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Einleitung

1 Einleitung

1.1 Die embryonale kortikale Gehirnentwicklung der Maus

Die murine kortikale Entwicklung beginnt — wie auch beim Menschen — mit der Entstehung
des Gehirns aus dem Ektoderm, welches neben Endoderm und Mesoderm eines der drei
Keimblitter darstellt. Aus dem Ektoderm entwickelt sich bei Maéausen am
Embryonalstadium (E) 7 die Neuralplatte, welche sich daraufhin beginnt einzustiilpen und
an E10,5 das Neuralrohr bildet (Stuhlmiller and Garcia-Castro 2012, Chen et al. 2017). Am
rostralen Ende des Neuralrohres beginnt an E10,5 die Ausbildung von vesikulédren
Strukturen, von denen die am weitesten rostral gelegene das Telencephalon darstellt (Chen
et al. 2017). Dieses besteht bereits aus zwei separaten Bereichen, welche sich spiter zu den
beiden kortikalen Hemisphéren entwickeln.

Zur Entwicklung dieser Strukturen wird eine gewaltige Anzahl an Zellen bendtigt. Ein
Grofteil dieser Zellen wird direkt an den Réndern der Ventrikeln produziert, der
sogenannten ventrikuldren Zone (VZ). Die dort angesiedelten neuralen Stammzellen, auch
radiale Gliazellen (rGZ) genannt, teilen sich in der Expansionsphase zwischen E10 und
E12 iiberwiegend symmetrisch, d.h. aus jeder Zellteilung gehen zwei Stammzellen hervor
(siche Abbildung 1; Caviness, Takahashi and Nowakowski 1995, Di Bella et al. 2021).
Dieses Schema dndert sich zu E12/E13 und die Stammzellen beginnen nun mit
asymmetrischen Teilungen, d.h. es entstehen eine Stammzelle und eine intermedidre
Vorlduferzelle (iVZ) oder direkt ein Neuron (Miyata et al. 2004, Englund et al. 2005,
Arnold et al. 2008). Wihrend die radiale Gliazelle in der VZ verbleibt, wandern die neuen
1VZs und Neuronen entlang der Ausldufer der radialen Gliazellen nach auflen. Die Neurone
wandern dabei bis an den duflersten Rand und bilden die ersten Schichten des Kortex,
welcher grof3tenteils aus 6 Schichten aufgebaut ist. Die iVZ hingegen verbleiben oberhalb
der VZ und bilden dort die subventrikuldre Zone (SVZ) (Haubensak et al. 2004). In dieser
teilen sich die meisten iVZ symmetrisch zu zwei Neuronen, ein Teil jedoch erzeugt durch
symmetrische Teilung weitere iVZ (Haubensak et al. 2004, Miyata et al. 2004, Noctor et
al. 2004, Wu et al. 2005). Zudem finden sich in der SVZ auch basale radiale Gliazellen
(brGZ), welche im Gegensatz zu RGZs nur noch einen basalen Ausldufer besitzen. Diese
verhalten sich wie 1VZ, konnen jedoch zusétzlich noch asymmetrische Teilungen

vollziehen, sodass die brGZ verbleibt und ein Neuron oder iVZ produziert wird (Fietz et
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Abbildung 1: Schematische Darstellung der verschiedenen an der Neurogenese
beteiligten Zellen und deren Moglichkeiten zur symmetrischen oder asymmetrischen
Zellteilung wihrend der frithen und spaten Neurogenese. VZ = ventrikuldre Zone; SVZ =
subventrikuldre Zone; KP = kortikale Platte. Erstellt mit BioRender.com.

al. 2010, Hansen et al. 2010). Die Art und Weise der Zellteilung innerhalb der SVZ ist
dabei von entscheidender Bedeutung fiir die spétere GrofBe des jeweiligen Gehirns und stellt
einen entscheidenden Unterschied in der Gehirnentwicklung zwischen Maiusen und
Menschen dar (Nonaka-Kinoshita et al. 2013, Pilz et al. 2013, Florio et al. 2015).
Die in der SVZ produzierten Neurone wandern wie auch die aus der VZ kommenden
entlang der basalen Ausldufer der rGZ und brGZ und siedeln sich jeweils am duBersten
Rand des Kortex an. Somit entsteht das fiir den Kortex typische inside-out Schema, indem
die &duBersten Schichten der kortikalen Platte die chronologisch jiingsten Neurone
beinhalten bzw. zuletzt entstehen. So lassen sich bereits ab E11 Neurone der inneren
Schichten VI und V finden, welche zwischen E11 und E16 entstehen und zwischen
E15/E16 und Postnatalstadium (P) 0 ihr Maximum an Neuronen erreichen (McKenna et al.
2011, Alsio et al. 2013, Saurat et al. 2013). Neuronen der dulleren Schichten IV bis I
dagegen sind erst ab E14/E15 sichtbar und deren Anzahl steigt bis PO kontinuierlich an
(Alsi6 et al. 2013, Saurat et al. 2013, Harb et al. 2016, Stepien et al. 2020). Beispielsweise
entstehen nahezu alle Neuronen der Schicht Il zwischen E17 und PO (Zgraggen et al. 2012).
Neben der Entstehung von Neuronen spielen Mikroglia eine entscheidende Rolle bei der

kortikalen Entwicklung (Arno et al. 2014, Tronnes et al. 2016). Mikroglia entstehen im
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Abbildung 2: Schematische Darstellung des phénotypischen und funktionellen
Umschaltens von Mikroglia im perinatalen Mauskortex. KP = kortikale Platte; IGF1 =
Insulinartiger Wachstumsfaktor 1 (Insulin like growth factor I). Erstellt mit BioRender.com.

Dottersack des Embryos und gelangen an ca. E11 in den sich entwickelnden Kortex, in
welchem sie eine Vielzahl von Funktionen wie Phagozytose von Zellen, Forderung der
Neurogenese, Erhalt spezieller Neurone und die Beeinflussung der Synapsenausbildung
iibernehmen (siehe Abbildung 2; (Hoshiko et al. 2012, Schafer et al. 2012, Swinnen et al.
2013, Schulz et al. 2012, Cunningham, Martinez-Cerdefio and Noctor 2013, Ueno et al.
2013, Shigemoto-Mogami et al. 2014). Chronologisch betrachtet befinden sich nahezu alle
Mikroglia zundchst in den proliferierenden Zonen VZ und SVZ, in welchen sie selbst
proliferieren und sowohl apoptotische als auch nicht-apoptotische Zellen phagozytieren
(Alliot, Godin and Pessac 1999, Antony et al. 2011, Cunningham et al. 2013, Fricker et al.
2012). Ab P3 findet ein phinotypisches Umschalten statt, indem Mikroglia durch Sekretion
von Faktoren wie Insulinartiger Wachstumsfaktor 1 (IGF1) zum Uberleben von Neuronen
beitragen und noch spéter die neuronalen Netzwerke orchestrieren (Paolicelli et al. 2011,
Schafer et al. 2012, Ueno et al. 2013, Shigemoto-Mogami et al. 2014). Jedoch wird die
kortikale Platte bereits ab E16 von Mikroglia besiedelt (Squarzoni et al. 2014). Deren
Funktion in dieser Zeit (E16 bis P3) ist allerdings weitestgehend unbekannt und bedarf

weiterer Forschung.

1.2 Sauerstoff als Einflussfaktor der Gehirnentwicklung

Eine optimale Sauerstoffversorgung stellt einen kritischen Faktor fiir die adédquate

Entwicklung des Gehirns dar (Schneider et al. 2012, Porzionato et al. 2015). Kommt es zur
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Hypoxie, etwa durch Plazentaprobleme oder Aufenthalt von Schwangeren oder
Neugeborenen in groBen Hohen, kann diese zu intrauteriner Wachstumsrestriktion,
verringerter Neurogenese bzw. Anzahl an Neuronen sowie spdteren neurologischen
Einschriankungen fithren (Padilla et al. 2011, Carpentier et al. 2013, Yang et al. 2013,
Herrera and Gonzalez-Candia 2021, Pla et al. 2020). Aber auch Hyperoxie, welche bei
Frithgeburten durch iatrogene Sauerstoffbehandlung induziert wird, oder als Therapieform
gegen das hypoplastische Linksherzsyndrom Anwendung findet, kann zu strukturellen
Verdnderungen des sich entwickelnden Gehirns fiihren (Felderhoff-Mueser et al. 2004,
Gerstner et al. 2008, Edwards et al. 2018, Ramani et al. 2018). Problematisch daran ist,
dass derartige sauerstoffbedingte Storungen im Verlauf des Lebens moglicherweise zu
neurologischen FEinschrankungen sowie zu Erkrankungen wie Schizophrenie oder
Autismus-Spektrum-Storung filhren konnen (Vaucher et al. 2012, Winkler-Schwartz,
Garfinkle and Shevell 2014, Sola et al. 2014, Blackard et al. 2021, Wang et al. 2021).

Die Ursachen dafiir konnten darin begriindet liegen, dass die Wirkung von Sauerstoff nicht
nur auf den Energiestoffwechsel begrenzt ist, sondern dass dieser auch als wichtiger
Signalfaktor fungiert (Semenza and Wang 1992). Er wirkt dabei in verschiedensten
Zelltypen 1iber Hypoxie-induzierende Faktoren (HIF), welche unter hoéherem
Sauerstoffpartialdruck degradiert werden, unter geringen Sauerstoffpartialdruck jedoch als
Transkriptionsfaktoren aktiv sind (Maxwell, Pugh and Ratcliffe 1993, Wang and Semenza
1993, Ohh et al. 2000). Dabei konnen HIFs mafB3geblich die Eigenschaften der Stammzellen
sowie Vaskularisierungsfaktoren beeinflussen (Covello et al. 2006, Tomita et al. 2003,
Milosevic et al. 2009, Forristal et al. 2010). Dieser Mechanismus spielt auch in der
Gehirnentwicklung eine wichtige Rolle (Tomita et al. 2003, Wagenfuhr et al. 2015,
Wagenfuhr et al. 2016, Lange et al. 2016). Obwohl noch unklar ist ob Sauerstoff
ausschlieBlich iiber HIFs wirkt, wurde in Wagenfiihr et al. 2015 und 2016 gezeigt, dass
eine 48 h lang anhaltende maternale Hyperoxie von E14,5 bis E16,5 zu einer Vergroferung
des Kortex und auch des Mittelhirns aufgrund gesteigerter Proliferation fiihrt
(siehe Abbildung 3). Insbesondere im Kortex konnten dabei vermehrt subventrikulédre
Vorlauferzellen identifiziert werden, welche in groer Anzahl normalerweise nur in hdher
entwickelten Gehirnen vorkommen.

Die gleiche Methode hatte dagegen zu fritheren Zeitpunkten der Entwicklung kaum
Auswirkungen auf den Kortex (Wagenfuhr et al. 2015). Bei Verldngerung der Hyperoxie
in der frithen Entwicklung auf 72 h kommt es dagegen zu einem Umschalten der kortikalen

Stammzellen hin zu vermehrter Differenzierung, sodass die Dauer der Applikation eine
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Abbildung 3: Schematische Darstellung eines expandierten E16,5 Mauskortex nach
Sauerstoffbehandlung mit 75% pO, ab E14,5. VZ = ventrikuldre Zone; SVZ =
Subventrikuldre Zone; VI = sechste kortikale Schicht; V = finfte kortikale Schicht; IV -I
= kortikale Schichten vier bis eins. Erstellt mit BioRender.com.

wichtige Rolle zu spielen scheint (Lange et al. 2016). Jedoch zeigt eine Pilotstudie mit
chronischer maternaler Sauerstofftherapie gegen das hypoplastische Linksherzsyndrom,
dass, trotz verringertem Kopfumfangs bei 6 Monate alten Kindern, keine neurologischen
Beeintrachtigungen nachweisbar waren (Lara et al. 2016, Edwards et al. 2018). Dies ldsst
darauf schlieBen, dass morphologische Verdnderungen durch Sauerstofftherapien
moglicherweise durch regulatorische Prozesse normalisiert werden. Um welche Prozesse
es sich dabei handelt und warum dennoch einige Kinder nach perinatalen hyperoxischen
Ereignissen neurologischen Einschrankungen unterliegen, sowie welche Rolle die Dauer
einer Sauerstofftherapie spielt sind noch géinzlich unbekannt. Eine Aufkldrung dieser
Prozesse ist fiir das Verstidndnis der Gehirnentwicklung essentiell und wird dazu beitragen,
neurologische entwicklungsbiologische Beeintrachtigungen und Erkrankungen besser zu

verstehen.
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1.3 Katecholamine als Einflussfaktoren der Gehirnentwicklung

Katecholamine sind wichtige Neurotransmitter in einem funktionsfahigem Gehirn. Die
beiden wichtigsten Katecholamine sind Dopamin (DA), welches iiberwiegend in Neuronen
der Substantia Nigra (SN), Ventralen Tegmentalen Areal (VTA) und dem Locus Coeruleus
(LC) synthetisiert wird, und Noradrenalin (NA), welches innerhalb des Gehirns
ausschlieBlich in Neuronen des LC synthetisiert wird. Beide Populationen entwickeln sich
sehr zeitig im Gehirn: dopaminerge Neurone bilden ab E10 die SN und VTA (Bayer et al.
1995, Bye, Thompson and Parish 2012); noradrenerge Neuronen entstehen bereits an E9
und bilden den LC (Pierce 1973, Steindler and Trosko 1989). Noradrenerge Neuronen
projizieren in den Kortex, den Hippocampus, den Hypothalamus, das Septum und
Kleinhirn (Coyle 1977, Coyle and Kuhar 1974, Gaspar et al. 1985, Gaspar et al. 1989).
Dabei werden beispielsweise alle Schichten des Kortex an P5 von noradrenergen
Auslaufern durchzogen und an P14 wird das Innervationsmuster einer ausgewachsenen
Maus erreicht (Verney, Molliver and Grzanna 1982, Berger et al. 1983, Berger et al. 1985,
Murrin, Sanders and Bylund 2007). Dopaminerge Neuronen projizieren ebenfalls in den
Kortex und Hippocampus, Erreichen ihr adultes Innervationsmuster jedoch erst einige
Monate nach Geburt (Kalsbeek, Matthijssen and Uylings 1989, Berger-Sweeney and
Hohmann 1997). Auffillig dabei ist, dass die Entstehung der kortikalen Schichten nahezu
zeitgleich mit der noradrenergen Innervation beginnt (Verney et al. 1984). Inwieweit
Katecholamine die Neurogenese beeinflussen oder regulieren, ist jedoch bisher vollig
unklar.

In adulten Mausen wurde vor kurzem gezeigt, dass NA die Neurogenese im Hippocampus,
der subventrikuliren Zone (SVZ) und entlang des gesamten Ventrikels beeinflusst
(Weselek et al. 2020). Mit Ausnahme des Hippocampus, fungiert NA dabei als Hemmstoff
fiir die Neurogenese in der SVZ und entlang der gesamten Ventrikelachse. Dass NA je nach
Bindung an verschiedene Rezeptoren fordernd oder hemmend auf die Proliferation
fungiert, konnte bereits in in vitro Versuchen gezeigt werden (Ghiani et al. 1999, Masuda
et al. 2012). Trotz dessen der Effekt von NA auf die hippokampale Neurogenese sehr gut
erforscht ist gibt nur sehr wenige Studien beziiglich der periventrikuléren oder embryonalen
Neurogenese (Malberg et al. 2000, Kulkarni, Jha and Vaidya 2002, Jhaveri et al. 2014).
Einige wenige in vivo Studien nutzten zudem ausschlieflich toxische oder mechanische
Lésionen des noradrenergen Systems, wobei nur kortikale Effekte untersucht wurden, die

gegebenenfalls auf andere Einfliisse wie bestimmte Wachstumsfaktoren zuriickzufiihren

11
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waren (Lidov and Molliver 1982, Murtha, Pappas and Raman 1990, Hassani et al. 2020).
Zur Aufklarung der physiologischen Effekte von Katecholaminen, insbesondere von NA,
auf die Gehirnentwicklung miissen daher systematisch Untersuchungen der Neurogenese
in Abhingigkeit der jeweiligen Katecholaminlevel durchgefiihrt werden. In der
aufgefiihrten Studie wird daher der DA und NA Gehalt zu verschiedenen Stadien der
perinatalen Gehirnentwicklung von Mausen untersucht und zum Ausmal} der Neurogenese

korreliert.

12
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2 Fragestellung

Die Entwicklung des Gehirns unterliegt einer Vielzahl von Einflussfaktoren und ist ein
dynamischer, dulerst komplexer Prozess, welcher in weiten Teilen noch nicht verstanden
ist. Komplikationen wihrend der Entwicklung konnen verschiedenste neuronale
entwicklungsbiologische Erkrankungen wie zum Beispiel Schizophrenie oder Autismus-
Spektrum-Storung hervorrufen. Diese Erkrankungen sind weder heilbar, noch sind deren
genaue Ursachen bisher bekannt. Zur moglichen Aufkldarung und potenziellen Therapie
solcher Erkrankungen ist es von groflem Interesse, die Grundlagen der Entwicklung des
Gehirns besser zu verstehen.
Die vorliegende Dissertation behandelt einen kleinen Ausschnitt dieses komplexen
Prozesses. Dabei werden sowohl Sauerstoff, welcher bekanntermaflen die Neurogenese
beeinflussen kann, als auch Katecholamine als Parameter der Gehirnentwicklung,
insbesondere des Kortex, zu bestimmten Zeitpunkten untersucht. Die konkreten
Fragestellungen untergliedern sich wie folgt:
» Fuhrt kurzzeitige maternale Hyperoxie zur dauerhaften Vergroerung des Gehirns
und Verdnderung des Kortex?
* Wie werden durch maternale Hyperoxie hervorgerufene Effekte reguliert?
+ Konnen die Effekte einer maternalen Hyperoxie durch liangere Applikation noch
gesteigert werden?

* Welchen Einfluss haben Katecholamine auf die Entwicklung des Gehirns?

13
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3 Methoden

3.1 Tierhaltung, Tiermodell und Gewebepriparation

Alle Versuche mit und an Tieren erfolgten nach Genehmigung der jeweils zustindigen
Landesbehorden (Landesamt fiir Landwirtschaft, Lebensmittelsicherheit und Fischerei
Mecklenburg-Vorpommern: AZ 7221.3-1-043/16; Landesdirektion Sachsen: 24-9168.24-
1/2010-5). In den Projekten wurden C57BL/6J Miuse verwendet, welche unter 12 h/12 h
Tag-Nacht-Zyklus gehalten wurden und denen Futter und Wasser ad libitum zur Verfiigung
stand. Zur Sicherstellung der entsprechenden Entwicklungsstadien wurden die Tiere
zeitlich exakt verpaart, d.h. das jeweilige Minnchen wurde nur eine Nacht zu den
Weibchen gesetzt. Zur Gewebepriparation wurden die Tiere fachgerecht und schmerzfrei
getotet, die Feten entnommen und mittels Stereomikroskop die Gehirne herausprépariert.
Diese wurde fiir 24 h in 4 % Paraformaldehyd fixiert, in 30 % Sukroseldsung entwéssert,
in circa -60 °C kaltem Isopropanol schockgefroren und anschlieend bis zur weiteren

Verwendung bei -80 °C gelagert.

3.2 Sauerstoffbehandlung

Zur Behandlung der trachtigen Tiere wurden diese in ihren normalen Kéfigen in einer auf
75% pO> vorgefluteten Sauerstoftkammer gehalten (siche Abbildung 4). Die Behandlung
erfolgte zur kurzzeitigen maternalen Hyperoxiebehandlung fiir 48 h vom
Embryonalstadium (E) 14,5 bis E16,5. Zur chronischen maternalen Hyperoxiebehandlung
wurden die Tiere von ES5,5 bis E16,5 im 24 h Rhythmus abwechselnd in 75% Sauerstoff
bzw. normaler Raumluft gehalten. Die jeweils 24 h Erholungsphase war notwendig, um
das Wohl des trachtigen Tieres selbst sicher zu stellen (Wagenfuhr et al. 2015). Kurz vor
der kurzzeitigen Hyperoxiebehandlung an E14,5 wurde einem Teil der Tiere das
Thymidinanalogon BrdU intraperitoneal injiziert, sowie einen Tag nach der

Hyperoxiebehandlung an E17,5 das Thymidinanalogon EdU.

14
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Abbildung 4: Schematische Zeichnung der verwendeten
Sauerstoffkammer ITA950 (InerTec). Die aus transparentem
Kunststoff bestehende Kammer verfligt tiber Sauerstoff- bzw.
Stickstoff-Zufilhrungen zur exakten Einstellung des jeweilig
gewiinschten Sauerstoffpartialdrucks, welcher iiber Sensoren in der
Box permanent gemessen wird. Zudem sind eine Schleuse zum
Transfer der Kéfig sowie Handschuhe zur Handhabung innerhalb der
Kammer vorhanden. Erstellt mit BioRender.com.

3.3 Immunhistochemie

Die immunhistochemischen Analysen erfolgten mit Unterstiitzung von Frau Luisa Miiller
beziiglich NeuN Férbungen bei chronisch maternal hyperoxygenierten Tieren und
mafBgeblich durch Grit Weselek beziiglich der Fiarbungen und Analysen zur
katecholaminergen  Innervation des  sich  entwickelnden  Gehirns.  Zur
immunhistochemischen Analyse verschiedener Marker wurden die Gehirne mittels
Kryomikrotom koronar in 20 um diinne Scheiben geschnitten und direkt auf Objekttrager
aufgezogen. Die Schnitte wurden mittels TBST gewaschen und zur Antigendemaskierung
fiir 30 min in 95 °C heiBlem Zitratpuffer bzw. fiir BrdU-Féarbungen bei 37 °C in 2 N HCl
inkubiert. Nach erneutem Waschen erfolgte die Permeabilisierung und das Blockieren
unspezifischer Bindungen mittels 0,2 % Triton-X Losung bzw. mittels 10% Esel-Serum.
AnschlieBend wurden die Schnitte bei 4 °C {iber Nacht mit verschiedenen
Primérantikérpern inkubiert (Tabelle 1), gewaschen und mit Sekundérantikérper fiir
90 min bei Raumtemperatur inkubiert. AbschlieBend wurden die Schnitte 3 min mit
Hochstlosung zur Kernfirbung bedeckt und mittels Fluoromount-G eingedeckelt. Die
Analyse der Priparate erfolgte an verschiedenen Mikroskopen: Zeiss AxioObserver mit

Apotome, Zeiss LSM900 mit AiryScan, Zeiss LSM 700 oder Leica DM IRE2.
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Tabelle 1: Liste aller verwendeter Primédrantikdrper

Antikorper Firma RRID

chicken anti-NeuN Merck AB_ 11205760
goat anti-Ibal Abcam AB 2224402
guinea pig anti-vGluT2 Merck AB 1587626
mouse anti-BrdU Thermo Fisher Scientific | AB 2536432
mouse anti-Nestin Chemicon AB 2251134
mouse anti-NET MAB Technologies AB_ 2571639
mouse anti-phH3 Cell Signaling AB 331748
mouse anti-Satb2 Abcam AB 882455
rabbit anti-CC3 Cell Signaling AB 2341188
rabbit anti-CD68 Abcam AB_10975465
rabbit anti-Ibal Wako AB 839504
rabbit anti-MCM2 Abcam AB 881276
rabbit anti-NeuN Merck AB 10807945
rabbit anti-Pax6 Covance AB 291612
rabbit anti-Tbrl Abcam AB 2200219
rabbit anti-Tbr2 Abcam AB 2721040
rabbit anti-TH Pel-Freez AB 461064
rat anti-CD68 BioRad AB 324217
rat anti-Ctip2 Abcam AB 2064130
rat anti-DAT Merck AB 2251134
sheep anti-TH Pel-Freez AB 461070

3.4 Analyse der Katecholamine

Zur Analyse der Katecholamine wurden ca. 200 pm Gewebe rund um die Ventrikel
verschiedener Gehirnareale entfernt, gewogen und in Perchlorsdure homogenisiert
(durchgefiihrt von Grit Weselek). Die Proben wurden bei 48000 g zentrifugiert und 50 pl
des jeweiligen Uberstandes wurden in einem Hochleistungs-Fliissigkeitschromatographie
(High-Performance Liquid Chromatography, HPLC) System auf ihren Dopamin- und
Noradrenalin-Gehalt hin untersucht (durchgefiihrt von Manfred Gerlach). Dabei kam ein
Agilent 1100 System mit Nukleosil 120-5C18 reversen Phase Sdule, Elektrochemischen
Detektor und Agilent Chem Station for LC9D zum Einsatz, wobei das Detektionslimit bei

0,1 ng Katecholamine pro ml Probe lag.
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4 Ergebnisse

4.1 Hyperoxygenation During Mid-Neurogenesis Accelerates Cortical

Development in the Fetal Mouse Brain

Franz Markert & Alexander Storch
Frontiers in Cell and Developmental Biology, 2022, Band 10, Artikel 732682

Zusammenfassung:

In dieser Studie wurde untersucht, ob die Effekte einer kurzzeitigen maternalen Hyperoxie
zu dauerhaften Verdnderungen im Gehirn fiihrt. Dazu wurden trachtige C57BL/6J Méuse
von Embryonalstadium (E) 14,5 bis E16,5 in 75% Sauerstoff gehalten und die Feten bzw.
Jungtiere zu E16,5, Postnatalstadium (P) 0,5 und P3,5 auf den Status ihrer kortikalen
Entwicklung hin untersucht. Die immunhistochemische Analyse zeigte, dass die
Sauerstoftbehandlung zu einer beschleunigten Neurogenese fiihrt, welche sich in einem bis
P0,5 anhaltenden vergroBerten Kortex und mehr kortikalen Neuronen duBlert, an P3,5
jedoch wieder normalisiert ist. Im speziellen wird durch die beschleunigte Neurogenese die
Anzahl an Ctip2” Schicht V Neuronen an E16,5 gesteigert und adiquat zwischen P0,5 und
P3,5 an das Level der Kontrolltiere angepasst. Diese Normalisierung erfolgt unter
Beteiligung von CD68"/Ibal”™ aktiven Mikroglia, welche Ctip2" Zellen angreifen und
vermehrt Ctip2"* Partikel phagozytieren, ohne dass diese Zeichen von Apoptose aufweisen.
Insgesamt zeigt sich, dass kurzzeitige maternale Hyperoxie zu einem transienten
Uberschuss von Schicht V Neuronen fiihrt, welcher jedoch kurz nach Geburt wieder
normalisiert wird, sodass keine persistenten Effekte nachweisbar sind. Die Studie
ermOglicht neue Einblicke in die Effekte von Sauerstoff, die Entwicklung der kortikalen

Schicht V und die Beteiligung von Mikroglia wihrend der Gehirnentwicklung.
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Hyperoxygenation During
Mid-Neurogenesis Accelerates
Cortical Development in the Fetal
Mouse Brain

Franz Markert! and Alexander Storch "2*

'Department of Neurology, University of Rostock, Rostock, Germany, 2German Center for Neurodegenerative Diseases (DZNE)
Rostock/Greifswaid, Rostock, Germany

Oxygen tension is well-known to affect cortical development. Fetal brain hyperoxygenation
during mid-neurogenesis in mice (embryonic stage E14.5. to E16.5) increases brain size
evoked through an increase of neuroprecursor cells. Nevertheless, it is unknown whether
these effects can lead to persistent morphological changes within the highly orchestrated
brain development. To shed light on this, we used our model of controlled fetal brain
hyperoxygenation in time-pregnant C57BL/6J mice housed in a chamber with 75%
atmospheric oxygen from E14.5 to E16.5 and analyzed the brains from E14.5, E16.5,
P0.5, and P3.5 mouse embryos and pups via immunofluorescence staining. Mid-
neurogenesis hyperoxygenation led to an acceleration of cortical development by
temporal expansion of the cortical plate with increased NeuN* neuron counts in
hyperoxic brains only until birth. More specifically, the number of Ctip2" cortical layer 5
(L5) neurons was increased at E16.5 and at birth in hyperoxic brains but normalized in the
early postnatal stage (P3.5). The absence of cleaved caspase 3 within the extended Ctip2*
L5 cell population largely excluded apoptosis as a major compensatory mechanism. Timed
BrdU/EdU analyses likewise rule out a feedback mechanism. The normalization was, on
the contrary, accompanied by an increase of active microglia within L5 targeting Ctip2*
neurons without any signs of apoptosis. Together, hyperoxygenation during mid-
neurogenesis phase of fetal brain development provoked a specific transient overshoot
of cortical L5 neurons leading to an accelerated cortical development without detectable
persistent changes. These observations provide insight into cortical and L5 brain
development.

Keywords: oxygen, hyperoxia, corticogenesis, neural stem cells, apoptosis, brain development, microglia, cortical
layers

Abbreviations: CC3, cleaved caspase 3; CP, cortical plate; Ctip2, chicken ovalbumin upstream promotor transcription factor-
interacting protein 2; E, embryonic day; L, layer; NeuN, neuronal nuclear protein; RBFOX3, RNA binding protein fox-1
homolog 3; OSVZ, outer subventricular zone; P, postnatal stage; Paxé, paired box 6; PBS, phosphate buffered saline; Satb2,
special AT-rich sequence-binding protein 2; SVZ, subventricular zone; Tbrl, T-box brain protein 1; Tbr2, T-box brain protein
2; 'TBST, Tris buffered saline/Tween 20; vGluT2, vesicular glutamate transporter 2; VZ, ventricular zone.
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INTRODUCTION

Oxygen tension during development is known to critically affect
brain development (Fagel et al, 2006; Schneider et al, 2012;
Porzionato et al., 2015; Wagenfuhr et al., 2015; Lange et al., 2016;
Wagenfuhr et al,, 2016). Thereby, the effects depend on timing
and intensity of oxygen application: while short-term
hyperoxygenation is able to enhance neurogenesis and brain
size, chronic hyperoxygenation can lead to adverse effects
(Wagenfuhr et al, 2015; Wagenfuhr et al., 2016; Markert
et al, 2020). Indeed, short-term hyperoxygenation during mid-
neurogenesis of fetal mouse brain development (embryonic
stages E14.5 to E16.5) leads to an immediate expansion of a
distinct proliferative cell population basal of the subventricular
zone (SVZ) constituting a new neurogenic cell layer similar to the
outer SVZ (OSVZ), which contributes to corticogenesis by
heading for deeper cortical layers as a part of the cortical plate
(CP) (Wagenfuhr et al, 2015). Finally, the number of Ctip2’
neurons in the deeper layer 5 (L5) of the CP projecting into
various brain regions is markedly increased (Hattox and Nelson
2007; Oswald et al, 2013; Wagenfuhr et al, 2015). This
phenomenon is of high interest, since alterations within the
cortical L5 cell population are directly linked to diseases such
as schizophrenia (Kolomeets and Uranova 2019; Mi et al., 2019),
which is also linked with oxidative stress and various other factors
during development (Chew et al., 2013; Gorny et al, 2020).
Despite these known effects of maternal hyperoxygenation
with subsequent changes of the oxygen tension of brain tissue
in utero, a pilot study applying maternal oxygenation in humans,
although in a more chronic treatment scheme, shows initial
morphological changes of the head, but no differences in
neurodevelopmental testing of the children (Edwards et al,
2018). These results raise not only concerns about the safety
of maternal hyperoxygenation therapy (Rudolph 2020) but also
the questions whether and how the brain is able to better
compensate for changes of neuronal plasticity during
development to normalize the cortical structure.

The process of embryonic/fetal brain development is highly
orchestrated  through main events like proliferation,
differentiation, and migration of neuronal stem cells (Noctor
et al., 2001; Talamillo et al., 2003; Haubensak et al., 2004; Noctor
et al, 2004) and morphological and functional shaping of cortical
cell populations (White and Barone 2001; Blanquie et al,, 2017).
Thereby, radial glia cells located at the ventricular surface develop
into cortical neurons through the Pax6, Tbr2, and Tbrl axis
where the resulting cells migrate through the cortex and form the
cortical inside-out layering (Englund et al., 2005; Agirman et al,
2017). The resulting number of neurons seems to be prenatally
regulated through invading microglia capable of phagocytizing
and controlling the number Pax6" or Tbr2" cells (Cunningham
et al, 2013). Other suggested mechanisms include a feedback
signal from cortical deep layer cells to the radial glia affecting the
generation of upper layer cells as well as already occurring
apoptosis of neuroprecursor cells (Blaschke el al., 1996; Toma
et al, 2014). After birth, apoptosis of postmitotic neurons
particularly becomes prominent in the cortex where around
50% of all neurons die (Dekkers et al., 2013; Wong and Marin
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2019). This mechanism likely regulates the number of cortical
neurons in an area-dependent manner through their electrical
activity and indicates a specific postnatal connectivity control
(Blanquie et al., 2017).

Although the short-term effects of hyperoxygenation during
mid-neurogenesis of fetal mouse brain development with
immediately enhanced neurogenesis particularly within cortical
L5 are reported, the subsequent consequences of these
phenomena during later cortical development remain
enigmatic. We therefore used our established model of
maternal hyperoxygenation to investigate the effects of
increased  oxygen  tension  during  mid-neurogenesis
(E14.5-E16.5) on later cortical development until the early
postnatal state (Wagenfuhr et al., 2015). Moreover, the model
allows the investigation of potential mechanisms mediating the
reshape of the cortical structure during late fetal and early
postnatal cortical development.

MATERIALS AND METHODS

Animals and Oxygen Treatment

C57BL/6] timed-pregnant mice were housed in their home
cages within a preconditioned oxygen chamber (InerTec,
Grenchen, Switzerland) at 75% oxygen or room air (21%
oxygen; control condition). During the whole treatment
protocol, all animals were handled by the same
investigator. Fetuses of both groups showed an ordinary
morphology. Pregnant mice for analysis of postnatal day
0.5 (P0.5) fetuses intraperitoneally received BrdU
(50 mg/kg body weight) at E14.5, the start of hyperoxia
treatment, and EAU (25 mg/kg body weight) at E17.5, 1 day
after the end of the oxygen treatment. All data were gathered
from randomly chosen embryos or pups from at least three
independent litters per group. All animals were maintained
and treated with permission of the local Department of
Animal  Welfare (Landesamt  fiir  Landwirtschaft,
Lebensmittelsicherheit  und  Fischerei ~ Mecklenburg-
Vorpommern) (reference number 7221.3-1-043/16) and
comply with the Tierschutzgesetz and Verordnung zur
Umsetzung der Richtlinie 2010/63/EU from Germany. Of
note, our study was initially designed including a hypoxia
group (10% oxygen), but it was not possible to gather data for
postnatal maternal hypoxia group as the mice tend to
infanticide. To secure animal welfare and to be in line with
German law, we had to cancel these experiments.

The brains of embryos and pups were dissected prior and
immediately after oxygen treatment [E14.5 (for estimating the
cortical volume) and E16.5] and postnatally at P0.5 and P3.5,
fixed for 24h in 4% paraformaldehyde (Merck, Darmstadt,
Germany), and kept in 30% sucrose (Carl Roth, Karlsruhe,
Germany) in DPBS (Thermo Fisher Scientific, Waltham,
United States). Then brains were snap-frozen, sectioned
coronal at 20-pm thickness using a cryomicrotome (Leica
Biosystems, Nussloch, Germany), and mounted on Superfrost
Plus slides (Thermo Fisher Scientific). The slides were stored at
4°C until staining.
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Immunofluorescence

Slides were washed with wash buffer (Agilent, Santa Clara,
United States), and heat-induced antigen retrieval was
performed using 10mM sodium citrate (Carl Roth) with
0.05% Tween 20 (SERVA, Heidelberg, Germany) for 30 min at
95°C or 2N HCI for 30 min at 37°C for BrdU staining. After
20 min at room temperature, slides were washed with Tris
buffered saline/Tween 20 (TBST), treated with TBST
containing 0.2% Triton X-100 (Carl Roth) and 10% donkey
serum (Merck) for 30 min, and were incubated with primary
antibodies overnight at 4°C. The following primary antibodies
were used: rabbit anti-NeuN (Merck, ABN78, RRID:
AB_10807945), chicken anti-NeuN (Merck, ABN91, RRID:
AB_11205760), rabbit anti-cleaved-caspase-3 (CC3; Cell
Signaling, 9661S, RRID: AB_2341188), mouse anti-BrdU
(Thermo Fisher Scientific, B35128, RRID: AB_2536432), rabbit
anti-Tbrl (Abcam, ab31940, RRID: AB_2200219), mouse anti-
Satb2 (Abcam, ab51502, RRID: AB_882455), rat anti-Ctip2
(Abcam, ab18465, RRID: AB_2064130), rabbit anti-Ctip2
(Abcam, ab28448, AB_1140055), rabbit anti-Ibal (Wako, 019-
19741, RRID: AB_839504), goat anti-Ibal (Abcam, ab5076,
RRID: AB_2224402), rabbit anti-CD68 (Abcam,
ab125212,RRID: AB_10975465), rat anti-CD68 (BioRad,
MCA1957GA, AB_324217), or guinea pig anti-vGluT2
(Merck, AB2251-1, RRID: AB_1587626). Subsequently, slides
were incubated with corresponding secondary antibodies
(Thermo Fisher Scientific), and nuclei were stained with
Hoechst 33258 (Merck). For EAU analysis, slides were stained
using Click-iT staining kit (Thermo Fisher Scientific) as described
by the manufacturer. Finally, slides were mounted with
Fluoromount-G (Biozol, Eching, Germany).

Imaging and Measurements

Most images were taken with AxioObserver Z1 with Apotome
using ZEN blue 2.3 software with Tiles and Position module (all
from Carl Zeiss, Oberkochen, Germany). Z-stack images of
microglia-targeting Ctip2* cells were taken with LSM900 with
Airyscan (Carl Zeiss). Hoechst images of every sixth section with
a thickness of 20 um were taken with x2.5 objective and
subsequently used for determining the volume of the whole
brain and the CP corresponding to the mouse brain atlas
(Allen-Tnstitute, 2008). Thereby, we used the corpus callosum
and the lateral ventricles for orientation dorsal/between the
hemispheres and for lateral the piriform region and the
endopiriform nucleus. For caudal sections, we used the thinner
subiculum layer in the extension of hippocampal C1 layer
(excluded) for dorsal orientation (Supplementary Figure S1).
The volume was calculated by adding up the data of each slice
(midpoint type) and then multiplying by 120 (every sixth slice of
20-pm thickness).

For analysis of apoptosis, fluorescence images of the whole
hemispheres from the developing parietal cortex areas were
taken. CC3" cells were counted with ZEN blue 2.3 in the cortex
from the dorsal to ventral site corresponding to the area
described above. For double staining, CC3" were searched
as described above and imaged as Z-stack with Apotome
mode. For specific marker analysis, at least four images of

Postnatal Effects of Mid-Neur
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the cortex were taken as Z-stack with 1-um steps. The
corresponding cells or VGlut2® synapses were counted in
the middle focal plane using either ZEN analysis software
(Tbr1, Ctip2, and Satb2) or Image] (BrdU, EdU, and NeuN).
L5 neurons at postnatal stages were defined by high Ctip2
expression levels as described by McKenna et al. (2011). Ibal'
cells and double/triple-stained cells were manually counted
through the Z-stacks within the middle cortical sections in the
rostro-caudal axis by the same investigator who was blinded
for the treatment groups.

Statistics

All statistical analyses were performed with RGUI 3.4.1 (R
Foundation for Statistical Computing, Vienna, Austria) or
SPSS version 25.0 (SPSS Inc., Chicago, IL). If not otherwise
stated, statistical significance was evaluated by unpaired two-
sided t-test or two-way ANCOVA followed by pairwise t-test
including Bonferroni correction. Cortical volume was analyzed
independent of the developmental state due to its well-known
physiological large volume expansion after birth. The numbers of
analyzed embryos and pups gathered from at least three
independent litters are indicated by “n.” All data are displayed
as means + s.e.m. with the numbers of analyzed embryos and
pups indicated for each experiment. The significance level was set
to p < 0.05 (two-tailed test).

RESULTS

Oxygen-Induced Cortical Expansion During
Fetal Brain Development is Equalized at
Early Postnatal Stage

To assess the time course and putative long-term persistency of
the effects of oxygen tension on the rapidly changing and
highly regulated fetal cortical development, we applied the
already  introduced mouse model of maternal
hyperoxygenation known to reliably control tissue oxygen
tension and subsequently neurogenesis within  the
developing fetal mouse brain (Wagenfuhr et al, 2015;
Wagenfuhr et al, 2016). We thus applied maternal
hyperoxygenation to time-pregnant mice at mid-
neurogenesis from embryonic stage E14.5 to E16.5 and
investigated  cortical morphology  during embryonic
development from E14.5 to early postnatal stage at P3.5
(Figure 1A). The hyperoxia and control groups showed no
abnormalities in their spontaneous or litter care behavior. All
embryos and pups displayed normal morphology at all
developmental stages examined, but the brains of the
hyperoxia group appeared wisually and quantitatively
increased in their size at E16.5, but not on other
developmental stages (Figures 1B,C). Indeed, mouse
embryos of the hyperoxia group showed a 1.2-fold increase
in the volume of the CP as compared with normoxic controls at
EL16.5 (p = 0.002), which persisted until birth (P0.5; p = 0.015),
but not until P3.5 (p=0.653; unpaired two-sided f-test;
n=4-9; Figure 1D).
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FIGURE 1| The effects of fetal brain hyperoxia during mid-neurogenesis (E14.5 to E16.5) on volume of the cortical plate (CP) during later brain development in mice.
{A) Experimental treatment scheme for fetal brain hyperoxygenation (by maternal application of 75% O.) during mid-neurogenesis (E14.5 to E16.5). (B) Representative
flucrescence images from rostral, middle, and caudal slices of E16.5, P0.5, and P3.5 brains. Slices were stained with Hoechst (blue). Dashed lines outline the cortical
area used fo estimate cortical volume. Scale bars, 1,000 pm. (C,D) Quantification of whole-brain volume (C) and the volume of the CP (B) showed increased
cortical volume in hyperoxic brains at E16.5 and P0.5 (only GP) but not at P3.5 as compared to normexic controls. Note that the value at E14.5 serves as starting point of
volume just before the hyperoxic treatment, and thus, no hyperoxic condition was tested. Data are means + s.em. [E14:n = 3; E16.5: n = 7 [control), n = 4 (hyperoxia);
PO.5: n = 9 (control), n = & (hyperoxia); P3.5: n = 8 (control and hyperoxia)]. "o < 0.05 and *p < 0.01 from unpaired two-sided t-tests (non-significant comparisons are
not marked for clarity).
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FIGURE 2 | The effects of fetal brain hyperoxia during mid-neurogenesis (E14.5 to E16.5) on the numbers of cortical neurons during later brain development in

mice. (A) Representative fluorescence images from the CP in the middle sections along the rostro-caudal axis stained with NeuN (red). Scale bars, 50 pm. (B)
Quantification of NeuN" corfical neurons in the brain slices. Data are means + s.e.m. [E16.5: n = 4 {control), n =
P3.5: n = 4 {control), n = 6 (hyperoxia)]. *p < 0.05 and “p < 0.01 from two-way ANOVA with post-hoc two-sided t-test with Bonferroni carrection (non-significant

comparisons are not marked for clarity). For full statistics for (B), see Supplementary Table S1.

Hyperoxygenation During
Mid-Neurogenesis Accelerates But Does
Not Increase Cortical Neurogenesis

To further evaluate cortical development, we used NeuN staining
and analyzed the number of neurons within the middle cortical
sections along the rostro-caudal axis (Figure 2). The hyperoxic
embryos showed an increase of NeuN" neurons per volume at
E16.5 with a 1.3-fold higher neuronal density as compared with
normoxic control animals (p = 0.005), which persisted until birth
(P0.5) with a still 1.2-fold higher neuronal density (p = 0.013), but
not until P3.5 (p=0.581, all from post hoc two-sided f-test with
Bonferroni adjustment; Figure 2B). The neuronal density in the
control group rose continuously between E16.5 and P3.5, while in
the hyperoxia group, the maximum neuronal density seems to be
already reached at earlier developmental stages at El16.5
(Figure 2B). Of note, neuronal density in the hyperoxia group
never exceeded that in the control group, indicating an
accelerated but not increased cortical neurogenesis (Figure 2B).

Postnatal Cortical Normalization Occurs in
a Layer-Specific Manner

Whether the equalization of cortical volume and neuronal density
at birth after fetal hyperoxygenation during the mid-neurogenesis
phase is capable of functioning as a control mechanism for
regulating neuronal layer specificity and neural circuits or
whether it originates from increased raw cell numbers
competitive to each other remains elusive. To shed light on
this aspect, we performed a layer-specific analysis using a
panel of markers Tbrl, Ctip2, and Satb2 of hyperoxic mouse

hyperoxia control
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embryos and pups through the developmental stages E16.5, P0.5,
and P3.5 and performed a quantitative analysis for Tbr1" cells as
characteristic for neurons of the SP and L6 (Hevner et al., 2001),
Ctip2"/Tbrl cells representing L5 neurons (Arlotta et al, 2005),
and Satb2" cells as neurons of the upper cortical layers (Flgure 3)
(Britanova et al., 2008). The number of Tbr1" cells in the CP
decreased continuously from E16.5 to P3.5 (Figure 3B). Of note,
the percentage of Tbrl" cells in the CP was reduced at E16.5,
although the total number of Tbrl' cells was not affected
(Figure 3B; Supplementary Figure S2).

Quantification of the percentage of L5-specific neurons
(Ctip2™/Tbr1™ cells; (Hevner et al., 2001; Arlotta et al., 2005)
showed a persistent increase within the hyperoxic group at E16.5
(1.5-fold) and P0.5 (1.6-fold; Figure 3C), which further supports
our previous data and even further demonstrates that fetal brain
hyperoxia evoked persistent effects on L5 (Wagenfuhr et al,
2015). The same layer marker panel revealed no differences in
the number of Ctip2" cells at P3.5. Comparing the time course of
Ctip2™ cell numbers during cortical development, there was a
slow drop of the percentage of Ctip2" cells within the CP between
E16.5 and P3.5 in normoxic mice, but a later drop just after birth
in hyperoxic mice, suggesting that the specific rearrangement of
cortical L5 is postponed by hyperoxia (Figure 3C). We also found
an increase in the absolute numbers of L5 neurons between E16.5
and P0.5. Since no more L5 neurons are generated at this time, we
assume that this represents a change in the expression of Ctip2
rather than ongoing neurogenesis (McKenna et al., 2011; Toma
et al., 2014).

The number of upper-layer Satb2™ neurons was not affected by
hyperoxia through all developmental stages (Figure 3Dj
Supplementary Figure S2).
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neurons (B), Ctip2*/Tor1~ layer & neurons (C), and Satb2 " upper layer-specific neurons (D) showed a specific increase of layer 5 neurons at E16.5 and P0.5 but not

at P3.5. Data are means + s.em. (7 = 4 for all animal groups). *p < 0.01 and ™ p < 0.001 from two-way ANOVA with post-hoc two-sided t-test with Bonferroni
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Microglia are Involved in Postnatal Cortical

Normalization After Fetal Hyperoxygenation
The postnatal regulation of the CP after fetal
hyperoxygenation prompted us to evaluate the possible
underlying mechanisms. There are already known
mechanisms capable of controlling the number of brain
cells including neurons during development (Cunningham
et al, 2013; Toma et al., 2014; Blanquie et al, 2017):
apoptosis known to occur during early postnatal cortical
development; feedback mechanisms where the increased
number of neurons signals a feedback to neuronal stem
cells or microglia able to phagocytose brain cells, We
consequently analyzed Ibal staining for the number of
microglia, CC3 staining as an established marker for
apoptosis, and time-delayed BrdU/EdU labelling for
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estimating the birthdate of the resulting neurons during
brain development.

Immunohistochemical staining of Ibal” cells labelling resting
and activated microglia (Imai et al,, 1996; Morgan et al.,, 2010)
revealed an already visually detectable increase in microglia
residing in L5 of hyperoxic P0.5 mouse pups (Figure 4A),
which  was not present in E165 or P35 brains
(Supplementary Figure $3). Quantification of these Ibal™ cells
revealed a specific 2.7-fold increase of microglial cells in L5 of
hyperoxic mice (p<0.001, post hoc two-sided t-test with
Bonferroni adjustment), while the total number of Ibal® cells,
other layers, and developmental stages was not affected by oxygen
(Figures 4B-E; Supplementary Figure $4). Microglia within the
CP were predominantly found at and after P0.5, but the invasion
specifically of L5 is accelerated, although not exceeding the
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FIGURE 4 | The effects of hyperoxygenation on microglial distribution within the developing cortex. (A) Representative fluorescent images of lbai1™* cells {orange)
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see Supplementary Tables S5-S8.

number of microglia at P3.5. This is further supported by analysis
of the apical and SP/L6 microglia, where the decrease of apical
microglia and the successive increase of SP/L6 occurred between
P0.5 and P3.5 in normoxic control mice, but already occurred
between E16.5 and P0.5 in hyperoxic mice (the increase in Ibal”
microglia in SP/L6 at PO.5 represents only a non-significant
trend). Intriguingly, we could show that microglia in L5-
targeted Ctip2" cells without morphological signs of apoptosis
(Figure 5A). An analysis of Ctip2™ and Satb2™ cells targeted by
microglia at time point P0.5 showed that Ctip2™ cells were
targeted by microglia significantly more often in the hyperoxia
group than in the control group (Figure 5B). At the same time,
there was no difference in the number of Sath2" cells targeted by
microglia (Figure 5C; Supplementary Figure S$5). We

consequently analyzed the number of active microglia by using
the combination of Ibal and the microglia activation marker
CD68 (Rabinowitz and Gordon 1991; Imai et al., 1996; Morgan
et al, 2010; Jurga et al,, 2020). Quantification revealed that there
are indeed more active microglia in L5 and also apical, but not
between these in L6/SP (Figures 5D-H). Further analyses
revealed Ctip2” and Satb2" particles in these active microglia
in L5, but—interestingly—only the number of active microglia
containing Ctip2” particles was increased in hyperoxic as
compared to control brains (Figure 5L]).

To further evaluate whether adaptive mechanisms contribute
to normalization of the number of neurons cortex after fetal
hyperoxygenation, we performed a birth-dating analysis using
BrdU application immediately before and EdU application 1 day
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cortex. (A) Representative Z-stack images of an |ba1™ microglia cell (white arrow) targeting Ctip2" cells (red arrows) in layer 5 of a P0.5 mouse cortex. Scale bars
represent 10 um. (B,C) Quantification of Ctip2" cells targeted by Iba1* microglia (B) and Satb2" cells targeted by Ibat ™ microglia (C) at P0.5. Data are means = s.e.m.
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with Iba1, CD68, and Ctip2 (D) or Satb2 (E) in the middle cortical sections along the rostro-caudal axis of hyperoxia-treated and control mice at P0.5. Orthogonal
projections of CD68 and Ctip2/Satb2 show co-localization of the markers. Hoechst (blue) was used to stain cell nuclei. Scale bars represent 20 pm. (F-H) Quantification
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microglia containing Ctip2 particles in hyperoxia-treated mice (1) while there is no difference regarding contained Satb2 particles (). "o < 0.08, *p < 0.01 fram unpaired
two-sided f-test {non-significant comparisons are not marked for clarity; n = 4).
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E14.5 (BrdU™), while cells generated at E17.5 (EdU™) represent a
much smaller part of the developing cortex (Figures 6B,C).
Quantification of BrdU'/EAU" cells in the CP revealed a
significantly 1.4-fold increase in the number of BrdU™ cells
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(p=0.021) in response to hyperoxia, but not of EdU" cells
(p=0.886, both from unpaired two-sided f-test), as a putative
later feedback reaction. Thereby, the increased rate of BrdU" cells
led to an increase of the overall cells in the CP. Notably, there
were more BrdU"' cells left at the apical side of the cortex
(p=0.002), but again, no change in EdU" cells (p=0.791,
both from unpaired two-sided #-test; Figure 6D).

We further analyzed CC3™ apoptotic cells within the middle
cortical sections along the rostro-caudal axis showing increased
apoptosis in hyperoxic P0.5 mouse pups. Immunostaining with
quantification showed that the overall number of CC3™ cells in the
hyperoxic group is increased by 2.6-fold with apoptosis
predominantly occurring in the apical regions (Figures 7A,B).
We then evaluated whether layer 5 cells of the cortex were

Frontiers in Cell and Developmental Biol

apoptotic through double labelling of CC3" and Ctip2", but there
was almost no cell possessing both markers (<0.1% of Ctip2™ cells).
Since apoptosis occurred mainly apical where increased proliferation
could be detected in the hyperoxia group at E14.5, we analyzed the
number of BrdU™/CC3" and EdU/CC3" cells (Figures 7C-E).
Quantification revealed that indeed apical BrdU" cells were more
often apoptotic while EdU" cells were not. Since apical active
microglia were detected more often in the hyperoxia group, we
finally investigated whether there are changes in elimination of
apoptotic cells by Tbal "/CD68" active microglia. However, we have
neither found any increase in the number of active microglia-
targeting CC3" cells nor in the number of apoptotic cells that
were engulfed by microglia in hyperoxic brain when compared to
controls (Figures 7F-H).
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FIGURE 7 | The effects of hyperoxia on apoptosis in P0.5 mice cortex after mid-neurogenasis hyperoxygenation. (A) Representative fluorescent images of
CC3* apoptotic cells (red) from P0.5 in the middle sections along the rostro-caudal axis of hyperoxia-treated and control mice. Hoechst (blue) was used to stain cell
nuclei. Scale bars represent 200 um. {B) Quantification of cortical CC3 ™ cells shows increased apoptosis in brain slices of hyperoxia-treated mouse embryos at P0O.5
but not at E16.5 or P3.5. Data are means = s.e.m. [E16.5: n = 6 (control), n = 5 (hyperoxia); P0.5: n = 6; P3.5:n = 3]. “p < 0.05 and **p < 0.01 from robust
ANGVA with post-hoc two-sided unpaired Wilcoxon test with Bonferroni correction. For full statistics. see Supplementary Table S9. (C) Representative
fluorescent images of BrdU™ {orange) and EdU™ {green) cells double stained with CC3 in the middle cortical sections along the rostro-caudal axis of hyperoxia-
treated and control mice at P0.5. Hoechst (blue) was used to stain cell nuclei. Scale bars represent 20 um. (D, E) Quantification revealed that most of the apoptotic
cells are BrdU" in the hyperoxia group, but not in contrels (D), and no differences were observed regarding apoptotic EdU' cells (E). *p < 0.01 from unpaired two-
sided ttest (non-significant comparisons are not marked for clarity; n = 4). (F) Representative fluorescent image of Iba1™/CDG8™ active microglia (orange/green)
containing apoptotic cell debris (CC3*, red) in the middle sections along the rostro-caudal axis of hyperoxia-treated mice at P0.5. Hoechst (blug) was used to stain
cell nuclei. Scale bars represent 20 um. (G,H) Quantification of neither the percentage of apoptotic cells engulfed by micraglia (G) nor the number microglia engulfing
apoptotic cells (H) revealed any differences between hyperoxia-treated vs control mice (0 = 4).

Number of Excitatory Synapses Follows normoxic controls at P0.5 (p=0.006), which did not persist
Normalization in L5 until P3.5 (Figure 8C). Additionally, the number of vGluT2"
puncta in L5 in the hyperoxia group at P0.5 temporary overshots

To provide first data on the effects on mid-neurogenesis
that of controls at P0.5 and P3.5 (p = 0.033).

hyperoxygenation on synaptic development, we analyzed the
expression of the vesicular glutamate transporter 2 (vGluT2)
as a common target for micmglia pruning in later stages and a DISCUSSION

marker for the predominant form of excitatory synapses during

early brain development (Nakamura et al,, 2007; Schafer et al, ~ We present here that the short-term effects of hyperoxygenation
2012) (Figure 8). Double staining of vGluT2 and Ctip2 showed  during mid-neurogenesis of fetal mouse brain development
increased synaptic input into L5 in the hyperoxia animal group at (E145 to El6.5) with increased neuroprecursor cell

P0.5: quantification in L5 showed that there were 1.7-fold more  proliferation within the SVZ/OSVZ (Wagenfuhr et al., 2015)
vGluT2" puncta in the hyperoxia group as compared with translate into an accelerated cortical development but without
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FIGURE 8 | Synaptic excitatory input into L5 is normalized together with LS neurons. (A,B) Representative fluorescent images of vGIUT2* synapses (orange) in L5
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to stain cell nuclei. Scale bars represent 50 um. (C) Quantification of vGIUT2* puncta showed an increased number of puncta at P0.5, but not at P3.5. Data are
means = s.e.m. (7 = 5 for al animal groups). " < 0.05and "p < 0.01 from two-way ANOVA with post-hoc two-sided t-test (non-significant comparisons are not
marked for clarity). For full statistics, see Supplementary Table $10.

increase in cortical neurogenesis and cortical volume at early  corticogenesis by heading for deeper cortical layers
postnatal stage. Indeed, the CP is expanded through a specific (Wagenfuhr et al, 2015). Finally, the amount of Ctip2"
overshoot amount of Ctip2'/Tbrl™ L5 neurons in later fetal  neurons in L5 projecting into various brain regions is
development until birth in hyperoxic mouse cortex, which is  markedly overshot after short-term maternal hyperoxygenation
normalized at early postnatal stage. This normalization is  and at birth with a normalization until early postnatal stage

accompanied by an increase of microglial cells within L5 (Hattox and Nelson 2007; Oswald et al., 2013; Wagenfuhr et al.,
capable of targeting the respective neurons but no signs of L5 2015). Oxygen levels are known to directly regulate
neuronal apoptosis. neuroprecursor  cell  maintenance,  proliferation, and

We used our established model of maternal hyperoxygenation  differentiation in vitro through the activation of several
to investigate the effects of increased fetal brain oxygen tension  oxygen-sensitive signaling pathways (Chen et al, 2007
during mid-neurogenesis (E14.5-E16.5) on later cortical Pistollato et al., 2007; Giese et al., 2010; Mazumdar et al.,
development until the early postnatal state (Wagenfuhr et al, 2010; Braunschweig et al, 2015 Mennen et al, 2020).
2015; Wagenfuhr etal,, 2016). Early chronic hyperoxygenationin ~ Although the in vitro cell models are not directly comparable
this model causes severe reduction of neuroprecursor cell  to our in vivo system, analyses of the fetal brain oxygen tension
proliferation and the apical neuroprecursor cell pool (Markert revealed that maternal hyperoxygenation of 75% leads to an
et al,, 2020). Contributing to this, Lange et al. (2016) reported that ~ increase of oxygen tension in the neurogenic niche of the VZ/
early hyperoxygenation from E10.5 to E13.5 is able to alter SVZ from below 1.1% in maternal normoxic condition to oxygen
neuroprogenitor cell fate leading to a decrease of expanding  levels above this threshold in hyperoxic animals, which is also
neuroprogenitors. However, late or postnatal hyperoxygenation  supported by other colleagues (Wagenfuhr et al., 2015; Lange
is known to cause brain damage accompanied by excessive lossof et al, 2016). Of note, there are no in vivo oxygen markers
neurons (Gerstner et al., 2008; Yis et al., 2008; Tuzun et al., 2012), available for small laboratory animals to detect changes in
while short-term hyperoxygenation during mid-neurogenesis of ~ oxygen levels in the range of 5%-20% to further define the
fetal mouse brain development (E14.5 to E16.5) leads to an  tissue oxygen tension in the hyperoxic condition. However,
immediate expansion of a distinct proliferative cell population maternal hyperoxia is unlikely to cause oxygen levels towards
basal of the SVZ, which subsequently contributes to  20%, which is the commonly used oxygen tension in cell culture
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experiments. Thus, the higher oxygen tension in hyperoxic brain
tissue likely represents the in vitre condition of mild hyperoxia
and provides a stimulating environment for maintenance and
proliferation of neuroprecursor cells as demonstrated in cell
culture (Chen et al, 2007; Chen et al, 2010; Santilli et al.,
2010; Braunschweig et al, 2015 Qi et al, 2017) when
compared to very low oxygen conditions.

The observed normalization of the brain morphology in the
early postnatal stage indicates that the brain is able to
compensate prenatally evoked morphological changes at
least for an excess of cell population. Within the period of
synaptogenesis during the first 30 postnatal days, neuronal
programmed cell death or apoptosis is known to play a major
role in shaping the neocortex with a peak around P5 in rodents
in most studies (Southwell et al., 2012; Ahern et al,, 2013;
Blanquie et al., 2017). In the six-layered isocortex, the loss of
neuronal density displays a layer-specific pattern and
manifested itself mostly in L2-L4, whereas L1, L5, and L6
show fewer changes. We thus studied whether this
physiological process is also mediating the normalization
neuronal cell counts in L5 of hyperoxic mouse cortex in
earlier postnatal stages by using CC3 staining (Fernandes-
Alnemri et al., 1994; Nicholson et al., 1995; Wong et al., 2018).
Surprisingly, almost none of L5 Ctip2" neurons showed CC3
marker expression, indicating that apoptosis is not involved in
controlling the number of L5 neurons after mid-neurogenesis
hyperoxygenation. The rare occurrence of apoptosis in L5 in
the first days after birth is however in line with previous
systematic studies of layer-specific postnatal apoptosis
(Verney et al, 2000; Denaxa et al, 2018). However, we
found an increase in the number of CC3" apoptotic cells in
hyperoxic as compared to normoxic brain at P0.5, but their
location was vastly limited to the apical proliferative zone
outside the CP, and they were eliminated by active microglia.
This phenomenon might be interpreted as an adaptive
response of the physiological apical apoptosis at birth to the
hyperoxia-induced increased proliferation of precursor cells at
E14.5 and at the end of mid-neurogenesis phase at E16.5
(White and Barone 2001; Wagenfuhr et al., 2015). Putative
feedback mechanisms regulating neuroprecursor cell
proliferation such as activity-dependent negative feedback
from developing neurons (Toma et al, 2014) might be
involved in cortical re-shaping after mid-neurogenesis
hyperoxygenation. We thus applied the thymidine analogue
EdU at a time point when it is known that the brain enlarges
(E17.5) and 1 day after the oxygen treatment and analyzed
EdU uptake at birth (P0.5). Although hyperoxygenation
provokes strong immediate effects on the number of CP
neurons born at E14.5 as described earlier (Wagenfuhr
et al., 2015), cells generated after the hyperoxygenation
phase at E17.5 predominantly reside on the apical side of
the developing cortex and do not yet contribute to CP
morphology at birth. Moreover, there is no indication for
an adaption regarding the number of neurons in the CP
during the post-hyperoxygenation phase.

Microglia already physiologically colonize the developing
brain at E10.5 where they regulate the number of precursor
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cells through phagocytosis (Cunningham et al, 2013; Arno
et al, 2014; Tronnes et al, 2016). Until El6.5, microglia
exclusively reside within the proliferating zones while they
start to invade into the CP as late as during the early
postnatal stage (Squarzoni et al, 2014). The majority of
microglia in the developing cerebral cortex have an activated
morphology and express markers associated with activation, and
functional ~ studies revealed that microglia  regulate
neuroprecursor cell number in the developing cortex by
phagocytosis (Cunningham et al, 2013). Interestingly, most
precursor cells targeted by Ibal' microglia in the cortical
proliferative zones did not show signs of cell death or
apoptosis (Fricker et al., 2012; Cunningham et al,, 2013). Our
data suggest a very similar mechanism during the re-shaping of
the cortical layers after mid-neurogenesis hyperoxygenation:
increased numbers of Ibal™ microglia, which also express
CD68 as a marker for active microglia (Rabinowitz and
Gordon 19915 Jurga et al, 2020), target and incorporate Ctip2'
L5 neurons with no apoptotic signs at the critical stage P0.5.
However, the number of targeted Satb2" cells or incorporated
Satb2' particles at the same time remains unaffected, suggesting a
specific effect on Ctip2” L5 neurons. Nevertheless, our study is
limited to immunohistochemical staining and cannot exclude
other effects such as a critical change in microglial support for
surviving of L5 cells (Ueno et al., 2013). In addition, the study is
limited to a rather small sample size. Non-significant trends like
the increased number of microglia in SP/L6 at E16.5 could
potentially be relevant. Since there are no changes in
microglial activity or absolute L6-specific Tbr1™ neurons, this
may reflect an accelerated invasion of the cortical plate where
microglia migrate from apical through SP and L6 to L5 (Swinnen
et al, 2013). Consequently, future functional studies with
activation and depletion of microglia during late prenatal and
early postnatal cortical development are warranted to investigate
the exact microglia—L5 neuron interactions in cortical re-shaping
after critical insults during mid-neurogenesis such as
hyperoxygenation. These data in conjunction with no
indications for changes in cell migration [data on cortical
layering herein and Wagenfuhr et al,, (2015)] or compensatory
reduction or shift of precursor proliferation strongly suggest
different mechanisms to normalize the overshoot amount of
neuroprecursor cells depending on the brain region with CC3-
mediated apoptosis as one major mechanism within the apical
proliferative zone (VZ/SVZ) and microglia playing a key role in
cortical L5.

To first shed light on alterations of early synaptic connectivity
within  the developing cortex by mid-neurogenesis
hyperoxygenation, we further analyzed the expression of
vGluT2 as a common marker for the predominant form of
excitatory  synapses during early brain  development
(Nakamura et al, 2007). We detected a temporary overshoot
of glutamatergic synaptic input into L5 in the hyperoxia animal
group at P0.5 with normalization until P3.5 in fairly accurate
parallelism to the changes in cortical L5 neurogenesis. Although
the underlying mechanisms of this normalization need to be
determined by functional studies as outlined above, it might also
be mediated through activated microglia, because microglia
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have been reported to have a pivotal role in remodeling of
developing synapses in the early postnatal brain (Schafer et al.,
2012). To determine whether the morphological changes in
response to hyperoxygenation during mid-neurogenesis
translate into behavioral disruption, early postnatal
behavioral testing of the pups using righting reflex test, gait
analysis, and negative geotaxis test (Lubics et al, 2005; Fan
et al, 2008) is urgently required in future studies. Our
observations might then be of interest for investigating
layer 5-specific neurodevelopmental disorders (Kolomeets
and Uranova 2019; Mi et al., 2019) and their potential
therapeutic/prophylactic interventions.

Together, the present data demonstrate that fetal brain
hyperoxygenation during mid-neurogenesis from embryonic
stage E14.5 to E16.5 accelerates cortical development in the
fetal mouse brain. The cortical CP is expanded through a
specific overshoot amount of L5 neurons at E16.5 and at birth
in hyperoxic mouse cortex, which is subsequently normalized
at early postnatal stage. This normalization is accompanied by
an increase of microglial cells within L5 capable of targeting
and incorporating the respective neurons with no signs of L5
neuronal apoptosis. Indeed, our data strongly suggest different
mechanisms to the overshoot number of neuroprogenitor cells
depending on the brain region with CC3-mediated apoptosis
as the mechanism within the apical proliferative zone and
microglial targeting in cortical L5. However, future functional
studies on microglia using ablation and/or stimulation of
microglia are warranted to finally confirm that an increased
microgliosis in L5 is responsible or at least contribute to
postnatal adaption to prenatal hyperoxia effects on
corticogenesis.
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Supplementary Figure S1. Example for the determination of the volume of the cortical plate
(CP). Every 6" Hoechst stained slice of a mouse brain was outlined as shown in the figure (left
to right: rostral, middle and caudal section) and used to calculate the volume. Scale bar,
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Supplementary Figure S2. Effects of maternal hyperoxygenation on the absolute number of
layer specific neurons. Quantification of absolute Tbrl", Ctip2*/Tbr1" and Satb2" cells within
250 um wide cortical columns of E16.5, PO.5 and P3.5 mice. Data are meansts.e.m. (n=4).
* p<0.05, ** p<0.01, *** p<0.001 from two-way ANOVA with posi-hoc two-sided t-test with
Bonferroni correction. For full statistics, see Supplementary Tables S11-S13.
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Supplementary Figure S3: Effects of fetal brain
hyperoxygenation on the distribution of microgliain E16.5 and
P3.5 mouse cortex. Representative fluorescent images of [bal*
cells (orange) from (a) E16.5 and (b) P3.5 in the middle
cortical sections along the rostro-caudal axis—of hyperoxia
treated and control mice showed no differences. Ctip2" (green)
was used for layer determination and Hoechst (blue) was used
to stain cell nuclei. Scale bars represent 100 um.
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Supplementary Figure S4. Effects of
hyperoxygenation on the total number of
microglia within the developing cortex.
Quantification of the total number of Ibal*
microglia showed no differences with respect to
hyperoxia treatment. Data are meansts.e.m.
(n=4). * p<0.05, ™ p<0.01, ™ p<0.001 from
two-way ANOVA with post-hoc two-sided t-
test with Bonferroni correction. For full
statistics, see Supplementary Table S14.

| Z-stack of a cell targeting a Satb2* cell I

Supplementary Figure S5. Ibal* cells are able to target Satb2' cells.
Representative z-stack images of a microglia cell (white arrow) targeting Satb2™
cells (red arrow) in a PO.5 mouse cortex. Scale bars represent 10 pm.

[4]
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Supplementary Table S1. Statistics determined for NeuN™ cortical neurons in various

development stages (E16.5, P0.5, P3.5) after different oxygen exposures during mid-

neurogenesis (Figure 1e). Two-way ANOVA with post-hoc t-test and Bonferroni adjustment

with atmospheric oxygen concentrations and development stage as fixed factors revealed that

atmospheric oxygen concentration and developmental stage have a significant interaction effect

on NeuN' neuron counts (p=0.028, F-value=4.2) and significant differences among

atmospheric oxygen concentrations (p=0.006, F-value=8.8) and developmental stages

(p<0.001, F-value=9.3). Displayed are Bonferroni-adjusted P-values (E16.5: n=4 |control|, n=3

[hyperoxial; P0.5: n=8 [control], n=6 [hypcroxia]; P3.5: n=4 [control], n=6 [hypcroxia]}). (A)

Significances among the different atmospheric oxygen concentrations. (B) Significances

among the different developmental stages. Bold values indicate significant differences.

A
E16.5 P0.5 P3.5
Normoxia (21% Oz) vs.
Hyperoxia (75% O2) 0.005 0.013 0.581
B
Normoxia Hyperoxia
(21% Oy) (75% O2)
E16.5vs. P0.5 0.0459 1
E16.5vs. P3.5 <0.001 0,769
P0.5vs. P3.5 0.011 1
[5]
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Supplementary Table S2. Statistics determined for Tbrl" cortical neurons in various
development stages (E16.5, P0.5, P3.5) after different oxygen exposures during mid-
neurogenesis (Figure 2b). Two-way ANOVA with post-hoc t-test and Bonferroni adjustment
with atmospheric oxygen concentrations and development stage as fixed factors revealed that
atmospheric oxygen concentration and developmental stage have no significant interaction
effect on Thrl® neuron counts (p=0.210, F-value=1.7), but significant differences among
atmospheric oxygen concentrations (p»—0.006, F-value=9.8) and developmental stages
(p<0.001, F-value=84.3). Displayed are Bonferroni-adjusted P-values (n=4). (A)
Significances among the different atmospheric oxygen concentrations. (B) Significances

among the different developmental stages. Bold values indicate significant differences.

A
E16.5 P0.5 P3.5
Normoxia (21% O2) vs.
Hyperoxia (75% 02) 0.004 0.333 0.278
B
Normorxia Hyperoxia
(21% Oy) (75% 0O2)
E16.5vs. P0.5 <0.001 0.002
E16.5vs. P3.5 <0.001 <0.001
P0.5vs. P3.5 0.005 0.004
[6]
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Supplementary Table S3. Statistics determined for Ctip'/Tbrl" cortical neurons in various
development stages (E16.5, P0.5, P3.5) after different oxygen exposures during mid-
neurogenesis (Figure 2¢). Two-way ANOVA with post-hoc t-test and Bonferroni adjustment
with atmospheric oxygen concentrations and development stage as fixed factors revealed that
atmospheric oxygen concentration and developmental stage have a significant interaction effect
on Ctip*/Tbr1~ cortical neuron counts (p=0.002, F-value=9.5) and significant differences among
atmospheric oxygen concentrations (p<0.001, F-value=49.2) and developmental stages
(p=0.002, F-value=44.9). Displayed are Bonferroni-adjusted P-values (n=4). (A)
Significances among the different atmospheric oxygen concentrations. (B) Significances

among the different developmental stages. Bold values indicate significant differences.

A
E16.5 P0.5 P3.5
Normoxia (21% O2) vs.
Hyperoxia (75% O2) <0.001 <0.001 0.629
B
Normorxia Hyperoxia
(21% Oy) (75% 0O2)
E16.5vs. P0.5 0.135 0.092
E16.5vs. P3.5 0.003 <0.001
P0.5vs. P3.5 0.309 <0.001
[7]
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Supplementary Table S4. Statistics determined for Satb2® cortical neurons in various
development stages (E16.5, P0.5, P3.5) after different oxygen exposures during mid-
neurogenesis (Figure 2d). Two-way ANOVA with post-hoc t-test and Bonferroni adjustment
(n=4) with atmospheric oxygen concentrations and development stage as fixed factors
revealed that atmospheric oxygen concentration and developmental stage have no significant
interaction effect on Satb2” neuron counts (p=0.922, F-value=0.1), no significant differences
among atmospheric oxygen concentrations (p=0.922, F-value=3.6), but significant differences
among developmental stages (p=0.048, F-value=3.0). Displayed are Bonferroni-adjusted P-
values (n = 4). (A) Significances among the different atmospheric oxygen concentrations. (B)

Significances among the different developmental stages. Bold values indicate significant

differences.
A
E16.5 P0.5 P3.5
Normoxia (21% O2) vs.
Hyperoxia (75% O2) 0.411 0.748 0.437
B
Normoxia Hyperoxia
(21% 02) (75% O2)
E16.5vs. P0.5 0.141 0.369
E16.5vs. P3.5 0.720 0.774
P0.5vs. P3.5 1 1
[8]
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Supplementary Table S5. Statistics determined for apical Ibal” cells in various development
stages (E16.5, P0.5, P3.5) after different oxygen exposures during mid-neurogenesis (Figure
4b). Two-way ANOVA with post-hoc t-test and Bonferroni adjustment with atmospheric
oxygen concentrations and development stage as fixed factors revealed that atmospheric
oxygen concentration and developmental stage have no significant interaction effect on apical
Ibal® cell counts (p=0.465, F-value=0.8) and no significant differences among atmospheric
oxygen concentrations (p=0.363, F-value=0.9), but significant differences among
developmental stages (p<0.001, F-value=20.9). Displayed are Bonferroni-adjusted P-values
(n=4). (A) Significances among the different atmospheric oxygen concentrations. (B)

Significances among the different developmental stages. Bold values indicate significant

differences.
A
E16.5 P0.5 P3.5
Normoxia (21% O2) vs.
Hyperoxia (75% O2) 0.146 0.819 0.744
B
Normoxia Hyperoxia
(21% 02) (75% O2)
E16.5vs. P0.5 0.605 0.020
E16.5vs. P3.5 0.003 < 0.001
P0.5vs. P3.5 0.049 0.064
]
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Supplementary Table S6. Statistics determined for subplate/layer 6 (SP/L6) Ibal" cells in
various development stages (E16.5, P0.5, P3.5) after different oxygen exposures during mid-
neurogenesis (Figure 4¢). Two-way ANOVA with post-hoc t-test and Bonferroni adjustment
with atmospheric oxygen concentrations and development stage as fixed factors revealed that
atmospheric oxygen concentration and developmental stage have no significant interaction
effect on SP/L6 Ibal' cells counts (p=0.295, F-value=1.3) and no significant differences among
atmospheric oxygen concentrations (p=0.203, F-value=1.7), but significant differences among
developmental stages (p<0.001, F-value=38.6). Displayed are Bonferroni-adjusted P-values
(n=4). (A) Significances among the different atmospheric oxygen concentrations. (B)

Significances among the different developmental stages. Bold values indicate significant

differences.
A
E16.5 P0.5 P3.5
Normoxia (21% O2) vs.
Hyperoxia (75% O2) 0.942 0.054 0.772
B
Normoxia Hyperoxia
(21% 02) (75% O2)
E16.5vs. P0.5 0.096 < 0.001
E16.5vs. P3.5 <0.001 < 0.001
P0.5vs. P3.5 0.005 0211

[10]
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Supplementary Table S7. Statistics determined for layer 5 (L5) Ibal" cells in various
development stages (P0.5, P3.5) after different oxygen exposures during mid-neurogenesis
(Figure 4d). Two-way ANOVA with post-hoc t-test and Bonferroni adjustment with
atmospheric oxygen concentrations and development stage as fixed factors revealed that
atmospheric oxygen concentration and developmental stage have a significant interaction effect
on L5 Ibal* cells counts (p=0.014, F-value=8.1) and significant differences among atmospheric
oxygen concentrations (p=0.003, F-value=13.2) and developmental stages (p<0.001, F-
value=37.5). Displayed are Bonferroni-adjusted P-values (n =4). (A) Significances among the
different atmospheric oxygen concentrations. (B) Significances among the different

developmental stages. Bold values indicate significant differences.

A
PO.5 P3.5
Normoxia (21% O2) vs.
Hyperoxia (75% 02) =0n HioEE
B
Normorxia Hyperoxia
(21% Oy) (75% 0O2)
P0.5vs. P3.5 <0.001 0.039

[11]
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Supplementary Table S8. Statistics determined for layer 4-1 (L4-1) Ibal" cells in various
development stages (P0.5, P3.5) after different oxygen exposures during mid-neurogenesis
(Figure 4e). Two-way ANOVA with post-hoc t-test and Bonferroni adjustment with
atmospheric oxygen concentrations and development stage as fixed factors revealed that
atmospheric oxygen concentration and developmental stage have no significant interaction
effect on L4-1 Ibal” cells counts (p=0.945, F-value=0.0) and no significant differences among
atmospheric oxygen concentrations (p=0.945, F-value=0.0), but significant differences among
developmental stages (p<0.001, F-value=85.8). Displayed are Bonferroni-adjusted P-values
(n=4). (A) Significances among the different atmospheric oxygen concentrations. (B)

Significances among the different developmental stages. Bold values indicate significant

differences.
A
P0.5 P35
Normoxia (21% O2) vs.
Hyperoxia (75% 02) e e
B
Normoxia Hyperoxia
(21% O2) (75% O2)
P0.5vs. P3.5 <0.001 < 0.001
[12]
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Supplementary Table S9. Statistics determined for CC3" cell counts in various development
stages (El16.5, P0.5, P3.5) after different oxygen exposures during mid-neurogenesis
(Figure 7b). Robust ANOVA using raov function from Rfit package with post-hoc unpaired
Wilcoxon-test and Bonferroni adjustment (n = 3) with atmospheric oxygen concentrations and
development stage as fixed factors revealed that atmospheric oxygen concentration and
developmental stage have a significant interaction effect on CC3* cell counts (p=0.001, F-
value=9.1) and significant differences among atmospheric oxygen concentrations (p=0.004, F-
value=10.4) and developmental stages (p<0.001, F-value=30.1). (A) Significances among the
different atmospheric oxygen concentrations. (B) Significances among the different

developmental stages. Bold values indicate significant differences.

A
E16.5 P0.5 P3.5
Normoxia (21% O2) vs.
Hyperoxia (75% O2) A 0008 Letd
B
Normorxia Hyperoxia
(21% Oy) (75% 0O2)
E16.5vs. P0.5 0.014 0.024
E16.5vs. P3.5 0.075 0.107
P0.5vs. P3.5 0.276 0.786
[13]
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Supplementary Table S10: Statistics determined for vGluT2" synapses in L5 (P0.5, P3.5) after
different oxygen exposures during mid-neurogenesis (Figure 8). Two-way ANOVA with post-
hoc t-test with atmospheric oxygen concentrations and development stage as fixed factors
revealed that atmospheric oxygen concentration and developmental stage have a significant
interaction effect on VGlut2" synapses (p=0.046, F-value=4.7) and significant differences
among atmospheric oxygen concentrations (p=0.030, F-value=5.6), but no significant
differences among developmental stages (p=0.371, F-value=0.8). Displayed are P-values
(n=35). (A) Significances among the different atmospheric oxygen concentrations. (B)

Significances among the different developmental stages. Bold values indicate significant

differences.
A
PO.5 P3.5
Normoxia (21% O2) vs.
Hyperoxia (75% 0O2) e el
B
Normoxia Hyperoxia
(21% Oy) (75% 0O2)
P0.5Svs. P3.5 0394 0.045
[14]
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Supplementary Table S11. Statistics determined for absolute Tbr1" cortical neuron counts in
various development stages (E16.5, P0.5, P3.5) after different oxygen exposures during mid-
neurogenesis (Supplementary Figure S2a). Two-way ANOVA with post-hoc t-test and
Bonferroni adjustment with atmospheric oxygen concentrations and development stage as fixed
factors revealed that atmospheric oxygen concentration and developmental stage have no
significant interaction effect on Tbr1" neuron counts (p=0.780, F-value=0.3) and no significant
differences among atmospheric oxygen concentrations (p=0.338, F-value=1.0), but significant
differences among developmental stages (p=0.014, F-value=5.5). Displayed are Bonferroni-
adjusted P-values (n=4). (A) Significances among the different atmospheric oxygen
concentrations. (B) Significances among the different developmental stages. Bold values

indicate significant differences.

A
E16.5 P0.5 P3.5
Normoxia (21% O2) vs.
Hyperoxia (75% O2) 0.654 0.895 0.278
B
Normoxia Hyperoxia
(21% 02) (75% O2)
E16.5vs. P0.5 0.567 0.327
E16.5vs. P3.5 1.000 0.852
P0.5vs. P3.5 0261 0.036
[15]
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Supplementary Table S12. Statistics determined for absolute Ctip2"/Tbr]1neuron counts in
various development stages (E16.5, P0.5, P3.5) after different oxygen exposures during mid-
neurogenesis (Supplementary Figure S2b). Two-way ANOVA with post-hoc t-test and
Bonferroni adjustment with atmospheric oxygen concentrations and development stage as fixed
factors revealed that atmospheric oxygen concentration and developmental stage have a
significant interaction effect on Ctip2*/Tbrl™ neuron counts (p<0.001, F-value=10.8) and
significant differences among atmospheric oxygen concentrations (<0.001, F-value=53.2) and
developmental stages (p<0.001, F-value=19.1). Displayed are Bonferroni-adjusted P-values
(n=4). (A) Significances among the different atmospheric oxygen concentrations. (B)

Significances among the different developmental stages. Bold values indicate significant

differences.
A
E16.5 P0.5 P3.5
Normoxia (21% O2) vs.
Hyperoxia (75% O2) <0.001 <0.001 0.574
B
Normoxia Hyperoxia
(21% 02) (75% O2)
E16.5vs. P0.5 0.047 < 0.001
E16.5vs. P3.5 0.208 0.057
P0.5vs. P3.5 1.000 <0.001
[16]



Ergebnisse

Supplementary Table S13. Statistics determined for absolute Satb2" cortical neuron counts in
various development stages (E16.5, P0.5, P3.5) after different oxygen exposures during mid-
neurogenesis (Supplementary Figure S2¢). Two-way ANOVA with post-hoc t-test and
Bonferroni adjustment (n = 4) with atmospheric oxygen concentrations and development stage
as fixed factors revealed that atmospheric oxygen concentration and developmental stage have
no significant interaction effect on Satb2" neuron counts (p=0.828, F-value=0.2), no significant
differences among atmospheric oxygen concentrations (p=0.066, F-value=3.8), but significant
differences among developmental stages (p<0.001, F-value=76.9). (A) Significances among the
different atmospheric oxygen concentrations. (B) Significances among the different

developmental stages. Bold values indicate significant differences.

A
E16.5 P0.5 P3.5
Normoxia (21% O2) vs.
Hyperoxia (75% O2) Rlal D228 0321
B
Normoxia Hyperoxia
(21% Oy) (75% 0O2)
E16.5vs. P0.5 <0.001 <0.001
E16.5vs. P3.5 <0.001 <0.001
P0.5vs. P3.5 0.573 1.000
7]
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Supplementary Table S14. Statistics determined for total Ibal ™ cell counts (E16.5, P0.5, P3.5)
after different oxygen exposures during mid-neurogenesis (Supplementary Figure S4). Two-
way ANOVA with post-hoc t-test and Bonferroni adjustment with atmospheric oxygen
concentrations and development stage as fixed factors revealed that atmospheric oxygen
concentration and developmental stage have no significant interaction effect on total Ibal™ cell
counts (p=0.643, F-value=0.5), but significant differences among atmospheric oxygen
concentrations (p=0.030, F-value=5.5) and significant differences among developmental stages
(p=0.034, F-value=4.1). Displayed are Bonferroni-adjusted P-values (n=4). Significances

among the different developmental stages. Bold values indicate significant differences.

A
E16.5 P0.5 P3.5
Normoxia (21% O2) vs. .
Hyperoxia (75% O2) 0.144 0.069 0.541
B
Normorxia Hyperoxia
(21% Oz) (75% O2)
E16.5vs. P0.5 1.000 0.989
E16.5vs. P3.5 0.072 0.411
P0.5vs. P3.5 0.234 1.000
[18]
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4.2 Early Chronic Intermittent Maternal Hyperoxygenation Impairs
Cortical Development by Inhibition of Pax6-Positive Apical

Progenitor Cell Proliferation

Franz Markert, Luisa Miiller, Kathrin Badstiibner-Meeske & Alexander Storch

Journal of Neuropathology & Experimental Neurology, 2020, Band 79, Nummer 11,
Seiten 1223 - 1232

Zusammenfassung:

Im Hinblick auf den proliferationssteigernden  Effekt einer maternalen
Sauerstoftbehandlung bei Mausen von Embryonalstadium (E)14,5 bis E16,5 wurde in
dieser Studie untersucht, inwieweit sich eine chronische Behandlung mit Sauerstoff auf die
kortikale Entwicklung auswirkt. Dazu wurden trachtige C57BL/6J Méause intermittierend
in 75% Sauerstoff gehalten und die Feten zum E16,5 mittels Immunhistochemie auf
neuronale Proliferations- und Differenzierungsmarker hin untersucht. Die chronische
Sauerstoftbehandlung fithrt zu einer Verringerung der Anzahl an neuronalen
Vorlduferzellen und einer Reduktion von mitotischen Zellen in den betroffenen Kortizes.
Diese Verdnderungen resultieren in einer abnormalen kortikalen Schichtung, sodass mehr
Tbr1"-Neurone der inneren Schicht des Kortex, dafiir weniger Satb2"-Neurone der duBeren
Schichten zu finden sind. Passend dazu wird eine verringerte Expression des neuronalen
Markers NeuN in den oberen kortikalen Schichten festgestellt. Die Ergebnisse zeigen, dass
eine zeitige chronisch intermittierende Sauerstoffbehandlung, im Gegensatz zur
kurzzeitigen Sauerstoffbehandlung, zu verringerter Proliferation neuronaler Stammzellen
und einer verdnderten kortikalen Schichtung fiihrt. Die Applikationsdauer sowie der
Zeitpunkt der Applikation einer Sauerstoffbehandlung scheinen daher mafigeblich den
Effekt auf die kortikale Entwicklung zu beeinflussen. Zur Aufkldrung der
zugrundeliegenden Mechanismen, sowie der Frage inwieweit diese Verdnderungen
persistieren, sind weitere Folgestudien in Form von Zellzyklusanalysen, neuronalen

Migrationsanalysen sowie Verhaltensanalysen notwendig.
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OXFORD

ORIGINAL ARTICLE

Early Chronic Intermittent Maternal Hyperoxygenation
Impairs Cortical Development by Inhibition of Pax6-Positive
Apical Progenitor Cell Proliferation

Franz Markert, MSc, Luisa Miiller, MSc, Kathrin Badstiibner-Meeske, PhD, and
Alexander Storch @&, MD

Abstract

Maternal hyperoxygenation is a feasible, noninvasive method to
treat fetal diseases, such as heart hypoplasia, but effects of maternal
hyperoxygenation on the developing brain remain poorly under-
stood. Previous studies showed that short-term maternal hyperoxy-
genation during midneurogenic phase (E14-E16) but not in earlier
development (E10-E12) increases oxygen tension and enhances
neurogenesis in the developing mouse cortex. We investigated
effects of early chronic maternal hyperoxygenation (CMH) as a po-
tential clinical treatment. Pregnant C57BL/6J mice were housed in a
chamber at 75% atmospheric oxygen and the brains of E16 fetuses
were analyzed using immunohistochemistry. The mitosis marker
phH3 showed a significant reduction of proliferation in the dorsolat-
eral cortices of CMH-treated E16 fetuses. Numbers of Thr2-positive
intermediate progenitor cells were unaffected whereas numbers of
Pax6-positive apical progenitor cells were significantly reduced in
CMH-treated mice. This resulted in altered cortical plate develop-
ment with fewer Satb2-positive upper layer neurons but more Tbrl-
positive neurons corresponding to the deeper layer 6. Thus, maternal
hyperoxygenation affects the developing cortex depending on timing
and length of applied oxygen. Early CMH causes a severe reduction
of neuroprogenitor proliferation likely affecting cortical develop-
ment. Further studies are needed to investigate the mechanisms un-
derlying these findings and to assess the clinical and
neurodevelopmental outcomes of the pups.

Key Words: Corticogenesis, Hyperoxia, Maternal hyperoxygena-
tion, Neural stem cells, Oxygen tension,
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INTRODUCTION

Ventilation therapy in respiratory or lung diseases is stan-
dard of care in humans of all ages and oxygen therapy is often
necessary in newborns, particularly for the survival of prema-
ture infants (1-3). On the other hand, oxygen therapy to specifi-
cally change tissue oxygen tension is rarely used in evidence-
based medicine. Currently, there is interest in maternal hyper-
oxygenation for influencing fetal development, mainly for
heart hypoplasia (4-6). Indeed, maternal hyperoxygenation
affects fetal pulmonary blood flow and oxygen saturation and
eventually heart hypoplasia (7-9). While most of the available
clinical studies address short-term protocols, a few trials ad-
dress the effects of long-term protocols (10). However, besides
the potential effects of oxygenation on congenital heart dis-
eases, experimental evidence shows that oxygen is an impor-
tant signaling molecule in neural development. Specifically,
various research groups reported that neural progenitor cells re-
side in a hypoxic niche in both embryonic and adult brain (11—
13), and numerous in vitro data regarding oxygen tension have
revealed oxygen as a key factor for proliferation and differenti-
ation of rodent and human neural stem and progenitor cells
(14-19). In contrast, only very few studies systematically in-
vestigated the effects of various oxygen tensions in brain tissue
by maternal hyperoxygenation or altering angiogenesis and
confirmed that altered oxygen conditions affect the developing
brain in vivo by regulating the balance between neural stem
cell maintenance and their differentiation (12, 20, 21).

As the available data from in vivo studies addressed
only the effects of short-term maternal hyperoxygenation
resulting in increased neurogenesis during cortical develop-
ment, the effects of chronic maternal hyperoxygenation
(CMH) are poorly understood. Contrary to short-term mater-
nal hyperoxygenation, a recent pilot study in humans showed
that CMH impairs fetal neuronal development resulting in re-
duced head growth of infants, although no alterations in neuro-
developmental assessments were observed (22). These
observations raise the question whether CMH protocols have
different effects on brain development as compared with
short-term protocols. We thus investigated the effects of an in-
tense CMH on neural development, including the neural stem
cell expansion phase. We used pregnant C57BL/6J mice as a
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model known to be susceptible to increased fetal brain oxygen
tension, particularly within the stem cells niches of the devel-
oping brain, after treatment of the mother animals with 75%
atmospheric oxygen (21).

MATERIALS AND METHODS

Animals and Oxygen Treatment

For oxygen treatment, C57BL/6J timed-pregnant mice
were housed in their home-cages within an oxygen-chamber
(InerTec, Grenchen, Switzerland) with a probe for oxygen.
Further, for CMH mice were treated from E5 to E16 with
cycles of 75% oxygen for one day followed by one day at
room air (Fig. 1A). This intermittent treatment scheme was
necessary since hyperoxygenation lasting longer than 48 hours
affects the health of adult mice (12). Control mice were kept
in room air straight next to the oxygen chamber ensuring the
same environmental conditions besides oxygenation. All ani-
mals were handled by the same investigator during the entire
treatment protocol. The fetuses in both groups showed an ordi-
nary morphology with ~7 fetuses per litter. All data were
gathered from randomly chosen fetuses from at least 3 inde-
pendent litters per group. All animals were maintained and
treated with permission of the local Department of Animal
Welfare (Landesamt fiir Landwirtschaft, Lebensmittelsicher-
heit und Fischerei Mecklenburg-Vorpommern) and comply
with the Tierschutzgesetz and Verordnung zur Umsetzung der
Richtlinie 2010/63/EU from Germany.

Immediately after oxygen exposure, the embryonic
brains were dissected, fixed for 24 hours in 4% paraformalde-
hyde (Merck, Darmstadt, Germany) and kept in 30% sucrose
(Carl Roth, Karlsruhe, Germany) in Dulbecco’s Phosphate-
Buffered Saline (Thermo Fisher Scientific, Waltham, MA).
Then brains were snap-frozen, sectioned coronal at 20 pm
thickness with microtome (Leica Biosystems, Nussloch, Ger-
many) and mounted on Superfrost Plus slides (Thermo Fisher
Scientific). The slides were stored at 4°C until staining.

Immunofluorescence

Slides were washed with TBST Wash Buffer (Agilent,
Santa Clara, CA) and heat-induced antigen retrieval was per-
formed using citrate buffer containing 10mM sodium citrate
(Carl Roth) and 0.05% TWEEN 20 (SERVA, Heidelberg, Ger-
many) for 30 minutes at 95°C. After 20 minutes at room tem-
perature, slides were washed with TBST and treated with
TBST containing 0.2% Triton X-100 (Carl Roth) and 10%
donkey serum (Merck) for 30 minutes. Next, slides were incu-
bated with Isolectin IB4 (Thermo Fisher Scientific) or primary
antibodies overnight at 4°C. The following primary antibodies
were used: Mouse anti-phospho-histone H3 (phH3; Cell Sig-
naling, Danvers, MA; 9706, 1:100); mouse anti-Satb2
(Abcam, Cambridge, UK; ab51502, 1:500); rabbit anti-
cleaved-caspase-3 (Cell Signaling; 9661S; 1:200); rabbit anti-
NeuN (Merck; ABN78, 1:600); rabbit anti-Pax6 (Covance,
San Diego, CA; PRB-278P, 1:300); rabbit anti-Tbr1 (Abcam;
ab31940, 1:250); rabbit anti-Tbhr2 (Abcam; ab183991, 1:600);
and rat anti-Ctip2 (Abcam; ab184635, 1:500).
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Subsequently, slides were incubated with corresponding
secondary antibodies (Thermo Fisher Scientific) and nuclei
were stained with Hoechst 33258 (Merck). To preserve immu-
nofluorescence, slides were mounted with Prolong Antifade
Diamond (Thermo Fisher Scientific) and stored at 4°C for
microscopy.

Imaging and Measurements

Images were taken with Axio.Observer.Z1 with Apo-
tome using ZEN blue 2.3 software with Tiles and Position
module (all from Carl Zeiss, Oberkochen, Germany). Images
from at least 4 different brain slices of the medial dorso-lateral
telencephalon were taken at 20x magnification. For all
markers with exception of the apoptosis marker cleaved cas-
pase 3 (CC3) images were taken with apotome and Z-stack
mode with 1-pm steps. For CC3 standard fluorescence images
from the whole hemisphere were taken. CC3-positive cells
were counted with ZEN blue 2.3 in the cortex from the dorsal
to ventral site. Mitotic cells (phH3-positive cells) were
counted with ZEN blue 2.3 within different layers of a
500-pm-wide cortical columns. Neurons (NeuN-positive), api-
cal progenitor (AP) cells (Pax6-positive), and intermediate
progenitor (IP) cells (Tbr2-positive) were counted within
200-pum-wide cortical columns using Imagel. Tbr2-positive,
phH3-positive, and NeuN-positive cells were counted through
all Z-stacks of the corresponding brain slices. Pax6-positive,
Tbrl-positive, Ctip2-positive, and Satb2-positive cells were
counted in the medial focal plane of each brain slice. The
boundary between the ventricular zone (VZ) and subventricu-
lar zone (SVZ) was defined by the shape of the nucleus and
the density of Pax6-positive and Tbr2-positive cells. While
most cells in the VZ show a stretched shape of the nucleus,
cells in the SVZ possess an elliptical nucleus. In addition, the
VZ was defined by its high density of Pax6-positive cells and
SVZ was defined by its high density of Tbr2-positive cells
where the basal decreasing density of cells marks the SVZ-
intermediate zone (IZ) boundary (23). For quantification of mi-
totic cells in the hippocampal area, all phH3-positive cells were
counted and subsequently correlated to the analyzed area. For
adequate presentation, mitotic cell numbers were calculated to
cells per mm”. For vascularization analyses, the medial focal
plane of each brain slice was used. Subsequently, binary images
were created with a fixed threshold and the percentage of the
covered area excluding the meninges was computed. The thick-
nesses of the cortex and the cortical plate (CP) of each fetus
were measured from the ventricular surface or cortical subplate
to the pial surface. For this purpose, at least 5 positions from
dorsal to ventral along the ventricle (100-pm intervals) were an-
alyzed in 3 sections of the medial cortex of each fetus.

Statistics

All statistics were performed with RGUI 3.4.1 (R Foun-
dation for Statistical Computing, Vienna, Austria). If not oth-
erwise stated, statistical significance was evaluated by
unpaired two-sided t-test. The number of analyzed fetuses,
gathered from at least 3 independent litters, is indicated by
“n.” The significance level was set to 0.05.
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FIGURE 1. Chronic maternal hyperoxygenation (CMH) in mice leads to reduced mitosis in E16 dorso-lateral cortices. (A)
Experimental setup. Timed-pregnant mice were treated from E5 to E16 with cycles of 75% oxygen for one day followed by one
day at room air. Controls were kept at room air. (B) Representative immunofluorescence images of mitotic cells (phH3-positive
cells, green) counterstained with Hoechst (blue). Dashed lines separate ventricular zone ([VZ], bottom, subventricular zone
[SVZ], mid, and intermediate zone [IZ], top). Scale bars: 50 pm. (€) Quantification of phH3-positive mitotic cells within VZ, SVZ,
and IZ in 500-um-wide columns. Bars represent significant differences with displayed p-values (unpaired two-sided t-test or
Wilcoxon-test for phH3-positive in the IZ; n=9).
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FIGURE 2. Chronic maternal hyperoxygenation (CMH) reduces early hippocampal mitosis in E16 mouse fetuses. (A)
Representative immunofluorescence images of mitotic cells (phH3-positive cells, green) counterstained with Hoechst (blue).
Dashed lines indicate CA1-CA3 region (top, right) and the hippocampal fissure (bottom, left). Scale bars: 50 pum. (B)
Quantification of phH3-positive mitotic cells density in the early hippocampus. Bar represents significant difference with

displayed p values (unpaired two-sided t-test; n = 6).

RESULTS

Maternal Hyperoxygenation Differentially
Affects Proliferation in the Developing Brain
Depending on Exposure Length

Short-term (48 hours) maternal hyperoxygenation leads
to increased fetal brain oxygen tension and shows develop-
mental stage-dependent effects in the proliferating zones of
the mouse brain with enhancing progenitor cell proliferation,
particularly in the IZ during late neurogenic phase of brain de-
velopment (E14-E16), but expressed no effects in the earlier
expansion/neurogenic phase from E10-E12 (12). The effects
of CMH covering the expansion and neurogenic phase
remained unclear. We therefore treated pregnant C57BL/6J
mice from E5 to E16 with cycles of 75% oxygen for one day
followed by one day at room air (Fig. 1A; intermittent treat-
ment scheme was applied to avoid toxic effects on the adult
mother [12]). The results were compared with control mice
kept at room air ensuring the same environmental conditions
besides the oxygen treatment. Representative immunofluores-
cence images of mitotic cells marked by phH3 in the VZ, the
SVZ and the IZ representing the proliferating zones in the de-
veloping mouse brain from apical to basal membrane are dis-
played in Figure 1B. In contrast to short-term
hyperoxygenation (12), quantitative immunohistochemistry
analyses revealed that CMH-treated mice showed a signifi-
cantly reduced number of mitotic cells by a factor of 0.5 in the
VZ, 0.2 in the SVZ and nearly depleted in the IZ compared
with controls (Fig. 1C). To investigate whether reduced cell
proliferation is limited to the cortical area, we additionally an-
alyzed cell proliferation within the developing hippocampal
formation. These analyses revealed that CMH also affects hip-
pocampal development with reduced mitotic activity in the
VZ of the hippocampus (Fig. 2).
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Early CMH Reduces the Number of AP but Not
IP Cells

We next ascertained whether the differential effects on
cell proliferation of short-term versus chronic maternal hyper-
oxia translates into different numbers of the various progenitor
cell types of mouse developing cortex. The first population
comprises dividing Pax6-positive radial glial cells as one ma-
jor type of AP at the ventricular surface of the VZ (24-31).
The second class of neural progenitors originate from radial
glial cells by asymmetric mitoses are referred to as Tbr2-
positive IPs and form the SVZ (29, 30, 32-35). CMH led to a
morphological thinner VZ compared with normoxic controls.
We found that there were reduced numbers of Pax6-positive
cells compared control conditions with pronounced effects in
the VZ (Pax6-positive cells reduced by a factor of 0.8), while
the SVZ was not affected (Fig. 3).

To analyze IPs as the second major class of neural pro-
genitors, we performed quantitative histology on Tbr2-
positive cells. CMH did not change Tbr2-positive IP cell
counts in any cell layer (Fig. 4). To clarify whether the specific
reduction of Pax6-positive cells arises from reduced prolifera-
tion only or from apoptotic effects, we performed immunohis-
tochemistry for the apoptosis marker CC3. Both CMH-treated
and control mice showed few apoptotic cells but with no dif-
ference between both groups (Fig. 5A, B). Because Wagen-
fiilhr et al and Lange et al showed vascularization effects
associated with oxygenation (12, 20), we additionally per-
formed immunohistochemical staining for [B4 as an estab-
lished marker for vessels (Fig. 5C, D). Quantification of
percentual vessel covered area revealed no differences be-
tween CMH-treated mice and control mice (Fig. 5D). In sum-
mary, CMH treatment of the fetal brain resulted in specific
reduction of Pax6-positive AP production, but did not change
the generation of IPs. This specific reduction of Pax6-positive
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FIGURE 3. Chronic maternal hyperoxygenation (CMH) in mice reduces the number of basal progenitor cells in E16 dorso-lateral
cortices. (A) Representative immunofluorescence images of basal progenitor cells (Pax6-positive cells, orange) counterstained
with Hoechst (blue). Dashed lines separate ventricular zone ([VZ], bottom, subventricular zone [SVZ], mid, and intermediate
zone [IZ], top). Scale bars: 50 um. (B) Quantification of Pax6-positive basal progenitor cells within VZ and SVZ in 200-um-wide
columns; bars represent significant differences with displayed p values (unpaired two-sided t-test; n=8 for controls, n=10 for

CMH).

APs likely arises from reduced proliferation, but not due to ap-
optosis or altered vascularization.

Early CMH Treatment Results in Altered Cortical
Development

The proliferating zones near the apical surface con-
stantly contribute neurons to the CP forming its typical inside-
out layer pattern during cortical development (36). Pax6 repre-
sents a key factor in this highly orchestrated process (37). We
next investigated whether the effects of CMH on progenitor
cell proliferation and particularly the number of Pax6-positive
APs translated into an alteration of the development of the CP.
Immunofluorescence images of the rostral telencephalon
revealed an aberrant NeuN expression profile in the CP in
CMH-treated fetal brains, While NeuN expressing cells
clearly mark the subplate and deeper layers of the CP, cells in
the upper layers showed less NeuN expression (Fig. 6A).
Quantification of NeuN expression using fixed illumination
settings thereby resulted in a reduced number of NeuN-
positive cells by a factor of 0.8 in the rostral CP (Fig. 6B).
However, the aberrant NeuN expression profile in the upper
layers of CP did not result in morphological changes since cor-
tical thickness was not affected in CMH-treated mice com-
pared with controls (Fig. 6C). This prompted us to analyze the
individual cortical layers with a combination of Tbrl, Ctip2,
and Satb2 markers. Immunohistochemical investigation of

these markers revealed a reduced number of Satb2-positive
cells representing upper layer neurons in CMH-treated fetuses.
Despite this, the numbers of deeper layer neurons stained with
Tbrl were increased while the number of Ctip2-positive cells
were unaffected (Fig. 7). In summary, CMH-treated mice
were grossly morphologically unaffected but showed an al-
tered cortical layering. There were more deeper layer neurons
originating in early development but fewer upper layer neu-
rons originating in later development in CMH-treated fetuses.

DISCUSSION

Maternal hyperoxygenation is used to treat heart hypo-
plasia in fetuses (4-6). Although there are promising effects
regarding heart hypoplasia, maternal hyperoxygenation also
influences neuronal development by specifically affecting
neurogenesis (12, 20). While these in vivo studies addressed
only short-term hyperoxygenation, the present study investi-
gates the effects of CMH as a novel clinical approach on corti-
cal development compared with normoxic controls. We
thereby demonstrated that CMH with 75% oxygen affected the
cortical development of C57BL6/J mouse fetuses, but in an
opposite way compared with short-term maternal hyperoxyge-
nation: While short-term maternal hyperoxygenation for
48 hours enhances the number of mitotic cells in the SVZ at
developmental stage E14-E16 but has no effects at EI0-E12,
CMH from ES to E16 leads to a significant reduction of mi-
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FIGURE 4. Intermediate progenitor cells in dorso-lateral cortices of E16 mice remains unaffected by chronic maternal
hyperoxygenation (CMH). (A) Representative immunofluorescence images of intermediate progenitor cells (Tbr2-positive cells,
orange) counterstained with Hoechst (blue). Dashed lines separate ventricular zone ([VZ], bottom, subventricular zone [SVZ],
mid, and intermediate zone [IZ], top). Scale bars: 50 pm. (B) Quantification of Tbr2-positive intermediate progenitor cells within
VZ and SVZ in 200-pm-wide columns. Unpaired two-sided t-tests revealed no significant differences between control and CMH

animals for all layers (n = 8).

totic cells in all proliferating zones of the developing cortex.
Because mitosis in the very early hippocampal development
was also reduced, we conclude that this effect is likely not lim-
ited to the developing cortex.

To investigate the affected cell populations in the prolif-
erating zones of the developing cortex, we next performed
immunostainings for APs and IPs. Here, CMH leads to signifi-
cantly reduced numbers of Pax6-positive cells representing
APs going along with a morphologically thinner VZ. Unex-
pectedly, the number of sequentially resulting IPs was not af-
fected (33). When comparing to short-term hyperoxygenation
of fetal brain tissue, we suppose that there is a critical length
and/or developmental stage for the effects of hyperoxygena-
tion on neuroprogenitor populations. While short-term hyper-
oxygenation for 48 hours from E10 to E12 does not lead to
significant changes in the number of IPs (12), a 72-hour period
from E10 to E13 shifts the progenitor population from APs to
an increased number of IPs as also was observed in the later
midneurogenic phase at E14-E16 (12, 20). Since our CMH
treatment scheme covers the developmental stages from ES5 to
E16, we conclude that the longer oxygen application leads to
the stronger shift toward neuroprogenitor differentiation. Ex-
cluding apoptotic effects, the unaffected number of IPs in
CMH-treated mice might result from reduced mitosis during
development—even in earlier developmental stages as investi-
gated in short-term hyperoxygenation studies—which offsets
the oxygen-driven differentiation of APs sequentially dividing
in IPs (38). However, as we needed to include rescue days
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with exposure of the dams to normal oxygen conditions (12),
we cannot fully rule out that the sequential exposure or the ex-
posure during very specific developmental processes might
be—at least in part—also responsible for the contrary effects
of CMH compared with short-term hyperoxygenation.

Since IPs contribute to cells of the CP via symmetric di-
vision and Tbr2 and Pax6 are both main regulators of cortical
development, we investigated if CMH affect cortical morphol-
ogy and NeuN expression as a marker for mature neurons (37,
39, 40). CMH induces an aberrant NeuN expression profile
with reduced expression of NeuN in the upper cortical layers
of rostral cortices. This aberrant NeuN expression profile
could be the result of the decreased proliferation and subse-
quently reduced number of Pax6-positive APs, which may af-
fect cortical neurogenesis. This hypothesis is supported by
current evidence from Pax6 research, where timed and condi-
tional knockout models show similar but more severe morpho-
logical changes compared with hyperoxygenic brains with
markedly reduced numbers of neurons especially in superficial
layers of the rostral cortex leading to severe decrease of brain
sizes and hampered cognitive functions (37, 41). The more se-
vere phenotype in Pax6 knockout models eventually leading
to smaller brain sizes, which were not observed in CMH-
treated mice, might be explained by the more consequent
knock-out of Pax6-positive APs in genetic models compared
with CMH animals. To deepen our knowledge of the underly-
ing mechanisms, we have used Tbrl, Ctip2, and Satb2 anti-
bodies as a panel of cortical layer markers. In CMH-treated
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FIGURE 5. Apoptosis rate and vascularization in the E16 mouse cortex are not affected by chronic maternal hyperoxygenation
(CMH). (A) Representative immunofluorescence images of apoptotic cells (cleaved caspase 3 [CC3]-positive cells, red)
counterstained with Hoechst (blue). White arrows indicate apoptotic cells. White square is shown magnified in the left corner.
Scale bars: 50 um. (B) Quantification of CC3-positive apoptotic cells counted in the medial cortex per brain slice. Wilcoxon rank
sum test revealed no significant differences between control and CMH animals (n = 6). (€) Representative orthogonal projected
immunofluorescence images of vessels (IB4-positive, green) counterstained with Hoechst (blue). Scale bars: 50pum. (D)
Quantification of vessel density (IB4-positive) in the early hippocampal area. Unpaired two-sided t-test revealed no significant

differences between control and CMH animals (n = 6).

mice, the reduced number of Satb2-positive cells that repre-
sent upper layer neurons supports our results of the aberrant
NeuN expression profile. Interestingly, the number of deeper
layer neurons represented by Tbrl-positive cells is enhanced.
Since our CMH treatment protocol covers the early neuro-
genic expansion phase, an early increased proliferation lead-
ing to an exhaustion of proliferation capacity at E16 could be
possible. Thereby, a probable increased proliferation at earlier
stages could lead to relatively unremarkable cortical morphol-
ogy, but reduced proliferation in later stages (42, 43). In addi-
tion, this theory would explain the increased number of deeper

layer neurons that arise at earlier stages. Consequently, with
exhaustion of proliferative capacities, which may lead also to
the demonstrated reduced number of Pax6-positive cells at
E16, the number of upper layer neurons is decreased. How-
ever, we cannot exclude other hypothesis that could be an ab-
errant migration and/or maturation, where the specific events
of cortical development are delayed in CMH-treated mice or
hampered migration occurs (44-46). Therefore, further studies
are needed to investigate the specific effects of CMH proto-
cols on the developing brain at various of developmental
stages.
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FIGURE 6. Chronic maternal hyperoxygenation (CMH) disturbs proper cortical layering in E16 mouse brain. (A) Representative
immunofluorescence images of NeuN expressing neurons (red) counterstained with Hoechst (blue). Dashed lines separate
cortical plate (top) from basal cortical zones (bottom). Scale bars: 50 um. (B) Quantification of cortical NeuN-positive neurons
within the cortical plate in 200-pm-wide columns. (€) Quantification of radial thickness of the cortex and the cortical plate. Bars
represent significant differences with displayed p-values (unpaired two-sided t-test; n =9 for NeuN-positive quantification; n=7

for radial thickness measurements). CP, cortical plate.

A recent clinical pilot study investigating the effects of
CMH for treatment of heart hypoplasia in humans resulted in
a reduction of head growth in 6-month-old infants who under-
went CMH therapy in utero (22). Therefore, Edwards et al ad-
justed their treatment protocol using longer daily exposure but
with a lower fraction of inspired oxygen (FiO,) and added
evaluations of placental health, fetal head growth, and cerebral
maturity. Although, the infants showed no differences in neu-
rodevelopmental testing compared with controls, the study by
Edwards et al together with our data indicate that intense or
very early CMH treatment schemes may lead to abnormal neu-
ral development with contrary results to short-term hyperoxy-
genation. A direct comparison with our data is limited by
oxygenation exposure, treatment protocol and species. Ed-
wards et al started their treatment protocol around gestational
week 26 with ~50% fraction of inspired oxygen controlled by
analysis of the maternal arterial partial pressure of oxygen.
We here used 75% oxygen, known to be effective in mice and
for the comparability with short-term hyperoxygenation proto-
cols, but we were technically not able to measure blood oxy-
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genation due to handling issues within the oxygen chamber
and to avoid any form of stress (12, 21). Additionally, we used
a CMH protocol that starts at ES to include the neural stem
cell expansion phase and therefore we cannot exclude specific
effects raised in the early treatment phase. Particularly, the in-
creased number Tbrl-positive cells indicate early effects of
the oxygen treatment. Nevertheless, both specialized treat-
ment schemes raise concerns about the effects of CMH on
proper development of the brain.

In conclusion, maternal hyperoxygenation leads to in-
creased oxygen tension in fetal brain tissue and affects cortical
development in mice with a specific pattern depending on tim-
ing and length within the developmental process. While short-
term maternal hyperoxygenation during midneurogenic phase
can even enhance neurogenesis, a longer and very early oxygen
application, such as CMH leads to severe reduction of prolifera-
tion and numbers of APs, likely ending in reduced neuron num-
bers and brain size as well as hampered cognitive functions
(41). Although the consequences of maternal hyperoxygenation
on brain function, such as cognition need to be determined, the
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FIGURE 7. Chronic maternal hyperoxygenation (CMH) changes the distribution of neurons within the cortical layers. (A)
Representative immunofluorescence images of Tbr1 (green), Ctip2 (orange), and Satb2 (red) expressing neurons counterstained
with Hoechst (blue). Scale bars: 50 pm. (B) Quantification of cortical Tbr1-positive, Ctip-positive, and Satb2-positive neurons as
percentage of all cells within the cortical plate (CP). Bars represent significant differences with displayed p values (unpaired two-

sided t-test; n =4 for controls; n=>5 for CMH).

effects of long-time maternal hyperoxygenation protocols on
brain development require clarification. Further studies are thus
needed to investigate the pathophysiological mechanisms un-
derlying these findings and to assess the clinical and neurodeve-
lopmental outcomes of the pups.
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Zusammenfassung:

In dieser Studie wurde der Einfluss der Katecholamine Dopamin (DA) und Noradrenalin
(NA) auf die fetale Neurogenese in verschiedenen Regionen des Gehirns untersucht. Dazu
wurden die ventrikuldren bzw. subventrikuliren Zonen, welche das gesamte
Ventrikelsystem umgeben, von verschiedenen Hirnregionen zu den Embryonalstadien (E)
14,5, E16,5 und zum Postnatalstadium (P) 0 isoliert und mittels HPLC auf ihren DA- und
NA-Gehalt sowie mittels Immunhistochemie auf die Anzahl an MCM2" neuralen
Stammzellen hin untersucht. Die Ergebnisse zeigen von E14,5 zu P0,5 eine kontinuierliche
Abnahme an Stammzellen in allen Regionen. Der NA-Gehalt der jeweiligen Zonen steigt
in diesem Zeitraum kontinuierlich an, wihrend der DA-Gehalt nur an den lateralen
Ventrikel zunimmt, in allen anderen Regionen allerdings abnimmt. Dabei offenbart sich
eine starke inverse Korrelation der Anzahl an Vorlauferzellen mit dem NA-Gehalt der
jeweiligen Regionen, nicht jedoch mit dem DA-Gehalt. Dies deutet auf einen potenziellen
inhibitorischen Effekt durch NA auf die Vorlduferzellen des periventrikuldren Systems
wihrend der Gehirnentwicklung hin. Die Daten stellen die Grundlage fiir weitere
funktionelle Untersuchungen von Katecholaminen und insbesondere der noradrenergen
Innervation und deren potenziell inhibitorischen Effekt auf neurale Stammzellen wihrend

der Entwicklung des Gehirns dar.
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of the Developing Mouse Brain
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Manfred Gerlach?, Andreas Hermann?35t and Alexander Storch 3%
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of Neurology, University of Rostock, Rostock, Germany

The major catecholamines—dopamine (DA) and norepinephrine (NE)—are not only
involved in synaptic communication but also act as important trophic factors and
might ultimately be involved in mammalian brain development. The catecholaminergic
innervation of neurogenic regions of the developing brain and its putative relationship to
neurogenesis is thus of pivotal interest. We here determined DA and NE innervation
around the ventricular/subventricular zone (VZ/SVZ) bordering the whole ventricular
system of the developing mouse brain from embryonic day 14.5 (E14.5), E16.5,
and E19.5 until postnatal day zero (PO) by histological evaluation and HPLC with
electrochemical detection. We correlated these data with the proliferation capacity
of the respective regions by quantification of MCM2* cells. During development,
VZ/SVZ catecholamine levels dramatically increased between E16.5 and PO with DA
levels increasing in forebrain VZ/SVZ bordering the lateral ventricles and NE levels
raising in midbrain/hindbrain VZ/SVZ bordering the third ventricle, the aqueduct, and
the fourth ventricle. Conversely, proliferating MCM2* cell counts dropped between
E16.5 and E19.5 with a special focus on all VZ/SVZs outside the lateral ventricles.
We detected an inverse strong negative correlation of the proliferation capacity in the
periventricular neurogenic regions (log-transformed MCM2* cell counts) with their NE
levels (r = —0.932; p < 0.001), but not their DA levels (r = 0.440; p = 0.051) suggesting
putative inhibitory effects of NE on cell proliferation within the periventricular regions
during mouse brain development. Our data provide the first framework for further
demandable studies on the functional importance of catecholamines, particularly NE, in
regulating neural stem/progenitor cell proliferation and differentiation during mammalian
brain development.

Keywords: brain development, ventricular zone, catecholamines, norepinephrine, dopamine, neurogenesis
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INTRODUCTION

There is a multitude of research exploring the distribution
of the major catecholamines—namely dopamine (DA)
and norepinephrine (NE, also called noradrenaline)—in the
mammalian brain including mammalian brain development.
Noradrenergic neurons in the Locus coeruleus (LC) as the
major noradrenergic formation in the mammalian brain are
among the earliest born neurons followed by the dopaminergic
system in later embryonic stages (Coyle, 1977; Steindler and
Trosko, 1989; Pattyn et al, 2000; Aroca et al, 2006). LC
neurons widely spread all over the brain with the striatum
as one major exception (Foote et al., 1983; Erdtsieck-Ernste
et al, 1991; Aston-Jones et al, 1995). Although the LC
noradrenergic neurons are born early in development at
around murine embryonic day 9 (E9)-E11 (all embryonic
stages in this article are adapted to mouse embryonic ages
post-fertilization through Carnegie stage comparisons; Lauder
and Bloom, 1974; Coyle, 1977; Coyle and Molliver, 1977),
the ascending noradrenergic projections throughout the
brain needs several more days and reach the diencephalon
at E13-E14 and cortical regions at E16-E17 with an increase
in NE content as measured by HPLC of various brain areas
starting around E15 to E17 in rodents depending on the brain
region (Olson and Seiger, 1972; Lauder and Bloom, 1974;
Coyle, 1977; Kohno et al., 1982; Berger and Verney, 1984;
Murrin et al, 2007). The cortical distribution and density
of NE fibers achieve their final pattern at postnatal day 7
(P7) and the adult extent in the 3rd to 4th postnatal week
(Berger and Verney, 1984; Murrin et al, 2007). Similarly,
tyrosine hydroxylase (TH) immunoreactivity in the ventral
midbrain is detected from E11 to E12, and DA immunoreactivity
is found from EI2 (Olson and Seiger, 1972; Lauder and
Bloom, 1974; Tomasini et al, 1997). This again contrasts
with the later increase in DA tissue content from E13 to
E15 (Ribary et al, 1986; Tomasini et al., 1997). The reported
time offset between cellular and histological development of
catecholaminergic systems and their subsequent functional
development urgently necessitates the additive measurement of
tissue levels of catecholaminergic neurotransmitters. Together,
the development of both major catecholaminergic systems
of the mammalian brain starts at a similar embryonic
(postconceptional) age, is well pronounced during late
embryonic development, and become functional just before
birth. However, the available studies on catecholaminergic
systems development strongly focused on neurotransmitter
function within the nigrostriatal and mesolimbic dopaminergic
system and the LC noradrenergic system innervating the
cerebral cortex.

Catecholamines are not only involved in synaptic
communication but also act as important trophic factors
(Felten et al., 1982; Gustafson and Moore, 1987; Berger-Sweeney
and Hohmann, 1997). In this respect, NE is considered to
play a trophic role in brain maturation particularly cortical
dendritic structuring (Felten et al., 1982; Gustafson and Moore,
1987; Berger-Sweeney and Hohmann, 1997). However, most
studies used mechanical or toxic lesions of the NE system
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during the early postnatal period and only addressed cortical
development (for review see Berger-Sweeney and Hohmann,
1997). The one study using prenatal lesioning of the NE system
by intrauterine 6-hydroxydopamine application at E17 revealed
no major alterations in cortical morphology in adulthood
but did not study other brain regions (Lidov and Molliver,
1982). The more recent approach to disrupt NE innervation by
knocking-out the gene encoding for dopamine-p-hydroxylase
(DbH), the rate-limiting enzyme of NE production, showed
that NE is essential for rodent fetal development with almost
100% mortality within the first days of life (Thomas et al,
1995). The brain morphology of these animals has however
not been reported in detail yet. Substitution of NE by L-3,
4-dihydroxyphenylserine (DOPS) bypassing DbH restored
NE synthesis and completely rescued the survival of DbH
knock-out animals. However, in these mice, the postnatal
development of the cerebellum and the noradrenergic systems
was independent of NE (Jin et al., 2004). The reason for the
prenatal mortality of DbH knock-out mice remains unclear but is
most likely due to cardiovascular instability, which for unknown
reasons stabilizes shortly after birth allowing the withdrawal
of DOPS supplementation. Whether this instability arises from
central or peripheral pathology remains enigmatic. The lethal
phenotype without indirect NE supplementation during crucial
developmental stages makes it impossible to accurately study
embryonic/fetal brain development under NE depletion in this
model. These data together with the recently described role
of norepinephrine as a negative regulator of neural stem cell
proliferation in the adult brain (Weselek et al., 2020) raised the
question of whether catecholamines show analogous trophic
actions during embryonic brain development beyond cortical
development. We therefore comparatively determined the
catecholaminergic innervation and the neural stem/progenitor
cell proliferation capacity of the ventricular zone/subventricular
zone (VZ/SVZ) bordering the whole ventricular system
of the developing mouse brain from E14.5 until postnatal
day zero (P0).

MATERIALS AND METHODS

Animals and Tissue Processing

Whole brains were dissected from embryos from timed-
pregnant C57BL/6] mice at E14.5, E16.5, E19.5 (histology
only), or newborn C57BL/6] mice (P0). All animal protocols
were reviewed and approved by Animal Welfare Committee
at the Technische Universitit Dresden and Landesdirektion
Sachsen, Dresden, Germany (governmental authorities).
The tissue was fixed for 24 h in 4% paraformaldehyde
(Merck, Darmstadt, Germany) and kept in 30% sucrose
(Carl Roth, Karlsruhe, Germany) in PBS (Thermo Fisher
Scientific, Waltham, MA, USA). Then brains were
snap-frozen, coronal sections at 20 pm thickness were
prepared using a cryotome (Leica Biosystems, Nussloch,
Germany) and mounted on Superfrost Plus slides (Thermo
Fisher Scientific, Waltham, MA, USA). The slides were
stored at 4°C until staining. A total of three animals
per group were examined for each experiment; all data
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were gathered from randomly chosen fetuses from three
independent litters.

Immunohistochemistry

Cryosections were pre-incubated in 3% blocking donkey serum
(Jackson Immunoresearch, West Grove, IA, USA) containing
0.2% Triton X-100 (Thermo Fisher Scientific, Waltham,
MA, USA) in PBS for 2 h at room temperature and then
incubated overnight at 4°C with primary antibodies followed
by secondary fluorescence conjugated antibodies for 1 h at
room temperature. Cell nuclei were counterstained with 4,6-
diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific,
Waltham, MA, USA). The following primary antibodies were
used: sheep or rabbit anti-TH 1:500 (Pel-Freez, Rogers, Arkansas,
RRID:AB_461070 and RRID:AB_461064); mouse anti-Nestin
1:500 (Chemicon, Thermo Fisher Scientific, RRID:AB_2251134);
rat anti-DAT 1:500 (Merck, RRID:AB_2190413); rabbit
anti-MCM2 1:500 (Abcam, Cambridge, UK, RRID:AB_881276;
mouse anti-NET 1:200 (MAB Technologies, Neenah, WI, USA,
RRID:AB_2571639). Fluorescence labeled secondary antibodies
were purchased from (Molecular Probes, Thermo Fisher
Scientific, Waltham, MA, USA). Images were captured using a
fluorescence microscope (Leica DM IRE2, Wetzlar, Germany)
or a Zeiss confocal microscope (LSM 700; Zeiss, Oberkochen,
Germany) equipped with DAPI/UV, krypton, krypton/argon,
and helium lasers.

HPLC Assay of Tissue Catecholamine

Content

Tissue from the same periventricular regions (200 pm
surrounding  the  ventricles) as  those used for
immunohistochemistry ~was microdissected from mouse
brains at E14.5, E16.5, PO and adult (8-12 weeks of age, male).
For this purpose, the brains were removed from out of the skull
and sliced into coronal sections of approximately 1 mm which
were kept on ice or a cooling plate until further preparation.
With the help of a dissection microscope (magnification: x100)
approximately 200 pm tissue surrounding the ventricles at the
appropriate zone was removed by one experienced experimenter
(Grit Weselek) and the pieces were snap-frozen in liquid
nitrogen. The 200 jum were chosen to secure enough material for
HPLC analysis while including the major part of VZ/SVZ. For
further HPLC analysis, the tissue samples were thawed, weighed,
and sonicated in 0.05 M perchloric acid for 60 s resulting in
10% (w/v) homogenate suspensions. The mean + s.e.m. weights
of tissue samples of 22 & 2 (range: 9-45) mg per tissue sample
were in the typical range of previous studies (Wagner et al,
1982) and did not show any significant differences between
experimental conditions (two-way ANOVA with VZ regions
and developmental stages as fixed factors revealed no significant
interaction effect of VZ regions and stages on tissue sample
weights (p = 0.225, F-value = 1.4) and no significant differences
among VZ regions (p = 0.468, F-value = 0.9) and stages
(p = 0.840, F-value = 0.2). These were centrifuged at 48,000x g
for 20 min at 4°C, and 50 pl samples of the supernatants
injected directly into high-performance liquid chromatography
(HPLC) system with electrochemical detection (Gynkotek
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GmbH, Germering, Germany) for analysis of tissue DA, NE,
and epinephrine according to the method described in detail
previously (Wagner et al., 1982; Gerlach et al., 1996; Kuhn et al.,
1996). The HPLC system consisted of an AGILENT 1100 series
(Bio-Rad, Munich, Germany), a Nucleosil 120-5C18 reverse
phase (250 x 4.6 mm) analytical column (Macherey-Nagel,
Diiren, Germany), an electrochemical detector (model 1640;
Bio-Rad, Munich, Germany). Detector data were recorded and
analyses using an AGILENT Chem Station for LC9D (Bio-Rad).
Concentrations were calculated from the peak height with
the aid of an external standard. The detection limit of the
HPLC system was 0.1 ng/ml (corresponding to 1 ng/g brain
tissue) for all catecholamines. The investigator was blind to the
experimental condition.

Cell Counting and Statistical Analysis

For quantification of  proliferating  mini-chromosome
maintenance protein 2 (MCM2)" cells within the ventricular
zone/subventricular  zone (VZ/SVZ) of the various
periventricular regions [lateral wall of the lateral ventricles
(LVyatera)s medial wall of the lateral ventricles (LV neqial)s
third ventricle (3V), aqueduct (Aq) and fourth ventricle (4V)
according to the Prenatal Mouse Brain Atlas by Schambra
(Schambra, 2008)], in any given experiment the number of
MCM2* cells was determined in a 130 jum section along the
VZ/SVZ of every 12th coronal section using laser scanning
confocal microscopy images processed with Image] [National
Institutes of Health (NIH), Bethesda, MD, USA]. Data are
displayed as normalized to 100 wm? VZ/SVZ surface area
for each region. Statistical analyses were done with SPSS
software, version 21.0 or newer (SPSS, Chicago, IL, USA).
We applied various linear and nonlinear regression analyses
and logarithm functions nicely matching the MCM2* cell
counts and NE levels and rendered a correlation coefficient
(r*) that was 0.858. Curve linearization was thus made by
log transformation of results. Correlation analyses to assess
the association of stem cell proliferation within the VZ/SVZ
with catecholamine levels by using multiple linear regression
analyses and Pearson correlation. Comparisons were made, as
appropriate, with a two-sample f-test, Mann-Whitney U test,
or x? test. Two-sided p-values of less than 0.05 were deemed
statistically significant.

RESULTS

Formation of a Rostrocaudal Proliferation
Gradient Within the VZ/SVZ During Mouse

Brain Development

Even though the proliferation capacity of the forebrain
proliferative  zone (ventricular zone/subventricular zone
[VZ/SVZ]) bordering the lateral ventricles on their lateral
side (LViueral) during mouse brain development is already
described in detail, the time course of proliferation changes
within the VZ/SVZ of the medial wall of the LV (LV edial)
and within the more caudal VZ/SVZ bordering the third
ventricle (3V), the aqueduct (Aq) and the fourth ventricle (4V) is
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not described in detail yet. To determine the proliferation
capacity within the VZ/SVZ of the developing mouse
brain, we here used the DNA replication licensing factor
MCM2 as an established proliferation marker of Nestin™ neural
stem/progenitor cells (von Bohlen und Halbach, 2011). As
shown in Figures 1A,B, quantitative immunohistochemistry
revealed a dramatic reduction to almost complete loss of
proliferating (MCM2") neural stem/progenitor cells within
all proliferative zones between E14.5 and E19.5 except for
the VZ/SVZ of LViyera. There were no relevant changes
in proliferation patterns between E19.5 and P0. Together,
we demonstrated the formation of a rostrocaudal gradient
of the VZ/SVZ proliferation capacity during mouse brain
development established between El4.5 and E16.5 and
persisting until birth with high proliferation capacity in the
rostral part (proliferative zone of the LViye) down to a
low proliferation capacity in the VZ/SVZ surrounding the
third-to-fourth ventricle.

Catecholaminergic Innervation of the
VZ/SVZ During Mouse Brain Development

Catecholaminergic innervation of the developing mouse brain
was determined by immunostaining against the common
catecholaminergic marker tyrosine hydroxylase (TH), the
dopamine transporter (DAT), and norepinephrine transporter
(NET) at E14.5, E16.5, and PO. Figure 2 shows representative
immunohistological microphotographs of TH as well as of DAT
and NET staining during mouse brain development. Histology
data demonstrated an increase of TH” fibers in all VZ/SVZ and
adjacent regions during development after E14.5, but differential
patterns of DAT" and NET" fibers: While DAT™ innervation
increased between E16.5 and PO within the striatum and the
adjacent proliferative zone of the LViyer, we did not detect
relevant changes in striatal NET" fibers in the respective region.
In all other VZ/SVZ regions, we detected no relevant changes
in DAT" fiber density during brain development (Figure 2).
In contrast, NET* fiber intensity displayed an increase during
development after E14.5 in brain tissue surrounding the caudal
VZ/SVZ regions of the 3V and Aq.

To confirm the functional catecholaminergic innervation of
the VZ/SVZ, i.e., the actual catecholamine releases, we measured
the levels of DA, NE, and epinephrine in microdissected
proliferative zones periventricular regions containing the
VZ/SVZ of the developing mouse brain at E14.5, E16.5, and
PO using an HPLC-electrochemical detection-based method.
Since the thickness of the VZ/SVZ areas varies within the
developing brain and changes during the developmental process
and may thus not exactly correspond to the analyzed tissue
samples, the preparation method used does not fully rule out
partial contamination of HPLC samples with periventricular
regions outside the VZ/SVZ. Nevertheless, in agreement with the
DAT histology data, DA showed increased levels in the VZ/SVZ
of the LViyyera at PO, while there was a continuous decline
during development in the caudal VZ/SVZ regions (Figure 3A,
for statistics, refer to Supplementary Table S2). In contrast,
in correspondence with the NET staining, NE levels showed
continuously increasing levels in the caudal (hindbrain) VZ/SVZ
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regions during development between E16.5 and PO (Figure 3B,
Supplementary Table §3). The pattern of catecholaminergic
innervation was similar at PO compared to the adult, even
though the catecholamine levels in the adult brain were much
higher compared to the developing brain (Supplementary
Figure $1). We did not detect epinephrine/adrenaline (<1 ng/g
brain tissue) in any VZ/SVZ region of the developing and adult
mouse brain.

Correlations Between Catecholaminergic

Innervation and Stem Cell Proliferation

We assessed potential associations of the periventricular
proliferative capacity of MCM2* neural stem/progenitor
cells within the VZ/SVZ with periventricular DA and NE
levels, developmental stages, and periventricular brain regions
(Figure 4). Pearson correlation tests revealed correlations
with a magnitude greater than (0.5 of log-transformed
MCM2" cell counts with NE levels (Pearson correlation
coefficient r = —0.932; p < 0.001) and developmental stages
(r = —0.789; p < 0.001). We found no correlations with a
magnitude greater than |0.5| of log-transformed MCM2*
cell counts with DA levels (r = 0.440; p = 0.051) and brain
regions (r = —0.328; p = 0.117). Multiple linear regression
model analysis revealed that log-transformed MCM2* cell
counts were significantly associated only with NE levels
(corrected ¥ = 0.858, f# = —0.701, p = 0.003), but not
with DA levels (§ = 0.045, p = 0.694), developmental stage
(B = —0.264, p = 0.137) or brain region (8 = —0.053, p = 0.674).
Hierarchical stepwise multiple regression analysis using
sequences of F-tests confirmed that VZ/SVZ log-transformed
MCM2*  cell counts were significantly correlated with
NE levels.

DISCUSSION

We investigated the specific catecholaminergic innervation of
the proliferative zones (VZ/SVZ) in the developing mouse
brain and its putative association with their respective
proliferation capacities throughout the ventricular system.
We thereby demonstrate an inverse logarithmic correlation of
the proliferation capacity of the VZ/SVZ with the NE content
of the corresponding area during brain development, but no
correlation with their DA levels. Since the NE neurotransmitter
system develops after E14.5 in the midbrain/hindbrain regions
bordering the ventricular system and omits the striatum, it
is of particular relevance for the caudal VZ/SVZ regions.
Figure 5 displays a graphical synopsis summarizing the
association of the catecholaminergic neurotransmitter systems
development with the proliferation capacity in the VZ/SVZ
bordering the ventricular system from its rostral (forebrain
LVigera) to the caudal parts within the midbrain/hindbrain
(3V through 4V) during mouse brain development. These data
imply that NE might be a putative humoral factor involved
in the physiological decrease of neural stem/progenitor cell
proliferation during prenatal development. Consistently, we
recently detected a similar role of NE in the adult brain
with inhibitory effects on the proliferative activity of adult
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FIGURE 1 | The proliferation of ventricular/subventricular zone (VZ/SVZ) neural stem/progenitor cells (NPCs) within the developing mouse forebrain and midbrain at
E14.5, E16.5, E19.5 (quantitative results only), and PO. (A) Proliferating stem/progenitor cells were co-stained with MCM2 (red) and Nestin (green) in VZ/SVZ. Cell
nuclei are counterstained with 4,6-diamidino-2-phenylindole (DAPI). Scale bar: 50 wm. (B) Quantitative immunohistochemistry revealed a dramatic reduction to
almost complete loss of proliferating (MCM2*) cells during development within the VZ/SVZs except for the lateral VZ/SVZ of the lateral ventricles. Two-way ANOVA
with post hoc t-test and Bonferroni adjustment with VZ/SVZ regions and developmental stages as fixed factors revealed that brain regions and embryonic stages
had a significant interaction effect on MGM2* cells per 100 pm? (P < 0.001, F-value = 5.7) and significant differences among VZ/SVZ regions (P < 0.001,

F-value = 17.1) and embryonic stages (P < 0.001, F-value = 95.0). P-values from post hoc tests with Bonferroni adjustment are *P < 0.05, **P < 0.01 and

**P < 0.001 when compared to E14.5 and *P < 0.05 and ***P < 0.001 when compared to E16.5 (only P-values among developmental stages are displayed for
clarity, complete statistics in Supplementary Tables S1A,B). 3V, third ventricle; Aq, aqueduct; LV, lateral ventricle; WViaweral, lateral wall of the lateral ventricles;
Vimediat, Medial wall of the lateral ventricles; MCM2, mini-chromosome maintenance protein 2; Nes, Nestin.
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FIGURE 2 | Catecholaminergic innervation of the developing mouse brain (at developmental stages E14.5, E16.5, and P0) determined by immunostaining against
the DAT and NET. The left panel shows schematic sagittal brain images illustrating the forebrain and midbrain/hindbrain sections. Representative immunohistological
microphotographs of TH in green as a marker for catecholaminergic neurons as well as of DAT as a marker for dopaminergic cells and NET for norepinephrinergic
cells. Lower panels in E16.5 and PO represent individual images of forebrain or midbrain/hindbrain sections in higher magnification. Cell nuclei are counterstained
with DAPI. Scale bars: 100 um (E14.5, upper panels of E16.5 and P0) and 50 um (lower panels of E16.5 and PQ). 3V, third ventricle; Ag, agueduct; DAT, dopamine
transporter; LV, lateral ventricle; MFB, medial forebrain bundle; NET, norepinephrine transporter; TH, tyrosine hydroxylase.

neural stem cells in the consecutive neurogenic regions
(Weselek et al., 2020). However, the physiological significance
of our present findings needs to be determined by functional
studies, for example by pharmacologic or genetic manipulation
of DA and/or NE levels during the various development stages of
the brain.

We used mini-chromosome maintenance protein 2
(MCM2) as a marker for proliferating cells because it is
known to be directly involved in the cell cycle process
through licensing DNA replication (Masai et al, 2010;
Kuipers et al., 2011) and therefore marks proliferating regions
(Maslov et al, 2007). Unlike other common markers, such
as ph3 or Ki67, MCM2 is required for the initial cell cycling
process (Stoeber et al, 2001). This allows the analysis of
a broader spectrum of proliferating cells as compared to
ph3 and gave a better signal than most Ki67 stainings.
Regarding validity, MCM2 shows a good correlation with
standard methods for in vivo proliferation analysis like

Frontiers in Neuroanatomy | www.frontiersin.org

thymidine analog labeling (Maslov et al, 2004) with the
advantage of being independent of cell cycle length which
may alternate during development and stem cell population
(Calegari and Huttner, 2003; Calegari et al., 2005). MCM2 is
expressed in adult as well as in embryonal neural stem cells
in vivo (Berg et al, 2019). Together, MCM2 is—although
not often used—a well-characterized and established
marker for proliferation analysis in brain development
(von Bohlen und Halbach, 2011).

A large body of research during the late 1980s and 1990s
explored the development of the two major catecholaminergic
neurotransmitter systems in the mammalian brain. All these
studies looked at these systems as developing neurotransmitter
systems, but could not focus on the regulation of neurogenesis
or brain development, since the knowledge of such regulatory
functions of neurotransmitters was rather limited at that
time. Consequently, dopaminergic innervation was studied
mainly in the nigrostriatal and mesolimbic systems, and
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FIGURE 3 | Catecholamine levels in microdissected VZ/SVZ regions of the
developing mouse brain (at developmental stages E14.5, E16.5. and PQ).
Catecholamine levels were measured in microdissected VZ/SVZ regions using
an HPLC with electrochemical detection and normalized to tissue weight. (A)
Dopamine (DA) levels were increasing in the VZ/SVZ of the LV lateral walls
(LMiaterar), while they were continuously declining during development in the
caudal VZ/SVZ regions. Two-way ANOVA with brain regions and
developmental stages as fixed factors revealed that VZ/SVZ regions and
stages had a significant interaction effect on DA levels (P < 0.001,

F-value = 13.3) and significant differences among VZ/SVZ regions

(P < 0.001, F-value = 10.3) and stages (P < 0.001, F-value = 14.1). (B) In
contrast to DA, norepinephrine (NE) showed continuously increasing levels in
the caudal (hindbrain) VZ/SVZ regions during development. Two-way ANOVA
revealed that VZ/SVZ regions and stages had a significant interaction effect
on NE levels (P = 0.001, F-value = 4.3) and significant differences among
VZ/SVZ regions (P = 0.003, F-value = 5.3) and stages (P < 0.001,

F-value = 32.4). P-values from post hoc tests with Bonferroni adjustment are
*P < 0.05, **P < 0.01 and ***P < 0.001 when compared to E14.5 and

*P < 005, P < 0.01 and ***F < 0.001 when compared to E16.5 (only
P-values among developmental stages are displayed for clarity; complete
statistics in Supplementary Tables $2, §3). 5V, third ventricle; 4V, fourth
ventricle; Ag, aqueduct; LViaera, lateral wall of the lateral ventricles; LVmedial,
medial wall of the lateral ventricles.

noradrenergic innervation was investigated mainly preferentially
in cortical areas and the hypothalamus (Coyle and Molliver,
1977; Levitt and Moore, 1979; Berger and Verney, 1984),
but no data on catecholaminergic innervation of the VZ/SVZ
as the main proliferating zone of the developing brain are
available. Even though the two systems develop in parallel
with increasing innervation of the VZ/SVZ in perinatal stages
(between E16.5 and P0), we found different innervation
patterns of the periventricular regions mainly containing
the VZ/SVZ by the two catecholamines largely reaching
the adult patterns at birth (P0): While the dopaminergic
innervation focusses on the VZ/SVZ of the LV close to
the striatum, the noradrenergic innervation omits the striatum

Ergebnisse
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and the adjacent periventricular region but instead reaches
the midbrain/hindbrain periventricular regions. These results
closely fit data from previous studies showing noradrenergic
innervation in the diencephalon surrounding the 3rd ventricle
and dopaminergic innervation in the striatum adjacent to
the LVigtera between E13 and E15 (Olson and Seiger, 1972;
Ribary et al., 1986; Tomasini et al., 1997). Of note, although
the general patterns of catecholaminergic innervation levels
match the adult situation already in the early postnatal period,
brain catecholamine levels are much higher in the adult
brain compared to perinatal stages due to further postnatal
maturation of the two catecholaminergic systems (Berger and
Verney, 1984; Ribary et al, 1986; Tomasini et al, 1997;
Murrin et al., 2007).

The major catecholamines DA and NE are pleiotropic
molecules and do not only play a pivotal role in synaptic
neurotransmission but are also involved in brain maturation
(Felten et al, 1982; Gustafson and Moore, 1987; Berger-
Sweeney and Hohmann, 1997). Particularly NE is expressed
during early embryonic development and regulates both the
development of the respective neuronal population and the
development of its various target areas including the cortex
(Berger-Sweeney and Hohmann, 1997). Consistently, the NE
system regulates the development of the Cajal-Retzius cells
as the first cortical neurons and is thus considered to be
involved in neuronal migration and laminar formation most
likely via o2 adrenergic receptor signaling (Wang and Lidow,
1997; Naqui et al, 1999). All these studies applied lesions
of the NE system during the early postnatal period and
mainly addressed cortical development and in some cases
also cerebellar development (for review see Berger-Sweeney
and Hohmann, 1997; Saboory et al, 2020). A single study
reporting the effects of severe prenatal lesioning of the NE
system by the intrauterine 6-hydroxydopamine application at
E17 revealed no major alterations in cortical morphology
in adulthood but did not study other brain regions (Lidov
and Molliver, 1982), Our data provide first morphological
evidence to support putative pleiotropic effects of NE even
during earlier stages of brain development mainly in the
diencephalic region as one region with high periventricular NE
innervation: we detected an inverse strong negative correlation
of the proliferation capacity in the periventricular neurogenic
regions with their NE levels (r = —0.932 for log-transformed
counts of proliferating cells; P < 0.001), but not their DA
levels. Though, a functionally relevant inhibitory effect of NE
on stem cell proliferation within the periventricular regions
during development still needs to be confirmed by future
pharmacological and genetic studies. are warranted to show
the functional importance of these findings, our data suggest
potent inhibitory effects of NE on stem cell proliferation within
the periventricular regions during development. Consistently,
prenatal treatment of rats with B-adrenoceptor agonists at
gestational days 17-20 results in decreased cell numbers in the
fetal brain through cAMP production in target cells (Garofolo
et al,, 2003; Slotkin et al., 2003). This sensitive developmental
stage closely corresponds to parallels the stage of increasing
NE levels and decreasing cell proliferation within the mouse
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FIGURE 4 | Correlation between periventricular catecholamine levels and neural stem/progenitor cells (NPC) proliferation in VZ/SVZ regions (at developmental
stages E14.5, E16.5, and PQ). NPC proliferation rate was estimated by quantitative MCM2 immunohistochemistry and DA levels (A) and NE levels (B), respectively,
were measured in microdissected VZ/SVZ regions using HPLC with electrochemical detection. Pearson correlation tests revealed correlations with a magnitude
greater than |0.5| of log-transformed MCM2* cell counts with NE levels, but not with DA levels (- = 0.440; p = 0.051). The Pearson correlation coefficients for the
respective variables are displayed in the upper right part of the graphs. Multiple linear regression model analysis revealed that log-transformed MCM2* cell counts
were significantly associated only with NE levels (corrected r? = 0.858, g = —0.701, p = 0.003), but not with DA levels (8 = 0.045, p = 0.694), embryonic stage
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VZ/SVZ at E16.5 to PO. Unfortunately, there are no detailed
brain morphology studies in genetic NE depleted mice (DbH
knockout mice) available, most likely due to the almost 100%
early postnatal mortality without indirect NE substitution
during development (Thomas et al, 1995; Jin et al, 2004).
The lethal phenotype without NE supplementation during
crucial developmental stages however makes it impossible to
accurately study embryonic/fetal brain development under NE
depletion in this model. Nevertheless, these data in the fetal
brain are in strong agreement with the inhibitory effects of
NE on neural stem/progenitor cell proliferation within the
periventricular regions of the adult mouse brain most likely

also mediated through direct stimulation of B-adrenoceptors
(Weselek et al., 2020).

Together, the levels of the two major catecholamines DA
and NE dramatically increased within the VZ/SVZ area of
the developing brain between E16.5 and PO with DA levels
increasing in forebrain VZ/SVZs bordering the LV, and
NE levels raising in midbrain/hindbrain VZ/SVZs bordering
the third ventricle, the aqueduct, and the fourth ventricle.
Conversely, the number of proliferating cells of the VZ/SVZ
areas dropped between E16.5 and E19.5 with a special focus on
all VZ/SVZs outside the lateral ventricles leading to an inverse
strong negative correlation of the proliferation capacity in the
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periventricular neurogenic regions with their NE levels. These
results are backed by our recent findings of direct negative
effects of NE on the proliferation of adult periventricular neural
stem/progenitor cells (Weselek et al., 2020). Our data provide
the first framework to further study the potential functional
importance of catecholamines—particularly NE—in regulating
neural stem and progenitor cell proliferation and differentiation
during mammalian brain development.
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Supplementary Figure S1: Catecholamine levels in microdissected periventricular regions of the
adult mouse brain (8 to 12 weeks). Catecholamine levels were measured in microdissected
periventricular regions using a HPLC-based method and normalized to tissue weight. (A) Dopamine
(DA) levels were high in the subventricular zone (SVZ) of the lateral walls of the lateral ventricles
(LViatera), but low in medial wall of the LV (LVmedia) as well as the caudal periventricular regions
bordering the 3 ventricle (3V), the aqueduct and the 4™ ventricle (4V) (n=4). (B) In contrast to DA,
norepinephrine (NE) showed high levels only in the caudal (midbrain/hindbrain) periventricular
regions (n=3-4). Data on NE levels from SVZ, 3V and Aq are from Weselek and co-workers (Weselek,
Keiner et al. [2020]. Stem Cells, doi: 10.1002/stem.3232).
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Supplementary Table S1A,B: Statistics determined for the amount of proliferative cells within the
VZ (MCM2* nuclei per 100um?) in the different regions and developmental stages (Figure 1). Two-
way ANOVA with post-hoc t-test and Bonferroni adjustment with VZ regions and developmental
stages as fixed factors revealed that VZ regions and stages had a significant interaction effect on
MCM2* cells per 100 um? (P<0.001, F-value=5.7) and significant differences among VZ regions
(P<0.001, F-value=17.1) and stages (P<0.001, F-value=95.0). Displayed are the Bonferroni-adjusted
P-values. (A) Significances among the different VZ regions. (B) Significances among the

developmental stages. Bold values indicate significant differences.

A
El4.5 E16.5 E19.5 Po
LV lateral wall vs. LV medial wall 1.000 0.116 0.069 0.054
LV lateral wall vs. 3V 0.004 <0.001 0.043 0.049
LV lateral wall vs. Aqueduct 0.124 <0.001 0.025 0.017
LV lateral wall vs. 4V 1.000 <0.001 0.036 0.046
LV medial wall vs. 3V <0.001 0.025 1.000 1.000
LV medial wall vs. Aqueduct 0.546 0.009 1.000 1.000
LV medial wall vs. 4V 1.000 0.017 1.000 1.000
3V vs. Aqueduct <0.001 1.000 1.000 1.000
3V vs. 4V 0.001 1.000 1.000 1.000
Aqueduct vs. 4V 0.956 1.000 1.000 1.000
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B
LViateral  LVmedial gy \uegut 4V

E14.5 vs. E16.5 0.043 1.000 1.000 <0.001 0.001
E14.5 vs. E19.5 0.003 <0.001 0.046 <0.001 <0.001
E14.5 vs. PO <0.001 <0.001 0.025 <0.001 <0.001
E16.5 vs. E19.5 <0.001 <0.001 0.122 0.148 0.022
E16.5 vs. PO <0.001 <0.001 0.074 0.123 0.017
E19.5 vs. PO 1.000 1.000 1.000 1.000 1.000
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Supplementary Table S2A,B: Statistics determined for the DA levels within the VZ in the different

regions and developmental stages (Figure 3A). Two-way ANOVA with post-hoc t-test and Bonferroni

adjustment with VZ regions and developmental stages as fixed factors revealed that VZ regions and

stages had a significant interaction effect on DA levels (P<0.001, F-value=13.3) and significant

differences among VZ regions (P<0.001, F-value=10.3) and stages (P<0.001, F-value=14.1).

Displayed are the Bonferroni-adjusted P-values. (A) Significances among the different VZ regions.

(B) Significances among the developmental stages. Bold values indicate significant differences.

A

E14 El6 PO
LYV lateral wall vs. LV medial wall 1.000 1.000 <0.001
LYV lateral wall vs. 3V 0.049 1.000 <0.001
LYV lateral wall vs. Aqueduct 1.000 1.000 <0.001
LV lateral wall vs. 4V 1.000 1.000 <0.001
LV medial wall vs. 3V 0.028 0.731 0.415
LV medial wall vs. Aqueduct 0.724 1.000 1.000
LV medial wall vs. 4V 1.000 0.699 1.000
3V vs. Aqueduct 1.000 1.000 1.000
3V vs. 4V 0.211 1.000 0.028
Aqueduct vs. 4V 1.000 1.000 0.412
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B
LViateral  LVmedial 3y e 4v
El4 vs. E16 0.239 0.256 0.010 0.031 1.000
E14 vs. PO <0.001 0.038 0.001 0.001 <0.001
E16 vs. PO <0.001 1.000 1.000 1.000 0.002
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Supplementary Table S3A,B: Statistics determined for the NE levels within the VZ in the different

regions and developmental stages (Figure 3B). Two-way ANOVA with post-hoc t-test and Bonferroni

adjustment with VZ regions and developmental stages as fixed factors revealed that VZ regions and

stages had a significant interaction effect on NE levels (P=0.001, F-value=4.3) and significant

differences among VZ regions (P=0.003, F-value=5.3) and stages (P<0.001, F-value=32.4). Displayed

are the Bonferroni-adjusted P-values. (A) Significances among the different VZ regions. (B)

Significances among developmental stages. Bold values indicate significant differences.

A

E14 El6 PO
LYV lateral wall vs. LV medial wall 1.000 1.000 1.000
LYV lateral wall vs. 3V 1.000 1.000 0.134
LYV lateral wall vs. Aqueduct 1.000 1.000 <0.001
LV lateral wall vs. 4V 1.000 0418 0.003
LV medial wall vs. 3V 1.000 1.000 1.000
LV medial wall vs. Aqueduct 1.000 1.000 0.002
LV medial wall vs. 4V 1.000 0.516 0.531
3V vs. Aqueduct 1.000 1.000 0.006
3V vs. 4V 1.000 1.000 1.000
Aqueduct vs. 4V 1.000 0.374 0.185
B
LY lateral LV medial 3V Aqueduct n
El14 vs. E16 1.000 1.000 1.000 1.000 0.036
E14 vs. PO 1.000 0.067 0.110 <0.001 <0.001
E16 vs. PO 1.000 0.256 0.265 <0.001 0.263
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5 Diskussion

5.1 Kurzzeitige  Sauerstoffapplikation fiihrt zu  beschleunigter

Neurogenese

Die vorgelegten Daten zeigen, dass kurzzeitige maternale Hyperoxie die Neurogenese
durch vermehrte Zellteilungen der neuronalen Vorlduferzellen beschleunigt sowie
tempordr zu einem vergroferten Kortex fiihrt (Markert and Storch 2022). Die Anwendung
maternaler Hyperoxie iiber 48 h von Embryonalstadium (E) 14,5 bis E16,5 ist dabei von
entscheidender Bedeutung, da die Applikationen >48 h, die Applikation zu fritheren
Zeitpunkten oder die chronische intermittierende Applikation zu gegenteiligen oder keinen
Effekten fiihrt (Wagenfuhr et al. 2015, Lange et al. 2016, Markert et al. 2020). Der aufgrund
kurzzeitiger maternaler Hyperoxie vergroBerte Kortex ist spezifisch durch eine Zunahme
an Ctip2" Schicht V-Neuronen charakterisiert, deren Anzahl im Postnatalstadium (P)
jedoch normalisiert wird (siehe Abbildung 5). Die Normalisierung erfolgt durch
Beteiligung aktiver Mikroglia, welche die iiberschiissigen, nicht-apoptotischen Ctip2*
Neurone und apikal verbliebene liberschiissige Vorlauferzellen phagozytieren und deren
regulire Zellzahl wiederherstellen. Daher stellen Mikroglia Schliisselfaktoren zur
Wiederherstellung einer normalen kortikalen Schichtung nach maternaler Hyperoxie dar,
wobei sie diese Funktion mdglicherweise auch im Rahmen der physiologischen
Gehirnentwicklung erfiillen.

Zur Erforschung der Effekte von Sauerstoff auf die Neurogenese wurde das etablierte
murine Modell mit maternaler Hyperoxie von E14,5 bis E16,5 zurande gezogen, welches
spezifisch Zellen der subventrikuldren Zone (SVZ) zu erhohter Proliferation anregt
(Wagenfuhr et al. 2015, Wagenfuhr et al. 2016). Trotz eines in diesem Modell vergroferten
Kortex, kann Hyperoxie in der Gehirnentwicklung zu neurologischen Beeintrichtigungen
fiihren (Deulofeut et al. 2006, Gerstner et al. 2008, Porzionato et al. 2015, Ramani et al.
2018). Daher stellte sich zunéchst die Frage, ob maternale Hyperoxie zur persistierenden
Effekten fiihrt, wobei gezeigt werden konnte, dass aktive Mikroglia kurz nach Geburt fiir
eine Normalisierung der Anzahl an Neuronen in Schicht V des Kortex sorgen, sodass an
P3.5 zwischen behandelten Tieren und den Kontrolltieren kein Unterschied mehr in der
Morphologie des Gehirns feststellbar ist. Fiir Mikroglia ist zwar bekannt, dass auch nicht-

apoptotische Vorlduferzellen und Neurone in der VZ und SVZ phagozytieren, bevor sie ab
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Abbildung 5: Schematische Darstellung der postnatalen Normalisierung des durch

Sauerstoffbehandlung expandierten Mauskortex aufgrund vermehrter Aktivitdt von Mikroglia. E =
Embryonalstadium; P = postnatales Stadium; VZ = ventrikuldre Zone; SVZ = subventrikulédre
Zone; 1Z = Intermediirzone; SKP = subkortikale Platte; KP = kortikale Platte; VI - I = kortikalen

Schichten sechs bis eins. Erstellt mit BioRender.com.

E16 die kortikale Platte kolonisieren (Cunningham et al. 2013, Squarzoni et al. 2014), dass
sie diese Funktion allerdings auch in der kortikalen Platte weiter ausfiillen und dabei
physiologisch die Anzahl an Ctip2" Zellen und wahrscheinlich auch die Anzahl Satb2”
Zellen regulieren ist bislang génzlich unerforscht. Dazu passend konnte bereits gezeigt
werden, dass Mikroglia im Kortex bis P3 ihren amoboiden aktiven Zustand beibehalten
und erst nach P3 ihr typisches verzweigtes Aussehen bekommen sowie durch Ausschiittung
trophischer Faktoren das Uberleben von Schicht V Neuronen erméglichen (Hristova et al.
2010, Ueno et al. 2013). Um diesen Mechanismus weiter aufzuklédren, sind Folgestudien
notwendig, in welchen Mikroglia gezielt ausgeschaltet werden und die Auswirkungen auf
die Regulation der Neurogenese in den jeweiligen kortikalen Schichten untersucht wird.
Ein entsprechender Zusammenhang konnte die Pathologie von entwicklungsbiologischen
neurologischen Storungen erkldren, bei denen sowohl Mikroglia als auch Schicht V
Neurone beteiligt sind (Mi et al. 2019, Kolomeets and Uranova 2019, Uranova et al. 2020,

Uranova, Vikhreva and Rakhmanova 2021). In diesem Kontext ist aktuell noch nicht
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bekannt, ob und inwieweit diese neuropathologischen Alterationen auch mit messbaren
Verhaltensdnderungen/-auffilligkeiten assoziiert sind. Ein erstes Indiz dazu liefert die
initiale immunhistochemische Analyse von VGlut2®* Synapsen, welche ebenfalls von
maternaler Hyperoxie betroffen sind und im Anschluss normalisiert werden (Nakamura et
al. 2007). Ohne weitere Studien konnen Auswirkungen auf das Verhalten oder kognitive
Storungen jedoch nicht ausgeschlossen werden. Sowohl das Verhalten bei physiologischer
Entwicklung nach maternaler Hyperoxie, sowie das Verhalten und die Gehirnmorphologie
bei fehlender Normalisierung, etwa durch Mikrogliadepletion, sollten Gegenstand
zukiinftiger Forschung sein.

Nachdem in einer initialen Studie sowie in Vorarbeiten der Arbeitsgruppe um Prof. Storch
gezeigt werden konnte, dass maternale Hyperoxie nicht-invasiv die Gehirnentwicklung
beeinflussen kann (Wagenfuhr et al. 2015, Markert and Storch 2022), wurde in einer
Folgestudie untersucht, inwieweit dieser Effekt durch ein chronisches Applikationsschema
ausgedehnt oder verdndert werden kann (Markert et al. 2020). Dazu wurden trdchtige
C57BL/6]J Miéuse von E5 bis E16 intermittierend unter Hyperoxie gehalten. Die
Unterbrechung der maternalen Sauerstoffbehandlung diente dabei als Erholungsphase, da
eine Hyperoxie von >72 h mit schweren Belastungen der Muttertiere einhergeht. Es wurde
gezeigt, dass chronische intermittierende maternale Hyperoxie zu einer Reduktion von
Pax6" neuronalen Vorlduferzellen und einer abnormalen Kortikalen Schichtung fiihrt,
welche nicht durch Apoptose oder verdanderte Angiogenese bedingt sind. Die Effekte sind
dabei kontrér zur kurzzeitigen maternalen Hyperoxie (48 h), dhneln aber einer maternalen
Hyperoxie iiber 72 h, bei welcher ebenfalls eine Reduktion ventrikuldrer Vorlduferzellen
gezeigt werden konnte (Wagenfuhr et al. 2015, Lange et al. 2016, Markert and Storch
2022). Aus in vitro Studien ist bereits bekannt, dass chronisch hypoxischer bzw.
physiologischer Sauerstoffpartialdruck um 5%, &hnlich wie auch in den neurogenen
Nischen vorkommend, den Erhalt von Stammzellen férdern kénnen, wohingegen normaler
Sauerstoffpartialdruck um 20 % eher zu Differenzierung fiihrt (Studer et al. 2000, Storch
et al. 2001, Erecinska and Silver 2001, Santilli et al. 2010, Braunschweig et al. 2015). Die
in den vorliegenden Studien unterschiedlichen Auswirkungen von Sauerstoff in
Abhingigkeit von Intensitit bzw. Dauer lassen jedoch einen dynamischen Prozess
vermuten, in welchem eine kurzzeitige maternale Hyperoxie die Proliferation fordert,
langfristig jedoch zu erhohter Differenzierung fithrt. Entsprechend konnte die chronische
intermittierende Sauerstoffbehandlung initial zu einer kurzfristigen Zunahme der

Proliferation, iiber die Dauer der Behandlung hinweg jedoch zur Zunahme der
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Differenzierung gefiihrt haben, sodass zum Analysezeitpunkt insgesamt weniger Pax6”
Zellen und verringerter Mitoseaktivitidt nachgewiesen werden konnten. Wie in Markert et
al. 2020 gezeigt, wire der resultierende Kortex in seiner Dicke unverdndert, wiirde jedoch
aufgrund des Mangels an Pax6" Zellen eine abnormale Schichtung aufweisen (Tuoc et al.
2009, Georgala, Manuel and Price 2011). Passend dazu befinden sich mehr Zellen in den
chronologisch frithen Schichten des Kortex (Tbrl™ Zellen in inneren Schicht VI), dafiir
weniger in den darauffolgenden Schichten (Satb2® Zellen in den duBeren Schichten).
Andererseits konnen spezifische Effekte ausgelost durch das intermittierende
Applikationsschema oder eingeschrinkte Migration der Neurone nicht ausgeschlossen
werden (Talamillo et al. 2003, Tsai et al. 2005, Nishimura et al. 2010). Zudem ist nicht
klar, ob die morphologischen Verdnderungen zu spiteren kognitiven Beeintrachtigungen
fithren. So konnten in einer klinischen Pilotstudie beziiglich chronischer intermittierender
maternaler Applikation von Sauerstoff zur Therapie des hypoplastischen
Linksherzsyndrom bei Kindern im Alter von 6 Monaten zwar ein verringerter Kopfumfang,
jedoch keine kognitive Beeintrachtigung festgestellt werden (Edwards et al. 2018). Zur
Untersuchung, inwieweit regulatorische Effekte wie in Markert&Storch (2022) auch hier

zu einer spateren Normalisierung fithren, miissen weitere Studien durchgefiihrt werden.

5.2 Regulation der fetalen Neurogenese durch Noradrenalin

Zur Untersuchung der Effekte von Noradrenalin (NA) und Dopamin (DA) auf die
ventrikuldre und subventrikuldre Zonen (VZ/SVZ) im sich entwickelnden Gehirn wurden
der Katecholamingehalt und die Anzahl an proliferierenden Zellen zu definierten
Zeitpunkten ermittelt. Der NA Gehalt steigt dabei im Verlauf der Entwicklung in allen
untersuchten Hirnregionen an und korreliert invers mit der Anzahl an proliferierenden
Zellen. DA hingegen zeigt ein differenziertes Bild im Verlauf der Gehirnentwicklung und
korreliert nicht mit der Anzahl an proliferierenden Zellen entlang der Ventrikel. Die Studie
postuliert daher eine physiologische Funktion von Noradrenalin als Hemmstoff fiir die
Proliferation von Stammzellen wéhrend der Gehirnentwicklung. Eine experimentelle
Evidenz fiir diesen Effekt steht allerdings noch aus.

Diese Daten sind konsistent mit einer vorherigen Studie an adulten Tieren, in welcher der
NA-Gehalt im Gehirn pharmakologisch beeinflusst wurde und ebenfalls zu einer
Hemmung der adulten Neurogenese entlang der Ventrikel fithrte (Weselek et al. 2020). Im

Detail konnte gezeigt werden, dass die Degeneration der NA produzierenden LC Neurone
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zu vermehrter Proliferation von Zellen entlang der Ventrikelachse fiihrt und dieser Effekt
durch exogene Zugabe von NA reversibel ist. Zudem fiihrte die exogene NA Zugabe in der
SVZ adulter Tiere, welche physiologischerweise wenig NA beinhaltet, zu einer Hemmung
der adulten Neurogenese. Ergidnzend hierzu konnte in der aktuellen Studie gezeigt werden,
dass die Hemmung der periventrikuldiren Neurogenese nicht auf die adulte Situation
begrenzt ist, sondern bereits physiologisch die Gehirnentwicklung beeinflusst. Durch
Nutzung des Stammzellmarkers MCM2 (Mini-chromosom maintenance protein 2), einem
etablierten Proliferationsmarker in vivo, konnten wir die perinatal anhaltende Neurogenese
iiber den Zeitverlauf E14,5, E16,5, E19,5 und PO analysieren (Stoeber et al. 2001, von
Bohlen und Halbach 2011). Da MCM2 beinahe iiber den gesamten Zellzyklus hinweg
exprimiert wird, ist er unabhédngig von der sich wiahrend der Gehirnentwicklung éndernden
Zellzykluslange (Calegari and Huttner 2003, Calegari et al. 2005). Die erhaltenen Daten
sind daher robust, um eine Aussage iiber die generelle Neurogenese zu treffen.

Zur Korrelation der Neurogenese mit dem Gehalt an Katecholaminen wurde der NA- und
DA-Gehalt mit Hochleistungsfliissigkeitschromatographie (HPLC) analysiert, dem
Goldstandard fiir quantitative Katecholaminmessungen. Beide Katecholamine sind seit
Jahrzehnten in ihrer Rolle als Neurotransmitter detailliert beschrieben (Berridge and
Waterhouse 2003, Greengard, Allen and Nairn 1999, Ruitenberg et al. 2021, Cools et al.
2022). Weniger erforscht sind dagegen die Effekte von NA und DA auf die Regulation der
Neurogenese bzw. der Gehirnentwicklung (Felten, Hallman and Jonsson 1982, Gustafson
and Moore 1987). Bislang ist bekannt, dass NA die adulte hippokampale Neurogenese via
B2-Adrenorezeptoren anregt (Bortolotto et al. 2019), wihrend die Migration und
Schichtung des Kortex via ax-Adrenorezeptoren, welche pranatal im Bereich der VZ stark
exprimiert werden, sowie des Kleinhirns iiber andere Rezeptoren beeinflusst werden und
unter pathologischen Bedingungen zu spéteren Verhaltensstdrungen fithren (Naqui et al.
1999, Djatchkova-Podkletnova and Alho 2005, Wang and Lidow 1997, Lidow and Rakic
1994, Wang et al. 2002). Die meisten funktionellen Studien wurden jedoch mittels Lasion
des dopaminergen bzw- noradrenergen Systems durch 6-Hydroxydopamin und maf3geblich
in postnatalen Entwicklungstadien durchgefiihrt, sodass konkrete Aussagen der
Katecholamineffekte auf die zeitige Neurogenese aufgrund der Toxizitdt des Agens nicht
moglich waren (Bear and Singer 1986, Osterheld-Haas, Van der Loos and Hornung 1994).
Ansdtze mit transgenen Maduse, in welchen die NA synthetisierende Dopamin-f3-
Hydroxylase ausgeschaltet wurde, waren ebenso wenig geeignet, da NA Mangel wihrend

der Entwicklung letal ist und die Tiere mit NA-Vorldufersubstanzen substituiert werden
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mussten (Thomas, Matsumoto and Palmiter 1995, Shepard et al. 2015). Die Daten aus
(Fauser et al. 2020) zeigen daher zum ersten Mal einen Zusammenhang zwischen NA und
der periventrikuldren embryonalen Neurogenese in Form einer starken inversen
Korrelation. DA hingegen scheint keine Einfluss auf selbige zu haben. Ein dhnlicher Effekt
konnte in einem Mausmodell mit Noradrenaliniiberschuss gezeigt werden, in welchem
weniger Neurone wéahrend der Entwicklung auftraten, obgleich verschiedenen
Limitationen wie Begrenzung der Analyse auf nur eine Neuronenart und zusétzlich
Serotoniniiberschuss den Vergleich limitieren (Pronina et al. 2007). Auch Untersuchungen,
in denen die Wirkung von NA mittels Injektion von B-Adrenorezeptoragonisten in Ratten
(E17 bis E20) nachgeahmt wurde, zeigen eine Reduktion des DNA-Gehalts und somit der
Zellzahl im Gehirn und reflektieren dabei nahezu das gleiche Stadium der
Gehirnentwicklung wie in den von uns gezeigten Daten (Garofolo et al. 2003). Dennoch
sind weitere  funktionelle = Untersuchungen  hinsichtlich  etwaiger  spéterer
Verhaltensdnderungen sowie insbesondere detailliertere Analysen der Beteiligung der
verschiedenen Rezeptorsubtypen notwendig, um den Mechanismus von insbesondere NA
auf die Gehirnentwicklung besser zu verstehen (Dygalo, Shishkina and Milova 1993,
Dygalo et al. 2000). Trotz dieser Limitationen legen die Daten zum Einfluss von NA auf
die fetale Hirnentwicklung nahe, dass NA eine inhibitorische Wirkung auf die Proliferation
neuronaler Stammzellen in VZ/SVZ aufweist und diese eine entscheidende Rolle sowohl

wihrend des Verlaufs der Gehirnentwicklung, als auch bei der adulten Neurogenese spielt.
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6 Zusammenfassung

Die Entstehung des Gehirns ist ein streng regulierter und komplexer Prozess, welcher
sowohl unter physiologischen, als auch pathologischen Bedingungen bis dato nur
ansatzweise verstanden ist. Um dieses grundlegende Wissen zu erweitern, wurden in der
vorliegenden Arbeit zwei Parameter untersucht: Sauerstoff, als ein wichtiger Signalfaktor
innerhalb der Entwicklung und Katecholamine, welche neben ihrer Funktion als
Neurotransmitter als trophische Faktoren die Neurogenese mit regulieren. Als
Modellorganismen dienten zeitlich exakt verpaarte C57BL/6 Mdéuse, welche zur
Untersuchungen des Effektes von erhohtem Sauerstoffpartialdruck von Embryonalstadium
(E) 14,5 bis E16,5 in 75 % Sauerstoff oder von E5,5 bis E16,5 im 24 Stundenintervall (24 h
75 % Sauerstoff / 24 h Normalluft) gehalten wurden. Zu jeweils verschiedenen Zeitpunkten
der Entwicklung erfolgte die Praparation der fetalen Gehirne und Analyse dieser mittels
immunhistochemischer Fiarbungen bzw. HPLC der Katecholamine. Der Einflussfaktor
Sauerstoff zeigte dabei ein differenziertes Bild: wéhrend die zeitige intervallartige
Sauerstoftbehandlung zu verringerter  Zellteilung fiihrt, ruft die kurzeitige
Sauerstoftbehandlung iiber 48 h vermehrte Zellteilung und gréBere Kortizes aufgrund einer
vergroferten neokortikalen Schicht V hervor. Spannenderweise sorgen kurz nach Geburt
aktive Mikroglia dafiir, dass diese Schicht V wieder auf das Level unbehandelter Tiere
normalisiert wird. Die kurzzeitige Sauerstoffbehandlung stellt daher eine leicht
applizierbare, nicht-invasive Behandlungsmdglichkeit dar, um moglicherweise fetalen
kortikalen Unterentwicklungen entgegenzuwirken, ohne einen persistierenden Uberschuss
an Neuronen hervorzurufen. Die Analyse der zeitlich parallel ablaufenden dopaminergen
und noradrenergen Innervation der neurogenen Nischen im fetalen Mausgehirn ergab, dass
Noradrenalin, nicht jedoch Dopamin invers mit der fetalen Neurogenese bzw. invers mit
der Anzahl an proliferierenden Zellen korreliert. Noradrenalin ist daher ein potentieller
Inhibitor der Neurogenese, wie es im adulten Mausgehirn beschrieben wurde.
Experimentell muss dieser Effekt jedoch noch bestétigt werden. Sowohl Sauerstoff als auch
Noradrenalin scheinen grundlegende physiologische Faktoren darzustellen, welche die
Neurogenese durch direkte Beeinflussung der Proliferation neuronaler Stammzellen
steuern. Diese Erkenntnis dient als Basis dafiir, die Rolle beider Parameter unter
pathologischen Bedingungen zu untersuchen sowie durch therapeutische Manipulation eine

adaquate Entwicklung des Gehirns unter pathologischen Bedingungen zu ermdglichen.
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Zusammenfassung

Summary

Brain development is a tightly regulated and complex process, which is only partially
understood to date, both under physiological and pathological conditions. In order to
expand this basic knowledge, two parameters were investigated in the present study:
oxygen representing an important signaling factor during development and catecholamines,
which, in addition to their function as neurotransmitters, are also associated with
neurogenesis as trophic factors. The model organisms were C57BL/6 mice mated exactly
in time. They were kept either in 75 % oxygen from embryonic stage (E) 14.5 to E16.5 or
in a 24 h interval (24 h 75 % oxygen / 24 h normal air) from E5.5 to E16.5 to investigate
the effect of elevated oxygen levels. At different time points of development, fetal brains
were prepared and analyzed by immunohistochemical stainings or HPLC of the
catecholamines. The parameter oxygen showed a differentiated picture: while the temporal
interval-like oxygen treatment leads to reduced cell division, the short-term oxygen
treatment over 48 h causes increased cell division and larger cortices due to an enlarged
layer 5. Excitingly, shortly after birth, active microglia ensure that this layer 5 is normalized
back to the level of untreated animals. Short-term oxygen treatment is therefore an easy-
to-apply, non-invasive treatment option to potentially counteract fetal cortical
underdevelopment without causing a persistent excess of neurons. Analysis of temporally
parallel dopaminergic and noradrenergic innervation of the neurogenic niches in the fetal
mouse brain revealed that noradrenaline, but not dopamine, inversely correlates with fetal
neurogenesis or inversely correlates with the number of proliferating cells. Norepinephrine
is therefore a potential inhibitor of neurogenesis, as has been described in the adult mouse
brain. Experimentally, however, this effect remains to be confirmed.

Together, both oxygen and noradrenaline seems to represent fundamental physiological
factors that control neurogenesis by directly influencing the proliferation of neural stem
cells. Knowledge of this provides the basis for investigating the role of both parameters
under pathological conditions as well as for enabling adequate brain development during

pathological conditions through therapeutic manipulation.
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BrdU
brGZ
DA

EdU
HIF
HPLC

1iVZ
LC

rGZ
RRID

SN
Svz
TBST

VGlut2

VTA
VZ

98

Bromdesoxyuridin

basale radiale Gliazelle

Dopamin

Embryonalstadium

Ethynyldesoxyuridin

Hypoxie induzierender Faktor
Hochleistungs-Fliissigkeitschromatographie;
Liquid Chromatography

Intermedidre Vorlduferzelle

Locus coeruleus

Postnatalstadium

Radiale Gliazelle

Identifikatoren fiir Forschungsressourcen;
Identification

Substantia nigra

Subventrikuldre Zone

High-Performance

Research Resource

Tris gepufferte Salzlosung mit TWEEN 20; Tris buffered saline with

TWEEN 20
Vesikuldrer Glutamattransporter 2
Ventrales tegmentales Areal

Ventrikuldre Zone
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Abbildung 1: Schematische Darstellung der verschiedenen an der Neurogenese beteiligten
Zellen und deren Moglichkeiten zur symmetrischen oder asymmetrischen Zellteilung
wiahrend der frilhen und spédten Neurogenese. VZ = ventrikulire Zone; SVZ =
subventrikuldre Zone; KP = kortikale Platte. Erstellt mit BioRender.com. ........................ 7
Abbildung 2: Schematische Darstellung des phanotypischen und funktionellen
Umschaltens von Mikroglia im perinatalen Mauskortex. KP = kortikale Platte; IGF1 =
Insulinartiger Wachstumsfaktor 1 (/nsulin like growth factor 1). Erstellt mit
BIORENAET.COML vttt ettt sttt st e b e e saeens 8
Abbildung 3: Schematische Darstellung eines expandierten E16,5 Mauskortex nach
Sauerstoffbehandlung mit 75% pO. ab El14,5. VZ = ventrikuldre Zone; SVZ =
Subventrikuldre Zone; VI = sechste kortikale Schicht; V = fiinfte kortikale Schicht; IV-1 =
kortikale Schichten vier bis eins. Erstellt mit BioRender.com. ..........ccccceveviiniineniencnne. 10
Abbildung 4: Schematische Zeichnung der verwendeten Sauerstoftkammer ITA950
(InerTec). Die aus transparentem Kunststoff bestehende Kammer verfiigt iiber Sauerstoft-
bzw. Stickstoff-Zufithrungen zur exakten Einstellung des jeweilig gewiinschten
Sauerstoffpartialdrucks, welcher iiber Sensoren in der Box permanent gemessen wird.
Zudem sind eine Schleuse zum Transfer der Kifig sowie Handschuhe zur Handhabung
innerhalb der Kammer vorhanden. Erstellt mit BioRender.com. ............c.ccoceviieninnncnnne. 15
Abbildung 5: Schematische Darstellung der postnatalen Normalisierung des durch
Sauerstoffbehandlung expandierten Mauskortex aufgrund vermehrter Aktivitdit von
Mikroglia. E = Embryonalstadium; P = postnatales Stadium; VZ = ventrikuldre Zone; SVZ
= subventrikuldre Zone; IZ = Intermedidrzone; SKP = subkortikale Platte; KP = kortikale
Platte; VI - I = kortikalen Schichten sechs bis eins. Erstellt mit BioRender.com. ............ 82
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