of 50 mg/kg body weight in the morning hours on  immunohistochemical staining, a well-established protocol
three consecutive days, starting at the last day of MPTP or  was followed [9]. One-in-six free-floating brain section
saline, respectively. series were treated with 0.6% H,O,. Hereafter, the sections

N
Short-term treatment

! !
Treatment day 21012 3 456 7 9 11 13 15 17 18

| | \ \
Long-term treatment -i H B h I B B i L e

B CTRor MPTP _ | BrdU M vehicle or indomethacin =¥ Perfusion

Fig. 1 Timeline of the experimental procedure. MPTP: 1-methyl-4-(2-methylphenyl)-1,2,3,6-tetrahydropyridine hydrochloride,
BrdU: 5-bromo-2"-deoxyuridine
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for BrdU staining were also treated with 2 M HCIl. After
blocking with donkey serum-enriched PBS (PBS+), the
sections were incubated overnight with the first antibody:
anti-BrdU (rat, 1:500, AbD Serotec), anti-Iba-1 (rabbit, 1:
1000, Wako), anti-CD68 (rat, 1:400, AbD Serotec), or anti-
tyrosine hydroxylase (TH, mouse, 1:10,000, Sigma-Aldrich).
The next day, the sections were incubated with the
biotinylated secondary antibody (anti-rat, anti-rabbit, or
anti-mouse, 1:250, dianova) at room temperature for 2 h.
Afterward, an ABC solution to form a streptavidin-
peroxidase complex (Vectastain ABC Elite Kit, Vector
Laboratories) was applied, and the reaction was visualized
by 3,3'-diaminobenzidine (DAB, Sigma-Aldrich)-nickel
staining. Finally, the stained sections were mounted on
microscope slides and coverslipped.

In total, the eight brain slices of the hippocampus
(240 pum apart) of each mouse in the histological group
were analyzed by manually counting BrdU-positive
(BrdU+) cells in the subgranular zone and granular cell
layer of the DG using the x 40 objective. Total numbers
of Iba-1-positive (Iba+) cells and CD68-positive (CD68+)
cells were counted manually in the eight brain slices of
the wildtype mice in the hilus and granular and molecular
layer of the DG using the x 40 objective. CD68+ cells were
further subdivided into cells displaying an amoeboid or
ramified shape. Amoeboid CD68+ cells are defined as cells
with higher lysosomal activity, e.g., in microglia, macro-
phages, and to a lesser extent in dendritic cells, indicating
a phagocytotic state [57]. Here, CD68+ cells were identi-
fied as amoeboid, if cell somas appear more round-shaped
and more color-intense with no or only a few branches
[58, 59]. In contrast, ramified CD68+ cells are character-
ized by a small cell body with thin processes [58, 59].
Numbers of amoeboid CD68+ cells were assessed by
manual counting using the x 40 objective. Numbers of
ramified CD68+ cells were estimated by taking the differ-
ence between all CD68+ cells and amoeboid CD68+ cells.
For manual cell counting in the SN, including pars
compacta and pars reticulata, four stained brain slices
(240 pm apart) in total were analyzed for amoeboid
CD68+ cells in the SN of wildtype mice and TH-
positive (TH+) cells of Nestin-GFP mice using the x 40
objective. All manually assessed cell counts were done
using an Axioskop HB50/AC light microscope (Zeiss,
Germany) and multiplied by six to estimate the absolute
cell numbers. A Stereo Investigator (MBF Bioscience) and a
Leica DMRE microscope were used for quantification of
the total numbers of Iba-1+ cells and CD68+ cells in the
SN of wildtype mice. The region of interest was tracked
with a x 5 and x 4 objective, respectively. Actual counting
was done with a x 40 oil and x 20 objective, respectively,
on four sections with a sampling grid size of 150 x 120 pm
and a counting frame of 60 x 60 pm without guard dis-
sector height. Cells were counted when cells bodies
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became sharp in their widest extent. The total amount of
Iba-1+ and CD68+ cells was automatically estimated
using the counted cell number, sampling grid size,
counting frame size, slice interval, and slice thickness.
The coefficient of error (Gundersen, m =1) was <0.9.
The numbers of ramified CD68+ cells in the SN were
estimated by taking the difference between all CD68+
cells and amoeboid CD68+ cells. All data were collected
blinded to the treatment groups.

Immunofluorescence and cell quantification

For the characterization of newly generated BrdU+ cells
in the DG following the stages of neuronal development
in the adult DG [29] (Additional file 1: Figure S1), the
brain slices were triple-stained for BrdU, Nestin, visualized
by co-expressed GFP (Nestin-GFP), and doublecortin
(DCX) in Nestin-GFP mice or BrdU, DCX, and neuronal
nuclei (NeuN) in wildtype mice, following a well-established
protocol [9]. Briefly, one-in-twelve free-floating brain
sections (480 um apart) were pre-treated with 2 M HCl
and blocked with PBS+. Sections were then incubated
with anti-BrdU (rat, 1:500, AbD Serotec), anti-GFP
(rabbit, 1:200, Abcam), anti-DCX (goat, 1:100, Santa
Cruz Biotechnology), and anti-NeuN (mouse, 1:1000,
Abcam) at 4 °C overnight. The next day, the sections
were incubated with fluorescent secondary antibodies
RhodamineX (anti-rat, 1:250, dianova), Alexa488 (anti-
rabbit or anti-mouse, 1:1000, invitrogen), and Alexa647
(anti-goat, 1:300, dianova) at room temperature for 4 h,
mounted on microscope slides and coverslipped.

To evaluate the number of newly generated cells
following the stages of neurogenesis (Additional file 1:
Figure S1), 50 BrdU+ cells within the subgranular zone and
the granule cell layer were detected using a confocal micro-
scope (TCS SP2, Leica, Wetzlar, Germany) under a x 63
objective and were analyzed for co-labeling with Nestin-
GEFP-positive (BrdU+/Nestin-GFP+) type 1 cells, triangular
shaped cells with an apical process, and type 2a cells with
short, tangentially orientated processes, Nestin-GFP-
positive/DCX-positive (BrdU+/Nestin-GFP+/DCX+) type
2b cells, DCX-positive type 3 cells (BrdU+/DCX+) includ-
ing immature neurons or NeuN-positive (BrdU+/NeuN+)
mature neurons. Hereof, the absolute numbers were
estimated by the ratio of co-labeled BrdU+ cells to all
BrdU+ cells. All data were collected blinded to the
treatment groups.

Measurement of cytokine concentration

To assess peripheral inflammatory processes following
MPTP treatment, the protein levels of six representative
cytokines were measured in the serum: interleukin (IL)-1f,
IL-6, IL-10, IL-17a, interferon (IFN)-y, and tumor necrosis
factor (TNF)-a. For the detection, a Bio-Plex Pro™ Mouse
Cytokine Th17 Panel A 6-Plex Group 1 kit (Bio-Rad
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Laboratories, Inc.) and a Bio-Plex 200 System (Bio-Rad
Laboratories, Inc.) plate reader were used. Serum samples
were applied undiluted. The assay was processed following
the manufacturer’s protocol (Bio-Plex Pro TM Cytokine,
Chemokine, and Growth Factor Assays Instruction Manual,
Bio-Rad Laboratories, Inc.).

mRNA isolation and gene expression analysis

To investigate possible altered signaling pathways in neuro-
genesis, the expression of glil, hes5, lefl, effector genes of
the sonic hedgehog, Notch and Wnt signaling pathways,
respectively, and of the pro-neurogenic factors neuroD6 and
ngnl in the hippocampus was assessed. Therefore, the sam-
ples (1 mm in diameter) were taken from the brain slices of
the anterior hippocampus (Bregma -1.82 to -2.3 mm).
Hippocampal total RNA was isolated with the Nucleospin
RNA/Protein isolation kit (Macherey-Nagel, Diiren,
Germany) and reverse transcribed using the High Capacity
RNA-to-cDNA kit (Applied Biosystems, CA, USA). cDNA
corresponding to 1 ng of total RNA was used for gene
expression analysis carried out with the StepOne real-time
PCR instrument and software (Applied Biosystems, CA,
USA). The amplification was performed with TagMan
assays (gapdh: Mm99999915_gl1, glil: MmO00494654_m1,
hes5: Mm00439311_gl, lefl: Mm00550265_m1, neuroD6:
MmO01326464_m1, ngnl: MmO00440466_s1) according to
the TagMan Fast Advanced Master Mix protocol (Applied
Biosystems, CA, USA). Relative gene expression was
calculated with the comparative C; method (AAC,) and
gapdh as the reference gene. Data are displayed as fold
change compared to CTR + vehicle.

Statistical analysis

Data of the ST and LT groups were analyzed separately by
using IBM SPSS Statistics 25 for Windows and GraphPad
Prism 7. A 2 x 2 factorial design with the between-subject
factors neurotoxin (CTR vs. MPTP) and drug (vehicle vs.
indomethacin) was used. The two-way between-subjects
ANOVA was performed for histological, Multiplex ELISA,
and real-time PCR data to test the main effects of the factors
neurotoxin and drug and their interaction. Pairwise com-
parison using the Bonferroni test was done in case of a
significant interaction. P values < 0.05 were considered sta-
tistically significant. All histological data and real-time PCR
data are displayed in box plots with a center line as median
and whiskers indicating the minimum and maximum value.
Multiplex ELISA data are given tabularly as mean + SEM.
Graphs were created using GraphPad Prism 7.

Results

Indomethacin prevents the MPTP-induced decrease in the
number of new mature neurons in the DG

In the total cell count of BrdU+/NeuN+ mature granule
cells in the LT group, a significant interaction (F(1,26) =
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5.413) and a significant main effect of the factor drug
(F(1,26) =7.658) were observed. Pairwise comparison
showed that MPTP treatment reduced the number of
new mature neurons compared to CTR (CTR + vehicle
vs. MPTP + vehicle, p <0.05). Indomethacin treatment
prevented this reduction (MPTP + vehicle vs. MPTP +
indomethacin, p < 0.01) (Fig. 2a, Additional file 1: Figure S1).
In CTR mice, the number of newly generated neurons
was not altered by indomethacin (CTR + vehicle vs.
CTR + indomethacin, p > 0.05).

Total number of proliferating cells is not affected by
MPTP or indomethacin

At both time points, no significant alterations by the factors
neurotoxin (ST: F(1,28) =0.086; LT: F(1,26) = 1.422), drug
(ST: F(1,28) =0.382; LT: F(1,26) =0.511), and their inter-
action (ST: F(1,28) = 0.222; LT: F(1,26) = 0.005) in the total
number of BrdU+ cells were observed (Fig. 2b).

Neurotoxin treatment decreases the number of
proliferating type 2a cells in the DG

A significant interaction of the factors neurotoxin and drug
was detected in the number of BrdU+/Nestin-GFP+/DCX+
type 2b cells in the ST group (F(1,26) = 4.325) (Fig. 2c), but
no relevant significant difference in the post hoc Bonferroni
test. A significant main effect of the factor neurotoxin in
the total number of newly generated BrdU+/Nestin-GFP+
type 2a cells was revealed in the LT group (F(1,28) = 4.893)
(Fig. 2d). There were no effects of the factors neurotoxin
and drug alone or in their interaction on the absolute
numbers of BrdU+/Nestin-GFP+ type 1 cells, BrdU+/
Nestin-GFP+ type 2a cells in the ST group and BrdU+/
Nestin-GFP+/DCX+ type 2b cells in the LT group as well as
BrdU+/DCX+ type 3 cells including immature neurons at
both time points (Fig. 2¢c, d). Representative images of the
different cells types are shown in Fig. 3a—e.

Indomethacin and MPTP transiently downregulate Wnt
signaling, whereas drug treatment alone upregulates
neuroD6 expression in the hippocampus

In the ST group, there was a significant interaction
(F(1,16) =7.067) and a main effect of the factor drug
(F(1,16) =5.275) in the mRNA expression of lefl, an
effector of the Wnt signaling pathway. Here, the pair-
wise comparison showed a reduced lefl expression by
MPTP and indomethacin treatment compared to CTR
mice (CTR + vehicle vs. MPTP + vehicle, p <0.05; CTR +
vehicle vs. CTR + indomethacin, p <0.01) (Fig. 4a). These
effects were no longer present in the LT group. The factor
drug increased mRNA expression of the pro-neurogenic
basic helix-loop-helix (bHLH) gene neuroD6 in the ST
group (F(1,16) =9.530) and in the LT group (F(1,16) =
13.548). Significant main effects of the factor neuro-
toxin (F(1,16) = 5.469) and factor drug (F(1,16) = 5.482)
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Fig. 2 Results of histological cell counts of proliferating cells in the dentate gyrus. Absolute numbers of newborn mature neurons (a) and all
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immunohistological and immunofluorescent analysis. N = 6-8/group. A two-way ANOVA with factors neurotoxin, drug, and their interaction was
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on mRNA expression of the anti-neurogenic bHLH
repressor gene hesS5, an effector of the Notch signaling
pathway, were revealed in the ST group. These effects
were no longer present in the LT group. No mRNA
expression of the neurogenic factor ngnl could be
measured in the ST group. No significant effects of the
factors neurotoxin, drug, and their interaction were
revealed on the mRNA expression of ngn! in the LT group
and of glil, an effector gene of the sonic hedgehog
signaling pathway, at both time points. Data of mRNA
levels are presented in Fig. 4 and in the supplementary
material (Additional file 2: Table S1).

Reduced numbers of amoeboid CD68+ cells in the DG of

MPTP mice following indomethacin treatment

There was a significant interaction of neurotoxin and
drug in the total count of Iba-1+ microglia in the ST
group (F(1,28) =4.497). Post hoc analysis showed no
significant differences (Fig. 5a). No significant main effects
of the factors neurotoxin and drug or significant inter-
action on the total numbers of CD68+ cells were found
(Fig. 5b). At both time points, the interaction of neuro-
toxin and drug led to significantly different amounts of
amoeboid CD68+ cells (ST: F(1,28) = 7.923; LT: F(1,26) =
5.860). The pairwise comparison revealed a significantly
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cell type 2a (b), progenitor cell type 2b (c), progenitor cell type 3 (d), and mature neuron (e). Scale bars indicate 10 um. BrdU: 5-bromo-2"-deoxyuridine;

higher cell count of amoeboid CD68+ cells in MPTP-
treated mice compared to CTR mice at both time
points (CTR + vehicle vs. MPTP + vehicle: ST p <0.001;
LT p <0.05). Indomethacin prevented this in the ST group
(MPTP + vehicle vs. MPTP + indomethacin, p <0.01)
(Fig. 5¢). There were also significant main effects of the
factor neurotoxin (F(1,28) =5.767) and drug (F(1,28) =
4.298) on the amount of amoeboid CD68+ cells in the
ST group. No significant main effects or interaction on
the numbers of ramified CD68+ cells could be detected
at both time points (Fig. 5d). Representative images of
CD68+ cells are shown in Fig. 5e, f.

Long-term indomethacin treatment prevents MPTP-induced
increase of IL-10 and IL-17a levels in serum

A significant interactive effect of the factors neurotoxin
and drug was detected in the serum levels of IL-10
(F(1,31) = 4.432) and IL-17a (F(1,29) = 7.825) in the LT
group. The pairwise comparison revealed a significantly
higher serum concentration of the anti-inflammatory

cytokine IL-10 and the pro-inflammatory cytokine IL-17a in
MPTP-treated mice compared to CTR mice (CTR + vehicle
vs. MPTP + vehicle, p<0.05 and p<0.01, respectively).
Treatment with indomethacin following MPTP prevented
this increase (MPTP + vehicle vs. MPTP + indomethacin,
p<0.01). In the ST group, no significant effect of either the
factors neurotoxin, drug, or their interaction was found. No
significant change was revealed for the serum concentra-
tions of the pro-inflammatory cytokines IL-1p, IL-6, IFN-y,
and TNF-a at either time point (Table 1).

Indomethacin prevents MPTP-induced increase of lba-1+
cell numbers, and drug treatment alone decreases the
amount of CD68+ amoeboid cells in the SN

A two-way ANOVA revealed a significant main effect of
the factor neurotoxin on the number of TH+ neurons at
both time points (ST: F(1,26) = 8.609; LT: F(1,33) = 11.303),
but no effect of drug (ST: F(1,26) = 2.573; LT: F(1;33) =
3.189) or interaction (ST: F(1,26) = 3.821; LT: F(1,33) =
2.082) (Fig. 6a). As dopaminergic cell loss by neurotoxic
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treatment was achieved, the here selected time points
in this model represent the onset of PD. Representative
images, displaying the reduction of TH+ cells after
neurotoxic treatment, are represented in Fig. 6b, c.

A significant interaction of both factors in the amount
of Iba-1+ cells was observed in the ST group (F(1,28) =
7.715) and LT group (F(1,26) = 5.800). At both time points,
the pairwise comparison showed significantly higher
numbers of Iba-1+ microglia in MPTP-treated mice
than in CTR mice (CTR + vehicle vs. MPTP + vehicle:
ST, p<0.01; LT, p <0.05). This was decreased following
indomethacin treatment (MPTP + vehicle vs. MPTP +
indomethacin: ST, p<0.001; LT, p<0.05) (Fig. 7a). A
significant main effect of the factor drug was revealed in the
amount of Iba-1+ cells in the ST group (F(1,28) = 8.293). On
the numbers of all CD68+ cells, no significant effect of
either the factors neurotoxin, drug, or their interaction was
found (Fig. 7b). In the ST group, a significant main effect of
the factor drug could be observed on the amount of
amoeboid CD68+ cells (F(1,28) = 14.753) (Fig. 7c). No

significant main effects or interaction of both factors on the
number of ramified CD68+ cells was observed at both time
points (Fig. 7d). Representative images of Iba-1+ cells are
presented in Fig. 7e, f.

Discussion
We here demonstrate that indomethacin is effective in
preventing the impaired neurogenic process in the adult
hippocampus following MPTP-induced dopamine deple-
tion and has an anti-inflammatory effect by reducing the
number of amoeboid CD68+ cells as one factor of
inflammation. Both MPTP treatment and inflammation
are known to decrease the survival of newly generated
neurons in the DG [7, 9, 27, 60]. As MPTP treatment
itself is also accompanied by inflammatory reactions on
the cellular level in the hippocampus [22, 23], we suggest
a pro-neurogenic effect by indomethacin treatment based
on an anti-inflammatory effect on the cellular level.
According to previous studies, we observed a decreased
number of new mature neurons, characterized by NeuN
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Fig. 5 Results of histological cell counts of cellular inflammation in the dentate gyrus. Absolute numbers of Iba-1-positive cells (a), CD68-positive
cells (b), amoeboid CD68-positive cells (c), and ramified CD68-positive cells (d) and representative images of CD68-positive cells in CTR mice (e)
and MPTP-treated mice (f). Black arrows indicate amoeboid CD68-positive cells, and blue arrows indicate ramified CD68-positive cells. In the
short-term treatment group, indomethacin reduces the increased number of amoeboid CD68-positive cells after dopamine depletion. Scale bars
indicate 100 and 10 pm in the higher magnification. N = 6-8/group. A two-way ANOVA with main factors neurotoxin, drug, and their interaction
was performed. A significant interaction was followed by Bonferroni post hoc test with *p < 0.05, **p < 0.01, ***p < 0.001. CTR: control; MPTP:
1-methyl-4-(2"-methylphenyl)-1,2,3,6-tetrahydropyridine hydrochloride

expression, in the DG after MPTP treatment [9, 60, 61].
We show that long-term indomethacin treatment in turn
increased the survival of new mature neurons after MPTP
treatment. Selective COX-2-inhibition is known to
decrease the proliferation of hippocampal neuronal cells
[46, 47], whereas the unselective COX-inhibition by indo-
methacin has been shown to restore the amount of new
mature neurons after ischemia and irradiation associated
with reduced microglial activation in the DG [27, 62]. We

additionally demonstrate the neurogenic potential of
indomethacin on hippocampal neurogenesis in a principal
model for neurodegeneration. In animal models of dopa-
mine depletion as well as inflammation alone, impaired
neurogenesis correlates with a decline of hippocampus-
associated cognitive performances [6—11, 63, 64]. There
is also a cellular pro-inflammatory reaction in the DG
following dopamine depletion [22, 23], observed as a
higher number of amoeboid CD68+ cells in this study.
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Table 1 Serum protein levels of cytokines
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Cytokine
IL-18 IL-6 TNF-a IL-17a IFN-y IL-10
Short-term treatment CTR + vehicle 1237 £ 65.7 99+18 481.2 £ 930 220+ 48 264 £ 4.7 614+ 112
MPTP + vehicle 180.8 + 36.5 1.7 £22 500.8 £ 104.2 390+ 177 273 %53 686+ 133
CTR + indomethacin 2552 + 302 116 £ 20 5372 +914 271 £ 44 299 + 51 764 £ 121
MPTP + indomethacin 1575+ 765 91+£13 4428 £ 915 228 £ 2.1 262 +£18 704 £ 43
Long-term treatment CTR + vehicle 940 + 36.0 86+ 1.1 406.3 £ 53.7 155+£22 239+ 30 547 +7.1
MPTP + vehicle 1514 + 296 115+19 5695 + 823 38.2 £ 64 300 £ 39 886 + 9.7%
CTR + indomethacin 92.0 £ 35.1 10.7 £ 1.7 466.8 + 899 246 £ 49 270 +£43 60.1 = 10.2
MPTP + indomethacin 1269 + 267 94413 3548 + 736 193 + 36" 248 + 42 525+ 99"

Multiplex ELISA was performed to evaluate the levels of pro-inflammatory IL-1B, IL-6, TNF-q, IL-17a, and IFN-y and anti-inflammatory IL-10 in serum of short-term
and long-term groups. Values are expressed as mean + SEM in pg/ml, n=7-11/group. A two-way ANOVA with factors neurotoxin, drug, and their interaction

was performed

CTR control, MPTP 1-methyl-4-(2'-methylphenyl)-1,2,3,6-tetrahydropyridine hydrochloride
A significant interaction was followed by Bonferroni post hoc test: *p <0.05, **p <0.01 compared to CTR + vehicle; **p <0.01 compared to MPTP + vehicle

Here, indomethacin shows an anti-inflammatory effect
by reducing the number of amoeboid CD68+ cells. This
is in line with previous studies, in which indomethacin
treatment after irradiation or ischemia resulted in normal-
ized numbers of activated microglia [27, 41, 44, 65, 66].
Thus, indomethacin treatment reduces the cellular inflam-
matory response in a model of PD thereby leading to a
pro-neurogenic effect. Whether the anti-inflammatory

and neurogenesis-modulating effects of indomethacin may
also improve cognitive performances, needs to be tested
in future studies.

As the generation of mature neurons in the DG is a
multistep process, we investigated if a specific stage of
neuronal development in hippocampal neurogenesis is
influenced by indomethacin. The total number of newly
generated cells in the DG was not changed by MPTP or
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Fig. 6 Results of histological cell counts and representative images of dopaminergic neurons in the substantia nigra. Absolute numbers of
TH-positive cells (@) and representative images, displaying the dopaminergic cell loss after neurotoxic treatment in the substantia nigra in
mice of the CTR + vehicle (b) and MPTP + vehicle (c) group, representatively. Scale bars indicate 200 um. N =6-11/group. CTR: control; MPTP:

1-methyl-4-(2"-methylphenyl)-1,2,3,6-tetrahydropyridine hydrochloride
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indomethacin treatment in our study. This is in line with
previous studies, in which neither neurotoxin nor indo-
methacin treatment alone alters the general amount of
proliferating cells [6, 7, 9, 23, 60, 67, 68]. We observed a
decreased absolute number of newly generated type 2a
cells by neurotoxin treatment regardless of drug treat-
ment but found no change in the absolute numbers of
proliferating type 1 progenitor cells by MPTP or indo-
methacin. We assume from our previous studies that,
probably due to the here selected time points of analyses,
the decreased number of newly generated type 2a cells
results from a preceding reduction of type 1 cells after
dopamine depletion [6]. As type 2a cells are glial progeni-
tor cells, lineage determining to the later development
of new neurons in the DG [29], their reduction may

contribute to an impaired neurogenesis following
neurotoxin treatment despite drug treatment at later
time points. Indomethacin itself seems to not influence
the number of newly generated progenitor cells at these
early stages of the neurogenic process. Thus, indomethacin
has a pro-neurogenic effect, represented by normal neuronal
differentiation and an increased amount of newly generated
mature neurons after MPTP treatment.

To elucidate the underlying molecular mechanisms of
an altered neurogenic process by MPTP and its restoration
by indomethacin treatment, we investigated potentially
involved downstream signaling pathways. We have pre-
viously shown in the experimental autoimmune enceph-
alomyelitis murine model of the autoimmune disease
multiple sclerosis as an inflammatory animal model with
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subsequent neurodegeneration that the reduced differenti-
ation into mature neurons in the DG is correlated with a
reduced expression of pro-neurogenic genes [69]. Based
on these findings, we investigated the expression of the
target genes of the Notch, Wnt, and sonic hedgehog
signaling pathways as well as of neurogenic factors in the
hippocampus. The results indicate that the Wnt and
Notch signaling pathways, and the neurogenic bHLH
transcription factor neuroD6 are indeed involved. The
expression of lefl, a Wnt/p-catenin effector gene, was
decreased after MPTP treatment. This is in line with in
vitro findings of decreased [-catenin in neuronal progeni-
tor cells of the subventricular zone co-cultured with
MPTP and microglia [70]. As a suppression of the Wnt
signaling pathway results in a decreased number of newly
generated type 3 cells and immature neurons [71], we
suggest that downregulated Wnt signaling contributes to
a reduced survival of newly generated mature neurons
following MPTP treatment in the long term. Indomethacin
had no significant influence on the expression of lefI after
MPTP treatment. However, lefl was decreased in healthy
mice by short-term indomethacin treatment. This was
probably caused by a non-steroidal anti-inflammatory
drugs’ (NSAID) agonizing effect of the peroxisome pro-
liferator-activated receptor-gamma [72-74]. Previous
studies observed a downregulated Wnt signaling by indo-
methacin in cancer cells resulting in induced apoptosis
and suppressed proliferation to prevent uncontrolled
tumor growth [75, 76]. Here, the downregulated lefl
expression in indomethacin-treated healthy mice did
not affect adult neurogenesis. The expression of the
neurogenic gene neuroD6, a member of the bHLH gene
family and relevant in terminal neuronal differentiation
[77], promotes neuronal survival as well as the cells’
tolerance to oxidative stress by increasing mitochondrial
biomass [78, 79]. Thus, indomethacin treatment regardless
of neurotoxin treatment may promote the survival of
newly generated neurons. In contrast to the ST group,
neuroD6 expression was downregulated by long-term
indomethacin treatment regardless of neurotoxin treat-
ment. This did not affect neuronal development within
the time span observed here. Hes5 is a primary Notch
signaling pathway effector leading to impaired neurogen-
esis [80—82]. It is mainly expressed in putative progenitor
cells type 1, 2a, and 2b, and increased Notch signaling as
well as expression of the effector gene /hes5 inhibits the
differentiation of these progenitor cells into mature neu-
rons [83—86]. In the present study, the expression of hesS
was transiently increased in neurotoxic-treated mice re-
gardless of indomethacin treatment in the ST group.
There could be consequential inhibition of further pro-
genitor cell differentiation eventually leading to a re-
duced amount of mature neurons in the MPTP-treated
mice in the LT group. Short-term drug administration
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itself reduced hesS expression, which may have contrib-
uted to a differentiation into mature neurons in the
indomethacin-treated mice of the LT group.

Subsequently, we assessed the serum concentration of
the pro-inflammatory cytokines IL-1pB, IL-6, IL-17a, and
TNF-a, which mainly disturb neurogenesis, as well as
IFN-y and the anti-inflammatory cytokine IL-10, which
are both rather beneficial to the neurogenic process
[32, 87-93]. These cytokines have been reported to be
elevated in the cerebrospinal fluid as well as serum of
PD patients [33, 34, 94-96]. As microglial response and
T cell infiltration occur within a few days after MPTP
injection [53, 96], we expected elevated cytokine levels
in serum in the ST group. Instead, the serum levels of
IL-17a and IL-10 were elevated in the LT group. As the
majority of the pro-inflammatory and anti-neurogenic
cytokines were unchanged but the anti-inflammatory
and pro-neurogenic cytokine IL-10 was elevated in turn,
we suggest an incipient recovery after MPTP treatment.
Together with the observation by other research groups of
increased cytokine concentration in the cerebrospinal
fluid but not in serum after MPTP treatment [94, 97], it
should be considered that there are higher cytokine
concentrations altering the surrounding brain tissue after
MPTP, reflected in highly expressed mRNA levels in the
midbrain and striatum tissue [98—100], which is probably
not detectable in C57Bl/6 mice peripherally. Here, the
increased cytokine levels of IL-10 and IL-17a in the LT
group may have resulted from an inflammatory response
to MPTP in peripheral organs, such as the gut tissue,
where macrophage infiltration and high levels of cytokines
have been found for several days [101, 102].

As previously shown in the SN [103, 104], we also
observed a reduction of dopaminergic neurons after
neurotoxin treatment. Contrary to the DG, indomethacin
treatment itself has no neuroprotective effect on dopa-
minergic neurons. This is in line with the investigation by
Kurkowska-Jastrzebska and colleagues, where also no neu-
roprotective effect of indomethacin after MPTP treatment
was observed [53]. In contrast, other studies have shown a
prevention of dopaminergic cell loss by indomethacin or
COX-2 inhibitors, when given before the MPTP treatment
started [49, 51-53]. We also observed a transient pro-
inflammatory reaction following MPTP, reflected by an in-
creased total amount of microglia. Although indomethacin
treatment with its anti-inflammatory effect normalized the
cellular inflammatory response, it had no effect on dopamin-
ergic cell numbers. This suggests that the neurodegeneration
was caused by direct neurotoxicity of MPTP on dopamin-
ergic cells [21]. In human studies, NSAIDs may reduce the
risk of developing PD, whereas there is currently no
evidence for a secondary prevention of PD [105]. Our
results in the mouse model of dopamine depletion support
this in part, as indomethacin given in higher total dosage or
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adapted intervals may also prevent secondary inflammation-
mediated dopaminergic cell loss. Nevertheless, hippocampal
neurogenesis was restored correlating with reduced cellular
inflammation, reflected by a decreased number of amoeboid
CD68+ cells, despite dopaminergic cell loss. Thus,
hippocampus-related deficits after dopamine depletion
may result from inflammation-mediated reduced neurogen-
esis rather than from altered neurotransmitter homeostasis.

Conclusions

In summary, we demonstrated a pro-neurogenic and
thereby restorative effect of indomethacin resulting in
normal progenitor cell differentiation towards mature
neurons despite a MPTP-induced neurotoxic and pro-in-
flammatory process. We suggest that the reduced level of
pro-inflammation-associated cell types, the downregulated
Notch signaling pathway, and the increased expression of
neuroD6 altogether contribute to the pro-neurogenic po-
tential of indomethacin in the DG of MPTP-treated mice.
Despite indomethacin treatment and its anti-inflammatory
effect in the SN, there was a neurotoxin-induced dopamin-
ergic cell loss. Regardless of that, indomethacin promoted
the survival of new mature neurons in the DG. In con-
clusion, indomethacin might represent a therapeutic
option to restore adult neurogenesis in the DG to improve
hippocampus-associated deficits in neurodegenerative
diseases such as PD.

Additional files

Additional file 1: Figure S1. Effects of dopamine depletion and
indomethacin treatment on the stages of adult hippocampal neurogenesis.
Neuronal development originates from a Nestin-positive, triangular-shaped
stem cell (type 1). Then, neurogenesis progresses over the stages of the
putative progenitor cells (type 2a, type 2b, and type 3) and ends in the
NeuN-positive mature granule cell. Neurotoxic treatment leads to a
decreased number of newly generated (type 2a cells) and mature neurons,
whereas indomethacin treatment afterwards promotes the development
towards mature neurons. MPTP: 1-methyl-4-(2-methylphenyl)-1,2,3 6-tetrahy-
dropyridine hydrochloride; NeuN: neuronal nuclei. (TIF 624 kb)

Additional file 2: Table S1. Hippocampal gene expression analysis.
Quantitative real-time PCR was performed for the effector genes glil,
hes5, and lefT of the sonic hedgehog, Notch, and Wnt signaling pathway,
respectively, and for the neurogenic factors neuroD6 and ngni. Gene ex-
pression is displayed as fold change of mRNA levels in relation to CTR + ve-
hicle, n = 5/group. A two-way ANOVA with main factors neurotoxin, drug,
and their interaction was performed. A significant interaction was followed
by Bonferroni post hoc test: *p < 0.05, **p < 001 compared to CTR + vehicle.
CTR: control; 1-methyl-4-(2-methylphenyl)-1,2,3,6-tetrahydropyridine
hydrochloride. (DOCX 13 kb)
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