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1 Einleitung

Die Grofdhirnrinde (Cortex) stellt die Integrationszentrale jeglicher Sinneswahrneh-
mungen dar und ermoglicht eine der Situation entsprechende Verhaltensanpassung.
Gerade der Neocortex, der entwicklungsgeschichtlich jingste Teil des Cortex, ist beim
Menschen besonders hoch entwickelt und erméglicht z.B. eine ausgepragte Feinmotorik
der Hande, die Ausbildung eines Bewusstseins, die Fahigkeit zu logischem Denken sowie
die Ausbildung eines Gedachtnisses. Mit 90% der Grof3hirnoberflache bildet er beim
Menschen den mit Abstand gréfdten Bestandteil des Cortex. Er ist sechs-schichtig aufge-
baut und wird auch als Isocortex bezeichnet, wahrend altere Strukturen mit einer gerin-
geren Schichtung, wie der Hippocampus und das Riechhirn, als Allocortex bezeichnet
werden.

Im Hinblick auf die verschiedenen Zelltypen des Gehirns kann eine Einteilung in zwei
Gruppen vorgenommen werden. Bei einen Grofdteil der Zellen handelt es sich um Glia-
zellen. Man unterscheidet mehrere Typen, die eine Vielzahl von Funktionen erfiillen, wie
z.B. Nahrstoffaustausch, Ausbildung der Blut-Hirn-Schranke, immunologische Abwehr
und Beteiligung an neuronalen Prozessen. Bei der zweiten Gruppe handelt es sich um
Neurone, die fir die Reizweiterleitung und -verarbeitung zustdndig sind. Die Neuronen
lassen sich wiederum in erregende Projektionsneurone und hemmende Interneurone
unterteilen. Die Projektionsneurone rufen mit der Ausschiittung von Neurotransmittern
wie Glutamat, Dopamin oder Serotonin ein erregendes postsynaptisches Potential her-
vor, wahrend die Interneurone meist iber den Neurotransmitter GABA ein inhibitori-
sches postsynaptisches Potential in den nachgeschalteten Zellen generieren. Mit 80-85%
der Neurone machen die Projektionsneurone den weitaus grofieren Teil aus. Im Gegen-
satz dazu weisen die Interneurone eine hohere Diversitdt auf (Kepecs & Fishell 2014).
Durch die addaquate Balance zwischen Erregung und Hemmung wird die korrekte Funk-

tion des Gehirns ermoglicht.

1.1 Die Migration cortikaler Interneurone

Wahrend der embryonalen Entwicklung werden Neurone in bestimmten Proliferati-

onszonen gebildet und migrieren dann in ihre Zielregionen ein, wo sie sich ausdifferen-
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zieren und in das entstehende Netzwerk von Neuronen integrieren. Bei der Maus be-
ginnt diese Zellmigration am Embryonaltag E10,5 und erreicht ihren Hohepunkt an
E14,5.

Die neuronalen Vorlduferzellen glutamaterger Projektionsneurone entstehen in der
Ventrikularzone des dorsalen Grofshirns und wandern dann, meist entlang von Gliazel-
len, in den sich entwickelnden Cortex ein (Abb. 1). Abgesehen von Schicht |, in der sich
die ersten Neurone einlagern, welche spater Apoptose eingehen, entspricht die Entste-
hung des Cortex einem Inside-Out-Prinzip. Dabei kommen frith geborene Vorlaufer
schnell zu liegen und bilden damit die
tieferen Schichten des Cortex (V und
VI), wahrend spater geborene Vorlau-
ferzellen eine grofdere Distanz zurtick-
legen und schlief}lich die aufderen
Schichten des Cortex (II/IIl und IV)
bilden. (Rakic 1971, 1974; McConnell
1988; Misson et al. 1991)

Im Gegensatz zur sog. radialen Migra-
tion der Projektionsneurone steht die
tangentiale Migration der cortikalen
Interneurone. Diese werden in der

Ventrikularzone des basalen Grof3-

hirns, genauer in den ganglionischen
Eminenzen (laterale (LGE), mediale
Abb. 1: Die Migration cortikaler Zellen. Projekti- ( ( )
onsneurone wandern radial in den sich entwickelnden ~ (MGE), caudale (CGE)) oder dem
Cortex ein (griin). Im Gegensatz dazu migrieren Inter-

praoptischen Areal (POA), geboren und

neurone aus den Proliferationszonen im basalen Te-
lencephalon tangential in den Cortex ein (violett). migrieren liber eine grofe Distanz un-

(eandertnach Avala etal. 2007) abhangig von Gliazellen in den Cortex
ein (Abb. 1). Dabei entscheidet nicht nur der Entstehungsort iiber den Weg in den
Cortex, sondern auch der Zeitpunkt. Frither geborene Interneurone (E12,5) migrieren
eher superfiziell, wahrend zu einem spateren Zeitpunkt (E13) eine Migration auch auf
tiefer gelegenen Routen zu beobachten ist (Anderson et al. 2001; Marin & Rubenstein
2001).

Da die tangentiale Migration grofdtenteils nicht entlang von Gliazellen stattfindet, be-

finden sich auf dem Migrationsweg vom basalen Telencephalon in Richtung Cortex eine
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Vielzahl von Lenkungsfaktoren sowie Motogene und Stoppsignale. Eine bedeutende Pro-
teinfamilie stellen dabei die Eph-Rezeptoren und deren Liganden, die Ephrine, dar.
Durch Interaktion dieser Rezeptor-Tyrosin-Kinasen mit den Liganden werden Signal-
kaskaden in Gang gesetzt, die unter anderem Einfluss auf Adhdsionsprozesse sowie die
Cytoskelett-Organisation haben (Kullander & Klein 2002) und dariiber die Migration der
Zellen beeinflussen. Weitere Lenkungsfaktoren stellen beispielsweise die Semaphorine
und Neurotrophine dar. (Rudolph et al. 2014; Steinecke et al. 2014; Ruediger et al. 2013;
Zimmer et al. 2011; Rudolph et al. 2010; Zimmer et al. 2010; Zimmer et al. 2008; Zimmer
etal. 2007)

Neben den extrinsischen beeinflussen auch intrinsische Faktoren die Migration corti-
kaler Interneurone. Letztere ermoglichen den reguldren Ablauf des Migrationsprozes-
ses. Grundlage dafiir ist, dass postmitotische Zellen eine Polaritit ausbilden (Li & Gun-
dersen 2008) und am vorderen Pol ein sog. Fiihrungsfortsatz entsteht (Abb. 2). Dieser
dient der Zelle zum Suchen und Erkennen von Lenkungsfaktoren in der Umgebung. Da
anhand dessen die Richtungsentscheidung getroffen wird, stellt das Auswachsen dieses

Fortsatzes einen dynami-

schen Prozess dar. (Polleux

B

et al. 2002) Dabei wird an
-

\ der Spitze des Fiihrungs-
' fortsatzes, welcher meist

‘ ' i
\I i 2 eine bifurkale Verzweigung

1 L1 "
2 \ aufweist, eine Struktur aus-
1 L

Abb. 2: Migrationsmodus tangential migrierender Interneu-
rone. Vor der Translokation entsteht eine Schwellung im Fiih- senden Axons dhnelt (Belli-
rungsfortsatz (1), in die der Zellkern anschliefSend hineinbewegt on et al. 2005). Im Vergleich
wird (2). Die Verzweigung des Fithrungsfortsatzes spielt dabei

eine wichtige Rolle, da sie es der zell erlaubt, verschiedene Len- zu glia-abhdngig migrie-
kungsfaktoren der Umgebung wahrzunehmen. Trifft ein Fort-

> gebildet, die dem Wachs-

tumskegel eines auswach-

_ , _ _ _ . renden Neuronen ist diese
satzast auf ein repulsives Signal, so wird er eingezogen, wahrend

attraktive Signale das Auswachsen von Fortsitzen begiinstigen  Struktur bei cortikalen In-
(1%, 2%). n: Zellkern. T: Translokation (gedndert nach Metin 2006) i
terneuronen wesentlich
starker ausgepragt (Rakic
1971). Trifft ein Fortsatz-Ast z.B. auf ein repulsives Signal, so wird er von der Zelle ein-
gezogen, wahrend der andere Ast weiter auswachst (Martini et al. 2009). Wenn die Zelle

aufgrund der gegebenen Faktoren eine Entscheidung beziiglich ihres Weges getroffen
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hat, entsteht eine Schwellung im Fiihrungsfortsatz, in welche der Zellkern bewegt wird.
Wahrend der Kerntranslokation, der sog. Nucleokinese, wird das Auswachsen des Fort-
satzes gestoppt, wobei meist eine erneute Verzweigung der Fortsatzspitze stattfindet.
Zudem entsteht am hinteren Ende der Zelle ein nachhidngender Fortsatz, welcher an-
schliefdend eingezogen wird. (Abb. 2; Moya & Valdeolmillos 2004; Bellion et al. 2005;
Métin et al. 2006)

1.2 Die Rolle des Cytoskeletts bei der tangentialen Migration

Die Translokation des Kerns sowie die mit der Migration verbundenen morphologi-
schen Verdnderungen cortikaler Interneurone werden vom Cytoskelett realisiert. Um
die Bildung eines Fortsatzes zu initiieren, wird zunachst eine Anordnung von Mikro-
tubuli-Biindeln bendétigt, welche sich vom Zellkérper wegbewegen und Membranaus-
stiilpungen erzeugen. Diese bilden das Fundament fiir den Membrantransport, der fiir
das Auswachsen des Fortsatzes erforderlich ist. In den entstandenen Filopodien werden
Aktin-Blindel gebildet, an denen die Mikrotubuli dann bevorzugt entlang wachsen.
(Dehmelt & Halpain 2004) Die Interaktionspunkte von Aktin und Mikrotubuli vermitteln
die Anordnung der Mikrotubuli vom Fortsatzschaft bis zur Fortsatzspitze (Schaefer et al.
2002). Dort sind Aktin-Filamente als Geflecht in Lamellipodien vernetzt und bilden seil-
dhnliche Aktin-Biindel in die herausgestilpten Filopodien (Dehmelt & Halpain 2004).

Durch welche Cytoskelett-Komponenten die Nucleokinese realisiert wird, ist Gegen-
stand aktueller Studien. Bei cortikalen Projektionsneuronen geht man davon aus, dass
das Centrosom, ein Organisationszentrum fiir Mikrotubuli, entscheidend an der Migrati-
on im Neocortex beteiligt ist (Abb. 3A; Higginbotham & Gleeson 2007). Dieses befindet
sich vor dem Zellkern und bewegt sich in die Anschwellung des Fiihrungsfortsatzes, ge-
folgt vom Zellkern. Daflir bilden Mikrotubuli ausgehend vom Centrosom eine korb-
ahnliche Struktur, die den Zellkern umschlief3t. (Schaar & McConnell 2005; Tsai & Glee-
son 2005) Mittels Mikrotubuli-assoziierten Transportproteinen wie dem Dynein-Motor-
Komplex erfolgt die sprunghafte Vorwartsbewegung des Zellkerns entlang der Mikro-
tubuli in die Anschwellung hinein (McKenney et al. 2010). Als Gegenkraft fir die Zug-
krafte am Zellkern wirken Tubulin-Biindel des Fiihrungsfortsatzes, die am Zellcortex

verankert sind (Asada & Sanada 2010). Der Zellcortex wiederum ist mit umgebenden
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Zellen oder der extrazellularen Matrix Uber Adhasionspunkte verbunden, was die Zug-

bzw. Schubkrafte iibermittelt.

Obwohl der Einfluss des Mikrotubuli-Cytoskeletts nicht ausgeschlossen werden kann
(Bellion et al. 2005; Baudoin et al. 2012), wird ihm bei der Nucleokinese cortikaler In-
terneurone eher wenig Bedeutung zugeschrieben. Man geht davon aus, dass Mikrotubuli
fiir die Bildung des Fiihrungsfortsatzes zustindig sind und eine Art Richtungsgeber fiir
den Kern darstellen. Zahlreiche Studien weisen dagegen auf eine entscheidende Rolle

des Aktin-Cytoskeletts hin (Abb. 3B). Es konnte gezeigt werden, dass filamentdses Aktin

A / B

o N W

Traction
force

Microtubuless — -

g > _

U‘\
Centrosome o ‘|
\4
Nucleus & ]
\ J

Abb. 3: Das Cytoskelett realisiert die Migration neuronaler Zellen. (A) Bei der Migration von Projekti-
onsneuronen wird den Mikrotubuli eine besondere Bedeutung zugeschrieben. Danach bilden diese, ausge-
hend vom Centrosom, eine kafigartige Struktur um den Zellkern. Vor der Nukleokinese bewegt sich das
Centrosom in die schwellung des Fiihrungsfortsatzes hinein und ,zieht" anschliefSend den Zellkern hinter-
her. Dabei ist die Verankerung von Mikrotubuli am distalen Zellcortex fiir die Ausbildung der Zugkraft
essentiell. (gedndert nach Asada & Sanada 2010) (B) Im Gegensatz dazu weisen viele Studien darauf hin,
dass bei tangential migrierenden Interneuronen das Aktin-Cytoskelett die notwendige Kraft zur Bewegung
des Zellkerns aufbringt. Dabei wird der Zellkern durch Myosinll-Kontraktionen in die Anschwellung hinein
»geschoben®. griin: Aktin-Kondensationen (geandert nach Bellion et al. 2005)

(F-Aktin) sowie das Aktin-assoziierte Motorprotein Myosinll hinter dem Kern akkumu-
lieren. Dabei wird angenommen, dass die Kontraktion dieses Akto-Myosin-Netzwerkes
den Zellkern von hinten ,anschiebt“ und am Ablésen und Einziehen des nachhdngenden
Fortsatzes beteiligt ist. Entsprechend fiihrt die Behandlung von migrierenden Interneu-
ronen mit einem Myosinll-Inhibitor zu einer eingeschrankten Nucleokinese. (Bellion et
al. 2005; Schaar & McConnell 2005; Martini & Valdeolmillos 2010)

Laut einer Studie an migrierenden Neuronen des Kleinhirns kénnte die benotigte Kraft

zur Bewegung des Kerns jedoch auch am vorderen Zellpol aufgebracht werden. Nach He
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et al. (2010) ist die Wachstumskegel-ahnliche Struktur der Fortsatzspitze nicht nur flr
die Richtungsentscheidung notwendig. Indem sie aktiv das Zellsoma inklusive Kern tiber
einen F-Aktin-Fluss entlang des Fiihrungsfortsatzes vorwarts zieht, ist sie auflerdem
mafigeblich an der Nucleokinese beteiligt.

Das unterschiedliche Ausmaf$ der Adhasion migrierender Neurone zum Substrat konn-
te die Ursache fiir verschiedene Migrationsmechanismen der Zellen sein. Zum Beispiel
entwickelt sich der nachhidngende Fortsatz von cortikalen Interneuronen nicht zum A-
xon, wie es bei Projektionsneuronen der Fall ist. Da er nachgezogen wird, miissen die
Verbindungen zu anderen Zellen sowie zur extrazelluldren Matrix immer wieder gelost
werden. Im Vergleich zur glia-abhdngigen Migration ist die tangentiale Migration daher
durch eine geringere Adhéasion sowie eine erhohte Akto-Myosin-Kontraktionsfahgkeit
gekennzeichnet (Friedl 2004). Es wird vermutet, dass jede neuronale Zelle die gleichen
Moglichkeiten besitzt, Kraft fiir die Nucleokinese aufzubringen, wobei die Art des Sub-
strats ausschlaggebend ist, ob der Zellkern ,gezogen” oder ,geschoben” wird (Martini &
Valdeolmillos 2010). Dartiber hinaus kann man davon ausgehen, dass Interaktionen von
Mikrotubuli und Aktin fiir die Zellmigration essentiell sind, auch wenn viele Studien nur
den Effekt einer einzelnen Cytoskelett-Komponente untersuchen (Rodriguez et al. 2003;

Fletcher & Mullins 2010).

1.3 Die Bedeutung cortikaler Interneurone

Zur Zeit wird die Einteilung der cortikalen Interneurone in rund 20 Klassen diskutiert
(Ascoli et al. 2008; Defelipe et al. 2013; Kepecs & Fishell 2014). Dabei werden sowohl
morphologische und elektrophysiologische Eigenschaften als auch die Expression von
Markergenen beriicksichtigt. So stellt Lhx6 (LIM Homeobox-Gen 6) einen Marker fiir
Interneurone der MGE dar (Lavdas et al. 1999), aus der u.a. schnell feuernde, Parval-
bumin-positive (PV*) Korbzellen stammen (Butt et al. 2005).

Die Vielzahl verschiedenartiger Interneurone im Cortex erlaubt die Ausbildung kom-
plexer inhibitorischer Schaltkreise (Ascoli et al. 2008; Defelipe et al. 2013). Diese sind
bedeutend fiir die Synchronisation der neuronalen Aktivitat, indem sie die Weitergabe
von Informationen modulieren. Dabei kann sowohl der synaptische Eingang (dendriti-
sche Inhibition) als auch der Ausgang von Projektionsneuronen (perisomatische Inhibi-

tion) reguliert werden (Freund 2003). Die Aktivitit von Neuronen und Interneuronen
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fiihrt so zur notwendigen Balance von Exzitation und Inhibition im Cortex. Ist diese Ba-
lance, z.B. durch eine fehlerhafte Migration cortikaler Interneurone, gestort, kann es zur
Entstehung von neurologischen oder psychischen Krankheiten kommen. Beispiele fiir
solche Erkrankungen sind Epilepsie, Autismus, Depression und Schizophrenie. (Sanaco-

ra et al. 2000; Levitt 2005; LeMagueresse & Monyer 2013)

1.4 Schizophrenie als psychische Erkrankung

Bei Schizophrenie handelt es sich um eine schwere psychische Erkrankung, von der ca.
1% der Weltbevolkerung betroffen ist (Jablensky et al. 1992). Studien zeigen eine klare
genetische Komponente, die jedoch nicht allein fiir die Entstehung bzw. den Ausbruch
der Erkrankung urséachlich ist. So spielen weitere Faktoren, wie beispielsweise epigene-
tische Prozesse oder vorgeburtliche Infektionen der Mutter, ebenfalls eine Rolle. Die
Symptome von Schizophrenie-Patienten sind sehr variabel, wobei man zwischen Positiv-
und Negativsymptomen unterscheidet. Unter Positivsymptomen versteht man inhaltli-
che Denkstorungen, Sinnestauschungen bis hin zu Halluzinationen sowie sog. Ich-
Storungen. Auffallig werden diese Patienten haufig durch die Ausbildung von Wahnvor-
stellungen. Im Gegensatz dazu stehen die Negativsymptome. Neben kognitiven Defiziten
handelt es sich dabei vor allem um eine Abflachung des Empfindens und sozialen Riick-
zug. Der Ausdruck von Emotionen wird dabei durch motorische Defizite, welche die Mi-
mik und Gestik einschranken, weiterhin erschwert. Einen Hinweis auf das Vorhanden-
sein dieser Negativsymptome gibt die Abnahme individueller Personlichkeitsmerkmale.
Bei Schizophrenie handelt es sich folglich um eine Erkrankung, die den Alltag und die
Lebensqualitdt der Patienten stark negativ beeinflusst. Entsprechend hoch ist auch die

Suizidrate mit 10-15%.

Es gibt verschiedene Hypothesen zu den Ursachen von Schizophrenie, die sich jeweils
auf einen Teilbereich der Erkrankung beziehen oder aufgrund der Wirksamkeit von Me-
dikamenten aufgestellt wurden. Dazu zdhlen die Dopamin-, Glutamat-, Immun- und GA-
BA-Hypothese. (Lang et al. 2007) Letztere wird u.a. durch eine verringerte Expression
des GABA-produzierenden Enzyms GAD67 sowie des Markers Parvalbumin in Gehirnen
von Schizophrenie-Patienten gestiitzt (Akbarian et al. 1995; Hashimoto et al. 2003). Ein

Mangel an diesen Zellen konnte Einflusss auf die y-Oszillation haben. Dabei handelt es
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sich um eine Synchronisation der Aktivitiat von Pyramidenzellen, die durch Interneurone
bewirkt wird (Cardin et al. 2009; Sohal et al. 2009). Stérungen der y-Oszillation wurden
bei Schizophrenie-Patienten bereits beobachtet. Sie stellen eine mogliche Ursache fiir
die verminderte Leistung des Kurzzeitgedachtnisses von Erkrankten dar. Weiterhin
kann die Kommunikation zwischen einzelnen Cortex-Arealen gestort sein. Auch hier
sind Verschaltungsprobleme ursachlich, welche moglicherweise bereits wahrend der
Entwicklung nicht angemessen ausgebildet wurden. (Lewis et al. 2005; Daskalakis et al.
2007; Uhlhaas & Singer 2010; Nakazawa et al. 2011; Lewis et al. 2012; Marin 2012; Inan
etal. 2013)

Obwohl sie haufig erst im jungen Erwachsenenalter ausbricht, deuten viele Befunde
auf eine frithe Grundsteinlegung der Erkrankung hin; sie bilden die Basis fiir die Neuro-
Entwicklungshypothese von Schizophrenie. Entsprechend dieser Hypothese wird die
Entwicklung des embryonalen und fotalen Gehirns gestort, was zu einer verminderten
Vernetzung der Neurone und veranderten biochemischen oder physiologischen Funkti-
on fiihrt. (Raedler et al. 1998; Harrison 1999; Lang et al. 2007; Jaaro-Peled et al. 2009;
Owen et al. 2011) So gibt eine ektopische Ansammlung cortikaler Interneurone in der
weifden Substanz von Schizophrenie-Patienten einen Hinweis auf einen Migrationsde-
fekt dieser Zellen wahrend der vorgeburtlichen Entwicklung (Anderson et al. 1996;

Eastwood & Harrison 2003; Joshi et al. 2012).

1.5 Disrupted-in-Schizophrenia 1 (DISC1) ist ein Risikogen fiir Schizophre-

nie

Wie bereits erwahnt, sind an der Entstehung von Schizophrenie genetische sowie um-
weltbedingte Faktoren beteiligt. Ein Risikogen stellt Disrupted-in-Schizophrenia 1
(DISC1) dar. Dieses wurde in einer schottischen Familie mit gehdauftem Auftreten von
Schizophrenie und anderen psychischen Erkrankungen entdeckt. Bei einigen Familien-
mitgliedern kam es durch eine somale Translokation zum Abbruch des Gens, woher die-
ses seinen Namen erhielt (zu deutsch: Unterbrochen-bei-Schizophrenie 1). Als Folge die-
ser Mutation liegt das DISC1-Protein bei diesen Personen in vekiirzter Form vor. (Millar
et al. 2000; Blackwood et al. 2001; Chubb et al. 2008)

Daraufhin wurde in zahlreichen Studien die Funktion von DISC1 untersucht. Es han-

delt sich um ein cytosolisches Protein, welches eine Vielzahl von méglichen Bindungs-
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partnern aufweist (Bradshaw & Porteous 2012; Yerabham et al. 2013) und in vielfaltiger
Weise die Entwicklung von Neuronen beeinflusst. So ist es fiir die Proliferation, die Dif-
ferenzierung, das Auswachsen von Neuriten sowie die Bildung von Synapsen notwendig
(Miyoshi et al. 2003; Mao et al. 2009; Brandon et al. 2009; Hayashi-Takagi et al. 2010;
Hattori et al. 2010; Ishizuka et al. 2011; Narayan et al. 2013). Auch fiir die Migration und
die Positionierung cortikaler Neurone sowie neugeborener Zellen im adulten Hippo-
campus wurde bereits eine Funktion von DISC1 beschrieben (Kamiya et al. 2005; Tsai et
al. 2007; Duan et al. 2007; Enomoto et al. 2009; Meyer & Morris 2009; Young-Pearse et
al. 2010). Dass DISC1 iiber diese Funktionen auch eine Rolle bei der Entstehung von
Schizophrenie spielen konnte, zeigen Studien an Mausen mit DISCI-Mutationen. Neben
Veranderungen der Neuro-Architektur weisen diese Tiere vor allem Verhaltensweisen
auf, die mit den Symptomen von Schizophrenie-Patienten verglichen werden (Hikida et

al. 2007; Clapcote et al. 2007; Pletnikov et al. 2008; Kvajo et al. 2008).

1.6 Zielstellung

In dieser Arbeit soll der Einfluss von DISC1 auf die tangentiale Migration cortikaler In-
terneurone wahrend der Entwicklung des Gehirns dargelegt werden. Die tibergeordnete
Fragestellung bezieht sich auf den Mechanismus, wie DISC1 die tangentiale Migration
beeinflusst.

Dafiir sollte zundchst geklart werden, ob DISC1 endogen in der zu untersuchenden
Subpopulation cortikaler Interneurone, genauer parvalbuminerger Interneurone aus
der MGE an E14,5, exprimiert ist. Der Nachweis erfolgte dabei sowohl auf mRNA- (In-
Situ-Hybridisierung) als auch auf Proteinebene (Immunfarbung, Veroéffentlichung 1).

Mit Hilfe von RNAi- sowie verschiedenen DISC1-Expressionskonstrukten wurde da-
raufhin das Proteinlevel von DISC1 in diesen Zellen verandert, um die daraus resultie-
renden Effekte auf die Migration in vitro und in vivo zu untersuchen. Als In-Vitro-
Versuche wurden zundchst Outgrowth-Assays durchgefiihrt sowie Schnittkulturen ange-
fertigt (Veroffentlichung 1). Um Effekte einer veranderten DISC1-Expression in vivo zu
zeigen, erfolgten In-Utero-Elektroporationen (Veroffentlichung 2). Jeder Versuch wurde
hinsichtlich der Migration sowie der Zellmorphologie ausgewertet.

Um Hinweise auf den zugrundeliegenden Mechanismus zu erhalten, durch den ein

Mangel an DISC1 zu Defekten bei der Migration fiihrt, sollte das Migrationsverhalten
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vereinzelter Interneurone untersucht werden. Dazu wurden Feeder-Layer-Kulturen an-
gefertigt und die Migration cortikaler Interneurone videomikroskopisch aufgezeichnet
(Veroftentlichung 2).

Da die dynamischen Prozesse des Cytoskeletts fiir die Realisierung der Migration not-
wendig sind, sollte abschliefdend untersucht werden, ob ein DISC1-Mangel Veranderun-
gen des Cytoskeletts nach sich zieht. Hierfiir wurden Immunfiarbungen an Interneuro-
nen sowie videomikroskopische Analysen an NIH3T3-Fibroblasten durchgefiihrt (Verof-

fentlichung 2).

Die hier vorgestellten Manuskripte sollen zum Verstandnis tiber die Rolle von DISC1
bei der tangentialen Migration cortikaler Interneurone beitragen. Dabei soll nachgewie-
sen werden, dass DISC1 endogen in tangential migrierenden Interneuronen exprimiert
ist und eine Reduktion des Proteinlevels zu einer Verzogerung der Migration fiihrt, die
moglicherweise liber Defekte des Cytoskeletts zustande kommt. Diese Ergebnisse sollen
zum einen Erklarungsansatze dafiir liefern, wie Veranderungen des DISC1-Levels eine
Pradisposition fiir Schizophrenie hervorrufen kénnen, und zum anderen die neuro-

entwicklungsbiologische These zur Entstehung von Schizophrenie untermauern.
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Disrupted-in-Schizophrenia 1 (DISC1) Is Necessary for the
Correct Migration of Cortical Interneurons

André Steinecke,* Christin Gampe,'* Christina Valkova,? Christoph Kaether,? and Jiirgen Bolz!
!Institut fiir Allgemeine Zoologie und Tierphysiologie, Universitit Jena, 07743 Jena, Germany, and “Leibniz Institut fir Altersforschung-Fritz Lipmann
Institut, 07745 Jena, Germany

Disrupted-in-Schizophrenia 1 (DISCI) is a prominent susceptibility gene for major psychiatric disorders. Previcus work indicated that
DISC1 plays an important role during neuronal proliferation and differentiation in the cerebral cortex and that it affects the positioning
of radial migrating pyramidal neurons. Here we show that in mice, DISC1 is necessary for the migration of the certical interneurons
generated in the medial ganglionic eminence (MGE). RT-PCR, in situ hybridizations, and immunocytochemical data revealed expression
of DISC1 transcripts and protein in MGE-derived cells. To study the possible functional role of DISC1 during tangential migration, we
performed in utero and ex utero electroporation to suppress DISC1 in the MGE in vive and in vifro. Results indicate that after DISC1
knockdown, the proportien of tangentially migrating MGE neurons that reached their cortical target was strongly reduced. In addition,
there were profound alterations in the morphology of DISC1-deficient neurens, which exhibited longer and less branched leading
processes than control cells. These findings provide a possible link between clinical studies reporting alterations of cortical interneurons

in schizophrenic patients and the current notion of schizophrenia as a neurodevelopmental disorder.

Introduction

Disrupted-in-Schizophrenia 1 (DISCI) is considered as one ofthe
most compelling risk genes for schizophrenia, but also for other
major psychiatric diseases. The biological functions attributed to
the DISC1 protein are complex and highly diverse. For example,
previous work suggested that DISC1 plays an important role dur-
ing neuronal proliferation, differentiation, neurite outgrowth,
synapse formation, as well as in the genesis and integration of new
neurons in the adult hippocampus (for review, see Brandon et al.,
2009). There are also several studies that report that DISCl is a
necessary component for the correct positioning of radially mi-
grating cortical pyramidal neurons (Kamiya et al., 2005; Young-
Pearse et al., 2010).

We were interested whether DISC1 plays a role in the migra-
tory behavior of cortical interneurons. There are distinct differ-
ences in the mode of migration of pyramidal neurons and
interneurons. In contrast to cortical projection neurons, in-
terneurons are generated in the medial ganglionic eminence
(MGE), the caudal eminence, and the preoptic area (POA) of the
basal telencephalon and perform a glia-independent long-range
migration in a saltatory fashion (Marin and Rubenstein, 2001).
They first extend a highly dynamic branched leading process and
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thereby scan for extracellular guidance cues that determine their
migratory pathway (Valiente and Marin, 2010). Neurite elongation
then stops and the nucleus moves forward, a process called nucleo-
kinesis, and the migratory cycle starts again (Métin et al., 2006).

In this study, we first demonstrate that DISC1 transcripts and
proteinsare present in the MGE of embryonic day (E) 14.5 mouse
embryos. We then manipulated DISC1 expression by RNA inter-
ference in individual MGE-derived interneurons to characterize
cell-autonomous effects of DISC1. Results indicate that interneu-
ron migration is severely delayed atter DISC1 suppression. In
addition to these migratory deficits, DISC1 knockdown also leads
to distinct morphological changes of interneurons, suggesting a
causal relationship between alterations in the cytoskeleton and
the impaired migration behavior.

Materials and Methods

Mice. Animals used were timed pregnant C57BL/6 mice. The day of
insemination was considered as E1. Mice were killed using peritoneal
injection of 10% chloral hydrate. All animal procedures were performed
in agreement with the institutional regulations of the University of Jena.

Piasmids. For DISC1 knockdown, the BLOCKAT Pol II miR RNAi
expression vector kit {Invitrogen) was used to design miRNA-expressing
vectors targeting the sequence AGGCAAACACTGTGAAGTGCA, as de-
scribed previously (Kamiva et al., 2005). As a control vector, we used a
scrambled miRNA sequence that is predicted not to target any known
vertebrate sequence. For rescue experiments, the DISC1 miRNA vector
(0.75 pg/pl) was coelectroporated with either a pCMV6-XL5 encoding
the human DISC1 transcript Lv (SC301729; OriGene Technologies) or a
pCAX induding mouse DISC1 (a gift from Dr. Sawa, Johns Hopkins
University, Baltimore, MD), each at 2.25 pg/ul. For overexpression of
mouse DISCL in NIH3T3, the DISC1 coding region from pCAX was
cloned into pmRFP-C1.

Antibodies. The following primary antibodies were used: «DISC1
(1:50 for staining and 1:200 for Western Blotting; SC-47990, Lot #2011;
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Santa Cruz Biotechnology), « GAPDH (1:1000; a gift from Dr. Morrison,
Fritz Lipmann Institute, Jena, Germany), c-Lim-homeobox-gene &
(«Lhx6; 1:200; SC-98607, Lot #B-1609; Santa Cruz Biotechnology),
aCalbindin (1:2000; Swant), and «GFP (1:1000; Invitrogen). Nuclei
were stained with 4’ ,6-diamidin-2-phenylindol (DAPI).

RT-PCR. Tissue from the MGE of E14.5 mice and tissue from the
hippocampus of the mother were homogenized in trizol and RNA was
isolated using chloroform and isopropyl alcohol. cDNA synthesis was
performed using oligo dT primer. For RT-PCR, cDNA was amplified by
the following primer pair: ACCCAGGATAGCCTGCCTGCA and
ATCAGGTCACAGCCCGGCCA, using a HotStarTaq DNA Polymer-
ase (Qiagen).

Insitu hybridization. For in situhybridization, a fragment of the mouse
DISC1 (bases 1355-2031) was cloned into a pBluescript vector and DIG-
labeled sense and antisense probes were generated. fn sifu hybridizations
were performed as described previously (Zimmer et al., 2008).

Primary ceil culture. For dissociated neurons from the MGE of E14.5
embryos, MGEs were dissected and collected in ice-cold HBSS supple-
mented with 0.65% glucose. After incubation with 0.025% trypsin in
HBSS for 17 min at 37°C, tissue was dissociated into single cells by trit-
uration and filtered through a nylon gauze to remove cell aggregates.
Neurons were cultured in DMEM [supplemented with 10% fetal bovine
serum (FBS), 100 Ufml penicillin, 100 pg/ml streptomycin, and 0.4 mm
r-glutamine] at 37°C and 5% CQ, for 2 d.

To approve the antigen specificity, ex utero electroporation was per-
formed and neurons were extracted from the MGE as described above.

Fibroblast cell culture and Western blotting NIH3 T3 cells were grown in
DMEM-F12 with 10% FBS and 5% penicillin/streptomycin under stan-
dard cell culture conditions and transfected with plasmids using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s protocol.
Cells were lysed after 32 h in STEN buffer (150 m sodium chloride, 50
mm Tris, 2 mm EDTA, and 0.29 NP-40). Lysates were separated on 12%
SDS-polyacrylamide gels and transferred to PVDFE membranes. Mem-
branes were blocked in TBS-T buffer (300 mm NaCl, 10 mm Tris, pH 7.6,
and 0.1% Tween 20) for 30 min and then incubated with the primary
antibody for 1 h at room temperature (RT) or overnight at 4°C. After
washing in TBS-T (four times for 8 min), membranes were incubated for
1 h at RT with horseradish peroxidase-conjugated secondary antibodies.
Membranes were washed again in TBS-T and the signal was detected
using enhanced chemiluminescence.

Immunocyrochemistry. Neurons and NIH3T3 were fixed in 4% para-
formaldehyde (PFA), washed with PBS containing 0.2% Triton X-100,
and blocked for 1 h with 5% bovine serum albumin (BSA), 0.3% Tween
20 in PBS containing 0.2% Triton X-100. For immunostainings against
Lhx6, cells were washed in heated citrate butfer and a blocking solution
containing sodium azide was used (1% milk, 10% FBS, 1 mg/ml BSA, and
52 pg/ml sodium azide in PBS). Primary antibodies were applied over-
night. After washing with PBS, secondary antibodies were incubated for
1 h followed by washes in PBS and DAPI staining.

Immunohistochemistry. For immunohistochemistry, freshly prepared
cryosections (18 pm) were fixed in 4% PPA in PBS for 30 min (for
DISC1: 2% PFA, 10 min) and washed in 0.2% Triton X-100 in PRS,
blocked in 10% goat serum, 5% BSA, and 0.2% Triton X-100 in PBS for
1 h, followed by the incubation of the primary antibodies overnight. For
immunostainings against Lhx6, slices were cooked in ditrate buffer and a
special blocking solution containing sodium azide was used (1% milk,
10% FBS, 1 mg/ml BSA, and 52 pg/ml sodium azide in PBS). After
washing, sections were incubated for 2 h with the secondary antibody
followed by washing, incubating in DAPI, and embedding.

Ex utero efectroporation. Brain hemispheres from E14.5 embryos were
dissected in ice-cold sterile Krebs buffer (126 m NaCl, 2.5 mm KCl, 1.2
mm NaH,PO,, 1.2 mmMgCl, 2.1 mm CaCl,, 25 mv NaHCO,, and 11 mm
glucose). Ex utero electroporation was performed as described previously
{Yozu et al, 2005). In brief, <<1 pul of a 1 pg/pd miRNA solution was
pressure injected into the ventricular zone of the MGE, followed by elec-
troporation of two pulses of 100 ms duration and 100 V using a BTX
ECM 830 (Harvard Apparatus).

Curgrowth assay. After ex utero electroporation, MGE were dissected
in methyl cellulose medium (MC) (0.4 g of methyl cellulose, 5% FBS, 1%
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penicillin/streptomycin, 1% r-glutamine, 0.1% glicose) and cutin 200 <
200 pom pieces using a tissue chopper. The MGE explants were precul-
tured at 37°C and 5% CO, for 1 h, embedded in chicken plasma that was
cross-linked with thrombine, and cultured in MC medium for 2 DIV
before fixation with 4% PFA in PBS. Before analyzing, we made certain
that there were transfected cells in the explant and that the outgrowth of
nontransfected cells was normal.

Shice cultures. After ex utero electroporation, hemispheres were embed-
ded in 30% low-melt agarose in PBS, cut into 250 pm slices using a
vibratome, and kept in Krebs buffer for postholding sections (supple-
mented with 10 mm HEPES, 1% penicillin/streptomycin, and 0.1 mg/ml
gentamicin) on ice. Slices were transferred on membranes (Whatman)
lying on neurobasal medium (supplemented with 2% B-27, 1% penicil-
lin/streptomycine, 1% r-glutamine, and 0.5% glucose), and cultured for
3 DIV at 37°C and 5% CO, before fixation with 4% PFA in PES.

In utero éleciroporation. Timed pregnant female mice were treated
with 4 mg/kg Carprofen for 30 min before deeply anesthetizing with a
mixture of fentanyl (0.05 mg/kg), midazolam (5 mg/kg), and metedomi-
dine (0.5 mg/kg). Afterward the uterine hormns were exposed. Various
constructs (1 pl of total volume, 1 pg/pd DNA plus 2% fast green to
monitor the injection) were injected into the lateral ventricles of the
embryos and electroporation (5 pulses at 40 'V, 100 ms duration) was
performed with a forceps electrode connected to a BTX ECM 830 (Har-
vard Apparatus). After 2 d in utero, brains were fixed in 4% PFA in PBS
and cryosections were made, followed by immunostaining against GFP.

Cell analysis. The transfected cells were scanned with a Zeiss LSM 510
and analyzed using ZEN 2009 software. Cells from at least three indepen-
dent experiments were examined.

Results

DISC1 is expressed in MGE-derived interneurons

We first used RT-PCR on MGE tissue isolated from E14.5 em-
bryos to examine the expression of DISC1 mRNA in this subdi-
vision of the subpallium. As a positive control, we used adult
hippocampus, where DISC1 remains highly expressed (Austin et
al,, 2004). RT-PCR showed similar signals in these two brain
regions (data not shown). To analyze the spatial distribution of
DISC1 transcripts in the telencephalon, we performed in situ
hybridizations. As illustrated in Figure 1A, DISC1 mRNA was
detected in the cerebral cortex with highest expression levels in
the ventricular zone (VZ) and the subventricular zone (SVZ),
consistent with previous findings (Ma et al., 2002; Austin et al,
2004). In the basal telencephalon, DISC1 transcripts were found
in the VZ and SVZ of the lateral ganglionic eminence (LGE),
MGF, and the POA (Fig. 1 A).

Next, we wanted to examine the distribution of DISC1 at the
protein level, We first tested the antigen specificity of the DISC1
antibody. For this, NIH3T3 fibroblasts were transfected with
pmRFP-DISC1 or pmRFP-C1 (control) and immunostainings
were performed. The exogenous DISC1 completely overlapped
with the immunocytochemical signal (Fig. 1 E). Analysis of the
mean gray values showed a significant increase of the DISC1
signal in cells overexpressing DISC1 compared with cells express-
ing RFP only (Fig. 1E"). In addition, we performed immunos-
tainings with dissociated MGE cells that were transfected with
either control miRNA or DISC1 miRNA (Fig. 1F) to downregu-
late endogenous DISC1. Compared with control transfected in-
terneurons, there wasa significant decrease in the DISC1 signalin
cells transfected with DISC1 miRNA (Fig. 1 F'). Together, these
findings indicate that the antibody reacts with both endogenous
and exogenous DISC1 protein. We then used this antibody to
perform Western blot analysis to quantify the knockdown effi-
ciency ofthe DISC1 miRNA. Compared with control miRNA, the
knockdown was not complete, but it suppressed ~65% of both
DISC1 isoforms known in mice (Fig. 1G).
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Figure1.

DISCT mRNA and protein is expressed in E14.5 brains. A, n situ hybridization (ISH) demonstrates the expression of DISCI mRNA in the cortex (Ctx), MGE, LGE, and POA of E14.5 embryos.

B-D, Immunohistochemistry with E14.5 cryosections of DISCT (B), Lhx6 (C), and CB (D). The DISC1 signal overlaps with both markers for intemeurons. Scale bars, 200 um. E-F, Antigen specificity
of the DISCT antibody and knockdown of DISCT by miRNA. Scale bars, 10 em. E, Immunocytochemistry with NIH3T3 fibroblasts transfected with pmRFP-DISC1. E*, Analysis of the mean gray value.
There was a significant increase of the DISC1 signal in cells overexpressing DISC1 compared with cells expressing RFP only (RFP: 1.07 = 0.05; DISC1-RFP: 2.36 =+ 0.28; each 20 cells). F,
Immunocytochemistry on MGE-derived cellstransfected with DISCT miRNA. F, Comparison of the mean gray value. Ininterneurons transfected with DISCT miRNA, the DISCT signal wassignificantly
decreased compared with control transfected cells (control miRNA: 1.11 = 0.07, 27 cells; DISC1: miRNA 0.74 = 0.05, 23 cells). G, Western blot to quantify the DISC1 knockdown efficiency in NIH3T3

fibroblasts. ***p << 0.001; t test. Error bars are SEM.

We then performed immunostainings of E14.5 cryosections.
Results indicated DISCI1 protein expression in the basal telen-
cephalon concentrated in the VZ and the SVZ of the MGE, LGE,
and POA (Fig. 1 B), which is consistent with the findings of the in
situ hybridization (Fig. 1A). In the SVZ of the basal telencepha-
lon, the distribution of DISCl-immunoreactive cells overlapped
with Lhx6-positive neurons (Fig. 1C), a transcription factor that
is expressed in the vast majority of MGE neurcns that migrate to
the pallidum (Alifragis et al., 2004), and calbindin (CB)-positive
neurons (Fig. 1 D), another early marker for immature interneu-
rons (Anderson et al., 1997). To confirm a coexpression of DISC1
with interneuron markers on a cellular level, we used dissociated
MGE-derived cells to perform double immunostainings. As
shown in Figure 2, first and second lane, DISCI is expressed in
Lhxé-positive as well as CB-positive cells.

Immunocytochemistry also allowed us to identify the subcel-
lular distribution of DISC1. Previous studies demonstrated that
the subcellular expression pattern of DISCI is complex and cell
type-specific. Endogenous DISCI has been found within the nu-
clei of certain cell types (Sawamura et al., 2008), the cytoplasm,
where it colocalizes with centrosomal proteins or F-actin (Morris
et al., 2003), and also in the growth cones, the tips of growing
axons (Shinoda et al., 2007). In MGE-derived interneurons, we
found that DISCI is consistently expressed in the cell bodyand in
most cases also in the tips of cell processes, particularly in the
filopodia of the leading process (Fig. 2C, arrow). In migrating
interneurons, the cell body consists of a very thin layer of cyto-
plasm surrounding the nucleus. Confocal imaging of DISC1-
immunoreactive cells counterstained with the nuclear marker
DAPI revealed thatin the cell body, DISC1 was typically confined
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one Z-plane|C’

Figure 2.

Transmitted light.

to the cytoplasm of the cell body. In several cases, however,
DISC1 was not evenly distributed in the cytoplasm around the
cell nucleus, but was concentrated at the rear of the nucleus,
opposite to the leading process (Fig. 2C, arrowhead). This sub-
cellular distribution of DISC1 suggests that it might play a func-
tional role in the migration of these neurons, for example by
influencing nuclear translocation or the correct formation of
leading processes.

DISC1 knockdown leads to migration deficits in
MGE-derived neurons

To test the hypothesis that DISCI is involved in the migration of
MGE-derived cells, we first performed a cell migration assay
combined with DISC1 RNA interference. For this, brain hemi-
spheres of E14.5 embryos were ex utero electroporated with either
a DISC1 miRNA vector or a control vector expressing control
miRNA. Both vectors coexpressed EmGFP to visualize the trans-
fected cells. After electroporation, small tissue blocks from the
MGE were prepared and cultured for 2 d in a 3D matrix of cross-
linked chicken plasma that allowed cell migration out of these
explants. In this assay, downregulation of DISCI with miRNA
decreased the number of cells exiting the explants by 62% com-

DISC1 is expressed in MGE-derived cortical intemeurons. 4, B, Dissociated cells from the MGE of E14.5 embryos show
that DISCT is coexpressed with Lhx6 (A) and CB (B). €, Analysis of single Z-planes reveals that DISCT is concentrated behind the
nucleus (arrowhead). In addition, DISCT is also concentrated in the tips of the leading process (arrow). Scale bar, 10 wm, TL,
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pared with cells transfected with contrel
miRNA (from 4.7 & 0.6 cells to 1.8 &= 0.4
cells per explant; Fig. 3A, B,C).

We next attempted to rescue the mi-
gration defects after DISC1 knockdown
by coelectroporation DISCI miRNA with
expression constructs of human DISC1
(hDISC1), which are insensitive to the
miRNA (Young-Pearse etal., 2010). Asan
additional control, we also coelectropo-
rated DISC1 miRNA with expression con-
structs of murine DISC1 (mDISCI),
which are susceptible to the miRNA. As
illustrated in Figure 3C, after coexpres-
sion of DISC1 miRNA with mDISCI1, the
number of cells migrating out of MGE ex-
plants was still reduced compared with
control conditions. In fact, there was no
difference in the impaired migration be-
tween MGE cells transfected with DISC1
miRNA alone and cells cotransfected with
mDISCI plasmids, suggesting that DISC1
miRNA efficiently interferes with endog-
enous and exogenous murine DISCI. In
contrast, coelectroporation of DISCI
miRNA with hDISCI increased the num-
ber of interneurons leaving the explants
by 67%, from 1.80 = 0.18 (DISC1 miRNA
+ mDISC1) to 3.02 = 0.27 cells per ex-
plant (DISC1 miRNA + hDISCL). This
indicates that hDISCI significantly res-
cued the effects of DISC1 knockdown, al-
though the rescue was not complete.

Next, we wished to examine directly
how DISC1 knockdown affects interneu-
ron migration in the basal telencephalon.
It has been reported that ganglionic emi-
nences can be specifically electroporated
in utero by adjusting the angle of electrode
paddles relative to the horizontal plane of
the brain (Borrell et al., 2005). However,
as others previously noticed (Gelman et al., 2009), we found that
it is not possible to restrict in utero electroporation to MGE cells
and most attempts result in transfections of cells either scattered
throughout the entire subpallium or more or less focused clusters
of transfected cells at random places in the basal telencephalon.
Thus, when these brains are analyzed a few days after in ufero
electroporation, it is virtually impossible to know the exact origin
of the transfected cells. We therefore used an ex utero electropo-
ration approach, where brains were first removed from E14.5
embryos and miRNA plasmid solution was then pressure injected
directly into the MGE before electroporation (Yozu et al., 2005).
Adding Alexa 546 as a fluorescent marker to the miRNA solu-
tions, we confirmed that the injections were spatially restricted to
the MGE. We then prepared slice cultures from the ex utero elec-
troporated brains, kept them for 3 DIV, and analyzed the distri-
bution of the migration pattern of the transfected MGE cells
(scheme Fig. 4A).

In slices prepared from ex wutero electroporated brains, after 3
DIV, there was still a dense focus of transfected cells in the MGE,
which made it difficult to quantify the exact number of these
neurcns. However, transtected MGE cells that had migrated to
the LGE and transfected neurons that had continued their migra-
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tion to the cortex were clearly discernable.
We therefore compared the number of
cells transfected with DISC1 miRNA or
control miRNA that had migrated from
the MGE to the LGE with those that con-
tinued their migration to the cortex in
each slice culture. The total number of la-
beled cells in the LGE and cortex was setas
100%. After transfection with control
miRNA, 58% of the labeled cells were
found in the LGE while 42% of the labeled
cells continued their migration to the cor-
tex. In contrast, after transfection with
DISC1 miRNA, 75% were found in the
LGE and only 25% reached the cortex
(Fig. 4 B-D). Thus, reduction of DISC1 in
MGE neurons strongly impairs their tan-
gential migration toward the cerebral
cortex.
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DISC1 depletion changes the
morphology of migrating interneurons
The migration of cortical interneuronsisa
complex process that goes along with dis-

DISC1 miRNA

tinct morphological changes. It is known C -
that the leading process stops growing =
while the nucleus moves forward. When B
nucleokinesis was blocked or reduced, in- 5 ;
terneurons exhibited prolonged leading e
processes (Bellion et al., 2005). We there- gi
fore measured the length of the leading £e
process of transfected cells in the out- EE
growth assay as well as in the slice cul- =
tures. In both assays, the length of the .g

leading processes from DISCI-deficient
cells were significantly longer than that
of control transfected cells (Fig. 5A—
D,G). Abnormally prolonged leading
processes were not observed when DISC1
miRNA was cotransfected with hDISC1
(40.49 = 1.67 pum for control transfected
cells; 35.65 + 1.76 um for DISC1 miRNA +
hDISCI transfected cells). As expected,
there was no rescue effect for leading pro-
cess length when cells were cotransfected
with mDISC1 (Fig. 5H).

The leading processes of migrating interneurons are typically
branched and it is generally assumed that they sample the envi-
ronment for guidance cues (Martini et al., 2009). We therefore
counted the number of side branches of cells transfected with
DISCI and control miRNA in both iz vitro assays. We observed
that control transfected cells branched significantly more often
than DISCI-deficient cells. The highest number of side branches
in cells transfected with DISC1 miRNA was three, while control
transfected cells had up to six branches (Fig. 5A—D). On average,
control transfected cells had 3.4 = 0.14 branches; after DISC1 knock-
down, the mean number of branches was reduced to 2.05 *= 0.12 (p <
0.001; Fig. 51). After cotransfection of DISC1 miRNA with hDISC1, the
number of sides branches significantly increased compared with trans-
fections with DISC1 miRNA alone (p << 0.001; Fig. 5/). However,
cotransfections of DISC1 miRNA with mDISCI did not increase
the number of side branches observed after DISC1 knockdown
(Fig. 5]). Thus, precise expression levels of DISC1 seem neces-

Figure 3.
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DISCT knockdown leads to migration defects in the outgrowth assay. A, B, Photomicrographs of MGE explants
transfected with control miRNA (4) or DISC1 miRNA (B), arrows point to transfected neurons (fluorescence) that migrated out of
the explants (transmitted light). A", B", Inverted fluorescence pictures of A and B for better visualization of transfected cells. €,
Quantitative analysis shows that the number of cells exiting the explantsis reduced after DISCT knockdown (control miRNA: 4.7 +
0.6 cells perexplant, n = 84 explants; DISC1 miRNA: 1.8 = 0.4 cells per explant, n = 82 explants) that can be rescued by human but
notmouse DISCT (DISCT miRNA + mDISC1:1.80 = 0.18 cellsperexplant,» = 116explants; DISC1 miRNA + hDISC1:3.02 = 0.27 cells perexplant,
n =104 explants;ttest). ***p << 0,001, ttest; n.s.p = 0.05.Scale bars, 200 Lum. Emor barsare SEM.

sary for the formation of appropriate leading processes in mi-
grating cortical interneurons.

To directly compare these in vitro results with the in vivo sit-
uation, we performed in utero electroporation of E14.5 embryos
using control and DISC1 miRNA and examined the brains after
2 d. As mentioned above, it is not possible to selectively transfect
the MGE with this technique. We therefore restricted our mor-
phometric analysis to cells that were still located in the MGE.
Under these in vivo conditions, we could observe very similar
morphological alterations as in the in vitro assays. MGE cells
transfected with DISC1 miRNA had a leading process that was
almost twice as long as in control transfected neurons (55 = 7 um
compared with 28 = 2 um; Fig. 5F-G). We also observed a mod-
ified branching pattern in DISCl-deficient cells after in utero
electroporation. Over 90% of these cells had unbranched pro-
cesses and the remaining cells had only one side branch. In con-
trast, approximately half of the control transfected cells had two
or more side branches. The average number of branches was
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Figured4.  Focal DISCT knockdowninthe MGE leadsto migration defectsinslice cultures. A, Schematic drawing showing the injection of miRNA
solution into the MGE of whole hemispheres followed by electroporation. The hemispheres were sliced and kept for 3 DIV. Rectangles indicate the
regionsof the photomicrographs shown below. B, Quantification of the number of cells which migrated tothe LGE and cellsthat migrated furtherto
the cortex ((tx). Undercontrol conditions, significantly more cells reached the cortex compared with DISC1 knodkdownslices (control miRNA:41.2 =
4. 7% cellsinthe cortex, n = 17; DISCI miRNA:25.2 = 3.2 ellsin the cortex, n = 24; ttest: **p << 0.01). (D, Photomicrographs from cortexand
LGE of control miRNA (€} and DISC1 miRNA (D) transfected slices. Scale bars, 200 pum. Error barsare SEM.

2.7 = 0.2 for control transfected cells and 1.1 * 0.1 for DISC1
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changes in cell morphology. The fact that
the same morphological alterations after
DISCI suppression also occurred in vive
strongly suggests that DISC1 is a necessary
component for the correct migration of
interneurons in the intact brain.

Discussion

In this study, we found that transcripts of
the psychiatric illness risk gene DISCI are
expressed in the MGE, a major source of
cortical interneurons. DISC1 protein was
detected in MGE neurons that coexpress
the early interneuron markers Lhx6 and
CB. In these neurons, DISC1 is concen-
trated in the tips of the leading process
and its branches as well as in the somatic
cytoplasm. Downregulation of DISCI via
miRNA increased thelength of the leading
process and at the same time decreased
the number of side branches in MGE-
derived interneurons. Finally, cell migra-
tion assays revealed that DISCI is a
necessary component for the correct tan-
gential migration of interneurons to the
cerebral cortex.

Several previous studies have implicated
DISCI in regulating neuronal migration. For
example, after in utero electroporation of
DISC1 shRNA in cortical precursor cells
in the ventricular zone, which gives rise to
pyramidal neurons, transfected cells were
retained in the intermediate zone and
failed to migrate into the cortical plate
(Kamiva et al., 2005). In contrast, knock-
down of DISC1 in newly generated
granule cells in the adult hippocampus re-
sulted in an overextended migration
(Duan et al., 2007; Enomoto et al., 2009;
Kim et al., 2009). It has therefore been
suggested that DISC1 does not directly
mediate neuronal migration butratherre-
lays positional cues to the migratory ma-
chinery (Duan et al., 2007). Consistent
with this view, a recent study demon-
strated that NMDA receptor antagonists
in adult mice lead to an overextension in
migration of newborn granule cells and a
concomitant reduction in DISC1 expres-
sion (Namba et al., 2011). This overex-
tended migration induced by NMDA
receptors was rescued by exogenous ex-
pression of DISCI, demonstrating that
extracellular signals can regulate DISC1
levels and thereby influence neuronal mi-
gration. In the present study, we found
that after DISCI1 suppression in the
MGE, interneurons were able to migrate
to the LGE and further to the cortex.
However, the portion of DISCI1-

miRNA transfected cells (p < 0.001; Fig. 5E-F,I). deficient MGE cells that reached their final destination in the
Together, the i1 vitro assays demonstrate that DISC1 knock-  cortex was much lower than in control transfected MGE neu-
down leads to migratory deficits that correlate with specific ~ rons. Thus, DISC1 does not seem to control the positioning of
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DISCT knockdown leadsto alterationsin the morphology of MGE-derived intemeurons. A—F, Phatomicrographs of cells transfected with control miRNA or DISCT miRNA in outgrowth assays (4, B),

slice cultures (€, D), and after in utero electroporation (iu EP) (£, £ ). G-J, Quantification of cell morphology. Under all experimental conditions, DISC1-deficient cells show longer, but less branched leading
processes (G, 1 ). Cotransfection of miRNA with mDISCT or hDISCT in the outgrowth assay shows that the effect of DISC1 knockdown can be rescued by a miRNA insensitive DISC1 (H, /). For statistical
analysis, the means were compared with a Student’st test, Qutgrowth assay: leading process length: control miRNA, 41 = 2 pom; DISCT miRNA, 54 = 4 um; DISCI miRNA + mDISCT,52 = 3 pm;
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branches: control miRNA, 2.7 = 0.2; DISC miRNA, 1.1 = 0.1; control miRNA, » = 53 neurites from 18 cells; DISC1 miRNA, n = 28 neurites from 26 cells). ***p <2 0.001; **p << 0.01; n.s.p = 0.05,

ttest. Scale bars, 20 gem. Error bars are SEM.

cortical interneurons, but rather directly interferes with the
ability of these neurons to migrate properly.

The dynamic behavior of different classes of migrating neu-
rons has been described in detail (for review, see Ayala et al,,
2007). The molecular mechanisms underlying these distinct cel-
lular events, however, are still under debate. Alterations in the
cytoskeletal proteins tubulin and actin, motor proteins of the
dynein and kinesin family, and numerous regulatory proteins
have been implicated to control the migration of diverse popula-
tions of neurons.

The subcelluar distribution of DISC1 in MGE neurons and the
morphological alterations after DISC1 knockdown in these cells
provide some clues how DISC1 might contribute to the migra-
tion of cortical interneurons. In migrating MGE neurons, before
the initiation of nucleokinesis, actin, and the nonmuscle myosin
IT accumulate at the rear of the cell, forming a cup-like structure
(Bellion et al., 2005). Blocking myosin II with belbbistatin re-
duced nuclear movement, suggesting that contraction of actin-
myosin at the rear pushes the nucleus forward and presumably
breaks adhesion and the trailing process at the cell rear. Since
DISCI is often localized in a cup-like shape at the trailing edge of
MGE neurons, DISCI might interact with F-actin and/or myosin
motors. A colocalization of DISC1 with actin filaments and actin

binding proteins has been reported previously (Morris et al.,
2003).

We found that DISCI1 is consistently expressed in the tips of
the leading processes of MGE-derived interneurons. It has been
suggested that dynein anchored in the membrane of the leading
process is pulling microtubules attached to the centrosome and
leading process. Recent work with migrating pyramidal neurons
has shown that microtubule plus-end binding protein adenoma-
tous polyposis coli (APC) is required to anchor microtubules to
the distal end of the leading process (Asada and Sanada, 2010). If
the localization of APC to the distal tips of the leading process is
prevented, radial migration is impaired and the neurons exhib-
ited longer leading processes. For migrating interneurons, where
DISCI is localized in the tips of the leading process, DISC1 might
be involved in the attachment of microtubules to the distal ends
of these neurites. This could explain why MGE neurons after
DISCI knockdown, in addition to their migratory deficits, also
exhibit prolonged leading processes.

Obviously, the precise mechanisms how DISCI1 is involved in
interneuron migration remain to be determined. However, our
results indicate that DISCI has an impact on the migratory be-
havior of interneurons during early development that might lead
to deficits in the number or composition of GABAergic neurons
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in the cortex. Dysfunctions oflocal GABAergic circuits have often
been associated with the pathophysiology of schizophrenia
(Benes and Berretta, 2001; Lewis et al., 2005). Thus, our findings
support the notion that schizophrenia is a neurodevelopmental
disease that may result at least in part from defects in neuronal
integration (Lewis and Levitt, 2002).
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Abstract

Disrupted-in-Schizophrenia 1 (DISCI) is a risk gene for a spectrum of major mental disor-
ders. It has been shown to regulate radial migration as well as dendritic arborization during
neurodevelopment and corticogenesis. In a previous study we demonstrated through in vitro
experiments that DISC1 also controls the tangential migration of cortical interneurons origi-
nating from the medial ganglionic eminence (MGE). Here we first show that DISC1 is neces-
sary for the proper tangential migration of cortical interneurons in the intact brain. Expression
of EGFP under the Lhx6 promotor allowed us to analyze exclusively interneurons transfected
in the MGE after in utero electroporation. After 3 days in utero, DISC1 deficient interneurons
displayed prolonged leading processes and, compared to control, fewer neurons reached the
cortex. Time-lapse video microscopy of cortical feeder-layers revealed a decreased migration
velocity due to a reduction of soma translocations. Immunostainings indicated that DISCI is
co-localized with F-actin in the growth cone-like structure of the leading process. DISCI
knockdown reduced F-actin levels whereas the overall actin level was not altered. Moreover,
DISC1 knockdown also decreased levels of phosphorylated Girdin, which cross-links F-actin,
as well as the Girdin-activator pAkt. In contrast, using time-lapse video microscopy of fluo-
rescence-tagged tubulin and EB3 in fibroblasts, we found no effects on microtubule polymeri-
zation when DISC1 was reduced. However, DISC1 affected the acteylation of microtubules in
the leading processes of MGE-derived cortical interneurons. Together, our results provide a
mechanism how DISC1 might contribute to interneuron migration thereby explaining the re-
duced number of specific classes of cortical interneurons in some DISC1 mouse models.

key words: DISC1, Schizophrenia, interneuron, cortical interneuron migration, cortical

development
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Introduction

Disrupted-in-Schizophrenia 1 (DISC1) was originally discovered in a Scottish family in
which a chromosomal translocation breaks this gene. More than 70% of those family mem-
bers with DISC1 disruption were diagnosed as being schizophrenic, unipolar depressive or
bipolar depressive (Millar et al., 2000). Many studies afterwards firmly established that
DISC1 plays a major role in early brain development by regulating a number of essential neu-
rodevelopmental events, including cell proliferation, neurite outgrowth, synapse formation
and neuronal migration (for reviews see Ishizuka et al., 2006; Brandon et al., 2009; Soares et
al., ; Narayan et al., 2013; Thomson et al., 2013). These pleiotropic actions of DISCI are at-
tributed to its many interaction partners, the DISC1 interactom (Camargo et al., 2007), mak-
ing DISCI a scaffold protein that impacts on many diverse brain functions.

We recently provided in vitro evidence that during embryonic development DISC1 is a neces-
sary component for the correct tangential migration of cortical interneurons from the medial
ganglionic eminence (MGE) to their target regions in the cortex (Steinecke et al., 2012). This
is in accordance with previous studies which found a reduced number of parvalbumin-positive
interneurons in a mouse line that expresses the truncated human DISCI, as in the Scottish
pedigree. (Pletnikov et al., 2008; Ayhan et al., 2011). In the present study we first demon-
strate the importance of DISCI1 during tangential migration in the intact brain. For this we
performed in utero electroporations and used constructs that either reduce endogenous DISC1
levels or that express a truncated murine form of DISCI in combination with a vector that was
only expressed in MGE-derived neurons. We then examined how DISCI1 interferes with the
cellular and the molecular machinery that drives glia-independent neuronal migration. We
found that DISC1, by interacting with Girdin (girders of actin filaments) and Akt (also known
as protein kinase B), regulates actin polymerization. In addition, DISC1 also influences the
stability of microtubules. Thus both cytoskeletal elements that have been implicated in inter-
neuron migration, actin filaments and micotubuli, are modified by DISCI.

Our results indicate that DISC1 has an impact on the migratory behaviour of interneurons
during early development that might lead to changes in the number or composition of inter-
neurons in the cortex. Together, this work is supporting the hypothesis that subtle perturba-
tions in the developing brain may increase the risk for neuropsychiatric diseases later in life
(Murray and Lewis, 1987; Weinberger, 1987; Cannon et al., 2002; Owen et al., 2011).
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Material and Methods

Mice

Animals used were timed pregnant C57BL/6 mice. The day of insemination was considered
as embryonic day (E) 1. Mice were killed using peritoneal injection of 10% chloral hydrate.
All animal procedures were performed in agreement with the institutional regulations of the
University of Jena.

Plasmids

Vectors expressing miRNA for DISC1 knockdown and control transfection were described
previously (Steinecke et al., 2012). EmGFP has been removed for cotransfection. Additional
vectors used: pLhx6-IRES-GFP (gift from Dr. Anderson), pCAX 1-597 (short DISCI, gift
from Dr. Sawa), pEB3-GFP (gift from Dr. Galjart), pTubulin-GFP (coding sequence for o-
tubulin cloned into pEGFP-C1 between Xhol and BamHI), pActin-RFP (coding sequence for
B-actin cloned into pmRFP-C1 between Xhol and BamHI).

In utero electroporation

Timed pregnant mice (E13.5) were treated with 4 mg/kg Carprofen for 20 min before deeply
anesthetizing with a mixture of fentanyl (0.05 mg/kg), midazolam (5 mg/kg) and metedomi-
dine (0.5 mg/kg). After the uterine horns were exposed various constructs together with
pLhx6-IRES-GFP in a 4:1 ratio (2 pg/ul DNA at all) were injected into the lateral ventricles
of the embryos and electroporation (5 pulses 40 V, 100 ms duration) was carried out with a
forceps electrode connected to a BTX ECM 830 (Harvard Apparatus). After 3 days in utero
embryonic brains were fixed in 4% paraformaldehyde and vibratome sections (150 pm) were
immunostained against GFP (A6455, Invitrogen, 1:1000).

EX utero electroporation

Brain hemispheres from E14.5 embryos were dissected in ice-cold sterile Krebs buffer [126
mM NaCl, 2.5 mM KCI, 1.2 mM NaH,POy, 1.2 mM MgCl, 2.1 mM CaCl,, 25 mM NaHCO3
and 11 mM glucose]. Ex utero electroporation was performed as described previously (Yozu
et al., 2005). In brief, miRNA solution was pressure injected into the ventricular zone of the
MGE, followed by electroporation of 2 pulses a 100 ms duration and 100 V using a BTX
ECM 830 (Harvard Apparatus).

Primary cell culture and immunostaining

After ex utero electroporation MGE were dissected and collected in ice-cold Hank's balanced
salt solution (HBSS) supplemented with 0.65% glucose. After incubation with 0.025% trypsin
in HBSS for 17 min at 37° C, tissue was dissociated into single cells by trituration and filtered
through a nylon gauze to remove cell aggregates. Neurons were cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM) [supplemented with 10% fetal bovine serum (FBS), 100 U/ml
penicillin, 100 pg/ml streptomycin and 0.4 mM I-glutamine] at 37° C and 5% COs.

For immunocytochemistry cells were incubated on coated cover slips (19.5 pg/ml Laminin 5
pg/ml poly-1-lysin) and fixed after 2 div in 4% PFA for 30 min and washed in 0.2% TritonX-
100 in PBS, blocked in 10% serum, 5% BSA and 0.2% TritonX-100 in PBS for 1 h followed
by the incubation of the primary antibodies for 1 h or overnight. After washing cells were
incubated for 1 h with the secondary antibody. After washing, nuclei were stained with 4',6-
Diamidin-2-phenylindol (DAPI). Following antibodies have been used: anti-DISC1 (San-
taCruz, DISC-1(N-16): sc-47990, 1:50); anti-Actin (Hybridoma Bank, 1:50); anti-acTubulin
(gift from Dr. Kessels, 1:400); anti-Akt/PKB[pS473] (Invitrogen, 1:100); anti-Girdin (S1416
phos) (IBL, 1:50). For staining of F-actin cells were incubated in phalloidin (Biotium, 1:100).

For cells stained against F-actin and actin an Axiovert-S100, 40x objective NA: 0.45 Plan
Neofluar in combination with a Spot camera was used. Cells stained against DISC1, pGirdin
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and pAkt were scanned using a LSM510 ( 60x objektive NA: 1.4 Plan Apochromat; argon
laser with 488 nm excitation, bandpass filter 500 — 550 nm emission; HeNe laser with 543 nm
axcitation, longpass filter 560 nm). Cells stained against acTubulin were scanned using a
LSM510 (10x objective NA:1.2 C-Apochromat; argon laser with 488 nm excitation, bandpass
filter 500-550 nm; HeNe laser 543 nm excitation, longpass filter 560 nm).

Cortical feeder-layer

Feeder-layers were prepared as described previously (Bortone and Polleux, 2009). In brief,
cortex cells of E14.5 embryos were cultured on coated cover slips and ex utero electroporated
cells of the MGE were placed on top. After incubation at 37° C and 5% CO; for 36 h time
lapse analysis was started using a ZEISS LSM510 (20x objective NA: 0.75 Zeiss Plan Apo-
chromat; argon laser with 488 nm excitation, bandpass filter 500 — 550 nm emission)

in combination with an incubation chamber (37° C and 5% CO,).

Outgrowth assay

For interneuron migration in a 3D substrate of plasma MGE of E14.5 embryos were dissected
in MZ medium [0.4 g methyl cellulose, 5% FBS, 1% penicillin/streptomycin, 1% L-
glutamine, 0.1% glucose] and cut in 200x200 um pieces using a tissue shopper. The MGE
explants were precultured at 37° C and 5% CO2 for 1 h, embedded in chicken plasma which
was cross-linked with thrombine and cultured in MZ medium for 2 div before fixation with
4% paraformaldehyde. For staining of F-actin cells were incubated in phalloidin (Biotium,
1:100). For immunostaining following antibodies have been used: anti-DISC1 (SantaCruz,
1:50); anti-Tubulin (Hybridoma Bank, 1:200).

Fibroblast cell culture

NIH3T3 fibroblasts were grown in Dulbecco's Modified Eagle Medium (DMEM)-F12 with
10% fetal bovine serum (FBS), 5% Penicillin/Streptomycin (P/S) under standard cell culture
conditions, transfected with various constructs using Lipofectamine2000 (Invitrogen) accord-
ing to the manufacturer's protocol and incubated for 48 h. For time lapse analysis cells were
scanned using a ZEISS LSM510 (Tubulin-GFP: 40x objective NA: 1.3 Plan Neofluar, EB3-
GFP: 63x objective NA: 1.4 Plan Apochromat; argon laser with 488 nm excitation, longpass
filter 505 nm emission) in combination with an incubation chamber (37° C and 5% CO,).

Cell analysis and statistics

Transfected cells were scanned using a Zeiss LSM510. Anaylsis of feeder-layer experiments
was performed using the ZEN2011-LE software (ZEISS). Analysis of interneuron morpholo-
gy as well as EB3 in fibroblasts was performed using ZEN2009 software (ZEISS). Fluores-
cence intensities were analysed using ImageJ. At least 3 independent experiments were per-
formed and analysed. Significance was calculated using Student’s t test (Excel). For analysis
of migration defects after in utero electroporation one way ANOVA (F;99=33.826, p<0.001)
and post-hock test (p-value indicated in the text) were performed using SPSS.
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Results

Decreased tangential migration of DISC1 deficient cortical interneurons in vivo

Our initial hypothesis of compromised interneuron migration after DISC1 knockdown was
based on functional in vitro assays (Steinecke et al., 2012). Therefore, in the present study,
our first goal was to examine the migration pattern of DISC1 deficient interneurons in the
intact brain. For this, one experimental strategy would be to electroporate different constructs
that suppress DISCI1 specifically in the MGE of embryonic brains in utero. It has been report-
ed that the ganglionic eminences can be selectively electroporated with ventrolateral place-
ment of the positive electrode (Borrell et al., 2005). However, we and others could not exclu-
sively target the MGE with this technique, instead transfected cells were found scattered or in
clusters throughout the basal telencephalon and at the corticostriatal junction (Bai et al., 2008;
Steinecke et al., 2012). To overcome this problem, Brown et al. (2011) used transgenic mice
that express the TVA receptor selectively in the VZ of the MGE and POA and then performed
in utero intraventricular injections of RCAS retroviruses to target MGE and POA neurons.

We developed a different technique to target cortical interneurons in the embryonic brain. For
this we used the vector pLhx6-EGFP as reporter construct which contains the lim-homeobox
gene 6 (Lhx6) promoter. With this vector, EGFP labeling should occur only in those trans-
fected cells in which Lhx6 expression is stimulated by the transcription factor Nkx2.1 (Fig.
1A). To test this we performed ex utero electroporation on brain hemispheres of E14.5 mouse
embryos using a mixture of pLhx6-EGFP and alexa555-conjugated control siRNA that was
injected into the MGE as well as the cortex before electroporation. Alexa555 of the siRNA
was used to mark the tissue where plasmid solution was injected. After preparation of slices
and culturing for 1 day in vitro EGFP was only expressed in cells of the MGE, but not in the
cortex (Fig. 1B). Thus co-transfection of pLhx6-EGFP with control or DISC1 miRNA encod-
ing constructs (Steinecke et al., 2012) in a 1:4 ratio was performed at E13.5 to study exclu-
sively the migration of cells transfected within the MGE. The overrun of miRNA constructs
prevented false-positive cells which were only transfected with the marker construct. After 3
days in utero the brains were fixed and a dense focus of EGFP+ cells was visible in the MGE,
making it difficult to determine the precise number of these neurons. We therefore counted
the neurons that have migrated from the MGE into the LGE and compared this with the num-
ber of neurons that have migrated further and reached the cortex. Under control conditions,
the number of cells in the LGE and in the cortex was roughly the same (cortex: 54.46 +
2.10%, LGE: 45.54 £ 2.10%, 60 slices from 12 brains; Fig. 1C, C’, D). In contrast, expression
of DISC1 miRNA caused a significant reduction of labeled cells that arrived in the cortex.
Merely 24% of the cells reached the cortex at this time point, most of the cells were stuck in
the LGE (cortex: 23.99 + 3.44%, LGE: 76.01 £ 3.44%, 17 slices from 5 brains, p<0.001; Fig.
1C, C’, D).

The truncated form of DISC1 that was found in a Scottish pedigree has been described as
dominant negative (Kamiya et al., 2005). Transfecting MGE cells with expression vectors for
shortened murine DISC1 led to a significant decrease in the number of cells in the cortex after
3 days in utero (cortex: 34.55 + 2.58%, LGE: 65.45 £+ 2.58%, 25 slices from 7 brains, p<0.001
compared to control; Fig. 1D). However, with 35% of cells reaching the cortex, truncated
DISC1 caused a weaker migration defect compared to the DISC1 knockdown by miRNA.

As our previous results showed alterations in the cell morphology after DISC1 miRNA ex-
pression (Steinecke et al., 2012), we analyzed the processes of transfected cells that had left
the MGE and reached the LGE after 3 days in vivo. In accordance with this earlier study, cells
that expressed DISC1 miRNA or a short form of DISC1 exhibited prolonged leading process-
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es compared to control transfected cells (control: 38 + 4 um, 27 cells; DISC1 miRNA: 51 £ 5
um, 24 cells, p<0.05; short DISC1: 59 £ 5 um, 27 cells, p<0.01; Fig. 2A, 2B).

Thus using a reporter construct for Lhx6 positive cells we could demonstrate that DISC1 is an
essential component for the correct migration of cortical interneurons in the intact brain.
Knockdown of DISC1 as well as the expression of a dominant negative form led to a delayed
migration after 3 days in vivo. Considering that for technical reasons we could only analyze
cells that were able to leave the MGE after transfection, the migration abnormalities caused
by DISCI1 deficiency might be even more pronounced than described here.

Dynamics of soma translocations after DISC1 knockdown in cortical interneurons

To understand the underlying cellular mechanism of how DISCI regulates interneuron migra-
tion we went back from the in vivo approach to in vitro systems. Therefor we injected plasmid
solution into the MGE of preparated hemisphires and electroporated them ex utero. After-
wards single cells were generated and cultured on cortical feeder-layers. Using time-lapse
video microscopy to visualize the complex migration behavior of interneurons it was possible
to analyze the dynamic of individual migrating cells on a two-dimensional substrate. Fig. 3A
depicts a typical cell transfected with control miRNA. As illustrated in Fig. 3B, two soma
translocations occurred within the 40 min recording period. In addition, a highly dynamic
growth cone-like structure is visible at the leading process tip exhibiting bifurcations (arrow)
and swellings (arrow head). In contrast, the DISC1 miRNA transfected cell in Fig. 3A’ exhib-
ited a thin, prolonged and less branched leading process and the growth cone-like structure
was greatly reduced compared to control cells. Although swellings (arrow heads) appeared
several times, a soma translocation did not occur. A graphic representation of the trajectories
of these two cells is illustrated in Fig. 3B. Whereas the control transfected cell exhibits the
typical saltatory pattern of interneuron migration, with leading process extension followed by
soma translocation and retraction of the trailing process, there was almost no translocation of
the DISC1 deficient interneuron, while the leading process was constantly moving. Consist-
ently, in contrast to the control, no trailing process was identifiable in these cells (Fig. 3A”).

Analyzing all cells monitored within 40 min we found a significant reduction of soma translo-
cations after DISC1 knockdown. About half of the control cells performed at least one soma
translocation within the 40 min recording period (30 out of 65), whereas only 14 out of 69
DISCI1 deficient neurons exhibited a soma translocation. The mean number of soma transloca-
tions was 0.6 + 0.1 after transfection with control miRNA and 0.2 + 0.1 after transfection with
DISC1 miRNA (p<0.001; Fig. 3C). In accordance with this observation, the mean velocity of
DISC1 deficient interneurons (19 + 1 um/h) was significantly lower than for control neurons
(33 + 2 um/h; p<0.001, Fig. 3D). However, when translocations occurred in DISC1 deficient
interneurons, this arose at the same speed as in control cells (control miRNA: 30 + 2 um/h ,
30 cells; DISC1 miRNA: 32 + 2 um/h , 14 cells; p>0.05, n.s.; Fig. 3E).

In conclusion, after DISC1 knockdown MGE-derived interneurons display less soma translo-
cations on a cortical feeder-layer than control cells. The velocity of soma translocation is not
altered in DISCI deficient interneurons, suggesting that their migration defects are caused by
alterations of the intracellular coordination between several components of the migration ma-
chinery.

Dynamics of the actin cytoskeleton after DISC1 knockdown in cortical interneurons

Previous studies provided evidence that the actin cytoskeleton is essential for glia-
independent migration of neurons, exerting pushing and/or pulling forces (He et al., 2010;
Martini and Valdeolmillos, 2010). Therefore we examined the distribution of actin and DISC1
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at the subcellular level in cortical interneurons. For this phalloidin staining of interneurons
migrating in a 3D substrate of plasma was used to label filamentous (F)-actin in combination
with DISC1 immunostainings using an antibody raised against a peptide mapping near the N-
terminus of the DISC1 protein. Confirming our previous results (Steinecke et al., 2012), both
DISC1 and F-actin were located behind the nucleus and in the tips of the leading processes
(Fig. 4A). Within the growth cone-like structure, DISCI is in front of F-actin in the filiopodia,
as illustrated at high magnification in Fig. 4B.

To monitor actin dynamics in migrating interneurons we performed time-lapse video micros-
copy of actin-RFP expressing MGE cells on a cortical feeder layer. In this experiment, the
fluorescence RFP signal reports both globular (G-) actin as well as F-actin. However, counter-
staining of transfected cells with phalloidin indicated that highly condensed RFP indicates
predominantly F-actin (Lee et al., 2013). Our time-lapse movies reveal that during migration
on cortical feeder-layers dynamic condensations of actin filaments occurred within the cell
soma as well as in the leading process tip of interneurons. F-actin signals appeared in front of
the nucleus and moved sidewise to the back during soma translocation (Fig. 4C and supple-
mentary movie). Within the highly dynamic growth cone-like structure accumulation of actin-
RFP occurred frequently.

The growth cone-like structure of interneurons is more elaborated than in radial migrating
cortical projection neurons (Rakic, 1971; Bellion et al., 2005). It has been demonstrated that
severing the tip of the leading process or restricting its dynamics stopped soma translocation
(He et al., 2010). To study if DISC1 knockdown induced alterations of the actin cytoskeleton
we analyzed the growth cone-like structure of fixed control miRNA and DISC1 miRNA ex-
pressing interneurons and compared their relative fluorescence intensities. In DISC1 deficient
cells phalloidin staining was considerably less intense than in control miRNA transfected cells
(control miRNA/untransfected: 1.21 + 0.07, 78 cells; DISC1 miRNA/untransfected: 0.81 *
0.04, 73 cells; p<0.001; Fig. 5A, 5E) indicating a decrease of F-actin in the leading process
tips. To examine whether this reduction of filaments resulted from a decline in protein levels
we performed immunocytochemistry using a pan antibody, binding both to G- and F-actin.
There was no difference in the fluorescence intensities between cells expressing control or
DISC1 miRNA (control miRNA/untransfected: 1.03 * 0.05, 43 cells; DISCl1 miR-
NA/untransfected: 1.05 + 0.04, 57 cells; n.s. p>0.05, n.s.; Fig. 5B, 5E).

Previous studies indicated that Girdin (girders of actin filaments) is one of the many interac-
tion partners of DISCI1, which cross-links actin filaments (Enomoto et al., 2006; Enomoto et
al., 2009). Moreover, it has also been demonstrated that Girdin is a regulator of neuroblast
chain migration in the rostral migratory stream of the postnatal brain and the number of corti-
cal interneurons is significantly decreased in Girdin” mice compared with wild-type animals
(Wang et al., 2011). We therefore analyzed the amount of activated, phosphorylated Girdin
(pGirdin) in leading process tips of cortical interneurons. After DISC1 knockdown the
pGirdin signal was reduced by 30% compared to control levels (control miR-
NA/untransfected: 1.32 + 0.97, 44 cells; DISC1 miRNA/untransfected: 0.91 + 0.70, 42 cells; *
p<0.05; Fig. 4C, 4E).

Although DISC1 was discovered as a binding partner of Girdin, so far there is no evidence
that DISC1 directly activates Girdin. However, one known activator of Girdin is Akt, also
known as protein kinase B (PKB), a serine/threonine kinase. Activated Akt (pAkt) phosphory-
lates serine at position 1416 in Girdin, and activated pGirdin accumulates at the leading edge
of migrating cells (Enomoto et al., 2005; Enomoto et al., 2009). Therefore we examined the
effect of DISCI knockdown on pAkt levels in the growth cone-like structure of migrating
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cortical interneurons and found a significant reduction compared to control cells (control
miRNA/untransfected: 1.19 + 0.08, 56 cells; DISC1 miRNA/untransfected: 0.97 + 0.07, 56
cells; p<0.05; Fig. 4D, 4E).

Taken together, these results indicate that leading process tips of DISC1 deficient interneu-
rons display lower F-actin levels compared to control. The decrease of activated forms of
Girdin and Akt, which are responsible for the cross-linking of actin filaments, supports the
idea that DISC1 knockdown influences the actin cytoskeleton in the growth cone-like struc-
tures of migrating interneurons and thereby interferes with their migration.

Alterations of microtubules of DISC1 deficient cortical interneurons

So far we analyzed the effects of a DISC1 knockdown on the actin cytoskeleton in the leading
process tip. But the growth cone-like structure is unlikely characterized by actin only. In ax-
onal growth cones different forms of actin are functionally linked to microtubules which also
play an essential role during growth cone dynamics. Immunostaining of MGE cells migrating
in a 3D substrate revealed that the leading process shaft is completely filled with microtubules
which partially enter the growth cone-like structure where DISC1 is expressed (Fig. 6, Stei-
necke et al., 2012). This as well as the oberserved alterations of the leading process morphol-
ogy (Fig. 2, Steinecke et al., 2012) imply effects on the microtubule cytoskeleton after DISC1
knockdown. We therefore analyzed the microtubule cytoskeleton in DISC1 deficient cells.

First, we examined the overall tubulin level of NIH3T3 that were transfected with control or
DISC1 miRNA encoding vectors using western blot analysis. Reduction of DISC1 led neither
to an increase nor a decrease of tubulin on the protein level in those cells (data not shown).

As the tubulin level seemed not to be changed, we investigated the effect of the DISC1
knockdown on microtubule polymerization and network integrity. For this we visualized the
microtubule cytoskeleton in NIH3T3 fibroblasts and performed time lapse video microscopy.
Using fluorescence-tagged tubulin we were able to monitor the whole microtubule cytoskele-
ton of living miRNA expressing fibroblasts. Like under control conditions DISC1 deficient
cells displayed a compact and shape filling tubulin network involving elongated and curled
regions with stable as well as dynamic microtubules. Conspicuities like microtubules that did
not reach the cell cortex or instable microtubules that were consistently retracted could not be
observed. (Fig. 7A)

Next we analyzed the velocity of tubulin polymerization using GFP-tagged EB3 (end-binding
protein 3). This microtubule binding protein is specifically associated with the ends of grow-
ing microtubules and therefor enables the visualization of microtubule growth in living cells
(Stepanova et al., 2003). Analyzing these EB3-GFP signals that appear over time (“shooting
stars”’) we found no difference between control and DISC1 miRNA expressing NIH3T3 fi-
broblasts which means neither an increased nor a reduced velocity of microtubule polymeriza-
tion after DISC1 knockdown (Fig. 7B, 7C; control miRNA: 62.5 = 2.8 nm/s, 100 shooting
stars, 14 cells; DISC1 miRNA: 56.8 £ 4.1 nm/s, 90 shooting stars, 15 cells; n.s. p>0.05).

In growing axons the stabilization of microtubules plays an essential role in the correct
movement of the growth cone. Stable bundles of microtubules fill the axon shaft and extend
into the growth cone. There they are belt by actin arcs and stabilized by microtubule-
associated proteins. Single dynamic filaments reach out of the stable bundles and explore the
periphery. Since dynamic microtubules act as guidance sensors, stable bundles are necessary
for axonal forward movement. Locally induced stabilization and dynamic are required for
growth cone turning and branching. (reviewed in Lowery and Van Vactor, 2009; Kalil and
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Dent, 2014). To examine whether a DISC1 knockdown effects the selective stabilization of
microtubules in the growth cone-like structure of migrating interneurons, we analyzed the
acetylation of microtubules in fixed MGE cells. Although this post-translational modification
seems not the have an influence on polymerisation or depolymerisation of microtubules by
itself, it is presumed to be a marker for stabilization (Schulze et al., 1987; Westermann and
Weber, 2003). We performed immunocytochemistry on MGE cells and found a significant
decrease of acetylation at the distal end of the leading process after DISC1 knockdown. In
control cells from the cell body into the growth cone-like structure. In DISC1 deficient cells
only 87% of the leading process length from the cell body towards the leading process tip was
acetylated (Fig. 8A, 8B; control miRNA: length of acetylated tubulin signal relative to the
leading process length: 0.96 + 0.01, 48 cells; DISC1 miRNA: length of acetylated tubulin
signal relative to the leading process length: 0.87 £ 0.02, 52 cells; *** p<0.001). Thus stable
microtubule bundles are no longer reaching into the growth cone-like structure in DISC1 defi-
cient cortical interneurons.

Taken together, in interneurons with decreased DISC1 levels microtubule stabilization is re-
duced at the leading process tip where stable microtubule bundles reach into the growth cone-
like structure. This effect seems not to be mediated by altered polymerization and dynamic of
microtubules.



Manuskripte 36

Discussion

More than a decade after the first description of DISCI as a susceptibility gene for major psy-
chiatric disorders, multiple studies attempted to trace its potential functions during brain de-
velopment. It has become clear that DISCI is crucial for the correct development of several
telencephalic structures by regulation e.g. cell division, synapse formation or neuronal migra-
tion (reviewed in Brandon et al., 2009; Soares et al., ; Narayan et al., 2013). Using a variety of
in vitro assays, in our previous study we found evidence that DISC1 knockdown by RNA
intereference results in a migration defect of MGE-derived cortical interneurons (Steinecke et
al., 2012). Here we first demonstrate that DISCI1 is essential for the proper tangential migra-
tion of cortical interneurons in vivo. We then examined that underlying cellular and molecular
mechanisms that lead to the migration defects of DISC1 deficent interneurons. Our results
indicate that DISC1, via interactions with Akt and Girdin, influences network structure and
stabilization of actin filaments. In addition, DISC1 also influences the stability of microtubles
but had no effect microtubule polymerization.

DISC1 plays a critical role in tangential migration of cortical interneurons

Although some DISC1 models have been generated (Cash-Padgett and Jaaro-Peled, 2013), up
to now there is no DISC1 knockout mouse available to study directly the potential of DISC1
during brain development. Therefore we used RNA interference techniques to study the im-
pact of DISC1 on neuronal migration. By performing in utero electroporation we were able to
reduce the level of DISCI in cells of the ganglionic eminences at a defined time point during
development. It has been claimed that it is possible to aim exclusively the MGE with this
technique (Borrell et al., 2005). However, we and others were not able to restrict the transfec-
tion region to this part of the eminences, but rather almost always got many labeled cells in
the basal as well as in the dorsal telencephalon after electroporation (Bai et al., 2008; Stei-
necke et al., 2012). To overcome this problem and to analyze only MGE-derived cells we
used a marker that is expressed exclusively in Lhx6" cells, a transcription factor specific for
postmitotic cortical interneurons generated in the MGE. This was confirmed by injecting
plasmids in the MGE and cortex in brain slices. After electroporation, labeled neurons were
only found in the MGE and not in the dorsal telencephalon. Using this approach, we found
that after DISC1 knockdown fewer interneurons reached the cortex compared to control trans-
fected cells. Similar experiments with a dominant-negative form of DISC1 also lead to migra-
tion defects, although they have been less pronounced compared to DISC1 knockdown.

Previous studies found abnormal migration after DISC1 knockdown in cortical projection
neurons which migrate radially from the ventricular zone into the developing cortical plate
(Kamiya et al., 2005; Kubo et al., 2010; Young-Pearse et al., 2010). Delayed migration has
also been described for DISC1 deficient neurons in the developing hippocampus (Meyer and
Morris, 2009; Tomita et al., 2011). Surprisingly, in the adult hippocampus, newly generated
neurons over-migrated their target after DISC1 knockdown (Duan et al., 2007; Enomoto et al.,
2009; Kim et al., 2009). Thus DISC1 seems to have opposite effects on neuronal migration of
developing and adult hippocampal neurons. Finally, DISC1 seems to have no impact on post-
natal neuroblast migration within the rostral migratory stream (Wang et al., 2011). Thus the
influence of DISC1 on neuronal migration appears to be cell type specific and can also de-
pend on the developmental stage of the neurons.

The loss of DISC1 binding partners can also lead to defects in neuronal migration. A promi-
nent example is LIS1 that interacts with DISC1 at the centrosome (Kamiya et al., 2005). LIS1
deficient cortical projection neurons as well as cortical interneurons exhibit a delayed migra-
tion. This is caused by the reduction of the rate of nuclear movement, whereas process exten-
sion remains unaffected, resulting in prolonged and less branched leading processes



Manuskripte 37

(McManus et al., 2004; Nasrallah et al., 2006; Gopal et al., 2010). These results are remines-
cent to effects observed after DISC1 knockdown (Steinecke et al., 2012, present results). The
fact that impairment of LIS1 function results in migration defects and causes lissencephaly
(Kato and Dobyns, 2003) underlines the relevance of DISC1 and its interacting partners dur-
ing brain development.

DISC1 interferes with the actin cytoskeleton in migrating interneurons

Tangential migration of cortical interneurons differs from radial migration in several respects
(reviewed in Nadarajah and Parnavelas, 2002; Marin and Rubenstein, 2003). Unlike cortical
projection neurons, cortical interneurons originate in the ventral telencephalon and therefore
have to migrate over much longer distances to reach their final destination in the developing
cortex. As these cells have to find their way without guidance of glial fibers they exhibit a
distinctive growth cone-like structure at the leading process tip which is thought to “explore”
the environment and make steering decisions. (reviewed in Marin and Rubenstein, 2001). Its
branched and highly dynamic appearance is crucial for interneuron migration (Bellion et al.,
2005; Metin et al., 2006; Valiente and Martini, 2009; He et al., 2010). During tangential mi-
gration cortical interneurons consistently repeat two steps: (I) elongation of the leading pro-
cess and (II) soma translocation combined with elongation stop and branching of the growth
cone-like structure (Bellion et al., 2005). Accordingly, suppression of soma translocation by
blocking the actin-associated motor protein nonmuscle myosin II or inhibition of ROCK, a
Rho effector that regulates myosin II activity results in prolonged and very thin processes
(Bellion et al., 2005; Shinohara et al., 2012). Likewise, in this study knockdown of DISCI1
decreased the number of soma translocations on cortical feeder-layers and caused the elonga-
tion of leading processes.

Several previous studies indicate a crucial role of actin dynamics during soma translocation. It
has been shown that nucleokinesis is associated with a precise pattern of actin condensations
characterized by the initial formation of a cup-like structure at the rear nuclear pole. This is
followed by a progressive actomyosin contraction that drives the nucleus forward and con-
cludes with an actin spot at the base of the retracting trailing process (Bellion et al., 2005;
Martini and Valdeolmillos, 2010; Shinohara et al., 2012). Furthermore, enriched F-actin sig-
nals have been observed in the leading process tip and also in front of the nucleus where they
appear prior to translocation events and move to the direction of the leading process (Shinoha-
ra et al., 2012). It has been proposed that the soma is actively pulled forward by a F-actin flow
along the leading process. This is based on results from migrating cerebellar granule cells
where somal translocation is suppressed by severing the leading process tip and / or local dis-
ruption of F-actin along the leading process. Experiments using localized application of F-
actin stabilizing and destabilizing agents revealed the necessity of actin dynamics especially
within the growth cone-like structure at the leading process tip. In contrast, local perfusion of
actin modulating agents at the cell soma has no effect on nucleokinesis (He et al., 2010). Us-
ing time-lapse video microscopy of actin-RFP expressing MGE cells we found evidence for
both models of pushing and pulling the nucleus forward (Fig. 4C).

Given that actin remodeling is necessary for the correct interneuron migration we investigated
the role of DISC1 on the actin cytoskeleton. For this we analyzed the leading process tips af-
ter DISC1 knockdown and found less F-actin in the growth cone-like structure compared to
control cells. This result is comparable to the effect of a LIS1 knockdown in radially migrat-
ing neurons, which also display a migration defect as described above (Kholmanskikh et al.,
2003). Thus DISC1 seems to have an impact on F-actin remodeling at the leading edge, which
is essential for neuronal migration.
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A binding partner of DISC1 involved in actin remodeling is Girdin (Camargo et al., 2007).
After phosphorylation by Akt it detaches from the cell membrane and cross-links newly built
actin filaments (Enomoto et al., 2006). Currently, there are two different hypothesis about the
role of DISC1 and Girdin in newborn granule cells of the adult hippocampus. According to
(Kim et al., 2009), DISCI1 prevents the interaction of Girdin and Akt and therefor decreases
the activation of Girdin by Akt. In contrast, another study points out the function of DISCI to
localize Girdin in growth cones thereby promoting Girdin activation at the axonal tip (Enomo-
to et al., 2009). Here we show that knockdown of DISC1 caused a reduction of F-actin, acti-
vated Girdin as well as activated Akt in the growth cone-like structure of cortical interneu-
rons. Although it is not clear how DISC1 and Girdin interact, these results indicate a role of
DISCI1 in actin remodeling during tangential migration.

In summary, DISC1 is expressed in the leading process tip as well as in the cell soma mainly
behind the nucleus of migrating MGE cells (Fig. 9, Steinecke et al., 2012) overlapping with
phalloidin stained F-actin. Considering the growth cone-like structure at the end of the leading
process reduced expression levels of DISC1 lead to less F-actin since the over all protein level
of actin is not decreased. Additionally, reduction of active forms of the actin cross-linking
protein Girdin and its activator Akt further confirm the disruption of actin remodeling caused
by DISCI deficiency. This points to the hypothesis that DISC1 knockdown impairs the actin
cytoskeleton in tangentially migrating cortical interneurons, finally resulting in a restricted
ability to perform soma translocations, as depicted in Fig. 9.

Knockdown of DISC1 interferes with microtubule stabilization in leading process tips of
migrating interneurons

In addition to actin, the microtubule cytoskeleton plays an essential role during brain devel-
opment. For glia-guided migrating cells it has been shown that microtubule organization is
not solely responsible for the polarity, but also participates in migration. The centrosome as
the main microtubule organization center is located in front of the nucleus. The correct locali-
zation of centrosome-associated proteins ensures its functionality and is necessary for the ac-
curate radial migration of cortical neurons in the neocortex (Higginbotham and Gleeson,
2007). Microtubules spreading out of the centrosome built a cup-like structure surrounding
the nucleus (Rivas and Hatten, 1995; Xie et al., 2003; Tsai et al., 2007) and reach into the
leading process where they are linked to the cellular cortex (Asada and Sanada, 2010). It has
been suggested that the DISC1 binding partner LIS1 activates the dynein motor complex,
which is necessary for the coupling of the centrosome and the nucleus. During somal translo-
cation the motor complex moves along microtubule fibers and pulls the nucleus forward. Loss
of function of dynein and other components of the motor complex like LIS1 causes uncou-
pling of the centrosome from the nucleus and impairs neuronal migration and positioning
(Shu et al., 2004).

In contrast, several studies found no impact of microtubule dynamics on nucleokinesis during
tangential migration of cortical interneurons (He et al., 2010; Martini and Valdeolmillos,
2010). Thus the microtubule network is necessary basically to build the leading process and to
act as a guide for the nucleus. However, also in tangentially migrating interneurons microtu-
bule-dependent pulling forces in addition to actomyosin-dependent pushing forces have also
been considered (Bellion et al., 2005). Thus, pulling as well as pushing mechanisms are pos-
sible in all migrating neurons whereupon the substrate that has a considerable impact on adhe-
sion, is also crucial for the locomotion of cells (Bellion et al., 2005; He et al., 2010; Martini
and Valdeolmillos, 2010; Luccardini et al., 2013). However, a recent study indicates an im-
portant role of microtubule dynamics in migrating MGE-derived cells. Prior nucleokinesis the
centrosome moves forward along extracentrosomal microtubules into the leading process
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where it docks to the cellular membrane and exposes a primary cilium at the cell surface. Nu-
clear translocation occurs along microtubule bundles comprising extracentrosomal microtu-
bules followed by detaching of the centrosome from the cellular membrane suggesting in-
volvement of the microtubule cytoskeleton in nucleokinesis too (Baudoin et al., 2012).

DISC1 has been described previously to associate with microtubular organization and dynam-
ics. Like LISTI it is a part of the dynein motor complex and accumulates as well as stabilizes
other centrosomal proteins at the centrosome and therefor up-regulates its function. Accord-
ingly, overexpression of LIS1 as well as DISC1 leads to microtubule accumulation in the cell
periphery and knockdown to a disorganized network in COS-7 cells (Smith et al., 2000; Ka-
miya et al., 2005). Additionally to its role in dynein-based microtubule-associated transport,
DISC1 modulates the transport of organelles and components of the cytoskeleton through its
direct interaction with kinesin-1 (Taya et al., 2007; Wang and Brandon, 2011). However,
analyzing assembly and integrity of the microtubule cytoskeleton in DISC1 deficient NIH3T3
fibroblasts we could not observe any impact of DISC1 on microtubule organization. Cells
with reduced expression levels of DISC1 displayed the same microtubule behaviour and EB3
dynamics as control cells indicating no effect on polymerization and depolymerization of mi-
crotubule fibers.

In axonal growth cones, branch formation is initiated by actin and then followed by microtu-
bule invasion. Stabilized microtubule bundles extent into the growth cone where they interact
with actin arcs and actin filaments. Explorative dynamic microtubule fibers reach into the
periphery and respond to guidance cues from the environment. Since complete inhibition of
microtubule dynamics prevents turning of the growth cone, localized stabilization induces
turning (reviewed in Lowery and Van Vactor, 2009; Kalil and Dent, 2014). To identify possi-
ble effects of a DISC1 knockdown on microtubule-based functions of the growth cone-like
structure we analyzed microtubule stabilization in leading processes of MGE cells. Reduced
stabilization at the distal ends of the processes indicates an effect on the functionality of the
steering apparatus as stabilized microtubule bundles do not reach into the growth cone-like
structure. This was also observed in LIS1 deficient interneurons, further confirming the close
relationship between these two proteins (Gopal et al., 2010). How this effect on the microtu-
bule cytoskeleton is mediated and whether it also has an impact on the integration of guidance
cues has to be examined in future studies.
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Figure captions

Fig. 1: DISCI1 is necessary for the correct tangential migration of interneurons in vivo
(A), Schematic of the electroporation strategy. The reporter construct is controlled by the
Lhx6 promotor and labels MGE-derived interneurons. The control and DISC1 miRNA con-
structs were co-electroporated with the reporter vector in a 4:1 ratio.

(B), Photomicrographs of slice cultures that were ex utero electroporated with the Lhx6 re-
porter vector that was co-injected with Alexa555 labeled control siRNA in the cortex as well
as the MGE. The reporter is only activated in the MGE, but not the cortex. Scale bar: 200 um.
(C), Inverted fluorescent micrographs of brain slices after in utero electroporation with control
or DISC1 miRNA constructs as well as the Lhx6 reporter vector. Scale bars: 500 um.

(C’) Higher magnified parts of cortex and LGE demonstrate a different cell distribution after
expression of control or DISC1 miRNA.

(D) Quantification of cells that migrated to the LGE and the cortex resulted in a decreased
number of interneurons that reached the cortex in brains expressing DISC1 miRNA or short
DISC1 compared to control transfected brains. Student’s t test: n.s. p>0.05, *** p<0.001. Er-
ror bars: SEM. “n” reflects the number of slices and “N” the number of brains.

Fig. 2: Knockdown of DISC1 leads to prolonged leading processes in vivo

(A) Photomicrographs of cells after in utero electroporation show alterations in process mor-
pholgy.

(B) Quantification of the neurite length revealed prolonged leading processes after expression
of DISC1 miRNA and short DISC1. Student’s t test: * p<0.05, ** p<0.005. Error bars: SEM.
“n” reflects number of cells.

Fig. 3: DISC1 deficient cells perform less somal translocations in vitro

(A, A’) Time line of interneurons expressing control miRNA (A) or DISC1 miRNA (A’) on a
cortical feeder-layer. Arrow heads indicate swellings, arrows indicate newly built bifurca-
tions. Time intervall 10.5 min. Overlays of the time points 0 min (green) and 40 min (red)
demonstrate the movement of the cells. Scale bars: 20 um.

(B) Graphic representation of the movement of cells mapped under (A) and (A"). Jumps in the
graph indicate somal translocations. In contrast to the control, the DISC1 deficient cells per-
formed no somal translocations within 40 min.

(C) Analysis of somal translocations per cell in 40 min resulted in a decreased number of
translocation in DISC1 deficient cells compared to control cells.

(D) Anaylsis of the migration speed in 40 min shows a reduction after DISC1 miRNA expres-
sion.

(E) Analysis of soma translocation velocity revealed no difference.

Error bars: SEM. Student’s t test: n.s. p>0.05, *** p<0.001, “n” reflects number of cells.

Fig. 4: DISC1 co-localizes with F-actin in migrating interneurons

(A) Fluorescent micrographs of interneurons stained with phalloidin and a-DISC1 antibodies.
Arrows indicate an expression of DISC1 or F-actin behind the nucleus, arrowheads within the
leading process tip. Scale bar: 10 um.

(B) High magnification of a growth cone-like structure reveals the co-localization of DISC1
and F-actin. Scale bar: 5 pm.

(C) Time line of an actin-RFP expressing interneuron migrating on a cortical feeder-layer.
Actin-RFP shows a consistent condensation in the leading process tip (arrowheads) and a dy-
namic condensation in the soma (arrows). During soma translocation actin-RFP spots move
from the initial segment of the leading process to the cell rear. Scale bar: 10 um.
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Fig. 5: Knockdown of DISC1 affects the actin cytoskeleton in migrating interneurons
(A-D) Fluorescence micrographs of DISCl1 miRNA expressing (green) and untransfected
cells stained with phalloidin (A), a-actin (B), a-pGirdin (C), and a-pAkt (D) antibodies.
Frames display the tips of the leading processes. TL: transmitted light. Scale bars: 10 um.

(E) Quantification of the fluorescence intensities of control miRNA as well as DISC1 miRNA
expressing cells. The ratio of the mean grey value (relative fluorescence intensity) of trans-
fected and non-transfected cells was calculated. In their leading process tips DISC1 deficient
cells displayed a weaker phalloidin, pAkt, and pGirdin, but not actin signal. Student’s t test:
n.s. p=0.05, * p<0.05, *** p<0.001. Error bars: SEM. “n” reflects number of cells.

Fig. 6: DISC1 overlaps with microtubules in the growth cone-like structure

Fluorescent micrographs of a migrating interneuron stained with oa-Tubulin as well as o-
DISC1 antibodies. The leading process shaft is free of DISCI1, but filled with tubulin fibers.
TL: transmitted light. Scale bar: 5 pm.

Fig. 7: DISC1 deficient cells exhibit neither alterations in microtubule polymerization
nor integrity

(A) Inverted fluorescent micrographs of NIH3T3 fibroblasts expressing control or DISC1
miRNA as well as Tubulin-GFP. Scale bar: 5 pm.

(B) Time line of NIH3T3 fibroblasts that expressed control or DISC1 miRNA as well as EB3-
GFP. Arrowheads and arrows display EB3-GFP proteins (“shooting stars™) that were followed
over time.

(C) Analysis of the EB3 shooting star velocity showed no difference between control and
DISC1 miRNA expressing NIH3T3 fibroblasts. Student’s t test: n.s. p>0.05. Error bars: SEM.
“n” reflects number of shooting stars.

Fig. 8: Knockdown of DISC1 affects microtubule acetylation in the leading process of
migrating interneurons

(A) Fluorescence micrographs of control and DISCI miRNA expressing interneurons im-
munostained against acetylated Tubulin (acTub). Arrows display the end of the acTub expres-
sion in the leading processes. Scale bars: 5 pm.

(B) Analysis of the acTub signal in the leading process relative to the leading process length.
DISC1 knockdown resulted in a decreased length of acTub compared to control cells. Stu-
dent’s t test: *** p<(0.001. Error bars: SEM. “n” reflects number of cells.

Fig. 9: Model how DISC1 orchestrates the tangential migration of cortical interneurons
(A) Soma translocation during tangential migration. DISC1 co-localizes with F-actin behind
the nucleus and in the growth cone-like structure, where actin forces drive soma translocation.
(B-B’) Interaction of DISC1 with Girdin provides a possible link between DISC1 and actin
reorganization which is necessary for correct soma translocations. In wildtype interneurons
(B), phosphorylated forms of Akt and Girdin lead to cross-linked F-actin. In the absence of
DISC1 (B’), the amount of phosphorylated Akt as well as Girdin is decreased, an effect of
DISC1 on the activation of these proteins. However, according to Kim et al. (2009) it is also
possible that DISC1 is necessary for the proper localization of Girdin in the growth cone-like
structure of migrating cortical interneurons. According to this scenario, a loss of DISCI1
would also cause a reduction of non-phosphorylated Girdin. Although it is not completly clear
how the three proteins DISC1, Akt and Girdin influence each other, reduced F-actin and in-
creased G-actin levels indicate an impact of DISC1 on actin remodeling events resulting in
less stabilized actin filaments.
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4 Abschlussdiskussion

GABAerge cortikale Interneurone sind fundamental fiir die korrekte Funktionalitat des
Gehirns. Sie modulieren die Weitergabe von Informationen durch Projektionsneurone
und synchronisieren deren Aktivitit. Man unterscheidet eine Vielzahl verschiedener
Interneuronensubtypen, die sich hinsichtlich Morphologie, elektrophysiologischem Ver-
halten und Genexpression unterscheiden. (Kepecs & Fishell 2014) Die Ausbildung des
GABAergen Systems wahrend der embryonalen und postnatalen Entwicklung beinhaltet
die Neurogenese in den Proliferationszonen des basalen Grofshirns, die Migration in den
Cortex sowie die vollstandige Differenzierung und Integration in das entstehende neu-
ronale Netzwerk. Fehler bei der Entwicklung des GABAergen Systems sind eine mogli-
che Ursache fiir ein unausgeglichenes Verhaltnis von Erregung und Hemmung. Solche
Veranderungen in der Balance von Inhibition und Exzitation wurden bei psychischen
Erkrankungen, wie beispielsweise Schizophrenie, nachgewiesen und liefern Erklarungs-
ansatze fiir die Symptome der Patienten. Man geht diesbeziiglich davon aus, dass der
Grundstein fiir das Ausbilden solcher Erkrankungen bereits wahrend der Entwicklung
des Gehirns gelegt wird und spatere Einfliisse zu deren Ausbruch fiihren kénnen. (Lewis
& Levitt 2002; Marin 2012; Inan et al. 2013)

In der vorliegenden Arbeit wurde die Rolle von DISCI, einem Risikogen fiir Schizo-
phrenie und dhnliche Erkrankungen (Porteous et al. 2006), bei der tangentialen Migrati-
on corticaler Interneurone, einem wesentlichen Schritt bei der Entwicklung des GABA-
ergen Systems, untersucht. Es konnte gezeigt werden, dass eine verringerte Expression
von DISC1 zu einem Defekt bei der Migration fiihrt, welcher méglicherweise durch Ver-

anderungen bei der Aktin-Reorganisation hervorgerufen wird.

4.1 DISC1 istin tangential migrierenden cortikalen Interneuronen expri-

miert

In bisherigen Expressionstudien konnte nicht belegt werden, dass DISC1 wahrend der
Embryonalentwicklung im basalen Telencephalon vorhanden ist. Daher war es zunachst
notwendig, die Expression in postmitotischen Zellen der MGE an E14,5, dem Hohepunkt

der Interneuronmigration, nachzuweisen. In Anlehnung an vorherige Veroffentlichun-
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gen diente der adulte Hippocampus dabei als Positivkontrolle (siehe Anhang A1 und A2;
Austin et al. 2004; Schurov et al. 2004). Uber RT-PCR unter Verwendung zweier unab-
hangiger Primer-Paare (siehe Anhang A3) sowie In-Situ-Hybridisierung an coronalen
Hirnschnitten konnte die DISC1-mRNA im basalen Teil des embryonalen Grof3hirns auf-
gezeigt werden. Der Nachweis des DISC1-Proteins erfolgte daraufhin mittels Immunhis-
to- sowie Immuncytochemie. Doppelmarkierungen mit Lhx6 und Calbindin bestdtigten
dabei, dass es sich bei DISC1+ Zellen tatsachlich um cortikale Interneurone handelt.

Da die subzelluldre Verteilung Hinweise auf die Funktion eines Proteins gibt, erfolgte
eine Antikorperfarbung an vereinzelten Interneuronen der embryonalen MGE. Diese
zeigt eine DISC1-Expression in den Spitzen des Fiihrungsfortsatzes und im Zellsoma,
wobei DISC1 vor allem hinter dem Zellkern lokalisiert ist. Dies deutet auf Interaktionen
mit anderen cytosolischen Bestandteilen hin, so dass DISC1 durchaus Einfluss auf die

Migration haben konnte.

Um die Funktion von DISC1 untersuchen zu kénnen, wurde im Folgenden das Protein-
level von DISC1 mittels RNA-Interferenz (RNAi) gesenkt und die daraus resultierenden
Defekte analysiert. Grundlage der RNAi-Methode ist der Abbau von mRNA aufgrund
komplementarer doppelstrangiger RNA. Dieser Mechanismus erméglicht es Zellen, exo-
gene RNA, die durch Pathogene eingebracht wurde, zu eliminieren und mittels endoge-
ner Micro-RNAs (miRNAs) die Genexpression wahrend der Entwicklung und Differen-
zierung zu regulieren. (Kim & Rossi 2007) Fiir das Herunterregulieren der DISC1-
Expression wurde ein Ausschnitt der DISC1-mRNA als miRNA-Sequenz gewahlt, der be-
reits in einer anderen Studie Verwendung fand (Kamiya et al. 2005). Dieser wurde in
einen kommerziellen Vektor eingefligt, der fiir eine effektive Prozessierung der miRNA
optimiert wurde und zusatzlich fir EGFP als Transfektionsmarker kodiert (Invitrogen).
Als Kontrolle erfolgte die Transfektion mit einem Kontroll-miRNA-Vektor, dessen
miRNA keiner bekannten mRNA dhnelt. Damit wurde sichergestellt, dass die Transfekti-
on der Zellen oder die Expression von EGFP bei den anschlief3enden Experimenten nicht

zu Effekten fihrte.
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4.2 Interneurone mit vermindertem DISC1-Level zeigen einen Migrati-

onsdefekt

Zahlreiche Studien haben den Einfluss von DISC1 auf die Migration neuronaler Zellen
untersucht. Demnach fiihrt das Herunterregulieren von DISC1 im embryonalen Cortex
von Mausen und Ratten zu einer verminderten radialen Migration cortikaler Projekti-
onsneurone (Kamiya et al. 2005; Young-Pearse et al. 2010; Kubo et al. 2010). Auch im
embryonalen Hippocampus fiihrt ein Mangel an DISC1 zu Defiziten bei der Migration
(Meyer & Morris 2009; Tomita et al. 2011). Gegensatzliche Effekte zeigen sich jedoch bei
neugeborenen Neuronen im adulten Hippocampus. Unter DISC1-Mangel migrieren diese
Zellen Uberraschenderweise weiter als unter Kontrollbedingungen (Duan et al. 2007;
Enomoto et al. 2009; Kim et al. 2009). Dagegen scheint DISC1 bei der ebenfalls postnatal
ablaufenden Neuroblasten-Migration auf dem rostralen Migrationsweg (Richtung olfak-
torischen Bulbus) keine Rolle zu spielen (Wang et al. 2011). Diese Ergebnisse deuten auf
unterschiedliche Einfliisse von DISC1 innerhalb verschiedener Zelltypen und Entwick-
lungsphasen hin. Allerdings ist es auch méglich, dass das Ausmafs der beobachteten Ef-
fekte davon abhangt, wie stark das DISC1-Proteinlevel verringert wurde. Dies wird bei
Studien zur embryonalen Entwicklung des Hippocampus deutlich. Wahrend zunachst
ein Migrationsdefekt als Folge eines verminderten DISC1-Levels nur bei Kérnerzellen
nachgewiesen wurde (Meyer & Morris 2009), zeigten spatere Untersuchungen auch Ef-
fekte auf Pyramidenzellen. Dabei gehen die Autoren davon aus, dass die Effizienz des
urspriinglich verwendeten RNAi-Konstruktes nicht ausreicht, um in diesen Zellen einen
Effekt hervorzurufen. (Tomita et al. 2011) Dies deutet darauf hin, dass verschiedene
Zelltypen unterschiedlich auf eine verminderte DISC1-Expression reagieren. So sind
hippocampale Kornerzellen anfilliger fiir geringe Veranderungen in der DISC1-
Expression, wahrend die Pyramidenzellen erst bei grofieren Protein-Schwankungen
Storungen bei der Migration aufweisen.

In der vorliegenden Studie wurde erstmals ein Einfluss von DISC1 auf die tangentiale
Migration cortikaler Interneurone gezeigt. Daflir wurde der Effekt einer verminderten
DISC1-Expression zunichst in vitro an MGE-Explantaten untersucht, wobei signifikant
mehr kontrolltransfizierte Zellen aus den Gewebeverbunden auswanderten als Inter-
neurone, die DISC1-miRNA exprimierten. Um Effekte durch die Interaktion der DISC1-
miRNA mit anderen Zellbestandteilen auszuschliefien, wurde ein sogenanntes Rescue-

Experiment durchgefiihrt. Hierzu wurden die MGE-Zellen zusatzlich mit einem Vektor
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transfiziert, der fiir humanes DISC1 kodiert. Dessen mRNA wird aufgrund von Sequenz-
unterschieden zur murinen DISC1-mRNA trotz miRNA-Expression nicht abgebaut (Ka-
miya et al. 2005; Young-Pearse et al. 2010). So konnte die Anzahl derjenigen Zellen, die
das Explantat verlief3en, wieder erhoht werden, wodurch die verringerte DISC1-
Expression als Ursache fiir den Migrationsdefekt bestatigt wurde. Es kann demnach ge-
schlussfolgert werden, dass DISC1 eine notwendige Komponente fiir die korrekte tan-
gentiale Migration cortikaler Interneurone aus der MGE darstellt.

Auch in Schnittkulturen, die den Zellen eine physiologischere Migrationsumgebung
bieten, zeigten Interneurone mit einem DISC1-Defizit einen Migrationsdefekt. Um artifi-
zielle Einfliisse von In-Vitro-Versuchen ausschlieféen zu kénnen, war jedoch auch der
Nachweis in vivo notwendig. In diesem Zusammenhang kam die Methode der In-Utero-
Elektroporation zum Einsatz, wobei lebenden Embryonen die Vektor-Losung in die
Ventrikel injiziert wird. Anschlieféend wird tiber Elektroden ein elektrisches Feld ange-
legt, wodurch die Zellen der Ventrikularzone Poren bilden. Aufgrund ihrer negativen
Ladung werden die Vektoren in Richtung des positiven Pols beschleunigt und gelangen
durch die gedffneten Poren in die Zellen. Nach Borrell et al. (2005) ist es dabei méglich,
ausschliefdlich Zellen der MGE zu manipulieren, indem die Elektroden in einem be-
stimmten Winkel an den embryonalen Kopf gehalten werden. Anderen Arbeitsgruppen
(vgl. Gelman et al. 2009) war dies jedoch nicht méglich. Um dennoch den Einfluss einer
verminderten DISC1-Expression auf die tangentiale Migration von Interneuronen aus
der MGE in vivo untersuchen zu konnen, wurde das EGFP aus den miRNA-Vektoren ent-
fernt und stattdessen ein zusatzliches Reporter-Konstrukt in die Zellen eingebracht. Die-
ses wurde so konstruiert, dass aufgrund der Expression von EGFP unter dem Lhx6-
Promotor ausschliefdlich Zellen aus der MGE markiert wurden (Du et al. 2008; Lavdas et
al. 1999). Durch die Elektroporation der Ventrikularzone der MGE an E13,5 - also einen
Tag vor dem Hohepunkt der Interneuronenmigration - konnte sichergestellt werden,
dass keine migrierenden Neurone markiert wurden, welche die MGE bereits verlassen
hatten. Wie bei den In-Vitro-Versuchen wiesen Interneurone mit verringertem DISC1-
Proteinlevel nach drei Tagen in utero einen Migrationsdefekt auf. Im Vergleich zur Kon-
trolle erreichten weniger Zellen den Cortex und verblieben nach Verlassen der MGE in
der LGE. Diese Experimente veranschaulichen, dass DISC1 auch unter physiologischen
Bedingungen im lebenden, sich entwickelnden Embryo Einfluss auf die Migration corti-
kaler Interneurone der MGE hat. Die Wahl der Methode fiel dabei auf die In-Utero-

Elektroporation, weil die eine zeit- und ortsspezifische Transfektion von Zellen im le-
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benden Gehirn ermdéglicht, ohne eine Immunantwort (z.B. durch Transfektion mittels
Viren) oder eine veranderte Regulation zahlreicher weiterer Gene (bei transgenen

Mauslinien) hervorzurufen.

Mit Hilfe von RNAi wurde die Expression von DISC1 verringert. Dies entspricht aber
nicht den pathologischen Formen, die in Schizophreniepatienten bisher gefunden wur-
den. So wurde das DISC1-Gen in einer schottischen Familien aufgrund einer chromoso-
malen Translokation entdeckt. Infolge dieser Translokation wird eine verkiirzte Form
des DISC1-Proteins gebildet, welcher C-terminale Doménen fehlen. Aufgrund der ver-
kiirzten Aminosauren-Abfolge ist die Funktionalitit des Proteins eingeschrankt. Zusatz-
lich wirkt es sich dominant-negativ auf das DISC1-Protein aus, welches auf dem anderen
Allel korrekt kodiert wird. Dies hat einen Defekt bei der Migration cortikaler Projekti-
onsneurone zur Folge, der dem eines mafdig verminderten DISC1-Levels entspricht.
(Kamiya et al. 2005) In der vorliegenden Studie konnte erstmals ein Effekt dieses ver-
kirzten Proteins auf die Migration cortikaler Interneurone gezeigt werden. Auch hier
war der Migrationsdefekt geringer ausgepragt als unter Verwendung von RNAi. Doch
nicht nur drastische Verdnderungen am Protein, sogar einzelne Punktmutationen im
DISC1-Gen koénnen zu negativen Effekten fiihren. So zeigt ein Mausmodell mit einer
DISC1-L100P-Mutation ebenfalls eine eingeschrankte tangentiale Migration wahrend
der Embryonalentwicklung (Lee et al. 2013). Zusammen mit den zuvor erwdhnten Er-
gebnissen lasst dies darauf schlief3en, dass DISC1 eine essentielle Rolle bei der Migration

cortikaler Interneurone spielt.

4.3 Unter DISC1-Mangel vollziehen Interneurone weniger somale

Translokationen

Neben einer verminderten Migration zeigen die Interneurone mit einem DISC1-Mangel
sowohl in vitro als auch in vivo morphologische Veranderungen. Im Vergleich zu Zellen
der Kontrollgruppe weisen sie einen ldngeren, aber weniger verzweigten Fiihrungsfort-
satz auf. Dieser stellt eine besondere Struktur dar, die wiahrend des Migrationsvorgan-
ges gebildet wird. Treten morphologische Veranderungen auf, weisen sie auf Abwei-
chungen im Migrationsmodus hin. Nach Bellion et al. (2005) besteht die Migration corti-

kaler Interneurone aus zwei Schritten: der somalen Translokation und dem Auswachsen
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des Filihrungsfortsatzes. Dementsprechend fiihrt die Inhibition der somalen Transloka-
tion zu verlangerten Fiihrungsfortsatzen (Shinohara et al. 2012). Die durch den DISC1-
Mangel verursachten morphologischen Veranderungen kénnten daher die Folge einer
reduzierten Anzahl an Translokationen sein. Um dies zu belegen, wurde die Migration
einzelner Interneurone in Co-Kulturen mit cortikalen Zellen beobachtet. Wenn sie
DISC1-miRNA exprimierten, vollfiihrten sie seltener somale Translokationen als unter
Kontrollbedingungen. Obwohl Anschwellungen im Fiihrungsfortsatz zusehen waren,
erfolgte keine Nucleokinese. Demzufolge war in den meisten Fallen auch kein nachhén-
gender Fortsatz erkennbar. Betrachtet man allerdings die Geschwindigkeit, welche die
Zellen fiir eine somale Translokation bendtigten, so zeigt sich kein Unterschied. Diese
Ergebnisse weisen darauf hin, dass der Migrationsdefekt, der bei einem DISC1-Mangel
beobachtet werden kann, aufgrund einer verminderten Anzahl an somalen Translokati-
onen zustande kommt. In Anlehnung an die zuvor erwahnten Veréffentlichungen, konn-

ten die verldangerte Fiihrungsfortsatze eine Folge davon sein.

Die Bedeutung von DISC1 bei der Migration wird durch Effekte, die infolge des Verlusts
von DISC1-Interaktionspartnern entstehen, verdeutlicht. Das prominenteste Beispiel
hierfiir ist das Protein LIS1 (Lissencephaly1). Wie bei DISC1-Mangel fiihrt eine vermin-
derte Expression von LIS1 zu einem Migrationsdefekt bei cortikalen Projektions- und
Interneuronen, welcher durch eine verringerte Anzahl somaler Translokationen hervor-
gerufen wird. Auch in diesem Fall weisen die Zellen ldngere und wenig verzweigte Fiih-

rungsfortsatze auf. (McManus et al. 2001; Nasrallah et al. 2006; Gopal et al. 2010)

4.4 Der Einfluss von DISC1 auf das Aktin-Cytoskelett

Zellen bewegen sich aufgrund von Polymerisations- und Depolymerisationsprozessen
einzelner Cytoskelettkomponenten sowie mit Hilfe von Cytoskelett-assoziierten Motor-
proteinen. So realisiert das Cytoskelett auch die Nucleokinese in migrierenden Interneu-
ronen. Es wird davon ausgegangen, dass die Polymerisation von Aktin und das Ansetzen
von Motorproteinen an Aktinfilamenten fiir das Aufbringen der erforderlichen Kraft zu-
standig ist. In diesem Zusammenhang werden verschiedene Mdéglichkeiten diskutiert, an
welcher Stelle die Kraft zur Bewegung des Zellkern aufgewendet wird. Diverse Studien

beschreiben das Ausbilden eines Aktin-Netzwerkes, welches sich vor der Nucloekinese
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hinter dem Kern formiert. Eine Aktin-Kontraktion, die tiber das Motorprotein MyosinII
realisiert wird, fiihrt anschlieffend dazu, dass der Kern nach vorn geschoben wird. Blo-
ckiert man die Myosinll-Aktivitdt, kommt es zu einem Migrationsstopp. (Bellion et al.
2005; Martini & Valdeolmillos 2010)

Aktin-Kondensationen wurden aber auch vor dem Kern beobachtet (Shinohara et al.
2012). Nach He et al. (2010) sind diese entscheidend fiir die Nucleokinese. Im Gegensatz
zu anderen Studien untersuchte diese Gruppe die Migration von Kérnerzellen des Klein-
hirns, indem sie Aktin-modulierende Chemikalien direkt an bestimmte Zellstrukturen
applizierte. Dabei stellte sich heraus, dass Veranderungen des Aktin-Cytoskeletts inner-
halb des Fiihrungsfortsatzes zum Abbruch der Migration fiihren. Die Applikation der
Chemikalien am Zellsoma stoppte die Bewegung der Zellen dagegen nicht. Folglich ge-
hen die Autoren davon aus, dass die Nucleokinese durch einen vorwarts gerichteten Ak-
tin-Fluss am Fiithrungsfortsatz ermoglicht wird.

In der vorliegenden Studie sollte aus diesem Grund ein besonderes Augenmerk auf Ak-
tin-Kondensationen innerhalb migrierender Interneurone gelegt werden. Mit Hilfe von
Fluoreszenz-markiertem Aktin konnte gezeigt werden, dass diese in der Zelle sehr dy-
namisch verteilt und sowohl vor als auch hinter dem Zellkern zu finden sind. Ebenso
weist die Spitze des Fiihrungsfortsatzes ein starkes Aktin-Signal auf. Diese Ergebnisse
deuten darauf hin, dass ein Kraftaufwand zur Bewegung des Zellkerns sowohl vor als
auch hinter dem Kern - moglicherweise gleichzeitig - zustande kommt.

Neben dem konstanten Aktin-Signal zeichnet sich die Struktur am Ende des Fiihrungs-
fortsatzes, die mit axonalen Wachstumskegeln vergleichbar ist, durch eine starke DISC1-
Expression aus. Daher wurde sie gewahlt, um daran den Einfluss eines DISC1-Mangels
auf das Aktin-Cytoskelett zu untersuchen. Wahrend das Aktin-Proteinlevel unverandert
blieb, nahm die Menge an filamentésem Aktin ab. Dies deutet darauf hin, dass DISC1
keinen Einfluss auf die Expression von Aktin, aber dessen Organisation hat. Es konnte
damit gezeigt werden, dass eine verminderte DISC1-Expression das Aktin-Cytoskelett
beeintrachtigt. Diese Beobachtung deckt einen potentiellen Mechanismus auf, wie ein
Mangel an DISC1 zu dem beobachteten Migrationsdefekt fiihren kann.

Ein moglicher Mediator dieser Funktion von DISC1 auf die Aktin-Organisation ist Gir-
din. Dieser Bindungspartner von DISC1 liegt zunachst an die Zellmembran gebunden
vor. Nach der Aktivierung durch das Protein Akt 16st es sich aus der Membran und ver-
netzt Aktin-Filamente. Der funktionelle Zusammenhang der drei Faktoren DISC1, Girdin

und Akt wird bisweilen kontrar diskutiert. Demnach konnte DISC1 entweder fur die Lo-
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kalisation von Girdin zustdndig sein und somit die Vernetzung von F-Aktin férdern (E-
nomoto et al. 2009) oder die Aktivierung von Girdin durch Akt und damit die Vernet-
zung von Aktin-Filamenten verhindern (Kim et al. 2009). In cortikalen Interneuronen
fiihrt eine verminderte DISC1-Expression zum Riickgang beider aktivierten Formen, also
sowohl von Girdin als auch von Akt, in den Spitzen der Flihrungsfortsatze. Damit scheint
DISC1 eher eine aktivierende Funktion auf Girdin und folglich auf die Stabilitat neuge-
bildeter Aktin-Filamente zu haben. Auch wenn noch nicht geklart ist, auf welche Weise
die drei Proteine miteinander interagieren, bekraftigen diese Ergebnisse die Erkenntnis,
dass DISC1 das Aktin-Cytoskelett beeinflusst. Somit wurde ein moéglicher Mechanismus
aufgedeckt, tiber den DISC1 Einfluss auf die tangentiale Migration cortikaler Interneuro-

ne ausiiben konnte.

4.5 Der Einfluss von DISC1 auf das Mikrotubuli-Cytoskelett

Bisher wurde DISC1 hauptsachlich im Zusammenhang mit dem Mikrotubuli-
Cytoskelett beschrieben. So moduliert es als Interaktionspartner von Kinesin-I den
Transport von Organellen und Cytoskelettkomponenten (Taya et al. 2007). Als Bestand-
teil des Centrosom-assoziierten Dynein-Motor-Komplexes spielt es eine Schliisselrolle
bei dessen Organisation und Dynamik. Es stabilisiert den Komplex durch Rekrutierung
verschiedener Proteine (u.a. LIS1) und tragt auf diese Weise zu seiner korrekten Funkti-
on bei. Entsprechend fiihrt die Uberexpression von DISC1 in COS-7-Zellen zu einer Ak-
kumulation von Mikrotubuli in der Zellperipherie. Umgekehrt weisen Zellen, die eine
dominant-negative Form von DISC1 exprimieren, ein vergleichsweise ungeordnetes
Netzwerk auf. (Kamiya et al. 2005; Wang & Brandon 2011) Dagegen zeigte die Expressi-
on von DISC1-miRNA in NIH3T3-Fibroblasten keinen Effekt auf das Mikrotubuli-
Netzwerk. Mit Hilfe von fluoreszenzmarkiertem Tubulin und EB3 wurde das Mikrotubu-
li-Cytoskelett hinsichtlich der Polymerisation und Dynamik analysiert. Das verminderte
DISC1-Level fiihrte zu keinerlei Veranderungen gegentiber der Kontrollgruppe. Bildung
und Integritat des Mikrotubuli-Netzwerkes wurden durch den DISC1-Mangel nicht be-

einflusst.

NIH3T3-Fibroblasten wurden fiir diese Arbeit mehrfach als Modell herangezogen. Ob-

wohl sie sich morphologisch stark von migrierenden Interneuronen unterscheiden, wei-
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sen sie eine vergleichbare DISC1-Verteilung innerhalb der Zelle auf. Dabei ist die Ex-
pression in den Filopodien und Lamellopodien besonders auffillig (siehe Anhang A4).
Dennoch muss darauf hingewiesen werden, dass es sich um ein Modell-System handelt.
Aufgrund unterschiedlicher Arten der Fortbewegung, sind NIH3T3-Fibroblasten nur

eingeschrankt mit migrierenden Interneuronen vergleichbar.

Wie bereits beschrieben, ist der Fiihrungsfortsatz migrierender Neurone eine beson-
dere Struktur. Die dynamische Spitze, deren Verzweigung fiir die Migration notwendig
ist (Martini et al. 2009; Valiente and Martini 2009; Yanagida et al. 2012), wird mit dem
Wachstumskegel eines auswachsenden Axons verglichen. Die stabilisierten Mikrotubuli
des Fortsatzschaftes reichen demnach in die Wachstumskegel-artige Struktur hinein,
wahrend einzelne dynamische Tubulinfasern weiter in die Peripherie hinauslaufen und
auf Lenkungsfaktoren reagieren. Die Stabilisierung der Mikrotubuli ist dann entschei-
dend an der Reaktion der Wachstumskegel-artigen Struktur auf die Faktoren der Um-
welt beteiligt. Dabei wird durch lokal begrenzte Stabilisierung bestimmt, in welche Rich-
tung sich die Fortsatzspitze bewegt. Eine komplette Stabilisierung bewirkt dagegen ein
gerades Auswachsen des Fiithrungsfortsatzes. (Lowery and Van Vector 2009; Kalil and
Dent 2014) Nach dem Herunterregulieren der DISC1-Expression in Interneuronen zeigt
sich eine verringerte Stabilisierung von Mikrotubuli-Fasern am distalen Ende der Fiih-
rungsfortsatze, wie sie auch bei einem Mangel an LIS1 auftritt (Gopal et al. 2010). Wie
dieser Effekt vermittelt wird, muss in anschliefdenden Studien untersucht werden. Eine
Ursache konnte das Zusammenspiel von DISC1 mit anderen Mikrotubuli-modulierenden
Proteinen in der Wachstumskegel-artigen Struktur sein. Ein méglicher Kandidat ist das
Protein MAP1A. Dabei handelt es sich laut Bindungsstudien um einen moglichen Inter-
aktionspartner von DISC1 (Morris et al. 2003). Es bindet sowohl an Aktin als auch an
Mikrotubuli und kontrolliert die Stabilitdat von Mikrotubuli in Neuronen. Der beobachte-
te Effekt muss jedoch nicht direkt durch einen Bindungspartner von DISC1 vermittelt
werden. So wird auch Akt, dessen aktive Form bei einem DISC1-Mangel reduziert ist, mit
der Stabilisierung von Mikrotubuli in migrierenden Zellen in Verbindung gebracht (O-
nishi et al. 2007).

Da Aktin-Krafte zum Realisieren der Nucleokinese als notwendig erachtet werden,
kann durch den Einfluss von DISC1 auf das Aktin-Cytoskelett der beobachtete Migrati-

onsdefekt bei einem DISC1-Mangel erklart werden. Es ist allerdings nicht ausgeschlos-
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sen, dass auch der aufgezeigte Effekt auf das Mikrotubuli-Cytoskelett einen Einfluss auf

die tangentiale Migration ausiibt.

4.6 DISC1 stellt ein Risikogen fiir Schizophrenie dar

Bei Schizophrenie handelt es sich um eine multikausale Erkrankung, iiber deren Pa-
thophysiologie und Pathogenes verschiedene Theorien existieren. Hierzu zahlen die Glu-
tamat-, Dopamin- und Immunhypothese. (Stone et al. 2007; Lang et al. 2007) Auch das
GABAerge System wird vermehrt mit Schizophrenie in Verbindung gebracht. So fand
man in Gehirnen von Schizophreniepatienten u.a. Hinweise auf Veranderungen der An-
zahl bestimmter Interneuron-Subtypen. Auflerdem konnten synaptische Defizite festge-
stellt werden. Diese kénnen den Input auf die Interneurone (z.B. durch eine NMDA-
Rezeptor-Unterfunktion) oder den Output auf andere Neurone (z.B. iiber einen Mangel
am GABA-produzierenden Protein GAD67) betreffen. (Lewis et al. 2005; Marin 2012;
Inan et al. 2013) Diese Ereignisse fliihren zu einer veranderten neuronalen Oszillation,
was die Synchronitat der neuronalen Aktivitat im Gehirn verringert. Das wiederum hat
Einfluss auf die Wahrnehmung und das Verhalten der Patienten. (Lewis et al. 2005; Gon-
zalez-Burgos und Lewis 2008; Lynall et al. 2010; Uhlhaas und Singer 2010)

Dass Verdnderungen der Expression des Risikogens DISC1 zu schizophrenie-
relevanten Phanotypen fiihren, konnte in Mausmodellen gezeigt werden. Dabei weisen
Maduse, die eine dominant-negative Form von DISC1 exprimieren oder deren DISC1-Gen
eine Punktmutation enthalt, sowohl morphologische Verdanderungen als auch Verhal-
tensauffdlligkeiten auf, die mit den Befunden von Schizophrenie-Patienten vergleichbar
sind. Dazu zdhlen zum einen vergroferte laterale Ventrikel, eine verringerte Cortex-
Dicke und ein reduziertes Parvalbumin-Immunsignal. Zum anderen zeigten sich Defizite
beziiglich der Aufmerksamkeit und Informationsverarbeitung, erhohte Immobilitat,
verminderte Kommunikation unter Stressbedingungen und Verhaltensweisen, die mit
depressivem Verhalten beim Menschen verglichen werden. (Hikida et al. 2007; Clapcote

et al. 2007, Shen et al. 2008; Lee et al. 2013)

Die Ergebnisse dieser Arbeit verdeutlichen, dass DISC1 in tangential migrierenden In-
terneuronen der MGE exprimiert ist und ein Mangel an DISC1 zu einem Migrationsde-
fekt fiihrt, der moglicherweise tiber Veranderungen bei der Aktin-Reorganisation her-

vorgerufen wird. Damit wird ein neuer Mechanismus aufgezeigt, iiber den DISC1 die
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Entwicklung des GABAergen Systems beeinflusst und so zur Pathogenese von Schizo-
phrenie beitragen kann. Gleichzeitig starkt dies die These, dass Schizophrenie eine ent-
wicklungsbiologische Erkrankung darstellt (Di Cristo 2007; Jaaro-Peled et al. 2009;
Ayhan etal. 2011).
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5 Zusammenfassung / Summary

5.1 Zusammenfassung

Das Gen Disrupted-in-Schizophrenia 1 (DISC1) wurde in einer schottischen Familie
entdeckt, deren Familienmitglieder eine erhohte Pravalenz fiir Schizophrenie aufweisen.
Aufgrund einer chromosomalen Translokation kommt es zu einer Verkiirzung des Gens
und damit zu einem eingeschrankt funktionsfahigen Protein. Mittlerweile gilt DISCI als
Risikogen fiir verschiedene psychische Erkrankungen, wie Schizophrenie oder Depres-
sion. Um die Entstehung dieser Krankheiten zu verstehen und mégliche Therapieansatze
zu finden, riickte DISC1 in den Mittelpunkt zahlreicher Studien, welche die Funktion die-
ses Proteins im Gehirn untersuchen. Als ein sogenanntes Gerlistprotein zur zellularen
Vermittlung von Proteinkomplexen ist es an diversen Entwicklungsprozessen, wie bei-
spielsweise Proliferation und Migration neuronaler Zellen, im embryonalen sowie adul-
ten Gehirn beteiligt.

In dieser Arbeit wird die Rolle von DISC1 bei der tangentialen Migration cortikaler
GABAerger Interneurone dargelegt. Diese Zellen werden im basalen Telencephalon ge-
boren und wandern anschlief3end in den sich entwickelnden Cortex ein. Obwohl sie nur
etwa 20% der neuronalen Zellen im Cortex ausmachen, stellen sie eine immense Vielfalt
an physiologisch, morphologisch sowie genetisch unterschiedlichen Zellen dar und sind
entscheidend an der Funktionalitat des Gehirn beteiligt. Es konnte gezeigt werden, dass
migrierende Interneurone DISC1 exprimieren und ein Mangel an DISC1 sowohl in vitro
als auch in vivo zu Defekten bei der tangentialen Migration fiihrt. Weitere Untersuchun-
gen konzentrierten sich auf das Cytoskelett, durch welches die Migration realisiert wird.
Wahrend kaum ein Einfluss auf das Mikrotubuli-Cytoskelett belegt werden konnte, fiihrt
ein Mangel an DISC1 zu Verdanderungen bei der Aktin-Reorganisation. Damit zeigt die
vorliegende Arbeit einen moglichen Mechanismus auf, wie DISC1 auf die tangentiale
Migration cortikaler Interneurone Einfluss nimmt.

Diese Ergebnisse starken die Annahme, dass Schizophrenie mit Storungen des GABA-
ergen Systems einhergeht, und weisen darauf hin, dass es sich um eine entwicklungsbio-
logische Erkrankung handelt, deren Grundstein bereits wahrend der Embryonalent-

wicklung gelegt wird.
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5.2 Summary

The gene Disrupted-in-Schizophrenia 1 (DISC1) was found in a Scottish pedigree with
an increased prevalence for schizophrenia. In this family a chromosomal translocation
resulted in a shortened version of the DISC1 gene and led to a limited functional protein.
Today, DISC1 is an accepted risk gene for several psychiatric diseases like schizophrenia
or depression. To understand the pathogenesis of these diseases and to discover new
therapeutic approaches numerous studies focused on the function of DISC1 in the brain.
As a scaffold protein that mediates the formation of protein complexes in the cell it is
involved in various developmental processes, such as proliferation, migration, and dif-
ferentiation of neuronal cells.

The present study provides new insights into the role of DISC1 during tangential mi-
gration of GABAergic cortical interneurons. These inhibitory cells are born in the basal
telencephalon and migrate into the developing cortex. Although they only account for
approximately 20% of the neuronal cells in the cortex, they are composed of a variety of
physiologically, morphologically, and genetically diverse cells that are crucial for the
correct functionality of the brain. It has been shown that migrating interneurons express
DISC1 and the loss of DISC1 leads to migration defects during tangential migration in
vitro and in vivo. Further experiments focused on the cytoskeleton which accomplishes
cell migration. Whereas a deficit of DISC1 rarely evokes effects on the microtubule cyto-
skeleton, the actin reorganisation is altered. Thereby this study depicts a possible mech-
anism how DISC1 exerts influence on the tangential migration of cortical interneurons.

These results lead to the assumption that schizophrenia could be associated with dis-
turbances in the GABAergic system and indicate a developmental background within

psychiatric diseases that originates from defects during embryonic development.
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10 Anhang

Abbildung A1: Antikérperfiarbung gegen DISC1 am adulten Hippocampus zum
Nachweis der Antikorperspezifitit

Erkennbar ist die Markierung von Zellen der Corni ammoni (CA) 1-3 sowie des Gyrus
dentatus (GD; vgl. Schurov et al. 2004, Austin et al. 2004; Skalenbalken: 200 um). (gean-
dert nach Steinecke 2013)
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Abbildung A2: In-Situ-Hybridisierung gegen DISC1 am adulten Hippocampus
zum Nachweis der Sondenspezifitit

Es erfolgte eine Markierung von Zellen der Corni ammoni, v.a. von Neuronen in CA1,
sowie des Gyrus dentatus (GD). Hier ist das Signal am starksten, da die Neurone sehr

dicht gepackt vorliegen (vgl. Schurov et al. 2004, Austin et al. 2004; Skalenbalken: 200
pum).
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500bp -
—d_

100 bp

1-3Primerpaarl 4-6Primerpaar 2

1 Negativkontrolle 4 Negativkontrolle
2 Hippocampus 5 Hippocampus
3 MGE 6 MGE

Abbildung A3: RT-PCR zum Nachweis von DISC1-mRNA im adulten Hippocampus
sowie der embryonalen MGE

Es wurden zwei unabhdngige Primerpaare zur Amplifizierung zweier unterschiedli-
cher Ausschnitte der DISC1-cDNA verwendet. Als Positivkontrolle erfolgte der Nachweis

der DISC1-Expression im adulten Hippocampus.
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A Interneuron B Fibroblast

Abbildung A4: Vergleich der DISC1-Antikérperfarbung an Interneuronen und
Fibroblasten

Sowohl bei Interneuronen (A) als auch Fibroblasten (B) ist DISC1 im Zellsoma lokali-
siert. Besonders auffillig ist die Farbung in den Fortsatzspitzen: bei Interneuronen in
der Wachstumskegel-artigen Struktur des Fiihrungsfortsatzes, bei Fibroblasten in den

Spitzen der Filopodien. (Skalenbalken: 10 pm)
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