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Zusammenfassung

1. Zusammenfassung

Die Kardiogenese kann speziesiubergreifend in eisgénkite Abfolge von dynamischen
Entwicklungsphasen unterteilt werden. In frihend®&tia der Vertebraten-Herzentwicklung
wie auch beiDrosophila melanogaster beginnt die Organogenese des Herzens mit der
Selektion und Spezifizierung der Herzvorlauferzelleaus bilateral angelegtem,
mesodermalem Gewebe. AnschlieBend resultiert digerBnzierung der determinierten
Herzvorlauferzellen in bilateralen Reihen spezifesc Herzzellgruppen. Die Herzzellen
migrieren in dorsale Richtung aufeinander zu unskewmxblieren zu einem Herzrohr. Diese
dynamischen Prozesse unterliegen einem komplexetzwidek an hoch konservierten
Regulationsmechanismen. In der vorliegenden D@sent konnte gezeigt werden, dass die
Metalloprotease Kuzbanian/ADAM10 eine Rolle wahrelel Kardiogenese voDrosophila
spielt, in dem sie die Selektion der Herzzellvoi¢gitaus dem kardialen Mesoderm steuert.
Durch die unterbleibende Prozessierung des Notdeers inkuzbanian Mutanten wird
eine Uberzahl an Herzvorlauferzellen determinidieiterhin ist die Notch-abhangige
asymmetrische Zellteilung inkuzbanian Mutanten fehlreguliert. Die perikardialen
Herzzelllinien verschieben sich zu Gunsten der ikéed Herzzellen und resultieren in einer
Hyperplasie der Kardiomyozyten.

Eine weitere Phase der Kardiogenese Drosophila ist die korrekte Ausbildung des
Herzrohres und die damit einhergehenden Herzlunidemim. Durch das Herzlumen kann die
Hamolymphe durch das Herzrohr in den Korper deseSigepumpt werden. Die Bildung des
Lumens bedingt eine stereotype Zellformanderungkadediomyozyten. Diese Modulierung
der Zellform resultiert in halbmondférmigen Kardigozyten, die dorsal und ventral
miteinander in Kontakt treten und so einen zentraleminalen Bereich umschlie3en — das
Herzlumen. Das Rezeptor/Liganden-Paar Uncoordinat€dnc5) und NetrinB ist fur die
korrekte Ausbildung der luminalen Kardiomyozytetsenotwendig. Es konnte gezeigt
werden, dass ein Fehlen von Unc5 oder NetrinB dadimyozyten in einer runden
Zellform verbleiben lasst. Die Kardiomyozyten lagesich entlang ihrer gesamten
Kontaktfliche aneinander ohne dass ein Lumen émntsteebendbeobachtungen amch
Mutanten zeigten, dass das Fehlen des Herzlumengirmm kompletten Verlust des

Hamolymphstroms fuhrt.
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2. Einleitung

2.1. Das Dorsalgefall von Drosophila melanogaster

Das embryonale Herz von Drosophila ist ein rohrenformiges Organ, welches entlang der
dorsalen Mittellinie des Embryos von anterior nach posterior verlauft (Campos-Ortega and
Hartenstein, 1985). Der zelluldre Aufbau des Herzens ist eher einfach. Es besteht aus zwei
Zelltypen, den Kardiomyozyten und den Perikardzellen. Exakt 104 Kardiomyozyten bilden
eine kontraktile Rohre, die das Herzlumen umschlieBt. Lateral sind die Kardiomyozyten von
Perikardzellen begleitet (Rizki, 1978). Diese akzessorischen, nicht muskuléren Zellen werden
im Embryo spezifiziert, ihre genaue Funktion ist bisher allerdings nicht vollstindig geklért.
Fiir einige Perikardzellen konnte eine funktionelle Aufgabe ab dem Larvenstadium gezeigt
werden. Die zu Nephrozyten differenzierten Perikardzellen agieren als Filtereinheit und
entfernen Giftstoffe aus der Himolymphe (Crossley, 1985; Das et al., 2008). Der anteriore
Bereich des Herzrohres wird von der endokrin aktiven Ringdriise sowie dem
hdmatopoetischen Lymphdriisengewebe umgeben. Morphologisch ldsst sich das Herz in drei
Bereiche einteilen: die anteriore Aorta (Thorakalsegment 3 (T3)), das Vorderherz
(Abdominalsegment 1-4 (A1-A4)) und den Ventrikel (Abdominalsegment 5-7 (A5-A7)). Die
Bereiche T3-A4 werden hiufig zusammengefasst und als Aorta bezeichnet (Rizki, 1978).
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Abb. 1: Das embryonale Herz von Drosophila melanogaster erstreckt sich von Thorakalsegment
3 (T3) bis Abdominalsegment 8 (A8). Die Kardiomyozyten bilden die inneren Zellreihen und
werden von den Perikardzellen umgeben. Im anterioren Bereich liegen Ring- und Lymphdriise.
In A5 trennen Progenitoren einer kardiovaskuldre Klappe das Herz in Aorta und Ventrikel. Im
Ventrikel sind die Einstromoffnungen (Ostien) der Hamolymphe positioniert. Fligelmuskeln
bilden den Kontakt vom Herz zur Epidermis.
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Im Ventrikel sind sechs Paar Kardiomyozyten zu Ostienzellen differenziert, sie bilden die
Einstromdoffnungen fiir die Himolymphe (Gajewski et al., 2000; Molina and Cripps, 2001).
Bereits im Embryo ist das Herz durch sieben Paar synzytiale Fliigelmuskeln fixiert und so
unterhalb der Epidermis von Abdominalsegment 1-7 aufgespannt (Rizki, 1978) (siche
Abbildung 1).

Zum Ende der Embryogenese beginnen die Kardiomyozyten sich synchron in peristaltischen
Wellen zu kontrahieren und somit die Himolymphe durch das Herz in die Kdrperhdhle zu
pumpen. Kurz nach FEinsetzen des Herzschlages schliipft die erste Larve von Drosophila
melanogaster. Die Regulation des Herzschlages scheint sowohl myogenem als auch
neurogenem Ursprung zu sein. Frithe Studien an larvalen und adulten Herzen haben gezeigt,
dass herausprédparierte Herzen eine kontraktile Grundaktivitit beibehalten (Miller, 1965;
Rizki, 1978). In lavalen und adulten Tieren konnte ein myogener Schrittmacher im
posterioren Bereich des Ventrikels lokalisiert werden. Die Herzschlagrate wird in diesem
Bereich durch Ionentransport abhidngige Modulation des Membranpotentials gesteuert
(Lalevee et al., 2006; Ocorr et al., 2007; Senatore et al., 2010). Die genaue Regulation dieser
Steuerungsprozesse ist allerdings noch weitgehend unbekannt.

Im Laufe der lavalen Entwicklung, die sich {iber drei Larvenstadien zieht, gewinnt die Larve
an Korperldnge. Mit der GroBenzunahme der Larve ldsst sich eine Elongation des Herzens
beobachten, wobei die Zellzahl der Kardiomyozyten jedoch unverdndert bleibt (Molina and
Cripps, 2001; Sellin et al., 2006, vorliegende Arbeit). Die Anzahl der Perikardzellen reduziert
sich wihrend der larvalen Entwicklung auf ein Viertel der im Embryo determinierten Zellen
(Rizki, 1978; Sellin et al., 2006, vorliegende Arbeit). Die als Nephrozyten verbleibenden
Perikardzellen weisen einen durch Polyténisierung vergroferten Zellkern auf und
unterscheiden sich somit morphologisch stark von den Kardiomyozyten (Rizki, 1978). Die
beiden Hauptabschnitte, Aorta und Ventrikel werden durch eine kardiovaskulire Klappe
getrennt, die durch ein Paar morphologisch distinkte Kardiomyozyten gebildet wird und die
Riickstromung der Himolymphe in den Ventrikel verhindert.

Wihrend der Metamorphose wird die Mehrzahl der larvalen Organe histolysiert und durch
Proliferation und Differenzierung embryonal angelegter imaginaler Zellen neu gebildet. Das
Herz ist eines der wenigen Organe, welches zumindest zum Teil erhalten bleibt, aber
grundlegenden Umbauten unterzogen wird (Curtis et al., 1999; Molina and Cripps, 2001;
Rizki, 1978). Dieser Prozess unterliegt zum Teil der Steuerung des Steroidhormons 20-
Hydroxyecdyson (Monier et al., 2005). Posterior werden zwei Segmente des Herzens

aufgelost und der verbleibende anteriore Teil in das adulte Herz umgewandelt. Imaginale
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Ostienzellen differenzieren wiahrend der Metamorphose zu funktionellen Einstromdffnungen
und das Herz wird in vier Kammern unterteilt, die durch kardiovaskulidre Klappenzellen von

einander getrennt werden (Monier et al., 2005; Zeitouni et al., 2007).

2.2. Molekulare Grundlagen der Kardiogenese bei Drosophila melanogaster

und Vertebraten

Trotz offensichtlicher Unterschiede teilen sich Wirbeltiere einige grundlegende
Charakteristika der Herzentwicklung mit Drosophila. Die frithen Stadien der Kardiogenese
bei Vertebraten konnen in folgende sequentiell ablaufende Prozesse unterteilt werden:
Spezifizierung des kardialen Mesoderms, Determinierung der bilateralen, symmetrischen
Anlagen der herzbildenden Bereiche (first & second heart field), Strukturierung des
Herzfeldes und schlieBlich die Differenzierung der Herzvorlduferzellen und Bildung des
Herzrohres (Abu-Issa and Kirby, 2007). Die Prozesse wihrend der Kardiogenese bei
Drosophila lassen sich ebenfalls mit diesen Oberbegriffen beschreiben, wenn auch die
Komplexitit der einzelnen Schritte bei Vertebraten ungleich hoher ist (Zaffran and Frasch,

2002) (sieche Abbildung 2).
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Abb. 2: Schematische Darstellung der Kardiogenese in Vertebraten und Drosophila. In Vertebraten
zeigen sich in frilhen Stadien (Tag 15, Tag 21) konservierte morphologische und molekulare
Ubereinstimmungen zur Entwicklung des Herzens bei Drosophila (DorsalgefaR). A, Atrium; AS,
Aortensack; CT, konotrunkal Region; LA, linkes Atrium; LV, linker Ventrikel; RV, rechter Ventrikel; V,
Ventrikel; PC, Perikardzelle; CC, Kardiomyozyte; EPC, Even skipped Perikardzelle

Entnommen aus Richard and Rosenthal (1998); Srivastava and Olson (2000).
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Die molekularen Regulationsmechanismen, die diesen distinkten Prozessen zu Grunde liegen,
weisen ebenfalls Ubereinstimmungen auf: In beiden Systemen induzieren vom Entoderm
bzw. Ektoderm sezernierte Morphogene der BMP/Decapentaplegic und Wnt/Wingless
Familien spezifische Zellgruppen im Mesoderm, in denen Selektorgene wie Nkx2-5/tinman
die Herzzellvorlauferzellen determinieren (Evans et al., 1995; Frasch, 1995; Lockwood and
Bodmer, 2002; Wu et al.,, 1995; Yin and Frasch, 1998). Nkx2-5/Tinman kann als
Hauptregulator der Herzentwicklung angesehen werden. Ein Fehlen von Nkx2-5 fiihrt zu
einer Arretierung der Kardiogenese nach der Bildung des linearen Herzrohres, wéhrend in
tinman defizienten Drosophila Embryonen die gesamte Kardiogenese unterbleibt (Azpiazu
and Frasch, 1993; Bodmer, 1993; Lyons et al., 1995).

Die weitere Spezifizierung des kardialen Mesoderms unterliegt sowohl in Vertebraten als
auch in Drosophila weiteren orthologen Faktoren wie GATA4/Pannier; FGFr/Heartless, T-
Box Transkriptionsfaktoren und dem bHLH Faktor Hand (zusammengefasst in Reim and
Frasch (2010); Tao and Schulz (2006); Zaffran and Frasch (2002)). Weiterhin konnte gezeigt
werden, dass homeotische Gene (Hox-Gene) fiir die Determinierung der anterior-posterior
Achse des Wirbeltierherzens als auch des Herzens von Drosophila essentiell sind und zur
Einteilung der Organe in verschiedene funktionelle Einheiten dienen (Lo et al., 2002;
Ponzielli et al., 2002; Searcy and Yutzey, 1998). Durch Analysen von Mutanten und durch
Fehlexpressionsversuche von Hox-Genen konnte gezeigt werden, dass homeotische Gene das
Potenzial besitzen die Identitit der einzelnen Herzbereiche zu bestimmen. Sie definieren die
klare Trennung von Aorta und Ventrikel. Eine Beeinflussung der Hox-Gen Expression kann
zum Beispiel eine Transformation von Aortazellen zu Zellen des Ventrikels hervorrufen (Lo

et al., 2002; Monier et al., 2007).

2.3 Zelldeterminierung im Mesoderm von Drosophila melanogaster

Die Spezifizierung des kardialen Mesoderms wird durch die Aktivierung des Homeobox
Transkriptionsfaktors Tinman (Tin) eingeleitet. Decapentaplegic (Dpp) wird aus Zellen des
Ektoderms in das darunterliegende Mesoderm sezerniert und wirkt als Ligand fiir die
Rezeptortyrosinkinase Thickveins, die die Aktivierung der tin Expression im dorsalen
Mesoderm gewéhrleistet (Frasch, 1995; Frasch, 1999). Eine Induzierung der kardialen Zellen
bendtigt neben Dpp und Tin auch den Wachstumsfaktor Wingless (Wg) (Wu et al., 1995).

Durch die segmentale Anordnung der wg Expression im Ektoderm ergibt sich auch fiir die
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Anordnung des dorsalen Mesoderms eine Unterteilung in segmentale Felder (Lockwood and

Bodmer, 2002).

Hemisegment Abb. 3: Schematische Darstellung der
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Diese 13 Felder entlang der Korperseite des Embryos gliedern sich jeweils in die
Vorlduferregionen fiir die somatische und viszerale Muskulatur, die Fettkdrperanlagen und
die Progenitoren des Herzens. Diese distinkte Kompartimentierung wird durch das
regulatorische Zusammenspiel zweier Doménen (anterior — Even skipped (eve) und posterior
— Sloppy paired (Slp)) gewihrleistet. Unter dem Einfluss der Slp Domine bilden sich im
Zusammenspiel mit Wg im dorsalen Bereich dieses Kompartiments das kardiale Mesoderm
(Riechmann et al., 1997). Die Kompetenz zur Bildung der Herzzellprogenitoren wird durch
die Aktivierung der tin Expression in diesem Bereich verliehen (Lee and Frasch, 2005) (sieche
Abbildung 3).

Die Determinierung und Differenzierung der Herzvorlduferzellen aus den so genannten
Kompetenzfeldern unterliegt dem Prozess der lateralen Inhibition. Ein einzelner Progenitor
wird aus einem Feld von gleichwertigen Zellen ausgesucht und stellt den Vorldufer einer
bestimmten Zelllinie dar. Dieser Auswahlprozess unterliegt der Aktivitidt des Notch/Delta-
Signalweges (Carmena et al., 2002; Hartenstein et al., 1992) (sieche Abbildung 4).

Kompetenzfeld laterale Inhibition Progenitor Abb. 4: Die Selektion eines
Progenitors  unterliegt der
lateralen Inhibition. Alle Zellen
kompetieren um den héchsten
Level an Delta. Das Erreichen
der hochsten Delta Expres-
sionsrate in einer Zelle fihrt zu
der Aktivierung des Notch/
Delta-Signalweges in  den
Nachbarzellen. Die einzelne
Zelle wird so aus einem
Zellpool zum Progenitor
ausgewahlt.

Notch positive Delta positive Zelle des
Zelle Zelle Kompetenzfelds
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Die Bindung des membranstindigen Liganden Delta der DSL Familie an den Notch Rezeptor
fiihrt zur ersten proteolytischen Spaltung innerhalb der extrazelluliren Domédne von Notch
(N). Diese Spaltung wird durch eine ADAM Metalloprotease (Kuzbanian, ADAMIO in
Vertebraten) vermittelt (Kidd et al., 1998; Lieber et al., 2002). Darauffolgend wird Notch
durch einen y-Sekretasekomplex prozessiert und der intrazelluldre Teil des Notch Rezeptors
(Nintra) transloziert in den Zellkern. Dort assoziiert Niyy, mit dem DNA Bindeprotein
Supressor of Hairless (Su(H)) und dessen Kofaktor Mastermind, um als
Transkriptionsregulator zu dienen (Kidd et al., 1998; Lai, 2002; Wu et al., 2000). Mutationen,
die Komponenten des Notch-Signalwegs betreffen, fiihren zu einer deutlichen Vermehrung
der determinierten Herzzellprogenitoren, was durch die Fehlregulierung der lateralen
Inhibition erklart werden kann (Albrecht et al., 2006; Hartenstein et al., 1992, vorliegenden
Arbeit).

Die Differenzierung der ausgewidhlten Herzzellvorldufer erfolgt im Weiteren durch
symmetrische bzw. asymmetrische Zellteilungen (siche Abbildung 5) (Zaffran et al., 1995).
Der Prozess der asymmetrischen Zellteilung ist ebenfalls Notch abhingig. Die asymmetrische
Verteilung des intrazelluldiren Notch Inhibitors Numb fiihrt zur Determinierung der
Zellidentitét in eine kardiale (Numb+) oder eine perikardiale (Numb-) Linie (Gajewski et al.,
2000; Han and Bodmer, 2003; Su et al., 1999; Ward and Skeath, 2000). Auch hierfiir ist die
Prozessierung von Notch durch Kuzbanian/ADAMI10 essentiell (Albrecht et al., 2006,
vorliegende Arbeit).

Diese mehrstufige Determinierung der einzelnen Herzzellen aus dem dorsalen Mesoderm
fiihrt zur Ausbildung drei verschiedener Zellgruppen: den Kardioblasten, den Perikardzellen

und einem Teil der dorsalen Kérpermuskulatur.
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2.4. Zellgenealogie der Herzzellen

Das Herz von Drosophila besteht am Ende der Embryogenese aus 104 ausdifferenzierten
Kardiomyozyten und den assoziierten perikardialen Zellen (Rizki, 1978). Die segmentale
Anordnung der Herzzellen ist stereotyp. Pro Hemisegment findet man 6 Kardiomyozyten und
10 Perikardzellen. Die Genealogie der meisten Herzzellen ist bekannt und gut untersucht
(siche Abbildung 6):

Vier der sechs Kardioblasten pro Hemisegment exprimieren Tinman (Tin) und entwickeln
sich aus sich symmetrisch teilenden Vorlduferzellen, wihrend die zwei verbleibenden
Kardioblasten positiv fiir den COUP TF Steroid Rezeptor Seven up (Svp) sind und aus einer
asymmetrischen Teilung mit einer perikardialen Schwesterzelle stammen (Alvarez et al.,
2003; Han and Bodmer, 2003; Ward and Skeath, 2000). Die Perikardzellen kénnen in drei
Gruppen unterteilt werden: die Even skipped positiven (EPZs), die Tin positiven (TPZs) und
die Odd skipped positiven Perikardzellen (OPZs). Die OPZs entstehen aus drei Progenitoren,
wobei zwei Vorldufer mef2 und svp exprimieren und der verbleibende Vorldufer odd (Popyz).
Die mef2/svp Vorldufer (Psopz) teilen sich asymmetrisch und resultieren in Perikardzellen die
odd und svp exprimieren (SOPZs) sowie in Svp positive Kardioblasten (SKBs). Der Popz
durchlduft eine symmetrischen Teilung aus der zwei Odd positive Perikardzellen hervorgehen

(OPZs) (Gajewski et al., 2000; Ward and Skeath, 2000).

Tinman/Ladybird BSeven up/0dd skipped e 9 E Tinman/ d
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OSSP OSSP P2
X %,
X
Ptkb /\ Ptlkb Psopz A Psopz Pevpz D02 Popz Ptlpz Ptpz

O O | O] O
A r |/ A A A
@00 9080 00 00 0O/0e

EPZ EPZ OPZ OPZ TLPZ TLPZ QIRZ TPZ

G e TIKB KB Abb. 6: Schematische Darstellung der Herzzellgenealogie.
? nnm A-F zeigen die verschiedenen Herzzelltypen, die aus
- e_o symmetrischer oder asymmetrischer Zellteilung der
Herzzellprogenitoren resultieren. G zeigt die Herzzellen
selz m eines Hemisegments. Die Verwandtschaft zwischen den
Herzellen ist mittels einer Linie dargestellt.
SSP, Superprogenitor; P, Progenitior; TKB, Tinman
Kardioblast; TLKB, Tinman/Ladybird Kardioblast; SKB, Seven
up Kardioblast; SOPZ, Seven up/Odd skipped Perikardzelle; DO2, somatische Muskelzellen; EPZ,
Even skipped Perikardzelle; OPZ, Odd skipped Perikardzelle; TLPZ, Tinman/Ladybird
Perikardzelle; TPZ, Tinman Perikardzelle
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Die Perikardzellgruppe der TPCs entstammt einer sich symmetrisch teilenden Vorlduferzelle
ab. Die Herkunft der zwei EPCs stellt eine Besonderheit in der Genealogie der Perikardzellen
dar, da siec Schwesterzellen eines Vorldufers fiir somatische Muskelzellen sind. Nach der
Selektion der Vorlduferzelle P2 aus dem Kompetenzfeld mittels lateraler Inhibition teilt sich
diese asymmetrisch zunédchst in zwei Vorlaufer (Ppo, und Pgpy). Diese teilen sich zum einen
in zwei Eve positive Perikardzellen (EPZ) und resultieren zum anderen in die DO2
Muskelzellen (Han and Bodmer, 2003; Su et al., 1999). Diese Differenzierungsprozesse
unterliegen dem in 2.3 beschriebenen Mechanismus der Notch/Delta abhidngigen
asymmetrischen Zellteilung und somit auch der Aktivitit von Kuzbanian/ADAMI10 (Albrecht
et al., 2006, vorliegende Arbeit).

2.5 Epithelbildung, Migration und Lumenbildung

Nach der Anordnung der Kardioblasten in zwei bilateralen Reihen an beiden Seiten des
Embryos erlangen diese bislang mesenchymalen Zellen einen epithelialen Charakter
(Mesenchym-Epithel Ubergang) (Fremion et al., 1999). Die epitheliale Eigenschaft der
Kardioblasten resultiert in der Ausbildung einer intrinsischen Zellpolaritdt, die durch die
asymmetrische Verteilung von Zelladhdsionsmolekiilen etabliert wird und Grundlage fiir die
Ausbildung von Zell-Zell Kontakten ist. So ist die asymmetrische Lokalisation von E-
Cadherin, B-Catenin und Discs Large (Dlg - eine Membran-assoziierte Guanylkinase) ein
deutliches Zeichen fiir die epithelialen Eigenschaften der Kardioblasten (Haag et al., 1999;
Qian et al., 2005; Woods et al.,, 1996). Weitere Zell-Adhasionsmolekiile, wie das
Immunglobulin-&dhnliche Oberflachenmolekiil Faint-Sausage oder der Transmembranrezeptor
Toll sind wihrend der Kardioblasten Differenzierung von Bedeutung. Mutationen in den
korrespondierenden Genen dieser Molekiile fiihren zu Fehlern in der korrekten
Aneinanderreihung der Kardioblasten und zu Liicken in den Herzen (Haag et al., 1999; Wang
et al.,, 2005). Dabei ist die korrekte Ausbildung der die Kardioblasten umgebenden
extrazelluliren Matrix (engl. extracellular matrix (ECM)) von zentraler Bedeutung fiir die
Anordnung der Kardioblasten in bilateralen Reihen. Mutationen in Genen, die flir essentielle
Komponenten der ECM kodieren, wie LamininA, BPS Integrin (Mys) oder aPS3 Integrin
(Scb) resultieren in einer Beeintrdchtigung der Herzrohrbildung (MacMullin and Jacobs,
2006; Yarnitzky and Volk, 1995). Aus ausfiihrlichen Studien ist weiterhin bekannt, dass
sogenannte Zielfindungsmolekiile wie die Rezeptor/Liganden-Paare Roundabout (Robo) oder

Roundabout2 (Robo2) und Slit an der Regulation des Ubergangs von Mesenchym- zu Epithel-
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Zustand der Kardioblasten beteiligt sind (Qian et al., 2005). Diese Zielfindungsmolekiile sind
auch zum Ende der Kardiogenese fiir die korrekte Ausbildung des Herzlumens von
Bedeutung (Medioni et al., 2008; Santiago-Martinez et al., 2008).

Hat die Anordnung der Kardioblasten zu einem bilateralen, einschichtigen Epithel
stattgefunden, migrieren die Zellen in dorsale Richtung aufeinander zu. Im gleichen Zeitraum
finden auch im dartiber liegenden Ektoderm Reorganisationsprozesse statt. Die ektodermalen
Epithelzellen wandern ebenfalls aufeinander zu wund verdringen die restlichen
extraembryonalen Amnioserosazellen (Rizki, 1978). Rugendorff und Kollegen konnten
zeigen, dass die migrierenden Kardioblasten der Bewegung der dorsalsten Epidermiszellen
folgen (Rugendorff et al., 1994). Weitere Analysen geben Hinweise auf eine iiber ECM-
Komponenten vermittelte Verbindung zwischen Kardioblasten und der Epidermis, so dass es
sich bei der Wanderung der Kardioblasten zur dorsalen Mittellinie um eine passive Bewegung
in dorsale Richtung handeln konnte (Chartier et al., 2002).

Gelangen die Kardioblasten zur dorsalen Mittellinie und treffen dort mit der
gegeniiberliegenden Kardioblastenreihe zusammen, kommt es zum Zusammenschluss und zur
Ausbildung des Herzrohres (Rizki, 1978; Rugendorff et al., 1994) (siche Abbildung 7). Aus
Lebendbeobachtungen und Analysen an fixiertem Gewebe ist bekannt, dass die dorsalen
Membranbereiche der Kardioblasten Actin reiche Ausstlilpungen ausbilden und mit diesen
den Kontakt zu ihren kontralateralen ,,Partner-Kardioblasten* aufnehmen. Nach Ausbildung
des ersten, dorsalen Kontakts ldsst sich eine dynamische Verdnderung der Zellform
beobachten. Die Kardioblasten nehmen eine Halbmondform ein und treffen anschlieBend mit
ihren ventralen Membranseiten aneinander. Damit entsteht eine von ausdifferenzierten
Kardiomyozyten geformte Rohre — das Herzrohr, welches einen luminalen Bereich
umschlieft — das Herzlumen (Haag et al., 1999; Medioni et al., 2008; Rugendorff et al.,
1994). Der Prozess der Lumenbildung in Drosophila wird auch als ,,cell assembly* bezeichnet

(Baer et al., 2009).

oo [ ATy [ s
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Abb. 7: Obere Reihe: Mit Hilfe einer handCGFP Reporterlinie lassen sich die Phasen der
Herzzellmigration zur dorsalen Mittellinie im lebenden Tier verfolgen. Die bilateral angelegten
Herzzellen migrieren aufeinander zu, treten in Kontakt und bilden das Herzrohr. Untere Reihe:
Schematische Darstellung von Querschnitten durch das Herz. Die gezeigten Positionen und die
Zellformanderungen der Kardioblasten korrespondieren mit den oben dargestellten
Entwicklungsphasen. 10
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Alle an der Lumenbildung beteiligten Kardiomyozyten weisen eine einheitliche Polaritit auf.
Die apikale Seite der Zelle weist zum Lumen, wihrend die basale Zellseite abluminal
orientiert ist (zusammengefasst in Baer et al. (2009)). Die frithere Hypothese, dass die
Herzlumenbildung bei Drosophila melanogaster ebenfalls durch Membranen mit
einheitlichen, apikalen Membranattributen ausgebildet werden (Haag et al., 1999), konnte nun
durch Untersuchungen von Medioni und Kollegen erweitert werden. Die lumenbildende
Zellmembran ldsst sich nochmals in zwei spezielle Membrandoménen unterteilen, die durch
das Vorhandensein verschiedenster Zellpolaritits-Marker differenziert werden konnen
(Albrecht et al., 2010 in revision; Medioni et al., 2008, vorliegende Arbeit). Die das Lumen
umschlieende Seite (apikale Zellmembran) wird als L(uminale)-Doméne bezeichnet und
weist Charakteristika einer Membran auf, wie sie auf der basalen Seite einer Zelle vorkommt.
Der zweite Membranbereich in den sich die dem Lumen zugewandte Membranseite der
Kardiomyozyten unterteilen lisst, findet sich, geteilt in zwei Kompartimente, am dorsalen und
ventralen Kontaktbereich zwischen den Kardiomyozyten wieder. Diese Adhédsiven-Doméanen
zeigen eine Lokalisation von Adhidsionsmolekiilen wie E-Cadherin und B-Catenin. Mit Hilfe
von elektronenmikroskopischen — Aufnahmen lassen sich in diesen Bereichen
Adhésionsverbindungen (adherens junctions) nachweisen, daher werden sie auch als
J(unctional) domains bezeichnet (Medioni et al., 2008; Santiago-Martinez et al., 2008). Da
die J-Doménen keine Expression baso-lateraler Marker (zum Beispiel aSpectrin) zeigen,
schliefen Medioni und Kollegen auf Membrandoménen mit apikalen Zellattributen (Medioni

et al., 2008) (siche Abbildung 8).
Abb. 8: Schematische Darstellung eines
Adhisive Doméne: Herzrohr-Querschnittes. Die apikale

‘ apikale Kardiomyozyten Membran | Membranseite (Lumen zugewandt) der
basale Kardiomyozyten Membran e branattribute

basale Membranattribute ' plate Kardiomyozyten kann in drei
Kompartimente aufgeteilt werden. Die

) beiden adhisiven Dominen an den

Kontaktbereichen der Kardiomyozyten

zeigen Charakteristika apikaler

Membranen. Die Iluminale Domaéne

weist dagegen basale Membran-

Luminale Doméine: attribute auf. Die abluminale Seite der

apikale Kardiomyozyten Membran
basale Membranattribute

Kardiomyozyten reprasentiert eine
einheitlich basale Membran.

Die Ausbildung von definierten Membrankompartimenten entlang der lumenzugewandten
Kardiomyozytenseite unterliegt der Aktivitit von Zielfindungsmolekiilen, die auch schon fiir
die Determinierung der Zellpolaritit wihrend des Mesenchym-Epithel Ubergangs eine Rolle
spielen (Medioni et al., 2008; Santiago-Martinez et al., 2008). Der Ligand Slit und sein

Transmembranrezeptor Robo sind an der L-Domine der Kardiomyozyten lokalisiert und
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wirken dort als Repellanten der kontralateralen Membranbereiche, um einen Kontakt wahrend
des Prozesses der Lumenbildung zu verhindern. In Drosophila ist die Aktivitdt beider
Proteine als Repellanten und/oder Attraktanten bereits in ausfiihrlichen Studien wéhrend der
Entwicklung des Nervensystems (Steuerung der Motoraxon Zielfindung), des
Tracheensystems oder der Migrationssteuerung des friilhen Mesoderms gezeigt worden
(Bashaw and Goodman, 1999; Kramer et al., 2001; Lundstrom et al., 2004; Simpson et al.,
2000). Neueste Studien belegen, dass Slit3 und Robol & Robo2 eine spezifische Expression
im embryonalen Mausherz aufweisen. Die durch Nkx2-5 und T-Box Faktoren restringierte
Expression von Slit3 weist auf eine Funktion des Robo/Slit-Signalsweges wéhrend der
Entwicklung des Kammermyokards hin (Medioni et al., 2010). Es ist ebenfalls bekannt, dass
Slit und Robo in Vertebraten unter anderem wihrend der Angiogenese und der Bildung von
tubuldren Driisen im Brustgewebe agieren (Klagsbrun and Eichmann, 2005; Strickland et al.,
2006; Weinstein, 2005). In Drosophila melanogaster Mutanten fiir s/it und robo unterbleibt
die Lumenbildung im Herzen vollig. Die Kardiomyozyten adhirieren entlang der kompletten
Kontaktseite. Die J-Doménen sind nicht mehr auf die dorsalen und ventralen Bereiche der
Kardiomyozyten reduziert, sondern verldngern sich entlang der gesamten Kontaktseite
(Medioni et al., 2008; Santiago-Martinez et al., 2008). Durch den fehlenden repulsiven Effekt
von Slit und Robo auf die L-Doméine konnte die Regulation des Actin-Zytoskeletts betroffen
sein, so dass eine Zellformdnderung der Kardiomyozyten nicht gewéhrleistet werden kann
(Medioni et al., 2008; Santiago-Martinez et al., 2008). Die Verteilung des
Zytoskelettregulators Enabled/VASP (Ena), der an der Polymerisation der Actinfilamente
beteiligt ist, ist in robo Mutanten beeintrichtigt (Santiago-Martinez et al., 2008). Im
Nervensystem von Drosophila konnte bereits gezeigt werden, dass Ena mit der
zytoplasmatischen Domédne von Robo interagiert und somit als Downstream-Effektor im
Robo/Slit-Signalweg eine Rolle spielt (Bashaw et al., 2000).

Die vorliegende Arbeit beschiftig sich mit zwei weiteren Zielfindungsmolekiilen, die als
repulsiv wirkendes Rezeptor/Liganden-Paar interagieren (Keleman and Dickson, 2001). Es
konnte gezeigt werden, dass im Herz von Drosophila Uncoordinated 5 (Unc5) und sein
korrespondierender Ligand NetrinB (NetB) ebenso wie Robo und Slit die Repulsion der
luminalen Membranseite der Kardiomyozyten vermitteln. Die Zellforménderung der
Kardiomyozyten unterbleibt durch das Fehlen von Unc5 oder NetB vollig, die
Kardiomyozyten lagern sich entlang ihrer apikalen Seite aneinander ohne ein Lumen zu
umschlieBen. Die Determinierung der klar abgegrenzten Membrankompartimente (J- und L-

Doméne) zeigt allerdings keine Beeintrdchtigung in unc5 mutanten Embryonen. Dies l4sst auf
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einen Robo/Slit unabhingigen Regulationsprozess schlieen, in dem Unc5 und NetB eine
zusitzliche, putative Rolle wihrend der Steuerung der Zellformédnderung iibernehmen

konnten (Albrecht et al., 2010 in revision, vorliegende Arbeit).

Zusammenfassend ldsst sich sagen, dass das Herz sowohl bei Vertebraten als auch bei
Drosophila melanogaster als ein Organ betrachtet werden kann, welches sich in distinkte
morphologische Teilbereiche gliedert. Der korrekte Ablauf der Kardiogenese bedingt eine
prizise Abfolge an dynamischen Steuerungsprozessen, die durch komplexe Interaktionen

konservierter Molekiile realisiert werden mussen.
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Abstract

Drosophila melanogaster has become one of the important model systems to investigate the development and differentiation of the heart. After
24 h after egg deposition (h AED), a simple tube-like organ is formed, consisting of essentially only two cell types, the contractile cardioblasts and
non-myogenic pericardial cells. In contrast to the detailed knowledge of heart formation during embryogenesis, only a few studies deal with later
changes in heart morphology and/or function. This is mainly due to the difficulties to carry out whole mount stainings in later stages without
complicated dissections or treatments of the cuticle and puparium. In this paper we describe the identification of a hand genomic region, which is
fully sufficient to drive GFP expression in heart cells of embryos, larvae, and adults. This serves as an initial step to understand the position of hand
in the early regulatory network in heart development. Furthermore, we demonstrate that our newly created GFP reporter line is extremely useful to
study postembryonic heart differentiation. For the first time we document heart differentiation in living animals throughout all developmental
stages of Drosophila melanogaster, including embryogenesis, all three larval stages, metamorphosis, and the adult life with respect to pericardial

cells and cardiomyocytes.
© 2005 Elsevier B.V. All rights reserved.

1. Results and discussion

The Drosophila dorsal vessel is an excellent model for
studying cell determination and differentiation due to its
simple, tube-like organization consisting essentially of only
two major cell types: the contractile cardiomyoblasts, that
form the lumen of the heart, and the associated non-myogenic
pericardial cells (reviewed e.g. in Zaffran and Frasch, 2002).
Nevertheless, as simple as the fly heart appears, functional
differences between specific subsets of cardiomyoblasts and
pericardial cells are necessary to develop the fully functional
circulatory organ. For example, the cardioblasts in the
posterior part of the dorsal vessel (the ventricle) form a
wider lumen than cardioblasts in the anterior part (the aorta)
and are thought to bear pacemaker activity (Rizki, 1978).
Another example is the population of seven-up (svp)
expressing cardioblasts which specifically participate in
ostia or ostia precursor formation (Lo and Frasch, 2001;
Molina and Cripps, 2001).

* Corresponding author. Tel.: +49 541 969 2285; fax: +49 541 969 2587.
E-mail address: paululat@biologie.uni-osnabrueck.de (A. Paululat).
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The early events in Drosophila heart development are quite
well understood. Genetic and molecular studies have revealed
numerous components of the regulatory network involved in
the early determination and differentiation of the cardiac
primordium. Many of the identified factors, like Twist or
Tinman, are transcriptional regulators showing a remarkable
evolutionary conservation between numerous animals on the
level of protein structure and their functional roles in
determination of mesodermal primordia (reviewed e.g. in
Zaffran and Frasch, 2002). The subsequent cellular processes
that allow a primordial heart cell to develop into a fully
differentiated and functional cardiomyocyte are less under-
stood so far since there is a lack of information about genes that
are regulated by the early mesodermal transcriptional
activators and repressors. One route to understand gene
regulation and consequently cell differentiation of heart cells
is to identify and analyze genes specifically expressed in the
developing heart. In previous studies we and others have
characterized the Drosophila melanogaster hand gene that
encodes a highly conserved bHLH transcription factor
expressed in heart cells (Kolsch and Paululat, 2002; Moore
et al., 2000). hand genes were found in a variety of vertebrate
species including humans. Higher vertebrates have two hand
genes, eHand and dHand, also known as Hand1, Hxt, Thingl

and Hand2, Hed, Thing2 (Angelo, et al., 2000; Charité et al.,
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2000; Cross et al., 1995; Fernandez-Teran et al., 2000; Firulli
et al., 1998; Hollenberg et al., 1995; Howard et al., 1999;
Knofler et al., 1998; Riley et al., 1998; Russell et al., 1997,
Russell et al., 1998; Sparrow et al., 1998; Srivastava et al.,
1995; Srivastava et al., 1997; Tanaka et al., 2002; Thomas
et al., 1998; Yamagishi et al., 2000; Yelon et al., 2000). A
common feature of all hand genes investigated so far is their
expression in cardiac tissues during embryogenesis (recently
reviewed in Firulli, 2003). We have shown that Drosophila
melanogaster hand has a specific expression profile including
expression in all cells of the embryonic heart - cardioblasts and
pericardial cells as well (Kolsch and Paululat, 2002).
Additional expression of hand was observed in the visceral
mesoderm, the lymph gland cells, the garland cells, and a few
cells of the developing CNS.

As an initial step to understand the regulatory network of
cardiac factors considering hand as an example, we have
conducted a functional dissection of the regulatory regions of
the hand gene. We found the third intron fully capable to drive
reporter gene activity in embryos in a wildtype like manner.
Separating the spatial and temporal regulation events of hand
activity during cardiogenesis may provide an entry point for
studying the principles of cardiac regulatory networks,
especially since hand is the only known transcription factor
expressed in all cell types of the heart.

Morphologically, the dipterian larval dorsal vessel consists
of clearly distinguishable regions along the anterio-posterior
axis, described by e.g. Jensen (1973) and Rizki (1978).
Recently, the identification of molecular markers and the
analysis of mutants affecting the regionalization of the dorsal
vessel shed light on the cellular mechanisms underlying the
formation of a coordinated anterio-posterior morphology
(Alvarez et al., 2003; Lo et al., 2002; Lovato et al., 2002;
Perrin et al., 2004; Ponzielli et al., 2002). The anterior region of
the dorsal vessel, the aorta (Jensen, 1973) or anterior aorta
(Perrin et al., 2004), is the outflow tract with a narrow lumen,
projecting slightly inwards to release the hemolymph into the
body cavity (Zikova et al., 2003). The cardioblasts of the
anterior aorta are of a different origin than the ones situated
more posteriorly as shown by lineage tracing and clonal
analyses (Alvarez et al., 2003; Han & Bodmer, 2003), and they
specifically express the homeobox gene homothorax (hth)
(Perrin et al., 2004). The next region of the larval dorsal vessel,
the front-heart (Jensen, 1973) or posterior aorta (Perrin et al.,
2004), has four pairs of non-functional ostia and does not
express homothorax but ultrabithorax (ubx) (Ponzielli et al.,
2002). In the absence of hox gene function, the posterior aorta
is converted into an anterior aorta fate. The most posterior part
of the Drosophila dorsal vessel, the ventricle or heart proper,
has a wider lumen, is separated from the anterior region by a
valve-like structure, and contains three pairs of functional ostia.
Furthermore it is characterized by the expression of unique
markers like Abd-A and Abd-B (Lo et al., 2002; Ponzielli et al.,
2002). In the absence of Abd-A this part develops posterior
aorta like (Lo et al., 2002). The cardioblasts of the ventricle are
of the same origin than the cardioblasts in the posterior aorta
(Alvarez et al., 2003; Han and Bodmer, 2003). Interestingly, in

other dipterian species the posterior aorta is supplied with
functional ostia (Jensen, 1973). Together with the fact that the
posterior part of the aorta contributes completely to the adult
heart, this is an argument to consider it as being part of the heart
instead of the aorta as suggested by Jensen (1973).

Our knowledge of postembryonic cardiac development, like
growth and elongation of heart cells or differentiation of
functional ostia from precursor cells, is widely limited, mainly
because immunohistological techniques are not applicable on
postembryonic stages without preparation or further treatment,
since cuticle and puparium are not permeated easily. A
transgenic Drosophila line, carrying a living cell marker such
as GFP, continuously expressed on high levels specifically in
all heart cells throughout the whole life cycle, is an ideal tool to
investigate important aspects of postembryonic heart differen-
tiation. In addition, such a fly line will be of great benefit for
studying physiological aspects of heart function, e.g. the
influence of drugs on the heart beat, since it allows observation
of heart function in the living animal. A few enhancer trap or
Gal 4 driver lines mediating GFP expression in the heart exist,
but to our knowledge all of those harbor specific disadvantages,
e.g. the expression is restricted to a subset of heart cells, or they
are not active in later developmental stages (Ponzielli et al.,
2002; Wang et al., 2005). Taking advantage of our functional
dissection approach to find the embryonic cardiac enhancers of
hand, we therefore tested if the identified elements are
sufficient to drive postembryonic reporter gene activity as
well, thus reflecting larval or adult hand expression in order to
use it for monitoring heart cell differentiation in living animals.

In this paper we show that the third intron of the hand gene
harbors all elements sufficient to drive GFP expression in
larvae, pupae and adults continuously and on high levels,
therefore allowing us to conduct a detailed study of the
dynamics of postembryonic heart differentiation in living
animals. In addition we have analyzed the expression of hand
or hand C-mediated GFP in various mutant backgrounds in
order to identify potential regulators and to verify the
usefulness of the hand C-GFP reporter line.

1.1. Embryonic expression of hand in cardiac tissues is driven
by cis-regulatory elements located within the third intron

As a first step to identify cis-acting regulatory sequences in
the hand gene, 1 kb of 5’ flanking sequence, intronic sequences
and about 1kb 3’ flanking sequence were tested in vivo by
using P-element-mediated germline transformation. In this
initial series of experiments five different constructs were
tested: U (upstream region), A (first intron), B (second intron),
C (third intron), and D (downstream region). All constructs
were made using a P-element vector carrying a lacZ (pCaSpeR-
hs43-BGal, Thummel and Pirrotta, 1992) or an eGFP reporter
gene (Barolo et al., 2000). These constructs, which are
schematically illustrated in Fig. 1, were tested for embryonic
reporter gene activity by immunohistochemical staining using
antibodies against LacZ or GFP (see experimental procedures)
and compared to the endogenous hand expression (Kolsch and
Paululat, 2002). None of the tested genomic regions, with one
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Fig. 1. (A) Schematic diagram of the genomic hand region, showing the relative position of hand-lacZ and hand-GFP P-element constructs used in this study.
Numbers indicate the size in bps of the exons (above black squares) and the introns (below the triangles). Constructs are defined relative to the ATG of the coding
region (ATG= +1). All fragments were amplified by PCR and cloned into pCRII-TOPO. Using restriction sites present in this vector, the fragments were removed
and cloned into P-element vectors as described in the material and methods section. The constructs harbor the following genomic fragments: U (—1095/—35), A (+
92/+240), B (+92/+670), C (+827/2438), D (+2520/+2873). For the exact sequences of the used constructs we refer to the published sequence of the genomic
hand region (Genbank Acc. Nr. AE003628). (B) The scheme summarizes the results of the observed reporter gene activity of the hand C-construct with respect to
embryonic, larval, pupal and adult stages. Abbreviations: E, embryos; 1st, first larvae; 2nd, second larvae; 3rd, third larvae; cc, cardioblasts; pc, pericardial cells; gc,
garland cells; vm, visceral circular muscles; 1g, lymph gland; spo, scutellar pulsatile organ.

exception, revealed staining in embryos. For each construct, at
least four independent transgenic lines were established to
exclude position effects. The only part of the hand gene
capable of driving reporter gene activity during development is
the third intron (C-construct, Fig. 1). Consistently, this part of
the hand locus contains the HCH (hand cardiac and
hematopoeitic) enhancer described by Han and Olson (2005).
The expression of the reporter gene mimics the endogenous
hand expression and starts at about stage 11 in a segmentally
arranged group of cells within the trunk mesoderm (Fig. 2A,B).
These cells give rise to the circular visceral muscles of the gut
(Kolsch and Paululat, 2002). Slightly later, the bilaterally
located rows of the differentiating heart cells become visible
(Fig. 2C,D). The high expression level in the heart is
maintained throughout embryogenesis in cardioblasts as well
as in pericardial cells (Fig. 2E-H). We observed additional
reporter gene expression in lymph gland cells, garland cells,
and circular visceral muscles (Fig. 2E,G,I), which are hand
positive in wildtype embryos as well. Only the endogenous
expression of hand in so far unidentified cells within the CNS
(Kolsch and Paululat, 2002) is not resembled by any of the
described constructs. The expression in those cells is covered
by an additional construct we made, harboring part of the third
intron, the fourth exon and the 3’ downstream region of hand
(construct C/D, Fig. 1). Its expression pattern in the embryo is
similar to hand C-GFP, but includes the cells of the nervous

system (data not shown), which indicates a combinatorial
activity of intronic and downstream enhancer elements
required for neuronal expression of hand.

The expression of hand C-GFP in cells of the cardiogenic
cell lineage was additionally verified by coexpression studies
with selected markers including Mef2, Tinman, Zth-1, Odd-
skipped and Even-skipped (Fig. 2J-X). hand-GFP expression
overlaps with this markers in all cardioblasts, all pericardial
cells, and the lymph glands.

The initial aim of this work was to identify regulatory
regions of the hand gene responsible for expression in the
embryonic heart. Our results, summarized in Fig. 1B,
indicate that all regulatory modules needed for hand
expression in the embryonic dorsal vessel are located within
the third intron (construct C). Our second aim was to verify
whether the hand heart enhancer, once successfully
identified, could serve as an appropriate tool for visualizing
the Drosophila dorsal vessel in living individuals at
different developmental stages. Indeed, GFP expression in
specimens bearing the hand C-GFP construct is very strong
in all heart cells and can easily be observed directly in
dechorionated embryos from stage 14 onwards (due to
delayed maturing of GFP, fluorescence can not be detected
earlier) (see Fig. 3A) and furthermore persists in older
stages and throughout the whole life cycle of Drosophila
(see next section).
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Fig. 2. The third intron of the hand gene harbors all cis-regulatory sequences necessary to control reporter gene expression in embryonic cardiac tissues. All embryos
shown here are transgenic specimens carrying a construct of the third intron of the hand gene cloned into a GFP reporter P-element. (A—I) Staining was performed
using an anti-GFP antibody. (A) Reporter protein is first detectable at stage 11 in the visceral mesoderm in segmentally arranged patches of cells. As we have shown
previously, these cells are the progenitors of the circular visceral muscles (Kolsch & Paululat, 2002). (B) Slightly later, these cells form a continuous row. (C) At
stage 12, heart precursor cells expressing the GFP reporter become visible (h). (D) Strong reporter gene activity is observed in the heart precursors (h) and the
differentiating visceral mesoderm (vm) at stage 12/13. (E) At stage 14, fusion of visceral mesodermal cells is finished and the binucleated circular muscles elongate
in their dorsal-ventral extension, visible by their anti-GFP labeled nuclei (vm) (F) A dorsal view of a stage 14/15 embryo with strong reporter activity in the heart
cells. (G) A dorsal view of a stage 16/17 embryo with a labeled heart after closure. Heart lumen formation is already finished at this stage. A few cells (nuclei) in the
visceral mesoderm are in plane as well (cvm). Reporter activity is also observed in the lymph gland cells (Ig) and in some unidentified cells in the anterior region
(arrowhead). (H) Same embryo as shown in G at higher magnification reveals reporter gene activity in cardioblasts and pericardial cells. Note that although the GFP
reporter protein contains a nuclear localization signal (see experimental procedures), a significant portion of the GFP is also detectable within the cytoplasm.
(I) Same embryo as in G but focused on the garland cells (gc) that show strong GFP expression. (J-X) Colocalization of hand C driven GFP and selected markers.
(J-L) All cardioblasts marked by the expression of Mef2 coexpress hand-GFP. (M-O) Cardioblasts and pericardial cells show coexpression of hand-GFP (green) and
Tinman (red). (P-R) Pericardial cells that express Zfh-1 (red) are also labeled by hand-GFP (green). (S—U) hand-GFP (green) colocalizes with Odd-skipped
expressing pericardial cells (red). (V-X) The two pericardial cells per hemisegment that express Even-skipped (red) also express hand-GFP (green).
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Fig. 3. Larval expression of GFP driven by the hand third intron regulatory element hand C. Image capturing was done under an UV-lamp equipped stereomicroscope
(except of A, which was captured under a Zeiss Axioskop2 microscope). Because of the huge size differences between the larval stages (280 pm to 1.7 mm at 74-76 h
APF), we adjusted the dorsal vessel to about the same size for presentation using Photoshop. (A) For comparison we show a living stage 16/17 embryo. The chorion was
removed in 50% DanKlorix in water before inspection. GFP expression is clearly visible in all cardioblasts, pericardial cells, lymph gland cells (lg), visceral circular
muscles (arrow) and some unknown cells in the anterior region (arrowhead), as already shown in Fig. 2. The segment borders (T1-AS8) are indicated. (B) The picture
shows a crawling, newly hatched first instar larva. GFP expression is identical compared to old embryos. The garland cells can be seen out of focus (gc). Cardiomyocytes
(cc) and pericardial cells (pc) are indicated. (C) In first larvae, 28-30 h after egg deposition (h AED), the dorsal vessel has elongated in its anterio-posterior extension.
Anterior to the labeled lymph glands (Ig), pericardial cells are absent (anterior aorta, aa). The bracket indicates the ventricle or heart proper. (D) After 36-38 h AED, the
lymph glands (1g) adopt a spindle-like shape. The cell morphology of cardioblasts has changed from a compact shape into an anterio-posterior stretched appearance,
clearly indicated by the increased distance between the labeled nuclei. Nuclei of the visceral circular muscles (gut muscles) are visible as well. (E) After 4446 h, lymph
gland cells are no longer labeled, indicating that hand expression in this tissue decreases during late first larval stage. The posterior part of the dorsal vessel, the heart
proper, has a broader appearance with obviously enlarged associated pericardial cells. (F) Early third instar larvae exhibit an extremely stretched dorsal vessel with
three distinguishable regions. Anterior of the lymph glands (which are not labeled by GFP but visible in light microscope under nomarski optics), a region encompassing
9 pairs of cardioblasts is free of associated pericardial cells (bracket, anterior aorta). Within the mid-part region (front heart), the first section harbors the splitted parts of
the lymph glands intersected by pericardial cells. The second section of the front heart exhibits the typical bilateral pearl-necklace-like arrangement of pericardial cells
(arrowhead). The third region of the dorsal vessel (bracket) shows a broader appearance with a wider heart-lumen (the ventricle).

1.2. Postembryonic expression of hand: larval stages example, the MADS/Mef-box factor Mef2, which is expressed
in all cardioblasts in the embryo, is also expressed in
A variety of transcription factors responsible for determi- cardioblasts of third instar larvae (Molina and Cripps, 2001).

nation and differentiation of the embryonic cardiac cells are Tinman, a homeobox-containing transcription factor, which is
also active in the dorsal vessel postembryonically. For  essential for the formation of the early embryonic cardiac
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anterior aorta
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Fig. 4. Higher magnifications of larval hand-GFP expression in the region of
segments T3 to A3 (A-E) and A4-A6 (F). (A) shows the dorsal vessel of a first
instar larva. hand-GFP is visible in lymph gland cells (Ig) and all cardioblasts
and pericardial cells. Note the smaller cardioblast nuclei, two of six in each
hemisegment (brackets), that correspond with the ostia building cardioblasts.
(B) At 36-38h AED, the nuclei of pericardial cells (arrowheads) and
cardioblasts are about the same size, indicating that polytenization of
pericardial nuclei is not complete at this stage. Some of the pericardial cells
(arrows) show a decreased GFP expression. The lymph glands (Ig) begin to
stretch, finally adopting a spindle-like appearance. (C) Slightly later, the lymph
glands appear stretched, and the nuclei of some, but not all, pericardial cells
show a strong GFP fluorescence and increased size (arrowheads) due to
polytenization. These cells are in close association to the ostia forming
cardioblasts that are recognizable by their small nuclei (brackets). Interestingly,
the majority of pericardial cells in this region (segments A1-A3) exhibit small
nuclei (arrows). (D) At 46-48 h AED we observe disappearance of a subset of
pericardial cells, namely those that do not increase in size as depicted in C.
Spotted GFP fluorescence (arrows) in this area indicates that these pericardial
cells might undergo cell death. (E) High magnification of a third instar larval
dorsal vessel. Notably, the single pericardial cells in this region (arrowheads)

mesoderm, is expressed in four of six cardioblasts per
hemisegment in the late embryonic heart as well as in third
instar larvae (Molina and Cripps, 2001). We thought it likely
that the very strong expression of hand-GFP in heart cells at
the end of embryogenesis is presumably extended into larval
stages. The fact that the hand expression pattern in cardiac
tissue is conserved between flies and vertebrates further
supported this hypothesis, since recent publications provide
evidence that the vertebrate hand genes are expressed
postembryonically in the adult heart of e.g. mouse, rat and
humans (Thattaliyath et al., 2002). Therefore we analyzed
whether the assessed Drosophila hand enhancer confers
postembryonic activity of the reporter gene.

Similar to our findings for embryonic stages, solely the third
intron of hand (construct C) is sufficient to drive the reporter
gene postembryonically. No other element mediates reporter
activity distinguishable from background staining. hand-GFP
is found in newly hatched first instar larvae in all cardioblasts,
pericardial cells, the lymph glands, garland cells and the
visceral mesoderm, resembling the corresponding pattern in
stage 16/17 embryos precisely (Fig. 3B). Within the next hours
of development, cardiac cells start to grow and elongate
anterio-posteriorly (an overview of larval heart development is
given in Fig. 3). The pericardial cells lose their close contact to
the heart tube. Between 36 and 40 h AED (hours after egg
deposition), a subset of pericardial cells shows a dramatic
enlargement of nuclei size in correlation with polytenization
(Kambysellis and Wheeler, 1972; Rizki, 1978), whereas the
nuclei of another subset of pericardial cells remain small
(Fig. 4B,C). At the end of the first larval stage, we observe a
decrease of hand-GFP expression in those pericardial cells that
harbor small nuclei, predominantly located in the anterior part
of the dorsal vessel. Closer inspection showed that these cells
start to disappear; the GFP fluorescence in the nuclei becomes
spot-like and the nuclei adopt a deformed overall appearance
(Fig. 4D). Whether these cells undergo apoptosis, or if they
simply loose hand-GFP expression while further differentiation
events take place, is unclear. The deformed structure of the
nuclei and the residual clouds of GFP fluorescence seem to
indicate a degeneration of these cells, however, this hypothesis
has to be proven in additional studies. Compared to newly
hatched first instar larvae, after 50 h AED, the dorsal vessel
shows a stretched morphology, a maintained number of
cardioblasts and a reduced number of pericardial cells. The
remaining pericardial cells have large nuclei, a characteristic
oval shape, and they are associated only loosely with the heart
tube (see Figs. 3F and 4E). Furthermore, they exhibit a
characteristic positioning along the anterio-posterior axis. The

«

are situated always in close proximity to the ostia forming cardioblasts with
small nuclei (brackets). This presumably indicates a functional requirement of
this localization, e.g. to prevent the entry of particles into the heart lumen
through the neighboring ostia. (F) Transition from larval front heart to ventricle
(segments A4—A6). The cell pair building the valve can be recognized due to the
close proximity of their nuclei (arrowhead). Ostium precursor in segment A4
and ostium in segment A5 are indicated by brackets, the remaining cardioblasts
of one side by arrows. An additional movie showing the heart beat and the valve
motion is available online.
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pearl necklace-like arrangement, seen in young first larvae, is
broken up with gaps in the anterior part of the dorsal vessel,
where GFP positive pericardial cells have disappeared and the
secondary lymph gland lobes will form (see below).

Expression of hand-GFP in the lymph gland cells, which
starts during embryogenesis, is maintained throughout the first
larval stage. In embryos and early to mid-stage first larvae, the
lymph gland cells are arranged in two groups, which are
located bilaterally to the anterior dorsal vessel. At the end of
the first larval stage, the ball-like arranged group of lymph
gland cells on each side of the embryo adopts a spindle-like
appearance (Fig. 3D) and starts at about 44 h AED to lose GFP
expression, shortly before splitting up into several lobes
arranged along the dorsal vessel. Additional hand-GFP activity
is observed in the circular visceral muscles and the garland
cells (see Fig. 3E,F).

From the second up to the end of the third larval stage, a
robust expression of hand-GFP in all heart cells is maintained
(Figs. 3,4, additional movies available online). A dramatic
enlargement of the larval heart in its anterio-posterior
extension characterizes this period of development. Molina,
Cripps and others pointed out that this extension is caused by
cell growth and not by an increased number of cardiac cells
(Molina & Cripps, 2001). This observation is consistent with
our results when counting hand-GFP expressing cardioblasts at
different developmental stages. Besides the cardiac expression
we furthermore observe continuous hand-mediated GFP
fluorescence in garland cells and circular visceral muscles. In
contrast, the expression in lymph gland cells, as mentioned
above, is no longer present in third larvae.

During larval development, the size of a subset of
cardioblast nuclei changes significantly, to our knowledge
first mentioned by Jensen who studied heart differentiation in
the dipterian fly Calliphora erythrocephala, whose heart
morphology resembles the situation in Drosophila melanoga-
ster (Jensen, 1973, compared to our findings). Molecularly, the
cardioblasts with smaller nuclei, two out of six per
hemisegment, were shown to express seven-up but not tinman
(tin), which marks the remaining set of cardioblasts (Gajewski
et al., 2000; Ward and Skeath, 2000). The two cell types can be
distinguished easily in the hand-GFP larvae (Fig. 4). Jensen for
Calliphora, Rizki, Molina and Cripps for Drosophila observed
that the last three posterior pairs of seven-up expressing
cardioblasts form the larval ostia (Jensen, 1973; Molina and
Cripps, 2001; Rizki, 1978). Additional pairs of seven-up
expressing cardioblasts, recognizable by their smaller nuclei,
differentiate into imaginal ostia during metamorphosis (see
below and Jensen, 1973; Molina and Cripps, 2001).

During second and third instar larval development, ostia are
always accompanied by an associated pair of pericardial cells
(Fig. 4C-E). At about 70-80 h AED, the dorsal vessel is clearly
regionalized along its anterio-posterior extension (see Fig. 3F).
Following the nomenclature introduced by Jensen, the three
regions are the anterior aorta, the front heart and the ventricle.
The anterior aorta contains no ostia, has a small lumen and
projects with its opening into the head region. The front heart
harbors four pairs of svp positive cells and is separated from the

ventricle by a valve-like structure. The ventricle (usually
termed heart in the Drosophila literature) harbors three pairs of
functional ostia and has a wider lumen (Rizki, 1978). This
region is predominantly responsible for heart contraction and,
because of the functional ostia, is the inflow tract of the dorsal
vessel in larvae. We found that the anterior aorta is completely
free of associated pericardial cells at any time of larval
development. This region ends posteriorly with a bulge-like
structure (Fig. 3F) and forms the adult aorta exclusively. The
following mid part (the front heart) starts with an anterior
region where only a few pericardial cells associate with the
heart, always in close proximity to the ostia forming cells. In its
posterior half, pericardial cells are arranged bilaterally of the
heart lumen in a more or less pearl necklace-like fashion. The
ventricle of the late larval dorsal vessel is characterized by a
wider lumen and a broader over all appearance and is
accompanied by large pericardial cells at any stage of larval
development. It is comprised of the last 18 cell pairs, including
three pairs of ostia building cells. Cell pair number 34 builds
the valve at the anterior border of the ventricle, as concluded
from the close proximity of their nuclei and their movement
during the beating of the heart (Fig. 4F, arrowhead and
Supplementary materials).

The number of cells and their characteristic individual
features in Drosophila correspond to the description of the
larval heart of Calliphora erythrocephala, given by Jensen
(1973): 9 cell pairs form the aorta, followed by two cell pairs
with small nuclei. Jensen described those to build the valve
between adult aorta and heart after metamorphosis. Together
with the following ordinary cardiac cell pair, those twelve cells
on either side of the larva are documented to be of a different
lineage than the remaining 40 pairs (Alvarez et al., 2003).
Three repeated units of two ostia forming cells (recognized by
their smaller nuclei) and four intermediate cells (recognized by
their larger nuclei) plus two more ostia forming cells and two
cells with larger nuclei (cells number 13-34 on either side)
form the front heart (Figs. 3C and 4F), while the remaining 18
cell pairs build the ventricle (see above).

1.3. Pupation and metamorphosis

Studies of Drosophila metamorphosis have been hampered
by the difficulties to apply e.g. immunohistochemical methods
on pupae, since puparium and cuticle cannot be penetrated
easily by the necessary chemical components. On the other
hand, dissections of larvae and pupae did not always allow the
analysis of a complete organ. For instance, the dorsal vessel
cannot be prepared easily in total, thus only a limited number of
studies address questions related to dynamic changes of heart
morphology occurring in the puparium. The few existing
publications have shown that a significant part of the dipterian
larval heart persists through the pupal stage to form the
imaginal heart (Curtis et al., 1999; Jensen, 1973; Molina and
Cripps, 2001; Rizki, 1978). The postembryonic expression of
GFP under the control of the hand cardiac regulatory region
circumvents the inability to visualize the dynamics of
remodeling processes of the heart because it allows us to
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follow heart differentiation in living animals directly. GFP
expression also facilitates the preparation and dissection under
a stereo microscope equipped with UV-illumination. Indeed,
we were able to observe strong and specific GFP expression in
cardioblasts as well as in pericardial cells in white prepupae
and during all further pupal stages until hatching, as depicted in
Fig. 5 at different pupal stages, starting with white prepupae
and continuing with different time points up to 80 h after
puparium formation (h APF). We found that within 24 h APF,
the retraction of the dorsal vessel becomes clearly visible
(compare Fig. 5SA,C). The most anterior located pair of
pericardial cells is associated with the first pair of ostia and
marks the transition of the anterior to the posterior aorta (Perrin
et al., 2004), or aorta to front heart respectively (Jensen, 1973),
and serves as a useful landmark (Fig. 3F). Between 48 and 80 h

APF, the dorsal vessel curves internally at the border between
the thoracic aorta and abdominal front heart, best seen in lateral
views (Fig. 6D). From 48 h APF onwards the formation of
four heart chambers can be observed (Fig. SE-H), including
the formation of a conical chamber in the first and second
abdominal segment (Fig. 5H) as described by e.g. Curtis et al.
(1999). The other three chambers are smaller and span the
segments A3, A4, and A5, respectively.

During metamorphosis, hand-driven GFP expression is
furthermore clearly detectable in two diaphragm-like structures
located bilaterally in the last thoracic segment close to the
dorsal cuticle. GFP analysis in living animals revealed them to
be contractile (movie available online), and closer inspection
specified them to be the paired scutellar pulsatile organs
(SPOs), also known as accessory wing circulatory organs

prepupa
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Fig. 5. Dynamics of heart morphogenesis during metamorphosis. Time scale is relative to puparium formation (white prepupae) set to zero. h APF=hours after
puparium formation. GFP was captured directly from undissected, living animals freed from puparium (with exception of A and B). Asterisk marks the position of
the ostia in segment A2. (A,C,E,G) show overviews of whole animals at the same magnification. (B,D,F,H) show higher magnifications that were stitched together
from several images from anterior to posterior to increase resolution. (A) Prepupa in its puparium. (B) Prepupa dissected in the anterior region (anterior aorta and
front heart) to remove the puparium in this area to show cardioblasts (arrows) and pericardial cells (arrowheads). No changes compared to third larvae can be
observed (aa=anterior aorta). (C) 24 h old pupa overview. Head, thorax and abdomen are clearly distinguishable. The heart is shortened due to retraction of the
abdomen caused by evagination of the head (compare to A). In the thorax, a group of bilaterally located cells show GFP expression that give rise to the scutellar
pulsatile organ (spo, arrowhead). (D) Abdomen of the same animal as in C in higher magnification. The posterior end of the anterior aorta is visible (aa). The
following two cells correspond to the valve building cells described by Jensen (curly brace). The ostia forming cardioblast pairs can not be seen at this magnification
due to their small size and fainter GFP expression than the other cardiomyocytes, but their position corresponds to the gaps in the cardiomyocyte row (brackets). The
posterior tip of the heart is out of focus due to the curvature of the dorsal vessel. (E) 48 h old pupa overview. The paired scutellar pulsatile organ that appears
boomerang shaped in dorsal views is visible (spo). The heart is even shorter than at 24 h APF (compare to C) due to histolysis (compare Fig. 7B). (F) Abdomen of
another specimen of the same age as in E at higher magnification. The dorsal vessel extends now only until segment A6. The forming ostia of segments A2—-AS can
be recognized (brackets; higher magnification of this specimen shown in Fig. 6E). Heart chamber formation has already started. Arrows indicate the cells forming the
valves between the chambers. (G) 80 h APF old pupa overview. Bristles and eyes have developed. (H) The abdomen of the same specimen than in G in higher
magnification. The four adult heart chambers (I-IV) can be distinguished. The cells building the valves between them are indicated by arrows. Ostia building cells
are not recognized at this magnification; higher magnification of about this age shown in Fig. 7C. 26
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Fig. 6. Details of heart differentiation during metamorphosis: transition from
the aorta (located in the thorax) to the front heart (abdomen). All pictures show
dissected specimens of the indicated age (except of B, which shows an intact
pupa). (A) In prepupae, the transition region is identical to the situation in third
larvae (compare Fig. 4E). The two valve building cells at the posterior end of
the aorta are indicated by a curly brace. Brackets mark the ostia building cells
accompanied by large pericardial cells. (B) Same specimen as in 5D at higher
magnification. At 24 h APF, there are still no significant changes in overall
morphology. The two cells at the very end of the anterior aorta (curly brace)
correspond to the valve building cells described by Jensen (compare Fig. 5D).
The positions of ostia precursors in Al and A2 are indicated by brackets. Their
cell nuclei cannot be recognized in this picture, but at higher magnification of a
different animal shown in E. (C) Preparation of a pupal heart at 48 h APF
(dorsal view). The border of heart to aorta has changed significantly: the aorta
opens to the ventral side of the fourth heart chamber (as visible in the lateral
view at 90 h APF, D). The heart has been stretched in its anterio-posterior
extension by pulling at the most anterior end with fine forceps to show all cells
from different levels. The two cells marked by a curly brace are the same valve-
building ones as in A and B. (D) Lateral view of a heart preparation from a 90 h
APF old pupa. Aorta and heart can be distinguished easily by their width. Note
the rectangular bending of the aorta. The curly brace marks the small-nucleated
cells building the valve between aorta and heart. (E) Higher magnification of
segments A3—A4 of the same specimen as in Fig. 5F. The nuclei of the ostia
forming cells are indicated (brackets).

(Krenn and Pass, 1994a,b; Perttunen, 1955). Formation of the
SPOs starts at about 18 h APF by the appearance of a group of
small-nucleated cells situated medially at a dorsal position in
segment T3 (Fig. 7D). The cells then split up into two groups
that migrate laterally during the next hours, finally adopting a
boomerang like shape in dorsal views. At about 40 h APF, the

SPOs start to contract rhythmically (see Figs. 5,6,7, and
Supplemental material). Whether the SPO forming cells derive
from proliferating dorsal vessel cells or from a different source
is still unknown. An overview about SPOs and additional
associated pulsatile organs is given by Pass (1998, 2000).

1.4. Formation of the adult heart

At the end of embryogenesis, a linear dorsal vessel is
differentiated. At this time, 104 cardioblasts form the tube-like
heart spanning from segments T3—-A8 (Zaffran et al., 1995).
During larval development, the number of cardioblasts is
constant as shown by analyzing Mef2 expression in third instar
larvae (Molina and Cripps, 2001), which is consistent with our
results. As mentioned above, the dramatic enlargement of the
larval heart tube (from about 280 um in the embryo to 1.7 mm
in third larvae after 74-76 h AED, Fig. 3) is exclusively due to
cell growth of cardioblasts, originally postulated by Rizki
(1978).

In pupae, the length of the heart is reduced. This shortening
of the heart during metamorphosis seems to be partly due to the
retraction of the abdomen while the head evaginates, but it has
been suggested that, in addition, heart cells are lost through
histolysis (Jensen, 1973; Molina and Cripps, 2001). Molina and
Cripps discuss that the posterior part of the larval dorsal vessel
undergoes histolysis during metamorphosis, based on the
observation that the transcription factor Tinman is down-
regulated in the last two posterior segments of the vessel and
the observation of large cells, presumably macrophages,
engulfing the posterior tip of the heart. Jensen showed in a
classical histological study that the posterior part of the heart of
Calliphora erythrocephala, including the last two pairs of
ostia, is histolyzed (Jensen, 1973). The front heart, harboring
the four pairs of non-functional larval ostia, forms the heart of
the imago. It is complemented by a remaining portion of the
larval ventricle, which harbors the fifth pair of imaginal ostia.
Indeed, it has been shown that the heart of the imago spans
fewer segments than the larval heart (Curtis et al., 1999; Miller,
1965; Rizki, 1978). Our studies on living pupae carrying hand-
GFP, which provides a reliable source of strong GFP
fluorescence, visualize the dynamics of this process. We
observe that the dorsal vessel (without the anterior aorta)
shortens from 2.8 mm in fully-grown third larvae to 2.4 mm
continuously during metamorphosis, becoming compacted and
relocated more anteriorly. The total number of cardioblasts that
form the inner heart tube, 104 in embryos (52 on either side),
remains constant until pupation. Afterwards, histolysis results
in a reduced number of cardioblasts. Estimating the cell
numbers in the GFP expressing pupae by using the ostia as
landmarks revealed that after 24 h APF, still all of the 104
cardiomyocytes are present, while from 48 h APF onwards
up to adult stage, only about 84 cardiomyocytes are visible
(Figs. 7A,B and 8). In 48 h old pupae, preparations of the
posterior tip of the ventricle revealed the presence of cell
accumulations probably constituting histolytic tissue (Fig. 7B).
Nevertheless, apoptotic stainings with propidium iodid and
acridine orange gave no reproducible results so far.
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Fig. 7. Details of heart differentiation during metamorphosis. (A,B) show the posterior part of whole heart preparations. (C) shows segments A2 and A3 at high
magnification in a living pupa (additional movie available online). (D-F) show the development of the scutellar pulsatile organ during metamorphosis. (A) Whole
heart preparation of a 24 h APF old pupa showing only the posterior half. The position of ostia pairs in segments A4—A7 are indicated by brackets. No histolysis of
the posterior tip cells has occurred yet. (B) Whole heart preparation of a 48 h APF old pupa. Only the ostia pairs of A3—AS5 are present (insets show ostia at higher
magnification in segments A4 and A5, respectively), indicating that the most posterior cardiomyocytes are lost through histolysis at this stage. The uncoordinated
accumulation of cells at the most posterior tip of the heart probably constitutes histolytic tissue (bracket, ht). The degeneration of cardiomyocytes therefore happens
early in metamorphosis. (C) The second and third pair of ostia in a living 90 h APF old pupa. Movies of this specimen showing the beating heart and the functioning
of the ostia are available online. The arrowhead indicates the valve building cell pair between first and second heart chamber. (D) First appearance of the GFP
positive cells building the scutellar pulsatile organ after 18 h APF in a living pupa (dorsal view). (E) After 24 h APF, the group of cells forming the scutellar pulsatile
organ has splitted up into two boomerang shaped clusters. (F) Dissection of the scutellum of a 90 h APF old pupa (ventral view). The GFP positive myogenic cells
forming the contractile diaphragms of the paired scutellar pulsatile organ are clearly visible. They function by flattening through contraction, thereby pumping the
hemolymph from the wings into the body cavity (additional movie available online).

The total number of pericardial cells that finally contribute
to the embryonic heart is still undetermined. A rough
estimation of Mab3-positive pericardial cells (Yarnitzky and
Volk, 1995) indicates a total number of about 110-130 cells
(own observation). Alvarez et al., (2003) have estimated a total
number of about 120 Zfh-1-expressing pericardial cells. It is
known from earlier histological work that the heart of the third
instar larva is accompanied by about 40-50 pericardial cells,
easily recognized by their specific appearance and size (Rizki,
1978). Thus, the number of pericardial cells is dramatically

reduced during larval development. As described above, we
assume degeneration of pericardial cells in the first larva,
predominantly in the anterior portion of the dorsal vessel. At
the end of the third larval stage we could detect a total number
of 40-42 hand-GFP positive pericardial cells, confirming
Rizkis observation. The disparity between the numbers of
pericardial cells in larvae compared to late embryos is likely
due to the degeneration of a specific subset of the pericardial
cell population during larval stages. Which subset of
pericardial cells degenerates remains to be answered, for
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Fig. 8. hand GFP expression in adult flies. (A,B) show whole live specimens after 1 h and 8 days after emergence, respectively. (C) depicts a whole, GFP fluorescent
heart of a dissected adult, 3 days after emergence. (D,E) show heart preparations of animals 3-5 days old. (F-H) show details from C and D at higher magnification.
(A,B) The overall appearance of the adult heart resembles the situation in pupae 80 h APF (compare Fig. 5G) and does not change during the aging of flies (data not
shown). The abdominal segments can be recognized. Pericardial cells (arrowhead) and cardiomyocytes (arrow) are GFP positive. (C) At closer inspection, the
resemblance to the earlier stages is confirmed: higher magnification of a complete heart preparation shows the aorta, the heart, and the garland cells to be GFP
positive. (D) The four heart chambers (I-IV) can be recognized. The brackets indicate the positions of the ostia. (E) A heart preparation carefully conserving all
pericardial cells (arrowhead) showing their total number to be 34 in this individual adult. (F) Same animal as in D at higher magnification. The transition between
aorta and heart exhibits the same features as seen in pupae 80-90 h APF (compare Fig. 6C,D). The two small nucleated cells, described to build the valve between the
two compartments, can be recognized (curly brace). (G) Same specimen as in D at higher magnification. The ostia (brackets) in segments A3 and A4 and the
bordering cells between chamber II and III (arrow) are depicted. (H) Detail from panel C (segment AS5) at higher magnification. The nuclei of the ostia building cells

can be recognized (brackets).

example by analyzing GFP enhancer lines that mark specific
subsets of pericardial cells in the larva. Interestingly, we
discovered an even further reduction of pericardial cells during
metamorphosis. Counting their number in pupae after 48 h
APF revealed that about eight cells at the posterior tip vanish,
probably histolyzed together with the lost cardiomyocytes in
this region, thus resulting in a number of about 32-36
pericardial cells in the adult heart (about 16-18 on either
side, Fig. 8).

Curtis et al., pointed out that the transition from the larval to
the adult heart is accompanied by specific features: (a) a
conical chamber is formed de novo in the first and second
abdominal segments, (b) the heart curves to follow the contour
of the abdomen, (c) a layer of longitudinal muscles appears on
the ventral side of the heart, (d) a fourth pair of ostia is added to
the three already existing ones in the early pupa, (e) the ostia
are valve-like in the adult (Curtis et al., 1999). Indeed, the

analysis of GFP allows for the first time the visualization of
some of the dynamic changes in heart morphogenesis during
metamorphosis and the formation of the imaginal heart in
living pupae. The finally formed heart of the imago extends
from the sixth abdominal segment to the brain in the dorsal
anterior region and is divided in four chambers separated by
valve-like structures. The formation of the chambers, as
visualized by GFP expression in the heart, takes place during
the first 48 h APF (Fig. 5D compared to F). Later, at 80 h APF,
the function of ostia and valves can be monitored in the hand-
GFP specimens (additional movies available online), allowing
the conclusion that the changes in overall heart morphology are
finished at this point of time. The second cardiomyocyte
posterior of each ostium seems to build the valve and the
border to the next chamber. Segment Al is an exception since it
is fused with A2 to form the conical chamber (Curtis et al.,
1999; Rizki, 1978).
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No significant differences between 90 h APF pupae and
adults were detectable. We observed a strong GFP expression
that is maintained in the adult heart in cardioblasts and
pericardial cells. Additionally, GFP is found in the scutellar
pulsatile organ, the garland cells, and the circular visceral
muscles (Fig. 8).

We did not quantify the intensity of GFP fluorescence, but
the level of expression seems to be constant when newly
hatched flies are compared to older ones (up to four weeks).
Thus, hand-GFP might be useful to investigate age-associated
cardiac dysfunction in Drosophila, like the decrease of the
heart-beating rate (Paternostro et al., 2001). Compared to
other available techniques to visualize heart beating in pupae
or adults (Johnson et al., 2001; Nichols et al., 1999;
Papaefthmiou and Theophilidis, 2001; Wessels and Bodmer,
2004), hand-GFP allows genetic screening for mutations
involved in heart morphogenesis during metamorphosis and
formation of the adult heart, because non-invasive obser-
vation of heart morphology and function is possible. As a
very exceptional addition, the hand C-GFP reporter line
could serve to take into account the relevance of the scutellar
pulsatile organ for e.g. viability or fitness in correlation with
circulatory functions.

1.5. Regulation of cardiac hand expression during
embryogenesis

In order to determine where hand acts in the genetic
hierarchy controlling heart development, we examined its
expression in several mutant backgrounds, either by in situ
hybridization with a hand specific RNA probe or by use of the
third intron GFP reporter line (hand C-GFP) described above.
Tinman, Pannier and its binding partner U-shaped have
essential functions in specification of the heart primordium
within the mesoderm (Azpiazu and Frasch, 1993; Bodmer,
1993; Gajewski et al., 1999; Gajewski et al., 2001; Klinedinst
and Bodmer, 2003). Loss of function mutations in either of
these genes cause severe malformations of the heart. In tinman
mutants the heart is missing completely, whereas in pannier
and u-shaped mutants cardioblasts and pericardial cells are
affected in number. The different cardiogenic cell lineages are
affected disproportionally resulting in clusters of accumulated
heart cell subpopulations at later embryonic stages (Gajewski
et al., 1999; Klinedinst and Bodmer, 2003).

In homozygous tinman mutants, heart and lymph glands are
not formed, therefore no hand expression is detected in
the heart region (Fig. 9B,D). hand expression in the nervous
system (arrows in Fig. 9A,B) and the formation of garland
cells, which are also labeled by hand expression, are unaffected
in tinman mutants (Fig. 9D, inset).

The zinc finger- and homeobox-containing gene zfh-1 codes
for a transcription factor expressed in a subset of heart or heart
associated cell types, namely the pericardial and lymph gland
cells. zfh-1 mutant embryos exhibit occasional kinks in the
linear heart tube (Lai et al., 1993), and the Even-skipped
expressing pericardial cells (EPCs) are absent (Su et al., 1999).
hand expression is still detectable in the remaining pericardial

cells in zfh-1 mutants (Fig. 9E). Notably, we found that the
lymph glands are not formed and that the garland cells are
strongly reduced in number (arrow in Fig. 9E and inset). The
garland cells are arranged in a horseshoe-like structure
surrounding the posterior foregut (Fig. 9C, inset). They
originate bilaterally from the anterior trunk mesoderm and
fuse at later stages of development to adopt their final
arrangement, clearly seen when hand is used as marker
(Kolsch and Paululat, 2002). Our results indicate that Zfh-1 is,
in addition to its known function for pericardial cell
specification, also required for lymph gland cell differentiation
and formation of garland cells.

In pannier mutant embryos, the number of cardioblasts is
strongly reduced, and we found only a few heart cells
expressing hand mRNA (data not shown) or the hand-GFP
reporter (Fig. 9L-N). The few remaining cardioblasts (marked
by mef2 expression, Fig. 9M,N, white arrow) are still hand
GFP positive, as well as some pericardial cells (Fig. 9N, white
arrowhead). They fail to form a closed heart tube.
Interestingly, GFP positive lymph gland cells are totally
absent (open arrow in Fig. 9N), while GFP expression in the
visceral mesoderm (open arrowhead in Fig. 9N) and the
garland cells (Fig. 9L-N, inset) is still present. In contrast,
panmesodermal expression of Pannier causes a broader heart
with an increased number of hand positive heart cells
(Fig. 9F-H) and ectopic patches of hand expression
(Fig. 9G). Increased hand expression is also observable in
the nervous system (arrow in Fig. 9H). This indicates that
Pannier is a potential positive regulator of hand, though
cardioblasts are still hand GFP positive in pnr mutants.

The mutation of the pnr-antagonist ush leads to an increased
number of cardioblasts and a reduction of pericardin-
expressing cells. The heart fails to form properly with the
cardioblasts clustering primarily at a posterior position
(Fossett, et al., 2000; Gajewski et al., 1999; Klinedinst and
Bodmer, 2003). Nerverless, they do express hand (data not
shown) as well as hand-GFP (Fig. 90-Q), while no GFP-
positive pericardial cells were detectable (no GFP-positive
cells without mef2-colocalization, Fig. 9Q). The visceral
mesoderm is still labeled by hand expression and appears
normal (not shown).

We furthermore analyzed hand-GFP expression in homo-
zygous pointed**® mutants (Fig. 9R-T). Pointed, an ETS-
transcription factor, acts downstream of pannier and is crucial
for pericardial cell differentiation (Alvarez et al., 2003). In
pointed™®® mutants, the number of the Seven-up expressing
cardioblasts is strongly increased to the expense of pericardial
cells. The heart at stage 16 appears broader and a highly
organized linear heart tube fails to form (Alvarez et al., 2003).
hand driven GFP expression is observed in all heart cells of
pointed mutant embryos (Fig. 9R-T), indicating that Pointed is
not a regulator of hand in cardiac tissues.

As the exemplary inspection of hand C-GFP fluorescence in
the mutants described above has proven, the reporter line is an
efficient tool to check the relevance of putative regulators as
well as to screen for new heart mutants, since it conveniently
shows both cardioblasts and pericardial cells without staining

30



372 J. Sellin et al. / Gene Expression Patterns 6 (2006) 360-375

tin

tin zfh1

v b Qv

s

Aﬂ!f’"‘""

' pnt

..f“" .1-&,; Wi, i s

Fig. 9. hand mRNA and hand GFP expression in selected mutant backgrounds. (A—H) show stainings with an anti hand RNA probe. (I-T) show stainings with an
anti-GFP antibody (green) and anti-Mef2 antibody (red). (A—D) Compared to wildtype (A and C), hand expression in tinman mutant embryos (B and D) is absent in
cardiac tissues, while the garland cells (insets in C and D) appear normal, as well as hand expression in neural cells (compare B—A, arrow). (E) zfh-1 mutant embryos
exhibit a malformed dorsal vessel (compare to D). The expression of hand in cardioblasts and pericardial cells is unaffected (arrow). In contrast, the numbers of
lymph gland cells and garland cells are strongly reduced in zfh-1 mutants (E compared to C and insets) and the horseshoe-like arrangement of garland cells is
disturbed. (F-H) Ectopic expression of Pannier results in increased expression of sand in the heart (F, arrow), ectopic locations (G), and some cells of the CNS
(arrow in H), indicating that Pannier is a potential regulator of hand. (I-K) shows hand C-GFP expression in the wildtype heart. (L-N) In pannier mutant embryos,
the number of heart cells is strongly reduced, while remaining cardioblasts (filled arrow in M and N) and pericardial cells (filled arrowhead) still express hand GFP.
They do not meet at the dorsal midline to form a regular heart tube. The lymph gland cells are missing (open arrow in N). Expression of hand C-GFP in the visceral
mesoderm is still present (open arrowhead in N). (O—Q) The formation of a linear heart tube fails to form in u-shaped mutant embryos. Clustering of hand-GFP
expressing cells that coexpress mef2 in posterior regions (arrow in Q) indicates that some cardioblasts are still specified in u-shaped. (R-T) Compared to wildtype,
pointed mutant embryos exhibit an increased number of cardioblasts accompanied by a reduction of pericardial cells. hand-GFP expression is unaffected in
cardioblasts (arrow in T), and some remaining pericardial cells are GFP positive as well (arrowhead in T).
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or even fixation of embryos. This allowed us the detection of so
far unknown gzfhl-phenotypes in heart associated tissues
(Iymph glands) and the garland cells as well as the evaluation
of the influence of several putative regulators on hand
expression.

2. Experimental procedures
2.1. Drosophila Stocks

Oregon R was the wild type used. The following mutant stocks were used:
tin®*® (from Manfred Frasch), zfh-1" (from Mike Taylor), pnt®8 ush?, pnr!
(Bloomington stock center). For overexpression studies the following lines
were used: UAS-pnr (from Pat Simpson), UAS-ush (from Robert Schulz), 24B-
Gal4 (Bloomington stock center). All transgenic Drosophila lines were
established by use of the w'''®-line.

2.2. Generation of lacZ reporter gene constructs

Specific regions of the hand gene were amplified and cloned into pCRII-
Topo (Invitrogen) and verified by sequencing. LacZ reporter constructs were
made by subcloning the fragments into pCaSpeR-AUG-8Gal or pCaSpeR-
hs43-B8Gal (Thummel and Pirrotta, 1992) and verified by partial sequencing.
P-element-mediated germline transformations were performed as described
(Rubin and Spradling, 1982). GFP constructs were made using the pH-Stinger
vector of the Pelican series of P-element vectors (Barolo et al., 2000). Construct
plasmid DNA was coinjected with A2-3 helper plasmid DNA (Robertson et al.,
1988) into w'''® embryos. After backcrossing, four to five independent lines
per construct were examined for reporter expression to exclude position effects.

2.3. Immunocytochemistry of whole-mount embryos

Processing and immunostaining of whole-mount embryos for B-galacto-
sidase was done following standard protocols, using the Vectastain Elite ABC
Kit (VectorLabs). The following antibodies were used: mouse anti-B-
Galactosidase primary antibody 1:2000 (Promega-Z378A), rabbit anti-Tinman
1:500 (Rolf Bodmer), rabbit anti-Eve 1:3000 (Manfred Frasch), mouse anti-
Zfh-1 (Zhi-Chun Lai), rabbit anti-Odd 1:500 (Jim Skeath), rabbit anti-Mef2 1:
1500 (Hanh Nguyen). To detect GFP in embryos we used a rabbit polyclonal
anti-GFP antibody (Abcam-ab6556, Cambridge, UK) or a mouse anti-GFP
antibody (Invitrogen) at 1:600—1:2000 dilutions. All documentations were done
with digital cameras. For confocal analysis we used a Zeiss LSM5 Pascal.
Whole mount in-situ hybridization was performed as described previously
(Kolsch and Paululat, 2002).

2.4. Dissections

Dissections were performed under a Leica MZ16 FA stereomicroscope
using fine forceps, iridectomy shears and microneedles. Larvae, pupae, and
adult flies were pinned ventral side up on Sylgard 184 plates (Sasco, Munich,
Germany) and perfused with 1 X PBT. Individuals were cut open at the
midline and the body wall was pinned by additional needles. The visceral
organs were removed.

2.5. Time-lapse studies, GFP assessment in larvae, pupae
and adults

Direct GFP fluorescence was observed with a Leica MZ16FA-stereo
microscope equipped with UV-illumination and a Zeiss Axioscope2
epifluorescence microscope. Image Capturing was done using a SIS Color-
View12 digital camera. Pictures and movies were assessed with the software
package AnalySIS (SIS software, Miinster, Germany). Stage 16 and 17
embryos were collected under a UV-equipped stereomicroscope and
dechorionated in 50% DanKlorix in water (Colgate-Palmolive, Hamburg,

Germany). Larvae were timed by hours after egg deposition (h AED): every
2 h, eggs were collected and then incubated for additional 22—76 h at 25 °C. For
GFP image capturing, larval movement was stopped as follows: A commercial
refrigerator cool-package was preadjusted to —20 °C. Next, a microscope slide
with an individual larva was placed on the cooling block. Under these
conditions, larvae stop movement within minutes. For image capturing a drop
of microscopic immersion oil (precooled to 4 °C) was placed directly onto the
larva.

To visualize the entire heart at high resolution, some pictures were composed
by merging two to eight individual images using a commercial photo editing
software (Canon Photo Stitch).
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Abstract

We have screened a collection of EMS mutagenized fly lines in order to identify genes involved in cardiogenesis. In the present work, we have
studied a group of alleles exhibiting a hypertrophic heart. Our analysis revealed that the ADAM protein (A Disintegrin And Metalloprotease)
Kuzbanian, which is the functional homologue of the vertebrate ADAMIO0, is crucial for proper heart formation. ADAMs are a family of
transmembrane proteins that play a critical role during the proteolytic conversion (shedding) of membrane bound proteins to soluble forms.
Enzymes harboring a sheddase function recently became candidates for causing several congenital diseases, like distinct forms of the Alzheimer
disease. ADAMs play also a pivotal role during heart formation and vascularisation in vertebrates, therefore mutations in ADAM genes potentially
could cause congenital heart defects in humans. In Drosophila, the zygotic loss of an active form of the Kuzbanian protein results in a dramatic
excess of cardiomyocytes, accompanied by a loss of pericardial cells. Our data presented herein suggest that Kuzbanian acts during lateral

inhibition within the cardiac primordium. Furthermore we discuss a second function of Kuzbanian in heart cell morphogenesis.

© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: Cardiogenesis; Heart; Dorsal vessel; Kuzbanian; ADAM; Metalloprotease; Drosophila; Lateral inhibition; Mastermind; Morphogenesis

1. Introduction

Heart development in vertebrates and flies share astonishing
similarities, for instance during the early steps of heart
primordium induction and during the first steps of heart cell
differentiation (Bodmer and Venkatesh, 1998; Bodmer and
Frasch, 1999; Cripps and Olson, 2002; Zaffran and Frasch,
2002; Brand, 2003). In both systems, Nkx and GATA factors
are present in a subset of mesodermal cells that become
competent to receive external signals from the overlaying
ectoderm in flies, or from the underlying endoderm in
vertebrates. Decapentaplegic (Dpp)/BMP and Wingless
(Wg)/Wnt signalling is essential to promote differentiation of
tinman expressing cells into cardiac primordium. Nkx and
GATA factors as well as the signal molecules Dpp and Wg are
required for the specification of both subtypes of heart cells in
the fly, the myogenic contractile cardiomyocytes and the non-

* Corresponding author. Tel.: +49 541 9692861; fax: +49 541 9692587.
E-mail address: paululat@biologie.uni-osnabrueck.de (A. Paululat).

0925-4773/$ - see front matter © 2006 Elsevier Ireland Ltd. All rights reserved.
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contractile pericardial cells. Mutations in the tinman gene, or
an interruption of Dpp or Wg signalling, result in the complete
absence of heart structures in the fly (Azpiazu and Frasch,
1993; Bodmer, 1993; Frasch, 1995; Wu et al., 1995; Yin and
Frasch, 1998; Lockwood and Bodmer, 2002). The activity of
Tinman within the cardiac primordium, combined with the
activity of the Drosophila GATA factor Pannier, promotes
further specification of cardioblasts (Azpiazu and Frasch, 1993;
Bodmer, 1993; Xu et al., 1998; Gajewski et al., 1999, 2001;
Alvarez et al., 2003; Klinedinst and Bodmer, 2003; Reim et al.,
2003; Reim and Frasch, 2005; Sorrentino et al., 2005).
Specification of different subtypes of cardiac progenitors is
accompanied by the combinatorial expression of particular
transcription factors, including the homeobox factor Ladybird
and the COUP nuclear hormone receptor Seven-up (Jagla et al.,
1997, 2002; Lo and Frasch, 2001; Han et al., 2002; Ryan et al.,
2005). Likely, these factors are required for the appropriate
specification of individual heart progenitors and their proper
differentiation, e.g. into ostia (Lo and Frasch, 2001; Molina and
Cripps, 2001). Studies of Hartenstein, Bodmer and others have
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shown that the differentiation of heart cells within the dorsal
mesoderm also depends on Notch—Delta signalling. Early
elimination of Notch activity using a temperature-sensitive
allele causes hypertrophy of cardiac cells, due to a failure of
lateral inhibition within the dorsal mesoderm (Hartenstein et
al., 1992; Mandal et al., 2004). Notch has at least a second
function during asymmetric cell division in the heart cell
lineage and thus a biphasic requirement during heart
development. The heart progenitors forming the ostia arise
from asymmetric cell divisions, dependent on Notch function,
as well as on the function of other components of the
asymmetric cell division machinery including Sanpodo,
Numb and Inscuteable (Ward and Skeath, 2000; Alvarez et
al., 2003; Han and Bodmer, 2003; Popichenko and Paululat,
2004).

In a search for novel genes involved in heart differentiation,
we screened a collection of EMS-induced lethal mutations
(Hummel et al., 1999a,b). We identified several mutant lines
displaying strong malformations of the embryonic heart, which
we grouped into different phenotypic classes (Fig. 1). The
molecular characterization of these mutants will be described
elsewhere. Among the mutants displaying heart defects, we
identified five alleles of the metalloprotease-disintegrin
Kuzbanian and three alleles of the Notch downstream effector
Mastermind, all of them displaying a hyperplasic heart.
Embryos, stained for B3Tubulin, Mef2 and other markers,
revealed an approximately twofold excess of cardioblasts
concomitant by a loss of pericardial and lymph gland cells. The
excess of cardioblasts in kuzbanian affects all subtypes of
cardioblasts, e.g. the tinman and the seven-up expressing cells.
According to this observation, we assume a functional role for
Kuzbanian during Notch dependent lateral inhibition within the
early cardiac mesoderm, likely in conjunction with a later
function during asymmetric cell division in the heart cell
lineage. In kuzbanian mutants, we furthermore observed a
misarrangement of heart cells and the failure of cardioblasts to
adopt their final cell morphology, while specification and
initial differentiation of heart cells still occurs, indicated by the
expression of genes that label specific cell types in the heart,
and the attempts of cardioblasts to form lumen-like structures.

Metalloprotease-disintegrins (ADAMs) are membrane-
anchored proteases, which have a critical function for
proteolytic release of soluble forms of membrane bound target
proteins (shedding). Recently, it has been shown that distinct
members of the vertebrate ADAM family are crucial for
cardiogenesis and vascularisation (Dibbs et al., 2003; Jackson
et al., 2003; Shi et al., 2003; Zhou et al., 2004; Horiuchi et al.,
2005), therefore mutations in ADAM genes potentially could
cause congenital heart defects in humans. Drosophila has five
known ADAMs. DmTace is the homologue of the human TNF-
a converting enzyme Hs-TACE (TACE; tumor necrosis factor-
alpha converting enzyme), Dm-Mmd and Dm-Meltrin are
closely related to the human Meltrin-alpha gene. Kuzbanian
(kuz) and Kuzbanian-like (kul) reveal strong similarities to
human ADAMI10 (Sapir et al., 2004). So far, for none of them a
function for embryonic heart formation was described. Herein,

we show that the metalloprotease Kuzbanian is crucial for
proper cardiogenesis in Drosophila.

2. Results

2.1. A screen for genes required in cardiogenesis revealed
several heart phentoypes

About 500 balanced lines from mutagenized second or third
chromosomes (Hummel et al., 1999a,b) were examined for
mutations affecting the morphology of the embryonic heart.
For the first round of screening, we used an anti-B3Tubulin
antibody (Leiss et al., 1988), which turned out to be a
particularly useful marker, allowing the visualisation of heart
cells and the majority of the mesodermal tissue simultaneously
(Burchard et al., 1995; Rau et al., 2001; Schroter et al., 2004).
Therefore, not only the morphology of the dorsal vessel itself,
but also the architecture of the heart in its tissue context is
clearly visible. Within the dorsal vessel, B3Tubulin is
expressed in four out of six cardioblasts per hemisegment,
regulated by the transcription factor Tinman, which is active in
the same subset of cardioblasts (Buttgereit et al., 1996; Damm
et al.,, 1998; Kremser et al., 1999). Subsequently, a second
round of screening was performed with an antibody against
Mef2, which visualises the nuclei of all six cardioblasts in a
hemisegment (Lilly et al., 1994; Nguyen et al., 1994; Taylor et
al., 1995). Finally, we identified several mutants with
malformations of the dorsal vessel (Fig. 1). One group of
mutants is characterized by the absence of the majority of
cardioblasts or the heart at all (Fig. 1C). These mutants exhibit
additional defects in the somatic mesoderm, indicating that the
mutated genes have a more general role during mesoderm or
dorsal mesoderm differentiation. The second group of mutants
shows a misarrangement of cardioblasts (Fig. 1D). A closer
microscopic inspection revealed that cardioblasts obviously
fail to undergo cytokinesis upon embryonic mitosis 16. The
third group of mutants is characterized by appearance of kinks,
gaps or cardioblast alignment defects (Fig. 1E). The fourth
group (Fig. 1F) exhibits phenotypes reminiscent to defects
typically observed in asymmetric cell division mutants like,
e.g. inscuteable (Popichenko and Paululat, 2004). The analysis
of these mutants will be described elsewhere, while the fifth
group (see below, Fig. 1H-J) is described herein.

Eight mutant fly lines identified in our screen show a nearly
identical phenotype, characterized by the appearance of an
approximately twofold excess of cardiomyocytes (Fig. 1G and
H, Table 1). They fall into two complementation groups,
representing three mastermind (mam) and five kuzbanian (kuz)
alleles (see methods section for details of the genetics). Mam is
a modulator of Notch signalling and crucial for mesodermal
and neuronal differentiation (Petcherski and Kimble, 2000;
Yedvobnick et al., 2004), including cardiogenesis (Hartenstein
et al., 1992). In contrast, a functional role of Kuzbanian during
cardiogenesis was not investigated so far, although the
embryonic phenotype of kuzbanian mutant embryos was
extensively analysed (Fambrough et al., 1996; Rooke et al.,
1996; Pan and Rubin, 1997; Sotillos et al., 1997; Qi36:6t al., 1999;
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wildtype

truncated or missing heart

“asymmetric eghbdiyision defects
Kooy <
v

Summary of the observed heart phenotypes

Phenotype Number of Lines
Rudimentary or missing heart 4
Cell cycle / cytokinesis defects

Disorganized heart

Asymmetric cell division phenotype

0 N B

Hyperplasic heart

Fig. 1. A screen of EMS-induced embryonic lethals identifies mutations affecting heart development. The dorsal vessel is visualised using an antibody against
B3Tubulin (A—F) or Mef2 (G-J). Wildtype embryos are shown in A, B and G for comparison. In embryos belonging to the first group of mutants, the heart is missing
or only a few remaining cardioblasts can be detected (C). The second group reveals cytokinesis defects, characterised by cardioblasts that fail to separate during
mitosis and to align properly (D). The third group shows a disorganized heart with gaps or cardioblast alignment defects (E). The fourth group displays asymmetric
cell division phenotypes (F). We identified the EMS-mutant shown in F as being a sanpodo allele (own observation). The fifth group shows a strong excess of
cardioblasts (H-J, compared to G). In wildtype embryos Mef2 labels all cardioblasts, six per hemisegment. In total, the embryonic heart of a wildtype embryos
consists of 104 Mef2-positive cardioblasts (G). We identified three EMS-induced mastermind alleles in our screen, which roughly exhibit a twofold excess of
cardioblasts (see Table 1). As an example, mam>>?® is shown in (H). Similarily, the five kuzbanian alleles depicted in our screen display a similar phenotype (see
Tablel). At late stages, the heart in kuzbanian embryos appears to be closed. As an example, kuz®'™* (1) and kuz® (J) are shown. Pictures were made using the
maximum projection algorithm using a stack of confocal pictures.
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TwiGald > KuzDN mam>*%*

Table 1

Kuzbanian and mastermind regulate cell number in the heart

Cell type Wildtype uz®
Mef2-expressing cardio- 105.8+5.4 (n=8) 183.6+19.1 (n=7)
blasts/embryo

Svp-expressing cardioblasts/ 285+1.2 (n=4) 40+2.4 (n=6)
embryo

Zfh1-expressing pericardial 119.54+22.3 (n=38) 75+5.7 (n=2)
cells/embryo

Odd-expressing pericardial 85.54+2.4 (n=8) 41.3+7.2 (n=9)
cells/embryo

Eve-expressing pericardial 29.6+0.6 (n=3)

cells/embryo

32.6+3.0 (n=3)

138.84+10.9 (n=06) 201.3+£24.6 (n=12)
n.d. 45.1+4.6 (n=9)
n.d. 534226 (n=2)
40.3+5.4 (n=11) 212415 (n=9)

n.d., see Fig. 4 0.7£0.95 (n=17)

Numbers in parentheses indicate number of embryos scored; n.d., not determined.

Schimmelpfeng et al., 2001; Klein, 2002; Lieber et al., 2002).
To verify that mutations in the kuzbanian gene are responsible
for the observed heart phenotype, we added two independently
detected amorphic kuzbanian alleles, kuz® and kuzezg"‘, to our
phenotypic analysis. Indeed, all alleles exhibit an approximate
twofold increase in cardioblast number. The severity of the
heart phenotype varies only slightly between each allele,
indicating that all mutations are likely to be null mutations. As
an entry point to elucidate the molecular nature of the EMS-
induced mutations, we have sequenced the kuzbanian locus,
which consists of 13 exons spanning a region of about 88 KB,
from selected mutant chromosomes. The R1-4 allele indeed
carries a mutation within the kuzbanian gene. The mutation in
kuzR'* arises from a splice-donor-site mutation in the 4th
intron (see Fig. 2A-D, the point mutation is five base pairs
downstream of the 4th exon). This results in a failure to splice a
68 bp intron, which finally causes a truncation within the
prodomain of Kuzbanian due to a frameshift (see Fig. 2E). The
predicted protein lacks any recognizable domains, and there-
fore we consider this allele to be a kuzbanian null allele. The
characterization of the other EMS-induced kuzbanian alleles is
in progress.

2.2. Loss of kuzbanian function results in an excess of
cardioblasts in all subregions of the dorsal vessel

The embryonic dorsal vessel of Drosophila is composed of
three morphologically distinguishable regions, the posterior
‘heart’ with a wider lumen and functional ostia, the posterior
aorta with ostia precursor cells and the anterior aorta, which
lacks ostia or ostia precursors. The ‘heart’ is separated by a
valve-like structure from the aorta-region (Jensen, 1973; Rizki,
1978; Alvarez et al., 2003; Perrin et al., 2004). Recent studies
have shown that the specification of distinct heart regions along
the anterior—posterior (a—p) axis depends on the activity of the
homeobox factors Antennapedia (Antp), Ultrabithorax (Ubx),
Abdominal-A (Abd-A), and Abdominal-B (Abd-B) (Lo et al.,
2002; Lovato et al., 2002; Ponzielli et al., 2002). Consequently,
mutations were observed, which affect heart cell differentiation
in specific regions, e.g. mutations in the transcription factor
pointed-P2 result in cardioblast proliferation restricted to the
posterior seven segments (Alvarez et al., 2003). In contrast,

kuzbanian mutant embryos display an excess of cardioblasts
along the whole a—p axis of the dorsal vessel (see Fig. 1),
although the phenotype is more prominent in the posterior
segments. To examine whether the observed excess of
cardioblasts is restricted to a specific subtype of heart cells,
we used various markers to visualise individual cardioblast
identities. Double-labellings for Seven-up/Mef2, Seven-up/
Tinman, and Ladybird/Tinman clearly show that all types of
cardioblasts in an abdominal hemisegment are increased in
number, although to different extend (Fig. 3A-F, Table 1, see
also Section 3). Thus, the kuzbanian phenotype is not restricted
to a particular subset of cardioblasts. Other parts of the dorsal
mesoderm, for instance the dorsal somatic muscles, are
obviously not affected in zygotic loss-of-function kuzbanian
mutant embryos. Nevertheless, mesodermal expression of a
dominant negative construct shows that Kuzbanian is crucial
for the differentation of the somatic muscles (see below,
Fig. 4). The time of lethality was examined for selected
amorphic kuzbanian alleles (kuz"™*'®, kuz"*™"", kuz"* '8,
kqulJ‘, kuz>>% and kuz3) utilising a GFP balancer chromo-
some. We found that homozygous kuzbanian embryos display
muscle contraction but fail to hatch and die approximately
2 days after egg deposition. Likely, lethality is caused by the
combination of various embryonic defects observed in
kuzbanian mutant embryos, including neuronal and potentially
heart defects.

2.3. Kuzbanian is required for pericardial cell and lymph gland
development

Pericardial and lymph gland cells, like cardioblasts, arise
from the dorsal mesoderm. Using antibodies against even-
skipped (Frasch and Levine, 1987), Odd-skipped (Ward and
Skeath, 2000), Zfhl (Lai et al., 1993) and a hand-GFP
reporter line (Ko6lsch and Paululat, 2002; Sellin et al., 2006),
that visualise all or a specific subset of pericardial cells, we
observed a strongly reduced number of pericardial cells in
the kuzbanian mutant background (Fig. 3G-L, Table 1). For
example, the four Odd-skipped expressing pericardial cells
visible in a wildtype hemisegment were sometimes com-
pletely missing in kuzbanian embryos (Fig. 3L). Because two
of the four Odd cells derive from asymmetric cell division
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Fig. 2. Organization of the kuzbanian locus and molecular characterization of the kuzbanian allele kuz " . (A) Schematic representation of the genomic structure of
the kuzbanian gene showing the exon—intron structure and open reading frame. Black and white boxes represent coding and non-coding sequences. The location of
the ethylmethane sulfonate (EMS) induced mutation in kuz®'"* is indicated by an arrow. (B) The sequence alteration in kuz®'* (A — G) was detected when DNA
from homozygous mutants (upper panel), heterozygous (mid panel) and wildtype animals (lower panel) was sequenced. In heterozygous embryos, a double peak is
visible. (C) As a further proof, we designed a RT-PCR experiment. The forward primer SW402 is located within exon 2; the reverse primer SW407 matches the
intron—exon boundary of the fourth intron/fifth exon. Thus, the reverse primer SW407 binds solely to an mRNA that harbors the 4th intron. This primer combination
avoids artificial amplification from genomic DNA due to the distance of the primer binding sites to the kuzbanian locus (> 58 kb). As template for PCR, RNA
isolated from heterozygous animals was used. We expected an amplicon of about 456 bp instead of 388 bp, resulting from correct splicing of intron 2 and 3, but
presence of intron 4 in the mRNA. (D) An amplicon of about 450 bp was observed. The band was extracted from the gel, cloned and sequenced. We found that the
4th intron is present in the amplified cDNA. As shown in B, a single point mutation (A — G) is present in direct neighborhood to the intron—exon boundary within the
intron. This result indicates, that the mutation in kuz"'™ is a splice site mutation. (E) Schematic representation of the domain structure of Kuzbanian and the
postulated alteration in kuz®'**. The presence of the forth intron causes a premature truncation due to a frame shift induced stop codon within the prodomain. The
Kuz®'* protein lacks any recognizable domain and is thought to be a strong loss of function mutation. Abbr.: SP, signal peptide; Pro, prodomain; MP,
metalloprotease domain; DI, disintegrin domain; Cys, cystein-rich domain; TM, transmembrane domain; Intra, intracellular domain.

R1-4

whereas the other two cells originate from symmetric cell
division, the absence of all four cells in a hemisegment
indicates that Kuzbanian function is not restricted to one of
these lineage types. Furthermore, we observe that the
remaining pericardial cells in kuzbanian mutant embryos
appear in an irregular fashion along the a—p axis of the heart.
We do recognise specific regions where the pericardial cell

pattern appears normal, neither with respect to the location
nor to the number of pericardial cells. The even-skipped
expressing pericardial cells (EPCs), which share a common
lineage with a dorsal body wall muscle (Buff et al., 1998;
Carmena et al., 1998, 2002; Su et al., 1999) are not affected
in kuzbanian mutant embryos (Fig. 3M, Table 1), whereas a
dominant negative form of Kuzbanian, driven by twist-Gal4
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Fig. 3. The dorsal vessel consists of different cell types, characterized by the specific expression of molecular markers. A-F shows confocal images of
wildtype embryos (A, C and E) and kuzbanian mutant embryos (B, D and F). The alleles we used were kuz® (B, D, F, H), kuz®"* (J, L) and kuz5%% (N).
The six cells in an abdominal hemisegment express Mef2; four out of six cardioblasts express tinman, two of which coexpress tinman and ladybird. The
remaining two cardioblasts express svp-lacZ but not tinman or ladybird. svp-lacZ identifies the cardioblasts that form ostia or ostia precursors and which
derive from asymmetric cell division (Ward and Skeath, 2000). Compared to wildtype (A), the number of svp-lacZ expressing cells is increased
approximately twofold in kuzbanian (B). Double labelling for svp-lacZ/Tinman and Ladybird/Tinman in wildtype (C and E) and kuzbanian mutant embryos
(D and F) reveals that the tinman, ladybird and svp-lacZ expressing cardioblasts contribute all to the increased total number of cardioblasts in kuzbanian.
The pericardial cells, some of which express tinman, are reduced in kuzbanian mutant embryos. Therefore, the tinman positive cells in kuzbanian embryos
(D and F) represent predominantly cardioblasts. Double labelling with Mef2/hand-GFP (G and H), Mef2/Zfh1 (I and J) and B3Tub/Odd (K and L) reveals
that the number of pericardial cells is reduced in kuzbanian mutant embryos (H, J, and L) compared to wildtype (G, I, and K). In addition, the number of
lymph gland cells is reduced (arrow in I and J). The Even-skipped expressing pericardial cells (EPCs) are not affected in kuzbanian (compare M and N). All
pictures were made using the maximum projection algorithm on a stack of confocal pictures.
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twi>kuzDN

twixkuzDN

Fig. 4. Expression of a dominant negative kuzbanian transgene (UAS-KuzDN), driven by twist-Gal4, mimics the phenotype of kuzbanian loss of function mutant
embryos (compare A with Fig. 1I) and indicates a function of Kuzbanian in the somatic mesoderm. (A) shows a representative embryo, stained for Mef2. The
hyperplasic heart is clearly visible (arrows). (B) double staining for f3Tubulin (green) and Odd (red) reveals a significant loss of pericardial cells (arrow). KuzDN,
when driven with twi-Gal4, causes severe defects in the somatic mesoderm as well (B and C). In contrast to the zygotic kuzbanian mutant embryos, which show a
normal number of Eve-expressing pericardial cells (see Fig. 3M,N), the rwi > KuzDN embryos exhibit only a few Eve-expressing cells (arrow in C), likely due to the
early inhibition of the maternal Kuzbanian function. Furthermore, panmesodermal expression of KuzDN causes patterning defects in the somatic mesoderm. (D-I)

show embryos stained for B3Tubulin to visualise somatic muscles. For comparision wildtype embryos are shown in lateral (D) or dorsal view (G). Whereas

homozygous kuzbanian mutant embryos (kuz*°* in E, lateral view, kuz®'™

in H, dorsal view) exhibit a fairly normal muscle pattern, embryos in which KuzDN is

driven in the mesoderm by twist-Gal4 display severe muscle malformation defects, indicating that Kuzbanian plays a role in muscle formation.

(see Section 2.4 and Fig. 4), causes a reduction of EPC cells.
The number of EPCs is also strongly reduced in mastermind
mutant embryos (see Table 1). The progenitors of the various
subsets of pericardial cells are specified during different time
windows. Double-staining for Eve and Odd has shown that
Eve-mesodermal cells giving rise to the EPCs appear at stage
10, whereas the Odd-skipped expressing pericardial cell
progenitors are not detectable until stage 12/2 (Ward and
Skeath, 2000). Therefore we assume, that in zygotic
kuzbanian mutant embryos the maternal component is
sufficient for proper differentiation of the EPCs, but not for
the Odd-skipped pericardial cells. The EPCs constitute a
subset of the Zfhl positive pericardial cells, of which—
beside the EPCs—only a small number is still present in
kuzbanian mutant embryos. Our results indicate that
Kuzbanian is required for the coordinated specification of
pericardial cells. In addition, we observe defects in lymph
gland differentiation. The lymph glands, which are a source
for larval hemocytes, appear as two bilateral located cell
cluster flanking the anterior part of the dorsal vessel at stage
16 embryos (Mandal et al., 2004; Jung et al., 2005). Each
cluster harbors about 20 cells that express, e.g. Odd-skipped
and Zfh-1, two markers we have already used to determine
the consequences of mutations in the kuzbanian gene on
pericardial cell development (see above). We found a
reduced number of lymph gland cells in kuzbanian mutant
embryos (e.g. Fig. 3], compared to 3I).

2.4. The excess of cardioblasts in kuzbanian mutant embryos is
caused by a requirement of Kuzbanian prior to heart cell
specification

As an entry point to elucidate the time of Kuzbanian
requirement during heart development, we expressed a
dominant negative kuzbanian variant (KuzDN) in the
mesoderm at different time points of embryonic development.
The transgene KuzDN lacks the extracellular metalloprotease
domain and was successfully used to mimic kuzbanian
phenotypes, e.g. in bristle development, eye development
(Pan and Rubin, 1997), and the embryonic nervous system
(Schimmelpfeng et al., 2001). Utilising the UAS-Gal4 system
we choose twist-Gal4, tinman-Gald (tinCA4-Gal4) and hand-
Gal4 as drivers. twist-Gal4 allows the activation of UAS-
KuzDN in the entire early mesoderm, covering the time when
heart progenitors are selected within the dorsal mesoderm by
lateral inhibition. #inCA4-Gal4 drives expression in differ-
entiating cardioblasts from embryonic stage 11 to 12 onwards,
but lacks the early tinman expression domain (Lo and Frasch,
2001; Perrin et al., 2004). As a third driver we used hand-Gal4.
The bHLH factor Hand is expressed from stage 12 onwards in
all heart cells (cardioblasts and pericardial cells) after the
selection of heart progenitors (Moore et al., 2000; Kolsch and
Paululat, 2002; Han and Olson, 2005; Sellin et al., 2006). Thus,
hand-Gal4 provides the Gal4 activator later then twi-Gal4 and
tin-Gal4. The dominant negative Kuzbanian transgene
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(KuzDN) phenocopies the loss of function phenotype, but only
when driven by twi-Gal4 (Fig. 4, Table 1). The number of
cardioblasts is increased approximately twofold, as seen in all
loss of function alleles. The number of pericardial cells appears
to be reduced. Furthermore, we observe strong muscle
patterning defects (Fig. 4), indicating that Kuzbanian is
important for the development of the somatic mesoderm. We
assume that the panmesodermal expression of KuzDN inhibits
the maternally contributed wildtype Kuzbanian protein in this
tissue, causing a severe muscle phenotype not visible in the
zygotic mutants. KuzDN expression, driven by fin-Gal4 and
hand-Gal4 does not cause a significant excess of cardioblasts.
As mentioned above, both drivers are active predominantly
after the selection of the cardiac primordial cells.

2.5. Terminal heart cell differentiation is affected in kuzbanian
mutants

Heart formation during embryogenesis requires the
migration of heart precursors towards a dorsal position. From
stage 15 to 17, cardiac precursors become flattened, polarized
cells that align in a highly organized longitudinal row
(Rugendorff et al., 1994; Fremion et al., 1999). At dorsal
closure, the leading edges of the cardioblasts meet their
contralateral counterparts. Finally, the lumen is formed when
the trailing edges of the cardioblasts of either side bend around
and contact each other (Rugendorff et al., 1994). In kuzbanian
mutant embryos, the migration of heart precursors towards the
dorsalmost position is not affected, whereas the final alignment
of heart precursors and cardioblasts is considerably disturbed.
All analysed mutant alleles finish dorsal closure and cardiac
cells appear as a three to six cell wide band, extending from
anterior to posterior, indicating that the contralateral counter-
parts of the developing heart contact each other. a-Spectrin
staining (Zarnescu and Thomas, 1999) allows to distinguish
between the ostia-forming cardioblasts that exhibit a charac-
teristic double-bean like morphology at late embryonic stages
and the tinman-expressing cardioblasts that show a cube-like,
polarized appearance at stage 16 (Fig. 5A). In kuzbanian
mutant embryos, cardioblasts fail to adopt the final cell
morphology. For example, the characteristic bean-like shape of
cardioblasts, that normally form the ostia at stage 16/17, is not
recognizable (compare Fig. 5A,B). Also, the four tinman-
expressing cardioblasts, which usually have a flattened, cube-
like morphology with a distinct polarisation, exhibit an
abnormal morphology (Fig. 5A,B). In kuzbanian mutant
embryos the majority of cardioblasts show a triangle or
parallelogram-like shape; the characteristic cube-like appear-
ance, as seen in stage 16/17 wildtype embryos, is aberrant. In
the posterior region of the heart, Wingless (Wg) is expressed
specifically in three double pairs of cardioblasts (Wg, see
Fig. 5C,D). These cells coexpress Seven-up and differentiate
into ostia (Molina and Cripps, 2001; Lo et al., 2002). In
kuzbanian mutant embryos, we observe an increased number of
Wg-positive cardioblasts that fail to form the typically double
pairs and exhibit an abnormal morphology, indicating that final
cell differentiation is abolished (Fig. 5D). At stages before the

contralateral cardioblasts meet each other at the dorsal midline,
we observe in kuzbanian mutants embryos occasionally
regions, in which short stretches of pair-wise organised
cardioblasts are prominent (Fig. 5F). The arrangement of the
pair-wise organized cardioblasts at stage 14 or 15 resembles the
highly organised dorsal vessel of wildtype embryos at stage 16/
17 (Fig. SE). We assume that cardiac cell differentiation is
initiated in kuzbanian mutant embryos, as cardioblasts on both
sides of the embryo attempt to align along the a-p axis to form a
two cell wide row of cardioblasts.

Rugendorft and colleagues have shown that heart lumen
formation is a late step during cardiogenesis, requiring the
contact of the contralateral located cardioblasts when they meet
each other at the midline (Rugendorff et al., 1994). Therefore,
we have analysed whether lumen formation is abolished in the
heart of kuzbanian mutants. Light and transmission electron
microscopic analysis of sectioned embryos revealed that the
cardioblasts in kuzbanian mutants occasionally attempt to form
a lumen-like structure (Fig. 5G-I), when cardioblasts align
correctly along the a—p axis and establish a pair-wise
organisation in restricted small areas. The lumina, shown in
Fig. 5H, appear to be formed by ipsilateral cardioblasts instead
of contralateral cardioblasts, consistent with the observation of
bilateral located two cell rows of cardioblasts at stage 14/15
mentioned above. Our results indicate that heart lumen
formation does not require the correct position of two bilateral
located one cell wide rows of cardioblasts at the dorsal midline
rather than any two adjacent rows of specified cardioblasts that
can communicate directly.

The larval heart in Drosophila lacks neuronal innervation,
suggesting that heart beating is totally myogenic (Dulcis and
Levine, 2003). This particular aspect of heart function should
be not influenced by the neuronal defects occurring in
kuzbanian embryos, but being dependent on cell autonomous
mechanisms. Therefore we have analysed, whether the
kuzbanian heart is able to beat, using a GFP-reporter gene,
specifically driven in the whole heart by an enhancer element
cloned from the bHLH transcription factor gene hand (Sellin et
al., 2006). In wildtype embryos, heart beating can be observed
at late stage 17 embryos shortly before hatching. However,
heart beating is observed in homozygous kuzbanian embryos,
although beating is irregular, probably due to the misarrange-
ment of cardioblasts. Nevertheless, the result indicates that
cells bearing pacemaker activity are specified and active.

3. Discussion

Kuzbanian, and its vertebrate homologue ADAMI10, belong
to the large family of membrane anchored glycoproteins that
show a characteristic conserved domain structure: an amino-
terminal signal sequence followed by pro-, metalloprotease,
and disintegrin domains, a cysteine-rich domain, usually
containing an EGF repeat, and finally a transmembrane domain
and cytoplasmic tail (see Fig. 2E, reviewed in, e.g. Becherer
and Blobel, 2003). The complex protein structure suggests a
widespread function of this class of molecules. Indeed,
ADAMs act in many biological processes, including
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Fig. 5. Alignment of cardioblasts and cell polarity defects in kuzbanian. A, C, E and G show wildtype embryos, B, D, F and H kuzbanian mutant embryos. Alleles we
used are kuz”>* (B), kuz®'* (D and F) and kuz"™'° (H). Embryos in A and B are stained for a-Spectrin, which visualises cell polarity and cell morphology. In
wildtype, the ostia-forming cardioblasts are visible by their characteristic shape (arrow in A). kuzbanian embryos at a similar stage of development complete dorsal
closure (B). Cardioblasts from contralaterally located cardiac tissue on both sides of the embryo meet each other at the dorsal midline and form a broad compact band
of cardioblasts. We do not observe cells that adopt the typical morphology of the ostia-forming cardioblasts (arrow in A), indicating that final cell differentiation
seems to be blocked, although the typical markers for ostia-forming cardioblasts are expressed (compare with Fig. 3). Embryos in (C) and (D) are stained for
Wingless and a-Spectrin. Wingless is expressed in three double pairs of ostia-forming cells within the heart proper and labels the surface of the cells. In kuzbanian
mutant embryos (D), cell number and cell morphology is aberrant, compared to wildtype (C). Note that one cluster of Wg-expressing cells is out of focus in (D).
Embryos in (E) and (F) are stained for B3tubulin. (F) shows a kuzbanian embryo slightly before dorsal closure. Occasionally, properly aligned and pair-wise
orientated assemblies of cardioblasts appear on both sides of the embryo (arrow in F). This situation resembles the appearance of the final heart at late stage wildtype
embryos (E). (G) and (H) show cross-sections through an abdominal segment (A5 or A6, respectively), of a wildtype (G) or a kuz">'® (H) embryo. Prior to section,
embryos were stained for B3tubulin (brown color) and selected under a dissecting microscope. Sections were counterstained with eosin (red). The cardioblasts are
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neurogenesis, myogenesis, angiogenesis, fertilisation and
others (reviewed in, e.g. Blobel, 2000; Primakoff and Myles,
2000), and they are involved in the shedding of various
membrane bound proteins, including growth factors and cell
adhesion molecules (examples are given in White et al., 2001;
Moss and Lambert, 2002; Seals and Courtneidge, 2003; White,
2003; Blobel, 2005; Reif et al., 2005). For the majority of
ADAMs, the substrates are not known and due to the
widespread functions many aspects of their biological role
are poorly understood.

3.1. ADAMs are crucial for cardiogenesis

Studies on the function of ADAMs in vertebrates indicate
that some of the members of the gene family are involved in
cardiac development. Mice, lacking functional ADAMI19,
exhibit severe defects in cardiac morphogenesis, e.g. ventral
septal defects, abnormal formation of the aortic and pulmonic
valves and abnormalities of the cardiac vasculature (Zhou et
al., 2004). Recently, it was shown that TACE (ADAM17) is
essential for cardiac valvulogenesis in mice, likely by its
sheddase function on EGFR (Jackson et al., 2003). Interest-
ingly, mice lacking a functional TACE die at birth with an
enlarged fetal heart with increased myocardial trabeculation
and reduced cell compaction, mimicking the pathological
changes of noncompaction of ventricular myocardium. In
addition, larger cardiomyocyte cell size and increased cell
proliferation were reported in ventricles of the TACE knockout
mouse hearts (Shi et al., 2003). Cardiac restricted over-
expression of a non-cleavable, transmembrane TNF/tumor
necrosis factor, a major substrate of TACE, in mice provokes a
hypertrophic cardiac phenotype (Dibbs et al., 2003).

Although it is clear that some mammalian ADAMs are
crucial for heart development (Horiuchi et al., 2005), a role for
ADAM metalloproteases during Drosophila heart formation
was not reported so far. Here, we have provided multiple lines
of evidence that the metalloprotease Kuzbanian/ADAMIO0 is
crucial for cardiogenesis in flies. Screening a collection of
mutagenized Drosophila lines for displaying heart phenotypes
and the subsequent analysis of selected alleles revealed that
mutations in the kuzbanian genes cause a hyperplasic heart.

3.2. A potential role for Kuzbanian in heart cell specification

One of the best-studied Kuzbanian functions on the
molecular level is the activation of the Notch receptor. The
Notch receptor is processed throughout three proteolytic steps,
likely two in Drosophila (Kidd and Lieber, 2002). First,
mediated by a furin-like convertase, Notch is cleaved in its
extracellular domain. The two halves of the Notch molecules
form an intramolecular heterodimer. Interaction with a ligand
induces the second cleavage event mediated by a disintegrin

metalloprotease (ADAMI17/TACE in vertebrates, Kuzbanian/
ADAMIO0 in Drosophila), generating a Notch extracellular
truncation. Finally, Notch is processed by a y-secretase
complex to release an active intracellular Notch fragment
that translocates to the nucleus (reviewed, e.g. in Lai, 2002).
Genetic and molecular experiments have shown that Notch is a
major substrate of Kuzbanian in Drosophila (Rooke et al.,
1996; Pan and Rubin, 1997; Sotillos et al., 1997; Kidd and
Lieber, 2002; Klein, 2002; Lieber et al., 2002), but likely not
the only one (Qi et al., 1999; Mishra-Gorur et al., 2002; Yan et
al., 2002).

Loss of Kuzbanian function and subsequently abrogation of
Notch signalling explains the heart phenotype of kuzbanian
mutant embryos. Notch activity was found between 6 and 10 h
of development in the dorsal mesoderm, from which the
cardioblasts, the pericardial cells, and the lymph glands arise.
During this time, Notch-dependant lateral inhibition is
responsible for selecting cardiac precursors within the dorsal
mesoderm. Hartenstein and colleagues have shown that
elimination of Notch during the first half of this period, using
a temperature-sensitive Notch mutant, results in substantially
more cardioblasts, pericardial cells and lymph gland progeni-
tors. Reducing Notch function between 8 and 10 h causes an
excess of cardioblasts and a concomitant loss of pericardial
cells, reflecting a crucial function of Notch for cell fate
specification (Hartenstein et al., 1992; Mandal et al., 2004). In
embryos carrying a deficiency for Notch (DAI)N*'X7), the
number of heart cells is strongly increased, pericardial cells are
missing, and cardioblasts fail to assemble into a regular tube
(Hartenstein et al., 1992), reflecting a combined effect on cell
number and cell fate (Mandal et al., 2004). Park and coworkers
investigated the role of Notch for a particular subset of
pericardial cells, the EPCs. Mutants lacking the maternal and
zygotic Notch revealed initially enlarged clusters of EPC
progenitors (late stage 11), while EPCs fail to form later on
(Park et al.,, 1998). This finding is consistent with our
observation, where panmesodermal driven KuzDN causes a
loss of Even-skipped expressing pericardial cells at later stages,
a phenotype, which we also found in embryos mutant for
mastermind, a downstream effector of Notch signalling (see
Section 2). Hypertrophy of cardioblasts was also reported by
Tian et al., who used N*//Df(1)N*'*! embryos (Tian et al.,
2004), but in this case the number of pericardial cells (Zthl-
expressing cells) was reported as being normal. These studies
have shown that Notch is required in the dorsal mesoderm
(stage 11 to 12) to regulate the initial commitment of cells to
the cardioblasts and pericardial cell fate, but also to regulate the
choice between the cardioblast and pericardial fate. In addition,
Han and coworkers propose a biphasic recruitment of Notch
signalling in heart development (Han and Bodmer, 2003). First,
Notch is needed during lateral inhibition for selecting heart
precursors in a field of equally competent cells within the

clearly visible (arrows in G and H). In kuzbanian embryos (H) lumen-like structures appear (marked as ‘lu’ in G and H), indicating, that cardioblasts in kuzbanian are
able to bend, to adopt a bean-like morphology and to form lumen-like structures. (I) shows a TEM micrograph of a transverse section of a kuz® mutant embryo at
about 50% egg length. The inset shows a wildtype embryo. Cardioblast-like cells (cb) are increased in number and form an irregular cluster. The formation of a
lumen-like structure (lu) is indicated. Cb, cardioblast; pc, pericardial cell; lu, lumen.
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dorsal mesoderm, which essentially covers the function of
Notch described above. Second, Notch is involved in
asymmetric cell division giving rise to specific heart
progenitors. The second requirement of Notch is restricted to
those heart cells that arise from asymmetric cell division (Ward
and Skeath, 2000; Alvarez et al., 2003; Han and Bodmer,
2003), in conjunction with additional components of the
asymmetric cell division machinery, including Sanpodo, Numb
and Inscuteable (Park et al., 1998; Su et al., 1999; Ward and
Skeath, 2000; Alvarez et al., 2003; Han and Bodmer, 2003;
Popichenko and Paululat, 2004).

Previous reports have shown that the Notch receptor is a
main substrate of Kuzbanian (Rooke et al., 1996; Pan and
Rubin, 1997; Sotillos et al.,, 1997; Lieber et al., 2002).
Proteolytic cleavage of the membrane anchored Notch receptor
is interrupted in the absence of Kuzbanian, which finally results
in inactivation of Notch signalling (Pan and Rubin, 1997;
Lieber et al., 2002). Thus, the observed heart phenotype of the
identified EMS-induced kuzbanian alleles is caused by
interruption of Notch signalling in the cardiac primordium,
respectively. Therefore, a similar phenotype of kuzbanian,
mastermind and Notch mutant embryos is expected. Indeed, the
five kuzbanian and the three mastermind EMS alleles identified
in our screen for heart mutants as well as the previously
described kuzbanian alleles kuz® and kuz*®* exhibit cardiac
malformations resembling particular aspects of cardiac defects
described for Notch mutants. The phenotypes are not
completely identical, which can be explained by the maternal
product that masks most of the very early recruitments of
Kuzbanian. Indeed, Rooke and colleagues have shown that
embryos lacking any maternally derived Kuzbanian product
and contain no zygotic copies of kuzbanian have a early
neurogenic phenotype, which is even more severe than strong
Notch phenotypes (Rooke et al., 1996). Therefore, we assume
that the zygotic kuzbanian mutants reflect a later requirement
of Kuzbanian, manifested in the cardiac mesoderm when the
maternal product is diminished in this tissue. The cardiac
mesoderm develops as cardioblasts to the expense of
pericardial cells (and lymph gland cells) in kuzbanian mutant
embryos. We postulate that Kuzbanian plays a dual role during
cardiogenesis, first for the selection of cardiac progenitors
during Notch dependent lateral inhibition and second for cell
fate specification during Notch dependent asymmetric cell
division. This explains the strong excess of all subtypes of heart
cells and the significant loss of pericardial cells. The excess of
cardioblasts firstly arises, because in the absence of Notch
dependent lateral inhibition too many progenitors are selected
within the dorsal mesoderm. This phenotype is further
enhanced in later development when remaining pericardial
cells (those that arise from the asymmetric lineage) are
transformed into cardioblasts as a consequence of an abrogated
Notch dependent asymmetric cell division. This explains why
the hyperplasia of the heart is more prominent in segments A2—
A8 than in T3 to Al, because the anterior cardioblasts arise
from symmetric cell divisions only (Ward and Skeath, 2000;
Alvarez et al., 2003; Han and Bodmer, 2003). If conversion of
the pericardial cell fate into the cardioblast cell fate takes place,

it occurs in the posterior heart lineage, resulting in a stronger
hyperplasia in this heart region as seen in kuzbanian mutant
embryos.

Our model predicts that Kuzbanian is essential for heart
development by effecting Notch signalling, which is further
supported by the fact, that we retrieved another key component
of Notch signalling from our screen, based on a nearly identical
phenotype. We found three alleles of the mastermind gene,
which encodes a downstream effector of the Notch signalling
pathway. Mastermind was previously isolated in various
screens as a modifier of Notch signalling and acts on the
molecular level via a direct interaction to the ankyrin repeats of
the intracellular form of Notch (Wu et al., 2000; Giraldez et al.,
2002; Hall et al.,, 2004). As in kuzbanian, we observe in
mastermind mutant alleles a strong excess of cardioblasts and a
reduced number of pericardial cells (Table 1, see also
Hartenstein et al., 1992).

Interestingly, mutations in another component of Notch
signalling pathway reveals a slightly different phenotype.
liquid facets, which encodes a Drosophila Epsin orthologue, is
reported to be responsible for endocytosis and trafficking of the
Notch ligand Delta in the signalling cell. Liquid facets
homozygous embryos reveal a hyperplasic heart, but a normal
number of pericardial cells. The excess of cardioblasts in liguid
facets arises due to a preferential expansion of the tinman
expressing subtype of cardioblasts (which arise from sym-
metric cell division), whereas the number of seven-up
expressing cardioblasts (which arise from asymmetric cell
division) is normal. Moreover, the additional cardioblasts
presumably develop at the expense of fusion competent
myoblasts from the dorsal mesoderm (Tian et al., 2004). In
contrast, kuzbanian mutant embryos show an increased number
of seven-up expressing cardioblast, although the overall excess
of cardioblasts is, similar to the findings in liquid facets
mutants, preferentially due to the expansion of the tinman
expressing cardioblasts (see Tablel, Fig. 3). One explanation is
that Kuzbanian is required for the selection of both cardioblast
cell types, whereas Liquid facets is not. Additionally, the
maternal contribution of Kuzbanian present in kuzbanian
mutant embryos might be sufficient for the selection of the
correct number of the Seven-up (Svp) progenitors, but not for
the symmetrically derived Tinman cardioblast progenitors.
Shortly later, absence of Kuzbanian then affects the Notch
dependent asymmetric cell division in the Seven-up lineage,
resulting in a moderately increased number of Seven-up
cardioblasts. This hypothesis is confirmed by our observation
of a maximum of four Svp cells per hemisegment in the
kuzbanian mutant background (Figs. 3B,D and 5D), fully
explainable by an effect on asymmetric cell division in this cell
lineage (Park et al., 1998; Ward and Skeath, 2000; Alvarez et
al., 2003; Han and Bodmer, 2003; Popichenko and Paululat,
2004). It should also be mentioned that Liquid facets is
reported to be critical for endocytosis and trafficking of Delta in
the signalling cells, whereas Kuzbanian is crucial not only for
proteolytic processing of Notch, but presumably also for
processing Delta as well. As for kuzbanian, maternal
contribution of liquid facets likely masks some requirements
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of this molecule and hampers a direct comparison of the
zygotic phenotypes (Tian et al., 2004).

3.3. Heart morphogenesis in kuzbanian

Morphogenesis of cardiac cells is not very well understood
so far. After specification, cardioblasts align bilaterally along
the a—p axis and migrate together with the overlaying ectoderm
towards the dorsal midline. During this process, all cardioblasts
become flattened, polarised cells (Rugendorff et al., 1994;
Chartier et al., 2002). Rugendorff and colleagues found that the
heart lumen is formed when the trailing edges of the
cardioblasts of either side bend around and contact each
other at the dorsalmost position (Rugendorff et al., 1994).
Recently, a growing number of genes controlling morphogen-
esis of cardioblasts was identified. Among these, cell adhesion
molecules play a pivotal role during the alignment of
cardioblasts (faint sausage), adhesion of opposing cardioblasts
and lumen formation (E-cadherin), and maintenance of the
normal heart morphology at late embryonic stages (laminin A)
(Haag et al., 1999). For the alignment and migration of
cardioblasts towards the dorsal midline, the Toll receptor act as
a critical cell adhesion component (Wang et al., 2005). The
Drosophila type IV collagen-like protein Pericardin is a crucial
factor for the alignment of cardioblasts and the formation of an
organised heart epithelium (Chartier et al., 2002). The polarity
of cardioblasts is a prerequisite to form the organised heart
tube. Recently, it was shown that the T-box transcription factor
neuromancer (Nmrl/H15 and Nmr2/Midline) is required for
establishing the polarity of heart cells, most likely by
regulating genes that are responsible for the transition of an
unpolarised cardioblast progenitor into a flattened polarised
cardioblast (Miskolczi-McCallum et al., 2005; Qian et al.,
2005a; Reim et al., 2005). A number of studies have shown that
Kuzbanian/ADAMI10 plays a role in cell-cell communication
and cell adhesion. For example, ADAMI10 binds Ephrin2A, a
protein with a role in neuronal repulsion (Hattori et al., 2000),
is necessary for shedding EGFR ligands (Sahin et al., 2004) and
is involved in cleavage of N-cadherin and regulation of cell-
cell adhesion (Reif} et al., 2005). In Drosophila, Kuzbanian
mediates the transactivation of EGF receptor as shown by in
vivo studies (Yan et al., 2002). Recently, Wang and coworkers
found that Kuzbanian is also important for border cell
migration in the Drosophila ovary (Wang et al., 2006).

We found that in kuzbanian mutant embryos initial heart
cell differentiation takes place. This includes the specification
of different subtypes of heart cell, as shown by the use of
specific molecular markers, the alignment of cardioblasts on
both sides of the heart primordium and the initiation of heart
beating. In late embryos (stage 16/17), we observe an abnormal
morphology of cardioblasts, an uncoordinated arrangement of
ostia-forming cardioblasts and, instead of a single heart lumen,
additional lumen-like structures. These findings point to the
possibility that Kuzbanian might have a function for final heart
cell morphogenesis, e.g. by processing substrates other then
Notch. Schimmelpfeng and collegues provided evidences that
Kuzbanian is involved in the repulsive guidance system in the

CNS and interacts genetically with Slit (Schimmelpfeng et al.,
2001). Interestingly, the Slit/Robo signalling pathway plays a
pivotal role in polarity and morphogenesis control of
cardioblasts as well (Qian et al., 2005b), pointing to the
possibility that one of these molecules might be a substrate for
Kuzbanian. This would explain the heart cell morphogenesis
phenotypes seen in kuzbanian mutant embryos. In embryos that
express a dominant negative Kuzbanian form driven late in the
heart cardioblast morphogenesis is not significantly affected.
This indicates that the drivers we used so far are inappropriate
to separate different functions of Kuzbanian. Furthermore, we
cannot exclude that the induction of morphogenetic processes
requires the Kuzbanian-dependant Notch signalling pathway
quite early. This would hamper significantly the separation of
Kuzbanian functions using various driver lines and the
dominant negative Kuzbanian form. Nevertheless, it remains
to be clarified if the described effects on heart cell morphology
are primarily due to the absence of Kuzbanian function or
occur as a secondary consequence of hyperplasia.

In this paper, we have shown that Kuzbanian (ADAM10)
plays an essential role in heart development. Members of the
ADAM gene family in vertebrates are also known to be critical
for cardiogenesis. Interestingly, mice lacking ADAM17 exhibit
a cardioblast proliferation phenotype as well, besides other
defects, indicating a conserved function of ADAM proteins in
heart development. Here, we discuss a model for Kuzbanian
function in Notch signalling, which can fully explain the
observed phenotype in mutant embryos. We assume that
Kuzbanian might have additional functions, e.g. as a sheddase
on unknown substrates in the cardiac mesoderm, which has to
be proven in future studies.

4. Experimental procedures
4.1. Drosophila strains

Oregon R was the wild type used. kuz3, kuzez'“, kuzl403, UAS-KuzDN,
Df(2R)CX1, Df(2R)BSC18, mam®, 24B-Gal4 and CyO-ActGFP were obtained
from Bloomington Stock Center. svp-lacZ is an enhancer trap insert in the
seven-up gene (Mlodzik et al., 1990). hand-GFP is a reporter line made in our
laboratory (Sellin et al., 2006). The collection of EMS-induced mutant alleles
was generated in the laboratory of Christian Kldmbt, Miinster, Germany
(Hummel et al., 1999a,b). Gene misexpression was achieved with the UAS-
Gal4 system using the following driver lines: twi-Gal4 (from Michelson), tin-
cA4-Gal4 (from Frasch) and hand-Gal4 (our laboratory).

4.2. Immunocytochemistry of whole-mount embryos

Processing and immunostaining of whole-mount embryos for B-galacto-
sidase was done following standard protocols, using the Vectastain Elite ABC
Kit (Vector). A monoclonal anti-B-galactosidase primary antibody (Promega-
Z378A) was used at a 1:2000 dilution. As primary antibodies we used anti-
B3Tubulin at 1:1500 (Leiss et al., 1988), anti-Mef2 at 1:500 (Bour et al., 1995),
anti-Eve at 1:3000 (Frasch and Levine, 1987), anti-Tin at 1: 500 (Bodmer,
1993), anti-Zfhl at 1:1500 (Lai et al., 1991), anti-Odd at 1:500 (Ward and
Coulter, 2000), anti-Mab3 at 1:5 (Yarnitzky and Volk, 1995) and anti-Lbe at
1:30 (Jagla et al., 1997). Mouse anti o-Spectrin (1:5) and mouse anti-Wg (1:4,
TSA amplification kit) was from Hybridoma Bank, University of lowa. Rabbit
anti-GFP and mouse anti-GFP was obtained from Abcam (ab6556) and
Invitrogen. All secondary antibodies were used at 1:200 (Dianova).

46



384 S. Albrecht et al. / Mechanisms of Development 123 (2006) 372-387

4.3. Complementation tests

We identified eight EMS-induced embryonic lethals exhibiting a cardiac
hypertrophy phenotype. They fall into two complementation groups, which
were further characterized. The first group includes the three EMS-alleles J1-
202, J2-202 and S2-29. A systematic complementation analysis with S2-29 and
deficiencies for the second chromosome reveals, that S2-29 fails to complement
the deficiencies Df(2R)CX1 with breakpoints at 49C1-4 and 50C23-D1 and
Df(2R)BSC18 with breakpoints at 50D1 and 50D2-7. Both deficiencies remove
the mastermind gene. We found that S2-29 is allelic to a characterized mam
allele (mam®); therefore we concluded that the newly identified heart mutants
J1-202, J2-202 and S2-29 belong to the same complementation group and
represent new mam alleles. The second complementation group includes the
five EMS-alleles F2-16, J2-11, P2-108, R1-4 and S5-65. These EMS-mutant
lines were identified as being kuzbanian-alleles (Schimmelpfeng et al., 2001).
As expected, a complementation analysis of the five EMS alleles and two
kuzbanian alleles generated independently, kuz® and kuz*®* (Rooke et al.,
1996), showed, that all lines are allelic to each other.

4.4. Identification of kuzbanian mutants

kuzbanian (kuz) mutants were identified by sequence analysis. Genomic
DNA from heterozygous and/or selected homozygous flies was prepared, and
sequence analysis was carried out. Point mutations in the kuzbanian gene were
identified from double peaks in the sequencing trace, and this was subsequently
confirmed by cloning into the TOPO vector (Invitrogen) followed by further
sequence analysis. These sequences showed single peaks in the sequencing
trace, corresponding to either mutant or wild-type DNA. We detect a single
point mutation at a splice-donor-site in the 4th intron in the R1-4 allele. To
further proof the existence of this mutation, we amplified a cDNA from R1-4
RNA that contains the expected unspliced 68 bp intron. The amplicon was
cloned and sequenced and a point mutation was detected at the predicted
position.

4.5. Histological analysis of kuzbanian mutant embryos

Embryos were stained with anti-B3Tubulin antibody (made in rabbits) at
1:1000 and kept in PBS buffer. Stage 16 to 17 kuzbanian mutant and wildtype
embryos were individually selected under a dissecting microscope. The
embryos were transferred into an Eppendorf cup and PBS was stepwise
replaced by liquid 0.8% agarose at 50 °C (agarose in PBS). After cooling down
to room temperature and hardening, the agarose pieces were dehydrated
through a graded series of ethanol (each incubation took 15 min) into 100%
ethanol, repeating the last step three times. Afterwards the agarose pieces were
washed two times with Technovit 8100 (Kulzer, Germany). Finally, the
embryos were incubated overnight in Technovit 8100.The agarose pieces were
trimmed and used for embedding in Technovit 8100, following the
manufacture’s protocol with a few modifications. Sections of 4 um each
were performed on a crank microtome (Leitz, Wetzlar, Germany) and collected
on microscopic slides coated with poly-L-lysin (Sigma, Germany). After drying
overnight at 37 °C, sections were counterstained with 1% eosin in aqua dest.
(Romeis, 1968) and mounted in DPX (Fluka, Germany).

4.6. Electron microscopy

Embryos were dechorionated, fixed in 12.5% glutaraldehyde in PBS and
heptane for 20 min, then placed on double-side tape and devitellinised by hand.
Embryos were further prepared for transmission electron microscopy as
described (Hartenstein, 1988; Rugendorff et al., 1994). The allele we used was

kuz®.
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ABSTRACT

Transport of liquids or gases in biological tubes is fundamental for many physiological
processes. Our knowledge on how tubular organs are formed during organogenesis and tissue
remodeling has increased dramatically during the last decade. Studies on different animal
systems have helped to unravel some of the molecular mechanisms underlying tubulogenesis.
Tube architecture varies dramatically in different organs and different species, ranging from
tubes formed by several cells constituting the cross section, tubes formed by single cells
wrapping an internal luminal space or tubes that are formed within a cell. Some tubes display
branching whereas others remain linear without intersections. The modes of shaping, growing
and pre-patterning a tube are also different and it is still not known, whether these diverse
architectures and modes of differentiation are realized by sharing common signaling pathways
or regulatory networks. However, several recent investigations provide evidence for the
attractive hypothesis that the Drosophila cardiogenesis and heart tube formation shares many
similarities with primary angiogenesis in vertebrates. Additionally, another important step to
unravel the complex system of lumen formation has been the outcome of recent studies that
junctional proteins, matrix components as well as proteins acting as attractant and repellent
cues play a role in the formation of the Drosophila heart lumen. In this study we show the
requirement for the repulsively active Unc5 transmembrane receptor to facilitate
tubulogenesis in the dorsal vessel of Drosophila. Unc5 is localized in the luminal membrane
compartment of cardiomyocytes and animals lacking Unc5 fail to form a heart lumen. Our
findings support the idea, that Unc5 is crucial for lumen formation and thereby represents a

repulsive cue acting during Drosophila heart tube formation.

52



S. Albrecht et al. / Developmental Biology (in revision)

Introduction

Circulation of hemolymph in Drosophila is facilitated by muscular pumps that ensure its
distribution throughout the body cavity. The main circulatory organ of the fly is the tube-like
heart, or dorsal vessel, which is formed by 104 cardiomyocytes accompanied by about 140
pericardial cells (for recent review see Bryantsev and Cripps (2009) and Reim and Frasch
(2005). Additional muscular pumps assure circulation in long body appendages for example
the so-called wing hearts are essential for wing maturation and blood circulation in wings
(Reim and Frasch, 2005; Togel et al., 2008). During the last decades, the Drosophila heart has
been established not only as a powerful model for analyzing fundamental molecular, genetic
and cellular mechanisms of organogenesis, exemplarily reviewed in Bryantsev and Cripps,
(2009); Cripps and Olson (2002); Medioni et al. (2009); Monier et al. (2007); Tao and Schulz
(2007); Zaffran and Frasch (2002), but also as a genetically treatable and pharmacologically
relevant system for understanding human cardiac diseases (Bier and Bodmer, 2004; Ocorr et
al., 2007; Taghli-Lamallem et al., 2008; Wolf et al., 2006; Wolf and Rockman, 2008). More
recently tubulogenesis in the Drosophila heart tube has attracted scientists because lumen
formation plays a fundamental role in organogenesis such as in kidney or lung differentiation
in vertebrates or tracheal or salivary gland differentiation in flies. Tubular organs are made by
different modes of differentiation (recently reviewed by Baer et al. (2009)) and Drosophila
heart tube formation likely represents a new type of tubulogenesis, sharing some similarities
with blood vessel formation in vertebrates (Jin et al., 2005). Potentially, studying lumen
formation in the Drosophila heart might help to understand certain aspects of vertebrate
angiogenesis.

Cardiac tube formation in Drosophila relies on the regulation of adhesive interactions
between cardiomyocytes that originate from bilateral located cardiac primordia. Cardioblasts
in each primordium interact with their neighbors to form two linear rows of cells. The pre-

patterned tissues migrate towards the dorsal midline to meet their counterpart. Following
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newly formed adhesive interactions cardioblasts from both primordia become attached to each
other at distinct membrane domains. After joining dorsally, cardioblasts adopt a crescent-like
shape that brings their ventral sides into close proximity. Sealing at the ventral side closes the
tube and forms a central lumen in between the two cardioblasts (Medioni et al., 2008;
Santiago-Martinez et al., 2008). The dynamic change of cell shape resulting in sealing of the
ventral contact areas of the two lumen forming cells requires again the involvement of
attractant signals and junctional proteins that form the adhesive structures and a regulated
crosstalk between signaling and cytoskeletal rearrangements. Furthermore, the luminal wall
becomes covered with an extracellular matrix, thereby cell polarity specific ECM formation
and remodeling is assumed to occur in the course of cardiogenesis.

Recent work of several laboratories shed light on heart tubulogenesis and the molecular
mechanisms underlying this process. Using 3D and time-lapse imaging in combination with
studies on the subcellular localization of several molecular markers Medioni and colleagues
were able to decipher in great detail, how cardioblasts undergo coordinated morphogenesis
during lumen formation (Medioni et al., 2008). They showed that the driving force of lumen
formation relies in repulsion of specific membrane domains at the luminal side of cardioblasts
in conjunction with cell shape remodeling. After or during the mesenchymal-epithelial
transition of cardioblasts, taking place during the migration of the heart primordium towards
the dorsal midline (Fremion et al., 1999), proteins required either for cell-cell recognition, cell
adhesion, junction formation or proteins required for a repulsive signal that prevents closure
of the luminal areas become sub-localized into distinct cardioblast membrane compartments.
At dorsal and ventral membrane regions, the so-called Junctional-domains (J-domains), in
which sealing of the heart tube occurs, adhesion and junctional proteins, including DE-
Cadherin, Armadillo, Discs-large, Lethal Giant Larvae and NeurexinlV, are found to be
highly enriched. The membrane compartment in between, the Luminal-domain (L-domain),

which encloses the lumen itself, is characterized by the presence of basal membrane matrix
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proteins, including Dystroglycan and Trol/Perlecan, and the attractant/repellent proteins Slit
and Robol/2. Mutations in any of these genes result in severe heart malformations and
eventually in tube formation defects (Haag et al., 1999; MacMullin and Jacobs, 2006;
Medioni et al., 2008; Qian et al., 2005; Santiago-Martinez et al., 2006; Santiago-Martinez et
al., 2008). Until know, two proteins were identified to be directly involved in defining and
functionalizing the L-domain of differentiating cardioblasts, which are Slit and Robo1/Robo2
(MacMullin and Jacobs, 2006; Medioni et al., 2008; Qian et al., 2005; Santiago-Martinez et
al., 2006; Santiago-Martinez et al., 2008). Both proteins are well known as repulsive and/or
attractive signals acting in the CNS, trachea and muscles (Englund et al., 2002; Liu et al.,
2006; Lundstrom et al., 2004; Simpson et al., 2000; Volohonsky et al., 2007; Wayburn and
Volk, 2009). Animals in which either s/it or robol/robo2 is mutated display a misalignment
of cardiomyocytes and fail to form a proper heart lumen (MacMullin and Jacobs, 2006;
Medioni et al., 2008; Qian et al., 2005; Santiago-Martinez et al., 2006; Santiago-Martinez et
al., 2008). Slit and Robo1/Robo2 are co-expressed in the same cardiomyocytes indicating that
they play a role, presumably different from those observed in other tissues, in which one cell
type provides an attractant/repellant signal by releasing Slit and another cell type (displaying
the Robo receptor) receives the signal and uses it for guided migration. As suggested
previously, Slit predominantly may have a Robol/2 independent adhesive function
(MacMullin and Jacobs, 2006; Qian et al., 2005). Although the precise role of Slit and
Robol/2 for cardiac lumen formation remains to be fully analyzed, the involvement of
attractive and/or repulsive signals in heart lumen formation is obvious.

In this report, we provide evidence that the membrane receptor Unc$ is essential for lumen
formation in the Drosophila heart. Unc5 was originally identified by Keleman & Dickson as a
repulsive Netrin receptor contributing to motor axon guidance. Netrins are expressed by cells
of the CNS and muscles cells and they act on axons which display receptors of the DCC and

UncS family. In this context, Unc5 receptors are required for repulsion of axons (Keleman
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and Dickson, 2001). These findings are consistent with the observation, that homozygous
uncd mutant animals display severe defects in motor axon guidance (Labrador et al., 2005).
Recently it was shown that Netrin-mediated signaling via Frazzled or Unc5 acts cell-
autonomously in glia cell migration (von Hilchen et al., 2010). We found, that unc5 mutant
embryos fail to form a proper heart lumen. Unc5 is expressed in cardiomyocytes and becomes
highly enriched at the luminal membrane compartment during heart tube formation. The
determination of J- and L-domains is not altered in unc5® mutants indicated by the correct
localization of domain specific proteins like Armadillo (J-domain) or Dystroglycan (L-
domain). Our findings indicate that Unc5 is required to facilitate heart lumen formation but is
not directly involved in regulation or localization of other tested components at the
cardiomyocyte membrane compartments. Addressing the potential Unc5 ligand involved, we
furthermore show that NetrinB, which is known to be the Unc5 ligand in nerves, glia cells and
muscles, is co-localized with Unc5 and can be found predominantly at the luminal side of
cardiomyocytes. Netrin deficient embryos fail to form a heart lumen as well, indicating, that
the ligand/receptor pair Unc5-Netrin is crucial to promote tubulogenesis in the Drosophila

heart.

Material and methods

Fly stocks

White''"® was the wild type used. The unc5® allele was kindly provided by G. J. Bashaw
(Philadelphia). NetAB", Net4” and NetB flies were kindly provided by B. Dickson (Vienna).
Df(1)NP5, Df(2R)ED2426, shg’ and sli’ alleles were obtained from the Bloomington Stock
Center. Following reporter lines were used in this study: handC-GFP, generated in our
laboratory using the full-length 3™ intron of the hand gene (Sellin et al., 2006), odd-lacZ

k111

(odd ™, Rauskolb et al. (1995)) and svp-lacZ (Mlodzik et al., 1990). Gene mis-expression
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was achieved with the UAS-Gal4 system (Brand and Perrimon, 1993) using the following
lines: mef2-Gal4 (H. Nguyen, Erlangen), UAS-unc5 (Labrador et al., 2005), hemese-Gal4,

UAS-GFP (Zettervall et al., 2004), kindly provided by J. Royet (Marseille).

Immunocytochemistry and in situ hybridization

Processing and immunostaining of whole-mount embryos was done as previously
described (Sellin et al., 2009). Mutant animals were identified by the absence of a lacZ or
GFP balancer signal. Antibodies used in this study include monoclonal anti-BGalactosidase at
1:1000 (Promega Z378A), rabbit anti-BGalactosidase at 1:2000 (Cappel 55976), rabbit anti-
GFP at 1:1000 (Abcam ab6556), mouse anti-GFP at 1:500 (Invitrogen), guinea pig anti-
33Tubulin at 1:1000 (newly generated based on a previously characterized antigenic peptide
sequence by Leiss et al. (1988)), rabbit anti-Myocyte enhancing factor2 at 1:500 (Bour et al.,
1995), rabbit anti-Tinman at 1:500 (Bodmer, 1993) and anti-Dystroglycan at 1:200 (Deng et
al., 2003). Anti-Pericardin used at 1:5 (Yarnitzky and Volk, 1995), anti-Armadillo at 1:3, anti-
aSpectrin at 1:5, anti-Roundabout at 1:3 and anti-Slit at 1:5 were obtained from the
Developmental Studies Hybridoma Bank, Iowa. The rabbit anti-Uncoordinated5 and rabbit
anti-NetrinB Sera were used at 1:100 (Altenhein, unpublished, this report). All secondary
antibodies were used at 1:200 (Dianova and Molecular Probes). In situ-hybridizations on

whole-mount embryos were performed according to (Duan et al., 2001).

Heat fixation

All antibody staining for Uncoordinated5, Armadillo, Silt and NetrinB were performed on
embryos prepared by heat fixation to improve antigen preservation (Kesper et al., 2007;
Medioni et al., 2008; Miller et al., 1989). Briefly, embryos were dechorionized in 50%
Chlorix, washed several times in TNX (0.7% NaCl and 0.01% Triton X-100). Afterwards

embryos were placed into perforated cups and incubated 5-7 seconds in boiling buffer (68mM
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NaCl + 0.04% Triton X-100), followed by recovery washes in the same buffer (ice cooled).
Embryos were then transferred into Eppendorf-cups with 50:50 heptan/methanol. Shaking for
30 seconds results in devitellinization. This step was repeated ones. Afterwards embryos were
washes two times in methanol each for 10 minutes, and at least two times in ethanol for at

least 20 minutes. Embryos were stored in ethanol at 4°C before staining.

Generation of Unc5 and Netrin antisera

Unc5 and NetB antisera are directed against single peptides of the two Drosophila
melanogaster protein sequences at amino acids 983-1000 (GALDPPRADERDWRLLAK)
and 294-312 (NLQDNDSADAGYDEYEEPK), respectively. Synthetic peptides were coupled
to Keyhole limpet hemocyanin (KLH) and injected into rabbits. Booster injections were
performed every four weeks starting at day 61 after the first injection. Animals were
sacrificed and sera were captured at day 195 after the first injection and affinity purified
against the synthetic peptide on Protein-A-Sepharose columns. Peptide synthesis,
immunization of rabbits, and antibody purification were performed by Pineda antibody

service (Berlin, Germany).

Histological sections

Embryos were stained with anti-83Tubulin antibody and kept in PBS buffer. Stage 17
mutant and wild type embryos were individually selected under a dissecting microscope. The
embryos were transferred into an Eppendorf cup and dehydrated through a graded series of
ethanol (each incubation took 15 min) into 100% ethanol, repeating the last step three times.
Afterwards the embryos were incubated in to 100% ethanol/propylenoxid (10 minutes) and 2
times in 100% propylenoxid (each 10 minutes). Afterwards the embryos were kept overnight
in propylenoxid/Epon 3:1. Finally, the embyos were embedded in Epon 812 resin. Semi-thin

cross sections of 4 um each were performed on a Leica Ultracut UCT ultramicrotome using
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histological diamond knife. Sections were stained with toluidine blue at 70 °C for 2 min.
Image acquisition were performed using a Nikon Eclipse TE2000U microscope equipped

with a 100x Plan Fluo objective and a Vosskiihler Cool 1300 digital camera.

Electron microscopy

Embryos were prepared for TEM analysis essentially as described (Lehmacher et al., 2009;
Tepass and Hartenstein, 1994) with minor modification. A detailed protocol is available upon
request. After fixation the specimens were embedded in Epon 812. Ultra-thin sections (70
nm) for transmission electron microscopy were performed with a diamond knife on a Leica
Ultracut UCT ultramicrotome. Sections were mounted on single slot grids, contrasted with
uranyl acetate (40 min; 20 °C) and lead citrate (6 min; 20 °C) using a Leica EMstain.

Specimens were investigated with a Zeiss 902 transmission electron microscope (60kV).

Live video microscopy and time lapse analysis

For monitoring heart beating activity and hemocyte streaming, 1% instar larvae with the
genotype uncs®/ unc58; handC-GFP / hemese-Gal4, UAS-GFP and, as control, animals with
the genotype unc5® / CyO, kr-GFP ; handC-GFP / hemese-Gal4, UAS-GFP were selected and
glued with their ventral side on a microscopic slide (slides were prepared in advance using
stripes of double-sided adhesive tape). The slide was placed into a closed chamber containing
filter paper impregnated with a few drops of an anesthetic (50% triethylamin, 50% ethanol).
Successfully anesthetized larvae showed no locomotion activity and muscle contractions
(usually after 30-90 seconds). The anesthetized larvae were covered with Voltalef oil S10.
After placing spacers at both sides of the larvae, the animal was covered with a coverslip. For
capturing heart beating and hemocyte movements we used a Zeiss Axioplan 2 Imaging
microscope equipped with a Hamamatsu C9100 digital camera, controlled by Zeiss

Axiovision software. We used a 20x planapochromatic objective (Zeiss) for imaging.
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Results

UncS was first identified by Keleman & Dickson as a repulsive Netrin receptor important
for motorneuron guidance (Keleman and Dickson, 2001). During embryogenesis, uncd
expression was predominantly found in peripheral and exit glia and in individual
motoneurons during stage 14-17. The authors noticed an embryonic unc5 expression in the
cardiac primordium and later in the differentiation heart (Keleman and Dickson, 2001), but a

potential role of Unc5 in cardiogenesis was not described.

Expression of Unc5 in the dorsal vessel

We reexamined the cardiac expression of unc) using RNA antisense probes to visualize
the mRNA and a newly derived Unc5 specific antiserum to stain for the protein. Uncd
transcripts are first detectable in cells of the heart primordium at stage 14. During further
development unc5 mRNA accumulates in heart cells and becomes most prominent at the end
of embryogenesis (Fig. 1 A inset). Double staining against unc5 mRNA and Mef2 (Bour et
al., 1995; Lilly et al., 1994; Taylor and Braude, 1995; Taylor et al., 1995), seven up-LacZ
(Gajewski et al., 2000; Lo and Frasch, 2001; Molina and Cripps, 2001) and Tinman (Azpiazu
and Frasch, 1993; Bodmer, 1993) revealed that unc5 is expressed in all 104 cardiomyocytes
of the heart (Fig. 1 A-C). The mRNA level observed in the ostia forming Tinman negative
cardiomyocytes might be slightly reduced in some animals (compare Fig. 1 A to C). We also
observed unc) expression in pericardial cells as shown by co-expression of odd skipped-LacZ
(Ward and Coulter, 2000) and Tinman (Fig. 1 C-D). In accordance with this observation Unc5
protein accumulates in cardioblasts during heart differentiation at membranes in a polar
fashion (Fig. 1 E-G). At stage 15, the Unc5 protein concentrates in the luminal membrane of
the cardioblasts, while weaker signal is seen at the abluminal side (Fig. 1 E). At late stage
16/17, the Unc5 protein is localized at the luminal and abluminal side in equal amounts.

Essentially no protein is found on lateral sides of cardiomyocytes. We overexpressed Unc5 in
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all cardiomyocytes (mef2>uncy) to verify the specificity of the antiserum. Under these
conditions we detect Unc5 protein at all membrane regions, including at the lateral side of the
cardiomyoblast, where under wild type conditions no significant amounts of Unc5 protein can
be detected (Fig. 1 H). This, and the observation that no Unc5 protein is detectable in unc5
mutant embryos (Fig. 4 B’), demonstrates that the generated antiserum specifically detects

Unc5.

mRNA distribution protein distribution
L T . Ve e Tl |

Fig. 1 Expression of unc5 during
embryogenesis and localization
of Unc5 protein. (A-D)
digoxigenin  labeled  uncS
antisense RNA probe hybridized
to late stage embryos. (A inset)
Expression of unc5 at stage 16 is
highly  enriched in cells
constituting the dorsal vessel.
Co-staining for anti-Mef2, which
labels the nucleus of all
cardiomyocytes (CBs) (A) and
svp-lacZ  (anti-BGal), which
marks the nucleus of the ostia
forming cells (arrow) of the
heart (B) reveals presence of
unc5 mRNA in the cytoplasm of
all CBs. Co-staining for anti-

Tinman (C) and odd-lacZ (anti-

BGal) (D) show expression of unc5 in the majority of pericardial cells (PCs) (exemplarily one PC is labeled by
an arrow in C and D). (E-H) Embryos were stained with an anti-Unc5 polyclonal antibody. (E) At stage 15,
before CBs from the bilateral primordia meet at the dorsal midline, Unc5 is localized in a polarized fashion. CBs
exhibit a strong Unc5 signal on their prospective lumen forming side (large arrow) and a slightly weaker signal
at the opposite membrane region (short arrow). (F) Co-staining with anti-B3Tubulin (expressed in four out of six
CBs per hemisegment) in late stage 16 embryos, when the dorsal vessel is already formed, reveals the distinct
Unc5 localization. Unc$5 is predominantly enriched at the prospective luminal (large arrow) and at the opposite
side (short arrow), but not at lateral positions. (G) Enlargement of F demonstrates the polarized Unc5 location.
The arrow indicates the extension of the CB. (H) Anti-Unc5 antibody staining of embryos with the genotype
mef2>unc5. Overexpression of Unc5 in CBs causes ectopic localization of Unc5 at lateral membranes (arrow). It

demonstrates the specificity of the antibody (see also text).
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Uncs is essential for cardioblast alignment and heart lumen formation

To investigate the role of Unc5 in the developing heart we used the molecularly

characterized EMS-induced unc5® allele (Labrador et al., 2005). The unc5® allele contains a

nonsense mutation at position Q19 resulting in a premature stop codon at this position. Unc5

8

is therefore considered as a null allele (Labrador et al., 2005).

control

control

control

Robo | unc5’

Fig. 2 Unc5 mutants exhibit heart alignment
defects but unchanged cell polarity. (A-B)
Wild type (A) and unc5 mutant embryos (B)
stained for Tinman and 33Tubulin. Insets show
overviews of the enlargements (indicated by
rectangles). Note, that the bilateral primordia
of the dorsal vessel meet their counterpart
correctly at the dorsal midline in unc5 mutant
embryos, but anterio-posterior alignment
defects are visible. The brackets in A and B
mark adjacent cardiomyocytes (CBs) (Tinman
and B3Tubulin positive) anterior to the pair of
ostia forming cells (Tinman and B3Tubulin
negative). Note the misalignment of CBs in
unc5 mutant animals (B). The polarity of
cardiomyocytes (CBs) and the attachment of
adjacent pericardial cells (PCs) are not altered
in unc5 mutants. (C, D) A wild type (C) and an
unc5 mutant (D) stained for Pericardin and
handC-GFP (anti-GFP). The type IV collagen-
like ECM protein Pericardin marks the outer
surface of the heart tube, the ECM of PCs and
the surface of the alary muscles. HandC-GFP

labels all CBs and PCs. Note, that organization and localization of the Pericardin fiber network appears to be

normal (large arrows in C and D). PCs are attached to the heart tube (short arrows in D), comparable to the wild

type situation (short arrows in C). Alary muscles are present and attached to the heart tube (compare double

arrow in D to C). The presence and correct localization of PCs (pc) in relation to the heart forming CBs (cb) is

shown in TEM sections of wild type (E) and mutant animals (F). (G-H) We exemplarily verified the localization

of the polarity markers Slit, Roundabout (Robo) and aSpectrin in CBs of wild type (G, I, K) and mutant animals

(H, J, L). Slit and aSpectrin are localized to the luminal and lateral (arrows) membrane compartment of CBs,

both in the wild type and unc5 mutant animals. The Robo distribution, most prominent at the luminal membrane

compartment of the CBs, is unaffected in unc5® mutants compared to wild type (K-L).
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Homozygous wunc5 mutant animals show severe heart formation defects. The most
prominent malformation is a shifted alignment of the two rows of cardiomyocytes that form
the heart tube. The cardiomyocyte misplacement phenotype is seen in about 32% of unc5
homozygous animals (table 1). We found, that the misalignment ranges between 1 to 3 cell
dimensions along the anterior-posterior axis (Fig. 2 A-B). Neither the specification of
different heart cell types nor the overall number of cardiomyocytes is affected in wuncs
mutants (tablel). We also do not observe a measurable delay in the migration of the cardiac
primordia towards the dorsal midline. Pericardial cells are, similar to the situation in wild
type, directly associated to the heart tube (Fig. 2 C-F). Due to the polarized expression of
Unc5 in heart cells we wondered if the overall cardiomyocyte polarity is affected in uncs
mutants. Therefore we performed antibody staining against different polarity markers.
Exemplarily, the guidance molecule Slit is located at the luminal and lateral side of
cardiomyocytes in unc5 mutants as well as in wild type. The localization of the Slit receptor
Roundabout (Robo) at the luminal side of the cardiomyocytes is also not affected in uncs
mutants. In addition the cytoskeletal linker protein aSpectrin, which is localized in the baso-
lateral cell cortex, showed no particular mislocalization in unc5 mutants compared to wild

type (Fig. 2 G-L).

Table 1
Quantification of heart phenotypes in unc5® mutants

wt unc5®
Cardiomyocyte alignment defects 3% (n=3/102) 32% (n=29/89)
Svp-lacZ expressing ostia cells 28 (n=10) 28 (n=10)
Tinman expressing heart cells 130 (n=10) 130 (n=10)
Lumen present (TEM) 100% (n=4/4) 0% (n=5/5)

n = numbers of embryos counted

Lethal phase analysis revealed that essentially all unc5® homozygous mutant embryos
hatch, while all 1% instar larvae fail to molt. The survival rate of animals, arrested at 1 larval

stage, is about 50% at 2 days (AED) and about 8% after 4 days (AED). To visualize heart
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function in living animals we introduced our handC-GFP reporter into the unc5® mutant
(Sellin et al., 2006; Togel et al., 2008). In addition we used hemese-driven GFP to label
floating hemocytes in the hemolymph (Zettervall et al., 2004). Real time video microscopy
revealed, that unc5® mutant 1% instar larvae lack any sign of hemolymph streaming within the
heart tube while the cardiomyocytes are contracting normally (Fig. 3 A, B and supplemental
data). Hemocytes, which reside by chance in the neighborhood of the dorsal vessel, are not
sucked into the heart, indicating, that the heart fails to establish diastolic sucking power

(supplemental movie 2).

Fig. 3 UncS is required for heart lumen
formation. (A, B) Still frames selected
from two movies (available as
supplemental material) to visualize loss
of pumping activity of the heart of unc5
mutant animals. (A) The relative
position of a hemocyte (red circle)
during heart beating activity in the wild
type. Note, that the hemocyte is sucked
into the heart lumen within an interval
of about 20 milliseconds (one frame).
(B) In contrast, there is no hemocyte
movement seen in uncS mutant animals.
The pictures in A and B were selected
from videos with duration of about 1
minute. For video capturing 1% instar
larvae were used. For details see the
material and methods section. (C-F)

Transmission electron micrographs of]

Df(2R)ED2426/unc5’ |}

ultra thin sections display the dorsal
vessel of wild type (C, E) and unc5® homozygous embryos (D, F). CBs are circled by a dotted line. Arrows mark
the dorsal contact zone between CBs (insets show enlargements of this membrane region). Sections through the
aorta (C, D) and the ventricle region (E-F) are shown. Unc5 mutant animals lack any sign of lumen formation.
Note, that the cross section forming CBs adhere at dorsal positions. Serial sections covering two segments
indicate that the lack of lumen formation is independent of cardiomyocyte alignment. (G-I) Semi-thin cross
sections through the heart of wild type (G), unc5® mutant (H) and transheterozygote Df(2R)ED2426/unc5’
embryos (I). The phenotype caused by the point mutation in the unc5® allele (H) is mimicked in

transheterozygote conditions with a deficiency covering the unc5 gene over unc5® ().
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Since the formation of ostia was not detailed investigated in unc5® mutants we cannot
exclude an additional contribution of ostia malformations to the observed phenotype. Overall
this points to a complete loss of heart function in unc5® mutants although the myogenic
function of the cardiomyocytes is not affected. A detailed inspection of five individual unc5
mutant embryos (stage 17) by transmission electron microscopy revealed that unc5 mutants
lack a heart lumen. Serial sectioning (70 nm per cross section) allowed us to analyze the
shape and size of cardiac cells in detail. In wild type animals, from dorsal to ventral, a
junctional zone is followed by the luminal zone and a second junctional region. Junctional
membrane areas display zonulae adherens and the luminal area displays a characteristic
luminal matrix. We found, that the cardiomyocytes in unc5 mutants, originating from their
bilateral primordia, met each other at the dorsal midline and form adherens junctions along
the entire contact zone. The cardiomyocytes also lack the characteristic crescent-like shape
and fail to form a morphologic distinguishable L-domain. This phenotype can be observed
throughout the entire heart tube, in the aorta as well as in the ventricle region (Fig. 3 E-H). To
exclude the possibility that secondary mutations interfere with the observed phenotypes, we
performed semi-thin cross sections on transheterozygote embryos (unc5® over a unc5 lacking
deficiency (Df(2R)ED2426). These embryos lack a heart lumen and display the same failure
in cell shape change as seen in unc5® mutants (Fig. 3 G-I). Interestingly, overexpression of
Unc5 in all cardiomyocytes using a mef2-Gal4 driver does not lead to obvious heart lumen
defects (supplemental Fig. S1 B). We conclude, that an increased presence of the Unc5
receptor, even at the lateral sides of the cardiomyocytes (Fig. 1 H), is not sufficient to prevent
the attachment of the cardiomyocytes as it is known from overexpression of other repulsive
acting receptors (Santiago-Martinez et al., 2008). The function of Unc5 appears to be
restricted to the position at the luminal and abluminal side of the cardiomyoblasts and may be
due to the exclusive presence of the corresponding ligand (potentially NetrinB, present study

and Harris et al. (1996)).
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Our data raised the question whether the failure to form a heart lumen is due to an enlarged

J-domain or to an absence of repulsive signals at the luminal side of the cells.

Uncs is localized to the L-domain of cardiomyocytes

The lumen of the heart tube is formed from the migration of two bilateral rows of polarized
cardiomyocytes, which join at the dorsal midline (Fremion et al., 1999; Haag et al., 1999;
Medioni et al., 2009; Rugendorff et al., 1994). Cardiomyocytes display distinct membrane
sub-compartments crucial for tubulogenesis, which are the so-called L-domain (enclosing the
lumen) and the adjacent J-domains (where adherens junctions seal the opposing
cardiomyocytes at dorsal and ventral positions) (Medioni et al., 2008). Each domain is
characterized by the accumulation of either adherens junction proteins (DE-Cadherin, Discs-
Large, Armadillo in the J-domain) or proteins known to be involved in repellant/attractant
mechanisms or in ECM formation (Dystroglycan, Perlecan, Slit, Robo in the L-domain)
(Medioni et al., 2008; Qian et al., 2005; Santiago-Martinez et al., 2006). Mutations in s/it or
robol/robo?2 cause severe tubulogenesis defects, essentially an absence of the heart lumen.
Because unc5 mutant animals show comparable defects in heart lumen formation, we
investigated, whether Unc5 protein reveals a sub-compartmental localization in
cardiomyocytes. Z view reconstruction of heart tubes, stained for the J-domain marker
Armadillo and Unc$5, revealed a specific localization of Unc5 in the luminal membrane
domain (Fig. 4 A-A"). As expected, in unc5® mutants no Unc5 protein can be detected in the
L-domain. Interestingly, the localization of Armadillo protein is not altered in the same
animals indicating the correct establishment of the J-domains (Fig. 4 B-B"). To examine
whether the establishment of the L-domain is affected in unc5® mutants, we performed a
staining against the LamininA receptor Dystroglycan that shows a specific localization in the
L-domain (Medioni et al., 2008). In unc5® mutants, Dystroglycan revealed a wild typic

distribution in the L-domain of the cardiomyocytes (Fig. 4 C-D). The Z views display a clear
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alternation of the distinct membrane domains (Fig. 4 C’-D"). From this we conclude that the
molecular defined domains are established in unc5® mutants giving evidence that Unc5 is not

involved in the establishment of distinct domains within the cardiomyocyte cell membrane.

handC-GFP

handC-GFP | unc5® handC-GFP

Fig. 4 Cardiac membrane domains in wild type and unc5 mutants. On the left side late stage 16 wild type
animals are shown (A, C, E, G). Unc5 homozygotes are presented on the right side of the figure (B, D, F, H).
The sectional planes of the corresponding Z views (A’-H") are indicated by a dotted line. The cell shape of a
cardiomyoblast (CB) in Z view is marked by a dotted cycle and the membrane domain regions are labeled as J
for junctional or L for luminal. (A, B) In wild type, Armadillo (B-catenin), an adherens junction marker, is
localized at the luminal and lateral membranes of the CBs as well as in unc5® mutants. (A", B") Z views of A &
B display the localization of Armadillo at the dorsal and ventral J-domains on the luminal side of CBs. In wild
type Unc5 protein can be localized to the L-domain between the two J-domains (A"). In unc5® mutants no Unc5
protein is detectable (B"). (C, D) In wild type as in unc5® mutants, Dystroglycan is clearly present at the luminal
and abluminal side of the CBs while Armadillo is also enriched at the lateral membranes. The Z views display a
restriction of Dystroglycan to the L-domain, while Armadillo is present at the attachment points between the
CBs (C’, D). (E, F) Unc5 protein can be co-localized to the luminal distribution of the soluble ligand Slit (E, E")
whereas is unc5® mutants only Slit is accumulated at the L-domain. (F, F"). (G, H) The localization of the Robo
receptor to the L-domain is unchanged in unc5® mutants (H") compared to wild type (G’). Due to heat fixation

nuclear targeted GFP sometimes accumulate in the whole cell (G, G").
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To clarify if UncS5 acts as an independent repellent during heart lumen formation we tested
the localization of the known repulsive protein Slit. In the wild type Slit and Unc5 are both
localized at the luminal side of the cardiomyocytes (Fig. 4 E-E"). In the absence of Unc5 Slit
is still localized at the luminal side of the cardiomyocyte membrane (Fig. 4 F-F’). An
additional analysis of the distribution of the Slit receptor Robo in wild type and unc35® mutant
hearts revealed a wild typic localization of Robo to the L-domain in unc5® mutants (compare
Fig. 4 G-G’ to 4 H-H"). In agreement with this, animals transheterozygous for unc5 and slit
(uncS/slit) form a proper heart lumen (compare supplemental Fig. S1 A to C). From these data
we conclude, that the heart lumen defect seen in unc5 is not caused by the mislocalization of
known tubulogenesis components (like Slit and Robo) and points to alternative or at least
additional functions of Unc5 in heart lumen formation independent of the Robo/Slit pathway.

The questions aroused, whether the capacity of Unc5 to promote proper heart lumen
formation is linked to the described involvement of DE-Cadherin/Shotgun (Shg) in lumen
formation. DE-Cadherin/Shg is controlled via the Slit/Robo pathway to enable proper cell
adhesion at the J-domains (Santiago-Martinez et al., 2008). In order to clarify the influence of
Unc5 on the DE-Cadherin function we looked at semi-thin cross sections of unc5/shg
transheterozygote embryos. Since in all observed embryos the cardiomyocytes enclose a wild
typic luminal space (compare supplemental Fig. S1 A to D) we conclude a different
requirement for Unc5 in establishing a correct heart lumen than acting in collaboration with

the detailed described Slit/Robo pathway.

The UncS5 ligand Netrin is essential for heart tube formation
Unc5 is known to act as a repulsive receptor for both Netrins (NetrinA & NetrinB) present
in Drosophila melanogaster (Bashaw and Goodman, 1999; Brankatschk and Dickson, 2006;

Gong et al., 1999; Harris et al., 1996; Keleman and Dickson, 2001; Labrador et al., 2005;
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Mitchell et al., 1996; von Hilchen et al., 2010). Therefore we were interested to know,
whether Netrins play a role in heart tubulogenesis as well.

In situ hybridization experiments using several antisense probes raised against netrind and
netrinB revealed mRNA expression in the nervous system, the early mesoderm and in a
distinct pattern in the dorsal ectoderm (data not shown). However, no netrind or netrinB in
situ signal could be observed in the heart. In contrast, a detailed analysis of the protein
distribution using a NetrinB specific antibody revealed that NetB is localized in a polar
fashion with the highest concentration at the lumen forming side of cardiomyocytes (Fig. 5
A). A view in Z direction clearly shows an accumulation of NetB protein at the luminal side
while Armadillo localizes at both J-domains (Fig. 5 A inset). As expected, the used antiserum
gave no specific staining signal applied on embryos carrying a deletion for netrinA and B

(compare Fig 5 B-C).

Fig. 5 Netrin is required for heart
lumen formation. (A, B, D, F) Show
wild type and netrin deficient embryos

(C, E, G) stained for heart cell markers.

wt

(A) Wild type stage 16 embryo stained
with an anti-NetrinB specific antibody
reveals protein localization in a
polarized fashion. NetrinB accumulates
at the luminal and abluminal side of
cardiomyocytes (CBs), while Armadillo
is also present lateral at the CBs. A
view in the Z direction displays the
localization of NetrinB at the L-domain
and Armadillo at the junctional
membrane domain of a CB (inset). (B,
C) Cardiac specific NetrinB staining is
absent in embryos carrying a deletion
for netrinA and netrinB (compare B to

C). (D-G) Wild typic and netrin

deficient embryos stained for Tinman

and B3Tubulin. F is an enlargement of D (rectangle), G an enlargement of E (rectangle). Netrin deficient

embryos (E, G) reveal CB alignment defects. The brackets in F label four Tinman expressing CBs. The brackets
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in G indicate the same positions; note the misalignment and shifting of CBs. (H, I) TEM analysis of ultra thin
sectioned hearts from netrin deficient embryos (I) reveals an lack of lumen formation compared to wild type (H).
Shown are sections in the posterior region (heart chamber) of the dorsal vessel. CBs are circled by a dotted line.
Insets show the dorsal contact region (rectangles) of cardiomyocytes at higher magnification. (J-L) Semi-thin
cross sections through the heart of Net4B* (J) and NetrinB mutant embryos (L) reveal a failure to form a proper

heart lumen. Embryos lacking NetrinA display a clear luminal space between their cardiomyocytes (K).

These netrin deficient embryos fail to form a proper heart lumen (Fig. 5 D-I). Staining for
the heart specific marker B3Tubulin revealed a misalignment of cardiomyocytes similar to the
phenotype visible in unc5® mutants (compare Fig. 5 G to Fig. 2 B). TEM analysis of netrin
deficient embryos displayed an absence of the luminal space between the cardiomyocytes
which becomes manifested in all three analyzed individuals (Fig. 5 H-I). To elucidate whether
NetrinA and NetrinB display different functions in heart lumen formation, we analyzed semi-
thin cross sections of embryos lacking either NetrinA (NetA“) or NetrinB (NerB) in
comparison to embryos lacking both genes (NetAB”) (Brankatschk and Dickson, 2006). We
found, that the netrin deficient embryos Df(1)NP5, the molecular defined double mutant
NetAB® and the NetrinB specific allele NesB® fail to form a proper heart lumen, whereas
NetrinA mutants (NetA") display a clear luminal space (Fig. 5 I-L).

The observed phenotypes and the NetrinB localization to the L-domain of cardiomyocytes
is consistent with the findings of a previous analysis from Harris and colleagues who found
NetrinB accumulation in cardiac cells at late stage 16/17 embryos as well (Harris et al., 1996).
Based on the high similarity of the phenotypes observed for netrinB deficient embryos and
unc5® mutant animals, we believe that NetrinB might be a potential ligand for Unc5 in heart
cells, similar to the situation in the nervous system. The absence of netrinB transcripts in heart
cells points to the possibility that netrinB mRNA is expressed by a so far unknown non-
cardiac cell type and regulates the activity of the Unc5 receptor as a paracrine ligand, since

the NetB protein can be co-localized to the cardiomyocytes.
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Discussion

The cross section of the Drosophila heart tube is constituted by opposing cardiomyocytes
that cover the periphery of an inner luminal space (Fig. 3 C, E and Rugendorff et al. (1994)).
At the dorsal and ventral side of two facing cardiomyocytes, adherens junctions seal the
lumen. Work of several laboratories recently raised evidence, that the secreted extracellular
matrix component Slit and its receptor Robol/2, are specifically co-expressed at the luminal
side of cardiomyocytes and provide essential cues for the process of heart lumen formation
(MacMullin and Jacobs, 2006; Medioni et al., 2008; Qian et al., 2005; Santiago-Martinez et
al., 2006; Santiago-Martinez et al., 2008).

In the present study we demonstrate that the Drosophila single-pass transmembrane
receptor Unc5, together with its ligand Netrin, ensures heart lumen formation. Unc5
represents the single Drosophila homologue of a conserved receptor family, exhibiting an
extracellular domain consisting of two Ig domains (both of which are essential for Netrin
binding as shown for the C. elegans and the human Unc5 orthologue) (Geisbrecht et al., 2003;
Kruger et al., 2004) and two thrombospondin type I (TSP) repeats. The Ig domains of Unc5
share homology with the first two Ig domains of Robo, which are critical for binding its
ligand Slit (Liu et al., 2004). As shown by Kruger and colleagues, the binding properties of
the Unc5 Ig domains are specific, and Netrin binding therefore is unique to Unc5 (Kruger et
al., 2004). Conserved motifs found within the intracellular domain of Unc5 are a ZUS5 motif, a
DB motif and a carboxy-terminal death domain. The three vertebrate Unc5 orthologs and the

single known C. elegans orthologue exhibit a similar organization.

Expression of Unc5 and Netrin in cardiomyocytes
Expression of Unc5 and NetrinB in the heart has been described (Harris et al., 1996;
Keleman and Dickson, 2001) but not connected to cardiogenesis. We therefore analyzed in

which cells that constitute the Drosophila heart, Unc5 and NetrinB are expressed. Transcripts
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of unc5, Unc5 protein and NetrinB protein were found in all cardiomyocytes forming the
cardiac tube (Fig. 1+5). Because no netrinB mRNA can be detected in heart cells, the
hypothesis arises that NetrinB is synthesized by non-cardiac cells and transported actively or
passively to its target site as a soluble protein. Since all other proteins, known to be involved
in heart lumen formation (for example Slit, Robo, Dg, Arm, DE-Cadherin), are expressed as
autocrine factors by cardiac cells themselves, the Unc5/NetB system likely represents a new
mode of tube size regulation during Drosophila cardiogenesis (Medioni et al., 2008; Santiago-
Martinez et al., 2008). Both proteins accumulate in a polar fashion at the luminal surface of
the cardiomyocytes. From stage 15 onwards, when the two bilateral cardiac primordia migrate
towards the dorsal midline, Unc5 and NetrinB appear to be exclusively enriched at the
prospective luminal and the abluminal side. Transverse Z views of cardiac tubes, stained for
Unc5 and specific polarity markers revealed a highly enriched localization of Unc5 in the
luminal compartment of cardiomyocyte membranes. Unc5 is excluded from the junctional
domains that are responsible for sealing the lumen of the heart. The same distribution is seen
for NetrinB. Unc5 and NetrinB are clearly co-localized in the same cells and in the same
membrane compartment. This observation argues for a cell autonomous function of the

proteins Unc5 and NetrinB.

Unc5 function in the heart

The most prominent cardiac defect seen in homozygous unc5 or netrin mutant animals is
the lack of a heart lumen. Additionally, we found frequently defects in the alignment of
cardiomyocytes along the anterio-posterior axis. In contrast to mutants of the Slit/Robo
pathway, we never observed defects that can be clearly attributed to early adhesion functions
or a potential role of Unc5 for specifying the polarity of the cells (MacMullin and Jacobs,
2006). Therefore we interpret the defects seen in unc5 mutants as being specific for a late role

in tubulogenesis rather than for a more general role in cell adhesion. This assumption is
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supported by the presence of a dorsal adherens zone between cardiomyocytes that
demonstrates that a loss of Unc5 neither does prevent the migration of cardioblasts from the
cardiac primordium towards the midline nor the initial recognition and adhesion of
cardioblasts at the dorsal midline. The unchanged cell shape of the cardiomyoblasts in uncs
mutants and in netrin deficient embryos however point to an affected remodeling process of
the cytoskeleton which normally occurs during the process of lumen formation (as summary
Fig. 6). But since downstream factors of the Netrin/Unc5 signaling cascade in Drosophila are
yet not known this issue has to be further analyzed in the future. Data focusing on Slit and
Robo suggests that components regulating actin dynamics (like Enabled) may be effectors of
this system during lumen formation (Santiago-Martinez et al., 2008). Work of Colavita &
Culotti on potential interactors of the Unc5/Netrin pathway in C. elegans indicates that the
Enabled homolog in worms Unc-34 can function as a suppressor of ectopic Unc-5 during
pioneer axon guidance (Colavita and Culotti, 1998). These observations recommend a closer
inspection on the actin filament formation and actin distribution in unc5 mutants as well as an
analysis of altered heart lumen formation in mutants of different cytoskeletal components or
their regulators.

The overall polarity of the cardiomyocytes is not affected by the loss of Unc5 (Fig. 2)
even the highly specific sub-compartmental organization of the contact sides of the
contralateral cardiomyocytes is correctly determined in unc5 mutants (Fig. 4). Staining of
uncd mutant animals for junctional and luminal markers revealed that neither the localization
of polarity markers nor the specification of the prospective J- and the L-domain is changed by
the loss of Unc5 function.

Our findings suggest that Unc5 is specifically required for lumen formation and the
necessary processes of cell shape change rather than for general adhesion properties of the

cardiomyocytes.
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Potential role for Unc$ for tubulogenesis

Lumen formation by cell assembly, as in the Drosophila heart, is mechanistically different
from tubulogenesis in other tubular organs in which the luminal space is generated by
budding, cell hollowing or wrapping (Baer et al., 2009; Bryant and Mostov, 2008) and
literature cited therein. Slit and Robo1/2 are considered as being key components that define a
luminal membrane compartment in cardiomyocytes and restrict the domains of junctional
proteins that mediate the sealing of the heart tube (Medioni et al., 2008; Santiago-Martinez et
al., 2008). Our findings indicate that the Unc5/Netrin receptor-ligand system acts at the

matrix compartment of cardiomyocytes and promotes lumen formation.

Fig. 6 Cardiac lumen formation in
Drosophila embryos. During migration

towards the dorsal midline the

cardiomyocytes (CBs) adopt a

triangular shape and display a dorsal

future contact zone (in red; upper

luminal domain

junctional domain .
e " | (Dg, Uncs, Nets, Robo,stiy | panel). During assembly at the dorsal

(Arm, DE-Cad)

junction, the CBs undergo further cell
Uncs
(transmembrane-
receptor)

NetB ..
(soluble ligand) shape changes and an additional

. Repulsion .
>

specific membrane domain is defined:

the L-domain (in green; upper panel) expressing receptors like Unc5, Robo and there ligands NetB and Sli.
Afterwards, a second contact region, the ventral J-domain, is specified by the same expression profile as the
dorsal J-domain. (in red; upper panel). At the end of heart tube formation a perfect lumen is formed when the
two cardiomyocytes attach at there ventral J-domains to each other. In unc5® mutant embryos the formation of]
the distinct membrane domains (in red and green) between the cardiomyocytes is not altered but changes in cell
shape do not occur (mid panel). The cardiomyocytes attach to each other along there entire luminal side, without
enclosing a luminal space. No lumen is formed in unc35® mutants.

The distribution of the transmembrane receptor Unc5 in the cardiomyocytes of Drosophila can be localized to
the luminal membrane domain as well as to the abluminal side of the cells facing the adjacent pericardial cells.
The corresponding ligand of Unc5 seems to be NetrinB. The soluble ligand accumulates at the same regions as

the UncS5 receptor, the L-domain and the abluminal side of the cardiomyocyte.

We propose Unc5/Netrin to act independent of Slit and Robo on the establishment of a

luminal space between the cardiomyocytes because Slit and Robo distribution is wild typic in
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uncd mutant embryos (Fig. 2+4). It is known from the literature that a loss of components of
the Slit/Robo pathway, for example Robo itself, leads to an altered localization of Slit in the
cardiomyocytes (Santiago-Martinez et al., 2008). In contrast, the loss of Unc5/Netrin function
does not affect the localization of any tested protein involved in lumen formation.

Our findings provide an independent proof for the lumen formation model proposed by
Medioni et al. (2008) and Santiago-Martinez et al. (2008). This model postulates that cell
shape changes and repulsive activities at the prospective luminal membrane area, resulting in
bending of the ventral side of cardiomyocytes are the driving forces for lumen formation. The
extended dorsal J-domain in cardiomyocytes of unc5 mutant embryos, as well as the presence
of adjacent luminal membrane compartments, exhibiting the characteristic matrix proteins of
the cardiac luminal wall, argues strongly for this model. An alternative mechanism would be
that cardiomyocytes first align throughout their entire luminal side and afterwards luminal
space appears. This model is neither supported by the previous observations of Medioni et al.
(2008) and Santiago-Martinez et al. (2008) nor by our findings presented herein. In summary,
our data suggests the existence of a second repulsively active system present at the L-domain
of cardiac cells expanding the list of key components known to be crucial for heart

tubulogenesis.

Supplemental Fig. S1 (A-D) Semi-thin
cross sections of wild type hearts display a
clear luminal space between the

cardiomyocytes. Overexpression of Unc5

in all cardiomyocytes has no effect on
lumen formation (B). Transheterozygote

embryos lacking one copy of unc5 and one

copy of slit (C) or shg (D), respectively,

exhibit a wild typic heart lumen.
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4. Resumee

4.1. Erstellung deshandC-GFP Reporters
(Sellin et al. 2006)

Drosophila melanogaster hat sich in den letzten Jahren zu einem intensialyaierten
Modellsystem entwickelt. Die sehr gute genetischanidulierbarkeit und die Vielzahl an
etablierten Untersuchungsmethoden bieten ideal@ausgsetzungen zur Analyse komplexer
Regulationsmechanismen. Der einfache Aufbau dezdderals rohrenformiges Organ ist ein
weiteres Kriterium fur die Auswahl vorDrosophila als Modell zur Analyse der
Organogenese des Herzens. Die Kardiogenese kandisiimkte Entwicklungsphasen
unterteilt werden: Spezifizierung des kardialen dtesms, Determinierung der bilateral-
symmetrischen Herzanlagen, Differenzierung der Kdnldsten und Bildung des Herzrohres.
Wahrend dieser Entwicklungsphasen unterliegen diagen des Herzens und die daraus
entstehenden Herzvorlauferzellen komplexen mormghstben Verdnderungen. Um diese
dynamischen Prozesse im Detail analysieren zu kbbretetDrosophila das Potential, mit
Hilfe von Reportergenkonstrukten Lebendzellmarkeden Organismus stabil zu integrieren,
um so individuelle Strukturen und/oder Ablaufe d@rganogenese im lebenden Tier zu
verfolgen.

Um die Entwicklung des Herzens vom Embryo bis zwltan Tier detektieren zu kénnen,
wurde eine herzspezifische GFP-Reporterlinie gener{Sellin et al.,, 2006, vorliegende
Arbeit). Hand ist ein hoch konservierter bHLH Trhngtionsfaktor, der innerhalb der
hoheren Vertebraten (Maus und Mensch) als zweilgamntstandene Genehénd/Handl
und dhand/Hand2) vorkommt und dort sowohl in den Herzvorlauferegellals auch im sich
differenzierenden Herz exprimiert ist (Firulli, 28(Srivastava and Olson, 1997). Mutationen,
die diehand Gene betreffen fihren zu schweren Entwicklungddefeim Herz. Bei Tieren,
die eine Null-Mutation imdhand Gen tragen unterbleibt die Bildung des gesamtehteec
Herzventrikels (Srivastava and Olson, 1997)Dhesophila wird hand durch ein einziges Gen
reprasentiert und zeigt eine Expression in allerzalen. Damit ist Hand der bislang einzige
Faktor, der in allen Herzzellen vorkommt (KélschdaRaululat, 2002). Kirzlich konnte
gezeigt werden, dass das Fehlen von Hand die Bdtwmig der Lymphdrise, die
postembryonale Herzfunktion sowie Remodellierungspsse im Darm wahrend der
Metamorphose beeintrachtigt (Han et al., 2006; Lale 2007). Trotz der prominenten

Expression vorhand in allen Herzzellen scheint Hand jedoch nicht essk wahrend der
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embryonalen Kardiogenese zu sein (Lo et al., 208if).Fehlen von Hand fihrt zu keiner
signifikanten Veranderung des embryonalen Herzdas, Herzrohr bildet sich wildtypisch
aus (Lo et al., 2007).

Mit Hilfe des von uns etablierterhandC-GFP Reporters ist es moglich, von der
Embryonalentwicklung beginnend, die OrganogeneseHigzens zu verfolgen (Sellin et al.,
2006, vorliegende Arbeit). Dabei spiegelt deandC-GFP Reporter das endogene
Expressionsmuster volmand wahrend der Embryogenese wieder (Sellin et al0620Die
Detektion von GFP-Fluoreszenz im lebenden Tier ebiefomit die Madglichkeit die
dynamischen Prozesse der putativ passiven ProgemiMigration zur dorsalen Mittellinie
und des Herzschlusseasvivo zu untersuchen (Albrecht et al., 2010 in revisigellin et al.,
2006, vorliegende Arbeit). Durch die Aktivitdit ddsandC-GFP Reporters uber die
embryonalen Stadien hinaus kdnnen auch postembdgjomarphologische Umbauprozesse
im Detail studiert werden (Sellin et al., 2006, liegende Arbeit). Eine simultane Analyse
aller Herzzellen wéhrend der postembryonalen Hewaeklung im lebenden Tier war zuvor
in dieser Form nicht moglich, da bislang nur eineeHerzzellen markiert werden konnten
oder in spaten Stadien die Reporteraktivitat fefitenzielli et al., 2002; Wang et al., 2005).
Die nicht invasive Detektionsméglichkeit déandC-GFP Reporters bietet auRerdem die
Maglichkeit in Screeningansatzen eine grol3e AnaahTieren effizient auf Herzphanotypen
zu analysieren, wie bereits von dem Labor um Eo®Igezeigt werden konnte. Mit Hilfe
eines unabhangig etabliertenand-GFP Reporters wurde von ihnen ein Screen auf
embryonale Herzphanotypen durchgefiihrt (Han andrQI8005; Yi et al., 2006). Um Gene
zu identifizieren, die wahrend der postembryonatlderzentwicklung benétigt werden,
kénnen Analysen postembryonal letaler Mutanten-ddibnen, wie zum Beispiel die ,,Zuker
Kollektion“, genutzt werden (Koundakjian et al., @0 Herzscreen der AG Paululat,
unpubliziert). Der etablierte Reporter bietet damgue Analysemoglichkeiten der diversen,

dynamischen Entwicklungsprozesse wahrend der Oggarese deBrosophila Herzens.

4.2 Einfluss von Kuzbanian/ADAM10 auf die Kardiogemse
(Albrecht et al. 2006)

Die Regulation des Notch/Delta-Signalwegs ist fiimea korrekten Ablauf der
Determinierungs- und Differenzierungsprozesse withmder Kardiogenese vdrosophila
melanogaster essentiell. Hartenstein und Kollegen konnten in #@80er Jahren zeigen, dass
es bei dem Verlust von Notch-Aktivitat wahrend bastten Zeitraumen der Embryogenese

zu Veranderungen der Herzzellzahl kommt (Hartenséti al., 1992). Diese Beobachtung
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konnte wahrend der vorliegenden Doktorarbeit biggtiterden. Die Analyse von Mutanten
aus zwei Komplementationsgruppen erbrachten dieBe#bung von 5 beziehungsweise 3
neuen Allelen von kuzbanian/ADAM10 und mastermind. Eine Mutation dieser im
Notch/Delta-Signalweg agierenden Faktoren fihrenemer deutlichen Hyperplasie des
Herzens. Die Anzahl der Kardioblasten ist starkbbthwéhrend die Perikardzellen in ihrer
Zahl reduziert sind.

Die ADAM Metalloprotease Kuzbanian und das VertégmaHomolog ADAM10 gehdéren zur
Gruppe der membranstandigen Proteasen, die durelpibteolytische Aktivitat vorwiegend
membrangebundene Proteine prozessieren und saasetzung der I6slichen Ektodomanen
ihrer Zielproteine filhren (Sheddasen). Eine promi@e Funktion von ADAM10 in
Vertebraten ist die Prozessierung des Amyloid-AsmuProteins (APP) alg-Sekretase im
nicht-amyloidogenen Signalweg. Diese Spaltung velbit die Entstehung des Alzheimer
auslosenden Amyloid-3-Peptides. Kirzlich konnteeggzwerden, dass ADAM10 neben der
Funktion alsa-Sekretase auch im amyloidogenen Signalweg fungrerdem es mit dem-
Sekretasekomplex um die Spaltung des APP konktu(Keshn et al., 2010).

In der vorliegenden Arbeit konnte gezeigt werdesssdKuzbanian/ADAM10 wahrend zwei
grundlegenden Prozessen der Kardiogenese eine $pidllt. Fehlt Kuzbanian, kommt es zu
einer Fehlregulation der lateralen Inhibition. Ceterminierung der genauen Anzahl an
Progenitoren aus den Kompetenzfeldern des kardMksoderms ist beeintrachtigt und fihrt
zu einer Hyperplasie der Herzzellvorlaufern. Desitéfen ist die Differenzierung der
Progenitoren in kardiale und perikardiale Zellertets asymmetrischer Zellteilung ebenfalls
von Kuzbanian/ADAM10 abhangig. kuzbanian Mutanten wird die Linie der Perikardzellen
zu Gunsten der Kardioblasten verschoben, so das$s die Anzahl der differenzierten
Kardioblasten auf Kosten der Perikardzellen starkolet. Auch fir Mutanten von
mastermind, kann ein ahnlicher Phanotyp festgestellt werdestermind, interagiert als
Kofaktor mit der intrazellularen Domane von Notcidudem DNA-Bindeprotein Supressor of
Hairless um so Gentranskription zu regulieren (Kied al., 1998; Wu et al., 2000).
Zusammengefasst sprechen diese Ergebnisse fur Akteitat von Kuzbanian und
Mastermind wahrend den Notch/Delta abhéngigen 8eleprozessen der Kardiogenese.
Mehrere Studien weisen bereits auf eine zweiphasidgvitat des Notch/Delta-Signalweges
wahrend der Organogenese des Herzens hin (Han@hdds, 2003; Hartenstein et al., 1992;
Popichenko and Paululat, 2004; Ward and Skeath0)20@/eiterhin ist bekannt, dass

Kuzbanian/ADAM10 in einer Vielzahl von Geweben sdWvan Drosophila als auch in
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Vertebraten die Prozessierung der extrazellularem@he des Notch-Transmembranrezeptors
ausfuhrt (Alfandari et al., 2009; Klein, 2002; Lezlet al., 2002; van Tetering et al., 2009).
Mause, die eine Mutation IPADAM10 tragen, weisen starke Defekte wahrend der
Kardiogenese auf (Zhang et al., 2010), und gebedisaeise auf eine speziesibergreifende
Funktion von Kuzbanian/ADAM10 wahrend den Notchfaehbhéngigen Determinierungs-
und Differenzierungsprozessen in der KardiogenBiselere Untersuchungen Drosophila
konnten weitere Prozesse identifizieren, die dikahbanian/ADAM10 reguliert werden und
wahrend der Organogenese des Herzens relevantam#orrekte stereotype Anordnung der
Herzzellen an der dorsalen Mittellinie ist eine e essentielle Voraussetzung fir die
Funktionalitat desDrosophila Herzens. Inkuzbanian/ADAM10 Mutanten konnte eine
Beeintrachtigung der Herzzellmorphologie und Fehtlar Kardiomyozyten-Anordnung
beobachtet werden (Albrecht et al., 2006, vorliegerArbeit). Die Positionierung der
Herzzellen liegt einer bis jetzt nur wenig untefgea Interaktion von Adhéasionsmolekile
sowie dem Kontakt zur extrazellularen Matrendl. extracellular matrix (ECM)) zu Grunde.
Studien in Vertebraten haben gezeigt, dass ADAMiéhtalls fir die Regulation von Zell-
Zelladhasions Prozessen bendtigt wird, in dem eSalNlkerin und E-Cadherin prozessiert
(Maretzky et al., 2005; Reiss et al., 2005). Auah diynamische Modulierung der Herzzell-
ECM-Verbindung wahrend des Herzwachstums scheirdrtebraten von der;8ntegrin
Prozessierung durch Metalloproteasen der ADAM Hamiund weiteren Matrix-
Metalloproteasen abhéngig zu sein (Goldsmith e@D3; Manso et al., 2006).

Die Sheddase-Aktivitdt von Kuzbanian/ADAM10 erskiesich ebenfalls auf so genannte
Zielfindungsmolektle. Kirzlich konnten Coleman uKdllegen zeigen, dass iDrosophila
Kuzbanian/ADAM10 die extrazellulare Doméne des ®mambranrezeptor Roundabout
(Robo) proteolytisch spaltet. Durch diese Prozessig wird die repulsive Funktion von
Robo im Nervensystem aktiviert (Coleman et al., ®01Des Weiteren scheint
Kuzbanian/ADAM10 inDrosophila fur die Slit anhangige Rekrutierung von Son ofesggss
(Sos), einem Guanin-Austausch-Faktor (GEF) esdentieu sein, der die
Zytoskelettreorganisation Uber Rho/Rac G-Proteaggiliert (Yang and Bashaw, 2006). Auch
fur die Prozessierung des Robo-Liganden Slit sethsth Kuzbanian/ADAM10 gibt es
Indizien ausDrosophila. Die Positionierung der lateral auswachsenden Axscheint von
einer Spaltung des Liganden abzuhangen (Colemaln, &010; Schimmelpfeng et al., 2001).
Die proteolytische Aktivitdt von ADAM10 erstreckich auch in Vertebraten auf Faktoren,
die wahrend der neuronalen Repulsion agieren. ADBMirkt als Sheddase auf die Ephrin-

Rezeptor Liganden Ephrin2 und Ephrin5 und gewdatdeiso die Aktivierung der Ephrin-
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Kinase-Domaéne, die zu dem Rickzug der Axone fldlusgmmengefasst in Alfandari et al.
(2009); Halloran and Wolman (2006)).

Eine direkte Ubertragung dieser Daten auf eineeRatin Kuzbanian/ADAM10 wahrend der
Kardiogenese inDrosophila ist zwar zu diesem Zeitpunkt nicht maoglich, bietgber
Ansatzpunkte fir weitere Analysen. Fir eine Vielzalon Faktoren, die in der
Zelldifferenzierung und in Adhasionsprozessen wathrder Entwicklung des Nervensystems
eine Rolle spielen, konnte bereits eine essenti@ideutung wahrend der Kardiogenese von
Drosophila nachgewiesen werden (Hartenstein et al., 1992;Médim and Jacobs, 2006;
Qian et al., 2005; Santiago-Martinez et al., 2006).

4.3 Herzlumenbildung ist abh&ngig von Uncoordinated & Netrin B
(Albrecht et al. 2010, in revision)

Um den Zusammenschluss der kontralateralen Kardiagtign an der dorsalen Mittellinie zu
einem Herzzohr zu ermoéglich, muss die runde Zetifoder Kardioblasten zu einer
Halbmondform modifiziert werden. Der exakte Kontawischen den Kardiomyozyten
bedingt weiterhin die Ausbildung von drei distinktdMembrandoméanen zwischen den
Kardiomyozyten (Medioni et al., 2008 und vorliegendrbeit). An den dorsalen und
ventralen Kontaktbereichen der Kardiomyozyten lildech Adhasionsdomanen (auch J-
Domanen) aus, die Zell-Zell-Verbindungesndl. adherens junctions) beherbergen. Die das
Lumen umschlielende luminale Doméane (L-Doméne) tweisben typischen ECM-
Bestandteilen auch die Zielfindungsmolekiile Slidl iRobo auf (zusammengefasst in Medioni
et al. (2009)). In der vorliegenden Arbeit konnezegigt werden, dass das Rezeptor/Liganden-
Paar Uncoordinated 5 (Unc5) und Netrin B (NetB)dan L-Domane lokalisiert sind. Unc5
und NetB repréasentieren wie Robo und Slit Zielfingsmolekuile, welche als Motoraxon-
Repellanten im Nervensystem v@rosophila fungieren (Harris et al., 1996; Keleman and
Dickson, 2001). Wahrend der Kardiogenese sind Unosl NetB essentiell fur die
Ausbildung eines Herzlumens. Die zentrale Aufgabes dHerzen, das Pumpen der
Hamolymphe durch den Tierkdrper, istunc Mutanten nicht mehr gewahrleistet. Trotz der
peristaltischen Kontraktion der Kardiomyozytenkisin Hamolymphsflul3 zu beobachten. Die
Kardiomyozyten bilden kein Herzrohr aus.umc5 Mutanten lagern sich die Kardiomyozyten
entlang ihrer gesamten apikalen Membranseite aneé@raohne dass ein luminaler Raum
entsteht. Dieser Phanotyp kann auch bei einem Felles korrespondierenden Unc5-
Liganden NetrinB beobachtet werden. Aufgrund deslugées von Unc5 oder NetrinB

voliziehen die Kardioblasten keine Anderung derlrdelphologie sondern verbleiben in
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einer runden Zellform. Diese Beobachtung implizerne Funktion von Unc5 und NetB als
Repellanten der apikalen Membranseite der Kardiayigm. Die Ausbildung der distinkten
Membrankompartimente entlang der apikalen Zellmembist allerdings durch den
Unc5/NetrinB Signalweg nicht beeintrachtigt. Sowdie beiden J- als auch die L-Domane
werden inunc5 Mutanten korrekt determiniert (Albrecht et al.,120n revision, vorliegende
Arbeit). Das Sicherstellen der Distanz zwischen leninalen Membrandomé&nen und somit
die dynamische Modellierung der Zellform scheimeeder Hauptaufgaben des Unc5/NetrinB
Signalweges wahrend der Kardiogenese iasophila zu sein. Eine direkte Wirkung des
Unc5/NetrinB Signalweges auf Regulatoren des Zyletts ist jedoch bisher nicht bekannt.
Allerdings konnte eine &hnliche Interaktion zwistheepulsiver Signalgebung und der
Aktivierung von Actinfilamentverlangerung vorliegemvie zum Beispiel zwischen dem
Robo/Slit Signalweg und dem Zytoskelettadaptorpnotenabled/VASP, welches direkt an
die zytoplasmatische Doméane des Robo-Rezeptoretbh{mdsammengefasst in O'Donnell et
al. (2009)).

Wahrend inDrosophila die Interaktion von Netrinen und Unc5 zu einemuisp wirkenden
Signal fuhrt, bedingt die Bindung von Netrinen udem Transmembranrezeptor Frazzled
eine anziehenden Wirkung auf die auswachsenden ékxam Nervensystem (Kolodziej et
al., 1996; Labrador et al., 2005). Frazzled reprisg das Drosophila Homolog des
Immunglobulin-Rezeptors Deleted in Colorectal Gamona (DCC). Neben der intensiv
analysierten Funktion von Frazzled als Zielfindungkekll konnten Hiramoto und Kollegen
zeigen, dass Frazzled wéahrend der Entwicklung Vmotd?ezeptoraxonen eine zellautonome
Aufgabe Ubernimmt, indem er NetrinB bindet und féindere Rezeptoren prasentiert
(Hiramoto et al.,, 2000). Der infrazzled Mutanten zu beobachtende Herzphanotyp
(unpublizierte Daten) bietet einen Hinweis auf egwentuelle Rolle von Frazzled wahrend
der Kardiogenese. Mutationen, die das Geamzed betreffen, resultieren in einer veranderten
Anordnung der Kardiomyozyten, ahnlich der Verschigpen der Kardiomyozyten iancS
Mutanten. Bislang gibt es keine eindeutigen DatenExpression von Frazzled im Herz von
Drosophila (unpublizierte Daten); auch Analysen zur direkbeteraktion von Frazzled und
Unc5 in Drosophila liegen bis jetzt noch nicht vor. Studien an munimMdervenzellen haben
allerdings gezeigt, dass eine direkte Interaktion Wnc5 und DCC zur Endozytose von Unch
fuhrt. Die repulsive Signalgebung (Netrin&Unc5) @idamit unterbrochen und in eine
anziehende Signalgebung umwandelt (Netrin&DCC) @@kl et al., 2009; Williams et al.,
2003).
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Diese Daten aus Vertebraten zeigen die Moglichéeiés generellen Zusammenspieles von
Unc5, Netrin und Frazzled. Eine solche, noch hypiidbhe Interaktion konnte auch die
Verbindung zwischen der unterbleibenden Zellforngindg in unc5 Mutanten und der
Modulierung des Zytoskeletts herstellen. VerschiedeGruppen konnten zeigen, dass
Frazzled direkt mit Regulatoren der Actinfilamerymoerisierung interagiert und auch die
Aktivitat von Myosin Il steuert (Dorsten et al.,@0 Forsthoefel et al., 2005). Dennoch ist ein
direktes Zusammenspiel von Unc5, Netrin und Frakbislang rein hypothetisch und bedarf
weiterer intensiver Analysen der beteiligten Komgaien.

Die Vielzahl an Proteininteraktionen, zum Beispielahrend der Entstehung eines
funktionellen Organs, bedingt eine koordinierte &agon der einzelnen Komponenten. Eine
Steuerungsmaoglichkeit fur die Aktivitat von Zielflungsmolekilen ist, wie bereits
beschrieben, die proteolytische Aktivierung /Repeimang durch Proteasen. Untersuchungen
in Vertebratenzellen haben gezeigt, dass Metaltepsinhibitoren die Regulation des
frazzed Homologs DCC beeinflussen kdnnen und eine Akkutimriavon DCC an der
Membranoberflache auslosen. Die Autoren postulieass die Regulation von DCC
abhangiger Signalgebung Uber die Prozessierung d¥SC-Rezeptores durch
Metalloproteasen gesteuert wird (Galko and Tedsaeigne, 2000). Diese Daten bieten einen
Anhaltspunkt fur einen Prozess, der auch in dea@ogenese dd3rosophila Herzens eine
Rolle spielen konnte. Eine Steuerung der Rezepfor@t durch proteolytische
Prozessierung ist auch wahrend der Kardiogenes&bdenDas beobachtete Auftreten
mehrfacher Herzlumen inkuzbanian mutanten Drosophila Embryonen koénnte als
Ausgangspunkt  fir weitere  Analysen einer putativeBeziehung zwischen
Kuzbanian/ADAM10, Frazzled und Unc5 genutzt wer@&lrecht et al., 2006, vorliegende
Arbeit). Die beschriebene proteolytische Aktiviegwon Robo durch Kuzanian/ADAM10 ist
zur vollstandigen Erklarung dészbanian Phanotyps im Herz nicht ausreichen, da durch eine
Mutation im Gerrobo eine Herzlumenbildung unterbleilbtyz Mutanten aber mehrere Lumen
aufweisen (Albrecht et al., 2006; Coleman et &1® Santiago-Martinez et al., 2008).

Diese vorliegende Dissertation beschaftigt sich deit Regulation der klar strukturierten,
dynamischen Prozesse wahrend der KardiogenesBnasophila melanogaster. Die Analyse
der Rolle von Uncoordinated 5 und Kuzbanian wahm@&dOrganogenese des Herzens zeigt
eine komplexe Verflechtung grundlegender Regulatimechanismen auf, die fir die Bildung

eines funktionellen Herzens essentiell sind. DaTreile der beteiligten speziesiibergreifenden
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und hoch konservierten Signalwege bis heute urgktssind, bedarf die Aufklarung des

gesamten regulatorischen Netzwerks noch weitdegajllierter Analysen.
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