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Gliederung der Dissertation

Diese kumulative Dissertation besteht aus der zusammenfassenden Einleitung, dem

Hauptteil aus insgesamt vier Publikationen sowie dem Schlussteil.

Die zusammenfassende Einleitung umfasst Kapitel 1 bis 9: Sie fithrt zundchst mit
einer allgemeinen Vorstellung des Taxons der Cephalocarida (Kapitel 1) tiber deren
evolutionsmorphologische und (neuro-)phylogenetische Bedeutung (Kapitel 2) zu
den Zielen der Dissertation (Kapitel 3). Es folgt der Ergebnisteil aus Kapiteln 4
(Adultus) und 5 (Entwicklungsstadien), der die verschiedenen Publikationen zur
Cephalocaridenart Hutchinsoniella macracantha Sanders, 1954 zusammenfasst. Dabei
basiert die Beschreibung des adulten Gehirns (Kapitel 4.1) auf Stegner & Richter
(2011; Kapitel 10) und Stegner et al. (2014a; Kapitel 11). Die allgemeine Ubersicht
zum Nervensystem zu Beginn des Kapitels 4 sowie die Beschreibung des adulten
Bauchmarks (Kapitel 4.2) basieren auf Stegner et al. (2014b; Kapitel 12). Der Beschrei-
bung der Entwicklung des Nervensystems der Cephalocarida (Kapitel 5.2) ist eine
kurze Revision der Larvalentwicklung von H. macracantha vorangestellt, die im Zuge
der Dissertation vorgenommen wurde (Kapitel 5.1), - beide Abschnitte basieren auf
Stegner & Richter (2015; Kapitel 13). Im Diskussionsteil werden ausgewdhlte Merk-
malskomplexe mit Blick auf die potentielle Homologien zwischen Cephalocarida
und anderen Arthropoda verglichen (Kapitel 6) und schliefdlich die phylogenetische
Bedeutung dieser Merkmale zusammenfassend dargestellt (Kapitel 7). Dabei werden
die einzelnen Erkenntnisse und Hypothesen aus den vier Publikationen (Kapitel 10
bis 13) verkniipft und in einem allgemeinen evolutiondren und phylogenetischen
Zusammenhang beleuchtet. Die zusammenfassende Einleitung endet mit einem

eigenen Abkiirzungs- (Kapitel 8) und Literaturverzeichnis (Kapitel 9).

Den Hauptteil bilden die vier zugrundegelegten Publikationen (Kapitel 10 bis 13)

und den Schlussteil akademischer Lebenslauf und Danksagung.



Nomenklatur und Prisentation der Daten

Nomenklatur

Die in dieser zusammenfassenden Einleitung verwendete Nomenklatur folgt weitge-
hend dem neuroanatomischen Glossar von Richter et al. (2010) sowie den nomenkla-
torischen Ergdnzungen zum Zentralkomplex durch Stegner et al. (2014a). Die mei-
sten Begriffe besitzen traditionelle deutsche Entsprechungen oder konnten problem-
los eingedeutscht werden. ,Bauchmark’ steht hier fiir ,ventral nerve cord’ nach Rich-

ter et al. (2010).

Prisentation

Folgende wichtige Abkiirzungen werden durchgédngig im Text der zusammenfassen-
den Einleitung verwendet: (1) die Abkiirzungen fiir spezifische neuroaktive Substan-
zen: HI/HIR - Immunreaktivitdt/immunreaktiv gegen histamin-artige Substanzen;
RFI/RFIR - Immunreaktivitit/immunreaktiv gegen RFamid-artige Substanzen;
SI/SIR - Immunreaktivitdt/immunreaktiv gegen serotonin-artige Substanzen; (2) die
Abkiirzungen fiir Segmente: Md, Mx1, Mx2 - Mandibel-, Maxillular-, Maxillarseg-
ment; Th1-Th9 - Thorakalsegment 1 bis 9, Ab1-Ab10 - Abdominalsegment 1 bis 10;
(3) die Abkiirzungen fiir Entwicklungsstadien: E1, E2 - Embryonalstadien 1 und 2;
L1-L23 - Larvalstadien 1 bis 23.

Wenn nicht anders angegeben, so liegt in allen Abbildungen die Dorsalseite bzw. das
anteriore Ende oben. Alle spezifisch gefarbten Substanzen werden direkt in der Ab-
bildung angegeben, in Abb. 8 ebenso das Entwicklungsstadium. Weitere Details zu
Fixierung, Praparation, Immunhistochemie, Mikroskopie und Bildverarbeitungssoft-
ware sind im Material- und Methodenteil der zugrundeliegenden Publikation ange-

geben, die in der Abbildungslegende vermerkt ist.






Zusammenfassende Einleitung



1. Einfiihrung in die Cephalocarida

1.1. Einstieg in das Taxon

Gegen Mitte des zwanzigsten Jahrhunderts entdeckte der amerikanische Meeresbio-
loge Howard Sanders im Bodenschlamm des nordatlantischen Long-Island-Sunds
einen blinden, nur 3 mm langen Krebs und beschrieb diesen als Hutchinsoniella
macracantha, den ersten Vertreter des bis dahin unbekannten Taxons der Cephaloca-
rida (Sanders 1954). Inzwischen wurden 13 marine Cephalocaridenarten in fiinf Gat-
tungen beschrieben, die sich morphologisch stark dhneln und tiber die ganze Welt
verteilt sind. Aus evolutionsbiologischer Sicht war die Entdeckung des neuen Taxons
eine Sensation, weisen doch Cephalocarida gleich mehrere dufiere morphologische
Merkmale auf, die innerhalb der rezenten Crustacea einzigartig sind und bis zum
Vorfahren aller Crustacea, Mandibulata oder gar Arthropoda zurtickverfolgt wur-
den. Anschauliche Beispiele sind der namensgebende hufeisenférmige Kopfschild -
Cephalocarida werden auch als Hufeisengarnelen (horseshoe shrimp) bezeichnet -
oder die thorakopodenformige Maxilla (z. B. Sanders 1957; siehe Kapitel 2.1). Bereits
in seiner Erstbeschreibung von H. macracantha pragte Sanders (1954) das Bild eines
»extrem primitiven Krebses”, welches sich spiter in verschiedenen Hypothesen zur
Phylogenie und Evolution der Crustacea wiederfand (Sanders 1957; Hessler 1964;
Hessler & Newman 1975; Lauterbach 1986) und in verdndertem Wortlaut bis heute
nachwirkt (Hessler 1984: ,living fossil without a fossil record”; Hessler & Elofsson
1992, Read et al. 1994: ,the most primitive living crustacean”; Addis et al. 2007:
»ancient crustacean”). Zwar muss im Rahmen einer phylogenetischen Systematik
dieses Bild als grobe Vereinfachung angesehen werden, schon aufgrund offenkundi-
ger Autapomorphien der Cephalocarida wie der Augenlosigkeit (Sanders 1954) oder
des Hermaphroditismus (Hessler et al. 1995; Ax 1999). Dennoch steht aufier Zweifel,
dass das Taxon bis heute eine Schliisselrolle im kontroversen Diskurs um Phylogenie
und Evolution der Arthropoda spielt (Sanders 1957; Hessler 1964; Lauterbach 1986;
Scholtz & Edgecombe 2006; Olesen et al. 2011; von Reumont et al. 2012; Richter et al.
2013). Dem enormen evolutionsbiologischen Interesse steht eine auffillig geringe

Zahl morphologischer und molekularer Studien gegentiber, die allesamt auf nur
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wenigen Individuen basieren (zuletzt zusammengefasst durch Addis 2008; siehe
zusdtzlich Shimomura & Akiyama 2008; Stuardo & Vega 2011; Olesen et al. 2011).
Der einfache Grund ist, dass die begehrten Tiere trotz ihrer weltweiten Verbreitung
nur schwer zu finden sind. Obwohl die Habitate der 13 Arten vom Intertidal tiber
das kiistennahe Subtidal bis in die Tiefsee reichen und ¢kologisch entsprechend
divers sind (Hessler & Sanders 1973), besiedeln Cephalocarida stets nur jene Meeres-
boden, in deren lockerer Oberschicht sich angeschwemmtes oder absinkendes
organisches Material ablagern kann (siehe auch De Troch et al. 2000; Carcupino et al.
2006). Diese ndhrstoffreiche Schicht bietet auch zahlreichen anderen
Bodenorganismen wie Polychédten, Muscheln oder Peracariden eine Lebensgrundlage
und wird durch deren perturbierende Bewegungen locker, sauerstoffreich und triibe
gehalten (Sanders 1963; De Troch 2000; Addis 2008). Die Sammelprozedur in diesem
Substrat umfasst zeitintensive Hol-, Spiil-, Siebe- und Ausleseschritte und wird
zusdtzlich durch eine aufféllig niedrige Abundanz der Cephalocarida in den Proben
verkompliziert (De Troch et al. 2000; Carcupino et al. 2006; auch bestdtigt durch
eigene Erfahrungen). Die tiber einhundert Exemplare von H. macracantha, die im
Verlaufe dieser Dissertation gesammelt werden konnten, boten eine seltene

Gelegenheit, das Taxon ndher zu erforschen.

1.2. Aulere Morphologie

Der Korper der Cephalocarida ist in ein Cephalon (Kopf) und einen 19-segmentigen
Rumpf gegliedert! (Abb. 1A; detailreich bei Sanders 1957, 1963; Carcupino et al. 2006;
Olesen et al. 2011; Stuardo & Vega 2011). Das Cephalon tragt den Kopfschild, der die
praantennale Region und die fiinf vorderen extremitdtentragenden Segmente (An-
tennula, Antenna, Mandibel, Maxillula, Maxilla) weitrdumig tiberdeckt (Abb. 1A,B).
Der Rumpf wird in einen 9-segmentigen Thorax mit weitgehend homonomen Thora-
kopoden und ein 10-segmentiges, extremitdtenloses Abdomen untergliedert, das
posterior im Telson (hier nicht als Segment gezihlt) endet (Abb. 1A). Als Beson-
derheit der Cephalocarida gleicht die Maxilla weitgehend den auf sie folgenden

1 Sanders’(1954) anfiangliche Fehlinterpretationen, das Maxillarsegment gehore zum Thorax und der
Rumpf sei 18-segmentig, wurden rasch korrigiert (Sanders 1957).
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Thorakopoden und bildet mit diesen einen Filterapparat, dessen metachroner Bein-
schlag sowohl dem Schwimmen als auch der Erndhrung dient (Abb. 1A,B; Sanders
1963). Diese Doppelfunktion spiegelt sich auch im Aufbau der Extremitdten wider
(»Mixopodien” nach Sanders 1957): Der Protopodit trdgt medial mehrere gnathale
Endite, die Nahrungspartikel nach anterior durch die Nahrungsrinne (grauer Pfeil
bzw. Stern in Abb. 1A,C) zum Mundbereich transportieren, welchen ein machtiges
Labrum tiberragt (Abb. 1B,C). Er trdgt auflerdem distal einen meist 6-gliedrigen
Endopodit und einen 2-gliedrigen, paddelartigen Exopodit (Abb. 1B,C). Die genaue
Insertionstelle des paddelartigen Pseudepipodits ist umstritten (Sanders 1963,
Hessler & Elofsson 1992: am Protopodit; Richter 2002: am Epipodit), da er etwa in
der lateralen Achsel zwischen Protopodit und Exopodit sitzt (angedeutet durch
Strichlinie rechts auf Abb. 1C; ebenso nach Olesen et al. 2011: Lightiella monniotae).
Die sukzessive Verkleinerung und Abwandlung der Thorakopoden in den posterio-
ren Thorakalsegmenten wird ebenso wie die Beborstung taxonomisch herangezogen
(Hessler & Sanders 1973; Carcupino et al. 2006). Der 9. Thorakopod ist zu einem
kleinen Eitrdger umgewandelt (Abb. 1A; Sanders 1957; Hessler et al. 1995), der ein
grofles Ei tragt.

1.3. Sinnesorgane und Nervensystem

Beinahe alle Kenntnisse der inneren Morphologie der Cephalocarida verdanken wir
Untersuchungen der beiden Morphologen Robert Hessler und Rolf Elofsson an der
Art H. macracantha (Hessler 1964: Skelettmuskulatur; Brown & Metz 1967: Spermien;
Hessler et al. 1970, 1995; Addis et al. 2013: Reproduktionssystem; Hessler & Elofsson
1991, Elofsson & Hessler 1998: Driisen; Elofsson et al. 1992: Verdauungssystem; Hess-
ler & Elofsson 2001: Kreislaufsystem). Unter ihren Pionierstudien befinden sich auch
die ersten Untersuchungen an Sinnesorganen und Nervensystem. Nachweisliche
Sinnesorgane sind der Asthetask der Antennula, die biischelartig angeordneten Setae
auf Antennula und Antenna (Elofsson & Hessler 1991) sowie zahlreiche
cilienassoziierte Setae und Poren auf Kopfschild und Rumpf (Elofsson & Hessler
1994), die in den entsprechenden Arbeiten allesamt als chemosensorisch interpretiert

wurden. Die Beschreibung eines Komplexauges bei H. macracantha (Burnett 1981)
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Abb. 1: AuSere Morphologie der Cephalocarida. A, C: Verandert nach Sanders (1963). B: Konfokale
Autofluoreszenzmikrographie von L. incisa. A, B: Ventralansichten. Die Maxilla ist thorakopodenfor-
mig. A: Pfeil zeigt Nahrungsrinne. C: Transversalansicht verdeutlicht Aufbau und Anordnung der
Thorakopoden. Jeder Protopodit besitzt fiinf bis sechs zur Nahrungsrinne (Stern) gerichtete, gnatho-
basische Endite. Die Insertionsstelle des Pseudepipodit ist umstritten - m. E. setzt er in der Achsel
zwischen Exopodit und Protopodit an (Strichlinie rechts). Mafistab: 0,5 mm.
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erwies sich als Fehlinterpretation (Elofsson & Hessler 1990; Stegner & Richter 2011).
Elofssons und Hesslers (1990) vielbeachtete Pionierstudie des Zentralnervensystems
von H. macracantha basiert auf Licht- und Transmissionselektronenmikroskopie.
Demnach besitzt die Art zwar wie viele andere Crustaceen ein dreiteiliges Gehirn
aus Proto-, Deuto-, Tritocerebrum und ein Bauchmark mit einem Unterschlundgang-
lion und segmentalen Rumpfganglien. Die Autoren beschrieben aber auch erstmals
die innerhalb der Crustacea einzigartige Organisation des olfaktorischen Systems
und die Abdominalganglien bei H. macracantha - Strukturen, deren Komplexitat
nicht ins traditionelle Bild des , primitiven Krebses” passte und evolutiondr schwer
zu interpretieren war (Elofsson & Hessler 1990; siehe Kapitel 2.3). Elofsson (1992)
wies erstmals einige serotonerge (SIRe) und FMRFamiderge (RFIRe) Neurone bei H.
macracantha nach. Da er aber die Neurite dieser Neurone nicht verfolgen konnte,
blieb ein verladsslicher Vergleich zu anderen Crustacea unmoglich (Elofsson 1992).
Der bis zu dieser Dissertation letzte Beitrag zur Neuroanatomie der Cephalocarida,
eine iiberarbeitete Lateralansicht des Nervensystems von H. macracantha (Hessler &
Elofsson 1992), reicht nunmehr {iber zwanzig Jahre zurtick. Die dramatischen Fort-
schritte auf den Gebieten der Neuroanatomie und Phylogenetik haben seither neue
Fragen aufgeworfen, die eine grundlegende Neuuntersuchung des Cephalocariden-

Nervensystems verlangen.

2. Cephalocarida in Evolutionsmorphologie und Phylogenetik

Angesichts einer Fiille unterstiitzender molekularer und morphologischer Daten
wird im Rahmen dieser Dissertation davon ausgegangen, dass Arthropoda (Rota-
Stabelli et al. 2011), Mandibulata (Edgecombe et al. 2003; Miiller et al. 2003; Regier et
al. 2010) und Tetraconata (Dohle 2001; Richter 2002; Ungerer & Scholtz 2008; von
Reumont et al. 2012) monophyletische Taxa darstellen. Debatten um die Monophylie
der drei Taxa wurden an anderer Stelle zusammengefasst (Fanenbruck 2005; Miiller
2008). Unklar bleiben aber die phylogenetischen Beziehungen innerhalb der
Tetraconata, also auch die Monophylie der Crustacea und die phylogenetische

Stellung der Cephalocarida (Abb. 2; siehe auch Jenner 2010; von Reumont & Wigele
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2014). Im Rahmen einer phylogenetischen Systematik kann ein Schwestergrup-
penverhdltnis zwischen zwei Taxa nur durch gemeinsame Synapomorphien rekon-
struiert werden (Sudhaus & Rehfeld 1992 nach Hennig 1966). Wie aber im Folgenden
deutlich wird, sind potentielle Synapomorphien zwischen Cephalocarida und

anderen Tetraconatentaxa selten und allesamt umstritten.

2.1. Morphologie-basierte Hypothesen (ohne Nervensystem)

Cephalocarida als Schwestergruppe der iibrigen Crustacea. Friihe Morphologen sahen in
den Cephalocarida die Schwestergruppe der tibrigen Crustacea (Abb. 2A; z.B. San-
ders 1957, 1963; Hessler 1964, 1984) und begriindeten diese Stellung damit, dass viele
Cephalocaridenmerkmale auf den Vorfahren aller Crustacea zurtickgehen, so der
Kopfschild, die thorakopodenformige Maxilla (Sanders 1957; Lauterbach 1980); der
Bau des ,,Mixopodiums” (nach Sanders 1957; Hessler & Newman 1975; Lauterbach

1979) oder die weitgehend homonomen Rumpfextremitdten (Sanders 1957; Hessler

® Sanders (1957) Schram (1986) © Edgecombe et al. (2000)
Cephalocarida Cephalocarida é% baSIQrtCan HESSISE (1?92) .
Branchiopoda Branchiopoda ig epha!ocarlda % -
Maxillopoda Leptostraca go Branchiopoda ’5%
Malacostraca Maxillopoda Malacostraca =

Eumalacostraca Maxillopada
Remipedia Remipedia
(@ Waloszek (1993) ® Regier et al. (2010) (® nach Harzsch (2006)
Cephalocarida |o | _[Cephalocarida] g{.ﬁ Cephalocarida
Branchiopoda E © Remipedia = E Hexapoda
Maxillopoda 5 — Hexapoda Remipedia
Malacostraca Branchiopoda — Malacostraca
— Copepoda Branchiopoda
_I:Malacostraca {Maxillopoda
Thecostraca Mystacocarida

Abb. 2: Ausgewihlte Hypothesen zur phylogenetischen Stellung der Cephalocarida innerhalb der
Crustacea bzw. Tetraconata. Basierend auf extern-morphologischen (A-D), molekularen (E) sowie
neuroanatomischen Daten (F). * Phyllopoda nach Schram (1986) nicht zu verwechseln mit dem gleich-
namigen Branchiopodentaxon.
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1984). Der heute viel umfangreichere Fossilbericht? legt nahe, dass mit Ausnahme
des Pseudepipodits (s.u.) viele Cephalocariden-Merkmale tatsdchlich von der Crusta-
ceenstammart tibernommene Plesiomorphien sind (Hessler 1992; Walossek 1993;
Walossek & Miiller 1998a; Scholtz & Edgecombe 2006; Haug et al. 2010). Allerdings
treten all diese plesiomorphen Merkmale auch bei anderen Crustaceentaxa auf, wenn
man auch fossile Vertreter wie Rehbachiella oder Bredocaris beachtet. So kann das
Schwestergruppenverhiltnis zwischen Cephalocarida und tibrigen Crustacea durch
keinerlei Synapomorphien gestiitzt werden. Dasselbe gilt fiir ein Schwestergruppen-
verhiltnis zwischen Cephalocarida und tibrigen Mandibulata nach Moura & Chri-

stofferson (1996), deren Studie die Maxilla falsch homologisiert.

Cephalocarida, Branchiopoda, Malacostraca und das Epipoditen-Problem. Frithe Einord-
nungen der Cephalocarida in die Nédhe der Branchiopoda (Dahl 1956; Tiegs & Man-
ton 1958; Siewing 1960) basierten auf Fehlinterpretationen der Maxilla (siehe Sanders
1963; Hessler 1984). Zahlreiche spétere Einordnungen basierten auf der bis heute um-
strittenen Homologisierung des Pseudepipodits der Cephalocarida mit dem Epipodi-
ten der Branchiopoda und Leptostraca. So begriindete Schram (1986), der von einem
remipedien-dhnlichen, zweidstigen Thorakopod in der Crustaceenstammart ausging
(Schram 1983), das Monophylum Phyllopoda aus Cephalocarida, Branchiopoda und
Leptostraca mit ,vieldstigen Blattbeinen” als Synapomorphie (Abb. 2B). Das ganz
dhnliche Monophylum Thoracopoda (nach Hessler & Newman 1975), das zusétzlich
die Eumalacostraca umfasst (Abb. 2C), wurde erstmals durch Hessler (1992) mit dem
,Epipodit” als Synapomorphie begriindet. Zwar prazisierte Ax (1999) diese Synapo-
morphie zu ,Turgorextremititen mit Epipoditen als Elemente eines thorakalen
Filterapparats”. Er kldrte aber nicht, was genau mit , Filterapparat” gemeint sei - ein
den Mundraum abschliefSendes Labrum (Labrophora nach Maas & Waloszek 2005)
und weitgehend homonome Extremitdten mit gnathalen Enditen (Haug et al. 2010)
konnten bereits in der Crustaceenstammart an einer anterograden Erndhrung be-

teiligt gewesen sein. Die Homologie zwischen Epipodit auf der einen (Averof &

2 Da unklar ist, wo die morphologisch stark abgeleiteten Hexapoda und Myriapoda von der/den
Ahnenlinien der Crustacea abzweigten, lassen sich fossile Stammlinienvertreter der Mandibulata,
Tetraconata und Crustacea schwer trennen (Richter 2002).
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Cohen 1997; Olesen & Walossek 2000; Richter 2002; Pabst & Scholtz 2009) und Pseud-
epipodit auf der anderen Seite wurde bezweifelt, da sich die Beinglieder in ihrer
Insertion (Protopodit vs. Exopodit) und Muskularisierung unterscheiden (diskutiert
durch Olesen et al. 2011; siehe auch Richter 2002; Boxshall 2004). Maas et al. (2009)
homologisierten zwar die Beinglieder der drei Taxa, allerdings auch epipoditen-ahn-
liche Strukturen bei anderen Taxa (siehe aber Boxshall 2004). Die Autoren vermute-
ten Epipoditen gar in der Crustaceenstammart (Maas et al. 2009), was sie als Synapo-
morphie der Thorakopoda ausschlosse. In zwei morphologisch-kladistischen Analy-
sen wurden die Thoracopoda gesttiitzt (Edgecombe et al. 2000; Bitsch & Bitsch 2004).
Edgecombe et al. (2000) nannten als Apomorphien zusétzlich zum Epipodit anteriore
Blindsdcke am Darm und den Verlust des pracoxalen Maxillula-Glieds. Nach Fanen-
bruck (2005) konnten die flagellenlosen Spermien der Cephalocarida, Branchiopoda
und Malacostraca (basierend auf Brown & Metz 1967; Brown 1970; Wingstrand 1979)
ein gemeinsames Reduktionsmerkmal der Thoracopoda darstellen, da andere Cru-
stacea flagellierte Spermien besitzen. Insgesamt bleibt die Monophylie der Tho-

racopoda zweifelhaft.

Entomostraca. Walossek (1993) ordnete die Cephalocarida aufgrund ihres extremita-
tenlosen Abdomens den Entomostraca zu, worin sie die Schwestergruppe zu Maxil-
lopoda + Branchiopoda bilden (Abb. 2D). Spater bekréftigte der Autor die Entom-
ostraca-Hypothese durch Merkmale der Mandibel, Maxillula und Maxilla, schwéchte
aber das Abdomen-Argument ab, weil beinlose Rumpfsegmente auch bei Leptostra-

ca und diversen Fossilien auSerhalb der Entomostraca vorkommen (Waloszek 2003).

Cephalocarida + Remipedia. Das mehrfach molekular gestiitzte Monophylum Xenocari-
da aus Cephalocarida und Remipedia (s. u.) erhielt bisher nur in einer morpholo-
gisch-kladistischen Analyse von Wheeler et al. (2004: ihre Abb. 17.3A,B) Zuspruch,
Synapomorphien wurden aber nicht diskutiert. Kubrakiewicz et al. (2012) wiesen auf
Ubereinstimmungen in der Ovarienstruktur zwischen Cephalocarida (basierend auf
Hessler et al. 1995) und Remipedia hin, deren phylogenetische Bedeutung aufgrund
mangelnder Daten bei anderen Tetraconatentaxa aber unklar bleibt. Demnach ist bis

heute keine morphologische Synapomorphie fiir Xenocarida bekannt.
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2.2. Molekular-basierte Hypothesen

Gensequenzen liegen heute von den drei Cephalocaridenarten H. macracantha, L.
incisa (nuklear und mitochondrial) und L. magdalenina (mitochondrial) vor (zusam-
mengefasst durch Sanna et al. 2010). Bisherige molekularphylogenetische Analysen
ergeben kein klares Bild: Sie zeigen Cephalocarida mal als Schwestergruppe zu den
Malacostraca (Carapelli et al. 2007; Cook et al. 2005; Hassanin 2006); zu den Branchio-
poda (von Reumont et al. 2009: ihre Abb. 3; Oakley et al. 2013: kombiniert mit mor-
phologischen Daten); zu den Hexapoda (Lavrov et al. 2004; von Reumont et al. 2009:
innerhalb der Hexapoda auf ihrer Abb. 4); zu den Remipedia (Abb. 2E nach Regier et
al. 2010; Spears & Abele 1998; Giribet et al. 2001, Koenemann et al. 2010; Giribet &
Edgecombe 2012); zu den Copepoda (Spears & Abele 1999; Hassanin 2006); oder in
der Néhe der Cirripedia und Ostracoda (Giribet et al. 2005: ihre Abb.5;
Podsiadlowski & Bartolomaeus 2006: ihre Abb. 2). Thoracopoda werden durch
molekulare Daten nicht gestiitzt, Entomostraca in nur einem Fall (Wheeler et al. 2004:
ihre Abb. 17.6B kombiniert mit rezenten und fossilen morphologischen Daten).
Schon Spears & Abele (1998) wiesen auf hohe Substitutionsraten in den
Gensequenzen von Cephalocarida und Remipedia hin, welche in der phylo-
genetischen Rekonstruktion Artefakte wie Long Branch Attraction zur Folge haben.
Vor diesem Hintergrund bleibt die ,morphologisch unerwartete” (Giribet et al. 2001)
Monophylie der Xenocarida auch von molekularer Seite her fraglich (kritisch
diskutiert durch Koenemann et al. 2010; von Reumont et al. 2009, 2012; von Reumont
& Wigele 2014). Auch an der durch Oakley et al. (2013) gestiitzten Verwandtschaft
zwischen Cephalocarida und Branchiopoda bestehen Zweifel, da die morphologische
Datenmatrix der Autoren mehrere fehlerhafte Codierungen3 enthdlt. Gut gesttitzt ist
heute eine nahe Verwandtschaft von Remipedia, Hexapoda und Branchiopoda,

wobei unklar bleibt, in welchem Verhiltnis Cephalocarida zu dieser Gruppe stehen

3 Die Matrix liegt als Projekt 689 auf http://morphobank.org. Cephalocarida (H. macracantha und

Sandersiella sp.) besdflen demnach z.B. Maxillipeden (Spalte 36), Komplexaugen (Spalte 47) oder einen
Endopodit am 8. Thorakopoden (Spalte 56). Oakley et al. (2013) interpretieren den Pseudepipodit der
Thorakopoden als Epipodit (Spalten 8, 127 sensu Hessler 1992, s. 0.), nicht aber den dazu seriell homo-
logen Pseudepipodit der Maxilla (Spalte 7).
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(von Reumont et al. 2012). Nach Koenemann et al. (2010), die den Einfluss
zahlreicher Rechenvariablen auf die Stabilitdt verschiedenster phylogenetischer
Hypothesen priiften, stehen Cephalocarida den Hexapoda, Remipedia und Malac-

ostraca nidher als anderen Tetraconatentaxa.

2.3. Neurophylogenetische Hypothesen

Angesichts der bisherigen Schwierigkeiten, die phylogenetische Position der Cepha-
locarida mithilfe extern-morphologischer und molekularer Daten zu rekonstruieren,
liegt es nahe, die innere Morphologie heranzuziehen. Das Nervensystem der Arthro-
poda wurde in den vergangenen zwei Jahrzehnten Gegenstand einer tiberwéltigen-
den Anzahl vergleichend-morphologischer Studien (siehe Strausfeld et al. 1998;
Harzsch 2006, 2007; Strausfeld & Andrew 2011; Loesel et al. 2013; Loesel & Richter
2014). Bedeutende methodische Fortschritte im Bereich der Immunhistochemie,
Laser-Scanning-Mikroskopie und computergestiitzten Bildverarbeitung und das
gewachsene phylogenetische Interesse an neuroanatomischen Daten bildeten die
Grundlage fiir ein neues Forschungsfeld, fiir welches Harzsch (2006) den Begriff
,Neurophylogeny’ (Neurophylogenetik) pragte. Auch wenn Elofssons & Hesslers
(1990) frithe Untersuchungen des Cephalocariden-Nervensystems aufSerhalb dieses
Diskurses stattfanden, erlaubte ihr Detailgrad bereits einen ersten Vergleich mit
anderen Taxa. Fur die Autoren selbst stellte das erstaunlich komplexe olfaktorische
System der Cephalocarida eine Spezialisierung der blinden Tiere in ihrem flokkulen-
ten Substrat dar (Hessler & Elofsson 1992: S. 23), eine Interpretation, die in der Litera-
tur weite Verbreitung findet (siehe aber Diskussion). Hessler & Elofssons (1992) An-
nahme, die (vermeintliche) Spezialisierung spreche fiir ein frithes Abzweigen der
Cephalocarida vom Crustaceen-Stammbaum, ist phylogenetisch nicht stichhaltig.
Harzsch (2006), der die Tetraconaten-Phylogenie aufgrund einer Fiille neuroanatomi-
scher Daten rekonstruierte, schlug ein Monophylum aus Cephalocarida, Hexapoda,
Remipedia und Malacostraca vor (Abb. 2F), tiberwiegend gesttitzt durch Merkmale
des olfaktorischen Systems. Harzschs (2006) Interpretation erlangte besondere Auf-
merksamkeit, als die nahe Verwandtschaft zwischen den besagten Taxa auch aus

molekularer Sicht gestiitzt wurde (Koenemann et al. 2010, s. 0.). Ein weiterer phylo-
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genetischer Merkmalskomplex ist das segmentale Muster SIRer Neurone im Bauch-
mark, die sich aufgrund der Lage ihres Somas und ihres Neuritenverlaufs individuell
identifizieren und zwischen Taxa vergleichen lassen (Harzsch & Waloszek 2000;
Harzsch 2003; Harzsch et al. 2005). Harzsch et al. (2005) vermuteten, dass ein Muster
von zwei anterioren und zwei posterioren SIRen Neuronen pro Hemiganglion im
Grundmuster der Tetraconata steht. Nach Elofsson (1992) schien das SIRe Muster bei
H. macracantha (siehe Abschnitt 1.3.) zwar im Einklang mit dieser Hypothese,
mangels verldsslicher Daten zum Neuritenverlauf war aber kein detaillierter
Vergleich mit anderen Arthropoden moglich (Harzsch et al. 2005). Die Liicken im
Verstandnis der Neuroanatomie der Cephalocarida machten sich auch in der
Diskussion um andere phylogenetische Merkmalskomplexe bemerkbar, so beim
optischen System (z. B. Strausfeld 2005; Strausfeld 2012), beim Zentralkomplex im
Protocerebrum (Homberg 2008; Strausfeld 2012) und bei Aspekten der Nerven-
systementwicklung (z. B. Stollewerk & Simpson 2005). Viele Autoren regten daher
an, das Nervensystem der Cephalocarida erneut zu untersuchen (Strausfeld et al.
1998; Harzsch & Waloszek 2000; Fanenbruck & Harzsch 2005; Schachtner et al. 2005;
Homberg 2008).

Diese Dissertation ist Teil des Schwerpunktprogramms , Deep Metazoan Phylogeny”
der Deutschen Forschungsgemeinschaft (DFG-Projekt RI 837/10-1,2). Die intensive
Forderung in diesem Rahmen erlaubte zum einen vier Sammelreisen an die nordat-
lantische Buzzards Bay (Massachusetts; USA), wo mithilfe vieler Unterstiitzer tiber
100 Vertreter der seltenen Art H. macracantha gesammelt werden konnten (gelistet
durch Stegner & Richter 2015: ihre Tab. 1). Zum anderen erlaubte sie tiber den Aus-
tausch mit Fachkollegen die Weiterentwicklung der vergleichend-morphologischen
Grundlagen der Neurophylogenetik durch eine vereinheitlichte Nomenklatur (Rich-
ter et al. 2010) und eine interaktive Merkmalsmatrix (Loesel & Richter 2014). Vor
diesem gtinstigen Hintergrund wurden hier die Neuuntersuchung des Adultnerven-
systems und die Erstuntersuchung der Entwicklung des Nervensystems der Cepha-
locarida vorgenommen. Dies geschah mit modernsten neuroanatomischen Methoden
(,Material and Methods’ in Kapitel 10-13) und einem vergleichend-morphologischen
Blick auf die phylogenetisch wichtigen Merkmalskomplexe.
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3. Ziele der Dissertation

Als Ziele der Dissertation ergeben sich:

(1) die Beschreibung von Morphologie und Entwicklung des Nervensystems des
Cephalocariden Hutchinsoniella macracantha vermittels einer Kombination aus
Semidiinnschnitt, Immunhistochemie (acetyliertes a-Tubulin, Serotonin,
RFamid, Histamin), Kernfarbungen, konfokaler Laserscanningmikroskopie

und computergestiitzter 3D-Rekonstruktion (Kapitel 4 und 5.2);

— aufgrund neuentdeckter Embryonal- und Larvenstadien ergab sich hier als
Zwischenziel die Revision der bisherigen Beschreibung der Larvalentwick-

lung von H. macracantha (Kapitel 5.1);

(2) der Vergleich des Nervensystems der Cephalocarida mit dem anderer Arthro-
poda im Hinblick auf potentiell homologe Merkmale sowie deren evolutions-
morphologische Interpretation anhand aktueller phylogenetischer Hypothe-

sen (fur ausgewdhlte Merkmalskomplexe zusammengefasst in Kapitel 6);

(3) die neurophylogenetische Auswertung der Daten im Hinblick auf die Phylo-

genie der Tetraconata (Kapitel 7).
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4. Das adulte Nervensystem der Cephalocarida

Wie bei anderen Crustacea gliedert sich das Zentralnervensystem der Cephalocarida
in ein dreiteiliges Gehirn aus Proto-, Deuto- und Tritocerebrum sowie ein Bauch-
mark, das sich vom Mandibularsegment bis ins Telson erstreckt und perlschnurartig
aufgereihte segmentale Ganglien tragt (Abb. 3). Dabei sind Mandibular-, Maxillular-
und Maxillarneuromer zum Unterschlundganglion (Abb. 6A) mit einheitlichem
Somacortex verschmolzen, wiahrend die neun Thorakalganglien sowie die Abdomi-
nalganglien 1 bis 8 durch somafreie Konnektive miteinander verbunden sind (Abb.
6B-G). Die paarigen Neuropile jedes Ganglions sind innerhalb des Somacortex iiber
segmentale Kommissuren transversal verbunden (z.B. Abb. 6E), sodass Konnektive
und Kommissuren wie bei vielen anderen Crustaceen strickleiterartig angeordnet

sind (Abb. 3, 6A,B; ,rope-ladder-like nervous system’ sensu Richter et al. 2010).

Das unpaare mediane Neuritenbtindel liegt parallel lings zwischen den Hauptstran-
gen des Bauchmarks und ist mit den meisten segmentalen Kommissuren verbunden
(Abb. 3, 6A,B,E,G). Das periphere Nervensystem umfasst neben den zahlreichen seg-
mentalen und intersegmentalen Nerven auch mehrere Neuritenbtindel, welche hier
dem stomatogastrischen Nervensystem zugeordnet wurden, da sie mit dem Darm
oder am Darm ansetzenden Muskeln assoziiert sind. Dazu gehort das unpaare dorso-
mediane Neuritenbiindel, welches vom Labralneuropil aus auf der Dorsalseite des
umbiegenden Osophagus bis in den Unterschlundbereich zieht (Abb. 3, 6H). Dort
gibt es nach jeder Seite ein dorsolaterales Neuritenbtindel ab, das lateral zum Filter-
magen auf ein lockeres Neuritengeflecht trifft (Abb. 3, 6H). An diesem Geflecht ist
mafigeblich das laterale Neuritenbiindel beteiligt, welches sich in Langsrichtung late-
ral am Darm vom Tritocephalon bis ins Telson erstreckt (Abb. 3). In jedem Thorakal-
segment ist das laterale Neuritenbiindel tiber ein anteriores und ein posteriores

transversales Neuritenbiindel mit dem medianen Neuritenbiindel verbunden (Abb.

3).
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Abb. 3: Dorsaler Uberblick des Nervensystems von H. macracantha. Extremititenansatzstellen

durch Strichlinien angedeutet, Darm von Th2 bis Ab7 ausgeblendet. Das Zentralnervensystem um-

fasst das dreiteilige Gehirn (Proto-, Deuto-, Tritocerebrum) und das Bauchmark. Letzteres besteht aus

einem Paar Hauptstriange und einem dazwischenliegenden, medianen Neuritenbiindel, welche longi-

tudinal das dreiteilige Unterschlundganglion (Neuromere von Md, Mx1, Mx2) sowie die segmentalen

Rumpfganglien durchziehen. Das periphere Nervensystem umfasst neben den Nerven (hier stark ver-

einfacht) das stomatogastrische Nervensystem (dbs, dlbs), zu dem hier auch die mit dem Darm assozi-

ierten lateralen Neuritenbiindel (latb) samt ihrer lateralen (sa) und medialen Seitenverbindungen (atb,
ptb) gerechnet werden. Nach Stegner et al. (2014Db).

23



4.1. Gehirn

4.1.1. Genereller Aufbau. Das unpaare Protocerebrum liegt anterior, die paarigen Half-
ten des Deuto- und Tritocerebrums anterolateral bzw. lateral zum Osophagus. Aus
jeder Hilfte des Deutocerebrums ragt ventral ein markanter olfaktorischer Lobus
hervor (Abb. 4B,C). Eine méchtige unpaare protocerebrale Somaansammlung um-
schliefit das protocerebrale Neuropil und reicht nach lateral weit in den Kopfschild
hinein (Abb. 3, 4A-C,EF, 5A,C). Hingegen sind die meisten Somata des Deuto- und
Tritocerebrums auf jeder Seite zu einer einheitlichen deuto-tritocerebralen Soma-
ansammlung zusammengefasst (Abb. 4A,C, 5C). Eine separate ventrale Soma-

ansammlung befindet sich posteroventral in jedem olfaktorischen Lobus (Abb. 4C).

4.1.2. Nerven und Kommissuren. Die proximal zweigeteilte Wurzel des Antennula-
nervs sitzt lateral am Deutocerebrum (Abb. 4A,C): Thr ventraler Teil zieht direkt in
den olfaktorischen Lobus, ihr dorsaler Teil in das deutocerebrale Hauptneuropil
(Abb. 5E). Der Antennanerv sitzt lateral am Tritocerebrum (Abb. 4A). Sowohl von
Deutocerebrum als auch vom Tritocerebrum zieht jeweils ein Tegumentédrnerv ans
Kopfschild (siehe Stegner & Richter 2011). Die paarigen Hailften des Deutocerebrums
sind durch eine praosophageale Kommissur verbunden (Abb. 4F, 5B), die des Trito-
cerebrums durch zwei postosophageale Kommissuren und eine Labralkommissur

(Abb. 4E, 5B), die in ihrem Scheitelpunkt das unpaare Labralneuropil tragt (Abb. 4A).

4.1.3. Neuropile und assoziierte Neuritenbiindel. Die Neuropile des Protocerebrums sind
in zwei Clustern angeordnet: dem multilobierten Komplex (s. u.) und dem postero-
dorsalen Neuropilcluster (Abb. 4F). Im Deutocerebrum fillt das olfaktorische Neuro-
pil im olfaktorischen Lobus durch seine besondere innere Organisation auf (s.u.). Im

Tritocerebrum fehlen distinkte Neuropile.

Der multilobierte Komplex fiillt das protocerebrale Neuropil dorsal beinahe vollstan-
dig aus (Abb. 4D,E). Er besteht aus den drei unpaaren Neuropilen 1, 2 und 11 und
acht Neuropilpaaren, nummeriert von 3 bis 10, welche untereinander tiber paarige
Trakte oder direkt verbunden sind. Der méchtigste Trakt ist der Pedunkulus, der sich

auf jeder Korperseite transversal zwischen den Neuropilen 10 und 3 erstreckt und
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auch mit den Neuropilen 4 bis 6 in Verbindung steht (Abb. 4D,E). Zahlreiche
Neuriten des Pedunkulus entspringen lateral zum Neuropil 10 aus einer Gruppe ver-
gleichsweise kleiner, dicht gedrangter Globulizellsomata (Division ,iv’ in Abb. 4E,F).
Der multilobierte Komplex stellt als funktionelle Einheit das sekundére olfaktorische
Zentrum dar. Auf jeder Korperseite ist das Neuropil 8 iiber einen ipsilateralen olfak-
torio-globuldren Trakt mit dem olfaktorischen Lobus verbunden (Abb. 4D), welcher

das primdre olfaktorische Zentrum darstellt.

Das Neuropil jedes olfaktorischen Lobus ist in sieben bis acht sdulenartige vertikale
Stapel gegliedert (z.B. Abb. 4G). Dabei liegt jeweils ein grofierer anteromedialer Sta-
pel etwas abseits im Lobus (roter Stern in Abb. 4G-I, 5B), wahrend die gleichgrofien
tibrigen Stapel in einem Ring angeordnet sind (gelbe Sterne). Jeder Stapel besteht aus
zahlreichen, tibereinander getiirmten olfaktorischen Glomeruli (schwarze und gelbe
Pfeile in Abb. 4G,H), deren Form aufgrund ihrer dichten Packung unklar bleibt.
Transversalschnitte und RFI legen eine ldngliche Form nahe (Abb. 4G,H), wohinge-
gen virtuelle Horizontalschnitte und Elofssons & Hesslers (1990) TEM-Daten auf
scheibenformige Glomeruli hindeuten. Nach dorsal geht das Neuropil des olfaktori-
schen Lobus in ein méchtiges Neuritenbtindel tiber (Pfeilspitze in Abb. 4C,G, 5A),
welches die ventrale Wurzel des Antennulanervs, den olfaktorio-globuldren Trakt

und Neuriten aus der deuto-tritocerebralen Somaansammlung umfasst.

4.1.4. Neuroaktive Substanzen. Auf jeder Seite des Gehirns lassen sich etwa 35 SIRe
(Abb. 5C), mindestens 200 RFIRe (Abb. 4H,I, 5E) und etwa 25 HIRe Neurone (z.B.
Abb. 5F) immunhistochemisch anfarben und in vielen Féllen individuell identifizie-
ren. Ihre Somata senden spezifisch-immunoreaktive Neurite aus den peripheren
Somaansammlungen des Gehirns ins Innere des Neuropils, wo sich die Neurite auf-
zweigen und an distinkten, spezifisch-immunreaktiven Doménen beteiligt sind (Abb.
5C-G). Diese Doménen werden - anders als Neuropile - nur aufgrund ihrer spezifi-
schen Immunoreaktivitit vom umgebenden Neuropil abgegrenzt (,domain’ nach
Stegner et al. 2014a: ihre S. 365). Im Gehirn von H. macracantha lassen sich insgesamt
sieben SIRe, sieben RFIRe und fiinf HIRe Doménen relativ klar unterscheiden (z.B.

Abb. 5C-F). Mehrere zusétzliche kleinere, weniger distinkte SIRe, RFIRe und HIRe
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Abb. 4: Morphologie des Gehirns von H. macracantha. A-D: Semidiinnschnittbasierte 3D-Rekon-
struktionen. E, F, H, I: Konfokale Mikrografien. G: Semidiinnschnitt. A-C: Dorsale, ventrale und late-

rale Ubersicht {iber Somaansammlungen (halbtransparent) und Neuropile, Nervenwurzeln und Kom-
missuren (gelb). B, E, F: Division iv der protocerebralen Somaansammlung besteht aus relativ kleinen,
dicht gedrangten Globulizellsomata, die an das Neuropil 10 grenzen. D, E: Dorsale Ansicht des multi-
lobierten Komplexes. Der transversale Pedunkulus (pdu) verbindet zahlreiche lobenartige Neuropile.
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Domainen befinden sich tiber das Gehirn verteilt (z.B. Abb. 5D). Die drei unpaaren
Doménen sd1, rfdl und hd2, die angesichts der ungekldrten Evolution des Zentral-
komplexes (Kapitel 2.3, 6, 7) von besonderem Interesse sind, tiberlappen sich weder
gegenseitig, noch mit unpaaren Mittellinienneuropilen sensu Richter et al. (2010). Die
unpaare SIRe Domaéne sd1, welche anteroventral im protocerebralen Neuropil liegt,
wird von anterior durch kolumnare Neurite der SIRen Neurone sl innerviert (Abb.

5C,D) - die Neurite bilden dabei ein auffilliges Chiasma (Pfeil).

Die olfaktorischen Glomeruli weisen eine deutliche Zonierung auf: im zentralen Be-
reich jedes olfaktorischen Lobus konzentrieren sich die Neuriten RFIRer (Abb. 4H,I)
und SIRer Interneurone (Abb. 5B), im peripheren Bereich die Neuriten HIRer Inter-
neurone (siehe Stegner & Richter 2011). Die SIRe Innervation geht jeweils auf zwei
individuell identifizierbare Neurone der deuto-tritocerebralen Somaansammlung zu-

ruck (s8 in Abb. 5A,C).

4.2. Bauchmark

4.2.1. Segmentale Muster in den vier Regionen des Bauchmarks. Das Bauchmark ldsst sich
in vier Regionen einteilen, innerhalb derer das segmentale Muster der beteiligten
Neuromere (Somacortex, Nerven, Kommissuren, SIRe Neurone) weitgehend
tibereinstimmt (Abb. 3). Diese Regionen sind: (1) das Unterschlundganglion; (2) die
Thorakalganglien 1 bis 9; (3) die Abdominalganglien 1 bis 8; sowie (4) der ganglion-
freie Bereich des Bauchmarks, der sich durch Ab9 und Ab10 bis ins Telson erstreckt.
Das Unterschlundganglion unterscheidet sich von den Thorakalganglien besonders
durch seine drei verschmolzenen Neuromere sowie durch sein abweichendes Muster
von insgesamt 13 segmentalen Kommissuren (Md: 3, Mx1: 4; Mx2: 6; siehe Abb. 6A).

Im Vergleich dazu besitzt jedes Thorakalganglion vier Kommissuren (anterodorsale,

D: Ein ipsilateraler olfaktorio-globuldrer Trakt (ogt) verbindet den olfaktorischen Lobus (ol) mit dem
multilobierten Komplex. G-I: Jeder olfaktorische Lobus besteht aus einem anteromedialen grofieren
Stapel (roter Stern) und sechs bis sieben gleichgrofien Stapeln (gelbe Sterne) aus olfaktorischen Glome-
ruli (Pfeile). Die Glomeruli der gleichgrofsen Stapel sind im zentralen Bereich RFIR (gelbe Pfeile), nicht
aber im peripheren (rote Pfeile). C,G: Ein dickes Neuritenbtindel (Pfeilspitze) verbindet den olfaktori-
schen Lobus mit dem tibrigen Gehirn. Nach Stegner & Richter (2011).

27



= SI
tub

<«=anterior

Neuropil

Somata-
ansammlung

¢ SIRe Somata
. SIRe Neuriten
@ SIRe Domadnen

Ve
(E
/p rs

Abb. 5: Serotonin-artige Immunreaktivitit (SI) im Gehirn von H. macracantha. Konfokale Mikro-
grafien. A: Lateralansicht des Gehirns. Die untere Wurzel des Antennulanervs zieht direkt in den
olfaktorischen Lobus, als Teil eines dicken Neuritenbiindels, das auch andere Neuriten umfasst (Pfeil-

spitze). B. Ventralansicht des anterioren Labrums. A, B: Die Neurite der beiden SIRen lokalen Inter-
neurone s8 innervieren die gleichgrofien vertikalen Kolumnen des olfaktorischen Lobus (gelbe Ster-
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anteroventrale, erste posteriore und zweite posteriore Kommissur; Abb. 6B).
Hingegen stimmen die jeweils drei Extremititennerven (Exopodit-, Endopodit-,
Posterolateralnerv) von Md bis Th9 weitgehend {iberein (Abb. 6A,B; Th9 ohne
Endopoditnerv). Das komplexe Muster SIRer Neurone zeigt intersegmentale Uber-
einstimmungen, aber auch Unterschiede zwischen Md und Th9 (s. u. im Detail). Ver-
gleichsweise einfacher gebaut sind die Abdominalganglien von Abl bis Ab8, die
keine segmentalen Nerven, nur zwei segmentale Kommissuren (ak, pk entsprechen
adk und 1pk im Thorax, vgl. Abb. 6B,E) und zwei SIRe Neurone pro Seite (s27 und
s28 entsprechen s16 und s19 im Thorax) besitzen (vgl. Abb. 6CF; nur ein SIRes
Neuron in Ab8). Die Thorax/Abdomen-Grenze spiegelt sich also deutlich im
Nervensystem wider. Dem ganglionfreien Ende des Bauchmarks fehlen Kommis-
suren und SIRe Neurone (siehe Stegner et al. 2014b). Ubereinstimmend zwischen
allen Regionen des Bauchmarks entspringt an jeder Segmentgrenze zwischen Trito-
cephalon und Ab10 ein Intersegmentalnerv lateral aus dem Konnektiv bzw. Lings-
strang (Abb. 3, 6A,B,G). Der Intersegmentalnerv ist proximal mit dem lateralen
Neuritenbtiindel verbunden und spaltet sich distal auf, um Tergit und Pleura zu in-

nervieren (Stegner et al. 2014b; Stegner & Richter 2015).

4.2.2. Serotonin-artige Immunoreaktivitit (SI). Die hohe Anzahl von funf bis acht seg-
mentalen SIRen Neuronen pro Hemineuromer von Md bis Th8 bei H. macracantha ist
innerhalb der Crustacea einzigartig. Viele SIRe Neurone konnten aufgrund der Lage
ihres Somas (relativ im Neuromer) sowie aufgrund ihres Neuritenverlaufs individuell
identifiziert werden (theoretische Grundlage bei Stegner et al. 2014b) - und somit
intersegmental verglichen, da ihre Neuriten spezifisch zu ausgedehnten SIRen
Dominen im Ganglion sowie zu Kommissuren und Konnektiven beitragen (Abb.
6B,C,H). Diese wurden hier mit den Labels s14-s20 (Md bis Th9, z. B. Abb. 6C,D)
bzw. s27 und s28 versehen (Abl bis Ab8, Abb. 6F). SIRe Neurone, deren Neuriten-

ne), nicht aber die grofere, anteromediale Kolumne (roter Stern). C: Ubersicht von dorsal iiber alle
SIRen Neurone, Neurite und Doménen im Gehirn. D. Dorsalansicht der medianen Protocerebralre-
gion. C, D: Die unpaare SIRe Domine sd1 wird durch sich median kreuzende (Pfeil) Neurite der
SIRen Neurone sl innerviert. E, F: Dorsalansichten des Protocerebrums zeigen paarige und unpaare
RFIRe (E) und HIRe Domainen (F). Nach Stegner & Richter (2011).
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verlauf unklar blieb, wurden hier nur aufgrund der Lage ihres Somas identifiziert

und mit vorldufigen Labels s21?-s26? versehen.

Ein gewisser Grad an intraspezifischer Variabilitdt zwischen drei untersuchten
Tieren kann nicht dartiber hinwegtduschen, dass das Muster SIRer Neurone in den
einzelnen Neuromeren des Bauchmarks innerhalb der Art H. macracantha weitge-
hend konstant ist. Nicht nur zwischen den homonomen Abdominalsegmenten Abl
bis Ab7, sondern auch zwischen den extremititentragenden Segmenten Md bis Th9
finden sich intersegmentale Ubereinstimmungen im SIRen Muster. So entsprechen
die sechs individuell identifizierten SIRen Neurone von Mx2 (nicht gezeigt) vollstdn-
dig denen von Thl (siehe Fig. 6C). Abgesehen davon, dass die cephalen Neuromere
von Md, Mx1 und Mx2 ein Unterschlundganglion bilden, spiegelt sich die

Kopf/Thorax-Grenze also nicht im Nervensystem wider.

Keines der Neuromere von Md bis Th9 beinhaltet alle individuell identifizierten
SIRen Neurone von s14 bis s20. Ebenso kommt keines der Neurone s14 bis s20 tiber-
einstimmend in allen Neuromeren von Md bis Th9 vor. Zum Beispiel stimmen zwar
auch bei Th1 und Thé die vier SIRen Neurone s15a, s15b, s16 und s17 iiberein, jedoch
kommen s14 und s19 nur bei Th1 vor und s18 und s20 nur bei Thé (Abb. 6C,D).

Im Gegensatz zum homonomen Muster segmentaler Nerven und Kommissuren darf
das Muster segmentaler SIRer Neurone als Gesamtheit im Thorax nicht als homonom
betrachtet werden. Die serielle Homologie der individuell identifizierten SIRen
Neuronen bleibt aber davon unbertihrt. So ist eine phylogenetisch zentrale Aussage
unserer Daten (Stegner et al. 2014b), dass die SIRen Neurone s14 bis s20 in jedem
untersuchten Tier gefunden wurden, trotz intersegmentaler Unterschiede und
intraspezifischer Variabilitdt. Die Neurone s14 bis s20 konnen also ganz segment-

unabhingig als konstantes Merkmal von H. macracantha betrachtet werden.

Abb. 6: Bauchmark und stomatogastrisches Nervensystem von H. macracantha. A: Unterschlund-
ganglion in Ventralansicht. B-H: Konfokale Mikrografien verschiedener Regionen des Bauchmarks in
dorsaler Ansicht. A, B: Trotz einiger Abweichungen im Unterschlundganglion (A) konnten dessen 13
Kommissuren mit den vier segmentalen Kommissuren im Thorax (B) homologisiert werden. C, D: Die
Segmente des Thorax weisen in ihrem Muster individuell identifizierter SIRer Neurone Gemeinsam-
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keiten (hier z. B. s15a, s15b, s16, s17), aber auch Unterschiede auf. E-G: Die Abdominalganglien 1 bis 7
besitzen je zwei Kommissuren und zwei SIRe Neurone, aber keine segmentalen Nerven. G: Medianes

Neuritenbiindel manuell maskiert (weifs). H: Neuritenbtindel des stomatogastrischen Nervensystems
liegen konzentriert um den muskularisierten Osophagus. Nach Stegner et al. (2014b).

31



5. Entwicklung des Nervensystems der Cephalocarida

5.1. Entwicklungsstadien von H. macracantha

Die Entdeckung von bisher unbekannten zwei Embryonal- (E1, E2) und fiinf Larval-
stadien (L6, L7, L12, L13, L18) erforderte eine Revision der bisherigen Beschreibung
der Larvalentwicklung von H. macracantha (Sanders 1963; Abb. 7). Der friiheste
gefundene Embryo (E1) besitzt einen schwach entwickelten Kopfschild, Anlagen der
drei naupliaren Extremitdten Antennula, Antenna und Mandibel sowie eine kurze
Maxillula-Knospe. Andere Extremitdtenanlagen oder separate Rumpfsegmente sind
noch nicht ausgebildet. Das Telson trdgt eine kurze Furca und bleibt wahrend der
gesamten Embryonalphase nach ventral umgeklappt. E2 dhnelt duflerlich bereits
weitgehend dem Metanauplius des ersten Larvenstadiums L1: Der Kopfschild ist
deutlich hufeisenformig ausgepréagt, die Extremitdtenanlagen umfassen nun auch die
der Maxilla, der Rumpf weist zwei separate, beinlose Segmente auf, die Furcaldste
sind deutlich verldngert. Mit dem Schlupf beginnt eine Larvalentwicklung aus insge-
samt 23 Stadien (Abb. 7). Dabei wichst der Rumpf zundchst um zwei Segmente pro
Héautung (L1 bis L5), spater nur noch um ein Segment pro Hautung (L5 bis L13 bzw.
L14 bis L15). Wahrend der anamorphen Anfangsphase der Entwicklung konnen die
Stadien L1 bis L12 leicht anhand ihrer unterschiedlichen Rumpfsegmentzahl unter-
schieden werden. Die Thorakopoden entwickeln sich sukzessive von anterior nach
posterior, weitaus langsamer als die neuen Segmente. In L15 ist die vollstandige
Anzahl von 19 Rumpfsegmenten erreicht, aber erst drei von neun Thorakopoden
sind vollstindig ausgebildet (Sanders 1963; Abb. 7). Die Larvalstadien mit 18 (L13,
L14) bzw. 19 Rumpfsegmenten (L15-L23) werden nach dem Entwicklungsgrad ihrer
Thorakopoden unterschieden (Legende von Abb. 7). Moglicherweise umfasst die

Larvalentwicklung weitere, bislang unentdeckte Stadien.
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Abb. 7: Ubersicht iiber die revidierten Entwicklungsstadien von H. macracantha. Soweit moglich basieren die abgebildeten Daten auf selbst untersuchten
Stadien (schwarz, fett). Hier fehlende Stadien (grau, fett) wurden nach Sanders (1963) ergianzt. In der anamorphen Anfangsphase der Entwicklung werden zu-
ndchst zwei, spater ein Segment pro Hautung zum Rumpf hinzuaddiert. Die Differenzierung Thorakopoden erfolgt vergleichsweise langsamer und wird ab-
geschlossen, mehrere Stadien nachdem die vollstindige Segmentzahl erreicht ist. Nach Stegner & Richter (2015).



5.2. Entwicklung des Nervensystems

Embryonalphase. Bereits im frithsten untersuchten Embryonalstadium E1 bilden die
Anlagen von Proto-, Deuto- und Tritocerebrum einen circumosophagealen Neuriten-
ring aus zwei prd- und zwei postosophagealen Kommissuren und den verbindenden
partsophagealen Neuritenbiindeln (vgl. im Folgenden Abb. 8A). Das Bauchmark
besteht lediglich aus einem Paar diinner longitudinaler Neuritenbiindel, die im Man-
dibularsegment durch eine anterodorsale Kommissur verbunden sind und posterior
bis ins Maxillularsegment reichen. Jeweils ein segmentaler Nerv zieht aus den vier
Extremitdtenanlagen nach proximal - im Deutocerebrum, Tritocerebrum und Mandi-
belneuromer, nicht aber im Maxillularneuromer, trifft der Nerv auf eine schwach
ausgepragte segmentale Neuropilanlage. An den (insgesamt vier) Segmentgrenzen
zwischen Protocerebrum und Mx1 entspringt auf jeder Seite jeweils ein Intersegmen-
talnerv - die beiden anterioren entsprechen den deuto- und tritocerebralen Tegu-
mentdrnerven spdterer Stadien. Das Gehirn des spdten Embryos E2 dhnelt in seiner
Form und relativen GrofSe bereits weitgehend dem adulten Gehirn (siehe Stegner &
Richter 2015). Der olfaktorische Lobus ist voll entwickelt und sendet einen olfaktorio-
globuldren Trakt ins Protocerebrum, welches samtliche Trakte des multilobierten
Komplexes beinhaltet, aber noch keine distinkten Neuropile. Die meisten SIRen
Neurone und die ersten beiden SIRen Doménen sd1 und sd4 sind in E2 ausgeprégt.
Das Bauchmark zieht erstmals vom Mandibularneuromer bis zum Telson durch. Das
Rumpfende zeigt zwei wichtige Neuerungen gegeniiber E1: Erstens findet sich im
mittleren Telsonbereich auf jeder Seite eine Gruppe grofier Somata (farbig markiert

in Abb. 8B), von denen mehrere longitudinale Neuriten des Bauchmarks entsprin-

Abb. 8: Aspekte der Entwicklung des Nervensystems von H. macracantha. Konfokale Mikrografien.
A: Ventralansicht auf die hier manuell maskierten Neuritenbiindel im frithen Embryo. Die naupliaren
Neuromere bilden einen charakteristischen, circumésophagealen Neuritenring. Auch die postnauplia-
re Anlage des Maxillularnervs ist vorhanden. B: Ventralansicht verschiedener manuell maskierter Zel-
len im Telson. Zellen in gelb, griin, rot und blau erinnern an posteriore Pionierneurone, die ihre Neu-
riten nach anterior ins Bauchmark senden. C, D: Ventral- und Sagittalansicht des posterioren Rumpf-
endes. Die schmale Wachstumszone (maskiert in gelb) proliferiert nach anterior neue Zellen, die sich
rasch differenzieren und das Thorakalganglion 5 bilden (maskiert in griin). E: Die beobachtete Anord-
nung einer grofien apikalen Zelle (Stern) und einer angrenzenden Reihe aus drei kleineren Zelle
(Pfeile) erinnert an Neuroblasten und Ganglienmutterzellen bei anderen Crustaceen. F: Apikale Zellen
anterior zur Wachstumszone sind meist kleiner, mitunter abgeflacht (rote Markierung). G, H: Die Bil-
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dung der segmentalen Strukturen und Muster erfolgt sukzessive von anterior nach posterior. H: Dabei
erscheinen die Wurzeln des Exopodit- und Posterolateralnervs (maskiert in blau und rot) vor der
Beinanlage, die Wurzel des Endopoditnervs (maskiert in gelb) mit ihr. Nach Stegner & Richter (2015).
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gen. Einige dieser Somata erinnern an posteriore Pionierneurone, wie sie bei anderen
Crustaceen die ersten durchgidngigen longitudinalen Neurite zwischen Mandibel-
neuromer und Telson. Zweitens findet sich erstmals in E2 anterior zum Telson die
schmale Wachstumszone, die wéahrend der anamorphen Entwicklungsphase stetig
neue Zellen von posterior nach anterior proliferiert (Abb. 8C-E). Indem sich diese
Zellen von anterior nach posterior ausdifferenzieren, bilden sie sukzessive neue

Rumpfsegmente - einschlieslich ihrer Neuromere.

Larvalphase. In der frithen Larvalphase vervollstindigen sich die Strukturen und
Muster des Gehirns (siehe Stegner & Richter 2015): Bereits in L1 besitzt der multi-
lobierte Komplex beinahe alle Neuropile, und samtliche SIRen Neurone sind vor-
handen. In L2 vervollstindigen sich die SIRen Domdnen des Gehirns, in L3 das
posterodorsale Neuropilcluster. In L4 sind alle Strukturen und Muster des Gehirns
ausdifferenziert. Wenn die Entstehung der Rumpfneuromere auch nicht direkt
beobachtet werden konnte, so gibt es doch interessante Indizien bei H. macracantha,
die an die Neuroblasten und Ganglienmutterzellen der Malacostraca und Branchio-
poda erinnern (Abschnitt 6.4.5.). Auch in der Wachstumszone eines Schliipflings von
H. macracantha wurde auf jeder Seite eine grofie apikale Zelle (neuroblastendhnlich)
beobachtet, die offenbar eine Reihe von drei kleineren Zellen nach innen abgibt
(ganglienmutterzellendhnlich; Abb. 8E). Die neuronale Differenzierung im Rumpf
erfolgt auflerordentlich frith: Noch bevor sich ein neues Segment duflerlich vom
Rumpfende absetzt, ist das zugehorige Neuromer mit einem eigenen Somacortex
(Abb. 8C,D,F), einem Paar segmentaler Neuropile, verbunden durch eine anterodor-
sale bzw. anteriore Kommissur, sowie den anterior und posterior angrenzenden
Intersegmentalnerven ausgestattet (Abb. 8G). Auch wenn die segmentalen Ganglien
rasch ihr dufieres Erscheinungsbild erreichen, sei hier betont, dass die Ausbildung
der restlichen Strukturen und Muster jedes Neuromers nur allmdhlich von anterior
nach posterior erfolgt (Neuromere in Abb. 8G). Zwischen allen Segmenten des
Rumpfes stimmt die Entwicklungssequenz von Nerven, Kommissuren, SIRen Neuro-
nen und Beinen (sofern vorhanden) weitgehend tiberein. Von insgesamt 16 hier
untersuchten nervensystembezogenen Ereignissen sind elf konsistent durch alle Tho-

rakalsegmente hinweg mit der Entwicklung der Beine korreliert. Interessanterweise
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treten im Thorax zuerst jene Kommissuren (adk, 1pk) bzw. SIRe Neurone (s16, s19)
auf, deren serielle Homologa (ak, pk bzw. s27, s28) auch im beinlosen adulten Abdo-
men vorkommen (Abb. 8G). In den meisten Thorakalsegmenten treten der Exopodit-
nerv und Posterolateralnerv bereits vor der Beinknospe auf, wohingegen der Endo-
poditnerv stets erst gemeinsam mit der zweidstigen Beinanlage auswéchst (vgl. die
Segmente innerhalb Abb. 8H). Intersegmentale Unterschiede in der Entwicklungsse-
quenz betreffen nur finf von 16 untersuchten, nervensystembezogenen Ereignissen
und nur wenige Thorakalsegmente (Stegner & Richter 2015; Abb. 9). Wahrend die
adulte Neuroanatomie die Thorax/ Abdomen-Grenze klar widerspiegelt, gibt es nur
einen einzigen intersegmentalen Unterschied in der Entwicklungssequenz, der mit
der Thorax/ Abdomen-Grenze korrelieren konnte: die Reihenfolge, in welcher der
Intersegmentalnerv und die anterodorsale/anteriore Kommissur erscheinen.
Allerdings wurde diese Reihenfolge nicht in allen Rumpfsegmenten aufgeltst und

konnte auch mit einer anderen Segmentgrenze korrelieren (Stegner & Richter 2015).

6. Morphologischer Vergleich des Nervensystems zwischen

Cephalocarida und anderen Taxa

Das verbesserte neuroanatomische Verstandnis der Cephalocarida erlaubt einen de-
taillierten Vergleich zu anderen Arthropodentaxa, welcher immens davon profitiert,
dass im Verlaufe dieser Dissertation auch die neuroanatomische Literatur zu ande-
ren Arthropodentaxa betrdchtlich anwuchs. Im Folgenden wird fiir ausgewdhlte
Merkmalskomplexe gepriift, inwiefern neuroanatomische Ubereinstimmungen
zwischen verschiedenen Taxa als homolog betrachtet werden miissen, und wo der
evolutiondre Ursprung dieser Merkmale zu vermuten ist. Wie eingangs erwéahnt,
wird hier von der Monophylie der Arthropoda, Mandibulata und Tetraconata
ausgegangen (Kapitel 2). Der Vergleich konzentriert sich auf die Tetraconata - ggf.

unter Riickgriff auf Myriapoda, Chelicerata und Onychophora als Aufiengruppen.
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6.1. Olfaktorisches System

Viele Komponenten des olfaktorischen Systems der Cephalocarida konnten mit ent-
sprechenden Strukturen anderer Arthropoda homologisiert werden (in Abb. 9 durch
gleiche Farben dargestellt). So trdgt die Antennula verschiedener Mandibulata
olfaktorische Rezeptororgane, die ihre sensorischen Axone tiber den Antennalnerv in
das Deutocerebrum senden (Cephalocarida: Elofsson & Hessler 1991; Remipedia:
Fanenbruck & Harzsch 2005, Malacostraca: Scholtz & Richter 1995, Gleeson et al.
1996, Hexapoda: Shanbhag et al. 1999; Branchiopoda: Hallberg et al. 1997; Chilopoda:
Ernst et al. 2013; Diplopoda: Sombke & Ernst 2014). Bei verschiedenen Tetraconaten
und Myriapoda befindet sich dort ein olfaktorischer Lobus, der aus distinkten
Neuropil-Untereinheiten, den olfaktorischen Glomeruli zusammengesetzt ist
(Cephalocarida: Stegner & Richter 2011; Remipedia: Fanenbruck & Harzsch 2005;
Malacostraca, Hexapoda: Schachtner et al. 2005; Branchiopoda: Fritsch & Richter
2012; Diplopoda: Duy-Jacquemin & Arnold 1991; Chilopoda: Sombke et al. 2012. Bei
Cephalocarida (Stegner & Richter 2011), Remipedia (Stemme et al. 2012), vielen
Malacostraca (Schmidt & Ache 1997), Hexapoda (Dacks et al. 2006), aber auch
Chilopoda (personliche Mitteilung von Andy Sombke, Greifswald) werden die
Glomeruli durch SIRe lokale Interneurone innerviert, was die Homologie der olfak-
torischen Loben innerhalb der Mandibulata stiitzt. Zwischen Cephalocarida, Hexa-
poda und Malacostraca wird diese Homologie zusdtzlich durch RFIRe und HIRe
lokale Interneurone gesttitzt (diskutiert durch Stegner & Richter 2011). Die taxono-
mische Verbreitung kugelférmiger olfaktorischer Glomeruli (Remipedia: Fanenbruck
et al. 2004; Malacostraca: Harzsch et al. 2011, Kenning et al. 2013; Hexapoda: Bohm et
al. 2012, Hanstrom 1940, Schachtner et al. 2005; Pleurostigmophora: Sombke et al.
2012; Diplopoda: Duy-Jacquemin & Arnold 1991) spricht dafiir, dass kugelférmige
Glomeruli im Grundmuster der Mandibulata stehen (Abb. 9; Schachtner et al. 2005;
Stegner & Richter 2011). Somit wéren die einzigartig gestapelten Glomeruli der
Cephalocarida (Abb. 9) wie die langlichen Glomeruli der Scutigeromorpha (Sombke
et al. 2012) und Decapoda (Harzsch & Hansson 2008) unabhéngig abgeleitet (Stegner
& Richter 2011).
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Abb. 9: Hypothese zur Evolution des olfaktorischen Systems (OS) und Zentralkomplexes (ZX) innerhalb der Arthropoda. Ungeachtet der hier verdnderten Polaritdt einiger Merkmale eignet sich die
zugrundegelegte Phylogenie der Tetraconata nach Harzsch (2006) bestens zur Veranschaulichung der Merkmalstransformationen. Das Schema fasst eine von mehreren moglichen sparsamsten Interpretationen
der vorliegenden Daten zum OS (nach Stegner & Richter 2011) und ZX zusammen (nach Stegner et al. 2014a). Die dargestellten Merkmale aller terminalen Taxa aufierhalb der Cephalocarida wurden aus Studien
an verschiedenen Arten kombiniert, stets aber so, dass nach meiner Ansicht Merkmale aus dem Grundmuster der jeweiligen Taxa dargestellt sind. Bei den hier nicht abgebildeten , Maxillopoda” wurden OS und
ZX entweder weitgehend reduziert, oder es fehlen verlissliche Daten.

Farbcode: OS: hellgrau und dunkelgrau: olfaktorische Glomeruli und olfaktorio-globulédrer Trakt der Onychophora und Chelicerata (Homologie unklar, da Position innerhalb der Chelicerata variabel). hellblau:
deutocerebrale olfaktorische Glomeruli. griin: olfaktorio-globulédrer Trakt zwischen Deuto- und Protocerebrum. dunkelblau: Globulizellsomata. rot: mit den Globulizellen und den olfaktorio-globuldren Trakt
assoziiertes Neuropil. orange: Pedunkulus mit mehreren lobenartigen Neuropilen. gelb: mediane Verbindung zwischen beiden Pedunkuli. weif3: nicht homologisierte Strukturen des multilobierten Komplexes.
schwarz: SIRe Interneurone. ZX: hellblau: Arcuate Body bei Onychophora und Chelicerata, Protocerebralbriicke, Zentralkérper und laterale akzessorische Loben bei Mandibulata (Homologie unklar, sieche Text).
schwarze Flachen: SIRe Dominen im ZX. schwarze Linien und WXYZ: ausgewéhlte am ZX beteiligte Trakte.

Ausgewihlte Transformationsschritte: [1-Onychophora], [1—2], [2—Chelicerata]: Keine Verdnderungen rekonstruierbar (Position der olfaktorischen Glomeruli variabel innerhalb der Chelicerata). [2—3]:
Olfaktorische Glomeruli auf das Deutocerebrum beschrdnkt und innerviert durch lokale SIRe Interneurone; unpaares medianes Neuropil verbindet beide Pedunkuli; Protocerebralbriicke und Zentralkorper.
[3—Myriapoda]: Keine Verdanderungen rekonstruierbar. [3—4]: ZX nun mit lateralen akzessorischen Loben sowie anteriorer, zentraler und lateraler SIRer Doméne; auch der einzelne olfaktorio-globulédre Trakt in
[4] konnte eine Apomorphie sein (Zustand der entsprechenden Trakte in [3] unklar). [4—Branchiopoda]: Die SIRen Interneurone im Deutocerebrum und das sekundire olfaktorische Zentrum wurden reduziert.
[4—5]: Keine Verdnderungen rekonstruierbar. [5—Cephalocarida]: Zwei zusétzliche mediane Neuropile (weif$) verbinden beide Pedunkuli, olfaktorio-globuldrer Trakt durchdringt Neuropile (griin) des multi-
lobierten Komplexes, olfaktorische Glomeruli in vertikalen Kolumnen angeordnet; Verlust aller Neuropile sowie der anterioren und lateralen SIRen Doméne im ZX. [5—6]: Distinkte W-, X-, Y- und Z-Trakte zwi-
schen Protocerebralbriicke und Zentralkorper. [6—Hexapoda]: Zentralkérper in Fan-Shaped Body und Ellipsoid Body untergliedert. Das mediane unpaare Neuropil zwischen beiden Pedunkuli wird wieder zur
Kommissur. [6—Remipedia & Malacostraca]: Gegeniiberliegende olfaktorio-globulédre Trakte bilden Chiasma.

Zugrundegelegte Literatur: Onychophora, Chelicerata (Strausfeld et al. 2006); Myriapoda (OS: Holmgren 1916, Duy-Jacquemin and Arnold 1991, Strausfeld et al. 1995, Sombke et al. 2012, pers. Mitteil. durch A.
Sombke, Greifswald: SIRe Neurone; ZX: Hanstrom 1928, Loesel et al. 2002, Sombke et al. 2011), Cephalocarida (Stegner & Richter 2011), Branchiopoda (OS: Fritsch & Richter 2012; ZX: Stegner et al. 2014a),
Hexapoda (OS: Hanstrom 1940, Schachtner et al. 2005, Farris 2005a, b, Dacks et al. 2006, Strausfeld et al. 2009, Bohm et al. 2012; ZX: Kollmann et al. 2011, Homberg & Hildebrand 1991), Remipedia (Fanenbruck &
Harzsch 2005, Stemme et al. 2012), Malacostraca (OS: Schachtner et al. 2005; ZX: Utting et al. 2000, Harzsch & Hansson 2008, Kenning et al. 2013).






Ubereinstimmend verbindet bei vielen Tetraconata ein distinkter olfaktorio-
globuldrer Trakt vom Deuto- ins Protocerebrum (Cephalocarida: Stegner & Richter
2011; Remipedia: Fanenbruck & Harzsch 2005, Malacostraca: Kenning et al. 2013;
Branchiopoda: Fritsch & Richter 2012; Hexapoda: Strausfeld 2009, Strausfeld et al.
2009), sodass er fiir den gemeinsamen Vorfahren dieser Taxa angenommen wird
(Abb. 9). Da die entsprechenden Neurite der Myriapoda vereinzelt vorliegen
(Strausfeld et al. 1995; Sombke et al. 2012) und Chelicerata aufgrund der
abweichenden Lage ihrer olfaktorischen Glomeruli nicht vergleichbar sind
(Strausfeld & Reisenmann 2009), bleibt hinsichtlich der Traktbtindelung das
Grundmuster der Mandibulata unklar (Abb. 9). Cephalocarida stimmen mit vielen
Arthropoden darin tiberein, dass ihr olfaktorio-globuldrer Trakt ipsilateral bleibt
(Chelicerata: Strausfeld et al. 2006; Myriapoda: Sombke et al. 2012; Hexapoda:
Strausfeld et al. 2009; Branchiopoda: Fritsch & Richter 2012), was innerhalb der
Mandibulata und Tetraconata wahrscheinlich den plesiomorphen Zustand darstellt
(Abb. 9). Das einzigartige Chiasma der Trakte bei Remipedia und Malacostraca kann
demnach weiterhin als Synapomorphie dieser beiden Taxa interpretiert werden
(Harzsch 2006; Abb.9). Wie Abbildung 9 zeigt, trifft der olfaktorio-globuldre Trakt
vieler Arthropoda im Protocerebrum auf ein distinktes sekundéres olfaktorisches
Zentrum, das je nach Taxon als Pilzkorper (Onychophora, Chelicerata, Myriapoda,
Hexapoda), multilobierter Komplex (Cephalocarida) oder Hemiellipsoidkorper
(Malacostraca, Remipedia) bezeichnet wird (ausfiihrlich bei Stegner & Richter 2011;
Literaturauswahl in Abb. 9). Eine zentrale Entdeckung dieser Dissertation war , dass
im multilobierten Komplex der Cephalocarida ein méchtiger Pedunkulus vorhanden
ist, der mehrere lobuldre Neuropile trdgt (orange in Abb. 9) - ebenso wie der
Pedunkulus im Pilzkorper der Onychophora, Chelicerata (Strausfeld et al. 2006),
diverser Hexapoda (z. B. Farris 2005a, b; Strausfeld et al. 2009) und Lithobiomorpha
(Holmgren 1916; Strausfeld et al. 1995). Ein nach dorsal gerichtetes, medianes Neu-
ropil, wie es bei Cephalocarida und Lithobiomorpha (Holmgren 1916) beide
Pedunkuli mittig verbindet, wurde durch Stegner & Richter (2011) homologisiert
und zum Mandibulata-Grundmuster zurtickverfolgt (vgl. gelb in Abb. 9). Da aber ein

kommissur-dhnlicher Trakt, wie er stattdessen die Pedunkuli bei Onychophora und
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Chelicerata verbindet (Hanstrom 1928; Strausfeld et al. 2006), inzwischen auch bei
einem Vertreter der Hexapoda nachgewiesen wurde (Bohm et al. 2012: Diplura), ist
heute ebenso wahrscheinlich, dass das mediane Neuropil bei Cephalocarida und

Lithobiomorpha konvergent ist.

Bisherige Beschreibungen einzelner Komponenten eines olfaktorischen Systems bei
Ostracoda, Cirripedia (Hanstrom 1928) und Copepoda (Andrew et al. 2012) bleiben
zweifelhaft (siehe Schachtner et al. 2005; Harzsch 2006). Bei Mystacocarida fehlt das
olfaktorische System (Brenneis & Richter 2010). In jedem Fall ist das olfaktorische
System mehrerer Tetraconatentaxa (exemplarisch fiir Branchiopoda in Abb. 9;
Harzsch & Glotzner 2002; Fritsch & Richter 2010, 2012) teilweise oder vollstindig

reduziert worden.

6.2. Zentralkomplex

Der Zentralkomplex ist ein protocerebrales Neuropilcluster aus einem unpaaren
Zentralkorper, einer unpaaren Protocerebralbriicke, einem Paar lateraler akzessori-
scher Loben und ihren verbindenden Trakten. Die Neuropile wurden in tibereinstim-
mender Lage bei Copepoda und Ostracoda (unsichere Nachweise, s. u.), Malacost-
raca (Utting et al. 2000; Kenning et al. 2013), Remipedia (Fanenbruck & Harzsch 2005;
Stemme et al. 2012), Branchiopoda (Harzsch & Glotzner 2002; Fritsch & Richter 2010,
2012) und Hexapoda beschrieben (Williams 1975; Pfeiffer & Homberg 2014). Auf die-
ser Basis schlug Harzsch (2006) den Zentralkomplex als Synapomorphie der Tetraco-
nata vor (siehe bereits Hanstrom 1928), wurde doch bei den Aufiengruppen Onycho-
phora, Chelicerata und Myriapoda meist nur ein unpaares Mittellinienneuropil be-
schrieben (Loesel et al. 2002; Loesel 2004). Jedoch fehlen Zentralkomplexneuropile
bei Cephalocarida (Elofsson & Hessler 1990; bestdtigt durch Stegner & Richter 2011),
Mystacocarida (Brenneis & Richter 2010), Cirripedia (Semmler et al. 2008), Branchi-
ura (Overstreet et al. 1992), und moglicherweise auch bei Copepoda und Ostracoda

(Stegner et al. 2014a; aber siehe Andrew et al. 2012; Aramant & Elofsson 1976).

Im Rahmen dieser Dissertation wurde daher die alternative Hypothese diskutiert,

dass der Zentralkomplex erst innerhalb der Tetraconata entstanden sei - als Synapo-
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morphie nur einer Teilgruppe der Tetraconata (Stegner et al. 2014a). Dazu wurden
auch die Crustaceentaxa ohne Zentralkomplexneuropile hinsichtlich mehrerer fein-
struktureller Merkmale verglichen, die im Zentralkomplex der Hexapoda, Malacost-
raca, Remipedia und Branchiopoda vorkommen (Strausfeld et al. 2006; Stemme et al.
2012; Stegner et al. 2014a). Auffilligerweise besitzen Cephalocarida (Stegner et a.
2014a), Mystacocarida (Brenneis & Richter 2010) und Cirripedia (Semmler et al. 2008)
trotz fehlender Zentralkomplexneuropile mindestens eine ldngliche SIRe Doméne
(sd1 bei H. macracantha) im Zentrum des Protocerebrums, wie sie auch bei Malacost-
raca (Langworthy et al. 1997; Harzsch & Hansson 2008), Remipedia (Stemme et al.
2012); Hexapoda (Homberg & Hildebrand 1991; Homberg 2002) und einigen Bran-
chiopoda mit dem Zentralkorper tiberlappt (Harzsch & Glotzner 2002; Fritsch &
Richter 2010). Die Doménen bei Cephalocarida und Mystacocarida (Brenneis &
Richter 2010) werden durch SIRe kolumndre Neurone (s1 bei H. macracantha) inner-
viert, die bei Cirripedia (Semmler et al. 2008) durch SIRe tangentiale Neurone - bei-
des Muster, die auch bei einigen Tetraconata mit Zentralkdrper beschrieben wurden
(ausfiihrlicher bei Stegner et al. 2014a). Ein dhnliches Chiasma, wie es die kolum-
niren Neuriten der Neurone sl bei H. macracantha bilden, kommt auch zwischen
Protocerebralbriicke und Zentralkorper der Hexapoda vor (z. B. Boyan & Williams
2011) sowie anterior zum zentralen Neuropil der Myriapoda (Loesel et al. 2002: ihre

Abb. 2B).

Vor diesem Hintergrund wird hier die Homologie der SIRen zentralkdrperdhnlichen
Doméne innerhalb der Tetraconata angenommen (nach Stegner et al. 2014a).
Demnach muss eine solche Doméne schon beim Vorfahren der Cephalocarida, Bran-
chiopoda, Remipedia, Hexapoda, Malacostraca, Mystacocarida und Cirripedia
vorhanden gewesen sein. Nach allen aktuellen phylogenetischen Hypothesen (z. B.
Regier et al. 2010) - und im Einklang mit Harzsch (2006) - stiinde eine solche
Domaine bereits im Grundmuster der Tetraconata (Stegner et al. 2014a; Abb. 9). Das
Fehlen distinkter Zentralkomplexneuropile bei Cephalocarida, Mystacocarida,
Cirripedia und anderen Crustaceen wéare sekunddr und mehrfach unabhingig

erfolgt.
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Inwiefern der Zentralkomplex aber tatsdchlich eine Synapomorphie der Tetraconata
darstellt, bleibt fraglich. Die verbreitete Annahme eines einzelnen Mittellinien-
neuropils in der Aufiengruppe Myriapoda (Loesel 2004; Harzsch 2006; Homberg
2008) sttitzt sich allein auf Untersuchungen des Hundertfiiflers Scolopendra (Loesel et
al. 2002). Studien anderer Autoren an Myriapoda (Holmgren 1916; Hanstrom 1928;
Joly & Descamps 1987; Sombke et al. 2011: ihre Abb. 2C) legen hingegen nahe, dass
sowohl Zentralkorper als auch Protocerebralbriicke bereits im Grundmuster der
Mandibulata stehen (Abb. 9). Eine detailliertere Untersuchung der Myriapoda, auch
hinsichtlich ihrer SI und potentieller kolumnérer und tangentialer Neurone im Proto-

cerebrum, ist unabdingbar fiir das Verstdndnis der Evolution des Zentralkomplexes.

6.3. Segmentale SIRe Neurone im Bauchmark

Basierend auf Studien an verschiedenen Taxa (Crustacea: Harzsch & Waloszek 2000,
Harzsch 2003; Hexapoda: Harzsch 2002; Chilopoda, Diplopoda, Chelicerata: Harzsch
2004), formulierten Harzsch et al. (2005; in Anlehnung an Harzsch 2004) ein
umfassendes Evolutionsszenario fiir das segmentale Muster SIRer Neurone inner-
halb der Arthropoda. Demnach besafd der Vorfahr aller Tetraconata pro Hemineuro-
mer eine anteriore und eine posteriore Gruppe aus jeweils zwei SIRen bipolaren
Neuronen, wie rezent durch die Anostraca représentiert (Abb. 10A; Harzsch et al.
2005). Die neuen Beschreibungen des SIRen Musters bei Remipedia (Stemme et al.
2013) und Cephalocarida erlaubten eine Uberarbeitung dieses Szenarios - auf Basis
eines detaillierten Vergleichs jedes einzelnen SIRen Neurons (Stegner et al. 2014b).
Die an anderen Tetraconata vorgenommene Unterscheidung in anteriore, zentrale
und posteriore SIRe Neurone nach der Position des Somas im Hemineuromer
(Harzsch 2002; Stemme et al. 2012) ldsst sich nur begrenzt auf H. macracantha tibertra-
gen. Hier wird s20 als anteriores Neuron, s18 als zentrales, und s15a und 15b als
posteriore Neurone interpretiert, wahrend s14, s16, s17 und s19 mit ihrem ambiva-
lenten anteromedialen Soma mit anterioren und zentralen Neuronen anderer Taxa
verglichen werden miissen (siehe 10B; Stegner et al. 2014b). Die Klassifikation SIRer
Neurone nach ihrer Neuritenmorphologie nach Harzsch & Waloszek (2000) lasst sich

problemlos auf H. macracantha iibertragen (Abb. 10B): Demnach umfasst Typ A bi-
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polare Neurone mit kontra- und ipsilateralem Neurit (fehlen bei H. macracantha), Typ
B monopolare Neurone, deren Primédrneurit sich in einen kontra- und einen ipsilate-
ralen Neurit aufteilt (s14 bei H. macracantha), Typ C monopolare Neurone mit kontra-
lateralem Neurit (s15a, s15b, s17, s19) und Typ D monopolare Neurone mit ipsi-
lateralem Neurit (s18, s20). Auf dieser Basis wurden die SIRen Neurone s14 bis s20
mit der Literatur zu anderen Tetraconata verglichen (ausfiihrlich bei Stegner et al.

2014b).

Zwei SIRe anteriore Neurone, dhnlich s14 und s17 bei H. macracantha, kommen bei
mehreren Tetraconatentaxa vor und senden dort ihre Neuriten durch die anteriore
Kommissur (Harzsch & Waloszek 2000; Harzsch 2002; Fritsch & Richter 2010;
Harrison et al. 1995). Dies stiitzt zwar Harzschs et al. (2005) Hypothese, nach der
zwei anteriore Neurone im Grundmuster der Tetraconata stehen. Dass diese
Neurone beide von Typ B sind (Harzsch et al. 2005), wére zwar im Einklang mit dem
Fund des Typ-B-Neurons s14 bei H. macracantha, bleibt aber angesichts der Disparitit
der Neuritentypen anteriorer Neurone innerhalb der Tetraconata rein spekulativ
(Stegner et al. 2014b). Zwei SIRe anterolaterale Neurone, vergleichbar mit s20 bei H.
macracantha, wurden zwar bei Myriapoda beschrieben, fehlen aber allen anderen

Vertretern der Tetraconata. Im Einklang mit Harzsch (2004) wird hier angenommen,
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N [t c°¢'rvp B ‘
—0 —0
; —@.-—Tvp D —&_T1ypD =®_ Typ D
: ) —o _.An‘zahl
: TypC: —P
: 5 : unklar
: @ @ ‘ ] ‘
Vo B : : TypC TypC
T ® Vil © ©
Grundmuster Tetraconata Cephalocarida Remipedia Grundmuster Tetraconata

nach Harzsch et al. (2005) nach Stegner et al. (2014a) nach Stemme et al. (2013) nach Stegner et al. (2014a)
basierend auf Anostraca

Abb. 10: Segmentale SIRe Neurone im Bauchmark der Cephalocarida und Remipedia und alterna-
tive Tetraconata-Grundmusterhypothesen. Nach Harzsch et al. (2005) wiren ,zentrale” Typ-D-Neu-
rone bei Cephalocarida, Remipedia und evtl. Zygentoma (Harzsch 2002) eine potentielle Synapomor-
phie. Nach Stegner et al. (2014b) wiren sie eine Plesiomorphie vom Grundmuster der Mandibulata
und Tetraconata - unter der Annahme, dass homologe zentrale Typ-D-Neurone auch bei Myriapoda
vorkommen.
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dass im Grundmuster der Tetraconata keine vergleichbaren Neurone vorhanden
waren. Basierend auf Harzschs et al. (2005) Tetraconata-Grundmuster (Abb. 10)
wurden die SIRen zentralen Typ-D-Neuronen bei Cephalocarida (Stegner et al.
2014b: zwei Neurone; Abb. 10B), Zygentoma (Harzsch 2002: ein Neuron) und
Remipedia (Abb. 10C: drei Neurone) als mogliche Synapomorphie diskutiert
(Stemme et al. 2013). Diese Hypothese ist insofern interessant, als eine nahe
Verwandtschaft der drei Taxa auch von molekularer Seite her Unterstiitzung erhalt
(Koenemann et al. 2010; Regier et al. 2010). Allerdings wurden auch bei Chilopoda
und Diplopoda bis zu vier zentrale SIRe Neurone pro Hemineuromer beschrieben
(Harzsch 2002: Typ D in seiner Abb. 5C,D; Harzsch 2004). Vor diesem Hintergrund
liegt es ndher, zentrale Typ-D-Neurone nicht nur fiir das Grundmuster der Mandibu-
lata anzunehmen (Harzsch et al. 2005), sondern ebenso - als Plesiomorphie -fiir das
Grundmuster der Tetraconata (Stegner et al. 2014b). Zwei posteriore Typ-B-Neurone
wurden fiir das Grundmuster der Tetraconata angenommen (Harzsch et al. 2005).
Angesichts der beiden posterioren Typ-C-Neurone bei H. macracantha, Remipedia,
Cirripedia, Hexapoda und Chilopoda, ist wahrscheinlicher, dass zwei posteriore
Typ-C-Neurone im Grundmuster der Tetraconata und Mandibulata stehen. Andere

Neuronentypen wie bei Branchiopoda wéren davon abgeleitet.

6.4. Aspekte der Entwicklung des Nervensystems

6.4.1. Nervensystementwicklung im Vergleich mit anderen Crustaceen. Trotz der enormen
Vielfalt an Entwicklungsmodi innerhalb der Crustacea (Martin et al. 2014), stimmen
Cephalocarida mit allen untersuchten Crustacea darin tiberein, dass Proto-, Deuto-,
Tritocerebrum, und Mandibelneuromer, die als ,naupliare Neuromere’
zusammengefasst werden - zeitlich vor den postnaupliaren Neuromeren angelegt
werden (Branchiopoda: Fritsch & Richter 2010, 2012; Malacostraca: Vilpoux et al.
2006, Fischer & Scholtz 2010, Ungerer et al. 2011b; Copepoda: Lacalli 2009;
Cirripedia: Semmler et al. 2008). Weiterhin stimmen Cephalocarida mit anderen
Crustacea darin {iiberein, dass ihre postnaupliaren Neuromere aus ektodermalen
Stammzellen einer Wachstumszone (sensu Scholtz & Wolff 2013) anterior zum

Telson hervorgehen (vgl. z. B. Malacostraca: Dohle 1972; Branchiopoda: Williams et
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al. 2012). Trotz dieser generellen Ubereinstimmungen ist H. macracantha der einzige
bekannte Krebs, in dessen Thorakalsegmenten sich noch vor den Beinanlagen
Ganglien mit Somacortex, Exopodit- und Posterolateralnerv und mindestens zwei
Kommissuren entwickeln. Bei allen anderen untersuchten Krebsen entwickelt sich
hingegen das Ganglion nach der Beinanlage oder simultan mit ihr (Branchiopoda:
Fritsch & Richter 2010, 2012; Malacostraca: Harzsch 2003; Fischer & Scholtz 2010;
Ungerer et al. 2011b). Die extrem frithe Ganglienbildung bei Cephalocarida darf nicht
dartiber hinwegtduschen, dass wie bei anderen Crustacea auch die Nervensystem-
strukturen jedes Segments sukzessive, in starker Korrelation mit den Beinen gebildet
werden (vgl. Branchiopoda: Fritsch & Richter 2010, 2012; Malacostraca: Ungerer et al.
2011b). Wdhrend der Rumpfentwicklung aller Arthropoda sind die Proliferation
neuer Zellen von posterior und die Differenzierung dieser Zellen innerhalb metamerer
Einheiten (Parasegmente, Segmente) von anterior zwei unabhdngige Prozesse
(Williams et al. 2012; Scholtz & Wolff 2013). Der wesentliche Unterschied von H.
macracantha zu anderen Arthropoda ist (z. B. Anostraca: Frase 2012; Malacostraca:
Dohle & Scholtz 1997), dass viele Neurektodermzellen bereits unmittelbar nach ihrer
Proliferation, in direkter Nachbarschaft zur Wachstumszone mit ihrer neuronalen

Differenzierung beginnen und Ganglien beginnen.

6.4.2. Thorax und Abdomen der Cephalocarida im Vergleich ihrer Entwicklungssequenzen.
Olesen et al. (2011) deuteten als Besonderheit der Cephalocarida darauf, dass alle
Rumpfsegmente wihrend ihrer Entwicklung eine rundliche, mit spitzen Pleuren
besetzte Form aufweisen, welche duflerlich der von Abdominalsegmenten entspricht.
Erst nach Durchlaufen dieser nach Olesen et al. (2011) , abdomen-artigen” Form
entwickeln Thorakalsegmente ihre adulte abgeflachte Form mit fltigelartige Pleuren.
Zudem sind Cephalocarida und Mystacocarida innerhalb der Crustacea einzigartig,
da sie adult nicht nur im Thorax sondern auch im beinlosen Abdomen segmentale
Ganglien aufweisen (Brenneis & Richter 2010; Stegner et al. 2014b). Unsere serielle
Homologisierung von Nerven, Kommissuren und SIRen Neuronen {iber die
Thorax/ Abdomen-Grenze von H. macracantha hinweg erlaubte hier einen Vergleich
der verschiedenen Rumpfsegmente hinsichtlich ihrer Nervensystementwicklung (im

Thorax unter Berticksichtigung der Beinentwicklung). Der erste Nerv (Intersegmen-
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talnerv), die ersten beiden Kommissuren und die ersten beiden SIRen Neurone, die
wihrend der Entwicklung auftreten, sind in allen Rumpfsegmenten - thorakal wie
abdominal - stets dieselben. Im Abdomen (Abl bis Ab7) werden diese frithen
Nervensystemmerkmale bis in das Adultstadium beibehalten. In den Thorakalseg-
menten treten diese frithen Nervensystemmerkmale treten stets vor den Beinanlagen
auf. Da sich hier aber sukzessive zusitzliche Nerven, Kommissuren und SIRe Neu-
rone herausbilden, zeigt kein einziges Thorakalsegment wéahrend seiner Entwicklung
eine ,abdomen-artige” Neuroanatomie, abweichend von Olesens et al. (2011) auf ex-

terner Morphologie basierter Hypothese.

6.4.3. Neurogenese. Ubereinstimmend werden bei Hexapoda, Malacostraca und Bran-
chiopoda die Neuronen aus einzelnen, distinkten Vorlduferzellen, den Neuroblasten
gebildet (z. B. Scholtz & Wolff 2013). Bei Hexapoda wandert der Neuroblast aus der
apikalen Zellschicht nach innen und vergrofsert sich, bevor er sich indqual teilt (Har-
tenstein et al. 1994; Bossing et al. 1996; Wheeler et al. 2003). Bei Malacostraca (Unge-
rer & Scholtz 2008) und Branchiopoda (Ungerer et al. 2011b) behdlt der Neuroblast
hingegen weitgehend seine Grofie und Position in der apikalen Zellschicht; er teilt
sich indqual und gibt so mehrere kleinere Ganglionmutterzellen nach innen ab, die
spdter durch dquale Teilungen die Neuronen (Ganglienzellen) bilden. Das hier in der
Wachstumszone eines Schliipflings von H. macracantha beobachtete Anordnungs-
muster einer grofien apikalen Zelle und dreier nach innen gerichteter kleinerer Zellen

entspricht eher dem Muster der Malacostraca und Branchiopoda (Abb. 8E).

7. Beitrag zur Phylogenetik der Tetraconata

Zusammenfassend ergibt der Vergleich mit anderen Arthropoden, dass das Nerven-
system der Cephalocarida hauptsdchlich Merkmale aufweist, die entweder als
Autapomorphien oder als Plesiomorphien vom Grundmuster der Tetraconata,

Mandibulata bzw. Arthropoda interpretiert werden (Abb. 9, 10).

Fiir zwei wichtige Merkmalskomplexe - namlich das olfaktorische System und das

segmentale Muster SIRer Neurone im Bauchmark - wird auf Grundlage dieser Dis-
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sertation eine umgekehrte Polaritdt in der evolutiondren Merkmalsabfolge vorge-
schlagen (Transformationsserie nach Richter & Wirkner 2014). Viele homologe Uber-
einstimmungen im olfaktorischen System bzw. SIRen Muster, die von fritheren Auto-
ren als Synapomorphien nur weniger Tetraconatentaxa aufgefasst wurden (Abb. 2F;
Harzsch 2006; Harzsch et al. 2005; Stemme et al. 2012), miissen vielmehr als Symple-
siomorphien gegentiber dem Grundmuster der Mandibulata (olfaktorisches System)
bzw. Tetraconata (SIRes Muster) angesehen werden. Das bringt mit sich, dass das
erwdhnte Fehlen von Komponenten des olfaktorischen Systems ebenso wie das
Fehlen zentraler SIRer Neurone bei zahlreichen Crustaceentaxa (z. B. Anostraca; Abb.
10) als sekunddre Reduktionen innerhalb der Tetraconata interpretiert werden
miissen. Zentralkdrper und Protocerebralbriicke werden hier fiir das Grundmuster
der Mandibulata angenommen, sodass das Fehlen der beiden unpaaren Neuropile
bei Cephalocarida und vielen anderen Crustaceentaxa sekunddr ware (siehe auch
Stegner et al. 2014a). Entsprechend wird die SIRe Doméne der Cephalocarida als
Relikt eines fritheren Zentralkorpers mit SIRer Doméne interpretiert (Abb. 9; Stegner
et al. 2014a). Hingegen ist durchaus denkbar, dass laterale akzessorische Loben und
distinkte W-, X-, Y-, Z-Trakte bei Cephalocarida primdr fehlen und erst innerhalb der
Tetraconata entstanden. Dann kénnten diese Merkmale als Synapomorphien heran-
gezogen werden (Abb. 9). Die Evolution des Zentralkomplexes bleibt unsicher, so-

lange die Myriapoda (Zitate in Abb. 9) nicht besser untersucht sind.

Bei einem ersten Vergleich mit den Entwicklungssequenzen der Branchiopoda (z. B.
Fritsch et al. 2013) bzw. Malacostraca (z. B. Ungerer et al. 2011a; Jirikowski et al. in
Vorbereitung) stellte sich die frithe neuronale Differenzierung und Rumpfganglion-
bildung bei Cephalocarida als einzigartig heraus. Eine evolutiondre oder
phylogenetische Interpretation dieses bemerkenswerten Befunds bleibt jedoch
unmoglich, solange umfassende Daten zu anderen Crustaceentaxa fehlen. Gleiches
gilt fiir die evolutiondre und phylogenetische Interpretation der tibereinstimmenden
Anordnung von Neuroblasten und Ganglionmutterzellen bei Branchiopoda und
Malacostraca (Stollewerk & Simpson 2005; Scholtz & Wolff 2013; Brenneis et al. 2013),
tiir die es hier zwar erstmals einen schwachen Hinweis bei Cephalocarida gibt, die

aber bisher bei keinem anderen Crustaceen nachgewiesen wurden.
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Diese Dissertation liefert einen wichtigen Beitrag zum Verstdndnis der Evolution des
Nervensystems innerhalb der Arthropoda. So birgt gerade das olfaktorische System
der Cephalocarida, das wegen seiner fiir Crustacea ungewohnlichen Komplexitit als
hochspezialisiert galt (Hessler & Elofsson 1992; Strausfeld et al. 1998; Fanenbruck &
Harzsch 2005), offenbar Merkmale, die bis zum Vorfahren aller Arthropoda zurtick-
reichen (z. B. Bohm et al. 2012; Wolff & Strausfeld 2012). Andere Merkmale des Ce-
phalocariden-Nervensystems sind wahrscheinlich abgeleitet, wie die Reduktion des
optischen Systems und der Neuropile des Zentralkomplexes. Keineswegs sind die
Tiere ,lebende Fossilien”. Das Rétsel um die phylogenetische Position der Cepha-
locarida konnte hier nicht gelost werden - im adulten Nervensystem fehlen tiberzeu-
gende Synapomorphien mit anderen Tetraconatentaxa, und fiir eine phylogenetische
Interpretation der Entwicklungsdaten sind noch Studien an vielen anderen Cru-

staceentaxa notig. Cephalocarida bleiben phylogenetisch schwer zu fassen.
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Deutocerebrum
deutocerebraler
Tegumentédrnerv
deuto-tritocerebrale
Somaansammlung
Embryonalstadien 1 und 2
Endopodit

gnathale Enditen
Endopoditnerv

Exopodit, Exopoditnerv

Furca

periosophageales
Neuritengeflecht

Gehirn

HIRe Neurone 4 und 5

HIRe Dominen 1-3
histamin-artige Immunreaktivi-
tat, histamin-artig immunreak-
tiv

Hoechst-Kernfarbung
Intersegmentalnerv
Divisionen i-vii von prs
Kopfschild
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L1-L23
latb

1b

1bk

1bn

It

md

mnb
Mx1, Mx2

mx1, mx2
6

ogt

ol

pc

pdc

pdu
pk

pleu
plav
pok
prok
prs

ps
ptb

rfd1, rfd2
RFI, RFIR

s1-s28
sa
sd1-sd4
SI, SIR

Syt

tc

tel
Th1-Th9
thg2
thp1-thp9
tub

usg

ves

Larvalstadien 1-23

laterales Neuritenbiindel
Labrum

Labralkommissur
Labralneuropil

lateraler Trakt

Mandibel

medianes Neuritenbiindel
Maxillular- und
Maxillarsegment

Maxillula und Maxilla
Osophagus
olfaktorio-globulédrer Trakt
olfaktorischer Lobus
Protocerebrum
posterodorsales
Neuropilcluster

Pedunkulus

posteriore Kommissur (Abl-
ADS)

abgeflachte Pleura
Posterolateralnerv
postosophageale Kommissur
praosophageale Kommissur
protocerebrale
Somaansammlung
Pseudepipodit

posteriores transversales
Neuritenbtindel

RFIRe Doménen 1 und 2
RFamid-artige Immunreak-
tivitdt, RFamid-artig immun-
reaktiv

SIRe Neurone 1-28

Seitenast von latb

SIRe Doménen 1-4
serotonin-artige Immunreaktivi-
tat, serotonin-artig immunreak-
tiv

Sytox-Kernfarbung
Tritocerebrum

Telson

Thorakalsegmente 1-9
Thorakalganglion 2
Thorakopoden 1-9
Tubulin-Farbung
Unterschlundganglion
ventrale Somaansammlung
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External morphological features of Cephalocarida have long been interpreted as plesiomorphic with
regard to those of other crustaceans. Based on transmission electron microscopy and light microscopy,
however, the brain in the cephalocarid Hutchinsoniella macracantha has been shown to contain a number
of structures that are more difficult to interpret in an evolutionary context. These include the multi-lobed
complex, a unique cluster of neuropils associated with the olfactory lobes. To establish a well-founded
comparison of phylogenetically relevant, neuroanatomical data from Cephalocarida to other arthro-
pods, we investigated the brain in H. macracantha using immunolabeling (acetylated ¢-tubulin, sero-
tonin, RFamide, histamine) and nuclear counter stains of whole mounts and vibratome sections
analyzing specimens with confocal laser scanning microscopy and computer-aided 3D-reconstruction.
Other 3D-reconstructions were based on serial 1 um semi-thin sections. The multi-lobed complex
features a pedunculus and shows detailed homologies with the mushroom bodies of certain Insecta and
Lithobiomorpha (Chilopoda), suggesting that the hemiellipsoid bodies in Remipedia and Malacostraca
have derived from a cephalocarid-like pattern. Like the corresponding tracts in Insecta, the olfactory
globular tracts linking the multi-lobed complex to the olfactory lobes are ipsilateral, probably consti-
tuting the plesiomorphic pattern from which the decussating tracts in Remipedia and Malacostraca have
evolved. The olfactory lobes in H. macracantha are uniquely organized into vertical stacks of olfactory
glomeruli whose exact shape could not be identified. Similarly to Malacostraca and Insecta, the olfactory
glomeruli in H. macracantha are innervated by serotonin-like, RFamide-like, and histamine-like immu-
noreactive interneurons. This suggests homology of the olfactory lobes across Tetraconata, despite the
different morphological organization. Although H. macracantha lacks elongated, unpaired midline neu-
ropils known from the protocerebrum of other Arthropoda, the possible rudiment of a central-body-like
neuropil that receives decussating fibers from anterior somata was revealed by the serotonin-like
immunoreactive pattern.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

consuming and restrict the number of H. macracantha available
for research. Today, a total of 11 species of Cephalocarida have been

In addition to Malacostraca, Branchiopoda, Remipedia, and
“Maxillopoda”, Cephalocarida constitute one of the five higher taxa
of Crustacea. The first species, Hutchinsoniella macracantha, was
discovered only in 1954 by Howard Sanders (Sanders, 1954), and it
has since been the basis for most morphological studies in Ceph-
alocarida. H. macracantha has a length of about 3 mm and occurs in
the upper, flocculent layer of the benthic zone in the Northwestern
Atlantic. The low abundance of this species, and the slurry consis-
tency of the detritus-rich sediment, make the collection time-

* Corresponding author. Tel.: +49 381 4986263; fax: +49 381 4986262.
E-mail address: martin.stegner@uni-rostock.de (M.E.J. Stegner).

1467-8039/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
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described from marine coasts all over the world (Carcupino et al.,
2006).

Several external anatomical and behavioral features of Cepha-
locarida — such as the thoracopod-like second maxilla or the
general function of the appendages, which are used for swimming
and feeding at the same time — have been interpreted as plesio-
morphic with respect to the ground pattern of Crustacea, Man-
dibulata, or Euarthropoda (e.g., Sanders, 1957, 1963; Hessler, 1964,
1992; Lauterbach, 1974, 1983, 1986; Walossek, 1993). Yet, even if
Cephalocarida might externally suggest “living fossils”, they are not
in all respects plesiomorphic. Their hermaphroditism was sug-
gested to be an autapomorphy by Ax, (1999, based on Hessler et al.,
1995). Also, the cephalocarid nervous system features a number of
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ventral view

lateral view

Fig. 1. Position and general morphology of the brain. A—E: 3D-reconstructions of somata (grey) and neuropil (yellow) in relation to body contours (semitransparent) and the gut
(green), based on semi-thin sections. Smaller nerves omitted. F: Virtual sagittal section through an image stack based on semi-thin sections. A group of small-diameter somata (blue
arrowhead) lies anteriorly in the olfactory lobe (ol), which is situated ventral to the rest of the deutocerebrum (dc). G: Confocal laser scan of a whole mount showing the cir-
cumesophageal region in ventral view. Imaris surpass view. The two post-esophageal commissures (pec) are separated from each other by muscles (asterisks). Abbreviations:
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structures that have been considered derived from the ground
pattern of Crustacea.

The first detailed study of Cephalocarida was based on trans-
mission electron (TEM) and light microscopy (LM) and concen-
trated on the anterior portion of the nervous system of
H. macracantha (Elofsson and Hessler, 1990). The study revealed
that the brain contains an intricate cluster of interconnected neu-
ropils. Elofsson and Hessler (1990) termed this cluster ‘mushroom
bodies’, but emphasized structural differences with respect to
mushroom bodies found in other arthropods. To avoid drawing
premature homologies, we here follow Fanenbruck’s and Harzsch’s
(2005) suggestion to instead use the more descriptive term ‘multi-
lobed complex’ rather than ‘mushroom body’. Elofsson and Hessler
(1990) showed that the multi-lobed complex is associated with
a pair of large (deutocerebral) olfactory lobes situated in the
labrum. Due to their unusual internal organization, the olfactory
lobes of H. macracantha were erroneously interpreted as compound
eyes in an earlier description by Burnett (1981). The first immu-
nolabeling of the nervous system in H. macracantha was under-
taken by Elofsson (1992), at that time without the benefits of
confocal laser scanning microscopy. This author identified
approximately 60 serotonin-like immunoreactive (SL-ir) and
approximately 80 RFamide-like immunoreactive (RFL-ir) neurons
on each body side, including three SL-ir and eleven RFL-ir neurons
in the brain. Apart from a schematic drawing of the yet undepicted
posterior portion of the nervous system added by Hessler and
Elofsson (1992), no further studies of the cephalocarid nervous
system have been undertaken.

Interest in arthropod neuroanatomy has grown significantly in
the past two decades, particularly with respect to the use of neural
structures for inferring phylogeny, a field of study coined ‘neuro-
phylogeny’ by Harzsch (2006, 2007), based on the term ‘neural
phylogeny’ introduced by Paul (1989). Recent neuroanatomical
studies combine a comparative, phylogenetic approach with
present-day methods such as confocal laser scanning microscopy
and computer-based 3D-reconstruction. While detailed insights
into the neuroanatomy of Insecta (e.g., Farris, 2005b; Strausfeld
et al,, 2009; Galizia and Réssler, 2009) and Malacostraca (e.g.,
Schachtner et al., 2005; Harzsch and Hansson, 2008; Krieger et al.,
2010) have improved our picture on the evolution of the nervous
system, as have investigations of long-neglected arthropod taxa
such as Remipedia (Fanenbruck et al., 2004), Anostraca (Harzsch
and Glotzner, 2002), Notostraca (Fritsch and Richter, 2010), and
Mystacocarida (Brenneis and Richter, 2010), several authors have
expressed the need for more detailed data on the nervous system in
Cephalocarida (e.g., Strausfeld et al., 1998; Harzsch and Waloszek,
2000; Fanenbruck and Harzsch, 2005; Schachtner et al., 2005;
Harzsch, 2006; Homberg, 2008).

The phylogenetic position of Cephalocarida is difficult to recon-
struct, because possible synapomorphies with other Crustacea are
elusive. Based mainly on limb morphology and fossil evidence,
Sanders (1963) suggested that Cephalocarida are the sister-group to
all other Crustacea. In Walossek’s (1993) view, Cephalocarida are the
sister-group to Branchiopoda + Maxillopoda, together with those
two constituting the monophylum Entomostraca. Following Hessler
(1992), Cephalocarida, Branchiopoda, and Malacostraca form
together the monophylum Thoracopoda, with their epipods as
a synapomorphy (see also Ax,1999; Edgecombe et al., 2000; Richter,
2002). Based only on neuroanatomical characters, Harzsch (2006:

his Fig. 6) suggested a monophylum composed of Cephalocarida,
Hexapoda, and Remipedia + Malacostraca. Concerning the exact
position of Cephalocarida, none of these hypotheses was supported
by molecular data. Instead, molecular analyses imply Cephalocarida
as a sister-group candidate to Copepoda (Spears and Abele, 1999),
Cirripedia + Ostracoda (Giribet et al., 2005: their Fig. 5, combining
molecular with morphological data) and, most recently, Remipedia
(Regier et al., 2010; Koenemann et al., 2010). Apart from being
representatives of the Tetraconata (which includes by definition all
crustaceans and hexapods, see Richter, 2002 ), we have to admit the
phylogenetic position of cephalocarids is still unknown, which
obviously makes any discussion on evolutionary transformations
difficult.

Elofsson’s and Hessler’s (1990) report of complexity in the brain
of H. macracantha encouraged a reinvestigation using present-day
methods to resolve morphological characters that could prove
helpful for phylogenetic and evolutionary discussion. Using
a combination of semi-thin sectioning, immunolabeling, confocal
laser scanning microscopy, and computer-aided 3D-reconstruction,
the present paper expands Elofsson’s and Hessler’s (1990) pio-
neering TEM and LM study as well as Elofsson’s (1992) observations
of serotonin-like and RFamide-like immunoreactivity.

2. Material and methods
2.1. Collection, fixation, and storage

Adults, juveniles, and larvae of the cephalocarid species
H. macracantha were collected in September 2007, September
2008, and July 2009 at different spots in Buzzards Bay, Massachu-
setts (USA). Samples of benthic mud were collected by boat from
depths of 5—25 m using a dredge or diving. The animals were
separated from the sieved samples using fine forceps or pipettes.
Three different fixation methods were required for procedures used
for this study. (1) For semi-thin sectioning, one adult animal was
fixed and stored in Bouin’s fixative (Mulisch and Welsch, 2010)
whose salinity had been increased to 3% by adding NaCl. (2) For
immunolabeling of acetylated a-tubulin as well as serotonin-like
and RFamide-like proteins, animals were fixed with a 4% ‘saline
paraformaldehyde solution’ (16% PFA stem solution [Electron
Microscopy Sciences, Hatfield, PA: N2 CAS #30525-89-4] diluted in
‘saline PBS solution’ which was produced by dilution of 10 x PBS
stock solution in filtered water from Buzzards Bay) for 30 min to
1 h. Fixed specimens were transferred to 100% methanol for storage
at 4 °C. (3) For immunolabeling of histamine-like proteins, animals
were fixed in a 4% ‘saline carbodiimid solution’ (400 mg of carbo-
diimid [Sigma—Aldrich, St. Louis, MO: N2 E1769] in 10 ml of filtered
water from Buzzards Bay) for 24 h at 4 °C. Hereafter, specimens
were postfixed with a 4% ‘saline paraformaldehyde solution’ for 1 h
and stored in ‘saline PBS solution’ at 4 °C. All animals used for this
study were adults, except that (a) serotonin-like immunoreactivity
in the olfactory lobes could best be visualized in a juvenile, and (b)
as we only had three adults fixed for histamine-like staining, our
data on this neurotransmitter are mainly based on larval stages.

2.2. Pretreatment of whole mounts for immunolabeling

After a dilution series from their storage medium into PBS,
specimens were exposed to short pulses (<1 s with 35 kHz) in

al — antennular nerve. a2 — antennal nerve. ant1 — antennule. ant2 — antenna. avb — anterovental fiber bundle. cs — cephalic shield. dc — deutocerebrum. dts — deuto-tritocerebral
somata assemblage. eso — esophagus. gut — gut. Ib — labrum. Ibc — labral commissure. Im — labral muscles 1 and 2. md — mandible. mdnv — mandible nerve. mnb — median fiber
bundle. mx2 — maxilla 2. ol — olfactory lobe. pc — protocerebrum. pec — post-esophageal commissures. prs — protocerebral somata assemblage. prec — pre-esophageal commissure.
sg — subesophageal ganglion. tc — tritocerebrum. th1-3 — thoracic ganglia 1-3. thp1-3 — thoracopods 1-3. ttnv — tritocerebral tegumentary nerve. Scale bars: 100 pm.
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view
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view
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Fig. 2. Somata assemblages in relation to the neuropil of the brain. A,CE: 3D-reconstructions of the somata assemblages (semitransparent) and neuropil based on semithin-
sections. B,D,F: 3D-reconstructions of somata assemblages. B,D: Several muscles split the posterodorsal region of the protocerebral somata assemblage (prs) into three divisions
(from lateral: v-vii). White arrows in B indicate the horizontal connection between the two halves of the deuto-tritocerebral somata assemblage (dts). E,F: The anteroventral region
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a bath-ultrasonicator (Elma, Singen, Germany: Elmasonic One).
Between pulses, specimens were investigated with a stereomicro-
scope to check for any visible signs of external or internal damage
due to treatment. Ultrasonication permeabilized the cuticle in PFA-
fixed specimens, but this treatment destroyed carbodiimid/PFA-
fixed specimens already at the first pulse. In some specimens, the
distal portions of the cephalic appendages, the cephalic shield, or
the labrum were removed using dissecting instruments such as
forceps, needles, or a small razorblade segment attached to the tip
of a glass Pasteur pipette. The two pretreatment procedures were
often combined and facilitated the penetration of antibodies.
Dissection of the labrum allowed scanning more deeply into the
brain from ventral direction.

2.3. Vibratome sectioning for immunolabeling

Specimens chosen for vibratome sectioning first underwent
a dilution series from their storage medium into PBS. Then they
were put on a glass plate, patted dry with a tissue, and covered by
a drop of Poly-1-Lysin (Sigma—Aldrich, St. Louis, MO: N P8920) to
increase the affinity to the embedding medium. After a few seconds
in Poly-L-Lysin, specimens were patted dry again and completely
sunken in 3% agarose. The hardened block was cut off the glass
plate with a razor blade and glued onto the working disk of a Hyrax
V50 vibratome (Carl Zeiss Jena GmbH, Jena, Germany). Vibratome
sections between 50 and 150 um thick were cut in transverse,
horizontal, and sagittal planes, removed with a soft brush, and
stored in PBS at 4 °C until needed for immunolabeling.

2.4. Immunolabeling and mounting

Both vibratome sections and whole mounts underwent the
same immunolabeling procedures. Antibody incubation was con-
ducted in PBT (PBS with 0.5% bovine serum albumin, 0.3% Triton
X-100, 1.5% dimethylsulfoxide) containing 5% Normal Goat Serum
(Calbiochem, Merck KGaA, Darmstadt, Germany: N2 NSO2L).
Labeling of the cytostructural protein acetylated «-tubulin was
performed with a primary monoclonal mouse antibody (anti-ac-o-
tub IgG 2b Isotype, clone 6—11B-1, Sigma—Aldrich, St. Louis, MO: N2
T6793 [dilution 1:100]) and a Cy-3-coupled secondary goat anti-
body (anti-mouse IgG (H + L), Jackson/Dianova, Hamburg,
Germany: N2 115-001-003 [dilution 1:200]). For labeling of the
neuropeptide RFamide and the biogenic amines serotonin and
histamine, polyclonal rabbit antisera were used (Neuromics, Edina,
MN: N2: 20002 [dilution 1:1000]; Immunostar, Hudson, WI: N2
20080 [dilution 1:100]; and Progen, Heidelberg, Germany: N2
16043 [dilution 1:100], respectively). An Alexa 488-coupled
secondary goat antibody (anti-rabbit IgG (H + L), Invitrogen
Molecular Probes, Darmstadt, Germany: N2 A11008, dilution 1:500)
was applied for visualization. Labeling of nuclei was accomplished
with Hoechst (Invitrogen Molecular Probes, Darmstadt, Germany:
N2 H33342,1 pg/ml in PBS). Incubations were carried out overnight
at 4 °C, each time followed by thorough washing in PBT on a hori-
zontal shaker (neoLab, Heidelberg, Germany: DOS-20S) at 50 rpm.
The use of polyclonal antisera against serotonin, RFamide, and
histamine does not exclude the possibility of labeling related
neuroactive substances. This holds in particular for the neuropep-
tide RFamide, which is a member of a large neuropeptide family
that is characterized by a shared RFamide motif (Zajac and

Mollereau, 2006 for short overview). Therefore, we refer to
serotonin-like, RFamide-like, and histamine-like immunoreactivity
(SLI, RFLI, HLI). Stained whole mounts were mounted in Vectashield
Mounting Medium (Vector Laboratories Inc., Burlingame, CA), after
placing tiny pieces of plasticine as spacers at the corners of the
cover slips. Stained vibratome sections were mounted in Mowiol
4—88 (Roth, Karlsruhe, Germany: N2 0713) between two cover
slips, enabling scanning from both sides.

2.5. Laser scanning microscopy

Stained specimens were scanned using a DM IRE2 confocal laser
scanning microscope (UV: 405 nm; Arg/Kr: 488 nm, HeNe: 543 nm)
equipped with a TCS SP2 AOBS laser scanning unit (Leica Micro-
systems GmbH, Wetzlar, Germany) at step sizes of 0.4—0.7 pm
between successive scanning planes. Alternatively, a DMI 6000 CS
confocal laser scanning microscope (Arg/Kr: 488 nm, HeNe:
543 nm) equipped with a TCS SP5 II laser scanning unit (Leica
Microsystems GmbH, Wetzlar, Germany) was used at same step
sizes.

2.6. Semi-thin sectioning and digitization

The specimen fixed in ‘saline Bouin’s fixative’ (see above) was
dehydrated in a graded ethanol series and, after an intermediate
step of epoxypropane, embedded in araldite epoxy resin under
vacuum. Serial semi-thin sections (2160 x 1 um) were made in the
transverse plane with an RM 2165 microtome (Leica Microsystems
GmbH, Wetzlar, Germany), using glass knives. The sections were
stained with a mixture of 1% azure Il blue and 1% methylene blue in
aqueous 1% borax solution for approximately 20—35 s at 80—90 °C.
The histological sections were digitized with an AxioCam ICc 3
digital camera mounted on an Axio Scope Imager.M1 microscope
(Carl Zeiss Jena GmbH, Jena, Germany). Sections were digitized in
20x magnification yielding an overall image of the whole brain in
relation to other organ systems. Using 40x magnifications yielded
a more detailed image of its substructures. Digitized sections were
aligned and combined to a 3D virtual stack using the software
AutoAligner (Bitplane AG, Zurich, Switzerland), respectively. A
congruent alignment was guaranteed by referring to the following
structures from anterior to posterior (see Hessler, 1964: his Fig. 2):
the cephalic shield cuticle, cephalic pleural muscles cp1+2, labral
muscles Im1+2, and the ventral longitudinal muscles vim.

2.7. Analysis and 3D-reconstruction

All analyses and 3D-reconstructions of the 3D virtual stacks
derived from laser scanning microscopy and histological sectioning
were built using the software Imaris (Bitplane AG, Zurich,
Switzerland: versions 6.0.2, 6.4.0 and 7.0). The ‘surpass view’ is
used to display the complete data set, whereas the ‘extended
section mode’ of this program generates virtual sections of indi-
vidually definable thickness, achieved by including a variable
number of images. The ‘blend’ option renders scanned structures
opaque, thus allowing an evaluation of a structure’s surface and
external shape. In some cases, for a better 3D presentation of data,
the contour surface’ tool was used to highlight specific structures
artificially or to mask structures that obscure viewing the nervous
system. All figure plates were created and labeled using the

of the protocerebral somata assemblage (prs) is split into four divisions (from medial: i-iv). Abbreviations: a1 — antennular nerve. a2 — antennal nerve. dbs — dorsal fiber bundle of
the stomatogastric nervous system. dc — deutocerebrum. dts — deuto-tritocerebral somata assemblage. i-vii — divisions i-vii of the protocerebral somata assemblage. Ibc — labral
commissure. Ibn — labral neuropil. ol — olfactory lobe. pc — protocerebrum. pec — post-esophageal commissures. prs — protocerebral somata assemblage. sts — stomatogastric
somata. tc — tritocerebrum. ttnv — tritocerebral tegumentary nerve. ves — ventral somata assemblage.
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software Corel Draw X3. Bitmap images were edited unselectively
using the software Corel PhotoPaint X3.

2.8. Presentation of data and terminology

For a better visualization of the 3D-reconstructions, the
Supplementary material provides a number of red/cyan anaglyph
stereograms, which are best viewed using a pair of red/cyan 3D
glasses. (A practicable alternative is a pair of green/red 3D glasses
with the red glass over the left eye.) We widely use the neuroana-
tomical terminology proposed by Richter et al. (2010). Morpholog-
ical descriptions of spatially extended structures can require
coordinates and directional terms, such as ‘extend into’ or ‘project
anteriorly’. These do not carry physiological, ontogenetic, or evolu-
tionary inferences. All positions (such as ‘anterior’ or ‘dorsal’) refer to
the body axis. In all figures showing immunolabeling results, the
presumed labeled molecules are indicated within the corresponding
figure and are abbreviated as follows: acetylated a-tubulin (tub);
Hoechst (Hoe); serotonin-like, RFamide-like, and histamine-like
immunoreactivity (SLI, RFLI, HLI). The corresponding adjectives
serotonin-like, RFamide-like, and histamine-like immunoreactive
have here been abbreviated to SL-ir, RFL-ir, and HL-ir, respectively.
We use the term olfactory glomerulus (Latin glomerulus — ‘little
ball’) in a wider sense to include also olfactory neuropils that are
geometrically distinct from ball-shaped elements, as practiced by
many other morphologists (e.g., Hanstrom, 1928, 1947; Elofsson and
Hessler, 1990; Sandeman et al., 1992; Sullivan and Beltz, 2004;
Schachtner et al., 2005; Krieger et al., 2010).

3. Results
3.1. General anatomy of the brain and associated nerves

Traditionally, the brain in Euarthropoda is conceived as a syn-
cerebrum, i.e., the entity of the three anteriormost subunits of the
nervous system: the protocerebrum, deutocerebrum, and trito-
cerebrum (see Scholtz and Edgecombe, 2006; Richter et al., 2010).
In H. macracantha, the protocerebrum (pc) is unpaired and situated
anterior to the esophagus (eso), while the deutocerebrum (dc) and
the tritocerebrum (tc) occur as paired halves situated anterolateral
and lateral to the esophagus, respectively (Fig. 1).

3.1.1. Protocerebrum

The protocerebral neuropil (pc) is distinct from the deutocere-
bral neuropil (dc, Figs. 1B,E,F, 2A,C, 3G), connected to the latter on
each side of the brain by the olfactory globular tract (ogt) and by an
unpaired anteroventral fiber bundle (avb; Figs. 1G, 3G, 4A,B). Optic
lobes are absent. The distinction of the protocerebrum (pc) from the
deutocerebrum (dc) is indicated by a transition zone that lacks
somata (Fig. 1A,C,D,F) and shows less SLI, RFLI, and HLI than either

the protocerebral (pc) or deutocerebral neuropil (dc, Figs. 5C, 6G,
9H).

3.1.2. Deutocerebrum

On each side of the brain, the deutocerebrum gives rise laterally
to the root of the antennular nerve (al, Figs. 1A—E,G, 2A,C, 4F).
Because the basal segment of the antennule (ant1) is anterodorsal
to this root, the incoming antennular nerve (al) describes an
upward arc before entering the deutocerebrum (Figs. 1D,E, 2C, 6A).
Proximally, the root (a1) bifurcates, with the dorsal part proceeding
into the main part of the deutocerebral neuropil (dc) and the
ventral part proceeding into one olfactory lobe (arrows, ol,
Fig. 6A,B). Both olfactory lobes (ol) are situated distinct from, and
ventral to the rest of the deutocerebral neuropil (dc), connected to
the latter via a thick fiber bundle (Figs. 1A,B,D-F, 2C, 4D). Their
location in this position suggests a bulge of the brain extruding out
into the base of the labrum. But this should not conceal the fact that
the olfactory lobes are deutocerebral structures. The root of one
deutocerebral tegumentary nerve resides immediately dorsal to the
root of the antennular nerve. From there, the deutocerebral tegu-
mentary nerve (dtnv) extends anterodorsally (Fig. 5A), passes the
dorsal side of the protocerebrum, and terminally splits up into
a number of thin bundles, all of which project ipsilaterally to the
anterior cephalic shield. The paired halves of the deutocerebral
neuropil (dc) are interconnected anteroventrally by a pre-
esophageal commissure (prec, Figs. 1G, 3G, 4F). Different from the
intervening gap between the proto- and deutocerebrum, a distinct
border between the deuto- and tritocerebrum is not apparent:
most deutocerebral and tritocerebral somata are arranged as one
somata assemblage on each side of the brain (dts, Figs. 1FG, 2).
Thus, the deutocerebrum is denoted only by the antennular nerve
entering it.

3.1.3. Tritocerebrum

The tritocerebral neuropil (tc) gives rise to a pair of antennal
nerves (a2) as well as a pair of the tritocerebral tegumentary nerves
(ttnv, Figs. 1G, 6A). The latter originate dorsal to the antennal nerves
and, like the deutocerebral tegumentary nerves, divide distally into
a number of thin bundles that extend out to the anterolateral
cephalic shield. Two post-esophageal commissures (pec), one
anterior and one posterior, connect the two halves of the trito-
cerebrum (tc, Figs. 1G, 2A). Near the midline, the commissures are
separated by a few dorsoventrally oriented muscles (asterisks,
Fig. 1G). The root of the anterior post-esophageal commissure lies
directly posterodorsal to the root of the labral commissure (Ibc),
which connects the two halves of the tritocerebrum ventrally (tc,
Figs. 1A,B,D—F, 2C,E). This connection sags downwards at its vertex,
which is connected to the stomatogastric nervous system (see
below). Posteriorly, a pair of post-tritocerebral connectives link the
tritocerebrum (tc) with the subesophageal ganglion (sg, Figs. 1C—G,
6A,B). Although a border between deutocerebral and tritocerebral

Fig. 3. Multi-lobed complex. A,B: 3D-reconstructions of the multi-lobed complex neuropils (yellow) and tracts (dark yellow) in relation to the brain neuropil (semitransparent). A:
Neuropil 1, 2, and 11 are the only unpaired neuropils in the multi-lobed complex. Due to space restrictions in the cephalon, neuropil 1 and 11 are displaced from the midline. C:
Transverse semi-thin section through the posterior region of the multi-lobed complex. Neuropil 11 has a bulbous shape and a pair of tracts (arrows) leaving it ventrally. D:
Schematic interpretation of the connectivity among the multi-lobed complex neuropils in posterodorsal view. For presentability, the positional relationships between the neuropils
were slightly distorted. E: Transverse semi-thin section through the anterior region of the multi-lobed complex. Here, neuropil 2 lies amidst the less distinctly structured neuropil of
the ventral protocerebrum and between a pair of cephal pleural muscles (cpm). Neuropil 6 is connected to the pedunculus (pdu) via two tracts (arrows) leaving ventrally. Similarly,
neuropil 1 is connected to a pair of neuropils 3 via short tracts (arrows). F: Confocal laser scan focussing the left part of the protocerebrum. Imaris extended section view. Nervous
tissue (yellow) and muscle tissue (red) artificially highlighted using the Imaris contour surface tool. Small-diameter globuli cell somata (iv, v) lie densely packed lateral to neuropil
10. G: Confocal laser scan of a vibratome section showing the protocerebral neuropil (pc) in dorsal view. Imaris surpass view. Multi-lobed complex neuropils (1-11) artificially
highlighted using the Imaris contour surface tool. The ipsilateral olfactory globular tract (ogt) connects the olfactory lobe (indicated by ol) to neuropil 8. Abbreviations: 1-11 — multi-
lobed complex neuropils 1-11. al — antennular nerve. a2 — antennal nerve. avb — anteroventral fiber bundle. cpm — cephal pleural muscle 1. cs — cephalic shield. dc — deuto-
cerebrum. iv-vi — divisions iv-vi of the protocerebral somata assemblage. Ibc — labral commissure. It — lateral tract. mt — medial tracts. ogt — olfactory globular tract. ol — olfactory
lobe. pc — protocerebrum. pdu — pedunculus. pec — post-esophageal commissures. prec — pre-esophageal commissure. ttnv — tritocerebral tegumentary nerve. Scale bars: 50 pm.
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Fig. 4. Posterodorsal neuropil cluster (A—C) and olfactory lobes (D—F). A,B: Confocal laser scan of a whole mount showing the left part of the protocerebrum. Imaris extended section view.
Muscles (red), posterodorsal neuropil cluster (pdc, white), and rest of nervous tissue (yellow) artificially highlighted using the Imaris contour surface tool. The posterodorsal neuropil
cluster (pdc) lies posteromedial to the olfactory globular tract (ogt) and is connected to the large unpaired anteroventral fiber bundle (avb) via several processes (blue arrows). C: Same data
set as in A,B. Imaris surpass view. Structures surrounding the posterodorsal neuropil cluster were artificially removed using the Imaris contour surface tool. Several larger fiber bundles
(mb1-2, Ib1-3) branch (blue and black arrows) to connect the posterodorsal neuropil cluster with different regions of the nervous system. D: Transverse semi-thin section through the
anterior labrum. The olfactory lobe (ol) is composed of vertical stacks of olfactory glomeruli (arrows). A thick fiber bundle (arrowheads) leaves each olfactory lobe (ol) dorsally and connects
it to different regions of the nervous system. E: Virtual horizontal section through an image stack based on transverse semi-thin sections. Each olfactory lobe (ol) consists of six even-sized
(blue asterisks) and one slightly larger vertical stack (yellow asterisk) of olfactory glomeruli. The white asterisk marks the furrow tangent to the dorsal edge of the left mandible. F: Confocal
laser scan of a transverse vibratome section through the anterior labrum. Imaris extended section view. The thick fiber bundle (arrowheads) dorsally splits up into the antennular nerve
(a1), the olfactory globular tract (ogt), and a few thinner fiber bundles (double arrowheads) associated to the deuto-tritocerebral somata assemblage (dts). Abbreviations: 7-10 — multi-
lobed complex neuropils 7-10. al — antennular nerve. ant1 — antennule. avb — anteroventral fiber bundle. cs — cephalic shield. dc — deutocerebral neuropil. dtnv — deutocerebral
tegumentary nerve. dts — deuto-tritocerebral somata assemblage. eso — esophagus. i-vii — divisions i-vii of the protocerebral somata assemblage. b — labrum. 1b1-3 — lateral fiber bundles
1-3 (starting from the lateral neuropil ). Ibc — labral commissure. In — lateral neuropil of the posterodorsal neuropil cluster. mb1,2 — median fiber bundles 1 and 2 (starting from the median
neuropil). mn — median neuropil of the posterodorsal neuropil cluster. mx1 — maxilla 1. ogt — olfactory globular tract. ol — olfactory lobe. pdc — posterodorsal neuropil cluster. prec — pre-
esophageal commissure. Scale bars: A,B,D—F: 50 um. C: 25 pm.

neuropil is not indicated by immunoreactivity, a strongly SL-ir
domain (sd4) is present at the root of the labral commissure (Ibc).
This marks the position of the tritocerebrum, just as does the
antennal nerve entering it (Fig. 6A,B).

3.14. Neuraxis

The neuraxis of H. macracantha, which is the axis of the central
nervous system, as defined by its arrangement of segmental ganglia
irrespective of any curvature, runs directly posteriorly from the
protocerebrum (pc) through the tritocerebrum (tc). The neuraxis

trajectory in the brain is slightly deflected from the body axis
(Fig. 1D—F). Posterior to the tritocerebrum, the neuraxis bends
slightly upwards to parallel the gut through all segments as far as
the furca (Fig. 1D—F).

3.2. Somata assemblages
The majority of neurons in the brain are unipolar (e.g.,

Fig. 5B: s5). Somata are arranged in altogether four distinct somata
assemblages (two unpaired and one pair), clearly separated from
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each other in the periphery of the brain, with the neuropil situated
centrally (Fig. 2).

3.2.1. Protocerebral somata assemblage

Different from Decapoda, where the protocerebral somata are
arranged in a number of distinct somata assemblages (Sandeman
et al, 1992), all protocerebral somata in H. macracantha are
arranged as one contiguous unpaired protocerebral somata
assemblage (prs), which is situated anteroventral, posterodorsal,
and lateral to the protocerebral neuropil and extends into the
cephalic shield (prs, Figs. 1A,C,D,F, 2A,CE). The ventral, anterior,
anterodorsal, and posterior surface of the protocerebral neuropil is
not covered by somata, however. The protocerebral somata
assemblage (prs) is traversed dorsoventrally by about ten muscles
on each side of the brain (see hollows in Fig. 2EF). These are
conspicuous landmarks, by which the protocerebral somata
assemblage can be subdivided into different partitions, although
these are not strictly separated from each other. In other words,
these partitions are purely topological: they do not represent
structural entities but facilitate morphological description, espe-
cially when it comes to locating immunoreactive somata (see
below). Anteroventrally, the protocerebral somata assemblage is
split into four partitions on each side of the brain (from medial to
lateral: partition i, ii, iii, iv; Figs. 2E,F, 4A, 6E). Two further partitions
on each side (from lateral to medial: v, vi), and one unpaired
partition in the midline (vii), are situated posterodorsally
(Figs. 2B,D,F, 3F, 6E). Somata in partition iv and in a small region of
partition v have a smaller diameter and are more densely packed
than somata in any other partition (prs, Figs. 3C,F, 4A, 6E). These
especially small somata are here referred to as globuli cell somata.

3.2.2. Deuto-tritocerebral somata assemblage

The deuto-tritocerebral somata assemblage (dts) is situated
dorsal, lateral, and ventral to the deutocerebral neuropil (dc),
anteriorly in the olfactory lobe (ol), and lateral to the tritocerebral
neuropil (tc, Figs. 1D,EG, 2, 4D,F, 8E). Ventral to the tritocerebral
neuropil, it also extends along the labral commissure (lbc, Figs. 1A,
2EF). A thin row of somata situated anteroventral to the deuto-
cerebral neuropil merges the two large halves of the assemblage
across the midline (white arrows, dts, Fig. 2B). The largest extension
of the deuto-tritocerebral somata assemblage (dts) occurs dorsal to
the deutocerebral neuropil (dc) on each side of the brain (Figs. 1D,
2C,D). Acetylated a-tubulin and nuclear staining suggests that most
(if not all) somata in this region send their neurites (double
arrowheads) ipsilaterally into the olfactory lobe (ol) via a thick
bundle (arrowhead, Fig. 4F).

3.2.3. Ventral somata assemblage

A small isolated ventral somata assemblage (ves) is situated at
the ventral margin of each olfactory lobe (ol; Fig. 2B—F).

In addition, the dorsal fiber bundle belonging to the stomato-
gastric nervous system (described below) is associated with
a diffuse group of stomatogastric somata, anterior to the esophagus
(sts, Fig. 2B—F).

3.3. Neuropils and associated fiber bundles

H. macracantha’s protocerebrum and deutocerebrum reveal
a number of spatially and structurally distinctive neuropils (e.g., 1,
5, 7, Fig. 3C). Due to their comparatively high density and their
distinctive boundaries, these can be identified in semi-thin sections
and in acetylated o-tubulin stains. In the protocerebrum, these
dense neuropils are arranged in two clusters: the multi-lobed
complex and the posterodorsal neuropil cluster. The neuropil of the
deutocerebral olfactory lobe is also clearly distinguished by virtue

of its internal organization (see below). The tritocerebrum lacks
discrete neuropils.

3.3.1. Multi-lobed complex

The multi-lobed complex is situated dorsally in the proto-
cerebral neuropil and constitutes the most prominent feature of the
brain, comprising altogether 19 neuropils (three unpaired neuro-
pils, labeled 1, 2, and 11, and eight pairs of neuropils, labeled 3-10)
and a pair of pedunculi (pdu, Fig. 3). All neuropils of the multi-lobed
complex have a bulbous shape and are approximately of uniform
size. Neuropils 1, 2, 4, 5, 6, and 11 are distinguished by having two
tracts that initially extend in the same direction and then diverge.
This is illustrated in Fig. 3C where neuropil 11 gives rise to two
smaller tracts (indicated by arrows) that initially run parallel with
each other ventrally, before one tract bends to the left and the other
to the right (compare also neuropils 1 and 6 in Fig. 3E). Crucially, all
19 neuropils of the multi-lobed complex are linked by tracts and
thus form one coherent structural unit (Fig. 3D). The exact anatomy
of the multi-lobed complex can be best understood starting from its
posterior end. This is where the protocerebral portion of the
olfactory globular tract (ogt: see below), which ascends from the
olfactory lobes from a posteroventral direction, enters neuropil 8.
On each side of the brain, the olfactory globular tract (ogt), and
neuropils 8, 7, and 10 form together one diagonal axis (Fig. 3A,D,G).
Neuropil 8 is linked to neuropil 7 via a short tract, and a longer
lateral tract (It) links neuropil 7 to neuropil 10 (Fig. 3A,C,D,G).
Neuropil 7 is furthermore fused anteriorly to neuropil 6
(Fig. 3A,B,D). Laterally, neuropil 10 is immediately associated with
the globuli cell somata in partitions iv and v of the protocerebral
somata assemblage (Fig. 3F). Medially, neuropil 10 is linked to the
pedunculus of the multi-lobed complex (pdu), which extends to
neuropil 3 (Fig. 3A,B,F,G). Compared to the lateral tract and the
olfactory globular tract, the pedunculus’s diameter is much wider.
Its fibers lie parallel to one another but are more loosely packed
than those found in other tracts and neuropils. Medially, the
pedunculus (pdu) gives rise to neuropils 6 and 5 from its postero-
dorsal side and to neuropil 4 from its anterior side (Fig. 3). Neuropil
3 is connected via a short tract to neuropil 1 (Fig. 3A,D,E), but not to
neuropil 11. Moreover, a medial tract (mt) leaves the medial side of
neuropil 3 to extend ventrally to neuropil 9, which is situated in the
anteroventral protocerebrum (Fig. 3B,D). Although the medial
tracts in both sides of the brain touch at the midline, no processes
could be shown to extend across the midline. Two unpaired neu-
ropils are connected to the medial tracts each via a pair of fiber
bundles pointing ventrally; neuropil 2 (Fig. 3A,B,D,G) is situated
anterodorsal and neuropil 11 (Fig. 3A—D,G) posterodorsal to the
medial tracts (mt). Given the different connectivity of neuropil 1
and 11, their immediate lateral neighborhood must not give the
impression that the neuropils form a bilaterally symmetrical pair.
Rather, neuropil 1 and 11 are simply displaced from the midline,
due to space restrictions within the cephalon. Our data suggest that
the unpaired neuropils 1, 2, and 11 are the only structures of the
multi-lobed complex that span the midline (Fig. 3A,C—E).

3.3.2. Posterodorsal neuropil cluster

The posterodorsal neuropil cluster (pdc) is situated postero-
dorsally in the protocerebral neuropil (Fig. 4A,B) and comprises
three neuropils: an unpaired median neuropil (mn) and a pair of
lateral neuropils (In, Fig. 4C). All three are about the same size, are
bulbous and have a high density of processes. Anterolaterally, each
side of the posterodorsal neuropil cluster (pdc) is flanked by the
olfactory globular tract (ogt) and by neuropil 8 of the multi-lobed
complex (Fig. 4A,B). Each of the three neuropils sends a number of
fiber bundles to different regions of the nervous system (mb1,2,
1b1-3 in Fig. 4C; arrows in Fig. 4B,C).
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Fig. 5. Serotonin-like immunoreactivity in the protocerebrum and the labrum. A—G: Confocal laser scans. A,B,E—G: Whole mounts in Imaris surpass view. C,D: Vibratome sections
in Imaris extended section view. A—C,E: The asterisks show several indistinct SL-ir domains. A: Dorsal view on the overall SL-ir pattern in the brain. B: Dorsal view on the pro-
tocerebrum. SL-ir soma (s3) sends a long commissure (double arrowheads) through the anterior protocerebrum. SL-ir somata (s6) send neurites into a posterolateral convergence
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3.3.3. Olfactory lobes

A pair of olfactory lobes (ol) are located ventral to the rest of
the deutocerebral neuropil (Figs. 1D,F, 4D—F). The neuropil of each
olfactory lobe is organized into seven vertical stacks (ol, Fig. 4D,
and asterisks in Fig. 4E, see also Figs. 5G, 9G), each composed by
olfactory glomeruli (sensu lato) lying on top of each other (black
arrows, Fig. 4D). The density of the olfactory glomeruli compli-
cates their individual identification. While horizontal semi-thin
sections suggest that the olfactory glomeruli have a discoid
shape (Fig. 4E), transverse semi-thin sections and RFLI rather
suggest an elongated shape (black arrows in Fig. 4D, see also
Fig. 8E). Six stacks have the same size and are arranged in a ring
(blue asterisks, Fig. 4E). The seventh stack (yellow asterisk) is
slightly wider than the others (blue asterisks) and lies somewhat
distant from them anteromedially (ol, Fig. 4E). On each side of the
brain, one thick fiber bundle (arrowheads) enters the olfactory
lobe (ol) from a dorsal direction (Fig. 4D,F). The bundle is
composed of three parts: the proximoventral part of the anten-
nular nerve (al); the ventral part of the olfactory globular tract
(ogt), which extends from here to the neuropil 8 of the multi-
lobed complex; and several bundles of neurites (double arrow-
heads) originating from different groups of somata in the deuto-
tritocerebral somata assemblage (dts, Fig. 4F).

3.4. Stomatogastric nervous system

The labral commissure (Ibc) interconnects the two halves of the
tritocerebrum (tc) and extends across the labrum (Ib) as a ventral
arc (Figs. 1A,B,D—F, 2C,E, 4E), the vertex of which is directly ventral
to the esophagus (eso, Fig. 1D). The labral commissure (lbc) is
connected to the unpaired labral neuropil (1bn, Fig. 2C,E). The labral
neuropil (Ibn) stretches along the midline and gives rise to the
dorsal fiber bundle (dbs) of the stomatogastric nervous system,
which, initially, runs anteriorly along the ventral side of the
esophagus (Fig. 2C,E). As the esophagus bends upwards (compare
Fig. 1D), the bundle (dbs) is also deflected up and around to extend
posteriorly along the dorsal side of the gut (gut, Fig. 6C). In the
mandibular segment, a dorsolateral bundle (dlbs) branches off from
each side of the dorsal bundle (dbs) to run posterolaterally, whereas
the latter continues posteriorly (Fig. 8I).

3.5. Distribution of neuroactive substances

A number of somata were found to be SL-ir, RFL-ir, or HL-ir. Their
immunoreactive neurites extend into the brain neuropil where they
are associated with domains of immunoreactive processes. We have
avoided calling such immunoreactive domains ‘neuropils’ (Section
3.3.), because whereas neuropils are recognized in semi-thin
sections and acetylated a-tubulin stains by their density and by
their spatial and structural separation from the surrounding brain
neuropil, immunoreactive domains stand out from the surrounding
neuropil solely because of their pattern of immunoreactivity.

3.5.1. Serotonin-like immunoreactivity
3.5.1.1. SLI in the protocerebrum. About 24 SL-ir neurons (s1-7) on
each side of the brain have their SL-ir somata distributed over the

protocerebral somata assemblage (prs, Figs. 5A—D, 7). All somata
(s1-7) send their SL-ir neurites into the protocerebral neuropil,
which contains an intricate network of interconnected SL-ir fiber
bundles linking SL-ir domains. This SL-ir network also includes SL-
ir processes that envelop or extend into the multi-lobed complex
neuropils 1, 4, 5, and 11 (Fig. 5D). An unpaired, and conspicuously
sickle-shaped SL-ir domain (sd1), is situated ventrally in the pro-
tocerebral neuropil, directly posterior to an anteroventral fiber
bundle (Figs. 5B,C,E, 7), and has a characteristic association with the
SL-ir somata (s1). Each side of the brain all SL-ir neurites that
extend from SL-ir somata (s1) unite into one bundle that first
extends posteriorly into the protocerebral neuropil, passing by the
multi-lobed complex neuropil 9. Still anterior to the anteroventral
fiber bundle, this bundle then turns medially to project across the
midline, forming a decussation (arrow) with its counterpart from
the other side of the brain (Figs. 5C, 7). The bundle then turns again
posteriorly and extends into the SL-ir domain (sd1, Figs. 5B,C,E, 7).
There are two strongly SL-ir spherical domains (sd2, sd3, Figs. 5B,D,
7) on each side of the protocerebrum and a number of less
conspicuous SL-ir domains loosely embedded within the SL-ir
network, such as in the anterolateral region of the protocerebrum
(asterisks, Fig. 5A—C,E).

3.5.1.2. SLI in the deutocerebrum. On each side of the brain about
nine SL-ir somata (s8-10) are distributed in the deutocerebral part
of the deuto-tritocerebral somata assemblage (Figs. 5G, 7). Two
somata (s8) lie dorsal to the deutocerebral neuropil (Figs. 6A,B, 7),
five others (s9) lie anterior to the olfactory lobe (Figs. 5G, 7) and two
more (s10) lie medial to the olfactory lobe (Figs. 5G, 7). The somata
(s8) send their neurites anteroventrally (Fig. 7, marked in blue in
Fig. 6A,B) to supply a loose spherical network of SL-ir processes that
pervades the six even-sized stacks of each olfactory lobe (ol,
Figs. 5F,G, 7). As the network also establishes SL-ir interconnections
between neighboring stacks of the olfactory lobe, it appears clearly
ring-shaped in ventral or dorsal view (Figs. 5F,G, 7). Glomeruli do
not contain SL-ir processes throughout, however. Rather, immu-
noreactive processes are concentrated near each glomerulus’s inner
margin (ol, Fig. 5G). Neither the seventh larger stack (red asterisk),
nor the center of the olfactory lobe shows SLI (Fig. 5G). A few SL-ir
longitudinal fibers (arrowheads) extend posteriorly from the pro-
tocerebral neuropil (pc) into the deutocerebral neuropil (dc) to
project into more posterior regions of the nervous system (e.g., tc,
sg, Figs. 6A,B, 7). En route, they are joined by a few SL-ir fibers
originating from the pre-esophageal commissure (prec, Figs. 5C,
6A, 7). A few, somewhat diffuse, SL-ir domains occur along these SL-
ir longitudinally oriented fibers (Figs. 6A,B, 7). The ventral part of
the incoming antennular nerve (al), which turns ventrally to run
directly into the olfactory lobe (ol), shows SLI only in its proximal
portion (Figs. 6A,B, 7).

3.5.1.3. SLI in the tritocerebrum. Altogether, six SL-ir neurons have
their somata distributed over the tritocerebrum. Two somata occur
on each side of the brain (s11, s12), and two unpaired somata (s13)
occur at the midline (Fig. 7). The SL-ir neurite of soma (s11, Figs. 5G,
7, marked in blue in Fig. 6A,B) takes an interesting course: it first
runs dorsally along the medial side of the tritocerebral neuropil

region (arrowhead). From here an SL-ir fiber bundle (rocket) runs into the anterolateral protocerebrum which features several indistinct SL-ir domains (asterisks). C: Neurites from
somata (s1) form a decussation (arrow), before they run contralaterally into the sickle-shaped SL-ir domain (sd1). D: Within the multi-lobed complex, strongest SLI is shown in
neuropils 1, 4, 5, and 11. Arrowhead and double arrowheads as in B. E: Dorsal view. An SL-ir fiber bundle (yellow arrow) coming from the posterolateral convergence region
(arrowhead) runs ventromedially to join one out of many SL-ir commissures (white arrows) in the protocerebrum. F,G: Ventral view on the labrum of a juvenile. G: A network of SL-
ir processes pertrudes the six even-sized vertical stacks (yellow asterisks) of olfactory glomeruli but not the seventh larger stack (red asterisk). Abbreviations: al — antennular
nerve. a2 — antennal nerve. avb — anteroventral fiber bundle. dbs — dorsal fiber bundle of the stomatogastric nervous system. dc — deutocerebrum. dtnv — deutocerebral tegu-
mentary nerve. eso — esophagus. Ib — labrum. Ibc — labral commissure. ogt — position of olfactory globular tract. ol — olfactory lobe. pc — protocerebrum. pdu — pedunculus. prec —
pre-esophageal commissure. s1-13 — SL-ir somata 1-13. sd1-4 — SL-ir domain 1-4. tc — tritocerebrum. Scale bars: A,B,D,F,G: 50 um. CE: 25 pm.
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Fig. 6. Serotonin-like immunoreactivity in the posterior brain (A—C) and RFamide-like immunoreactivity in the protocerebrum (D—G). A—G: Confocal laser scans of whole mounts.
A,B: Imaris surpass view. A: Dorsal and B: lateral view on deutocerebrum (dc) and tritocerebrum (tc). SL-ir somata (s8) and (s11) and their neurites were artificially highlighted
using the Imaris contour surface tool. The arrow points towards the olfactory lobe (ol), which was removed together with the labrum. Arrowheads show a few SL-ir fibers
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Fig. 7. Schematic drawing of the serotonin-like immunoreactivity in the brain. The right half of the scheme shows a dorsal view on the complete brain. In the left half of the scheme,
part of the deutocerebrum and tritocerebrum is removed to show the interior of the olfactory lobe. On each body side, over 20 SL-ir somata (s1-13) are distributed over the three
partitions of the brain. This scheme only shows those fibers and domains which are directly related to the SL-ir somata in the protocerebral somata assemblage, whereas other
domains, e.g., in the anterolateral protocerebrum, are omitted. The neurites from somata (s1) form a decussation (arrow) before entering a sickle-shaped SL-ir domain (sd1). The
process from SL-ir soma (s3) forms a long commissure (double arrowhead) passing the multi-lobed complex. Neurites from SL-ir somata (s6) enter an SL-ir posterolateral
convergence region (arrowhead) from which one bundle runs into the anterolateral protocerebrum (rocket) and others contribute to different commissures. Abbreviations: 1-11 —
multi-lobed complex neuropils 1-11. al — antennular nerve. a2 — antennal nerve. dbs — dorsal fiber bundle of the stomatogastric nervous system. dc — deutocerebrum. dts — deuto-
tritocerebral somata assemblage. i-vii — divisions i-vii of the protocerebral somata assemblage. Ibc — labral commissure. ol — olfactory lobe. s1-13 — SL-ir somata 1-13. sd1-4 — SL-ir
domains 1-4. pc — protocerebrum. pec — post-esophageal commissures. prec — pre-esophageal commissure. prs — protocerebral somata assemblage. tc — tritocerebrum.

connecting the protocerebrum (pc) to the deutocerebrum. Note the distinct SL-ir domain (sd4) around the root of the labral commissure (Ibc). C: Imaris surpass view. Dorsal view on
the region posterior to the protocerebrum. The SL-ir dorsomedian fiber bundle (dbs) of the stomatogastric nervous system runs along the dorsal side of the gut (gut) and
successively sends off several weakly SL-ir bundles (arrowheads) laterally. Arrows show an SL-ir lateral fiber bundle of unclear origin. D,E: Imaris surpass view. D: Overall pattern of
RFLI in the protocerebrum. Note that the cuticular gland-like structures (cg) are larger than any RFL-ir somata (prs). E: RFLI is present in all divisions of the protocerebral somata
assemblage (prs) with the exception of division iv. F,G: Imaris extended section view. F shows a more dorsal horizontal section and G a more ventral horizontal section through the
protocerebrum. Four different RFL-ir domains (rd1-4) are shown in the protocerebrum: the unpaired domain (rd1) and the lateral domain (rd2) are most prominent. Arrows show
the fiber bundle connecting an RFL-ir convergence region in the lateral protocerebrum (arrowhead) to the RFL-ir domain (rd4). Double arrowheads indicate the course of RFL-ir
longitudinal fiber bundles in the deutocerebrum. Yellow arrowheads indicate the course of an RFL-ir lateral fiber bundle with unclear origin. Abbreviations: al — antennular
nerve. a2 — antennal nerve. cg — cuticular gland-like structures. cs — cephalic shield. dbs — dorsal fiber bundle of the stomatogastric nervous system. dc — deutocerebrum. eso —
esophagus. gut — gut. i-vii — divisions i-vii of the protocerebral somata assemblage. Ibc — root of the labral commissure. ol — olfactory lobe. pc — protocerebrum. pec — position of
non-SL-ir post-esophageal commissures. prec — pre-esophageal commissure. prs — protocerebral somata assemblage. r1-11 — RFL-ir somata 1-11. rd1-4 — RFL-ir domain 1-4. s6-11
— SL-ir somata 6-11. sg —subesophageal ganglion. sd4 — SL-ir domain 4. tc — tritocerebrum. ttnv — tritocerebral tegumentary nerve. Scale bars: A,B,D—G: 100 um. C: 50 pm.
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Fig. 8. RFamide-like immunoreactivity in multi-lobed complex, deutocerebrum, and tritocerebrum. Confocal laser scans of whole mounts (A,G—I) and transverse vibratome sections
(B—F). A: Imaris extended section view. Dorsal view on the multi-lobed complex in which only neuropil 5 shows moderate RFLI and neuropil 11 shows very weak RFLI (compare to
non-RFL-ir neuropils 4 and 6). B—D: Imaris surpass view. B-D are a series of transverse vibratome sections reaching from the deutocerebrum (B) through the tritocerebrum (C) to the
post-tritocerebral connectives (D). A considerable number of RFL-ir somata are distributed (B: r11) around the deutocerebral neuropil (dc) and (C: r14) around the root of the RFL-ir
labral commissure (Ibc). D: RFL-ir processes continue posteriorly through the post-tritocerebral connectives (rocket). E,F: Imaris extended section view. E shows a transverse and F
a horizontal section through the olfactory lobe (ol). Only six vertical stacks (yellow asterisks) of each olfactory lobe show RFLI, whereas the seventh stack (red asterisk) does not. The
olfactory glomeruli in the six stacks show RFLI only in their central half (yellow arrows) but not in their peripheral half (red arrows). The blue arrowhead points at small-diameter
somata in the deuto-tritocerebral somata assemblage. G: Imaris extended section view. Dorsal view on deutocerebrum and tritocerebrum. Double arrowheads show one out of
several longitudinal RFL-ir fiber bundles which proceed from the protocerebral into the deutocerebral neuropil. H: Imaris surpass view. Ventral view on the proximal segment of the
antennule, from where RFL-ir soma (r10) sends one neurite distally (double arrowhead) and one neurite proximally (arrow). I: Imaris surpass view. Dorsal view on the region
posterior to the protocerebrum showing several RFL-ir somata (r15) associated with the weakly RFL-ir dorsomedian fiber bundle of the stomatogastric nervous system (dbs). Yellow
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(Figs. 6A,B, 7). Then it loops laterally, to finally extend posteriorly
(Figs. 6A, 7). As in the deutocerebral neuropil, a few diffuse SL-ir
domains are associated with the SL-ir longitudinal processes (tc,
Figs. 6A,B, 7). In each side of the tritocerebrum, a dense SL-ir
domain (sd4) is situated at the root of the SL-ir labral commis-
sure (Ibc, Figs. 5F, 6A,B, 7). The dorsal fiber bundle of the stoma-
togastric nervous system (dbs, Figs. 5F, 7) shows weak SLI. As it
extends along the gut (gut), it gives rise to other weakly SL-ir
processes that run laterally (indicated by arrowheads in Fig. 6C).
On each side, an SL-ir fiber bundle of undetermined origin is situ-
ated lateral to the gut and runs posteriorly into the trunk (arrows,
Fig. 6C). The post-esophageal commissures show no SLI (Fig. 6A).

3.5.2. RFamide-like immunoreactivity

While the present study identified RFLI in the protocerebrum,
there are only sparse data for the deutocerebrum and tritocere-
brum. A few RFL-ir cuticular gland-like structures (cg) are attached
to the interior side of the dorsal cephalic shield, fairly distant from
the protocerebrum (pc, Fig. 6D). Their size clearly exceeds that of
any somata in the brain. At least one of these structures is con-
nected to the tegumentary nerve of the deutocerebrum.

3.5.2.1. RFLI in the protocerebrum. Each side, about a hundred RFL-
ir neurons (r1-9) are distributed over partitions i-iii and v-vii of the
protocerebral somata assemblage (prs, Fig. 6D,E). In comparison,
there are no RFL-ir somata among globuli cell somata (iv, v, Fig. 6E).
RFL-ir somata (r1-9) send neurites into the protocerebral neuropil,
which contains a dense network of RFL-ir processes (pc, Fig. 6E,G).
This network includes one unpaired RFL-ir domain (rd1) and three
pairs of RFL-ir domains (rd2-4; Fig. 6E—G). The unpaired RFL-ir
domain (rd1) is situated at the center of the protocerebral neuro-
pil, directly ventral to the multi-lobed complex neuropils 1 and 11
(Fig. 6F,G), where it is intersected by a non-RFL-ir part of the
anteroventral fiber bundle. Another unpaired RFL-ir domain (rd5,
Fig. 8G) is situated in the transitional zone between the proto-
cerebral and deutocerebral neuropil, posterior to the RFL-ir domain
(rd4). It is traversed both by the olfactory globulary tract and by the
unpaired anteroventral fiber bundle. The latter has only a few RFL-ir
processes at this level and shows no RFLI anteriorly. All the RFL-ir
domains (rd1-5) are located in the more diffuse part of the proto-
cerebrum, ventral to the multi-lobed complex. Within the multi-
lobed complex, moderate RFLI is present in neuropil 5 and weakly
in neuropils 1 and 11 (Fig. 8A). Connections between the multi-
lobed complex and the surrounding RFL-ir processes could not be
identified. The posterodorsal neuropil cluster and the olfactory
globulary tract are not RFL-ir. An RFL-ir longitudinal lateral fiber
bundle (yellow arrowheads) arises from within the ventral region
of partition vi to project posteriorly into the trunk (Figs. 6FG, 8I)
where it runs parallel to the gut.

3.5.2.2. RFLlin the deutocerebrum. A considerable number of RFL-ir
somata (r10-12) are distributed over the deutocerebrum. A unique
bipolar soma (r10) is situated in the proximal segment of each
antennule and sends one neurite distally into the appendage and
another neurite proximally to an unidentified destination
(Fig. 8G,H). Most RFL-ir somata (r11) are situated dorsal, lateral, and
medial to the non-glomerular deutocerebral neuropil (dc) as well as
anterior and medial to the olfactory lobe (ol, Fig. 8B). A few, more
strongly RFL-ir somata (r12) are situated anteromedially in the

olfactory lobe (ol, Fig. 8E). Several weakly stained RFL-ir longitu-
dinal fibers from RFL-ir domains (rd4, rd5) project posteriorly
through the deutocerebrum (dc) into the tritocerebrum (tc) and
further into more posterior ganglia (indicated by double arrow-
heads in Figs. 6G and 8G). The olfactory lobe shows RFL-ir only in
six stacks (yellow asterisks), but not in the seventh larger stack (red
asterisk, Fig. 8E,F). Olfactory glomeruli within the six even-sized
stacks are RFL-ir only in their centrally oriented (yellow arrows),
but not in their peripherally oriented half (red arrows, Fig. 8E,F).
Neither the pre-esophageal commissure (prec, Fig. 8G) nor the
olfactory globular tract is RFL-ir.

3.5.2.3. RFLI in the tritocerebrum. Several RFL-ir somata (r13-15)
are distributed over the tritocerebrum. On each side of the brain,
two somata (r13) — one large and one small — are situated in the
deuto-tritocerebral somata assemblage, dorsal to the tritocerebral
neuropil (Fig. 8I). Most RFL-ir somata (r14) are situated directly
ventral to the root of the antennal nerve (a2) as well as along the
labral commissure (Ibc, Fig. 8C). Three unpaired RFL-ir somata (r15)
are associated with the dorsal fiber bundle (dbs) of the stomato-
gastric nervous system (Fig. 81). The labral commissure (Ibc, Fig. 8C)
and the dorsal (dbs) and dorsolateral fiber bundle (dlbs) of the
stomatogastric nervous system are RFL-ir (Fig. 8B,I) whereas the
post-esophageal commissures are not.

3.5.3. Histamine-like immunoreactivity

Like data on RFLI, our results are incomplete for HLI in the
deutocerebrum and tritocerebrum, because the labrum hindered
staining and scanning. Furthermore, due to the restricted avail-
ability of adults fixed for histamine-like staining, our results on HLI
in the brain of H. macracantha are mainly based on larval whole
mounts (larval stages ‘nauplius 1—3’ sensu Sanders, 1963).

3.5.3.1. HLI in the protocerebrum. About a dozen HL-ir somata
(h1-h6) are distributed over each side of the protocerebrum. One
(h1) is anteromedial, six (h2) are anterolateral, and about five
others (h3-6) are situated posteriorly in the protocerebral somata
assemblage. The largest and most strongly HL-ir soma (h4) sends its
neurite ventrally into the deutocerebral neuropil (dc, Fig. 9A—D,H).
The other HL-ir somata (h1-3, h5-6) send their neurites into the
protocerebral neuropil, to contribute to a loose network of HL-ir
processes and altogether four somewhat diffuse HL-ir domains
(hd1-3). The HL-ir domain (hd1) lies anterolateral on each side of
the brain, whereas both the median HL-ir domain (hd2) and the
more posterior HL-ir domain (hd3) are unpaired (Fig. 9B). Domain
(hd1) is connected medially to HL-ir domain (hd2) via one HL-ir
fiber bundle (arrowheads; Fig. 9B). An unpaired HL-ir fiber
bundle (arrows) extends ventrally into the deutocerebral neuropil
from domain (hd2, Fig. 9A—D). It is not known whether this belongs
to the anteroventral fiber bundle, because acetylated a-tubulin is
only weakly labeled in the few carbodiimid-fixed specimens. The
HL-ir domain (hd3, Fig. 9B) is divided into several small sub-
domains (Fig. 9B,H). Neither the olfactory globular tract (ogt) nor
any of the neuropils in the multi-lobed complex (asterisks) are
HL-ir (Fig. 9D).

3.5.3.2. HLI in the deutocerebrum. An extensive dorsolateral region
within the deuto-tritocerebral somata assemblage (dts, h7) shows
weak HLI (Fig. 9E,H,I). However, this may be artefactual, because

arrowheads indicate the course of the RFL-ir lateral fiber bundle. Abbreviations: 4-11 — neuropils 4-11 of the multi-lobed complex. al — antennular nerve. a2 — antennal nerve.
antl — antennule. dbs — dorsomedian fiber bundle of the stomatogastric nervous system. dc — deutocerebral neuropil. dlbs — dorsolateral fiber bundle of the stomatogastric
nervous system. dts — deuto-tritocerebral somata assemblage. eso — esophagus. gut — gut. Ib — labrum. Ibc — labral commissure. md — mandible. ol — olfactory lobe. prec — pre-
esophageal commissure. r9-15 — RFL-ir somata 9-15. rd5 — RFL-ir domain 5. tc — tritocerebral neuropil. Scale bars: 50 pm.
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unlike other HL-ir somata the labeled epitope is not concentrated
within the somata, but is spread amongst them. Borders between
single somata are not distinguished by the HL-ir signal (compare h7
to the distinct signal from h4-6, Fig. 9E). A fiber bundle, indicated by
double arrowheads in Fig. 9E, projects ventromedially from this
dorsolateral region of somata (h7) into a strongly HL-ir thick fiber
bundle (arrowheads). About five additional HL-ir somata (h8) were
found anteromedially in each olfactory lobe (ol, Fig. 9E,G). The HL-ir
pattern in the thick bundle (arrowheads) that enters dorsally into
each olfactory lobe (ol) is HL-ir (Fig. 9E,F]), suggesting that both HL-
ir and non-HL-ir fibers interweave in a plait-like manner. HLI ends
abruptly in the more dorsal part of the bundle (arrowheads:
Fig. 9E). Ventrally, the bundle (arrowheads) splits up into seven HL-
ir branches, each of which runs into one of the vertical stacks of the
olfactory lobe (ol, Fig. 9E—G). HLI is strongest in the middle of each
olfactory glomerulus (yellow arrows), weaker in the peripherally
oriented part and absent in the centrally oriented part (red arrows,
Fig. 9G. In contrast to SLI and RFLI, which are absent in the seventh
anteromedial stack, the HL-ir pattern described here occurs in all
the stacks. Several longitudinal HL-ir fibers extend through the
deutocerebral (dc) into the tritocerebral neuropil (tc) and, from
there to more posterior ganglia (Fig. 9A,H,I).

3.5.3.3. HLI in the tritocerebrum. Two pairs of HL-ir somata (h9) are
situated in the posterolateral labrum (Fig. 9A,F,G).

4. Discussion

This discussion focuses on structures central to debates about
the phylogeny and evolution of neuroanatomical features of
Arthropoda. These include unpaired midline neuropils and immu-
noreactive domains (e.g., reviewed by Loesel et al., 2002; Harzsch,
2006, 2007; Homberg, 2008), as well as the olfactory system
comprising the olfactory lobes (Schachtner et al., 2005), the olfac-
tory globular tracts, and second order olfactory centers such as the
hemiellipsoid bodies (Fanenbruck and Harzsch, 2005), mushroom
bodies (Strausfeld et al., 2009; Loesel and Heuer, 2010) and, in
H. macracantha, the multi-lobed complex. Here, the respective
neuroanatomical structures and immunoreactive patterns in
H. macracantha will first be compared with the neuroanatomy of
other arthropods. Next, these aspects are discussed in an evolu-
tionary context. Because of unresolved phylogenetic relationships
within Tetraconata, we have not plotted neuroanatomical charac-
ters onto divergent cladograms. The lack of optic neuropils in H.
macracantha has been discussed extensively by Elofsson and
Hessler (1990) and will not be discussed here.

4.1. Unpaired midline neuropils
Strausfeld et al. (2006a) suggested an elongate, horizontally

oriented, unpaired midline neuropil in the protocerebrum to be part
of the ground pattern of Arthropoda, which evolved independently

into different structures. These are: the arcuate body, an unpaired
midline neuropil described in Chelicerata, and Onychophora
(Strausfeld, 1998; Loesel, 2004; Strausfeld et al., 2006a,b), and the
central complex (reviewed by Homberg, 2008), a cluster of neuropils
(i.e., central body, protocerebral bridge, paired lateral accessory
lobes) and tracts described in Malacostraca (Utting et al., 2000;
Harzsch and Hansson, 2008), Insecta (Williams, 1975; Loesel et al.,
2002), certain Branchiopoda (Harzsch and Glotzner, 2002; Kirsch
and Richter, 2007), and Remipedia (Fanenbruck et al., 2004). The
single unpaired midline neuropil found in Chilopoda (Loesel et al.,
2002) shows more correspondences to the central body in Insecta
than to the arcuate body in Onychophora and Chelicerata (see also
Strausfeld et al., 2006a; Homberg, 2008).

Neither the unpaired midline neuropils described by Elofsson
and Hessler (1990: i.e., neuropils 1 and 2) nor those described in
this study (i.e., neuropil 11 and the median neuropil of the post-
erodorsal neuropil cluster) resemble the arcuate body or neuropils
of the central complex. Unpaired midline neuropils in the proto-
cerebrum are also completely missing in Mystacocarida (Brenneis
and Richter, 2010). The description of a bulbous “central body” in
certain Copepoda and Ostracoda (Aramant and Elofsson, 1976) does
not suffice for a comparison with other taxa.

Even though H. macracantha lacks the distinctive neuropils of
a central complex, the unpaired immunoreactive domain (sd1) can be
related to the central body in other taxa. Because we could not test
whether the stained epitopes in H. macracantha are homologous
across compared taxa, our suggestions regarding homology of
immunoreactive patterns across taxa must be viewed as preliminary.
Like the SL-ir central body in Malacostraca (Sandeman et al., 1988;
Utting et al, 2000; Harzsch and Hansson, 2008) and Insecta
(Homberg, 1991), the SL-ir domain (sd1) in H. macracantha occupies
a central position within the protocerebral neuropil. Another inter-
esting correspondence is that the decussating neurites (s1) that enter
this midline SL-ir domain are reminiscent of a decussation described
for Insecta. There, neurites of columnar neurons run from their asso-
ciated somata across the midline to the other side of the brain before
they enter the central body (Williams, 1975; Williams and Boyan,
2008). Similar decussations of neurites were described in the
arcuate body of Chelicerata (Loesel, 2004), and are suggested in the
unpaired midline neuropil of Chilopoda by Loesel’s et al. (2002) Fig. 2B,
although the latter authors state that the dorsal protocerebrum lacks
chiasmal axons. The small SL-ir domain in the protocerebrum of
Mystacocarida corresponds to the SL-ir domain (sd1) in H. macr-
acantha with respect to its size and position, but receives uncrossed
neurites from its SL-ir anterior somata (Brenneis and Richter, 2010).

None of the other three unpaired immunoreactive domains (rd1,
hd2, hd3) in H. macracantha correspond to neuropils of the central
complex.

4.1.1. Evolutionary interpretations
If we base our assumptions on Harzsch’s (2006) hypothesis that
a central complex (central body, protocerebral bridge and paired

Fig. 9. Histamine-like immunoreactivity in the brain. A—J: Confocal laser scans in adult vibratome sections (A,E) and larval whole mounts (B-D,F-I). A: Sagittal vibratome section. An
unpaired process (arrows) runs from the HL-ir domain (hd2) into the deutocerebrum (dc). From there (dc), a few HL-ir longitudinal fibers run posteriorly through the tritocerebrum
(not shown) into the subesophageal ganglion (sg). B—D: HL-ir neurons (h4) and (h5) artificially highlighted using the Imaris contour surface tool. HL-ir domain (hd2) is connected to
the deutocerebrum via an HL-ir process (arrows). B: Imaris surpass view. Dorsal view of the HL-ir pattern in the protocerebral neuropil. HL-ir domains (hd1) and (hd2) are
interconnected via a pair of HL-ir fiber bundles (arrowheads). C: Imaris surpass view. Overall dorsal view on the protocerebrum showing all HL-ir somata (h1-6) in the protocerebral
somata assemblage. D: Imaris extended section view. Dorsal view of only a slim virtual horizontal section through the middle of the protocerebrum. Neuropils of the multi-lobed
complex (asterisks) lack HLI. E: Transverse vibratome section through the labrum. Imaris extended section view. The thick fiber bundle (arrowheads) shows HLI only in its ventral
section. A thin non-HL-ir bundle (indicated by double arrowheads) connects the thick bundle (arrowhead) to the weakly HL-ir somata (h7). F,G: Imaris extended section view.
Sagittal (F) and horizontal (G) virtual section through the labrum showing HLI in the vertical stacks of the olfactory lobe (ol). F: Arrowhead shows the thick fiber bundle. G: The
yellow arrows point at the strongly HL-ir middle of two vertical stacks of olfactory glomeruli, while the red arrows point at the part directed towards the center which shows no HLI.
H,I: Imaris extended section view. H: Horizontal virtual section through deutocerebrum (dc) and tritocerebrum (tc). I: Transverse virtual section through deutocerebrum (dc) with
olfactory lobe (ol). Arrowheads show the thick fiber bundle. Abbreviations: ant2 — antenna. cs — cephalic shield. dc — deutocerebrum. dts — deuto-tritocerebral somata assemblage.
gut — gut. h1-9 — HL-ir somata 1-9. hd1-3 — HL-ir domain 1-3. Ib — labrum. It — lateral tract of the multi-lobed complex. ogt — olfactory globular tract. ol — olfactory lobe. pc —
protocerebrum. pdu — pedunculus. sg — subesophageal ganglion. tc — tritocerebrum. Scale bars: A: 100 pum. B—I: 50 pm.
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accessory lobes) is part of the tetraconate ground pattern, then the
absence of comparable neuropils in Cephalocarida must be due to
areduction and loss. We suggest that both the SL-ir domain (sd1) in
Cephalocarida and the SL-ir domain in Mystacocarida constitute
rudiments of an SL-ir central body precursor in the tetraconate
stem species. With respect to unresolved phylogenetic relation-
ships across Tetraconata, however, we leave the question open
whether originally also a protocerebral bridge was present in the
ancestors of these two taxa. Also the decussation of neurites from
somata (s1) in H. macracantha may be a plesiomorphy with respect
to the ground pattern of Tetraconata. As convincingly demon-
strated by Strauss (2002) and Bender et al. (2010), all the evidence
points to the central complex having a cardinal role in controlling
motor actions, irrespective whether this is in response to visual
(Triphan et al., 2010) or to tactile stimuli (Harley and Ritzmann,
2010). The comparably simple, metachronic movement of
homonomous appendages in H. macracantha (see Sanders, 1963)
suggests why Cephalocarida do not require unpaired midline
neuropils for coordination of complex multijoint movements.

4.2. The multi-lobed complex

Elofsson and Hessler (1990) described neuropils 1-9 of the
multi-lobed complex in H. macracantha as “a number of paired and
unpaired lobular structures, visibly connected by tracts” and
termed them ‘mushroom bodies 1-9’. Based on TEM, Elofsson
and Hessler (1990) reported that neuropils 1-9 are “areas of
synaptic contact between neurons”, while their borders are covered
by a “thin glial envelope”, which supports the hypothesis that the
multi-lobed complex is a functional unit. Also, Elofsson and Hessler
(1990) described neuropil 10 as an “unstructured neuropil” which
is pervaded by a lateral tract originating from neuropil 7 and ending
near a spherical clump of “Kenyon cells”. The authors discovered
“striations” in the distal part of the lateral tract and interpreted
them as being rather due to membrane thickenings of an axon-glial
connection than due to synapses. In contrast, our data reveal that
both the lateral tract and the pedunculus are associated with
neuropil 10, implying that fibers of the lateral tract and the
pedunculus form synapses there. Other than this one disagree-
ment, our study confirms Elofsson’s and Hessler’s (1990) descrip-
tion of neuropils 1-10 and the lateral tract, and adds two additional
structures: neuropil 11 and the pedunculus. The last is crucial to an
understanding of the spatial relationships and interconnections of
the multi-lobed complex.

Here, Fig. 10 will serve as a reference throughout this part of the
discussion. Like H. macracantha, many arthropods have neuropils in
the protocerebrum connected to first order olfactory neuropils in
the deutocerebrum. Such protocerebral neuropils include the
hemiellipsoid bodies in Remipedia and Malacostraca, the mush-
room bodies and lateral horn in Insecta (i.e., ectognath Hexapoda,
comprising Archaeognatha, Zygentoma, and Pterygota), and the
mushroom bodies in Lithobius (Chilopoda), which are compared to
the multi-lobed complex below. Mushroom bodies have also been
described in Onychophora (Schiirmann, 1987; Strausfeld et al.,
20064a,b), Chelicerata (e.g., Holmgren, 1916; Babu, 1985; Strausfeld
and Barth, 1993; Fahrenbach, 1977, 1979), other Chilopoda (see
below), and even in polychaetes (Holmgren, 1916; Heuer et al.,
2010).

4.2.1. Comparison with the hemiellipsoid bodies (see Fig. 10A,B)

A pair of neuropils termed hemiellipsoid bodies occurs in the
lateral protocerebrum of Remipedia (Fanenbruck et al., 2004) and
Malacostraca (e.g., Hanstrom, 1928; Sullivan and Beltz, 2004).
Fanenbruck and Harzsch (2005: p. 359) suggested that “parts of the
cephalocaridan multi-lobed complex are equivalent to the terminal

medulla with the hemiellipsoid bodies”. The term ‘terminal
medulla’ comprises all neuropils in the lateral protocerebrum other
than the hemiellipsoid bodies (e.g., Hanstrom, 1947; Sullivan and
Beltz, 2001a). Especially in Remipedia, the hemiellipsoid bodies
show indeed certain correspondences to the multi-lobed complex
neuropil 10. Both share an overall spherical shape and stand out
from the surrounding nervous tissue by a comparably dense and
overall unstructured neuropil whose processes show no overall
parallel arrangement (Fanenbruck et al, 2004: “fine, dense
texture”), as does, for example, the pedunculus in H. macracantha.
In contrast, the hemiellipsoid bodies in Stomatopoda (Sullivan and
Beltz, 2004) and Decapoda are organized into several layers (e.g.,
Harzsch and Hansson, 2008; Krieger et al., 2010). Since hemi-
ellipsoid bodies in other Malacostraca such as Anaspidacea,
Euphausiacea, Mysidacea are apparently more simply organized
(Hanstrom, 1928, 1947), the malacostracan ground pattern cannot
be reconstructed. In addition, Sullivan and Beltz (2001a,b, 2004)
pointed out that the protocerebral part of the olfactory globular
tract in Stomatopoda and Decapoda is not exclusively associated
with the hemiellipsoid body, like the tract in Remipedia, but
additionally with the terminal medulla. Yet only the hemiellipsoid
body, but not the terminal medulla is associated with globuli cell
somata as is neuropil 10 in H. macracantha. Thus, while we are well
aware of the structural variations across Malacostraca, we suggest
homology of neuropil 10 with the hemiellipsoid bodies in Remi-
pedia and Malacostraca.

4.2.2. Comparison with the mushroom body and the lateral horn in
Insecta (see Fig. 10A,C)

The protocerebrum of dicondylic Hexapoda contains a pair of
mushroom bodies (Farris and Sinakevitch, 2003; Farris, 2005b;
Strausfeld et al., 2009). Each mushroom body is composed of
a group of globuli cell somata (referred to as Kenyon cells) and,
usually, an adjacent neuropil, which is divided into one or two
calyces, a pedunculus, and two or more lobes (Farris and
Sinakevitch, 2003). In some Dicondylia (Zygentoma + Pterygota),
the calyces are overall spherical, as is neuropil 10 in H. macracantha,
in others they are cap-like or cup-like. The parallel arrangement of
fibers in the pedunculus of Dicondylia corresponds to the parallel
organization of fibers in the pedunculus of H. macracantha. The
number and arrangement of lobes along the pedunculus varies
within Dicondylia (Farris, 2005b; Strausfeld et al., 2009). The
closest similarity with the pedunculus in H. macracantha is in the
Lepismatidae (Zygentoma), Heteroptera and Ephemeroptera, in
which the pedunculus gives rise to several globe-like neuropils,
which have been termed ‘trauben’ (e.g., Hanstrém, 1940; Pohl,
1958; Farris, 2005a; Strausfeld et al., 2009). Their grape-like
arrangement is clearly reminiscent of the successive arrangement
of neuropils 4, 5, and 6 along the pedunculus in H. macracantha.
Unpaired median neuropils which might interconnect the pedun-
culi of both body sides, similarly to neuropil 1, 2, and 11 in
H. macracantha, were not identified in Dicondylia, although trauben
from both body sides closely touch in the midline and have been
described as being connected by at least two commissures
(Hanstrom, 1940; Pohl, 1958). The absence of mushroom bodies in
Archaeognatha remains enigmatic both from a functional and
evolutionary point of view. Their presence in entognathous Hex-
apoda needs further validation, although some indications for
mushroom bodies exist in Diplura (Hanstrom, 1940) and Collem-
bola (Kollmann et al., 2011).

The ‘lateral horn’ is situated separately from the calyx in the
lateral protocerebrum of Insecta (Strausfeld, 1976). Fanenbruck and
Harzsch (2005) homologized the lateral horn with the hemi-
ellipsoid bodies in Remipedia and Malacostraca, because both are
associated via tracts with the deutocerebral antennal lobes. Despite
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Fig. 10. Schematic overview of neuropils in the protocerebrum associated to the olfactory or antennal lobe in different arthropods. A: Multi-lobed complex in Cephalocarida. B:
Hemiellipsoid bodies in Remipedia (based on Fanenbruck and Harzsch, 2005) and Malacostraca (based on Sandeman et al., 1992). C: Mushroom bodies in Lepismatidae (Hexapoda)
with trauben-bearing pedunculus, based on Strausfeld et al. (2009). D: Mushroom bodies in Lithobiomorpha (Chilopoda), based on Holmgren (1916) and Strausfeld et al. (1995).
Abbreviations: 1-10 — multi-lobed complex neuropils 1-10. act — antennocerebral tract(s). ca — calyx. gb — globuli cell somata. he — hemiellipsoid body. Ibb — lobed body. Ih —
lateral horn. It — lateral tract. mdn — median neuropil. ogt — olfactory globular tract. pdu — pedunculus. sln — small lateral neuropil. trau — trauben.

this correspondence, the lateral horn is not associated with globuli
cell somata (NJ. Strausfeld, personal communication) and thus
might not correspond to neuropil 10 in H. macracantha.

4.2.3. Comparison to the mushroom bodies in Lithobius (Chilopoda;
see Fig. 10A,D)

A similar arrangement of neuropils and tracts was described in
the protocerebrum of Lithobius (species name not given), based on
Golgi and methylene-blue staining (Holmgren, 1916: “Das Glob-
ulussystem”, pp. 183—185), composed of globuli cell somata, an
associated neuropil, a pedunculus giving rise to several spherical
neuropils, a small medial neuropil and an unpaired median neu-
ropil. Although the last-mentioned unpaired median neuropil is
missing in Insecta, we refer to the mentioned arrangement in
Lithobius as mushroom bodies, following later authors (Hanstrom,
1928: “corpora pedunculata”, Strausfeld et al., 1995). Like in H.
macracantha, the pedunculus is a thick bundle of parallel fibers
originating from the globuli cell somata and is oriented horizontally
(Holmgren, 1916). Laterally, the pedunculus is associated with
a neuropil that lies directly underneath the globuli cell somata
(Holmgren, 1916; Strausfeld et al., 1995), a position that corre-
sponds to that of neuropil 10 in H. macracantha and the calyx of the
insect mushroom body. In Lithobius variegatus, this neuropil
receives three separate tracts from the deutocerebrum (Strausfeld

et al,, 1995). Medially, and mainly from its anterior and dorsal
side, the pedunculus in Lithobius gives rise to a number of spherical
neuropils that together constitute what Holmgren (1916) and
Hanstrom (1928) referred to as the lobed body (“lobierter Kérper”;
Strausfeld et al.,, 1995: “glomerulus-like outswellings”). This orga-
nization corresponds to that of the pedunculus and neuropils 4, 5,
and 6 in H. macracantha. As a difference from H. macracantha, both
the medialmost neuropil of the lobed body and the pedunculus are
connected with their respective counterparts on the other side of
the brain via commissures (Holmgren, 1916). Neuropils corre-
sponding to the unpaired midline neuropils 2 and 11 in H. macra-
cantha do not occur in Lithobius. A pair of horizontally oriented
pedunculi and median neuropils similar to those in H. macracantha
and Lithobius, but no lobed body, was also reported in Julus (Dip-
lopoda; Holmgren, 1916; Hanstrém, 1928), although these findings
certainly need validation using modern techniques.

4.2.4. Evolutionary interpretations

Here, we propose homology of neuropil 10 in H. macracantha
with the remipede and malacostracan hemiellipsoid bodies, and
with the calyces of dicondylic Hexapoda. As discussed above, these
correspondences are revealed by their protocerebral location as
well as by their supply by globuli cell somata and the olfactory
globular tract. We propose that the pedunculus in H. macracantha
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and Dicondylia is homologous, as are its offbranching neuropils
(neuropils 4—6, lobes, trauben, respectively), based on structural
correspondences. If Hexapoda, Cephalocarida, Malacostraca, and
Remipedia form a monophyletic clade with the latter two as sister-
groups (Harzsch, 2006: Fig. 6), its last common ancestor probably
had, on each side of the brain, a second order olfactory center
featuring a group of globuli cells, an adjacent neuropil which
received an olfactory globular tract from the olfactory lobe, and
a pedunculus with several offbranching neuropils. The compara-
tively simpler hemiellipsoid body in Remipedia and Malacostraca,
lacking a pedunculus with offbranching neuropils, would be apo-
morphic. The structural correspondences between the second
order olfactory center in Lithobius and H. macracantha (and, with
the exception of median neuropils, also in Insecta) suggest that
a myriapod/cephalocarid-like second order olfactory center with at
least one median neuropil might have been part of the ground
pattern of Mandibulata. This implies the loss of such complex
system in various crustaceans, the exact number of losses, however,
depend on the phylogenetic relationships (e.g., considering Regier
et al., 2010, four times, i.e., in Oligostraca, Branchiopoda, Cope-
poda and Thecostraca).

4.3. Olfactory globular tracts

4.3.1. Connectivity between proto- and deutocerebrum

Asingle olfactory globular tract on each side of the brain connects
the olfactory lobe to the multi-lobed complex in H. macracantha
(Elofsson and Hessler, 1990, this study) and to the hemiellipsoid
body in Malacostraca (Sandeman et al., 1992, 1993) and Remipedia
(Fanenbruck et al., 2004), respectively. Recently, a single ipsilateral
tract between deuto- and protocerebrum was also found in certain
Copepoda (Strausfeld and Andrews, 2011), Spinicaudata, Laevicau-
data, and Cyclestherida (M. Fritsch, personal communication). All
other studied crustacean taxa apparently lack an olfactory globular
tract (e.g., Harzsch and Gloétzner, 2002; Kirsch and Richter, 2007;
Brenneis and Richter, 2010; Hartline and Christie, 2010; Fritsch
and Richter, 2010). Also in three taxa of Insecta, namely in Archae-
ognatha (Strausfeld, 2009), Zygentoma, and Coleoptera (Strausfeld
et al,, 2009), a single tract on each side of the brain — here called
‘antennocerebral tract’ — connects the antennal lobe in the deuto-
cerebrum to the mushroom body (absent in Archaeognatha) and
lateral horn. A derived condition shown by many other Insecta is
three to five antennocerebral tracts (Schachtner et al, 2005;
Strausfeld, 2009; Galizia and Réssler, 2009). Only in Eumalacos-
traca (e.g., Tsvileneva and Titova, 1985; Sandeman and Scholtz,
1995), and Remipedia (Fanenbruck et al., 2004), the olfactory glob-
ular tracts from both body sides were reported to form a decussation
in the median protocerebrum, in which both ipsilateral and
contralateral axons of olfactory interneurons converge. Recent data
do not give a clear picture of the condition in Leptostraca: a decus-
sation was found in Nebalia cf. herbstii (M. Kenning and S. Harzsch,
personal communication), but not in Nebalia pugettensis (N.].
Strausfeld, personal communication). Whether a decussation was
present in the ground pattern of Malacostraca thus remains open. In
contrast, the respective tracts in H. macracantha (Elofsson and
Hessler, 1990, this study) and Insecta (Strausfeld, 2009) are ipsilat-
eral. The only comparable data in Myriapoda are given by Strausfeld
etal.(1995), who depicted three ipsilateral antennocerebral tracts in
L. variegatus (Chilopoda).

4.3.2. Evolutionary interpretations

The absence of a decussation in cephalocarids might support
Harzsch’s (2006: Fig. 6) hypothesis that Remipedia and Malacos-
traca are sister-groups with decussating olfactory globular tracts as
a synapomorphy, although the apparently conflicting evidence in

Leptostraca needs further study. The single ipsilateral olfactory
globular tract in Cephalocarida and Insecta thus represents the
plesiomorphic condition and might belong to the ground pattern of
Tetraconata. Although the exact number of tracts in the mandibu-
late ground pattern cannot be resolved, facing the three ipsilateral
tracts in Chilopoda, it is suggested that they were ipsilateral.

4.4. Olfactory lobes

4.4.1. Taxonomic distribution of olfactory glomeruli

An olfactory glomerulus sensu stricto is a small, spheroidal (Latin
glomerulus — ‘little ball’) neuropil, where the axons of olfactory
receptor neurons terminate and establish synapses with olfactory
interneurons. Here we use the term in a wider sense to include also
olfactory neuropils that are geometrically distinct from ball-shaped
elements. Olfactory glomeruli can be comprised in centers called
antennal or olfactory lobes but are not universal to those. Olfactory
glomeruli show a wide taxonomic distribution in taxa as diverse as
malacostracans, some orders of Insecta, some polychaetes (Heuer
and Loesel, 2009), Mollusca (Wertz et al., 2006), or Craniata
(Cajal, 1972). Strausfeld and Hildebrand (1999) suggested that
olfactory glomeruli may have evolved several times independently
within Bilateria. Here, the present comparison of olfactory
glomeruli in H. macracantha and other species focuses on taxa
whose olfactory lobes lie in the deutocerebrum; namely, Malacos-
traca (Schachtner et al., 2005), Remipedia (Fanenbruck et al., 2004),
Hexapoda (Hanstrom, 1940; Schachtner et al., 2005), Chilopoda
(Strausfeld et al., 1995; Sombke et al., 2010) and Diplopoda (Duy-
Jacquemin and Arnold, 1991). Hanstréom's (e.g., 1928, 1931)
descriptions of olfactory glomeruli in the deutocerebrum of Anos-
traca, Ostracoda, Copepoda, and Cirripedia have been questioned in
more recent accounts (reviewed by Schachtner et al., 2005).

4.4.2. Shape and arrangement of olfactory glomeruli

Based on TEM and LM, Elofsson and Hessler (1990) found the
vertical stacks of the olfactory lobe in H. macracantha compart-
mentalized into “horizontal layers” by glial cells, but they did not
comment on the exact shape of single olfactory glomeruli within
the stacks. Although the round shape of the vertical stacks in
horizontal sections suggests that the comprised olfactory glomeruli
are discoid, transverse sections and our data on RFLI rather indicate
an elongate shape. Since none of the antibodies used here stained
the olfactory glomeruli completely, our conclusions on their shape
remain preliminary. In any case, they are certainly not spheroidal as
the olfactory glomeruli described in non-decapod Malacostraca
(Hanstrom, 1928, 1929, 1931, 1947; Derby et al., 2003; Johansson
and Hallberg, 1992; Harzsch et al,, 2011), Remipedia (Fanenbruck
et al., 2004), Diplopoda (Duy-Jacquemin and Arnold, 1991), and
several hexapod taxa including Diplura, Zygentoma (Hanstrom,
1940), some Orthoptera (Ignell et al., 2001), Dictyoptera, Hyme-
noptera (Schachtner et al., 2005), and Lepidoptera (Sadek et al.,
2002). Neither do they resemble the elongate, wedge-like
glomeruli in decapod olfactory lobes (Schmidt and Ache, 1992;
Harzsch and Hansson, 2008) nor the elongate, sausage-like olfac-
tory glomeruli in Chilopoda, which extend through the whole
antennal lobe (Sombke et al., 2010: ‘olfactory neuropils’).

4.4.3. Immunoreactive interneurons in the olfactory lobe

Given the borders of the vertical stacks in H. macracantha by
nuclear stains or autofluorescence, it was possible to determine
whether immunoreactivity was shown in the inner or outer part of
the olfactory glomeruli (with respect to the olfactory lobe). The
immunoreactive patterns described in the Results, and in other
crustaceans and insects, suggest that olfactory glomeruli of
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H. macracantha, Malacostraca, Remipedia, and Insecta are inner-
vated by corresponding interneurons.

In H. macracantha, SL-ir fibers that extend through the olfactory
lobe belong to two local interneurons (s8), whose somata lie in the
dorsal deutocerebrum on each side of the brain. These correspond
well to the two SL-ir dorsal giant neurons in crayfish (Malacostraca
Decapoda: Orconectes virilis, Cherax destructor), which occupy
a similar position in the dorsal deutocerebrum and send ipsilateral
neurites both into the olfactory lobe and accessory lobe (Sandeman
and Sandeman, 1987; Sandeman et al., 1995a,b; see also Schachtner
et al,, 2005). Other Decapoda feature one SL-ir dorsal giant neuron
on each side of the brain (Beltz et al., 1990; Benton and Beltz, 2001:
lobsters; Schmidt and Ache, 1997: spiny lobsters). Also, the deuto-
cerebrum in Remipedia features several SL-ir somata that send
their neurites into the olfactory lobe (T. Stemme et al., personal
communication). Only a single SL-ir neuron is present in the deu-
tocerebrum of Insecta, whose soma is situated within the antennal
lobe and sends fibers not only into the antennal lobe but, in contrast
to the above-mentioned crustaceans, also into the protocerebrum
(Kent et al., 1987; Ignell, 2001; Dacks et al., 2006). In contrast, SL-ir
interneurons are absent in taxa without olfactory lobes (Fritsch and
Richter, 2010: Branchiopoda, Hartline and Christie, 2010: Cope-
poda; Brenneis and Richter, 2010: Mystacocarida). Myriapoda have
not been studied in this respect.

Similarly to H. macracantha, RFLI in the wedge-like olfactory
glomeruli of the decapod olfactory lobe is absent in the peripheral
‘cap’, but concentrated in the inner ‘base’ and ‘subcap’ region
(Schachtner et al., 2005; Harzsch and Hansson, 2008), the latter of
which is innervated by local interneurons (Schmidt and Ache,
1997). Also, olfactory glomeruli in Insecta are innervated by RFL-
ir local interneurons as well as by RFL-ir fibers originating from
somata in other brain regions (Homberg, 2002; Schachtner et al.,
2005). Although neurites from RFL-ir somata (r11) and (r12) in
H. macracantha could not be traced, the location of some somata
around the olfactory lobe suggests that they belong to local inter-
neurons that innervate olfactory glomeruli. In contrast, the few
RFL-ir fibers in the antennal lobe of Chilopoda rather surround the
olfactory glomeruli diffusely, but do not appear to invade those
(Sombke et al., 2010).

Their position suggests that also the deutocerebral HL-ir somata
(h7) and (h8) in H. macracantha belong to HL-ir local interneurons
like those innervating the olfactory glomeruli in Decapoda and
some Insecta (Wachowiak and Ache, 1997, 1998; reviewed by
Schachtner et al., 2005). In some Insecta, olfactory glomeruli also
receive HL-ir processes from HL-ir somata outside of the deuto-
cerebrum (Homberg and Miiller, 1999).

4.4.4. Evolutionary interpretations

Although the shape and arrangement of olfactory glomeruli in
Cephalocarida is unique, correspondences of their immunoreactive
pattern to that in Insecta, Malacostraca, and Remipedia add support
to Schachtner’s et al. (2005) hypothesis that olfactory glomeruli are
homologous across Tetraconata. Harzsch’s (2006) proposal that the
four taxa form a monophyletic clade with “local interneurons
including serotonergic giant neurons” as an apomorphy would be
supported by our finding of SL-ir local interneurons (s8) in
H. macracantha and could well be extended to RFL-ir and HL-ir
interneurons. However, Harzsch (2006) based his proposal on the
hypothesis that the olfactory system is a synapomorphy of Cepha-
locarida, Remipedia, Malacostraca, and Hexapoda, a view that was
recently questioned in the light of new data on the olfactory
glomeruli in Chilopoda (Sombke et al., 2010). Given the debatable
descriptions of olfactory glomeruli in several other Crustacea
(Hanstrom, 1928, 1929, 1931) and Diplopoda (Duy-Jacquemin and
Arnold, 1991), it seems more reasonable to assume that

deutocerebral olfactory glomeruli were already present in the ur-
mandibulate (see also Sombke et al., 2010). Whether this ground
pattern includes SL-ir local interneurons cannot be reconstructed,
because respective studies on Myriapoda are lacking. Also the
original immunoreactive pattern in Crustacea that lost their olfac-
tory lobes secondarily remains unclear.

4.5. Conclusion

The occurrence of corresponding components of the olfactory
system (olfactory lobes linked by olfactory globular tracts to second
order olfactory centers in the protocerebrum) amongst Hexapoda,
Malacostraca, Remipedia, Cephalocarida as well as Chilopoda
suggests that the olfactory system as a whole constitutes one
functional unit that is part of the mandibulate ground pattern. The
correspondences of the second order olfactory centers in Cepha-
locarida, Chilopoda and Insecta suggest that the multi-lobed
complex widely conforms to this ground pattern. Differences, such
as the number of multi-lobed complex neuropils, or the arrange-
ment of olfactory glomeruli within the olfactory lobes, would be
evolutionarily derived. As a consequence, the reported lack of
a comparable olfactory system in many other Crustacea, and the
disparate morphology of second order olfactory centers within
Myriapoda, needs to be explained with secondary reduction or
modification. This conclusion, however, complicates any argu-
mentation on the phylogenetic position of Cephalocarida, because
the complex olfactory system cannot count anymore as an argu-
ment for a closer relationship of hexapods, cephalocarids, malac-
ostracans, and remipedes (as suggested by Harzsch, 2006), because
the exact original conditions in those crustaceans that secondarily
lost a complex olfactory system remain uncertain.

A central complex including a central body, a protocerebral
bridge, and a pair of lateral accessory lobes has been suggested for
the ground pattern of Tetraconata (Harzsch, 2006). Considering,
however, the unknown relationships within Tetraconata (and the
often suggested paraphyly of crustaceans), it might well be that
a central complex consisting of all elements evolved only within
Tetraconata, leaving the possibility open that in some crustacean
taxa originally only a central body precursor was present. This
might for example be true for H. macracantha, where the
sickle-shaped SL-ir domain (sd1) might represent a central body
rudiment, but no indications exist for the original presence of
a protocerebral bridge and lateral accessory lobes.
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14 The central complexin Crustacea

Abstract: The central complex is an intricate cluster of three interconnected neuropils
(i.e. the unpaired central body and protocerebral bridge, and the paired lateral acces-
sory lobes) situated in the brain of insects and crustaceans, which has been interpreted
as a synapomorphy of all Tetraconata. However, the neuropils have been reported to
be missing in several other crustacean taxa such as Cephalocarida and Mystacocarida,
allowing for the alternative hypothesis that the central complex is a synapomorphy of
only some tetraconate taxa. In order to better evaluate the disparity from a phylogenetic
perspective, our contribution is to establish a well-founded comparison of the central
complex across Crustacea, including its morphological structures as well as immuno-
reactive domains of neuro-active substances such as serotonin, RFamide, or histamine.
In extension of the glossary of neuroanatomical terms developed within the Deep
Metazoan Phylogeny framework, we define and clarify morphological terms related to
the central complex. On the basis of improved comparability, we describe the central
complex for all crustacean taxa, presenting selected data from our own immunohis-
tochemical and histological investigations into Cephalocarida, Mystacocarida, Bran-
chiopoda, Malacostraca, Copepoda, Ostracoda, and giving an updated review of the
relevant literature. Our results and literature review add further support that the central
complex is part of the tetraconate ground pattern. We discuss that in the light of all
current phylogenetic hypotheses, the central complex would have been reduced several
times independently during crustacean evolution. Central-body-like immunoreactive
domains such as in Cephalocarida or Mystacocarida are here interpreted as plesiomor-
phic rudiments. Whether the central complex is indeed a tetraconate or rather a man-
dibulate apomorphy remains unclear, unless Myriapoda are studied in higher detail.

14.1 Introduction

One of the most interesting topics in arthropod neuroanatomy over the past decades
has been the central complex, an intricate cluster of neuropils and tracts that occurs
in the brain of various arthropods (reviewed by Harzsch, 2006; 2007; Homberg, 2008;
Strausfeld, 2012). Following the definition proposed by Richter et al. (2010), the
central complex consists of three interconnected neuropils: (1) the unpaired central
body, (2) the unpaired protocerebral bridge, and (3) a pair of lateral accessory lobes.
Although descriptions of these three neuropils date back to early neuroanatomists
(e.g., Holmgren, 1916; Hanstrom, 1928; 1940; 1947), it was Williams (1975) who first
recognized that, in the locust Schistocerca gregaria, the neuropils are interconnected
by tracts, together forming one functional unit for which he then suggested the term
‘central complex’.
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The finding that the shape and arrangement of unpaired midline neuropils in
Decapoda widely correspond to those in Hexapoda led Hanstrom (1928) to propose a
sister-group relationship between Hexapoda and Crustacea — long before a monophy-
letic ‘Tetraconata’ composed of Hexapoda and Crustacea found support in molecular
data. Detailed studies, especially of the hexapod (e.g., Boyan and Williams, 2011) and
decapod central complex (e.g., Utting et al., 2000) have revealed further correspon-
dences in the pattern of interconnecting tracts. A central complex has also been docu-
mented in three other crustacean taxa, namely anostracan Branchiopoda (Harzsch and
Gl6tzner, 2002), Remipedia (Fanenbruck, Harzsch, and Wagele, 2004; Fanenbruck and
Harzsch, 2005; Stemme et al., 2012) and Copepoda (Andrew, Brown, and Strausfeld,
2012). Although earlier investigators have described both a protocerebral bridge and
a central body in the myriapod brain (Holmgren, 1916; Hanstrom, 1928; Joly and Des-
camps, 1987), this view has been questioned repeatedly by recent authors assuming
that only one unpaired midline neuropil termed either ‘central body’ or ‘central neuro-
pil’ occurs in Myriapoda (Losel, Nassel, and Strausfeld, 2002; Loesel, 2004; Harzsch,
2006; Homberg, 2008; Sombke, Rosenberg, and Hilken, 2011). Unlike the central body,
which is embedded within the protocerebrum, the single unpaired midline neuropil in
Onychophora and Chelicerata is situated in the periphery of the brain and termed the
‘arcuate body’ (Strausfeld et al., 2006a; Loesel et al., 2011).

Besides these obvious differences between the major arthropod taxa, morpho-
logical disparity is also found within the taxa. Within Tetraconata, for example, the
central body of Hexapoda is split into two distinct subunits, the ellipsoid body and
the fan-shaped body (Strausfeld, 1976; Hanstr6m, 1940; Kollmann, Huetteroth, and
Schachtner, 2011), while the central body of Decapoda (e.g., Harzsch and Hanson,
2008; Krieger et al., 2010; 2012) appears as a horizontally layered but structur-
ally coherent unit. Several other crustacean taxa, e.g. Mystacocarida (Brenneis and
Richter, 2010) and Cephalocarida (Stegner and Richter, 2011) have even been reported
to lack the neuropils of a central complex completely, or only to exhibit certain compo-
nents of a central complex, e.g., phyllopod Branchiopoda (Fritsch and Richter, 2010).

Various studies have been carried out in an attempt to shed light on the mor-
phological disparity in unpaired midline neuropils across Arthropoda and unravel
their evolutionary origin. Approaches have taken in the innervation pattern, internal
structure, development during ontogeny and functional aspects of these neuropils
(reviewed by Homberg, 2008, see also Strausfeld, 2012). The association between
both the arcuate body (e.g. Strausfeld, Weltzen, and Barth, 1993; Loesel, 2004) and
the central complex (Liu et al., 2006) on the one hand and the optic pathway on the
other initially led to the assumption that unpaired midline neuropils might constitute
second order visual centers (reviewed by Homberg, 2008). However, a well-devel-
oped central body also occurs in blind taxa such as Symphyla (Joly and Descamps,
1987), Remipedia (Fanenbruck, Harzsch, and Wagele, 2004) and spelaeogriphacean
and cumacean Malacostraca (this study). As convincingly demonstrated by Strauss
(2002) and Bender, Pollack, and Ritzmann (2010), all the evidence points towards the
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central complex playing a cardinal role in controlling motor activity, irrespective of
whether in response to visual stimuli (Triphan et al., 2010) or tactile stimuli (Harley
and Ritzmann, 2010).

Strausfeld et al. (2006a) suggested an evolutionary scenario in which the ony-
chophoran/chelicerate arcuate body, the myriapod central neuropil and the tetracon-
ate central complex all come from a hypothetical central neuropil in an ancestral ur-
arthropod. Broadly in line with this hypothesis, Harzsch (2006) suggested that the
central complex — consisting of a central body, a protocerebral bridge and lateral
accessory lobes — constitutes an apomorphy of Tetraconata. The morphological cor-
respondences between Decapoda, Hexapoda and Remipedia certainly suggest homol-
ogy (Fanenbruck and Harzsch, 2005; Harzsch, 2006), but what about the “missing”
central complex neuropils reported in other crustacean taxa? Since the phylogenetic
relationships within Tetraconata are unclear (see for example Richter, Mgller, and
Wirkner, 2009; Jenner, 2010; Regier et al., 2010; von Reumont et al., 2012; Oakley
et al., 2013), an explanation alternative to Harzsch (2006) would be that a central
complex only evolved within Tetraconata as a synapomorphy of a limited group of
tetraconate subtaxa (including Hexapoda, Malacostraca and Remipedia).

Methods of neuroanatomical investigation have advanced considerably over the
past two decades thanks to progress in immunolabeling, confocal laser scanning
microscopy and computerized 3D modeling. Given the improved morphological detail
which present-day techniques make it possible to obtain, neuroanatomical structures
such as the central complex can be used increasingly to address phylogenetic ques-
tions. This promising discipline has been coined ‘neurophylogeny’ (e.g., Harzsch,
2006), and the ‘Invertebrate Neurophylogeny’ section was a major constituent of the
Deep Metazoan Phylogeny (DMP) program. Modern neurophylogenetic studies permit
a reevaluation of earlier morphological descriptions and character definitions such
as the presence of a central body. Using immunolabeling and confocal microscopy,
immunoreactive neurons can be described individually right down to their neurites
(e.g., Harzsch and Waloszek, 2000), bringing a wealth of new characters to phyloge-
netics. The serotonin-like immunoreactive pattern has proven especially useful in this
respect (Harzsch, 2002b; 2003b; 2004; Harzsch, Miiller, and Wolf, 2005; Brenneis and
Richter, 2010; Stegner and Richter, 2011; Fritsch and Richter, 2012).

Since early neurophylogenetic studies focused on the long-debated relation-
ships between the major arthropod taxa (Chelicerata, Myriapoda, Hexapoda, Crus-
tacea), investigators of the central complex have tended to concentrate on hexapod
or malacostracan representatives of Tetraconata — i.e. those species which are larger
and more easily available — neglecting the less common non-malacostracan crusta-
cean taxa.

One of our aims within the framework of DMP was to unravel phylogenetic rela-
tionships between the individual tetraconate subtaxa and, ultimately, to trace the
evolution of the central complex within Tetraconata. Given the sparse data available
on non-decapod Crustacea, it seemed the natural step to reinvestigate representa-
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tives of those taxa for which neuroanatomical data was missing or incomplete. We
are aware of the recent approach by Strausfeld and Hirth (2013) who identified poten-
tial “deep homology” between the hexapod central complex and the vertebrate basal
ganglia based on common gene expression. However, we focus on structural corre-
spondences existing between arthropods only.

In this DMP project, we studied Mystacocarida and Cephalocarida, two taxa
whose nervous system had long been neglected and which it was finally possible to
re-investigate using present-day methods. We revealed that the organization of the
mystacocarid brain is comparatively simple, while the ventral nerve cord and periph-
eral nervous system broadly correspond to those in other crustaceans (Brenneis and
Richter, 2010). In contrast, the cephalocarid nervous system contains several conspic-
uously complex features, including the olfactory system (Stegner and Richter, 2011),
the thoracic commissures and the pattern of serotonin-like immunoreactive neurons
(Stegner, Brenneis, and Richter, in press).

To establish a well-founded comparison of central complex components — and
potentially homologous structures — across Crustacea, we present results from the
DMP program pertaining to the mystacocarid and cephalocarid brain along with the
results of independent investigations pertaining to Branchiopoda, Ostracoda, Copep-
oda and peracarid Malacostraca, complemented by data from the literature.

14.2 Definitions

In our view, morphological descriptions and terminology should be free of homology
assumptions of any kind (see Vogt, Bartolomaeus, and Giribet, 2010). This is not to
deny that homology exists, but simply to acknowledge the distinction between the
various steps which need to be followed in (evolutionary) morphology, starting with
pure description and only then going on to conceptualize evolutionary characters
(Wirkner and Richter, 2010). In this context it is important to point out that not only
must the terms used to denote concepts be free of homology assumptions, the con-
cepts themselves should also be based on ‘pure’ description alone.

To establish a well-founded comparison of morphological structures and immu-
noreactive patterns across the different taxa, we use a standardized nomenclature
based on the suggestions for a neuroanatomical glossary developed within the ‘Inver-
tebrate Neurophylogeny’ section of the DMP program (Richter et al., 2010).

In continuation and elaboration of the glossary, our definitions are as follows:

14.2.1 Protocerebral bridge

The protocerebral bridge is an unpaired or paired midline neuropil which is situated
in the anterior periphery of the protocerebrum, directly adjacent to the anteromedial
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protocerebral somata. If the protocerebral bridge is paired, the neuropils are trans-
versely connected via a tract.

14.2.2 Central body

The central body is an unpaired midline neuropil. It is situated within and surrounded
by the protocerebral neuropil. The central body may be composed of columnar
neurons and/or tangential neurons. The terms ‘columnar neurons’ and ‘tangential
neurons’ refer to the orientation of their respective columnar or tangential neurite. If
the central body occurs as a part of the central complex, it is connected to the lateral
accessory lobes and the protocerebral bridge.

14.2.3 Lateral accessory lobes

The lateral accessory lobes are a pair of neuropils located laterally in the protocer-
ebrum. The lateral accessory lobes are connected with the protocerebral bridge and
the central body via tracts.

14.2.4 PB-CB tracts

A PB-CB tract is a tract which connects the protocerebral bridge to the central body.
Where the specific arrangement of four PB-CB tracts per body side is present, the
tracts are termed the W, X, Y, Z tracts.

14.2.5 Immunoreactive domains

An immunoreactive domain is a distinct cluster of immunoreactive neurites. It may
overlap with all or part of a distinct neuropil.

Background: The term ‘immunoreactive domain’ refers to a category which needs
to be specified by naming which neuro-active substance is labeled to become a struc-
tural term. A number of neurons have been found to synthesize neuro-active sub-
stances such as serotonin, tachykinin, RFamide and histamine. The immunoreactive
neurites of these neurons extend into the protocerebral neuropil where they arborize
to form chemical synapses with other neurons, thus contributing to immunoreactive
domains. We have avoided calling these immunoreactive domains ‘neuropils’. An
immunoreactive domain may overlap with part but not all of a neuropil, and immu-
noreactive domains may even be present where distinct neuropils cannot be identi-
fied. Although they may correlate with each other, neuropils and domains and their
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respective shape, position and innervation pattern should be described separately.
While neuropils are recognizable in semithin sections and histological and immu-
nohistochemical stains by their density and their spatial and structural separation
from the surrounding brain neuropil, immunoreactive domains stand out from the
surrounding neuropil solely because of their pattern of immunoreactivity.
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The brain may contain domains in different regions. For the purposes of this pub-

lication, three types are of special interest:

— the anterior immunoreactive domain, here termed the ‘protocerebral bridge-like
immunoreactive domain’ (PB-like domain)

— the central immunoreactive domain, here termed the ‘central body-like immuno-
reactive domain’ (CB-like domain)

— a pair of lateral immunoreactive domains, here termed ‘lateral accessory lobe-
like immunoreactive domains’ (LAL-like domain)

Those immunoreactive domains which are not associated with the central complex in
any way are ignored in this publication.

We use the following abbreviations for the various types of immunoreactivity:
serotonin-like immunoreactivity/immunoreactive (SLI/SL-ir); histamine-like immu-
noreactivity/immunoreactive (HLI/HL-ir); RFamide-like immunoreactivity/immuno-
reactive (RFLI/RFL-ir).

14.3 Results
14.3.1 Cephalocarida

The cephalocarid species Hutchinsoniella macracantha lacks distinct neuropils
such as a central body, a protocerebral bridge or lateral accessory lobes (Elofsson
and Hessler, 1990; Stegner and Richter, 2011). The only distinct unpaired midline
neuropils described in the cephalocarid brain are the median neuropil of the pos-
terodorsal neuropil cluster (Figure 14.1A) and three neuropils of the multi-lobed
complex (Figure 14.1B), none of which correspond to the central complex neuropils

Figure 14.1: Confocal horizontal micrographs of the protocerebrum in Cephalocarida (A-D) and
Mystacocarida (F,G). A. Dorsal view of a whole-mount. The ‘posterodorsal neuropil cluster’ (blue)
includes an unpaired midline neuropil but cannot be related to the central complex of other arthro-
pods. B. Transverse vibratome section. The multi-lobed complex includes both paired (red) and
unpaired (blue) components which do not correspond to central complex neuropils. C. Dorsal view
of a whole-mount. The unpaired sickle-shaped SL-ir domain (CB-D) lies within the protocerebrum.
D. Horizontal vibratome section. The SL-ir domain receives decussating SL-ir axons (arrowhead) from
anterior somata. E. Dorsal view of the brain. None of the cephalocarid RFL-ir domains (asterisks)
can be related to the central complex neuropils of other crustaceans. F. Ventral view of the mystaco-
carid brain showing two CB-like SL-ir domains receiving ipsilateral neurites from anterior somata.
G. Ventral view of a whole-mount. Arrows point at various commissures, but midline neuropils

are not present. ac-tub acetylated o-tubulin, a$S anterior somata, BO Bellonci organ, CB-D CB-like
domain, DC deutocerebrum, Hoe Hoechst nuclear counterstain, MCX multi-lobed complex, OGT
olfactory globular tract, PC protocerebrum, PDC posterodorsal neuropil cluster, RFL/ RFamide-like
immunoreactivity, SL/ serotonin-like immunoreactivity, TC tritocerebrum. Originals by Stegner and
Richter (A-E), Brenneis and Richter (F,G).
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in other arthropods (see Stegner and Richter, 2011). There is a CB-like SL-ir domain
(Figure 14.1C,D) in Hutchinsoniella macracantha which corresponds to the central
body of other arthropods in four respects: (1) its elongated shape, (2) its central posi-
tion within the protocerebral neuropil, (3) the fact that SL-ir neurites project into it
from anteromedial somata, (4) the fact that these neurites cross the midline (Stegner
and Richter, 2011). In contrast, none of the RFL-ir and HL-ir unpaired immunoreac-
tive domains in H. macracantha (labeled rd1, hd2, hd3 by Stegner and Richter, 2011)
correspond to neuropils of the central complex (see, for example, the middle asterisk
in Figure 14.1E).

14.3.2 Mystacocarida

Mystacocarida do not exhibit any distinct neuropils in the protocerebrum, and also
lack a central body, a protocerebral bridge and lateral accessory lobes (Baccari and
Renaud-Mornant, 1974; Elofsson and Hessler, 2005; Brenneis and Richter, 2010).
There are two SL-ir CB-like domains in the mystacocarid species Derocheilocaris
remanei (Figure 14.1F) which correspond to the central body of other arthropods in
three respects: (1) their elongated shape, (2) their central position within the proto-
cerebral neuropil, (3) the fact that SL-ir neurites project into them from anteromedial
somata (Brenneis and Richter, 2010). Unlike in Cephalocarida, these neurites do not
cross the midline before entering the SL-ir CB-like domains (Brenneis and Richter,
2010). Although embedded centrally within the protocerebral neuropil, the two mys-
tacocarid SL-ir CB-like domains lie more dorsally than the cephalocarid SL-ir CB-like
domain. Protocerebral RFL-ir domains in Mystacocarida do not correspond to neuro-
pils of the central complex (Brenneis and Richter, 2010).

Figure 14.2: Central complex neuropils in Isopoda (A), Amphipoda (Parhyale hawaiensis, B),
Cumacea (C), Spelaeogriphacea (D), Copepoda (E) and Ostracoda (F). A. 3D reconstruction of the
brain based on semithin sections in posterior view. Somata in light blue, neuropil semi-transparent.
The W tract lies posterior to the decussating olfactory globular tracts, and the X, Y, Z tracts anterior
to them. B, C. Vibratome section in posterior view. D. Transverse semithin section through the
protocerebrum. The protocerebral bridge is split, and the Z and Y tracts cannot be distinguished. The
W tract, which passes posterior to the olfactory globular tract, is situated in a more posterior section
(not shown). E. Ventral view of a whole-mount. Within the protocerebrum no distinct central complex
neuropils are identifiable. F. Ventral view of a whole-mount. Within the protocerebrum prominent
tracts (arrows) but no distinct central complex neuropils are identifiable. ac-tub acetylated a-tubulin,
a$ anterior somata, CB central body, DC deutocerebrum, LAL lateral accessory lobes, OGT olfactory
globular tract, OL olfactory lobe, PC protocerebrum, Syt Sytox nuclear counterstain, W/X/Y/Z PB-CB
tracts. Originals by Stegner, Wirkner, Richter (A,D), C. Wittfoth (B,E), C. Doring (C), M. Dreiling (F).



14 The central complexin Crustacea =—— 369

14.3.3 Malacostraca

All the major malacostracan taxa exhibit a well-developed central complex which
includes a central body, a protocerebral bridge and lateral accessory lobes (Hanstrom,
1928; 1934; 1947; Sandeman et al., 1992; Sandeman, Scholtz, and Sandeman, 1993;
Sandeman and Scholtz, 1995; Utting et al., 2000; Krieger et al., 2010; 2012; Strausfeld,
2012). This is also true for Leptostraca, which is the sister-group to all remaining Mala-
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costraca (Kenning et al., 2013). Utting et al. (2000) studied the central complex of the
lobster Cherax destructor in great detail, tracing the anatomy of individual neurons
and showing that the lobster’s PB-CB tracts occur in a specific arrangement of four
major tracts on each side of the body: these are termed the W, X, Y and Z tracts. A cor-
responding pattern is found in the leptostracan Nebalia herbstii (Kenning et al., 2013),
the isopod Paramphisopus palustris (Figure 14.2A), the amphipod Parhyale hawaiensis
(Figure 14.2B), the cumacean Diastylis rathkei (Figure 14.2C), while the spelaeogriph-
acean Spelaeogriphus lepidops displays three tracts: W, X, Y/Z (Figure 14.2D). This
implies that a central complex featuring W, X, Y and Z tracts can be assumed to be
part of the ground pattern of Malacostraca (Kenning et al., 2013). No distinct W, X, Y
and Z tracts have been described in Stomatopoda (Hanstrom, 1947; Sandeman and
Scholtz, 1995; Strausfeld, 2012).

There are several SL-ir domains in Malacostraca: unpaired domains which overlap
with the central body and the protocerebral bridge respectively, and paired domains
which overlap with the lateral accessory lobes (Sandeman, Sandeman, and Aitken,
1988; Langworthy et al., 1997; Utting et al., 2000; Harzsch and Hansson, 2008). The
central body and lateral accessory lobes comprise RFL-ir domains, while the protocer-
ebral bridge is not RFL-ir (Harzsch and Hansson, 2008). Synapsin-like immunoreac-
tive (SYNL-ir) domains have been shown to overlap with the protocerebral bridge and
lateral accessory lobes, while the central body is only weakly SYNL-ir (Harzsch and
Hansson, 2008). All the neuropils of the central complex in Decapoda exhibit HL-ir
domains (Langworthy et al., 1997).

14.3.4 Branchiopoda

14.3.4.1 Anostraca

In the anostracan Artemia salina a well-developed central body is present. The
unstratified and evenly-shaped mesh of the spindle-shaped central body is clearly
identifiable via histological sectioning (Hanstrom, 1924; Benesch, 1969; Harzsch and
Glotzner, 2002). Anterior to the central body, a slender protocerebral bridge is distin-
guishable (Hanstrom, 1924; Benesch, 1969; Harzsch and Gl6tzner, 2002). Posterolat-
erally on both sides of the central body, lateral accessory lobes have been described
(Benesch, 1969; Harzsch and Glotzner, 2002).

An HL-ir and SL-ir domain which broadly overlaps with the central body is also
present (Harzsch and Gl6tzner, 2002). Anterior to this domain, Harzsch and Glétzner
(2002) discovered a tripartite HL-ir and SL-ir domain. In our view, only the median
component of this HL-ir and SL-ir domain corresponds to the unpaired and slender
protocerebral bridge identified histologically by Hanstrom (1924) and Benesch
(1969). HL-ir and SL-ir domains overlap with the lateral accessory lobes (Harzsch and
Glo6tzner, 2002).
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Recent immunohistochemical investigations into the larvae of the anostracan
Branchinella sp. have revealed a central body and a slender protocerebral bridge
(Figure 14.3A), but lateral accessory lobes were not distinguished using nervous
system markers (Frase and Richter, unpublished). Frase and Richter (unpublished)
were also able to reveal two potential PB-CB tracts in the developing protocerebral
architecture of Branchinella sp. larvae. Each tract emanates anterolaterally in the
protocerebral superficial somata cluster, runs posteriorly, enters the central body
anterolaterally and interconnects with the internal mesh. However, no true connec-
tion between these tracts and the protocerebral bridge was found.

14.3.4.2 Notostraca

Both a central body and a slender protocerebral bridge have been identified in the
Notostraca (Hanstrom, 1924; Fritsch and Richter, 2010; Strausfeld, 2012). As in the
anostracans, the central body in the Notostraca consists of a mesh of evenly distrib-
uted neurites. No lateral accessory lobes have yet been found. Two potential PB-CB
tracts are discernible in the protocerebrum of Triops cancriformis larvae. Each tract
emanates from the superficial anterolateral layer of protocerebral somata and enters
the central body anterolaterally, but no true connection has been found between
these tracts and the protocerebral bridge. Using neuro-active substance markers, both
a CB-like domain (tachykinin: Loesel, 2004 in Triops longicaudatus, histamine and
serotonin: Fritsch and Richter, 2010 in Triops cancriformis) and a PB-like weakly HL-ir
domain (Fritsch and Richter, 2010) are detectable in the protocerebrum (Figure 14.3B).
No reports of the presence of LAL-like domains exist.

14.3.4.3 Laevicaudata, Spinicaudata and Cyclestherida (“Conchostraca”)

A central body and a slender protocerebral bridge are also identifiable in the proto-
cerebrum of the Laevicaudata (Hanstr6m, 1934), Spinicaudata (Hanstrom, 1934) and
Cyclestherida (Figure 14.3C—E). The unstratified and even mesh of the central body is
shaped like a spindle. The inner scaffold of the protocerebral bridge forms a horizontal
network connecting the two lateral protocerebral hemispheres. Two pairs of potential
PB-CB tracts are identifiable in the adult protocerebrum of Lynceus brachyurus (Lae-
vicaudata) and Leptestheria dahalacensis (Spinicaudata) (arrows: Figure 14.3C,D).
Both pairs of tracts emanate from the anterolateral protocerebral somata layer, run
posteriorly to the anterolateral margins of the central body and interconnect with the
internal mesh of the central body. No distinct connection to the protocerebral bridge
has yet been found.

HL-ir and SL-ir domains overlapping with the protocerebral bridge and central
body are present in the protocerebrum of the spinicaudatan L. dahalacensis, but
neither histological sectioning nor neuro-active substance markers reveal the pres-
ence of lateral accessory lobes or LAL-like domains.
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14.3.4.4 Cladocera

Within the protocerebrum of the cladocerans, a well-formed central body is present
(Claus, 1876; Leder, 1915; Hanstrom, 1931; 1934; Bullock and Horridge, 1965; Kirsch
and Richter, 2007; Strauf} et al., 2011; Weiss et al., 2012; see also Fig. 14.3F,G). A proto-
cerebral bridge has been documented in the haplopod Leptodora kindtii (Kirsch and
Richter, 2007) and, less distinctive, in the ctenopod Penilia avirostris (this study, not
depicted). Lateral accessory lobes have been described for the protocerebrum of L.
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< Figure 14.3: Ventral view of the branchiopod protocerebrum. Anostraca (A), Notostraca (B),
Laevicaudata (C), Spinicaudata (Leptestheria dahalacensis, D), Cyclestherida (Cyclestheria hislopi, E)
and Cladocera, Ctenopoda (F, G). A—F. Immunohistochemical stainings. A. A well-developed central
body spans the protocerebrum. Two PB-CB tracts (arrowheads) enter the central body anteriorly. B.
The PB-like weakly HL-ir domain is situated anterior to the prominent central body-like HL-ir domain.
C. Altogether four PB-CB tracts (arrowheads) enter the prominent central body at the anterior
margin. D. Using serotonin markers only, a distinct CB-like SL-ir domain is identifiable. Four PB-CB
tracts (arrowheads) are present altogether. E. Only a central body can clearly be identified. F. Using
immunohistochemical markers only, the central body can be distinguished in the protocerebrum.

G. In histological CellMask stainings additional anterior and lateral neuropils are visible next to the
central body. ac-tub acetylated a-tubulin, CB central body, CB-D CB-like domain, HL/ histamine-like
immunoreactivity, [-Np lateral neuropil, pl-Np posterolateral neuropil, PB protocerebral bridge,
PB-D PB-like domain, PC protocerebrum, SL/ serotonin-like immunoreactivity, Syt Sytox nuclear
counterstain. Originals by T. Frase (A), M. Fritsch (B—E), M. Becker (F,G).

kindtii (Kirsch and Richter, 2007), but while lateral neuropils are detectable anteri-
orly and posteriorly on each side of the central body in Daphnia pulex (Anomopoda)
(StrauB et al., 2011; Weiss et al., 2012), and P. avirostris (Ctenopoda) (Fig. 14.3G), they
do not necessarily correspond to the lateral accessory lobes. In fact we think that
the posterolateral neuropils actually constitute the deutocerebral lobes in which the
nerve of the antennula ends (see Figure 14.3G). Using neuro-active substance markers
(monoaminergic amines: Aramont and Elofsson, 1976; pigment disperse hormone:
Strauf} et al., 2011), a CB-like domain is detectable in the protocerebrum of D. pulex.

14.3.4.5 Branchiopod central complex

A well-formed central body is present in all recent branchiopod taxa, as is, anteriorly,
a slender protocerebral bridge. These neuropils are assumed to be part of the bran-
chiopod ground pattern. Lateral accessory lobes are only described in the anostra-
can Artemia salina and the haplopod Leptodora kindtii, with none identifiable in the
anostracan Branchinella sp. or the Notostraca, Laevicaudata, Spinicaudata and Cycl-
estherida. In Anomopoda, Ctenopoda and Onychopoda, paired lateral neuropils have
been identified, but their homology to lateral accessory lobes is questionable. Thus,
whether lateral accessory lobes are part of the branchiopod ground pattern remains
unclear. We suggest that a single potential PB-CB tract in Anostraca and Notostraca
represents the branchiopod ground pattern. The pattern of two tracts per side as
found in “conchostracans” would have evolved within Branchiopoda.
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14.3.5 Copepoda

The literature on the copepod brain does not paint a consistent picture of the central
complex. As reviewed by Andrew, Brown, and Strausfeld (2012), a central body had
been described in some calanoid (Lowe, 1935) and cyclopoid Copepoda (Aramant and
Elofsson, 1976), while the absence of a central body and protocerebral bridge had
been reported for many harpactoid Copepoda (Lang, 1948; Fahrenbach, 1962). Most
of the studies concerned were based on traditional histological methods. In a detailed
study combining immunolabeling with histological methods, Andrew, Brown, and
Strausfeld (2012) described a central body in the protocerebrum of the harpacticoid
species Tigriopus californicus, and the decussation of a pair of associated tracts which
the authors interpreted as PB-CB tracts indicative of a protocerebral bridge. They did,
however, mention the difficulties involved in identifying this neuropil on the basis
of semithin sections. A lobed lateral protrusion on each side of the protocerebrum
was suggested to correspond to the lateral accessory lobes (Andrew, Brown, and
Strausfeld, 2012). Immunolabeling and methylene-staining of the harpactoid species
Halectinosoma curticorne (Wittfoth and Richter unpublished, see Figure 14.2E) did
not reveal distinct neuropils in the protocerebrum. Two SL-ir domains were found
in both the protocerebrum of T. californicus (Andrew, Brown, and Strausfeld, 2012)
and that of H. curticorne (Wittfoth and Richter unpublished), but were not related
to neuropils of the central complex. Although domains of varying immunoreactivity
have been found in calanoid Copepoda, none of them correlated with the neuropils
of a central complex (Benzid, Morris, and Barthéléma, 2005; Barthélémy et al., 2006;
Hartline and Christie, 2010: serotonin; Hartline and Christie, 2010: histamine, dopa-
mine; Wilson and Christie, 2010: allatostatin; Sousa et al., 2008: tachykinin; but see
Aramant and Elofsson, 1976 who noted a central body on the basis of an unspecified
“monoamine”).

14.3.6 Ostracoda

In Myodocopida the protocerebrum innervates a frontal filament organ, a nauplius
eye and the compound eyes, while in Podocopida it only innervates a nauplius eye
(see Hartmann, 1967). Within the protocerebrum, histological sectioning has revealed
a well-defined central body and, anteriorly, a protocerebral bridge in the myodocop-
ids and podocopids (Hanstrém, 1924; 1928; Cannon, 1931; see Hartmann, 1967). None
of the studies mentioned report PB-CB tracts in Ostracoda. Aramant and Elofsson
(1976: their Fig. 25a) suggested that a spheroidal domain of unspecified “monoami-
nergic” immunoreactivity may constitute the central body in a podocopid species.
In a preliminary immunohistochemical study in podocopids, neither an unpaired
immunoreactive domain nor an unpaired midline neuropil was found.
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14.3.7 Branchiura

All the studies into the branchiuran brain which exist to date have been based on
traditional histological methods (Leydig, 1889; Martin, 1932; Za¢wilichowski, 1935;
Zactwilichowska, 1948; Overstreet et al., 1992). Putative neuropils of a central complex
have not been either described or depicted. Nothing is known about the immunoreac-
tive pattern in the branchiuran brain.

14.3.8 Cirripedia

The reduced brain of adult Thoracica consists of two supraesophageal, transversely
connected ganglia (Bullock and Horridge, 1965; Gwilliam and Cole, 1979; Walker,
1992; Webster, 1998; Callaway and Stuart, 1999; Harrison and Sandeman, 1999). Divi-
sion into a proto-, deuto- and tritocerebrum is vague to non-existent in the adult brain
but clearly distinguishable in thoracican cypris larvae (Semmler et al., 2008). In the
protocerebrum of larval Balanus improvisus a CB-like SL-ir domain (labeled pcn)
exists which corresponds to the central body of other arthropods in (1) its central posi-
tion within the protocerebral architecture and (2) its reception of SL-ir neurites from
lateral and posterolateral somata (Semmler et al., 2008). Neuro-active substances fail
to reveal any other reactive domains associated with the central complex in the larval
protocerebrum.

The nervous system of the Acrothoracica and the Rhizocephala is even more con-
centrated and reduced than that of the Thoracica (Bullock and Horridge, 1965). No
detailed information is available on the protocerebral architecture of either the adult
or the larval brain. In his general morphological description of the rhizocephalan
cypris larva, Glenner (2001) described the nervous system but made no mention of an
unpaired midline neuropil.

14.3.9 Remipedia

Remipedia are equipped with a central complex made up of a small central body,
a large protocerebral bridge and lateral accessory lobes (Fanenbruck, Harzsch, and
Wigele, 2004; Fanenbruck and Harzsch, 2005). In fact, Remipedia exhibit four main
lateral protrusions from each side of the protocerebral neuropil which Fanenbruck
and Harzsch (2005) termed ‘lateral protocerebral sublobes a—d’. The same authors
demonstrated that only ‘sublobes d’ (which are further divided into the four subunits
di1-d4) are associated with the central body, suggesting that only they correspond to
the lateral accessory lobes in other arthropods.

In a detailed investigation of the remipede brain based on immunolabeling
methods, Stemme et al. (2012) recently showed an unpaired SL-ir domain (labeled
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sd2) overlapping with the central body and several paired SL-ir domains overlapping
with the protocerebral bridge (sd4-6) and lateral accessory lobes (sd9). The SL-ir
domains of the central body and protocerebral bridge were found to be connected by
four well-separated SL-ir neurites on each side of the body, providing the first indica-
tion of W, X, Y and Z tracts in Remipedia. It remains unclear from which somata these
neurites originate. Neither the SL-ir domains (sd4-6) of the protocerebral bridge nor
that of the central body (sd2) are innervated directly by an “anterior” assemblage
of protocerebral somata (Stemme et al., 2012, “anterior” here refers to the neuraxis,
because the remipede brain bends posteriorly). However, a group of SL-ir “anterior”
somata (sA1) projects SL-ir neurites passing the protocerebral bridge to a convergence
point with other SL-ir neurites which extend medially and cross the midline to inner-
vate the SL-ir domain (sd2) of the central body (Stemme et al., 2012, see especially
their Figure 14.7). Another “anterior” group of SL-ir somata (sA2) projects SL-ir neu-
rites across the midline of the protocerebral neuropil to supply the SL-ir domain (sd9)
of the lateral accessory lobes (Stemme et al., 2012).

14.4 Discussion

The results of our investigation and short literature review are summarized in
Table 14.1, based on the definitions given above. Neuropils and specific immunoreac-
tive domains of the central complex are treated separately. It has long been known
that the neuropils of the central complex are innervated by neurons containing stain-
able neuro-active substances (e.g., Aramant and Elofsson, 1976). In other words, the
neuropils overlap, to some extent, with immunoreactive domains. Interestingly, our
investigations into Mystacocarida (Brenneis and Richter, 2010) and Cephalocarida
(Stegner and Richter, 2011) revealed immunoreactive domains in the protocerebrum
even where complementary staining methods failed to detect correlated neuropils
(i.e. condensed and distinct compartments of protocerebral neuropil). Vice versa, in
taxa whose central body occurs as a distinct neuropil, those domains immunoreactive
to a certain neuro-active substance were found to overlap with part but not all of the
neuropil in question (e.g., Homberg and Hildebrand, 1991; Homberg, 2002; Loesel,
2004; Strausfeld, 2012).

14.4.1 Structural comparison

Given the correspondences in the overall shape and position of central complex neu-
ropils in different crustaceans (Table 14.1), it would be interesting to know whether
these correspondences extend to internal neuropil anatomy too. Moreover, how are
immunoreactive domains in taxa without distinctive neuropils - e.g. Mystacocarida
and Cephalocarida - related to immunoreactive domains and neuropils in other taxa?



14 The central complexin Crustacea = 377

The internal anatomy of central complex neuropils, especially in Hexapoda and Mal-
acostraca, has been investigated in impressive detail, as recent reviews make clear
(Homberg, 2008; Strausfeld, 2012). We concentrate here on five features of particular
relevance for the interpretation of our new data.

14.4.1.1 Columnar neurons

The central body is generally supplied by neurites of ‘columnar neurons’ whose
somata lie anteriorly in the brain. In taxa with a protocerebral bridge, columnar neu-
rites may connect the bridge with the central body (‘PB-CB-tracts’). In both Hexapoda
(e.g. Kollmann, Huetteroth, and Schachtner, 2011; Boyan, Williams, and Herbert,
2008) and Malacostraca (Utting et al., 2000), the columnar neurites have been known
to be arranged into four distinct bundles on each side, respectively termed the ‘W, X, Y
and Z tracts’. Serotonin-labeling recently revealed corresponding tracts in Remipedia
(Stemme et al., 2012). The W, X, Y and Z tracts in decapod (Utting et al., 2000), various
peracarid (this study) and leptostracan Malacostraca imply that the tracts are part of
the ground pattern of Malacostraca (see Kenning et al., 2013). The central body of “con-
chostracan” Branchiopoda receives two PB-CB-tracts of columnar neurites per body
side, and that of Copepoda (Andrew, Brown, and Strausfeld, 2012) and anostracan and
notostracan Branchiopoda only receives one tract (Fritsch and Richter, 2010; 2012; this
publication). In a conspicuous correspondence to those taxa, the SL-ir CB-like domain
of Mystacocarida and Cephalocarida is also supplied by columnar neurites which
project from anterior somata. In contrast, columnar neurites have never been found in
Ostracoda, despite this taxon reportedly being equipped with a protocerebral bridge
and central body (Hanstrom, 1924; 1928; Cannon, 1931; Hartmann, 1967).

14.4.1.2 Decussation of columnar neurites

After originating from anterior somata, columnar neurites may either remain ipsilat-
eral or eventually traverse the midline in one of two ways. Outside the midline neuropil:
Neurites from both sides of the body form a visible decussation before reaching the
central body, as shown in Pterygota (Boayn, Williams, and Herbert, 2008; Boyan and
Williams, 2011) and Copepoda (Andrew, Brown, and Strausfeld, 2012). The columnar
neurites of Cephalocarida decussate in this way before reaching the CB-like domain.
Inside the midline neuropil: Columnar neurites initially remain ipsilateral and only
cross the midline within the central body itself. This pattern is clearly followed by
the W, X, Y and Z tracts in Malacostraca (Utting et al., 2000; Kenning et al., 2013; this
study) and Remipedia (Stemme et al., 2012), and by the columnar neurites in Bran-
chiopoda (this study). Columnar neurites visibly decussate within the arcuate body
of Onychophora and Chelicerata (e.g. Losel, Nassel, and Strausfeld, 2002; Strausfeld
et al., 2006a; Loesel et al., 2011), and within the central body of Chilopoda (Loesel,
Nissel, and Strausfeld, 2002). Unlike in Cephalocarida, the CB-like SL-ir domains of
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Mystacocarida receive non-decussating SL-ir ‘columnar neurites’ which may cross the
midline within the domain (Brenneis and Richter, 2010).

14.4.1.3 Tangential neurons

Additionally to the columnar neurites, lateral somata may also send out ‘tangen-
tial neurites’ (Strausfeld et al., 2006a). Columnar and tangential neurites have been
shown to form a more or less rectangular network in the arcuate body of onychopho-
rans (e.g. Strausfeld et al., 2006) and chelicerates (Loesel et al., 2011). Although the
neurite arrangement in the tetraconate central body was initially suggested to be
fundamentally similar between all subtaxa (Strausfeld et al., 2006a), it appears to
be less geometrical than in other arthropods (see, e.g., Harzsch and Hanson, 2008;
Krieger et al., 2010; Strausfeld, 2012; and this study). Our study revealed that tangen-
tial neurites supply the central body in various peracarid Malacostraca but only some
Branchiopoda (Harzsch and Gl6tzner, 2002; this study). The SL-ir domains in Cepha-
locarida and Mystacocarida do not receive SL-ir tangential neurites laterally, and in
fact it is questionable whether tangential neurites exist at all in these two taxa since
the lateral side of the protocerebrum is soma-free in both cases.

14.4.1.4 Innervation of SL-ir domains

In what is a conspicuous correspondence, unpaired SL-ir immunoreactive domains
are found in Mystacocarida, Cephalocarida (e.g., this study) and Cirripedia (Semmler
et al., 2008), but also in association with the unpaired neuropils in Hexapoda
(Homberg, 2002), Malacostraca (Utting et al., 2000; Harzsch and Hansson, 2008),
Branchiopoda (Harzsch and Glétzner, 2002; Fritsch and Richter, 2010; this study) and
Remipedia (Stemme et al., 2012). Are there further correspondences in these domains
with regard to their innervation by SL-ir neurons? In the three taxa mentioned which
do not have a central complex, SL-ir neurites originate from different assemblages
of somata, anteriorly in the protocerebrum of Mystacocarida and Cephalocarida and
laterally in the protocerebrum of Cirripedia (Semmler et al., 2008). Both patterns are
found in other Tetraconata (in taxa where the brain bends upwards, we translate the
position of somata to an imagined “straight neuraxis”). Innervation by anterior somata
(columnar neurons): The anterior SL-ir somata of Anostraca (Harzsch and Glotzner,
2002) and Malacostraca (Utting et al., 2000: their Fig. 9A; Harzsch and Hansson,
2008) only innervate the protocerebral bridge, with the result that the PB-CB tracts
in these taxa are not SL-ir. The anterior SL-ir somata (labeled sA1) in Remipedia only
connect indirectly to the central body (Stemme et al., 2012: sd2). (Remember that the
W, X, Y and Z tracts in Remipedia are SL-ir but do not originate from anterior somata.)
Only in Hexapoda do anterior SL-ir somata innervate not only the protocerebral
bridge but also the fan-shaped body (Homberg and Hildebrand, 1991: somata S1, S2,
S4, S5). This pattern is reminiscent of that of the CB-like domain found in Mystaco-
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carida and Cephalocarida. Innervation by lateral somata (tangential neurons): Lateral
SL-ir somata innervate the central body and lateral accessory lobes in Malacostraca
(Utting et al., 2000) and Anostraca (Harzsch and Gl6tzner, 2002). In Hexapoda, lateral
SL-ir somata (Homberg and Hildebrand, 1991: S3) innervate the fan-shaped body of
the central body only. This lateral innervation pattern is reminiscent of that of the
SL-ir domain in Cirripedia (Semmler et al., 2008). In contrast, lateral SL-ir somata in
Remipedia only innervate the lateral accessory lobes (Stemme et al., 2012).

14.4.1.5 Horizontal layers of the central body

The clear differentiation of the central body into an ‘ellipsoid body’ and a ‘fan-
shaped body’ is unique to Hexapoda (Williams, 1975; Strausfeld, 1976). Interestingly,
however, both the hexapod ellipsoid body (Miiller, Homberg, and Kiihn, 1997; Loesel
and Homberg, 1999; Homberg, 2002) and the malacostracan central body (Strausfeld,
2009; Krieger et al., 2012) display “horizontal layers” which are innervated by neurites
from well-separated groups of somata that may differ in their immunoreactivity. Layers
of varying immunoreactivity were not found in the central body of notostracan Bran-
chiopoda (Fritsch and Richter, 2010). Nothing indicates that the CB-like SL-ir domains
in Mystacocarida and Cephalocarida constitute layers of a larger neuropil. Domains of
other immunoreactivity (RFLI, HLI) were not found to correlate to any putative central
complex neuropil (Brenneis and Richter, 2010; Stegner and Richter, 2011).

14.4.1.6 Conclusion of structural comparison

Since we have seen that both the protocerebral bridge and the central body may be
innervated by columnar neurons (anterior SL-ir somata) in other Tetraconata, a com-
parison of innervation patterns alone delivers no clear indication of how to classify
the SL-ir domains in Mystacocarida and Cephalocarida. However, given their elon-
gated overall appearance, their central position and their innervation by columnar
neurites, we suggest that the SL-ir domains in Mystacocarida and Cephalocarida cor-
respond to the SL-ir domain of the central body in other tetraconates, rather than to
that of the protocerebral bridge.

14.4.2 ‘Neurophylogeny’ of Tetraconata

What do the distribution of central complex neuropils in general and their internal
anatomy in detail contribute to the phylogenetic debate? The ‘Invertebrate Neurophy-
logeny’ section of the Deep Metazoan Phylogeny program is currently developing a
comprehensive morphology-based phylogenetic matrix into which neuroanatomical
data including our own on the central complex and many other structures and pat-
terns will be integrated. Since this work is still in progress, our data on the central
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complex of Crustacea is discussed here on the basis of some of the phylogenetic
hypotheses currently suggested in the literature. Our aim is to determine which of the
evolutionary scenarios proposed is the most plausible (requiring the lowest number
of transformational steps from one morphological pattern to the other).

Within Mandibulata, an overwhelming number of molecular studies and a
growing number of morphological studies point towards a sister-group relationship
between Myriapoda and Tetraconata, the latter of which comprise by definition all
hexapods and crustaceans. The relationships between crustaceans have been the
subject of numerous morphology- and molecular-based studies and under controver-
sial phylogenetic debate for decades. This debate continues for Tetraconata (reviewed
by Richter, Mgller, and Wirkner, 2009; Jenner, 2010). While the monophyly of Hexa-
poda, Branchiopoda, Malacostraca, Cephalocarida, Remipedia and the maxillopod
subtaxa is widely accepted, their interrelationships remain unclear.

While earlier hypotheses based on external morphology assigned Cephalocarida
(Sanders, 1957), Remipedia (Schram et al., 1986) and Malacostraca (Walossek, 1993,
without Remipedia) to the base of Crustacea, neuroanatomical data suggest alterna-
tive hypotheses. Correspondences in the optic neuropils (Strausfeld, 2005) support
a close relationship between Hexapoda and Malacostraca, while some correspon-
dences in the olfactory system (hemiellipsoid bodies, chiasma of olfactory globular
tracts) and larval features (Koenemann et al., 2007; 2009) support a sister-group
relationship between Remipedia and Malacostraca (Fanenbruck and Harzsch, 2005).
Higher-level correspondences in the olfactory systems (olfactory lobes, olfactory
globular tracts, second-order olfactory centers) of Cephalocarida, Remipedia, Hexa-
poda and Malacostraca were initially interpreted as synapomorphies (Fanenbruck,
Harzsch, and Wigele, 2004; Fanenbruck and Harzsch, 2005; Harzsch, 2006). Today,
however, in the light of a number of recent investigations into Cephalocarida (Stegner
and Richter, 2011), Myriapoda (Sombke, Harzsch, and Hansson, 2011; Sombke, Rosen-
berg, and Hilken, 2011; Sombke et al., 2012), Hexapoda (Strausfeld, 2009; Loesel and
Heuer, 2010) and Malacostraca (Wolff et al., 2012), they must be considered symple-
siomorphies dating back to the mandibulate ground pattern. Our reinvestigation of
the cephalocarid nervous system found neither brain (Stegner and Richter, 2011) nor
ventral nerve cord features (Stegner, Brenneis, and Richter, in press) supportive of
a close relationship, i.e. synapomorphies, between Cephalocarida and Hexapoda,
Malacostraca or Remipedia (but see Stemme et al., 2013). Unlike the cephalocarid
nervous system with its plesiomorphic complexity, the mystacocarid nervous system
is considerably reduced (Brenneis and Richter, 2010), rendering potential synapo-
morphies with other tetraconate taxa elusive. The hypothesis that Mystacocarida and
Cephalocarida occupy a “basal” position within Tetraconata is not contradicted by
neuroanatomical data. A recent phylogenetic analysis considering neuroanatomical
(Strausfeld and Andrew, 2011) and EST data (Andrew, 2011) did not include Mystaco-
carida and Cephalocarida.
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Where do molecular hypotheses place the tetraconates lacking a central complex?
Giribet et al. (2005: their Fig. 5), combining molecular with morphological data, sug-
gested that Branchiura form the sister-group to all other tetraconates. Within the
latter, taxa with a reportedly well-developed central complex (Malacostraca, Hexap-
oda, Remipedia, Branchiopoda, Copepoda) are not closely related. Regier et al. (2010:
their Fig. 1) suggested that Tetraconata consist of two sister-groups, one termed ‘Oli-
gostraca’, the other ‘Altocrustacea’. Conspicuously, Oligostraca are mainly comprised
of crustacean taxa which have been found to lack a distinct central complex — Mys-
tacocarida, Branchiura and Pentastomida, which together form the monophyletic
unit ‘Ichthyostraca’ — and Ostracoda, which do exhibit a protocerebral bridge and
central body. The Ichthyostraca hypothesis was also supported by Koenemann et al.
(2010). Altocrustacea (Regier et al., 2010) comprise all other tetraconates, including
the groups mentioned which have a well-developed central complex and the remain-
ing groups which do not possess distinctive neuropils, namely Cephalocarida and
Cirripedia. Although the monophylum ‘Xenocarida’ composed of Cephalocarida and
Remipedia found support in various studies (Regier et al., 2010; Spears and Abele,
1998; Giribet, Edgecombe, and Wheeler, 2001; Koenemann et al., 2010), it may be
an artifact. Koenemann et al. (2010), for example, mentioned possible long-branch
attraction between Remipedia and Cephalocarida, and von Reumont et al. (2012)
demonstrated that the support for Xenocarida has, in fact, often been weak. Accord-
ing to a recent phylogenomic analysis (von Reumont et al., 2012), Ostracoda occupy
a basal position within Tetraconata. Within the remaining tetraconates, Remipedia,
Hexapoda and Branchiopoda together form one monophylum, and the remaining
crustaceans form another (von Reumont et al., 2012). These authors did not include
Cephalocarida.

On the basis of all the phylogenetic analyses mentioned, at least the protocerebral
bridge and central body, potentially also the lateral accessory lobes, can be traced
back to the tetraconate ground pattern, thus in line with Harzsch’s (2006) hypothesis
that the central complex is an autapomorphy of Tetraconata. As a consequence, in
every evolutionary scenario that is strictly based on the mentioned current analyses
(Giribet et al., 2005; Regier et al., 2010; Koenemann et al., 2010; von Reumont et al.,
2012), the lack of all central complex neuropils in Cephalocarida, Mystacocarida, Cir-
ripedia and Branchiura, and the lack of lateral accessory lobes in some phyllopod
Branchiopoda, can only be explained if we accept that the respective neuropils under-
went an independent reduction. The columnar neurons and CB-like SL-ir domains in
the mystacocarid and cephalocarid brain may be rudiments of the columnar neurons
and central body found in other tetraconates.

While our knowledge on the different tetraconate taxa is successively improving,
data on their outgroup Myriapoda has remained sparse. The contemporary assump-
tion of a single central neuropil in the myriapod ground pattern (Loesel, 2004; Harzsch,
2006; Homberg, 2008) is in fact based on representatives of only one genus (Loesel,
Nassel, and Strausfeld, 2002: Scolopendra, but see Holmgren, 1916; Hanstrém, 1928;
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Joly and Descamps, 1987). Sombke, Harzsch, and Hansson (2011: Fig. 2C) labeled a
protocerebral bridge in the myriapod Scutigera coleoptrata, but did not comment on
this interesting finding, because they focused on the deutocerebrum. A thorough re-
investigation of the protocerebrum in different myriapod taxa is of great interest to
reconstruct the ground pattern of Myriapoda and finally Mandibulata. The debate on
the origin of the central complex will go on.
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The Ventral Nerve Cord in Cephalocarida (Crustacea):
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ABSTRACT Cephalocarida are Crustacea with many
anatomical features that have been interpreted as plesio-
morphic with respect to crustaceans or Tetraconata. While
the ventral nerve cord (VNC) has been investigated in
many other arthropods to address phylogenetic and evolu-
tionary questions, the few studies that exist on the cepha-
locarid VNC date back 20 years, and data pertaining to
neuroactive substances in particular are too sparse for
comparison. We reinvestigated the VNC of adult Hutchin-
soniella macracantha in detail, combining immunolabeling
(tubulin, serotonin, RFamide, histamine) and nuclear
stains with confocal laser microscopy, complemented by
3D-reconstructions based on serial semithin sections. The
subesophageal ganglion in Cephalocarida comprises three
segmental neuromeres (Md, Mx1, Mx2), while a separate
ganglion occurs in all thoracic segments and abdominal
segments 1-8. Abdominal segments 9 and 10 and the tel-
son are free of ganglia. The maxillar neuromere and the
thoracic ganglia correspond closely in their limb innerva-
tion pattern, their pattern of mostly four segmental com-
missures and in displaying up to six individually
identified serotonin-like immunoreactive neurons per body
side, which exceeds the number found in most other tet-
raconates. Only two commissures and two serotonin-like
immunoreactive neurons per side are present in abdomi-
nal ganglia. The stomatogastric nervous system in
H. macracantha corresponds to that in other crustaceans
and includes, among other structures, a pair of lateral neu-
rite bundles. These innervate the gut as well as various
trunk muscles and are, uniquely, linked to the unpaired
median neurite bundle. We propose that most features of
the cephalocarid ventral nerve cord (VNC) are plesiomor-
phic with respect to the tetraconate ground pattern. Fur-
ther, we suggest that this ground pattern includes more
serotonin-like neurons than hitherto assumed, and argue
that a sister-group relationship between Cephalocarida
and Remipedia, as favored by recent molecular analyses,
finds no neuroanatomical support. J. Morphol. 275:269—
294, 2014. © 2013 Wiley Periodicals, Inc.

KEY WORDS: entomostracan abdomen; mandible;
maxillula; maxilla; Mandibulata; serotonergic neurons;
stomatogastric nervous system; Xenocarida

INTRODUCTION
General Aspects

Most external anatomical features of Cephalocarida
have been interpreted as being plesiomorphic with
respect to the ground pattern of Crustacea, Mandibu-

© 2013 WILEY PERIODICALS, INC.

lata, or even Arthropoda (summarized by Olesen
et al., 2011; for details, see, for example, Sanders,
1957, 1963; Hessler, 1964, 1992; Lauterbach, 1974,
1983, 1986; Walossek, 1993; Scholtz and Edgecombe,
2005). Our recent investigation into the cephalocarid
brain showed that certain features in the cephalo-
carid olfactory system can also be traced back to the
ur-mandibulate (Stegner and Richter, 2011). In con-
trast, other features suggested to belong to the tet-
raconate ground pattern (e.g., Harzsch, 2006) have
been reduced in Cephalocarida. These include the
optic lobes (Elofsson and Hessler, 1990; Stegner and
Richter, 2011) and the central complex (Stegner and
Richter, 2011; Stegner et al., in press). Since poten-
tial morphological synapomorphies between Cepha-
locarida and other tetraconates are scarce (see, e.g.,
Hessler, 1992; Jenner, 2010; Olesen et al., 2011), and
molecular analyses reveal no definitive picture, the
phylogenetic relationships between Cephalocarida
and the rest of the Tetraconata remain a matter for
debate (Koenemann et al., 2010; Regier et al., 2010;
von Reumont et al., 2012; Oakley et al., 2013).

In the last decade, phylogenetic and evolutionary
questions have started to be addressed by looking
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at the arthropod VNC, and in particular, its
serotonin-like immunoreactive (SL-ir) pattern (e.g.,
Harzsch and Waloszek, 2000; Harzsch, 2004, 2007).
Our current knowledge of the cephalocarid VNC
dates back to three previous studies. Elofsson and
Hessler (1990) studied the species Hutchinsoniella
macracantha using light and transmission electron
microscopy. Although they focussed mainly on the
brain, they also provided the first description of the
VNC, including the pattern of segmental ganglia,
commissures, and nerve roots therein. Hessler and
Elofsson (1992) presented the first lateral drawing
of the complete VNC, but did not provide further
anatomical details. The only study so far to apply
immunohistochemical techniques documented a few
SL-ir and RFamide-like immunoreactive (RFL-ir)
neurons in the cephalocarid VNC (Elofsson, 1992),
but lacked the necessary detail to be incorporated
into later comparative analyses (e.g., Harzsch and
Waloszek, 2000, see below).

Cephalocarid Abdomen

The trunk of Cephalocarida and of other ento-
mostracan crustaceans (i.e., non-malacostracans
except Remipedia, see Walossek, 1993) is divided
into a limb-bearing thorax and a limbless abdomen.
The evolutionary origin of the abdomen has been
tackled from different angles in the past. Authors
have included in their definition of an “abdomen”
not only the absence of segmental limbs but also
Hox gene expression patterns (e.g., Schram and
Koenemann, 2004), the nervous system (e.g.,
Deutsch, 2001), and muscles (Huys, 1991, but see
Brenneis and Richter, 2010). In the present study,
we aim to investigate to what extent segmental
structures and patterns of the cephalocarid VNC
are tagma-specific, to compare them between differ-
ent tetraconates, and to detect potential evolution-
ary interdependences (i.e., coherences).

Mazxillar Appendage and Neuroanatomy

Another topic addressed here is the morphology
and evolution of the mandibulate head (traditionally
termed “cephalon” in Crustacea) and its segments
(see e.g., Lauterbach, 1980; Budd, 2001; Waloszek
et al., 2005; Scholtz and Edgecombe, 2005, 2006; Giri-
bet and Edgecombe, 2012; Richter et al., 2013).
Although the maxillar segment (Mx2) forms part of
the cephalon in all recent mandibulates, the anatomy
of maxillar appendages is morphologically disparate.
The hypothesis that the maxilla specialized into a
feeding appendage several times independently (e.g.,
Walossek and Miiller, 1990) is supported by the
thoracopod-like anatomy of the “maxilla” in Cephalo-
carida (Sanders, 1954, 1957). According to Scholtz
and Edgecombe (2006, p. 409f.), the fusion of cephalic
segments during mandibulate evolution, especially of
cuticular tergites and pleurites, predated the special-
ization of limbs. We aim to investigate how the nerv-
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ous system relates to this scenario, that is, to find out
whether the cephalocarid maxillar neuromere shows
any kind of “subesophageal” specialization or
whether it is more thoracic-like.

Serotonin-Like Immunoreactivity and
Phylogenetics

Harzsch and Waloszek (2000) first noted the phylo-
genetic relevance of segmental individually identified
SL-ir neurons in the arthropod VNC. Thanks to a
growing corpus of comparable data (e.g., see Harzsch,
2002, 2003, 2004; Harzsch et al., 2005), phylogenetic
inferences could soon be drawn on a larger scale.
Harzsch et al. (2005) suggested that the tetraconate
ground pattern featured four individually identified
SL-ir bipolar neurons per hemiganglion, from which
they deduced the diverging (often more simple) pat-
terns in recent hexapods and crustaceans. The evolu-
tionary scenarios suggested by Harzsch et al. (2005)
are reconsidered here in the light of new data on
Remipedia (Stemme et al., 2010, 2013) and Cephalo-
carida (this study). The current hypothesis of a
sister-group relationship between Remipedia and
Cephalocarida (Koenemann et al., 2010; Regier et al.,
2010) also calls for a more detailed understanding of
the cephalocarid SL-ir pattern and a detailed compar-
ison to other tetraconates and myriapods.

In order to address these phylogenetic and evolu-
tionary problems, we reinvestigated the VNC of H.
macracantha using present-day methods, namely a
combination of fluorescent immunolabeling, confo-
cal laser scanning microscopy and computer-aided
3D-reconstruction. As a first step in this study, we
refine and add to earlier descriptions of the cepha-
locarid VNC (Elofsson and Hessler, 1990; Elofsson,
1992; Hessler and Elofsson, 1992) and better corre-
late nervous structures with the serotonin-like,
RFamide-like, and histamine-like immunoreactive
patterns. As a second step, our data are compared
to that on other arthropods. Homology hypotheses
are formulated and interpreted in a phylogenetic
and evolutionary context.

MATERIAL AND METHODS
Collection, Fixation, and Storage

Adults of the cephalocarid species Hutchinsoniella macra-
cantha were collected in the daytime during the summer
months from 2007 to 2011 at different spots in Buzzards Bay,
MA. Samples of benthic mud were collected by boat from
depths of 10-25 m using a Van Veen grab or via scuba diving.
The animals were separated from the sieved samples using fine
forceps or pipettes.

Wildt et al. (2004) showed that the expression level of serotonin
in lobsters underlies circadian rhythm, showing a peak before dusk
and a trough before dawn. This phenomenon does not explain the
intraspecific variability observed in the SL-ir pattern of H. macra-
cantha (this study), however, as all the animals were fixed at the
same time before dusk at the end of our collecting days.

Three different fixation methods were required for the proce-
dures used in this study. 1) For semithin sectioning, one animal
was fixed and stored in Bouin’s fixative (Mulisch and Welsch,
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2010), the salinity of which had been increased to 3% by adding
NaCl. 2) For the immunolabeling of acetylated «-tubulin and
serotonin-like and RFamide-like proteins, 18 animals were
fixed with a 4% paraformaldehyde solution [16% PFA stem
solution (Electron Microscopy Sciences, Hatfield, PA: Ne CAS
#30525-89-4) diluted in phosphate buffered saline (PBS) solution
which was produced by diluting 10 x PBS stock solution in fil-
tered water from Buzzards Bay] for 30 min to 1 h. Fixed speci-
mens were transferred to 100% methanol for storage at 4°C.
Serotonin-like immunoreactivity was investigated in eleven ani-
mals, FMRFamide-like immunoreactivity was investigated in
seven animals. 3) For the immunolabeling of histamine-like pro-
teins, four animals were fixed in a 4% carbodiimid solution [400
mg of carbodiimid (Sigma-Aldrich, St. Louis, MO: Ne E1769) in
10 ml of filtered water from Buzzards Bay] for 24 h at 4°C.
Afterward, specimens were postfixed with a 4% paraformalde-
hyde solution for 1 h and stored in PBS solution at 4°C (both
solutions using filtered water from Buzzards Bay).

Pretreatment of Whole Mounts for
Immunolabeling

After a series of dilutions from their storage medium into
PBS, specimens were exposed to short pulses (<1 s at 35 kHz)
in a bath-ultrasonicator (Elma, Singen, Germany: Elmasonic
One). Between pulses, specimens were investigated with a ster-
eomicroscope to check for any signs of external or internal dam-
age due to the treatment. Though ultrasonication permeabilized
the cuticle in PFA-fixed specimens, it destroyed carbodiimid/
PFA-fixed specimens in one pulse. In some cases, specimens
were cut transversely near the thorax/abdomen border with a
razor blade. In some specimens, the maxilla and thoracopods
were removed on one or both sides of the body using dissecting
instruments such as forceps (Dumont 5) and tungsten needles.
To facilitate the penetration of antibodies, thoracic (pleural) and
abdominal (intersegmental) cuticle was perforated with forceps
or a tungsten needle in some specimens. Pretreatment proce-
dures were often combined.

Immunolabeling and Mounting

Irrespective of the primary antibodies/antisera applied, speci-
mens underwent the same general immunolabeling procedure.
Antibody incubation was conducted in PBT (PBS with 0.5%
bovine serum albumin, 0.3% Triton X-100, 1.5% dimethylsulfox-
ide) containing 5% Normal Goat Serum (Calbiochem, Merck
KGaA, Darmstadt, Germany: No NS02L). Labeling of the cytos-
keletal protein acetylated a-tubulin was performed with a pri-
mary monoclonal mouse antibody [anti-ac-a-tub IgG 2b Isotype,
clone 6-11 B-1, Sigma-Aldrich, St. Louis, MO: Ne T6793 (dilution
1:100)] and a Cy-3-coupled secondary goat antibody [antimouse
IgG (H+L), Jackson/Dianova, Hamburg, Germany: Ne 115-001-
003 (dilution 1:200)]. To label the neuropeptide FMRFamide and
the biogenic amines serotonin and histamine, polyclonal rabbit
antisera were used [Neuromics, Edina, MN: Ne: 20002 (dilution
1:1000); Immunostar, Hudson, WI: Ne 20080 (dilution 1:100); and
Progen, Heidelberg, Germany: Ne 16043 (dilution 1:100), respec-
tively]. An Alexa 488-coupled secondary goat antibody [antirab-
bit IgG (H+L), Invitrogen Molecular Probes, Darmstadt,
Germany: Ne A11008 (dilution 1:500)] was applied for visualiza-
tion. Nuclei were labeled using Hoechst (Invitrogen Molecular
Probes, Darmstadt, Germany: Ne H33342, 1 pg/ml in PBS). Incu-
bations were carried out overnight at 4°C, each followed by thor-
ough washing in PBT on a horizontal shaker (neoLab,
Heidelberg, Germany: DOS-20S) at 50 rpm. Stained whole
mounts were mounted in Vectashield Mounting Medium (Vector
Laboratories, Burlingame, CA), after placing tiny pieces of plasti-
cine as spacers in the corners of the cover slips.

Confocal Laser Scanning Microscopy

Stained specimens were scanned using a DM IRE2 confocal
laser scanning microscope (UV: 405 nm; Arg/Kr: 488 nm, HeNe:
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543 nm) equipped with a TCS SP2 AOBS laser scanning unit
(Leica Microsystems GmbH, Wetzlar, Germany) at step sizes of
0.4-1 pm between successive scanning planes. Alternatively, a
DMI 6000 CS confocal laser scanning microscope (Arg/Kr: 488
nm, HeNe: 543 nm) equipped with a TCS SP5 II laser scanning
unit (Leica Microsystems GmbH, Wetzlar, Germany) was used
at the same step sizes.

Semithin Sectioning and Digitization

The specimen fixed in Bouin’s fixative (see above) was dehy-
drated in a graded ethanol series and, after an intermediate
step in epoxypropane, embedded in araldite epoxy resin under
vacuum. Serial semithin sections (2160 X 1 um) were made in
the transverse plane with an RM 2165 microtome (Leica Micro-
systems GmbH, Wetzlar, Germany) using glass knives. Sections
were stained with a mixture of 1% azure II blue and 1% meth-
ylene blue in aqueous 1% borax solution for approximately 20—
35 s at 80-90°C and subsequently digitized using an AxioCam
ICc 3 digital camera mounted on an Axio Scope Imager.M1
microscope (Carl Zeiss Jena GmbH, Jena, Germany). Every
third section (Z-distance of 3 um) was digitized at 20X magnifi-
cation to yield an overall image of the central nervous system
in relation to other organ systems. Digitized sections were
aligned into a 3D-virtual stack using the software AutoAligner
(Bitplane AG, Zurich, Switzerland).

Analysis and 3D-Reconstruction

The software Imaris (Bitplane AG, Zurich, Switzerland: ver-
sions 6.0.2, 6.4.0, and 7.0) was used for all analyses and 3D-
reconstructions of the 3D-virtual stacks obtained through laser
scanning microscopy and histological sectioning. Volumes are
shown in the Imaris “maximum intensity projection” mode on
all confocal laser micrographs if not stated otherwise in the
legend. The “surpass view” of this program can be used to dis-
play the 3D-volume of the complete data set, while the
“extended section mode” generates virtual sections of individu-
ally definable thickness, achieved by varying the number of
images included. The “shadow projection” option renders
scanned structures opaque and shaded, thus allowing their sur-
face and external shape to be examined. In many cases, in par-
ticular to delineate SL-ir somata and nerves, the “contour
surface” tool was used to artificially highlight specific struc-
tures or to mask structures that obscured the view of the nerv-
ous system. All figure plates were created and labeled using
the software Corel Draw X3. Bitmap images were edited using
the software Corel PhotoPaint X3, with the images subjected to
global changes of contrast, brightness, and color only. Two sets
of 3D-schematics of SL-ir neurons were designed and edited
using the software Maya 2010 (Autodesk GmbH, Munich, Ger-
many) and integrated into PDF files using the software Deep
Exploration 5 (Right Hemisphere, San Ramon, CA).

Nomenclature and Presentation

We follow the neuroanatomical terminology proposed by
Richter et al. (2010) wherever applicable. Crucially, the term
“neurite” is used here for all neuronal processes, and the term
“commissure” is used for neurite bundles that link the paired
neuropils of one ganglion transversely. Morphological descrip-
tions of nerves or neurites can require coordinates and phrases
of direction such as “extend into” or “project anteriorly.” Please
note that no physiological or developmental inferences should
be drawn from such phrases. Descriptions are preferably given
from anterior to posterior and from central to peripheral, with
all adjectives of position (such as “anterior” or “dorsal”) refering
to the body axis. If not stated otherwise, only one side of the
body is described. Exceptions are mentioned explicitly. The
term “pair” is used solely for bilaterally symmetrical pairs, not
for ipsilateral duads.

In all figures showing the results of immunolabeling, the
molecules presumed to be labeled are indicated (e.g., “tub” for
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acetylated «-tubulin, “Hoe” for the DNA-marker Hoechst).
Using polyclonal antisera against serotonin, FMRFamide, and
histamine does not rule out the possibility of labeling related
neuroactive substances, however. This holds in particular for
the neuropeptide FMRFamide, which is a member of a large
neuropeptide family characterized by a shared RFamide motif
(see Zajac and Mollereau, 2006 for a short overview). In the
light of this, we refer to serotonin-like, RFamide-like, and
histamine-like immunoreactivity (SLI, RFLI, HLI) and to
serotonin-like, RFamide-like, and histamine-like immunoreac-
tive (SL-ir, RFL-ir, HL-ir) structures, respectively.

In order to describe the SL-ir pattern in the VNC in detail,
most SL-ir neurons were characterized individually, taking into
account the relative position of their soma within the ganglion,
the course of their neurite (ipsilateral or contralateral), and the
commissure or nerve to which the respective neurite contributes.

We use the term “individually identified neuron” only for
those neurons whose neurites could be traced into distinct
structures such as a specific commissure (these neurons are
marked in different colors in Table 1, Figs. 5 and 6). SL-ir neu-
rons for which a soma was found but whose neurites could not
be traced are marked in gray (Table 1, Figs. 5 and 6). In these
cases, either the neurite could not be detected at all due to
weak staining, or it was found but could not be traced unam-
biguously because it interlaced too closely with other SL-ir neu-
rites. Individually identified SL-ir neurons in the VNC are
labeled from s14 to s20 (thorax) and from s27 to s28 (abdomen),
continuing our recent numbering of neurons sl-s13 in the
brain (Stegner and Richter, 2011). SL-ir neurons with unknown
neurites are preliminarily numbered from s21? to s26?.

Segments are abbreviated as follows: mandibular (Md), max-
illular (Mx1), maxillar (Mx2), thoracic 1-9 (Th1-Th9), abdomi-
nal 1-10 (Ab1-Ab10).

RESULTS
VNC—General Anatomy

As in most arthropods, the central nervous sys-
tem of H. macracantha comprises the brain and the
VNC. The VNC mainly consists of a number of seg-
mental ganglia (sg, Th1-Th9, Ab1-Ab8) that are
interconnected by connectives (Figs. 1A,C,D, 2A,
and 4A). The VNC is confluent with the pair of post-
tritocerebral connectives from the brain (br) and
extends posteriorly through the nine-segmented
thorax and the 10-segmented abdomen as far as the
telson (not counted as a segment) with its furca (frc,
Figs. 1A,B, 2A, and 4A). Throughout the VNC, the
neuraxis lies parallel to the body axis (Fig. 1A).

The mandibular (Md), maxillular (Mx1), and
maxillar segments (Mx2) share a continuous, seg-
ment border-crossing subesophageal ganglion (sg,
Figs. 1 and 2A). In contrast, the thoracic segments
(Th1-Th9, Figs. 1 and 2A) and the abdominal seg-
ments Ab1-Ab8 (Figs. 1 and 4A) are each equipped
with a separate ganglion. The two posteriormost
segments of the abdomen (Ab9 and Ab10) and the
telson (tel, Figs. 1 and 4A) lack ganglia completely.

In each ganglion, the neuronal somata of the two
body halves are fused into one continuous cortex
that extends across the midline. On each side, the
somata cortex envelops one segmental neuropil,
forming a hemiganglion (see, e.g., Abl, Fig. 4B). The
neuropils are transversely connected to their contra-
lateral counterpart by commissures (Fig. 3), which

Journal of Morphology

M.E.J. STEGNER ET AL

are likewise embedded in the midline-spanning
somata cortex. Segmental neuropils of the same
body side are longitudinally connected via soma-free
connectives (marked as solid bars in Fig. 3A,C).

Though there are some differences (described
below), all thoracic ganglia correspond to each
other in their pattern of nerves, commissures, and
SL-ir, RF-ir and HL-ir neurons (see, e.g., Thl and
Th2, Fig. 3C,D, Supporting Information Fig. S1C).
A thoracic-like pattern is also found in the neuro-
meres of the subesophageal ganglion, especially in
that of Mx2. In comparison, the organization of
the abdominal ganglia is less complex (Fig. 4A—
C,G, see below). On the basis of the correspond-
ences between respective segments, the VNC can
thus be subdivided into four regions: 1) the sube-
sophageal ganglion (Md, Mx1, Mx2); 2) the tho-
racic ganglia (Th1-Th9); 3) the abdominal ganglia
(Ab1-AbS8); and 4) the posterior region of the abdo-
men, which lacks ganglia (Ab9, Ab10, telson).

The thoracic ganglia are described before the
subesophageal ganglion in the following so as to
better illustrate the correspondences between tho-
racic and subesophageal structures and patterns.

Thoracic Ganglia

In contrast to the coherent cephalon of H. macra-
cantha, all the thoracic segments are articulated
separately. Each thoracic ganglion lies embedded in
the bulging sternite of its segment (Supporting
Information Fig. S1H).

The contiguous, midline-spanning somata cortex
of each thoracic ganglion is mainly situated ven-
tral and medial to the neuropil (Figs. 1C and 2A).
The dorsal side of the neuropil, which lies directly
below the gut, is only covered by a thin layer of
somata and is partially soma-free (Fig. 1D).

Intersegmental nerve. The intersegmental
nerve arises from a nerve root on the connective
between two successive ganglia and extends in a
lateral direction. Tubulin staining reveals that the
nerve root is bipartite and that it lies closer to the
next posterior than to the next anterior ganglion.
Most. of the nerve’s neurites (black arrows, Fig.
3C) emerge in the medial region of the connective,
from where they extend laterally to be joined by
another thin bundle (gray arrows, Fig. 3C).

The intersegmental nerve splits distally into two
main branches (isnv, Fig. 2C,D). The dorsal branch
ascends (white arrows), passing the gut laterally, to
innervate the medial region of the tergite.
The lateral branch bifurcates. One of its two
subbranches (yellow arrows) innervates the lateral
region of the tergite. The other subbranch (blue
arrows) innervates the pleurite (Fig. 2C,D), which is
an articulated plate of the cuticle (see Sanders,
1957).

Thoracopod nerves. The exopodite nerve
(exnv) and endopodite nerve (ennv) originate in a
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Fig. 1. Hutchinsoniella macracantha, overview of the VNC. 3D-reconstructions of cuticle (semitransparent), somata (light blue),
neuropil and neurite bundles (yellow), and gut (green), based on serial semithin sections of a complete adult. Trunk nerves omitted.
antl: antennula, ant2: antenna, br: brain, cs: cephalic shield, eso: esophagus, frc: furca, gut: gut, mx2: maxilla, sg: subesophageal

ganglion, tel: telson, thp1-6: thoracopods 1-6.

common root. The exopodite nerve forms a charac-
teristic anterior arc before extending into the thor-
acopod (Fig. 3C,D). This arc bypasses a thick
muscle bundle spanning the proximal portion of
the protopodite.

In the distal portion of the protopodite, the exo-
podite nerve gives rise to the pseudepipodite
nerve, which innervates the setae of the paddle-
like pseudepipodite (penv, Fig. 2B). The exopodite
nerve proceeds distally, innervating three single
setae of the middle portion of the exopodite as well
as a number of setae distributed over its paddle-
like distal portion (Fig. 2B).

Journal of Morphology

We assume that the thoracic (and the maxillar)
endopodite consist of six podomeres (labels in our
Fig. 2B based on Hessler, 1964, discussed crit-
ically by Olesen et al., 2011). Extending through
the medial (i.e., gnathal) region of the protopodite,
the endopodite nerve (Fig. 2B) sends off a number
of medial side branches which innervate the
densely grouped setae on the five gnathal endites
and on the first podomere of the endopodite. In
some thoracopods, these side branches branch off
in endite-specific bundles; in others, they branch
off in a less morphologically distinct, “bush-like”
fashion.
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Fig. 2. Hutchinsoniella macracantha, VNC and major nerves in the subesophageal region and thorax. Confocal laser scans of whole
mounts. (A, B) Imaris surpass view. (A) Thorax in ventral aspect. Dotted lines (left side of figure) and Hoechst staining (right) show
somata assemblages of each ganglion. On the morphologically right body half, limbs were removed and Hoechst staining is not
shown. An intersegmental nerve (double arrowheads) lies far anterior to the subesophageal ganglion. (B) Innervation of right trunk
limb. Anterior aspect. Arrowhead indicates the insertion site of a podomere muscle. (C, D) Course of the intersegmental nerve in
Th5. Imaris extended section view. Nerve and ganglion were artificially highlighted (yellow) using the Imaris contour surface tool.
The dorsal branch (white arrows) innervates the tergite, while the lateral branch arborizes to innervate both the tergite (yellow
arrows) and the pleurite (blue arrows). Abl: abdominal segment 1, ennv: endopodite nerve, exnv: exopodite nerve, isnv: intersegmen-
tal nerve, md: mandible, mx1: maxillula, mx2: maxilla, penv: pseudepipodite nerve, pleu: pleurite, sg: subesophageal ganglion, tc: tri-
tocerebrum, terg: tergite; Th1-9: thoracic segments 1-9, thpl-thp8: thoracopods 1-8. Scalebars: 100 pm.
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Fig. 3. Hutchinsoniella macracantha, subesophageal ganglion (A, B) and thoracic ganglia (C, D) of H. macracantha. Confocal laser
scans in Imaris surpass view (A, C) and corresponding semischematic representation (B, D) in ventral aspect. (A) Within the contigu-
ous subesophageal somata cortex (not shown), the neuropils of Md, Mx1, and Mx2 are longitudinally linked by connective-like bun-
dles of parallel neurites (dashed white bars), which are comparable with the soma-free connectives marked by solid white bars in B.
(A, B) The nerve roots and commissures of the three segmental components (Md, Mx1, Mx2) of the subesophageal ganglion corre-
spond to a significant extent to the thoracic pattern. (A, C) Most neurites of the intersegmental nerve arise from the anteromedial
region of the respective ganglion (black arrow). The nerve leaves the ganglion anterolaterally. (C) Thoracic ganglia are interlinked by
soma-free connectives (continuous lines). adc: anterodorsal commissure, adc,: anterior part of adc, adc,: posterior part of adc, ave:
anteroventral commissure, ennv: endopodite nerve, exnv: exopodite nerve, fpc: first posterior commissure, isnv: intersegmental nerve,
Md: mandibular segment, mnb: median neurite bundle, Mx1 and Mx2: maxillular and maxillar regions, plnv: posterolateral nerve,
spc: second posterior commissure, speq: dorsal part of spe, spe,: ventral part of spc, Thl and Th2: thoracic segments 1 and 2. Scale-
bars: 25 pm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The posterolateral nerve (plnv, Fig. 3C) arises
from each thoracic hemiganglion in a separate
root posterior to the common root of the exo- and
endopodite nerves. It extends posterolaterally
toward the proximal region of the thoracopod.
Considerable cuticular autofluorescence and the
tubulin immunoreactivity of the protopodite
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muscles in this region made it impossible to trace
the nerve any further.

Commissures. Four commissures are present
in each thoracic ganglion. The anterodorsal and
anteroventral commissure lie one on top of the
other anteriorly in the ganglion (Figs. 3C,D and
6). The anterodorsal commissure (ade) is a



VENTRAL NERVE CORD IN CEPHALOCARIDA

prominent bundle of a large number of neurites
that may occur coherently (e.g., in Th1, Fig. 3C) or
be loosely split into several bundles (e.g., in Th2,
Fig. 3C). The anteroventral commissure is thinner
and may either be straight or describe an anterior
arc (see Fig. 3C,D). The first and second posterior
commissures are situated one behind the other
posteriorly in each thoracic ganglion (Figs. 3C,D
and 6). The first posterior commissure (fpc) origi-
nates dorsally in the neuropil. The second poste-
rior commissure (spc) has a dorsal and a ventral
root and may be split into two separate neurite
bundles. If the commissure occurs as one bundle,
it may describe a dorsal arc, connecting at its dor-
salmost point to the median neurite bundle (see
spe, Fig. 5D-F). The anterodorsal and the first
posterior commissure are also connected to the
median neurite bundle.

Thoracic ganglia 8 and 9. In terms of their
commissural pattern, Th8 and Th9 correspond to
the rest of the thorax. However, the thoracopod
nerves of Th8 and Th9 differ slightly from the
rest. The endopodite nerve in Th8 is thinner than
in the other segments, comprising only a few neu-
rites. No endopodite nerve could be identified for
Th9. The ganglia of Th8 and Th9 are compressed
and spatially separated from each other by the
cement gland (cg), which lies adjacently in the
anteroventral region of Th9 (Fig. 5A; refer also to
Hessler et al., 1995).

Subesophageal Ganglion

Position and general anatomy. The subeso-
phageal ganglion (sg), which comprises the mandib-
ular, maxillular, and maxillar neuromere, is
situated in the posterior cephalon and constitutes
the anteriormost part of the VNC (Figs. 1 and 2A,
and 3A,B). Although connectives sensu stricto
(which are by definition soma-free, see Richter
et al., 2010) are absent within the subesophageal
ganglion, it should be noted that the mandibular,
maxillular, and maxillar neuropils on each side are
separated from each other by bundles of parallel
neurites (region indicated by dashed white bars in
Fig. 3A) lying within the contiguous, midline-
spanning subesophageal somata cortex. The dorsal
side of the three neuropils, which lies close to the
esophagus and gut, is partially covered by a thin
layer of somata and is partially soma-free (Fig. 1D).

Nerves. Each of the three subesophageal neu-
romeres exhibits the three appendage nerves that
are also found in the thoracic ganglia: one exopo-
dite nerve (exnv), one endopodite nerve (ennv),
and one posterolateral nerve (plnv, Fig. 3A,B). The
three mandibular nerves emerge from a common
root anterolaterally in the subesophageal ganglion
(Md, Fig. 3B). The maxillular endopodite and exo-
podite nerves originate from a common root situ-
ated lateral to the anteroventral commissure (avc)
of Mx1, separated from the delicate maxillular
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posterolateral nerve (Fig. 3A,B). The three maxil-
lar nerves (Figs. 2A and 3A,B) correspond in detail
to those in Th1-Th7. The pattern of innervation of
the thoracopod-like cephalocarid maxilla by the
exopodite, pseudepipodite, and endopodite nerves
corresponds in detail to that in thoracopods 1-7
(see above).

The intersegmental nerve between the tritocere-
brum and the mandibular neuromere (Fig. 2A,
double arrowheads) originates clearly anterior to
the subesophageal ganglion, its root lying directly
lateral to the posterior postesophageal commissure
(pec) of the tritocerebrum (see Stegner and
Richter, 2011). The borders between subesophageal
neuromeres (Md, Mx1, Mx2) are indicated by the
respective intersegmental nerve (Fig. 3A,B), which
is especially helpful in identifying the subesopha-
geal commissures.

Commissures. What we denote as subesopha-
geal commissures are visualized on the schematic
drawing in Figure 3B. Despite the fact that they
are higher in number and display some deviations
in need of explanation, all 13 subesophageal com-
missures can be correlated with the four commis-
sures that exist in each thoracic ganglion.

Maxillar commissures. Given that the inter-
segmental nerve (isnv) marks the border between
Mx1 and Mx2, six commissures are counted in
Mx2 (Fig. 3A,B). Two of the three studied speci-
mens exhibited two well-separated anterodorsal
commissures in Mx2 rather than one (adc,, adc,,
Fig. 3A,B). As in the thorax, the anteroventral
commissure (avc) of Mx2 constitutes the only com-
missure of the neuromere which is not connected
with the median neurite bundle (Fig. 3B). The first
posterior commissure (fpc) of Mx2 is situated directly
dorsal to the anteroventral commissure (ave, Fig.
3A,B). All studied specimens exhibited two clearly
separated “second posterior commissures” (spcq,
spcy,) in Mx2 rather than one. The relationship
between the commissural and the SL-ir pattern in
Mx2 corresponds in detail to that in Th1 (see section
Serotonin-Like Immunoreactivity below).

Mandibular and maxillular neuromere.
The anterodorsal commissures in Md and Mx1
(ade, Fig. 3A,B) are situated anteriorly in their
respective neuromeres. They are relatively thick,
and connected with the median neurite bundle
(Fig. 3A,B). Distinctively, the anterodorsal com-
missure in Md (adec, Fig. 3A,B) gives rise to the
median neurite bundle, and appears to be looser
and broader than other commissures, receiving
neurites both from the mandibular neuropil and
from the connectives anterior to the subesophageal
ganglion. The anteroventral commissures (avc) in
Md and Mx1, respectively, lie directly ventral to
the respective anterodorsal commissure and are
not connected with the median neurite bundle
(Fig. 3A,B). They are closely associated with the
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root of the respective appendage nerves, as in the
case of the maxillar and thoracic neuromeres.
While Md lacks a first posterior commissure
(fpe) (Fig. 3A,B), the first posterior commissure in
Mx1 lies posterior to the anterodorsal commissure

Journal of Morphology

and is connected with the median neurite bundle
(Fig. 3A,B).

Both Md and Mx1 exhibit one slim commissure
(here labeled spc,) which seems to consist solely of
neurites from the respective SL-ir neurons slb5a
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and s15b (Fig. 3A,B, see section Serotonin-Like
Immunoreactivity). SL-ir neurons s15a and s15b in
the neuromeres of Mx2 to Th7 contribute their neu-
rites to the respective second posterior commissure,
which is connected with the median neurite bundle.
Since the slim commissure in Md and Mx1 is not
connected with the median neurite bundle, we
interpret it as the ventral part of a “second poste-
rior commissure.” The dorsal part of this second
posterior commissure is missing in Md and Mx1.

Median neurite bundle. Emerging from the
anterodorsal commissure (adc) of Md, the median
neurite bundle extends posteriorly in a straight line
(Figs. 3 and 4B-D). We traced it as far as Ab9 (Fig.
4D), but it may proceed to the anus (which lies in
the telson, see Elofsson et al., 1992). The median
neurite bundle is connected to all subesophageal,
thoracic, and abdominal commissures except to the
respective anteroventral commissure (ave) and, in
Md and Mx1, except to the ventral part of the sec-
ond posterior commissure (spcy; e.g., Fig. 3B,D).

Abdominal Ganglia From Abl to Ab8

In each of the abdominal ganglia from Abl to
Ab8, the somata are arranged in one continuous
cortex around the bilateral neuropil (Fig. 1). They
are mainly situated ventrally (Ab1-Ab8, Figs. 1C-
E and 4A) and medially within the ganglion (see,
e.g., Abl, Fig. 4B). In dorsal or ventral aspect, the
middle region of each cortex appears to be soma-
free. Ab1-Ab8 show a broadly corresponding pat-
tern of nerves and commissures. An intersegmen-
tal nerve (isnv, Fig. 4A,C,E) arises slightly
anterior to each abdominal hemiganglion from the
lateral region of the connective. It initially extends
posterolaterally before splitting into two main
branches (Fig. 4E). One main branch turns anteri-
orly, innervating the lateral (yellow arrow) and—
via a thinner branch—medial rim of the segmental
border (white arrows, Fig. 4E). The other main
branch proceeds laterally (blue arrows, Fig. 4E),
innervating the unarticulated, spine-like lateral
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extrusion of the tegument (“pleura” sensu Sanders,
1963). Each abdominal ganglion exhibits a thicker
anterior commissure (ac) and a more delicate pos-
terior commissure (pc, most conspicuous in Fig.
4C, see also Fig. 4B,G). Both are connected to the
median neurite bundle (mnb, Fig. 4B,C).

Posterior Abdominal Region (Ab9-Ab10 and
Telson)

Ab9, Ab10 and the telson completely lack gan-
glia and commissures. The paired longitudinal
neurite bundles of the VNC extend through this
region, diverging slightly (Figs. 1A-C and 4A,D-
F). In the telson, each longitudinal neurite bundle
splits into several smaller branches. Only a few of
these branches (green arrows) innervate the tegu-
ment of the telson; most (white arrows) proceed
posteriorly to innervate the furca (frc, Fig. 4F).
The intersegmental nerves (isnv) between ADS,
Ab9 and Ab10 correspond to those between other
abdominal segments (Fig. 4A,D,E).

Serotonin-Like Immunoreactivity

General pattern. The VNC comprises a high
number of SL-ir neurons that contribute their neu-
rites to SL-ir neuropil domains (sensu Stegner et
al. in press), some commissures, and the connec-
tives (Figs. 4G-I and 5). Most SL-ir neurons occur
in bilaterally symmetrical pairs and could be iden-
tified individually (labeled “s14—s20, s27, s28,” see
Table 1; detailed description below). Notably, even
where the course taken by the respective neurites
of the same pair of neurons corresponded (e.g.,
passing through the same commissure), the exact
position of their somata was often found to differ.
This implies that individual SL-ir neurons identi-
fied on the basis of soma position alone (labeled
“s21?7—-s26?” in Table 1) may have to be revised
when the course of the corresponding neurites is
clarified in the future.

All SL-ir neurons in the VNC are unipolar. The
cement gland (see Hessler et al., 1995) in Th9 and

Fig. 4. Hutchinsoniella macracantha, VNC and serotonin-like immunoreactivity in the abdomen. Confocal laser scans. Imaris sur-
pass view from ventral, if not stated otherwise. (A, C-E) Arrowheads point at insertion sites of longitudinal muscles. A. Overview of
the abdomen. Dotted lines (lower side of figure) and Hoechst staining (upper side) show somata assemblages for abdominal ganglia
in Ab1-Ab8, but not in Ab9 and Ab10. Hoechst staining not shown on lower, morphologically right side. (B) Imaris extended section
view. Abdominal ganglion 1 lies embedded between the pair of ventral longitudinal muscles, which show autofluorescence under UV
excitation (cyan stripes). (C) The two commissures of Ab4 are connected with the faint median neurite bundle, which was masked
and assigned to a white channel here. (D) In Ab9, the longitudinal neurite bundles are not linked by commissures. (E) Posterior
region of abdomen. Insertion sites of longitudinal muscles (arrowhead) are innervated by a branch (white arrows) of the intersegmen-
tal nerve. Other branches innervate the intersegmental joint region (yellow arrow) and the lateral extrusions of the tegument (blue
arrows). (F) Anterior to where the longitudinal neurite bundles proceed into the furca (white arrows), they give rise to several side
branches (green arrows) which innervate various setae (yellow arrows) of the telson. (G-I) Abdominal ganglia generally feature two
pairs of strongly SL-ir somata. Only the posterior commissure is SL-ir, encompassing the axons of $28 neurons. (H, I) Additionally, a
pair of lateral and a median group of weakly SL-ir gland-like cells (gc) were found in most abdominal segments. Ab1-Ab10: abdomi-
nal segments 1-10, ac: anterior commissure, anus: anus, cg: cement gland, frc: furca, ge: gland-like cells, isnv: intersegmental nerve,
mnb: median neurite bundle, pc: posterior commissure, s27 and s28: serotonin-like immunoreactive somata 27 and 28, tel: telson,
Th9: thoracic segment 9, vlm: ventral longitudinal muscle. Scalebars: A: 100 um. B-I: 50 pm.
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Fig. 5. Continued

Ab1l (cg, Figs. 4G and 5A) and gland-like cells in

the abdomen (gc, Fig. 4H,I) are also weakly SL-ir.
Longitudinal neurites. Each side of the VNC

features several single longitudinal SL-ir neurites

Journal of Morphology

(Fig. 5A,B) which extend through all the neuropils
and connectives. Because they interlace with other
SL-ir neurites in the SL-ir domains of the gangli-
onic neuropils, it is not easy to trace them back to
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their respective soma. Soma s20 gives rise to a A
longitudinal neurite in segments Th6-Th9 (e.g.,
Fig. 5E, and see below). A distinct decrease in the
number of longitudinal SL-ir neurites is observ-
able along the anteroposterior axis. Only a single
SL-ir neurite on each side proceeds posteriorly
from AbS8 as far as the furca.

Thoracic ganglia. Mx2 and all the thoracic
ganglia exhibit a complex pattern of SL-ir neurons
with many intersegmental correspondences. Since
there are also intersegmental differences as one
proceeds from Mx2 to Th9, however, the segmental
SL-ir pattern cannot be considered entirely
homonomous. Moreover, differences between the
specimens studied indicate a certain degree of
intraspecific variability.

Thl. Thl exhibits six individually identified
SL-ir somata on each body side, here labeled s14,
s15a, s15b, s16, s17, and s19 (see Table 1, Figs. 5D
and 6B). The two somata s15a and s15b (light blue
in Figs. 5D and 6B) occupy a posterolateral posi-
tion, sending their respective neurite into the ipsi-
lateral neuropil and from there a contralateral
axon through the second posterior commissure
(spc) into the neuropil of the opposite body side.
Although sl15a and s15b are indistinguishable
within their duad, we count them as “individually
identified” as they differ considerably from all
other SL-ir neurons.

All other individually identified somata in Thl
are positioned anteromedially in the hemiganglion,
often close to each other. Soma s14 (dark blue in

exnv adc
ennv.

ad
/ avc (Md)
Md) \ \ \spcv
pdnv. |
isnv O

exnv
(Mx1) pdnv

1s16
—H

isnv

Figs. 5D and 6B) sends its neurite into the antero-
ventral commissure (avc), where the neurite splits
into an ipsilateral and a contralateral neurite
which extend into the opposite neuropils of the
ganglion. Soma s16 (red in Figs. 5D and 6B) sends
its neurite ipsilaterally through the neuropil into
the exopodite nerve. Neuron s17 (green) has the
most conspicuous anatomy. Its neurite extends
ipsilaterally from the soma into the neuropil,
where it interlaces with other neurites. The axon

6. Hutchinsoniella

Fig. macracantha, interactive  3D-
schematics of the SL-ir neurons in the VNC of H. macracantha.
Ganglionic neuropil, nerves, commissures, and median neurite
bundle are shown in semitransparent. Denotations of individu-
ally identified neurons (colored, see also Table 1) are given in
the interactive PDF. Neurons with untraceable neurites are
shown in gray. Dorsal aspect. Please use other preset aspects to
turn the 3D-models. (A) Subesophageal ganglion. (B) Thoracic
ganglion 1. adc: anterodorsal commissure, adc,: anterior part of
adc, adcy,: posterior part of adc, ave: anteroventral commissure,
ennv: endopodite nerve, exnv: exopodite nerve, fpc: first posterior

commissure, isnv: intersegmental nerve, Md/Mx1/Mx2: attrib-
uted to mandibular/maxillular/maxillar segment, mnb: median
neurite bundle, plnv: posterolateral nerve, s14—s20: serotonin-
like immunoreactive somata 14—20, spc: second posterior com-
missure, spcq: dorsal part of spc, spe,: ventral part of spc.

bends upward in a dorsal arc, bypassing the neu-
ropil before turning contralaterally to contribute
to the anterodorsal commissure (adc). Soma s19
(pink) sends its neurite ipsilaterally into the

Fig. 5. Hutchinsoniella macracantha, serotonin-like immunoreactivity (SLI) in the VNC. (A-C) Confocal laser scans. Imaris sur-
pass view. (D-F) Imaris shadow projection. (A, B) Ventral overview of SLI in thorax and abdomen. Dotted lines indicate the position
of ganglia. On each side, the VNC encompasses a number of longitudinal SL-ir neurites, a few of which (arrowheads) also proceed
through abdominal segments 9 and 10, which lack ganglia. (C) Dorsal aspect of the subesophageal ganglion. SL-ir neurites from the
posttritocerebral connectives (white arrows) enter the anterodorsal commissure in Md. The neurites from SL-ir somata s15a and
s15b form the ventral part of the second posterior commissure. (D-F) Individually identified neurons were masked and assigned to
different color channels (see legend and Table 1) using the Imaris contour surface tool. There are both correspondences (compare,
e.g., s1ba, s15b, s16, s17 in D and E, F) and differences (e.g., s14, s18, s20) in the SL-ir pattern of the various thoracic ganglia. Ab1-
Ab9: abdominal segments 1-9, adc: anterodorsal commissure, adc,: anterior part of adc, adcy: posterior part of adc, ave: anteroventral
commissure, cg: cement gland, ennv: endopodite nerve, exnv: exopodite nerve, fpc: first posterior commissure, Md/Mx1/Mx2: attrib-
uted to mandibular/maxillular/maxillar segment, mnb: median neurite bundle, plnv: posterolateral nerve, s14—s20, s21?: serotonin-
like immunoreactive somata 14—20 and s21?, sg: subesophageal ganglion, spc: second posterior commissure, spcq: dorsal part of spe,
spcy: ventral part of spe, Th1-9: thoracic segments 1-9. Scalebars: A, B: 100 pum. C-F: 50 um.
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neuropil, from where the axon turns back contral-
aterally to contribute to the first posterior commis-
sure (fpc). Thl contains two additional somata
whose neurites could not be traced. Soma s21? lies
medially and soma s22? anterolaterally/dorsally in
the hemiganglion. Comparing two specimens of
H. macracantha, we found soma s21? to be either
unpaired or paired, and s22? to be either unpaired
or absent (see Table 1).

Th6. Th6 contains six individually identified
SL-ir neurons, some of which differ in their neu-
rite morphology from those in Thl. Th6 lacks
neurons sl4 and s19 but exhibits neurons s18
and s20 (Fig. 5E,F, Table 1). Soma s18 (purple in
Fig. 5F) is situated ventrally and soma s20 (yel-
low in Fig. 5E,F) anterolaterally in the hemigan-
glion. The neurite from soma s18 extends directly
into the neuropil and could not be traced further
on. The neurite from soma s20 extends in a
medial arc around the ipsilateral neuropil before
entering the latter to continue anteriorly into the
connective, toward the next hemiganglion. Alto-
gether three additional medial somata s21? (Fig.
5E), here interpreted as one unpaired soma and
two occuring in a pair (Table 1), were also identi-
fied in Th6. Their neurites could not be
identified.

Intraspecific variability. To address poten-
tial intraspecific variability in the SL-ir pattern of
H. macracantha, we compared three specimens in
detail with respect to the subesophageal ganglion
and two specimens with respect to the thoracic gan-
glia. Intraspecific variability is displayed by neu-
rons s14-s19 (see all cells with a dash [/] in Table
1), which were present in one and missing in the
other specimen(s) (e.g., s18 in Th3), or paired in
one specimen and unpaired in the other(s) (e.g., s17
in Th2). Only neuron s20 occurred consistently in a
pair from segment Th6 to Th9 in both compared
specimens (Table 1).

If an anteromedial or medial soma with an
untraceable neurite could not be identified individ-
ually (as either s14, s16, s17, s19, or something
else), it was labeled as “s21?.” Table 1 shows that
unspecified somata s21? were found in all studied
segments of three individuals. The degree of intra-
specific variability might thus be lower than sug-
gested by Table 1, with somata s21? possibly
belonging to the “missing” anteromedial neurons
sl4, s16, s17, s19.

In some cases, the anteroventral, anterodorsal,
and first posterior commissure are SL-ir without
seeming to be contributed to by soma s14, s17, or
s19, suggesting that these commissures may com-
prise additional SL-ir neurites.

Distribution of individually identified neu-
rons across the thorax. A comparison of indi-
vidually identified neurons across the successive
segments of the thorax reveals a number of inter-
segmental differences. While Figure 5D (Thl) and
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Figure 5E (Th6) permit a direct comparison of
the morphology of SL-ir neurons in two different
ganglia, the color-coded rows s14-s20 in Table 1
show precisely which SL-ir neurons are found in
which thoracic ganglion. Four general facts
become clear: 1) There is no simple anteroposte-
rior increase or decrease in the distribution of
SL-ir neurons across the thoracic segments.
Though the three neurons sl4, s18, and s19 each
occur in both anterior and posterior thoracic seg-
ments, they are not present in intermediate ones.
2) No single thoracic ganglion exhibits all the indi-
vidually identified SL-ir neurons (s14-s20). 3) No
SL-ir neuron occurs in all thoracic ganglia. 4)
Neurons s14-s20 are present in at least one tho-
racic ganglion in all the specimens studied, though
the exact ganglion may differ. Neurons s14—s20
can thus be considered a constant feature of
H. macracantha.

Subesophageal ganglion. The pattern of SL-
ir neurons in Mx2 is nearly identical to that in Th1
and features neurons s14, sl15a, s15b, s16, s17, and
s19 (Table 1, compare Fig. 6A with 6B). In speci-
mens whose anterodorsal commissure is split into
two parts, neurite s17 contributes to the more poste-
rior part (adcy). Neurites s15a and s15b in Mx2 con-
sistently contribute to the ventral part (spc,) of the
split “second posterior commissure.” Although the
relative position of the first posterior commissure is
different in Mx2 than in thoracic ganglia, it also
receives neurite s19. One additional medial soma
with an unknown neurite is present in Mx2.

Only some (slba, s15b [Md], s15a, s15b, s16
[Mx1]) of the 11 SL-ir neurons per body side in Md
and Mx1 could be identified individually (Table 1,
Fig. 6A; compare with Fig. 6B). In most other
cases, the neurites could not be traced. The
anteroventral and anterodorsal commissures of
Md include SL-ir neurites which could not be
traced to their somata.

Abdominal ganglia (Ab1-Ab8). From Abl to
Ab8, the abdominal ganglia correspond closely to
each other in their pattern of SLI (Figs. 4G,I and
5A,B). From Abl to Ab7, one anteromedial soma
s27 sends its neurite ipsilaterally into the neuro-
pil and a posteromedial soma s28 sends its neu-
rite  contralaterally through the posterior
commissure (Fig. 4G,H,I). Ab8 exhibits the post-
eromedial soma but lacks the anteromedial one.
The anterior commissure lacks SLI in all abdomi-
nal ganglia.

Posterior abdominal region (Ab9, Ab10, tel-
son). The posterior abdominal region is devoid of
either SL-ir somata or SL-ir neuropil domains (see
Ab9, Fig. 5B). Only a single SL-ir neurite extends
posteriorly through each of the paired longitudinal
neurite bundles. Around the anus, this SL-ir neu-
rite forms a network with the SL-ir lateral bundle
(see the section Stomatogastric Nervous System
below) and other neurites.
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RFamide-Like and Histamine-Like
Immunoreactivity

Please refer to Supporting Information Text S1
and Supporting Information Figure S1.

Stomatogastric Nervous System

The stomatogastric nervous system in H. macra-
cantha includes the labral commissure and the
unpaired labral neuropil, an unpaired dorsomedian
neurite bundle and a pair of dorsolateral neurite
bundles (see also Stegner and Richter, 2011), as
well as a pair of lateral neurite bundles (Fig. 8).

Dorsomedian neurite bundle. An unpaired
dorsomedian neurite bundle (dbs) originates ante-
riorly from the labral neuropil which lies at the
vertex of the labral commissure (Fig. 8, see Steg-
ner and Richter, 2011), bending dorsally and
extending posteriorly adjacent to the gut. On the
basis of its tubulin immunoreactivity and SLI, this
neurite bundle could be traced as far as the maxil-
lar segment. Between the tritocerebrum and the
subesophageal ganglion, a weakly SL-ir dorsolat-
eral neurite bundle branches off from each side of
the dorsomedian neurite bundle (Fig. 7E), proceed-
ing posterolaterally adjacent to the gut toward the
peri-esophageal network to which the lateral neu-
rite bundle also contributes (see below).

Longitudinal lateral bundle. A lateral neu-
rite bundle (latb) comprising both SL-ir (Fig. 7TA—
D,G,H) and RFL-ir neurites (Fig. 7I) extends lon-
gitudinally from the brain along each side of the
gut as far as the telson region. In some regions,
single neurites trail away from each other (follow
arrows in Th1-Th3, Fig. 7A,C) and later reassem-
ble to form one neurite bundle (Th8, Fig. 7C).

In the subesophageal region, the lateral neurite
bundle contributes to a loose peri-esophageal net-
work of SL-ir neurites (rocket arrowheads in Figs.
7A,B and 8) situated in close proximity to esopha-
geal and gut muscles (esom, gutm in Fig. 7G).
Near the anterior border of each thoracic segment,
each lateral neurite bundle sends off an SL-ir
side-nerve laterally (arrowheads, Figs. 7A,C,H and
8) which meanders around the longitudinal (Im)
and various dorsoventral muscles (dva, dvp, dvv,
Fig. 7TH; compare with Hessler, 1964: his Fig. 2).
Furthermore, the lateral neurite bundle (latb) in
each thoracic segment is indirectly connected with
the median neurite bundle (mnb) of the VNC via
an anterior (atb) and a posterior transverse neu-
rite bundle (ptb, Fig. 7F). Medially, the lateral
neurite bundle is associated with a loose plexus of
SL-ir and RFL-ir neurites that extends along the
ventral side of the whole gut (e.g., double arrow-
heads in Fig. 7I). In the telson, the lateral neurite
bundle of each body side meets the main longitudi-
nal neurite bundle of the VNC to form a loose,
midline-spanning, peri-anal network of SL-ir and
RFL-ir neurites (Fig. 8).
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DISCUSSION
Earlier Studies into the Cephalocarid
Nervous System

General anatomy. Our results broadly con-
firm earlier descriptions of the distribution of gan-
glia and commissures throughout the VNC of
Hutchinsoniella macracantha (Elofsson and Hess-
ler, 1990; Hessler and Elofsson, 1992). A major
exception is segment Ab9, in which Elofsson and
Hessler (1990: their p. 433) reported a ganglion
with “at least one commissure.” Based on our
data, the existence of this ganglion can be
unequivocally refuted. Moreover, we identified
three hitherto undescribed commissures in the
subesophageal ganglion (spc, in Md and Mx1, fpc
in Mx1), and provided new insights into the
peripheral nervous system of Cephalocarida.

Serotonin- and RFamide-like immunoreac-
tive pattern. We were able to refine the results
of Elofsson’s (1992) investigation into the SL-ir and
RFL-ir pattern considerably. That study was car-
ried out using immunolabeled 2 pm semithin sec-
tions, but using confocal microscopy, we found a
number of additional, hitherto undescribed SL-ir
and RFL-ir neurons whose neurites could be traced
into various different commissures and nerves.
While Elofsson reported a homonomous SL-ir and
RFL-ir pattern for the thorax, our comparison
revealed a number of intersegmental differences.
Interestingly, Elofsson (1992) described four SL-ir
somata in each abdominal hemiganglion, whereas
we generally only found two. The supernumerary
somata he described may correspond to the groups
of slightly larger, moderately SL-ir gland-like cells
that we detected dorsomedially and dorsolaterally
in several abdominal segments.

Subesophageal Region and the Evolution of
the Maxillar Segment

No intermediate segment. The hypothesis
put forward by Tiegs and Manton (1958) of an
additional, intermediate segment in the subeso-
phageal region was fairly quickly refuted by Sand-
ers (1963). Since the separation in the
anterodorsal (adc,, adc,) and second posterior com-
missures (spcg, spcy) in Mx2 is comparable to the
split in these commissures found across the tho-
racic ganglia, the comparatively high number of
six commissures in Mx2 is not a convincing argu-
ment for an intermediate segment.

Different numbers of segments contribute
to the subesophageal ganglion across Mandi-
bulata. The mandibulate cephalon is a coherent
unit comprising six cephalic regions (ocular,
antennular, antennal, mandibular, maxillular, max-
illar). In some cases, thoracic segments may be
fused to the cephalon to form a cephalothorax. A
clear-cut cephalon/thorax boundary directly poste-
rior to Mx2 is found in many recent mandibulates
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such as Cephalocarida, Branchiopoda, Hexapoda,
and Myriapoda. This condition is likely to be repre-
sentative of the mandibulate ground pattern
(Scholtz and Edgecombe, 2006).
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The three anterior cephalic neuromeres (proto-,
deuto-, tritocerebrum) mainly innervate receptor
organs (visual, olfactory, and tactile) and together
form the brain.
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Subesophageal ganglion three-segmental
(Md, Mx1, Mx2). The three posterior cephalic
segments (Md, Mx1, Mx2) generally serve the
coordination of mouthparts. It has long been
known that the neuromeres of Md, Mx1, and Mx2
are fused into a three-segmental subesophageal
ganglion in Hexapoda (e.g., Hanstrom, 1928;
Bullock and Horridge, 1965; Strausfeld, 1976)
including the apterygote taxa (Niven et al., 2008:
see their Fig. 1), as well as in some Myriapoda
(Fahlander, 1938: Geophilomorpha; Harzsch, 2004;
Sombke et al., 2011: Lithobius forficatus). This
situation corresponds to that in Cephalocarida
(Elofsson and Hessler, 1990; Hessler and Elofsson,
1992; this study). Although their subesophageal
ganglion is also “three-segmental,” a different situa-
tion is found in some Ostracoda in that the three
subesophageal neuromeres are not only fused with
each other but also with the brain, thus forming a
compact circumesophageal ring which is set apart
from the thoracic ganglia (Cannon, 1940).

Subesophageal ganglion includes more
than three neuromeres. Across Crustacea, the
subesophageal ganglion may include additional
neuromeres of the thorax. This is the case in Cirri-
pedia (Harrison and Sandeman, 1999), some Ostra-
coda (Hartmann, 1967), Copepoda (Andrew et al.,
2012), Remipedia (Fanenbruck and Harzsch, 2005),
and various malacostracan taxa such as Stomato-
poda (Ando and Kuwasawa, 2004), Decapoda (e.g.,
Schneider et al.,, 1993), and Isopoda (Schmitz,
1989). The fusion of one (Fahlander, 1938: Lithobio-
morpha, Scolopendromorpha) or more additional
thoracic neuromeres (Fahlander, 1938: Scutigero-
morpha; Szucsich and Scheller, 2011: Symphyla) to
the subesophageal ganglion is also reported in
some Myriapoda.

Subesophageal ganglion two-segmental
(Md, Mx1). In several crustacean taxa, however,
the subesophageal ganglion comprises only the
two neuromeres of Md and Mx1 and is separated
from the ganglion of Mx2 by a pair of soma-free
connectives. This is the case in Euphausiacea
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(Hanstrom, 1928: his Fig. 448IV) and Branchiura
(e.g., Leydig, 1889; Zaéwilichowski, 1935).

No fused subesophageal ganglion (separate
ganglion of Md). In Branchiopoda (Henry, 1948;
Fritsch and Richter, 2010), and the malacostracan
taxon Leptostraca (Claus, 1888; Hanstrom, 1928:
his Fig. 448VI; Kenning et al., 2013) no fusion
whatsoever is reported between neuromeres. The
ganglia of Md, Mx1, and Mx2 are segmental and as
well separated by soma-free connectives as the tho-
racic ganglia (see previous citations). Although the
somata of the neuromeres of Md and Mx1 do not
form a contiguous cortex in Mystacocarida (Bren-
neis and Richter, 2010), the authors report a “high
degree of fusion in the joint neuropil of Md and
Mx1,” while the ganglion of Mx2 is separate.

Evolutionary interpretation. The clear-cut
cephalon/thorax boundary coincides with a three-
segmental subesophageal ganglion (Md, Mx1,
Mx2) in Cephalocarida, Hexapoda, and some Myr-
iapoda. Assigning a three-segmental subesopha-
geal ganglion to the mandibulate ground pattern
is problematic, however, considering the taxa in
which only the anterior two neuromeres, if any,
are fused. The condition in Branchiopoda and Lep-
tostraca, which combine a clear-cut cephalon/
thorax boundary with well-separated ganglia,
would have to be interpreted as derived.

A possible alternative hypothesis is that well-
separated ganglia in the subesophageal region rep-
resent the mandibulate ground pattern. In this
case, the three-segmental subesophageal ganglion
in Hexapoda, Cephalocarida, and Myriapoda
would have evolved independently. The fusion of
subesophageal neuromeres across several malacos-
tracan taxa would also have to be interpreted as a
derived feature that evolved in parallel to other
specializations within Eumalacostraca (maxilli-
pedes, cephalothorax, see Richter and Scholtz,
2001), while Leptostraca would represent the mal-
acostracan ground pattern.

Neuroanatomy and appendages in Mx2. In
all recent mandibulates except Cephalocarida, the

Fig. 7. Hutchinsoniella macracantha, peripheral nervous structures. Confocal laser scans. (A, C, E, F) Imaris surpass view. (B, D,
G-I) Imaris extended section view. Extended horizontal sections. (A-F) The Imaris contour surface tool was used to mask and assign
structures with the same staining to different color channels. (A, B) The lateral neurite bundle comprises several parallel neurites
(white arrows) and contributes anteriorly to an SL-ir network of neurites (rocket arrowheads) in the subesophageal region. Simple
arrowheads show side-nerves branching off the lateral neurite bundle. (B) Extended transverse section including the subesophageal
region only. (C) Arrowheads and arrows as in A. (D) Extended transverse section including thoracic segment 5 only. (E) The dorsome-
dian neurite bundle of the stomatogastric nervous system proceeds along the dorsal side of the gut and gives rise to the dorsolateral
neurite bundles. (F) Thoracic ganglia 3 and 4. The lateral neurite bundle is connected to the median neurite bundle via two pairs of
transverse neurite bundles (atb, ptb) per segment. (G) The network of SL-ir neurites in the subesophageal region embraces the large
esophageal and gut muscles both in the region of their insertion (blue arrows) and more distally. (H) In the thorax, the side-nerves
(arrowheads) of the lateral neurite bundle are associated with dorsoventral muscles attached to the anterodorsal tendon (asterisk).
(I) Abdomen in ventral view. RFLI shows the lateral neurite bundle and a number of other neurites (double arrowheads) closely asso-
ciated with the gut. alnv: antennula nerve, a2nv: antenna nerve, Ab2—-Ab5: abdominal segments 2-5, atbh: anterior transverse neurite
bundle, br: brain, dbs: dorsomedian neurite bundle of the stomatogastric nervous system, dlbs: dorsolateral neurite bundle, dlm:
dorsal longitudinal muscle, dva/dvp/dvv: dorsoventral anterior/posterior/ventral muscle, eso: esophagus, esom: esophageal muscle,
gut: gut, gutm: gut muscle, latb: longitudinal lateral neurite bundle, mnb: median neurite bundle, pth: posterior transverse neurite
bundle, s15a and s15b: SL-ir neurons 15a and 15b in Md, sg: subesophageal ganglion, Th1-Th8: thoracic segments 1-8. Scalebars:
100 pm.
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Fig. 8. Hutchinsoniella macracantha, schematic representation of ventral nerve cord and stomatogastric nervous system. Dorsal
view. Intersegmental and appendage nerves omitted. Neuropils, commissures, connectives depicted in yellow, somata cortexes in
blue, gut in semitransparent green omitted from Th2 to Ab7. The labral commissure (Ibc) and labral neuropil (Ibn), the median
(mnb, brown), anterior transverse (atb), and posterior transverse neurite bundle (ptb) lie below the gut, the lateral neurite bundle
lateral to the gut, the dorsomedian (dbs) and dorsolateral neurite bundle (dlbs) of the stomatogastric nervous system dorsal to the
gut. Arrowheads denote a side-nerve of the lateral neurite bundle. The rocket arrowhead denotes the peri-esophageal network of neu-
rites. antl: antennula, ant2: antenna, Ab1-Ab10: abdominal segments 1-10, atb: anterior transverse neurite bundle, br: brain, dbs:
dorsomedian neurite bundle, dlbs: dorsolateral neurite bundle, gut: gut, latb: lateral neurite bundle, lbc: labral commissure, lbn: lab-
ral neuropil, md: mandible, mx1: maxillula, mx2: maxilla, ptb: posterior transverse neurite bundle, sg: subesophageal ganglion, tel:
telson, Th1-Th9: thoracic segments 1-9, thp1, thp9: thoracopods 1 and 9.

postmaxillular limb is either specialized into a unique thoracopod-like anatomy of the cephalo-
feeding appendage or is largely reduced. Although carid maxilla has commonly been interpreted as
it exhibits considerable morphological disparity being plesiomorphic with respect to the mandibu-
across the different taxa, it is generally called the late ground pattern (see Sanders, 1957; Hessler,
“maxilla” within Crustacea (Boxshall, 2004). The 1964; Lauterbach, 1980; Walossek, 1993; Scholtz,
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Fig. 9. Evolutionary interpretation of SL-ir neurons in the
mandibulate VNC. Schematic representation does not imply that
all neurons naturally co-occur in a specific segment. Structures
in gray cannot be resolved unambiguously. (A, B) Ground pat-
tern hypotheses from the literature. (C) Schematic representa-
tion of all SL-ir neurons in the thorax of H. macracantha.
Numbers 14-20 indicate neurons labeled s14-s20 in this study.
(D) Ground pattern of Tetraconata based on a comparison of the
cephalocarid SL-ir pattern (this study) with literature data on
other mandibulates (see discussion).

1997). We investigated the possibility of there also
being neuroanatomical correspondences between
Mx2 and the thoracic segments in Cephalocarida
and can confirm that the pattern of commissures
and nerve roots in Mx2 is identical to that in the
thoracic segments (see also Elofsson and Hessler,
1990; Hessler and Elofsson, 1992). Moreover, our
data reveal that the innervation pattern of the
maxillar appendage corresponds to that in the
thoracopods but differs from that in the mandibu-
lar and maxillular appendage. We were able to
show with regard to the SL-ir pattern, too, that
Mx2 corresponds in detail to the thoracic segments
but deviates in several respects from Md and Mx1.
A correlation between neuroanatomy and
appendage morphology also exists in crustaceans
whose maxilla is a specialized limb. In Mystacocar-
ida (Brenneis and Richter, 2010), Isopoda (Thomp-
son et al., 1994), and Decapoda (Harzsch, 2003),
there are close correspondences in the neuroanat-
omy of the maxillar and maxillipedal thoracic seg-
ments, which in turn differs from that of the more
posterior, non-maxillipedal thoracic segments.
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We found no differences between the maxillar
and thoracic neuromeres in Cephalocarida which
could point toward an ancestral specialization of
the maxillar appendage. The neuroanatomy of
Mx2 corresponds to that in thoracic ganglia and is
here interpreted as plesiomorphic, in line with the
hypothesis cited above that the thoracopod-like
cephalocarid “maxilla” is plesiomorphic with
respect to the mandibulate ground pattern.

Assuming that the phylogenetic position of
Cephalocarida is deep within Tetraconata, as sug-
gested by all recent analyses (e.g., Regier et al.,
2010; Koenemann et al., 2010; von Reumont et al.,
2012; Oakley et al., 2013), the maxilla in other
crustaceans would have to have specialized into a
feeding appendage several times independently.

Our comparison confirms Scholtz and Edge-
combe’s (2006) hypothesis that the fusion of ter-
gites to the head shield, the fusion of neuromeres,
and the transformation of limbs were all independ-
ent processes (see also Richter et al., 2013). In con-
trast, there seems to be evolutionary coherence
between the shape of a segmental appendage and
the anatomy of its associated neuromere (i.e., the
pattern of commissures, nerves, SL-ir neurons).

Serotonin-Like Immunoreactive Neurons in
the Thorax

Comparing serotonin-like immunoreactive
neurons—Theoretical aspects. When compar-
ing and homologizing the SL-ir pattern across Tet-
raconata, previous authors have, on the basis of the
relative position of the neuronal soma, distin-
guished “anterior,” “central,” and “posterior” neu-
rons (Harzsch and Waloszek, 2000; Harzsch, 2002,
2003, 2004; Stemme et al., 2010). This classification
can only partially be applied to Cephalocarida (for
an overview, see Fig. 9C). Neuron s20 in H. macra-
cantha is clearly comparable to “anterior” neurons,
and neurons slba and s15b to “posterior” neurons.
Since the ventral soma of cephalocarid neuron s18
lies neither anteriorly nor posteriorly in the hemi-
ganglion, it is here compared to “central” neurons.
In contrast, somata sl4, s16, s17, and s19 lie in
such close proximity anteromedially or medially in
the ganglion that it is impossible to distinguish
between “anterior” and “central” neurons as
Harzsch (2002) and Stemme et al. (2010) managed
to do in Zygentoma and Remipedia. Moreover, we
found that the exact position of somata was subject
to a certain degree of variability. Taking this ambi-
guity into account, we compare the critical cephalo-
carid neurons to both “anterior” and “central”
neurons in other tetraconates. Certain myriapod
neurons that were given their own classification
(Harzsch, 2004) are also taken into account. Cheli-
cerata differ significantly in their SL-ir pattern
(Harzsch, 2004) and are not considered here.

In addition to identifying neurons based on the
position of the soma, Harzsch and Waloszek (2000)
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distinguished four different neuron types on the
basis of neurite morphology. Their classification is
established in the literature and may easily be
applied to SL-ir neurons in the cephalocarid VNC.
Their Type A includes bi- or multipolar neurons
whose ipsi- and contralateral neurites exit the
soma at separate locations (neurons of this type
are absent in the VNC of H. macracantha). Type B
includes monopolar neurons with a single primary
neurite that splits into one ipsi- and one contralat-
eral branch shortly after exiting the soma (neuron
s14 in H. macracantha). Type C includes monopo-
lar neurons with a single contralateral neurite
(neurons sl15a, sl15b, s17, s19). Finally, Type D
includes monopolar neurons with a single ipsilat-
eral neurite (neurons s16, s18, s20).

The intersegmental differences in the SL-ir neu-
ron pattern of H. macracantha complicates the
straightforward generalization applied in other
taxa (Harzsch and Waloszek, 2000; Harzsch, 2002,
2003, 2004). The most appropriate way to compare
and homologize cephalocarid neurons s14-—s20
with those in other taxa is to compare individual
neurons, regardless of the segment in which they
occur (this is based on the assumption that there
is serial homology between the segments of one
specimen). Two neurons can reasonably be con-
cluded to be homologous if they correspond 1) in
the position of their soma within the segment and
2) in their neurite type (for more theoretical
aspects of homology, see Kutsch and Breidbach,
1994).

Anteromedial neurons s14 and s17. Although
anterior neurons across Tetraconata are highly
variable, typewise, two anterior SL-ir neurons
comparable to s14 (Type B) and s17 (Type C) in H.
macracantha occur also in Branchiopoda (Harzsch
and Waloszek, 2000; Fritsch and Richter, 2010),
Anaspidacea (Harrison et al., 1995), and Zygen-
toma (Harzsch, 2002). Only one SL-ir anterior
neuron exists in leptostracan, decapod (Harzsch
and Waloszek, 2000), and isopod Malacostraca
(Thompson et al., 1994) and in Remipedia
(Stemme et al., 2013). The anterior neurons in
almost all of these taxa send their neurites
through the (single) anterior commissure.
Although Cephalocarida exhibit two “anterior”
commissures (ade, ave) in the thorax through
which the neurites s14 and s17 pass, the pattern
is comparable. We, therefore, suggest homology
between the cephalocarid s14 and s17 and the
anterior neurons in other tetraconates, despite
variations in type.

Type A or Type C occurs in notostracan Phyllo-
poda (Harzsch and Waloszek, 2000; Fritsch and
Richter, 2010); Type B in Anostraca (Harzsch and
Waloszek, 2000); Type C in spinicaudatan Phyllo-
poda (Harzsch and Waloszek, 2000), Anaspidacea
(Harrison et al., 1995), and Isopoda (Thompson
et al.,, 1994), and in Remipedia (Stemme et al.,
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2013) and Zygentoma (Harzsch, 2002). Leptostraca
(Harzsch and Waloszek, 2000) and Decapoda
(Antonsen and Paul, 2001; Harzsch, 2003) are
exceptional in exhibiting Type D neurons whose
neurites remain ipsilateral and do not contribute
to the anterior commissure.

Anterior neurons are absent in Pterygota (Griss,
1989; Radwan et al., 1989; Breidbach, 1991; van
Haeften and Schooneveld, 1992; Harzsch, 2002).
Harzsch et al. (2005) also described SL-ir anterome-
dial neurons (which they labeled “c”) in Myriapoda,
but found no contralateral SL-ir neurites (implying
that the neurites remain ipsilateral as in Type D).

Anterior neuron s20. Within Tetraconata,
only Cephalocarida possess a third SL-ir anterior
Type D neuron s20. In contrast to s14 and s17,
this neuron cannot be related to the two anterior
SL-ir neurons in the taxa previously mentioned.
Interestingly, Myriapoda also feature two antero-
lateral SL-ir somata (labeled “a” by the author),
whose lack of contralateral SL-ir neurites
(Harzsch, 2004) may imply that they are Type D.

Anteromedial neuron s16 and ventral neu-
ron sl18. Given the either medial or basically
central position of their somata, the Type D cepha-
locarid neurons s16 and s18 correspond to the
three SL-ir central neurons that occur per hemi-
neuromere in Remipedia (Stemme et al., 2013),
and to the single central neuron in Zygentoma
(Harzsch, 2002: see right neurite in his Fig. 5B).
The one to four central neurons which Harzsch
labeled “b” that occur across Myriapoda are also
Type D (Harzsch, 2002: his Fig. 5C,D; Harzsch,
2004). We, therefore, suggest homology between
s16 and s18 in Cephalocarida and two of the cen-
tral neurons in Remipedia and Myriapoda.

Anteromedial neuron s19. Although the
cephalocarid neuron s19 features a soma that cor-
responds in position to the Type D central neurons
in Zygentoma (Harzsch, 2002) and Remipedia
(Stemme et al., 2013), s19 is Type C, and its
homology remains unclear.

Posterior neurons sl5a and sl1l5b. Corre-
sponding to the two posterior Type C neurons sl5a
and s15b in Cephalocarida, two posterior Type C
neurons occur in taxa as diverse as Remipedia
(Stemme et al., 2013), Cirripedia (Callaway and
Stuart, 1999), Zygentoma (Harzsch, 2002), many
Pterygota (Harzsch, 2002, reviewed by Harzsch,
2003), Leptostraca (Harzsch and Waloszek, 2000),
and Anaspidacea (Harrison et al., 1995). In all
these taxa, these neurons contribute their neurites
to the (single) posterior commissure. Posterior
neurons “e” in Chilopoda (see Harzsch, 2004) dis-
play a corresponding pattern, and we suggest
homology between all these posterior Type C neu-
rons and the cephalocarid neurons s15a and s15b.

Two posterior Type A or Type B neurons occur
across Branchiopoda (Harzsch and Waloszek,
2000; Fritsch and Richter, 2010), in each case
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contributing a contralateral neurite to the poste-
rior commissure. Two posterior Type D neurons
occur in Decapoda (Harrison et al., 1995; Harzsch,
2003) and Isopoda (Thompson et al., 1994).

Evolutionary implications. Earlier hypothe-
ses on the ground pattern of Tetraconata (Fig. 9A)
and Mandibulata (Fig. 9B) based on Harzsch (2004)
and Harzsch et al. (2005) have to be reconsidered
in the light of our new data on Cephalocarida.

Harzsch et al. (2005) suggested two Type B ante-
rior neurons to be representative of the tetraconate
ground pattern. The fact that a corresponding Type
B neuron (s14) also exists in Cephalocarida is in line
with this hypothesis. In our view (Fig. 9D), however,
all hypotheses regarding the type of anterior neu-
rons in the tetraconate or mandibular ground pat-
tern can only be viewed as preliminary in the light
of the disparity of types across other taxa.

The two anterolateral neurons “a” in Myriapoda
(Harzsch et al., 2005) have been suggested to be
representative of the mandibulate ground pattern
(Harzsch et al., 2005, Fig. 9B). In the absence of
comparable neurons in all other tetraconates, and
in line with Harzsch (2004), we consider it
unlikely that a single anterior Type D neuron
such as s20 in H. macracantha (Fig. 9C) is part of
the tetraconate ground pattern (Fig. 9D).

Harzsch et al. (2005) suggested four (myriapod-
like) central neurons to be part of the mandibulate
ground pattern (Fig. 9B). The presence of the two
central Type D neurons in Cephalocarida (this
study), the three in Remipedia (Stemme et al.,
2013), and the one in Zygentoma (Harzsch, 2002)
renders it likely that a number (as yet uncertain)
of these neurons is part of the tetraconate and
mandibulate ground pattern (Fig. 9D). Although
neuron s19 in Cephalocarida is unique in being
Type C and having a central soma, a condition
here suggested to be autapomorphic, it may have
derived from an ancestral central Type D neuron
(Fig. 9D).

It has been suggested that two posterior Type B
neurons represent the tetraconate ground pattern
(Fig. 9A; e.g., Harzsch et al., 2005). In the light of
our new data on H. macracantha, and in the light
of the presence of corresponding posterior Type C
neurons across mandibulate taxa as diverse as
Cephalocarida, Cirripedia, Remipedia, Hexapoda,
and Chilopoda, we suggest that the two posterior
neurons in both the tetraconate and the mandibu-
late ground pattern were actually Type C (Fig. 9D).
Consequently, different types of posterior neurons
as they occur in Branchiopoda would be derived.

Ganglia in the Abdominal Segments

The “abdomen” of entomostracan crustaceans
(i.e., non-malacostracans) is traditionally defined
as the limbless region of the trunk (Gruner and
Scholtz, 2004). On the basis, mainly, of differences
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in Hox gene expression patterns, Schram and Koe-
nemann (2004) suggested that the entomostracan
abdomen (Averof and Akam, 1995), the hexapod
abdomen (Angelini and Kaufman, 2004), and the
malacostracan pleon (Abzhanov and Kaufman,
2000) are different structures. According to the
authors’ definition, the entomostracan abdomen is
the region of the body which lies posterior to the
expression of Hox gene Abdominal-B and which
shows no Hox gene expression itself. A more rigor-
ous definition which makes reference to the nerv-
ous system was suggested by Deutsch and
Mouchel-Vielh (2003; based on Deutsch, 2001),
who characterized the entomostracan abdomen
additionally by its absence of segmental ganglia
and commissures.

Indeed, the VNC of some entomostracan taxa fea-
tures ganglia in the thorax but lacks ganglia in the
limbless abdomen. Examples are Anostraca (Harzsch
and Glotzner, 2002), Cirripedia (Hanstrom, 1928: pp.
430-433; Allison, 1981; Walker, 1992), Copepoda
(Scott, 1901; Park, 1966; see Boxshall, 1992), and
Branchiura (Leydig, 1889; Zac¢wilichowski, 1935; Zac¢-
wilichowska, 1948). The last ganglion in Branchiura
has, erroneously, repeatedly been taken for abdomi-
nal by investigators who took into account its posi-
tion but did not trace the nerves distally (Hanstrom,
1928; Martin, 1932; Overstreet et al., 1992).

In contrast to this, in the homonomous trunk of
Remipedia (Fanenbruck and Harzsch, 2005) and
Myriapoda (Hanstrom, 1928; Harzsch et al., 2005)
and in the tagmatized trunk (composed of an eight-
segmental thorax and a six-segmental pleon) of
Eumalacostraca (Hanstrom, 1928; Chaudonneret,
1978a), every segment bears limbs and is equipped
with a pair of ganglia which give rise to appendage
nerves. Ganglia may be fused in the midline or
anteroposteriorly. Leptostraca differ from their
sister-group Eumalacostraca in exhibiting an addi-
tional limbless seventh pleonal segment that appa-
rently lacks a ganglion (Claus, 1888; Cannon,
1960). Manton (1934), however, found the sixth and
seventh pleonal ganglia to have fused within the
sixth pleonal segment of Leptostraca.

Abdominal ganglia in Mystacocarida and
Cephalocarida. Any notion of coherence between
segmental appendages and the presence of corre-
sponding ganglia and commissures in the VNC (see
Deutsch and Mouchel-Vielh, 2003) is contradicted by
our finding of ganglia and commissures in some
abdominal segments of Mystacocarida (Brenneis and
Richter, 2010) and Cephalocarida (this study).
Though it is the last two abdominal segments that
lack ganglia in both Mystacocarida and Cephalocar-
ida, there are various neuroanatomical differences
between the taxa. In Cephalocarida, the abdominal
ganglia differ considerably from the thoracic ganglia
in shape, size, commissural pattern, and SL-ir pat-
tern (this study), while abdominal ganglia 1-3 in
Mystacocarida correspond in many respects to
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thoracic ganglia 2-5 (Brenneis and Richter, 2010).
While two segmental SL-ir neurons are present in
each abdominal hemiganglion of Cephalocarida, they
are completely absent in the abdominal (and tho-
racic) hemiganglia of Mystacocarida (Brenneis and
Richter, 2010). Conversely, only Mystacocarida fea-
ture a pair of tegumentary sensory nerves in each
abdominal segment, arising either from the ganglia
themselves (Ab1-Ab3) or, where those are absent,
directly from the paired longitudinal neurite bundles
(Ab4 and Ab5; Brenneis and Richter, 2010).

Neither Mystacocarida nor Cephalocarida
exhibit any specific indications of ancestral limbs
in their ganglionic abdominal segments (see also
Brenneis and Richter, 2010). All the segments of
the mystacocarid abdomen, irrespective of the
presence of ganglia, correspond in their pattern of
muscles (Hessler, 1964; Brenneis and Richter,
2010) and sensory pegs (Elofsson and Hessler,
2005). In Cephalocarida, the dorsal and ventral
longitudinal muscles extend straight through from
Th1 to Ab10 with no difference between ganglionic
segments and segments without ganglia (Hessler,
1964: his Fig. 1b). Both Cephalocarida (Elofsson
and Hessler, 1998: their Fig. 12) and Mystacocar-
ida (Baccari and Renaud-Mornant, 1974: their Fig.
2) feature specific glands that only occur in the
two ganglia-free abdominal segments.

Evolutionary interpretation. The fact that
four mandibulate taxa (Myriapoda, Malacostraca,
Remipedia, and Hexapoda in their ground pattern)
have a trunk with an almost full compliment of
segmental appendages and ganglia suggests that
the same pattern was present in the ancestor of
all Mandibulata. Walossek (1993) suggested a
limbless abdomen to be an apomorphy of Entomos-
traca, but recent phylogenetic analyses have cast
doubt on the monophyly of Entomostraca (e.g.,
Regier et al., 2010; Koenemann et al., 2010; von
Reumont et al., 2012; Oakley et al.,, 2013). All
recent cladograms imply that taxa with a thorax
bearing limbs and ganglia but an abdomen free of
ganglia on the one hand, and taxa with a trunk
bearing limbs and ganglia on the other have a
diffuse taxonomic distribution, and also that
Cephalocarida and Mystacocarida—, i.e., the only
crustaceans featuring abdominal ganglia—, are phy-
logenetically distant within Tetraconata. Under these
circumstances, and in the light of the structural dif-
ferences mentioned above in the abdominal nervous
system across taxa, a limbless abdomen seems to
have evolved several times independently within
Tetraconata.

Nomenclature. Neuroanatomical differences
in the mystacocarid and cephalocarid abdomen
raise the problem of whether the abdomen in these
taxa constitutes one tagma or two. If the presence
or absence of ganglia is used as a defining crite-
rion for thorax or abdomen, respectively (as sug-
gested by Deutsch, 2001), the ganglion-bearing
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anterior part of the “abdomen” suddenly becomes
problematic and would have to be viewed as a sep-
arate intermediate tagma situated between the
thorax and the posterior “true abdomen,” which
lacks ganglia. If the definition is based purely on
the presence/absence of limbs, the cephalocarid
and mystacocarid abdomen constitutes one tagma,
like the abdomen in other entomostracan taxa.
The evolutionary significance of this nomencla-
tural problem will only be revealed when the func-
tion of abdominal ganglia and the Hox gene
expression pattern in Cephalocarida and Mystaco-
carida are investigated.

Stomatogastric Nervous System

Labral commissure, labral neuropil, dorso-
median neurite bundle. A labral neuropil is sit-
uated at the vertex of the labral commissure that
arises from the tritocerebrum in Cephalocarida
(Stegner and Richter, 2011), Anostraca (Harzsch and
Glotzner, 2002), and Mystacocarida (Brenneis and
Richter, 2010). The labral neuropil in Anostraca and
Mystacocarida is embedded in a coherent cortex of
somata, thus forming a true “labral ganglion”
(Harzsch and Glotzner, 2002; Brenneis and Richter,
2010), while the cephalocarid neuropil is only associ-
ated with a few diffuse somata (Stegner and Richter,
2011). Malacostraca exhibit a comparable but more
complex pattern, featuring two or more commissures
that are connected to an unpaired longitudinal
“stomatogastric nerve” bearing two or more median
ganglia rather than one (Chaudonneret, 1978b; Tier-
ney et al., 1999; Bohm et al., 2001; Vilpoux et al.,
2006). The malacostracan stomatogastric nerve
(labeled “dvn” in Tierney et al., 1999: their Fig. 1)
extends dorsally along the gut and innervates the
stomach via medial (“mvn”) and lateral (“lvn”)
branches. The labral ganglia in other crustaceans
are connected to the brain by an unpaired inferior
ventricular nerve (see citations above) which is not
present in H. macracantha. Also the “frontal gan-
glion” which lies anterior to the gut in Hexapoda is
associated with the tritocerebrum via a commissure
and gives rise to an unpaired “recurrent nerve”
extending posteriorly along the dorsal side of the
gut (e.g., Chapman, 1985; Rand and Ayali, 2010).
Corresponding to the stomatogastric nerve in Mala-
costraca (Tierney et al., 1999), the recurrent nerve
in Hexapoda is connected with an additional
“hypocerebral ganglion” posteriorly, from where each
side of the esophagus is innervated via one inner
and one outer esophageal nerve, respectively (Rand
and Ayali, 2010). Although a hypocerebral ganglion
is absent in Cephalocarida, we suggest that the pat-
tern of innervation of the pyloric region of the gut
(see Elofsson et al., 1992 for the digestive system in
H. macracantha) by an unpaired dorsomedian neu-
rite bundle and a pair of offbranching dorsolateral
neurite bundles in Cephalocarida corresponds to the
pattern in Malacostraca and Hexapoda.
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Lateral neurite bundle. A lateral neurite
bundle exists also in various other crustaceans
such as Branchiopoda (Kirsch and Richter, 2007;
Fritsch and Richter, 2012), Malacostraca (Chau-
donneret, 1978b; Weiss et al., 2003), and Mystaco-
carida (Brenneis and Richter, 2010). The
association between the lateral neurite bundle and
the dorsoventral musculature found in Cephalo-
carida (this study) has not been shown in other
taxa but is assumed to exist in the telson of Clado-
cera (Kirsch and Richter, 2007). Weiss et al. (2003)
showed one of the two lateral neurite bundles per
body side in Isopoda to comprise RFL-ir neurites
that innervate the longitudinal musculature in the
thorax and pleon.

Median neurite bundle. An unpaired
median neurite bundle also exists in Malacostraca
(Chaudonneret, 1978b; Harzsch et al., 1997;
Gerberding and Scholtz, 2001; Vilpoux et al., 2006)
and Mystacocarida (Brenneis and Richter, 2010),
but is absent in Branchiopoda (Harzsch and
Glotzner, 2002; Kirsch and Richter, 2007; Fritsch
and Richter, 2010). Brenneis and Richter (2010)
suggested it to be an autapomorphy of Tetraco-
nata. As in Cephalocarida, the median neurite
bundle in other taxa is connected to the pair of
(main) longitudinal neurite bundles of the VNC by
segmental commissures (Chaudonneret, 1978a;
Brenneis and Richter, 2010). The additional con-
nection between the median neurite bundle and
the lateral neurite bundle formed by transverse
neurite bundles is unique for cephalocarids.

Phylogenetic Implications

Many features which we discovered in the VNC of
H. macracantha are interpreted here as plesiomor-
phic with respect to the tetraconate ground pattern.
These include the dorsomedian and dorsolateral
neurite bundle of the stomatogastric nervous sys-
tem, the lateral neurite bundle, the median neurite
bundle, the presence of abdominal ganglia, the pos-
terior SL-ir neurons sl5a and s15b, and the SL-ir
neurons s16 and s18. Certain components of the
olfactory system have also recently been traced back
to the ur-tetraconate (and ur-mandibulate; see Steg-
ner and Richter, 2011). Due to their diffuse taxo-
nomic distribution across Tetraconata, however, the
phylogenetic value of other features such as the
three-segmental subesophageal ganglion, the ante-
rior SL-ir neurons sl4, s17, s20, and the central
neuron s19 remains doubtful. Potential synapomor-
phies with other tetraconates which could contribute
to the debate on internal tetraconate phylogeny
(reviewed by Jenner, 2010; see also von Reumont
et al., 2012; Oakley et al., 2013) continue, then, to
be elusive.

Though a close relationship between Cephalocar-
ida, Remipedia, and Hexapoda is implied by several
molecular analyses, morphological evidence is still
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lacking. Harzsch (e.g., 2006) pointed out the phylo-
genetic significance of the segmental SL-ir pattern
in Arthropoda, which was one emphasis of our
study. In the light of our new data on Cephalocar-
ida and a recent study on Remipedia (Stemme
et al.,, 2013), several SL-ir neurons do indeed
appear to be potentially homologous between the
two taxa (one anterior Type C neuron, two central
Type D neurons, two posterior Type C neurons). We
interpret these neurons as being symplesiomorphic
with respect to the ground pattern of Tetraconata,
for the reason that every single one of them has a
potentially homologous counterpart in the myriapod
outgroup (Harzsch, 2002, 2004). Harzsch (2004)
mentioned difficulties in tracing neurites from ante-
rior and central neurons in Myriapoda, and a more
detailed description of SL-ir neurons in the myria-
pod VNC could make a valuable contribution
toward testing our hypothesis of symplesiomorphy.
We suggest that the tetraconate ground pattern is
more complex than hitherto assumed (Fig. 9D). If
this is the case, the homologies identified between
Remipedia and Cephalocarida would be uninforma-
tive with regard to inner-tetraconate phylogeny.

Finally, some features of the cephalocarid VNC
are unique in Tetraconata and may be inter-
preted as autapomorphic. These include the
thoracic commissural pattern, the connection
between the median and lateral neurite bundles,
the fact that SL-ir neuron s19 is Type C, and the
presence of the SL-ir neuron s20. Although, in
this light, the adult nervous system of Cephalo-
carida is certainly not that of a “living fossil,” it
has still retained many structures and patterns
from the tetraconate ground pattern that were
lost in other taxa.
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Abstract The development of the nervous system in the
cephalocarid Hutchinsoniella macracantha is investigated
here for the first time using a combination of immunola-
beling (tubulin, serotonin), nuclear counterstaining, con-
focal laser scanning microscopy, and computer-aided 3D
reconstruction in order to compare cephalocarids to the
growing number of other arthropods into which neurode-
velopmental studies have been carried out. The existing
description of external larval development in H. macra-
cantha is complemented by a description of hitherto
unknown embryonic and larval stages. The early embryo
exhibits the three naupliar appendage anlagen (antennula,
antenna, and mandible) and a short maxillular bud, all
equipped with a segmental appendage nerve. As in other
crustaceans, neurites of the proto-, deuto-, and tritocere-
brum form a circumesophageal ring. In the late embryo,
several telsonic neurons send their neurites anteriorly into
the ventral nerve cord in a manner reminiscent of posterior
pioneer neurons. The hatching metanauplius already com-
prises a well-developed brain, a subesophageal ganglion
made up of three fused neuromeres, and four distinctive
neuromeres containing segmental commissures in the yet
limbless prospective thorax. Most postnaupliar segments
arise from a distinct growth zone situated anterior to the
telson that proliferates cells anteriorly. Neuronal
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differentiation begins before new segments are externally
separated from the trunk ending and, in the thorax, before
the formation of limb anlagen, i.e., earlier than in all other
crustaceans studied so far. In the growth zone of one
hatchling, we found a pair of large apical cells adjacent to
an inward-pointing row of three smaller cells, an arrange-
ment reminiscent of the neuroblasts and ganglion mother
cells in other crustaceans. In the trunk, segmental nerves,
commissures, and serotonin-like immunoreactive neurons
differentiate successively from anterior to posterior. The
sequence in which serially homologous neural features
develop is basically the same throughout all segments of
the trunk and correlated with the differentiation of limbs. It
appears that the neuroanatomical differences between the
adult thorax and the abdomen result from this develop-
mental sequence stopping earlier in the abdomen than in
the thorax.

Keywords Anameric/anamorphic development -
Axogenesis - Heterochrony - Mandibulata - Metanauplius -
Nauplius - Neurogenesis - Tetraconata

Introduction

We recently conducted a series of investigations into the
adult nervous system of the cephalocarid crustacean
Hutchinsoniella macracantha (Stegner and Richter 2011;
Stegner et al. 2014a, b), complementing earlier studies
(Elofsson and Hessler 1990; Elofsson 1992; Hessler and
Elofsson 1992). As in other Mandibulata, the central ner-
vous system can be distinguished into a tripartite brain
(proto-, deuto-, tritocerebrum) and a ventral nerve cord,
which extends through the subesophageal region and the
trunk. The brain comprises a pronounced olfactory system
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featuring large olfactory lobes and a unique multi-lobed
complex, a small tripartite posterodorsal neuropil cluster
(Stegner and Richter 2011), and a central body-like sero-
tonin-like immunoreactive domain (see also Stegner et al.
2014b). The cephalocarid ventral nerve cord is formed by a
pair of longitudinal nerve strands and features a fused
subesophageal ganglion comprising the mandibular, max-
illular, and maxillar neuromeres; nine segmental thoracic
ganglia; and eight segmental abdominal ganglia, while the
abdominal segments 9 and 10 lack ganglia (Stegner et al.
2014a). The maxillar neuromere and the thoracic ganglia
all exhibit five to eight individually identified serotonin-
like immunoreactive neurons on each side and four seg-
mental commissures. In contrast, the abdominal ganglia
exhibit only one or two serotonin-like immunoreactive
neurons on each side and two commissures (Stegner et al.
2014a). In the light of the various neuroanatomical studies
into other arthropod taxa that have been carried out over the
past 20 years (reviews by Harzsch 2006, 2007; Strausfeld
2012; Loesel et al. 2013; Loesel and Richter 2014), we
suggest that many adult neural features in Cephalocarida are
likely to date back to the stem species of Tetraconata (see
Stegner and Richter 2011; Stegner et al. 2014a, b).

This paper analyzes the development of the cephalocarid
nervous system for the first time. Our main focus lies on the
sequence (i.e., the temporal order) in which major neural
features such as soma cortexes, neuropils, commissures,
connectives, and serotonin-like immunoreactive neurons
develop in each segment of the body, and how the devel-
opment of neural features correlates with external mor-
phological development, i.e., the posterior addition of trunk
segments and limb development.

In H. macracantha, a free-swimming metanauplius with
five cephalic appendages and two limbless trunk segments
(Sanders 1963) hatches from a large egg carried on the
transformed ninth thoracopods of the adult hermaphrodite
(Hessler et al. 1995). Sanders (1963) described the larval
development of H. macracantha in detail, mentioning a
total of 18 larval stages but leaving open the question of
whether this number was exhaustive. Our investigation led
to the discovery of five additional larval stages. From a
proliferation zone anterior to the telson, two segments per
molt initially and then one segment per molt are added to
the developing trunk until the adult number of 19 trunk
segments is reached (Sanders 1963; this study). After this
anameric phase, further molts are required to differentiate
all the thoracopods (Sanders 1963; this study).

Most studies into crustacean neurodevelopment so far
have been undertaken in representatives of Branchiopoda
and Malacostraca. Some have concentrated on specific
aspects of development such as neurogenesis and the
neuronal precursor cells involved, i.e., neuroblasts and
ganglion mother cells (Malacostraca: Dohle and Scholtz
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1988; Harzsch et al. 1998; Ungerer and Scholtz 2008;
Branchiopoda: Gerberding 1997; Ungerer et al. 2011a), and
axogenesis and the pioneer neurons involved (e.g., Bran-
chiopoda: Blanchard 1986; Malacostraca: Harzsch et al.
1998; Ungerer and Scholtz 2008; Ungerer et al. 2011b).
These form the basis for a comparison with our first data on
cephalocarid neurogenesis.

Other studies have looked at the sequence (i.e., temporal
order) of development of neural features throughout the
embryonic and larval phases and correlated these data with
changes in external morphology (e.g., Malacostraca: Vil-
poux et al. 2006; Fischer and Scholtz 2010; Ungerer et al.
2011a; Branchiopoda: Fritsch and Richter 2010, 2012;
Fritsch et al. 2013). The present comprehensive analysis of
development in H. macracantha serves as a basis for two
different undertakings, the first being a comparison of the
respective developmental sequence of neural and external
features in different species. Crustaceans exhibit a broad
variety of developmental modes (e.g., Minelli and Fusco
2013), and two recent series of comparative studies into
Branchiopoda (Fritsch and Richter 2012; Fritsch et al.
2013) and Malacostraca (Jirikowski et al. 2013) have
shown that different developmental modes (as defined by
external morphology) are correlated with differences in the
developmental sequence of internal and external features.
The authors concluded that heterochronic shifts must have
occurred during the evolution of developmental sequences
within Branchiopoda (Fritsch et al. 2013) and within
Malacostraca (unpublished data by G. Jirikowski, C. Wolff,
S. Richter). Comparing neural and external development in
H. macracantha to that in Branchiopoda and Malacostraca
is an important step toward understanding the evolution of
developmental sequences within Tetraconata. At present,
our understanding is hindered by the fragmentary nature of
the developmental data available on other crustacean taxa
(e.g., Copepoda: Lacalli 2009; Cirripedia: Walley 1969;
Semmler et al. 2008).

The second major undertaking tackled here is a com-
parison of the different trunk segments in H. macracantha
with regard to the developmental sequence of their
respective neural and external features in order to reveal
potential serial homologies in the spatiotemporal pattern
between the thorax and the abdomen. This comparison is
especially interesting in light of the fact that Cephalocarida
and Mystacocarida (Brenneis and Richter 2010) are the
only crustaceans to exhibit segmental ganglia not only in
their limb-bearing thoracic segments but in most of their
limbless abdominal segments too (summarized by Stegner
et al. 2014a).

Two embryonic (E1, E2) and nine larval stages (L1-L6,
L8, L14, L18) are investigated with respect to their neu-
roanatomy using a combination of immunolabeling (acet-
ylated o-tubulin, serotonin), nuclear counterstaining,
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confocal laser scanning microscopy, and computer-aided
3D reconstruction. Although the number of specimens
available was restricted, these stages provide a broad
insight into the major developmental patterns.

Materials and methods
Collection, fixation, and storage

Different stages of Hutchinsoniella macracantha (numbers
listed in Table 1) were collected in the daytime during the
summer months from 2007 to 2012 at different spots in
Buzzards Bay, Massachusetts (USA). Samples of benthic
mud were collected by boat from depths of 10-25 m using
a Van Veen grab or by SCUBA diving. The animals were
separated from the sieved samples using fine forceps or
pipettes. In order to avoid potential circadian effects on the
expression level of serotonin (see Wildt et al. 2004), all
animals were fixed at the same time before dusk at the end
of our collecting days.

Animals were fixed with a 4 % paraformaldehyde
solution (16 % PFA stem solution [Electron Microscopy
Sciences, Hatfield, PA, USA: No. CAS #30525-89-4]
diluted in PBS solution which was produced by diluting
10 x PBS stock solution in filtered water from Buzzards
Bay) for 30 min to 1 h. Fixed specimens were transferred
to 100 % methanol for storage at 4 °C.

Pretreatment of whole mounts for immunolabeling

After a series of dilutions from methanol into PBS, speci-
mens were exposed to short pulses (<1 s at 35 kHz) in a
bath ultrasonicator (Elma, Singen, Germany: Elmasonic
One), permeabilizing the cuticle. Between pulses, speci-
mens were investigated with a stereomicroscope to check
for any signs of external or internal damage due to the
treatment. In some specimens, appendages were removed
on one or both sides of the body using dissecting instru-
ments such as forceps (Dumont 5) and tungsten needles. To
facilitate the penetration of antibodies, the cuticle was
further perforated with forceps or a tungsten needle in
some specimens. Pretreatment procedures were often
combined.

Immunolabeling and mounting

All specimens underwent the same general immunola-
beling procedure. Antibody incubation was conducted in
PBT (PBS with 0.5 % bovine serum albumin, 0.3 %
Triton X-100, 1.5 % dimethylsulfoxide) containing 5 %
normal goat serum (Calbiochem, Merck KGaA, Darm-
stadt, Germany: No. NSO2L). Labeling of the cytoskeletal

protein acetylated o-tubulin was performed using a pri-
mary monoclonal mouse antibody [anti-ac-a-tub IgG 2b
isotype, clone 6-11 B-1, Sigma-Aldrich, St. Louis, MO,
USA: No. T6793 (dilution 1:100)] and a Cy-3-coupled
secondary goat antibody [anti-mouse IgG (H + L), Jack-
son/Dianova, Hamburg, Germany: No. 115-001-003
(dilution 1:200)]. To label the biogenic amine serotonin, a
polyclonal rabbit antiserum was used [Immunostar, Hud-
son, WI, USA: No. 20080 (dilution 1:100)]. Visualization
of serotonin-like immunoreactivity was carried out using
one of two secondary antibodies depending on the com-
bined nuclear marker later to be used. If nuclei were later
to be labeled using Hoechst (Invitrogen Molecular Probes,
Darmstadt, Germany: No. H33342, 1 pg/ml in PBS), an
AlexaFluor 488-coupled secondary goat antibody [anti-
rabbit IgG (H + L), Invitrogen Molecular Probes,
Darmstadt, Germany: No. A11008 (dilution 1:500)] was
applied. If nuclei were later to be labeled using Sytox
Green [Invitrogen Molecular Probes, Darmstadt, Ger-
many: No. S34860 (dilution 1:600)], an AlexaFluor
633-coupled secondary goat antibody [anti-rabbit IgG
(H + L), Invitrogen Molecular Probes, Darmstadt, Ger-
many: No. A21070 (dilution 1:500)] was applied. In one
specimen, the neuropeptide FMRFamide was labeled
using a polyclonal rabbit antiserum [Neuromics, Edina,
MN: @: 20002 (dilution 1:1,000)], coupled for visuali-
zation to the AlexaFluor 488-coupled secondary goat
antibody described above. Incubations were carried out
overnight at 4 °C, each followed by thorough washing in
PBT on a horizontal shaker (neoLab, Heidelberg, Ger-
many: DOS-20S) at 50 rpm. Stained whole mounts were
mounted in Vectashield Mounting Medium (Vector Lab-
oratories Inc., Burlingame, CA, USA), after tiny pieces of
plasticine had been placed as spacers in the corners of the
cover slips.

Confocal laser scanning microscopy

Stained specimens were scanned using a DM IRE2 con-
focal laser scanning microscope (UV: 405 nm; Arg/Kr:
488 nm, HeNe: 543 nm) equipped with a TCS SP2 AOBS
laser scanning unit (Leica Microsystems GmbH, Wetzlar,
Germany) at step sizes of 0.4—1 pum between successive
scanning planes. Alternatively, a DMI 6000 CS confocal
laser scanning microscope (Arg/Kr: 488 nm, HeNe:
543 nm, DPSS: 633 nm) equipped with a TCS SP5 II laser
scanning unit (Leica Microsystems GmbH, Wetzlar, Ger-
many) was used at the same step sizes.

Analysis and 3D reconstruction

The software Imaris (Bitplane AG, Zurich, Switzerland:
version 6.0.2) was used for all analyses of the 3D virtual
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Table 1 Developmental stages in H. macracantha and their external trunk morphology

Developmental stage No. of No. of limb-bearing trunk No. of limbless trunk segments

articulated segments (limb bud—bifurcate

trunk limb anlage-complete limb)

X - segments - -

This Specimens Sanders’s This study Sanders This Sanders
study studied here (1963) stage (1963: his text) study (1963: his text)
El 2 - 0 0 [0-0-0] - 0 -
E2 2 - 2 0 [0-0-0] - 2 -
L1 4 Nauplius 1 2 0 [0-0-0] 0 [0-0-0] 2 2
L2 7 Nauplius 2 4 1 [1-0-0] 0 [0-0-0] 3 4
L3 4 Nauplius 3 6 2 [1-1-0] 1 [0-1-0] 4 5
L4 6 Nauplius 4 8 2 [1-1-0] 2 [1-1-0] 6 6
L5 5 Nauplius 5 10 2 [0-1-1] 2 [1-0-1] 8 8
L6 1 - 11 3 [1-1-1] - 8 -
L7 1 - 12 3 [1-1-1] - 9 -
L8 2 Nauplius 6 13 3 [1-0-2] 2 [0-1-1] 10 11
L9 - Nauplius 7 14 - 3 [0-1-2] - 11
L10 1 Nauplius 8 15 4 [1-1-2] 3 [0-1-2] 11 12
L11 - Nauplius 9 16 - 3 [0-0-3] - 13
L12 1 - 17 4 [1-0-3] - 13 -
L13 1 - 18 4 [1-0-3] - 14 -
L14 1 Nauplius 10 18 4 [0-1-3] 4 [0-1-3] 14 14
L15 - Nauplius 11 19 - 4 [0-1-3] - 15
L16 1 Nauplius 12 19 5 [1-1-3] 4 [0-0-4] 14 15
L17 - Nauplius 13 19 - 5 [1-0-4] - 14
L18 1 - 19 6 [1-1-4] - 13 -
L19 - Juvenile 14 19 - 6 [1-0-5] - 13
L20 - Juvenile 15 19 - 6 [0-1-5] - 13
L21 - Juvenile 16 19 - 7 [1-1-5] - 12
L22 - Juvenile 17 19 - 7 [0-1-6] - 12
L23 - Juvenile 18 19 - 8 [1-1-6] - 11
Adult 23 (Stegner Adult 19 9 [1-0-8]* 8 [0-0-8]* 10* 11*

et al. 2014a)

Revision of Sanders’ (1963) staging system, here including the newly discovered stages E1, E2, L6, L7, L12, L13, and L18. The Sanders data
provided are based on his text of 1963, not his Fig. 27, which deviates from his description. In general, subesophageal segments (Md, Mx1, Mx2)
and the telson are not counted as trunk segments. (¥*) Note that unlike Sanders (1963), we count the egg-carrier of the adult thoracic segment Th9

as a limb

El, early embryo; E2, late embryo before hatching; L1-L23, larval stages 1-23

stacks obtained through laser scanning microscopy. If not
stated otherwise in the legend, volumes on all confocal
laser micrographs are shown in the Imaris “maximum
intensity projection” and “surpass view” mode, displaying
the 3D volume of the complete data set. The “shadow
projection” and “normal shading” options render scanned
structures opaque and shaded, thus allowing their surface
and external shape to be examined. In many cases, the
“contour surface” tool was used to artificially highlight
specific structures or to mask structures that obscured the
view of the nervous system. All figure plates were created
and labeled using the software Corel Draw X3.
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Nomenclature and presentation

Our nomenclature follows previous descriptions of the
adult brain (Stegner and Richter 2011) and ventral nerve
cord (Stegner et al. 2014a; based on Richter et al. 2010).
Morphological descriptions of nerves or neurites can
require coordinates and phrases of direction such as
“extend into” or “project anteriorly.” Please note that no
physiological or developmental inferences should be drawn
from such phrases. All adjectives of position (such as
“anterior” or “dorsal”) refer to the body axis. If not stated
otherwise, only one side of the body is described.
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Exceptions are mentioned explicitly. The term “pair” is
used solely for bilaterally symmetrical pairs, not for ipsi-
lateral duads. We term the protocerebrum a neuromere,
aware that the segmental identity of the pre-antennular
region is unclear. Before the new trunk segments are sep-
arated from the telson by a transverse infolding of the
postsegmental cuticle, the externally confluent trunk seg-
ments and telson are summarized as the “unsegmented
trunk ending.” Homonymy between segmental structures
does not necessarily imply serial homology (though serial
homology may often be the case). This applies in particular
to the structures of the three-segmental subesophageal
ganglion.

In all figures showing the results of immunolabeling and
nuclear staining, the molecules labeled and stains used are
indicated (e.g., “tub” for acetylated o-tubulin, “Hoe” for
Hoechst, “Syt” for Sytox). Using polyclonal antisera
against serotonin does not rule out the possibility that
related neuroactive substances could also be labeled. As a
result, we refer to serotonin-like immunoreactivity (SLI)
and to serotonin-like immunoreactive (SL-ir) structures.
The SL-ir neurons labeled sl-s13 (Stegner and Richter
2011: brain), s14—s20, s27, and s28 (Stegner et al. 2014a:
ventral nerve cord) were identified individually on the basis
of the target of their neurites. SL-ir neurons s217—s26? are
labeled on the basis of the location of their soma within the
segment (the question mark indicates that course of their
neurite is unknown; see Stegner et al. 2014a). A phenotypic
division of the trunk into a thorax with limb-bearing seg-
ments and an abdomen with limbless segments applies only
to the adult, yet also the developing segments are abbre-
viated as follows: mandibular (Md), maxillular (Mx1),
maxillar (Mx2), thoracic 1-9 (Th1-Th9), and abdominal
1-10 (Ab1-Ab10).

In the only representative of larval stage L.18, we found
a significantly lower number of SL-ir neurons than in
earlier and later stages. Although this aberration in the SL-
ir pattern is included in our study (Table 3 and S1 and
Fig. 9), it may be due to intraspecific variability (as has
been described to a certain degree in the adult; Stegner
et al. 2014a) and/or incomplete staining rather than to
natural developmental change.

Results
External morphology

Sanders’ (1963) description of external development in H.
macracantha is here complemented by two embryonic
stages (El, E2; Fig. 3a, d) and five hitherto unknown
intermediate larval stages (here labeled L6, L7, L12, L13,
L18; Fig. 2; summarized in Table 1; Fig. 1).

Early embryo (EI)

The antennula is monofurcate, the antenna is bifurcate with
a longer anterior branch, the mandible is bifurcate with
even-sized branches, and the maxillula (i.e., the first
maxilla) is a short monolobate bud (Fig. 3a). Both antenna
and mandible exhibit a proximomedial protrusion (the
prospective “naupliar process” of the antenna sensu
Sanders 1963, compare with our Fig. 3a). The furca bears
two short terminal setae on each branch (Fig. 3a, b). The
telson is folded forward so that the furca points anteriorly
toward the large labrum (Fig. 3a). The cephalic shield is
subdivided into three portions (one median, one lateral on
each side; Fig. 3a).

Late embryo (E2)

The four anteriormost appendage anlagen (antennula,
antenna, mandible, and maxillula, Fig. 3d) correspond to
those of the first larval stage described by Sanders (1963),
suggesting that the three late embryos in our study were
fixed shortly before hatching. One difference is found in
the maxilla (i.e., the second maxilla), which is still mon-
olobate rather than bilobate as in the hatchling. Thl and
Th2 are separated by intersegmental furrows (Fig. 3g,
arrowheads in Fig. 4c, d). The trunk ending is still folded
around (Fig. 3g) so that the furca points anteriorly (artifi-
cially unfolded in other figures).

Larval development

In extension of Sanders (1963), our revised staging system
for H. macracantha now includes 23 larval stages (Fig. 1;
Table 1). The first larva L1 in H. macracantha (Fig. 5a)
hatches as a metanauplius. Larval stages L1-L12 were
distinguished here on the basis of their unique number of
separated trunk segments. As a cephalocarid peculiarity
among crustaceans, two trunk segments are added per molt
between L1 and L5, while only one is added between L5
and L13 and between L14 and L15. Development from L1
to L13 could, then, be considered anameric in the classical
sense. No segments are added between L13 and L14 or
after L15, which already features the adult number of 19
trunk segments (Fig. 1; Table 1).

We found in several stages that the degree of develop-
ment of the thoracopods (Table 1) differed from that noted
in the original description by Sanders (1963). While our
system for distinguishing the early stages L1-L12 is
straightforward, it is rendered problematic when it comes
to distinguishing stages L13-L.23, i.e., those stages that are
not unique in their respective number of trunk segments but
distinguished by the degree of development of their limbs.
Here, we made the following distinctions: absent — limb
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Fig. 1 Development of H. macracantha with respect to external
morphology. Revision of Sanders’ (1963) staging system to include
the two embryonic and five larval stages discovered here. Revised
data on the number of trunk segments and limb morphology are

bud (shorter than thoracomer) — bifurcate limb anlage
(longer than thoracomer) — completely developed limb
(Table 1; Fig. 1). Two specimens exhibiting hitherto
unknown combinations of limbs and limb anlagen were
thus assigned to the new stages L.13 and L18. Stage L18
(Fig. 2i) is the first to lack the proximomedial naupliar
process on the antenna (see Fig. 2b, h where this process is
still present). We found no representatives of the larval
stages L9, L11, L15, L17, or L19-L23.

Note on segment addition

In L1, thoracic segments 1 and 2 are separate and laterally
lobate (Fig. 5a). Although the trunk ending posterior to
Th2 appears externally to be smooth, autofluorescence
reveals the intersegmental border between Th3/Th4 and
between Th4/Th5 as faint infolds in the ventral cuticle
(positions marked by arrowheads in Fig. 5e), and tubulin
staining shows the associated muscle insertion sites (not
depicted for L1, but see arrowheads in Fig. 7a, e, f). In
contrast, in L1, no cuticular features point to a delineation
between the developing segment Th5 and the telson. In L2,
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provided for all available stages (labeled in black). Data are based on
Sanders’ (1963) text only with regard to stages that were unavailable
here (labeled in gray). Refer also to Table 1

Fig. 2 External morphology in chosen larval stages of H. macra-»
cantha. Confocal micrographs in Imaris surpass view showing
cuticular autofluorescence. As a pretreatment for immunolabeling
(not shown), thoracopods have been partly or completely removed. a—
f Larval stages L1-L12 are distinguished unambiguously by their
differing number of trunk segments. g—i Larval stages L13, L14 (18
trunk segments), and L15-L23 (19 trunk segments) are distinguished
by differences in the degree of development of the thoracopods. i The
naupliar process observed in earlier stages is lost in L18. Abbrevi-
ations al, antennula; a2, antenna; cs, cephalic shield; 1b, labrum; md,
mandible; mx1, mx2, maxillula and maxilla; npro, naupliar process on
antenna; pleu, pleurite; sp, pleural spine; tel, telson; thpl-thp6,
thoracopod (anlagen) 1-6. Scale bars 100 pm

the separated segments Thl to Th4 exhibit pleural spines
(Fig. 6a), while the trunk ending posterior to Th4 appears
externally to be smooth and unsegmented (Fig. 6a, d, fin-
ger). The prospective intersegmental articulations between
Th5/Th6 and between Th6/Th7 are indicated by faint
infolds in the ventral cuticle (dashed lines in Fig. 6e, fin-
ger). From stage L5 onwards, only one additional segment
is visibly indicated by a ventral infold in the cuticle until
the full number of segments has been reached (e.g., yellow
arrowheads in Fig. 8c).
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Nervous system
Early embryo (EI)

The early embryo features anlagen of the three subunits of
the brain: proto-, deuto-, and tritocerebrum (Fig. 3c). The
ventral nerve cord consists of a pair of longitudinal neurite
bundles that we were able to trace past the maxillular
neuromere. The protocerebral neuropil is still a loose
assembly of neurites on each side of the brain. Two pre-
esophageal commissures in the protocerebral region, two
post-esophageal tritocerebral commissures (Fig. 3c), and
the connective-like interjacent neurite bundles on each side
together form a visible circumesophageal ring (Fig. 3b). In
one specimen, a developing (as yet unclosed) labral com-
missure was found connected with the tritocerebral neu-
ropil (Fig. 3c). The anterodorsal commissure of the
mandibular neuromere is connected to the median neurite
bundle (Fig. 3c), which we were able to trace posteriorly as
far as the maxillular neuromere. No other commissures are
yet present. One segmental appendage nerve arises laterally
from the deutocerebral, tritocerebral, mandibular, and
maxillular neuromeres, respectively, each nerve extending
into the associated appendage (Fig. 3c). Segmental neuro-
pils are only faintly differentiated. A maxillular neuropil is
not discernible at this stage. The putative deutocerebral and
tritocerebral tegumentary nerves arise behind their
respective neuromere, each from an intersegmental root
(Fig. 3c) that lies more anteriorly than in the adult (com-
pare Stegner and Richter 2011). Two intersegmental nerves
on each side originate from the connectives between the
tritocerebral, mandibular, and maxillular neuromeres
(Fig. 3c), the more anterior nerve extending toward the
dorsolateral region of the embryo. Pioneer neurons could
not be distinguished within the telson. SLI is absent.

Late embryo (E2)

Brain The late embryonic brain corresponds to the adult
brain in overall appearance and relative size with respect to
the cephalon (Fig. 4a,b). All somata assemblages are present
(Table 2; e.g., Fig.3e, g). The protocerebral somata
assemblage is contiguous across the midline and partitioned
into several divisions by penetrating cephalic shield muscles
(Fig. 3g). The median region of the protocerebral neuropil
has grown particularly significantly with respect to the pre-
vious stage and now includes the tracts of the multi-lobed
complex. The olfactory globular tract and the lateral tract
appear as one continuous tract as neuropils 7 and 8, which
separate them from stage L.1 onwards, are still not yet present
(Fig. 4b). A thin pedunculus (Fig. 4b) extends transversely
from the lateral region of the protocerebral somata assem-
blage toward the medial tract. In the deutocerebrum, a lower
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Fig. 3 Embryonic nervous system in H. macracantha. Confocal p
micrographs in Imaris surpass view showing immunolabeling. a—
¢ Ventrolateral view of the early metanauplius. a External morphol-
ogy showing the limb anlagen and furca, which is still folded forward.
b Position of the circumesophageal ring of neurites. ¢ In addition to
the naupliar neuromeres with their various nerves and commissures, a
maxillular nerve root is present. d-h Metanauplius shortly before
hatching. d, e External morphology and cephalic appendages in
ventral view. Furca artificially unfolded. e Brain, subesophageal
ganglion of three fused neuromeres, and broadly differentiated
thoracic ganglia 1-4 are visible anterior to the growth zone. f,
g Dorsal view. f Neuropil (yellow) and tegumentary glands (blue)
artificially highlighted. h Ventral view. The olfactory lobe in E2
corresponds to that in the adult, as do several nerves, commissures,
and SL-ir neurons. Abbreviations al, a2, antennula and antenna; alnv,
a2nv, antennula and antenna nerve; adc, anterodorsal commissure; cg,
cephalic gland; cs, cephalic shield; dbs, dorsomedian neurite bundle;
dc, deutocerebrum; dtnv, deutocerebral tegumntary nerve; ennv, exnv,
endopodite and exopodite nerve; fpc, first posterior commissure; frc,
furca; Hoe, Hoechst nuclear staining; isnv, intersegmental nerve; lb,
labrum; lbc, labral commissure; md, mandible; mdn, mandibular
neuropil anlage; mdnv mandible nerve; mnb, median neurite bundle;
mx1, mx2, maxillula and maxilla; mxlnv, mx2nv, maxillula and
maxilla nerve; ol, olfactory lobe; pec, post-esophageal commissures;
plnv, posterolateral nerve; prec, pre-esophageal commissures; prs,
protocerebral somata; ptc, protocerebrum; RFLI, RFamide-like
immunoreactivity; ring, circumesophageal ring; s9, s11, SL-ir neu-
rons 9 and 11; sd4, SL-ir domain 4; sg, subesophageal ganglion; sh,
sheath in furca; SLI, serotonin-like immunoreactivity; tc, tritocere-
brum; ttnv, tritocerebral tegumentary nerve; tub, tubulin staining; vnc,
ventral nerve cord; zone, growth zone. Scale bars a—g 100 um, h
50 pm

root of the antennula nerve enters the large olfactory lobe
ventrally (Fig. 3h), adding to the upper root already present
in El. Each olfactory lobe is organized into about seven
vertical stacks composed of olfactory glomeruli (not shown)
and gives rise to a faint olfactory globular tract that extends
ipsilaterally into the protocerebral neuropil (Fig. 4b). The
labral commissure is closed and is, at its vertex, connected
with the faint dorsomedian bundle of the stomatogastric
nervous system (Fig. 3h).

Most SL-ir neurons known from the adult brain (Stegner
and Richter 2011; Stegner et al. 2014b) are already present
in the late embryonic brain, namely somata s1-s3, s5, s6
(Fig. 4a), s9, sl1 (Fig. 3h), s10, and s12 (Table 2). The
faintly SL-ir neurons s4 described in the adult are not
considered in this study. In E2, the SL-ir domain sdl in the
protocerebrum (Fig. 4a) and, faintly, sd4 in the tritocere-
brum are also visible (Fig. 3h). The deutocerebral tegu-
mentary nerve was traceable to one of the cephalic glands
underneath the cuticle, which are the only RFL-ir structures
present at this stage (Fig. 3f).

Ventral nerve cord We appear to have missed the critical
moment between stages E1 and E2 when the first contin-
uous neurites of the ventral nerve cord are pioneered
between the maxillular neuromere and the telson. How-
ever, it was possible in E2 to trace some longitudinal
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neurites of the ventral nerve cord back to the somata in
which they originated (color-masked in Fig. 4e), which
turned out to be located posterior to the growth zone in the
telson, therein corresponding to the posterior pioneer
neurons described in Branchiopoda (e.g., Blanchard 1986)
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and Malacostraca (e.g., Fischer and Scholtz 2010). Other
longitudinal neurites of the ventral nerve cord seem to arise
from the continuous somata assemblage of Th3 and Th4
(position indicated by double arrows in Fig. 4e), i.e.,
anterior to the growth zone.
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«Fig. 4 Late embryo (E2) and hatchling (L1). Confocal micrographs
in Imaris surpass view showing immunolabeling. a, b, f Protocere-
brum in dorsal view. a The SL-ir pattern in the brain corresponds
broadly to that in the adult. b Before hatching, the multi-lobed
complex (artificially highlighted in blue) comprises only tracts. c,
d Ventral view of the ventral nerve cord, furca artificially unfolded.
Exopodite nerve roots (blue arrows) and SLI occur as far posteriorly
as Th2. Arrowheads indicate intersegmental furrows. d Although Th3,
Th4, and the telson are not yet separated by intersegmental furrows,
somata assemblages and anterodorsal commissures occur as far
posteriorly as Th4. e Magnification of artificially masked neurons in
the telson posterior to the growth zone. A setal neuron (gray)
contributes its neurite to a tubulin-rich sheath in the furca. Other
telsonic neurons (red, yellow, green, blue) contribute neurites to the
ventral nerve cord, potentially constituting pioneer neurons. f,
g Several neuropils are added to the multi-lobed complex (artificially
highlighted in blue) after hatching. h Artificial masking of the multi-
lobed complex reveals SL-ir neuropils 1, 5, and 11 as early as in L1.
Abbreviations 1-11, neuropil 1-11 of the multi-lobed complex; adc,
anterodorsal commissure; avb, anteroventral neurite bundle; avc,
anteroventral commissure; ennv, exnv, endopodite and exopodite
nerve; fpc, first posterior commissure; frc, furca; Hoe, Hoechst
nuclear staining; isnv, intersegmental nerve; lt, lateral tract; mnb,
median neurite bundle; mt, medial tract; ogt, olfactory globular tract;
pdu, pedunculus; plnv, posterolateral nerve; ptc, protocerebral
neuropil; s1-s7, SL-ir neurons 1-7; sdl, SL-ir domain 1; se, medial
furcal seta; sen, setal neuron; sh, sheath in furca; SLI, serotonin-like
immunoreactivity; spc, second posterior commissure; tub, tubulin
staining; zone, growth zone. Scale bars 50 pm

In E2, the three neuromeres of Md, Mx1, and Mx2 form
a subesophageal ganglion with one contiguous soma cor-
tex, while the thoracic ganglia of Th1l and Th2 each exhibit
separate soma cortexes (Fig. 3e). Somata of the developing
segments Th3 and Th4 are present, but still lie condensed
in one somata assemblage within the unsegmented trunk
ending (Figs. 3e, 4d). The posterior margin of this somata
assemblage is directly adjacent to the growth zone, which
lies anterior to the telson (see Figs. 3e, 4d; zone described
in detail below).

Intersegmental nerves exist between adjacent neuro-
meres from the tritocerebrum to Th4 (e.g., Fig. 4c;
Tables 2, 3). In Md, all three appendage nerves (exnv,
ennv, plnv) extend from one root toward the mandible
(Fig. 3h). In Mx1, we were only able to identify the exo-
podite nerve and the posterolateral nerve, which arise from
separate roots (Fig. 4c). In Mx2, Thl, and Th2, respec-
tively, only the short root of an exopodite nerve is present
(blue arrows in Fig. 4c). The four major segmental com-
missures known from the adult ventral nerve cord (Stegner
et al. 2014a) are unevenly distributed over the subesoph-
ageal and trunk segments (Figs. 3h, 4c, d; Table 2).

One to a few SL-ir longitudinal neurites on each side
extend between the brain and Th2, contributing to one SL-
ir domain in the Md/Mx1 region (Figs. 3h, 4c) and to
segmental domains in Mx2, Thl, and Th2, respectively
(Fig. 4c). SLI is absent posterior to Th2. Md still lacks SL-
ir neurons at this stage (Fig. 3h; Table 2). Mx1 features

two, Mx2 three, and Thl two SL-ir neurons (Fig. 4c),
which we were able to identify individually as s16 and s19
(from Mx1 to Thl) and s14 (in Mx2 only; Tables 2, 3). The
short root of the exopodite nerve present from Mx1 to Th2
is SL-ir (blue arrows in Fig. 4c), although Th2 lacks a
contributing SL-ir soma s16.

Near the ventral nerve cord, the base of each furcal
branch contains the large soma of one setal neuron (sen,
Fig. 4e), which projects its neurite into a conspicuous
tubular sheath (sh, Figs. 3e, 4d, e). This sheath traverses
the furcal branch and is terminally associated with the more
medial of two long setae (Fig. 4d).

Posterior growth zone

From E2 onwards, we found evidence of a distinctive
growth zone situated anterior to the telson, which persists
throughout the anameric larval phase. Sytox nuclear
staining in the trunk ending revealed a visible difference
between various large weakly stained cells on the one hand
and numerous smaller cells on the other (see, e.g., Fig. 5b,
c). Several of the large weakly stained cells were found to
be irregularly arranged in one distinct transverse band
spanning the ventrolateral and ventral region of the trunk
(masked in yellow in Fig. S5e—g; see also Fig. 7b, f). Since
the band’s restriction to the anterior margin of the telson
and its distinctive cell morphology persist throughout the
anameric larval phase (e.g., Figs. 3e, 4d, 6a, 7b, c, f; not
studied in L14), we suggest that it constitutes (or is part of)
a posterior growth zone. In contrast, many of the smaller,
more strongly stained cells in the trunk ending were
assignable to the developing ganglion anlage anterior to the
growth zone (e.g., ThS in Fig. 5c—g; Abl in Fig. 7f). The
growth zone is posteriorly confluent with a few longitudi-
nal rows of what are presumed to be ectodermal cells
(Fig. Se, best visible in Fig. 5f).

In one specimen of L1, we found on each side of the
growth zone one large apical cell (asterisks in Fig. 5b, e),
which was situated adjacent to an inward-pointing row of
three smaller cells (arrows in Fig. 5b). This conspicuous
arrangement is reminiscent of the asymmetric cell division
pattern of neuroblasts and ganglion mother cells in other
crustaceans (see “Discussion”), but was only observed in
this one L1 individual, despite attempts to locate it in
numerous specimens of this and other stages.

Most Sytox-stained cells (or somata) in the trunk ending
display considerable internal heterogeneity, containing
minute areas of stronger and weaker fluorescence (see
Fig. 6b). A few cells, however, exhibit uniformly strong
fluorescence (marked in yellow in Fig. 6a, b). In the trunk
ending of many stages, here exemplified in L2, Sytox
fluorescence implies that some cells are in the metaphase of
mitosis (marked in yellow in Fig. 6b). Mitotic cells are not
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Table 2 Developing structures and patterns in the brain and the mandibular and maxillular neuromeres

structure
region or component E1
pattern
alnv (upper root),
dtnv, a2nv, ttnv,
nerves &
neurite
bundles alnv (lower root),
dbs
anlage
major lateral ptc, dc, tc
neuropils | median ptc, ol, Ibn
pedunculus
It, ogt continous ... = separate
brain multi- neuroplglflll, 2,46,
omiex. |__neuropil 3 ||
complex -
neuropil 7, 8
globuli cells
specialized
pdc mn, In
SL-ir sdl, sd4
domains sd2, sd3
SLeir s1-3, 85-7, 88, s10,
neurons sl — T — 1T — 11—
s12,s13
isnv, exnv, ennv,
nerves &
. mnb
neurites
Mq | commis-
sures
SL-ir
neurons
nerves & anlage
neurites plnv
ennv
. adc, fpc
commis-
ave
sures spc
Mx1 sl5a
s15b
. sl16
i —
s19
s21?
$26?

By the hatching stage (L1, dark gray column), the brain and the mandibular and maxillular neuromeres broadly correspond already to those in the
adult. Fields containing numbers (2, 3) indicate that the respective SL-ir neurons were found more than once per hemineuromere. Two or three
medial SL-ir neurons (s16 to s21?) per body side are found in Mx1 from the late embryonic phase onwards. All anteromedial neurons whose
neurites could not be traced were labeled s21? (white asterisks). They might, however, be neurons s16, s18, or s19 (marked by a black asterisk if
absent), so that apparent changes in the SLI of these neurons may be artifactual

alnv, a2nv, antennula and antenna nerve; adc, avc, anterodorsal and anteroventral commissure; dbs, dorsomedian neurite bundle; dc, deuto-
cerebral neuropil; dtnv, deutocerebral tegumentary nerve; ennv, exnv, endopodite and exopodite nerve; fpc, first posterior commissure; isnv,
intersegmental nerve; Ibc, labral commissure; 1bn, labral neuropil; In, lateral neuropil; It, lateral tract; mn, median neuropil; mnb, median neurite
bundle; ogt, olfactory globular tract; ol, olfactory lobe; pdc, posterodorsal neuropil cluster; pec, post-esophageal commissures; prec, pre-
esophageal commissures; plnv, posterolateral nerve; ptc, protocerebral neuropil; s1-13, SL-ir neurons 1-13; sd1-4, SL-ir domain 1-4; spc,
second posterior commissure; spcv, ventral part of spc; tc, tritocerebral neuropil; ttnv, tritocerebral tegumentary nerve
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Table 3 Structures and patterns appearing in the maxillar and thoracic neuromeres

neuro- | structures E2 L1 L2 L3 L4 Ls L6 L8 L14 Li8 Adult
mere | and patterns
nerves isnv, exnv, plnv + ennv
commissures e, 2;2’ fpe,
Mx2 -
SLAr | G4 516,519 | wslsa,s212 | 2| —slsas212 | +sisas212 | 9 estsp | TSIOSIOE a6 s19
neurons s21?
segm. / limb
nerves isnv, exnv ? + plnv + ennv
commissures adc, fpc ? + avc, spc
Thl SL-ir +sl5a,b, —sl6tosl9+ —s21? +sl6,
neurons sl6, s19 ? +sl14 §17, 18 two $212 s18. 519
segm. / limb
nerves isnv, exnv ? + plnv + ennv
commissures adc + fpc + avc, spe
Th2 SL-ir 9 +sl14, —s16,s19+ | —sl4+5s16,s17,
? sl6, s19
neurons sl15a,b, s21? s21? s19
segm. / limb
nerves isnv ? + exnv + plnv + ennv
commissures adc + fpe + avc, spc
Th3 SL-ir —sl9, +sl5a, s19, —sl16,s19 + —s21?+sl6to
neurons ? B, 510 g - 820 s20 s21? s14,s15b,s21? | s18,s22?,s23?
segm. / limb
nerves isnv ? +exnv + plnv + ennv
commissures adc + fpc + ave, spe
Th4 SL-ir —519,520 +
neurons ? sl6, s19 +520 +sl5a s15b, 5217, 247
segm. / limb
nerves ? +isnv + exnv + plnv + ennv
commissures adc + fpc, spe +ave
. —519,520 +
Ths SL-ir s16 +5s19 +520 sl5a,b, two s212,
neurons
$22?
segm. / limb
nerves isnv + exnv + plnv + ennv
commissures adc + fpc + spc +ave
. +s15a,b, 817,
Thé SL-ir s16,s19 +520 —s20 s18, 520, two
neurons
s21?
segm. / limb ‘ bud complete ‘
nerves isnv + exnv + plnv + ennv
commissures adc + fpe + spc +ave oo
. +sl15a, 517,519,
7 n:];;:.s 516,520 +519 —520 -s19 520, two 5212,
$237, 5257
sogm. i
nerves isnv + exnv + plnv, ennv
commissures adc + fpc + spc +ave
Th8 SL-ir —sl6+s17,5s18,
neurons s16 60 +s20 - 520 $20, two s21?
segm. / limb
. + exnv, ennv,
nerves isnv
plnv
commissures adc + fpc + spc -spc + spc +ave
ho SL-ir —s16 +519, 520
sl6, s19 —sl19 +5s19 —sl9 ’ ’
neurons s21?
segm. / limb

This table is based on Suppl. Tab. S1 but only lists the changes between stages. Dark gray cells in the row “segm., limb” indicate that the segment
is completely distinct from the trunk ending. The degree of development of the limbs is divided into bud — bifurcate anlage — complete limb.
Medium gray cells indicate that the respective nerval or commissural pattern is complete. Nerves are mentioned as soon as their root is visible. No
change from the previous stage is indicated by “....” Changes are indicated by “4” and “—.” Most developing thoracic segments pass through a
distinct initial phase in which only one intersegmental nerve, two commissures, and two SL-ir neurons (cells marked in light gray, see text) are
present. The transiently SL-ir neuron s20 in Th3 to Th5 does not remain SL-ir in the adult. s20 only retains SLI in Th6 to Th9. If a structure or
pattern was present in one specimen of a stage, it is depicted; interspecific variability is not visualized. Aberrations in the SL-ir pattern of L18 may
be due to incomplete staining (see “Materials and methods”)

ac, adc, avc, anterior, anterodorsal, and anteroventral commissure; bud, appendage bud; ennv, exnv, endopodite and exopodite nerve; fpc, first
posterior commissure; isnv, intersegmental nerve; pc, posterior commissure; plnv, posterolateral nerve; s14—s28, SL-ir neurons 14-28; spc,
second posterior commissure
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«Fig. 5 Neuronal differentiation in the trunk of one specimen of larval
stage L1. Confocal micrographs in Imaris surpass view (a, e, g) or
Imaris extended section view (b-d, f), showing Sytox nuclear
staining. a Overview of the hatchling shows the separated, developing
ganglia of the limbless thoracic segments 1-4. b—d Virtual transverse
sections through the as yet unsegmented trunk ending. b A large
apical cell (asterisks) on each side of the growth zone is adjacent to an
inward-pointing row of three smaller cells (arrows), reminiscent of a
neuroblast and three ganglion mother cells. ¢, d Large spheroidal or
flattened apical cells (marked in red) also occur anterior to the growth
zone. e—g A transverse band of irregularly, comparatively loosely
arranged cells were assigned to the growth zone (artificially
highlighted in yellow) on the basis of their weaker fluorescence.
e Arrowheads mark prospective segment borders, which appear as
infolds in the cuticle yet are externally invisible. Abbreviations a,
anus; al, a2, antennula and antenna; af, autofluorescence; br, brain;
gut, gut; md, mxl, mx2, mandible, maxillula, and maxilla; ol,
olfactory lobe; sg, subesophageal ganglion; Syt, Sytox nuclear
staining; tel, telson; zone, growth zone. Scale bars a 100 pm,
b-d 10 pm, e-g 50 pm

restricted to the growth zone but also occur in the more
anterior, separated developing ganglia in the trunk (Fig. 6a,
b). The axis of cell division does not appear to have a
preferred orientation.

In all studied stages of the anameric larval phase, the
posteriormost developing ganglion anlage is situated
directly adjacent to the growth zone and already includes
its first segmental neural structures, namely a distinct soma
cortex and an anterodorsal/anterior commissure (e.g.,
Figs. 4d, 6b, d, 7a, b, f). Although we were not able to
observe cell divisions directly, the direct proximity of the
growth zone and newly formed ganglion anlagen implies a
uniquely early neuronal differentiation in the trunk ending
of H. macracantha.

Larval stage L1

Brain In terms of the brain, the only changes between E2
and L1 take place in the multi-lobed complex (summarized
in Table 2). The pedunculus of the hatching stage (L1) now
comprises more neurite bundles than in the previous stage
and bears the bulbous neuropils 4, 5, and 6 (Fig. 4f-h).
Neuropil 10 appears as a faint lateral swelling of each
pedunculus (Fig. 4f, h). Moreover, the three unpaired
neuropils 1, 2, and 11 connect the pedunculi in the midline,
while neuropil 3 is still absent (Fig. 4f, g). Neuropils 1, 5,
6, and 11 are SL-ir (Fig. 4h).

Ventral nerve cord Although only Thl and Th2 are
externally separate in L1 (Fig. 1), thoracic ganglia 1-5 are
distinctly separate from each other, the latter three being
situated in the unsegmented trunk ending (Fig. 5a). Tho-
racic ganglion 5 is comparatively short. L1 features three
new commissures: the first posterior commissures in Th2
and Th3, respectively, and the anterodorsal commissure in

ThS5 (Table 3). Due to the fragmentary nature of our data
on acetylated a-tubulin and serotonin in the ventral nerve
cord in stage L1, other changes which take place from E2
to L2 cannot be unambiguously assigned to either L1 or L2
(Tables 2, 3).

Larval stage L2

Brain In the multi-lobed complex, the anlagen of neu-
ropils 7 and 8 have developed as swellings of the olfactory
globular tract, separating the latter from the lateral tract
(not depicted, but see Table 2) on each side. The pedun-
culus comprises more neurites than in L1. The globuli cell
somata in division iv of the protocerebral somata assem-
blage are more densely packed and smaller in diameter
than the surrounding somata (not depicted). The brain of
L2 exhibits the four SL-ir domains sd1-sd4 found in the
adult.

Ventral nerve cord Thl to Th4 are externally separate in
L2 (Figs. 1, 6e). The soma cortexes of thoracic ganglia 1-7
are separate from each other (e.g., Fig. 6a). The still
developing thoracic ganglion 7 is directly adjacent to the
growth zone (Fig. 6a).

Across the different specimens of L2 available for this
study, we observed differences in the degree of develop-
ment of the commissural and SL-ir patterns. In the trunk of
early L2, only Thl and Th2 exhibit the complete tetra-
commissural pattern, while Th3 and Th4 only feature an
anterodorsal and first posterior commissure. Anterodorsal
commissures also occur in the still confluent segments
Th5-Th7 (Fig. 6¢c, d). Thl features three SL-ir neurons
(s14, s16, s19), Th2 and Th3 feature two (s16, s19), and
Th4 just one (s16) per hemiganglion (Fig. 6¢, d). In con-
trast, in the trunk of late L2, Th3 exhibits a faint second
posterior and an anteroventral commissure (not depicted,
but scored in Table 3). Th4 now exhibits two somata (s16,
s19) and ThS5 one per hemiganglion (s16, Fig. 6e, Table 3).

Larval stage L3

Brain The anlagen of one unpaired median neuropil and a
pair of lateral neuropils of the posterodorsal neuropil
cluster have developed between the olfactory globular
tracts (Fig. 7d). Most components of the multi-lobed
complex in L3 have grown to the same relative size as in
the adult—including the thick pedunculus (Fig. 7d). The
only exception is the still absent neuropil 3.

Ventral nerve cord As in the previous stage, thoracic
ganglia 1-6 are separate from each other (Fig. 7b). Neural
structures within the unsegmented trunk ending can be
assigned to prospective segments Th7-Th9 by
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autofluorescent ventral infolds in the cuticle (not depicted)
and by tubulin-rich muscle insertion sites (arrowheads in
Fig. 7a). Most somata of Th7 and some somata of Th8 and
Th9 are present, but they still lie within one continuous
assemblage posteriorly adjacent to the growth zone
(Fig. 7b). As summarized in Table 3, new nerves and
commissures are present in the trunk of L3. For instance,
anterodorsal commissures now occur as far posteriorly as
Th9 (Fig. 7a), and second posterior commissures, which
may only comprise a few neurites, are identifiable as far
posteriorly as ThS (positions indicated by red dotted lines
in Fig. 7a). Only one SL-ir neuron has appeared since the
previous stage (s19 in ThS, Table 3; Fig. 7a).

Larval stage L4

Brain Neuropil 3 completes the multi-lobed complex in
L4 (not depicted). Thus, as summarized in Table 2, all
neural features in the brain have completely developed by
this stage.

Ventral nerve cord Thoracic ganglia 1-8 are separate
from each other. Ganglia anlagen of the prospective
segments Th9 and Abl are discernible within one widely
confluent assemblage adjacent to the growth zone
(Fig. 7f). One specimen of L4 permitted a comparison
between the intersegmental nerves of different segments,
with the limbs exhibiting differences in their degree of
development (Table 3). The main branch of the inter-
segmental nerve between the less-developed segments
Th2 and Thl innervates the pleural spine of Th2
(Fig. 7e), corresponding to the pattern in the adult
abdomen (Stegner et al. 2014a). Additionally, we found
an anterior side branch of this intersegmental nerve,
which connected with the lateral neurite bundle in L4
(Fig. 7e). A similar but not identical innervation pattern
is exhibited by the intersegmental nerve between the
segments Thl and Mx2, which are more developed.
Proximally, the intersegmental nerve splits into a dorsal
branch (white arrow in Fig. 7e), which innervates the
tergite of Thl, and a lateral branch (yellow arrow),
which bifurcates distally (blue arrows) to innervate the
flattened pleural spine of Thl. The latter already anti-
cipates the wing-shaped pleurite plate of the adult
(Fig. 7d). The intersegmental nerve between Thl and
Th2 intersects the lateral neurite bundle proximally, but
we were not able to trace any of its neurites actually into
the bundle.

Although no abdominal segments are separated from the
trunk ending as yet, L4 is the first stage to display neural
structures of the prospective abdomen, including the
intersegmental nerves between Th9/Abl and Ab1/Ab2 and
the anterior commissure of Abl (Suppl. Table S1).

@ Springer

Larval stages L5, L6, LS

Although not depicted in the figures, our data on L5, L6,
and L8 are summarized in Table 3. Several exopodite and
posterolateral nerves are added to the ventral nerve cord
during these stages, but only one additional endopodite
nerve develops (Th2/L5 in Table 3). All thoracic segments
except Th9 have completed their adult-like tetracommis-
sural pattern by L8. By L6, all thoracic segments exhibit at
least the SL-ir neurons s16 and s19. In addition, between
L5 and L8, the SL-ir anterolateral neuron s20 appears from
Th3 to Th8 (Table 3, depicted and described in more detail
for L14).

The abdominal segments that develop from L5 to L8
correspond in external morphology to the limbless thoracic
segments (e.g., Fig. 2a, b, d, f). In L8, intersegmental
nerves occur as far posteriorly as between Ab5/Ab6,
anterior commissures as far posteriorly as Ab4, and pos-
terior commissures as far posteriorly as Ab3 (all structures
listed in Suppl. Table S1). No data exist on the SL-ir pat-
tern in L8.

Larval stage L14

In the thorax, the anteroventral commissure of Th9 is still
absent, as in L8 (Table 3). However, additional nerves
have developed. Th3 and Th4 now exhibit an endopodite
nerve (masked in yellow in Fig. 8a, b). New short pos-
terolateral nerve roots are recognizable in ThS and Thé,
respectively (masked in red in Fig. 8a, b; red arrows in
Fig. 8e), but there have been no developments in exopodite
nerves since L8 (Table 3).

Changes in the SL-ir pattern in comparison with L8 have
taken place most noticeably in Mx2 and the anterior tho-
racic segments Th1-Th3, which now feature the additional
SL-ir neurons sl4, sl5a, s15b, s17, s18, s21? (Fig. 8d;
Table 3). In this respect, Mx2 and Thl now correspond
broadly to the adult pattern. Note that the anteroventral
commissure in Th3 and Th4 is SL-ir, although a SL-ir soma
sl4 could not be confirmed to contribute to it (Fig. 8d).
Unlike in L8, the SL-ir neuron s20 was not identifiable in
Th3 (Fig. 8d). The more posterior segments Th4 (Fig. 8d)
to Th9 (Table 3; Fig. 8d, e) exhibit the same pattern as in
L8.

Except for the intersegmental nerve between Ab9/Ab10
and the SL-ir neurons in Ab7 and AbS, all the neural fea-
tures of the adult abdominal nervous system have devel-
oped by stage L14 (Fig. 8c, f, Suppl. Table S1). These
comprise the respective intersegmental nerves, the anterior
and posterior commissures, and SL-ir neurons s27 and s28
(Stegner et al. 2014a). Continuous longitudinal neurites
that extend from the ventral nerve cord into the furcal
branches (as present in the adult; Stegner et al. 2014a) do
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not exist at any point between El and L14 (no data
available on later larval stages).

Larval stage LI8 to adult

In comparison with L14, three new structures are found in
the L18 trunk: the endopodite nerve of ThS, the exopodite
nerve of ThS, and the second posterior commissure of Th9
(not depicted, summarized in Table 3). As listed in
Table 3, the additional SL-ir neurons s14, s15b (Th3), and
sl5a (Th4) were individually identifiable in the thorax of
L18. Some additional anteromedial SL-ir somata were also
found from Mx2 to Th3, here labeled s21? (Table 3). Since
the SL-ir neurons in the only available specimen of L18
were only weakly stained, we cannot rule out the presence
of further SL-ir neurons than listed in Table 3 in the thorax
of L18.

The investigated abdominal structures in L18 corre-
spond to those in stage L14. Unfortunately, however, the
ventral nerve cord in the studied specimen of L18 was
broken in Ab3 and between Ab8 and Ab10. The only new
SL-ir neuron found was s28 in Abl (Suppl. Table S1).
Apart from in the broken segments, for which data are
missing, it appears that all SL-ir neurons in the abdomen
are complete (compare to adult in Suppl. Table S1).

Discussion

Comparing neurodevelopment against the background
of different developmental modes

Crustaceans exhibit a broad variety of developmental
modes (e.g., Martin et al. 2014; Malacostraca: Scholtz
2000; Branchiopoda: Fritsch et al. 2013), with the hatching
stages varying between species even within Cephalocarida
(e.g., Addis et al. 2007). Many crustaceans hatch as a short
free-swimming larva which differentiates most posterior
segments and appendages during an anameric larval phase
(e.g., Dahms 2000; Minelli and Fusco 2013). Examples of
short hatching stages are the taxonomically widespread
orthonauplius, whose only appendages are the antennula,
antenna, and mandible, but also the L1 metanauplius in the
cephalocarid H. macracantha, which has in addition a
maxillula and maxilla. In other taxa, on the other hand,
most development takes place in an embryonic phase under
maternal protection, meaning that the released stage is a
directly developed juvenile equipped with all trunk seg-
ments and appendages (e.g., Gruner 1993). Even though
the orthonauplius of some malacostracans is likely to have
evolved secondarily (e.g., Scholtz 2000), it is generally
assumed that an orthonauplius hatching stage dates back to
the last common ancestor of all crustaceans (e.g., Walossek

and Miiller 1990; Lauterbach 1983, 1986; Scholtz 2000),
which implies that the metanauplius hatching stage of
Cephalocarida is derived. Within an evolutionary frame-
work, many differences in developmental mode can be
explained by heterochronic shifts in the temporal order of
comparable developmental events (Smith 2001; Minelli
et al. 2006), a phenomenon which applies to both external
and internal morphology (see, e.g., Haug et al. 2010;
Fritsch et al. 2013). In order to understand the evolution of
the different developmental modes across crustaceans, a
broad comparison of developmental sequences incorpo-
rating comparable external and internal developmental
events is needed. The present study into Cephalocarida
contributes a key taxon to this comparison. The only other
detailed crustacean neurodevelopmental data available are
restricted to Malacostraca (Fischer and Scholtz 2010:
Stomatopoda; Harzsch 2003, Vilpoux et al. 2006: Deca-
poda; Ungerer et al. 201 1b: Amphipoda) and Branchiopoda
(Harzsch and Glotzner 2002: Anostraca; Fritsch and
Richter 2010, 2012, Fritsch et al. 2013: Phyllopoda). In
other crustacean taxa, neurodevelopmental data are only
available for specific stages (Lacalli 2009: Copepoda;
Walley 1969, Semmler et al. 2008: Cirripedia). Two
comparative studies into Branchiopoda (Fritsch et al. 2013)
and Malacostraca (unpublished data by G. Jirikowski, C.
Wolff, S. Richter) recently defined a number of external
and internal developmental events, many of which are
easily transferable to H. macracantha (listed in Suppl.
Table S2). In the present study, they serve as a basis for an
initial comparison between developmental sequences in
Cephalocarida, Branchiopoda, and Malacostraca with
respect to external and neural anatomy (Suppl. Table S3).
Other neurodevelopmental studies into Branchiopoda,
Malacostraca, Copepoda, and Cirripedia are included for
their insights into particular questions.

Development of the nervous system in the naupliar region

H. macracantha corresponds to other crustaceans in that
the first neuromeres to develop are those of the brain
(proto-, deuto-, tritocerebrum) and the mandibular neuro-
mere, summarized as the “naupliar neuromeres” (Suppl.
Table 3; Fritsch and Richter 2010, 2012: Branchiopoda;
Vilpoux et al. 2006, Fischer and Scholtz 2010, Ungerer
et al. 2011b: Malacostraca; Lacalli 2009: Copepoda;
Walley 1969, Semmler et al. 2008: Cirripedia). Corre-
spondingly, during the embryonic development of H.
macracantha and all other crustaceans studied, irrespective
of hatching stage, the neuromeres of the brain form a
conspicuous circumoral ring consisting of pre- and post-
esophageal commissures and par-esophageal longitudinal
neurites well before any postnaupliar commissure is visible
in Mx1, Mx2, or more posteriorly (Fritsch and Richter
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«Fig. 6 Neurodevelopment throughout larval stage L2. Confocal
micrographs in Imaris surpass view showing immunolabeling. a,
b Mitotic cells (marked in yellow) in the trunk ending, recognizable
by the concentration of chromosomes in the cell center (arrows in b).
a, e. The pleural spines of prospective Th5 and Th6 start emerging
from the trunk ending (finger). c—e SL-ir neurons of one body side
marked. ¢, d Early representative of L2. ¢ Neuropil and neurite
bundles artificially masked (red), SL-ir lateral neurite bundle (blue)
artificially highlighted. Commissures (positions marked for Md and
Mx1) and nerves of the subesophageal ganglion correspond com-
pletely to those in the adult. d Neuropil and neurite bundles (yellow)
artificially highlighted. Pleural spines of ThS and Th6 still absent
(finger). SL-ir neurons occur only as far posteriorly as Th4,
anterodorsal commissures already as far posteriorly as Th7. e Seg-
mental SL-ir neurons and domains occur as far posteriorly as ThS.
Abbreviations a, anus; adc, anterodorsal commissure; af, autofluores-
cence; avc, anteroventral commissure; ennv, exnv, endopodite and
exopodite nerve; fpc, first posterior commissure; isnv, intersegmental
nerve; latb, lateral neurite bundle; mnb, median neurite bundle; plnv,
posterolateral nerve; prs, protocerebral somata; SLI, serotonin-like
immunoreactivity; spc, second posterior commissure; Syt, Sytox
nuclear staining; tel, telson; zone, growth zone; tub, tubulin staining;
zone, growth zone; vnc, ventral nerve cord. Scale bars 50 pm

2010, 2012: Branchiopoda; Vilpoux et al. 2006, Fischer
and Scholtz 2010, Ungerer et al. 2011b: Malacostraca;
Lacalli 2009: Copepoda). The early external morphological
development of naupliar prior to postnaupliar segments, as
has been described during the embryonic or larval phase
for almost all crustaceans (except some peracarid malac-
ostracans, see Scholtz 2000), is thus reflected in the early
development of naupliar prior to distinctive postnaupliar
neuromeres. The naupliar neuromeres and the maxillular
nerve root in H. macracantha are evidently cephalic in
origin as they develop before the posterior growth zone.
Where exactly the neuromeres of Mx1 to Th4 originate is a
question which remains open, as we missed the critical
embryonic stages between E1 and E2. Dohle and Scholtz
(1988) have demonstrated in Malacostraca that in addition
to the naupliar segments, cells in some postnaupliar seg-
ments (Mx1, Mx2, Thl) also originate from cephalic
precursors.

Aside from these general correspondences, it is noted
that the naupliar neuromeres of the hatching metanauplius
of H. macracantha exhibit a significantly higher degree of
development than that observed in the hatching ortho-
nauplius of other crustaceans. While the brain in H. mac-
racantha is in possession of all its nerves, commissures,
somata assemblages, tracts, serotonin-like immunoreactive
neurons, and most of its neuropils before hatching (the last
few neuropils develop by L3), the brain in the hatching
orthonauplius of Branchiopoda (Harzsch and Glotzner
2002; Fritsch and Richter 2010, 2012), dendrobranchiate
Malacostraca (unpublished data by G. Jirikowski, C. Wolff,
S. Richter), and Cirripedia (Harrison and Sandeman 1999)
only exhibits a faintly developed neuropil and (as far as

studied) a few serotonin-like immunoreactive neurons
(Fritsch and Richter 2010, 2012: Branchiopoda).

Development of the nervous system in the postnaupliar
region

With some exceptions in the cephalic and near-cephalic
region (e.g., Dohle and Scholtz 1988), all crustaceans
including H. macracantha correspond in that their “post-
naupliar neuromeres” differentiate from ectodermal cells
that originated in a growth zone anterior to the telson (e.g.,
Malacostraca: Dohle and Scholtz 1997; Vilpoux et al.
2006; Fischer and Scholtz 2010; Branchiopoda: Harzsch
and Glotzner 2002; Ungerer et al. 2011a; Remipedia: Koe-
nemann et al. 2009). However, H. macracantha is the only
known crustacean in which the differentiation of thoracic
ganglia precedes the differentiation of limbs. Before their
respective limb bud is visible, the thoracic segments
develop a separate ganglion with a soma cortex, an exo-
podite and a posterolateral nerve root, and at least two
commissures. In all other studied crustaceans, a neuromere
comprising comparable neural features only develops after
the thoracic limb bud (Branchiopoda: Fritsch and Richter
2010, 2012; Malacostraca: Harzsch 2003; Fischer and
Scholtz 2010; Ungerer et al. 2011b; Suppl. Table S3). The
extent of this difference becomes most obvious when the
hatching free-swimming naupliuses of non-cladoceromor-
phan Branchiopoda (Harzsch and Glotzner 2002, Fritsch
and Richter 2010, 2012), dendrobranchiate Malacostraca
(unpublished data by G. Jirikowski, C. Wolff, S. Richter),
or Cirripedia (Semmler et al. 2008)—all of which lack any
postnaupliar appendages or neuromeres—are compared
with the hatching metanauplius of H. macracantha, which
only exhibits an additional two postnaupliar appendage
anlagen (maxillula, maxilla) but an additional six post-
naupliar ganglion anlagen (see also Suppl. Table S3).
Fritsch and Richter (2010) have suggested a correlation
between limb functionality and the expression of serotonin
in the developing trunk segments of Branchiopoda. Indeed,
in all branchiopod taxa, two anterior and two posterior
neurons per hemisegment become SL-ir after the formation
of the limb (Harzsch and Gl6tzner 2002; Fritsch and Richter
2010, 2012; Fritsch et al. 2013). In certain Malacostraca
too, two anterior SL-ir and two posterior SL-ir neurons per
hemisegment have been found to be individually identifi-
able after the development of the limb (Harzsch and Dawirs
1995; Harzsch 2003). The homologous counterparts of the
two anterior and two posterior neurons in H. macracan-
tha—s14, s17 (anterior), s15a, and s15b (posterior)—also
develop throughout the thorax after the limb. This corre-
spondence to Branchiopoda and Malacostraca is especially
interesting in light of the fact that other cephalocarid neural
features (soma cortex, nerves, commissures) develop much
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earlier in comparison, well before the limb. The two
H. macracantha neurons s16 and s19, which become SL-ir
before the development of the limb, are absent in Mala-
costraca and Branchiopoda (discussed by Stegner et al.
2014a). Putative homologous counterparts of s16 and s19
have been described as SL-ir “central neurons” in adult
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Remipedia (Stemme et al. 2013), but neurodevelopmental
data on Remipedia are still lacking.

H. macracantha corresponds to other studied crusta-
ceans in that its postnaupliar neuromeres differentiate their
serially homologous neural features from anterior to pos-
terior (e.g., Malacostraca: Harzsch 2003; Vilpoux et al.
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«Fig. 7 Larval stages L3 and L4. Confocal micrographs in Imaris
surpass view showing immunolabeling. Yellow arrowheads indicate
muscular insertion sites at prospective (a, f) or distinct (e) interseg-
mental borders. a, ¢, e, f Ventral view. a The first two SL-ir neurons
in Th2 to ThS are s16 and s19, the first two segmental commissures in
Th6 the anterodorsal and first posterior commissure. b At low
magnification, the growth zone appears as a transverse row of loosely
packed, weakly fluorescent cells. ¢ While the neuromeres of Th7 and
Th8 are separated in this specimen, it is difficult to distinguish
between the growth zone and the developing neuromere of Th9. D.
Dorsal view of the protocerebral neuropil. The multi-lobed complex,
now comprising neuropils 7 and 8 (blue), and the posterodorsal
neuropil cluster (white) are artificially highlighted. e As the pleural
spine of young thoracic segments (see Th2) grows into an adult-like
pleurite plate (see Thl), the intersegmental nerve exhibits several sub-
branches (arrows). More medially, each intersegmental nerve is
connected with the lateral neurite bundle. f The as yet unseparated
trunk ending of L4 also comprises ganglion anlagen of prospective
segments. The intersegmental nerve and anterior commissure are the
first distinct neurite bundles to develop. Abbreviations 7, 8, 10,
neuropils 7, 8, and 10 of the multi-lobed complex; adc, avc,
anterodosal and anteroventral commissure; ennv, exnv, endopodite
and exopodite nerve; fpc, first posterior commissure; isnv, interseg-
mental nerve; latb, lateral neurite bundle; pdc, posterodorsal neuropil
cluster; pdu, pedunculus; pleu, pleurite; plnv, posterolateral nerve;
pnv, posterior nerve (unknown); s16, s19, SL-ir neurons 16 and 19;
SLI, serotonin-like immunoreactivity; sp, pleural spine; spc, second
posterior commissure; Syt, Sytox nuclear staining; tel, telson; thp2,
thoracopod 2; tub, tubulin staining; zone, growth zone. Scale bars a,
d—f 50 pm, b 100 pm

2006; Fischer and Scholtz 2010; Ungerer et al. 2011b;
Branchiopoda: Harzsch and Glotzner 2002; Fritsch and
Richter 2010, 2012). In this process, the developmental
peculiarity of Cephalocarida—that two segments are added to
the trunk from posterior during early molts (see also Sanders
1963; Walossek 1993; Addis et al. 2007)—is not reflected in
the successive development of the nervous system.

Cephalocarid thorax and abdomen in
neurodevelopmental comparison

The adult trunk in most Branchiopoda, in Cephalocarida,
and in “maxillopodan” crustaceans (i.e., in all entomostr-
acan crustaceans without Remipedia) is divided into a
limb-bearing thorax and a limbless abdomen (Gruner
1993). As the terms “thorax” and “abdomen” refer to adult
morphology, they have no morphological significance
when applied to developmental stages. Most entomostracan
crustaceans exhibit ganglia in their thoracic but not in their
abdominal segments (reviewed by Stegner et al. 2014a),
yet to distinguish between the two tagmata on this basis
alone (Deutsch 2001) would be inappropriate for Cepha-
locarida (Elofsson and Hessler 1990; Stegner et al. 2014a)
and Mystacocarida (Brenneis and Richter 2010), which
both exhibit ganglia in the thoracic and most abdominal
segments too, only the two posteriormost abdominal seg-
ments being ganglia-free.

The adult trunk ganglia in H. macracantha exhibit
several intersegmental differences, some of which reflect
the thorax/abdomen boundary (Stegner et al. 2014a). Three
segmental appendage nerves, four commissures, and five to
eight SL-ir neurons accompany each thoracic ganglion, but
only two commissures and one or two SL-ir commissures
accompany each abdominal ganglion, with segmental
appendage nerves absent altogether (Stegner et al. 2014b).
On the basis of the correspondence in their overall position
within the segment and their direct connection with the
median neurite bundle, it seems reasonable to homologize
the anterodorsal commissure and the first posterior com-
missure in the thorax with, respectively, the anterior and
posterior commissure in the abdomen (tagma-specific
labels by Stegner et al. 2014a). Moreover, it also appears
reasonable to homologize the SL-ir neurons s16 and s19 in
the thorax with the SL-ir neurons s27 and s28 in the
abdomen, as the position of their neuronal somata is cor-
respondingly anteromedial (s16, s27) and medial (s19,
s28). In further support of serial homology between the
thoracic neuron s19 and the abdominal neuron s28, both
neurons contribute their neurite to the (first) posterior
commissure.

Given this serial homologization and the developmental
data we collected, we are now able to compare the indi-
vidual developmental sequences of the different trunk
segments of H. macracantha (Fig. 9). We include in our
comparison (1) the pattern of nerves, (2) the pattern of
commissures, (3) the pattern of SL-ir neurons, and (4) limb
differentiation. With respect to the latter, we distinguish
between absent — limb bud — bifurcate limb
anlage — completely developed limb (see “Results”).
This permits us to consider neural developmental events in
conjunction with events of limb differentiation throughout
the trunk (Fig. 9). In many cases, we were unable to
resolve the temporal order of events. Two events observed
synchronously in one segment were not counted as con-
tradicting the temporal order of the same two events where
we succeeded in observing this order in another segment.
Leaving aside all events whose temporal order differed
between segments (these are treated below), one common
developmental sequence was obtained, which is valid for
all the segments of the trunk (with a minor exception in
ThS). This sequence proceeds as follows (in both the thorax
and the abdomen): (1) anterodorsal commissure/anterior
commissure; (2) first posterior commissure/posterior com-
missure; (3) s16/s27; (4) s19/s28; (5) anteroventral com-
missure; (6) posterolateral nerve; (7) limb bud; (8)
bifurcate limb anlage; (9) endopodite nerve; (10) bifurcate
limb complete; (11) s15a, (12) s15b, (13) s17, and s18 (see
Fig. 9). Though not all the external and neural events of
this common sequence occur in every segment, what the
sequence clearly demonstrates is that of 16 nervous

@ Springer



204 Zoomorphology (2015) 134:183-209

exny | ventral view lateral view
(isnv-omitted) 3 (isnv omitted)

ennv

“thp4
exnv (bifurcate
anlage)

§.
The  $le ik
Gommes, PG I

SE
a‘dc
avc
o ¥} —latb

“fpc

isnv

3 e
OspC *L14

....... Ve

@ Springer



Zoomorphology (2015) 134:183-209

205

<«Fig. 8 Larval stage L14 focusing on appendage innervation and SLI.
Confocal micrographs in Imaris surpass view. a, b Ventral nerve cord
(bright yellow), and segmental nerves (blue, yellow, red) artificially
masked. The exopodite and posterolateral nerve roots develop before
the thoracopod appendage (ThS, Th6), while the endopodite nerve
develops alongside it. ¢, f Yellow arrows indicate longitudinal
muscles extending straight through the trunk, while each segmental
neuropil displays an anteroventral bulge (white arrowheads). ¢ Con-
tinuity in the external morphology and SL-ir pattern from the
prospective thoracic through the abdominal segments. The posterior
trunk segments are significantly shorter. Arrowheads indicate the last
prospective segment border. d Individually identified SL-ir neurons
artificially highlighted. s20 of Th4 and ThS is transiently SL-ir in L14,
but not in the adult. SL-ir neurons s15a and s15b appear only when
the segmental limb is fully developed. e Blue and red arrows indicate
exopodite and posterolateral nerve roots, respectively. f In the
prospective abdomen, the adult-like pattern of two commissures and
two SL-ir neurons occurs as far posteriorly as Ab6. Abbreviations ac,
anterior commissure; adc, avc, anterodorsal and anteroventral com-
missure; af, autofluorescence; ennv, exnv, endopodite and exopodite
nerve; isnv, intersegmental nerve; latb, lateral neurite bundle; pc,
posterior commissure; plnv, posterolateral nerve; s14-s21?, SL-ir
neuron 14 to 217?; SLI, serotonin-like immunoreactivity; tel, telson;
thp1-thp4, thoracopod 1 to 4; tub, tubulin staining. Scale bars 50 pm

system-related developmental events (nerves, commis-
sures, SL-ir neurons), eleven are consistently temporally
correlated with each other and with the development of the
limbs, throughout the segments of the trunk. In contrast,

Thi Th2 Th3 Th4 Th5 Thé Th7 Th8

\ 4

Fig. 9 Comparison of developmental sequence of each trunk
segment. The two posteriormost abdominal segments Ab9 and
Ab10 are not depicted, because their only serially homologous neural
features are the respective intersegmental nerves. Based on Table 3,
this schematic diagram illustrates the developmental sequence
observed in each trunk segment, irrespective of larval stages and
molts, until the adult pattern is complete. Each gray box represents a
stage in which new nerves, commissures, or SL-ir neurons develop or
in which the degree of development of the thoracopod changes. In
other words, each gray box comprises a set of developmental events.
The order of many developmental events observed in this study could
not be resolved. Events observed synchronously are arranged here in
the way that corresponds most closely to the developmental sequence

none of the 16 nervous system-related events studied is
correlated with the timing of molts (indicated by gaps
between gray boxes in Fig. 9).

In the thorax, only four of the 16 neural events studied
deviate significantly from the uniform intersegmental
developmental sequence. These are the development of the
exopodite nerve root, the development of the second pos-
terior commissure, and the appearance of SL-ir neurons s14
and s20 (intersegmental differences indicated by black
stars in Fig. 9). Only one inconsistency in the sequence
may be related to the thorax/abdomen boundary, and that is
the temporal order of development of the intersegmental
nerve and anterodorsal/anterior commissure (see Fig. 9).
However, as these structures were observed synchronously
in most segments, this inconsistency could also be related
to the Ab1/Ab2 boundary. In essence, then, it can be stated
that the cephalocarid thorax and abdomen are not distin-
guished by tagma-specific developmental patterns.

Olesen et al. (2011) noted with respect to external
morphology that all the cephalocarid trunk segments
develop in more or less the same way. After formation,
each trunk segment is ring-shaped and bears a pair of lat-
eral spines. The authors termed this initial external mor-
phology “abdominal” as it is retained by all abdominal

Th9 Ab1l Ab2 Ab3 Ab4 Ab5 Ab6 Ab7 Ab8

27 27 27 27 8

observed stage with
new structures and patterns

serially homologous nerves

serially homologous SL-ir neurons

no intersegmental difference
in developmental sequence

intersegmental difference
in developmental sequence

of neighboring segments. Assuming serial homology across the trunk
(indicated by red, blue, black, and gray lines), differences in the
developmental sequences of neighboring segments are indicated by a
black star. Our data imply that the developmental sequences of all
trunk segments are broadly the same. Abbreviations 2fur, bifurcate
appendage anlage; ac, adc, avc, anterior, anterodorsal, and antero-
ventral commissure; bud, appendage bud; comp, appendage complete;
ennv, exnv, endopodite and exopodite nerve; fpc, first posterior
commissure; isnv, intersegmental nerve; lobe, bud-like thoracopod 9;
pc, posterior commissure; plnv, posterolateral nerve; s14 to s28, SL-ir
neurons 14-28 (“-s20” means SLI is lost); spc, second posterior
commissure
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segments until the adult stage (see Sanders 1963; Addis
et al. 2007; Olesen et al. 2011). In contrast, the thoracic
segments pass through this morphology and continue to
develop further, flattening dorsoventrally, growing their
lateral spines into wing-shaped pleurae, and differentiating
their limbs until they reach the adult stage (Sanders 1963;
Addis et al. 2007; Olesen et al. 2011). The degree of this
transformation is smaller in the posterior segments of the
developing thorax and differs between species (Carcupino
et al. 2006).

Where the nervous system is concerned, the situation
appears more complex. The developmental sequence of all
three neural patterns investigated here (nerves, commis-
sures, and SL-ir neurons) is consistent throughout the
trunk, e.g., the first nerve to develop is always the inter-
segmental nerve, and the first two commissures and the first
two SL-ir neurons to develop are the same across the
thorax and the abdomen (see Fig. 9; minor exception in
ThS). These neural features are the only ones present in the
adult abdomen, while in the developing thorax additional
neural features keep appearing until the adult stage is
reached. Differentiation of the developing abdominal seg-
ments appears to stop at a certain stage, which ultimately
results in the adult trunk region-specific external (e.g.,
Carcupino et al. 2006; Olesen et al. 2011) and neuroana-
tomical patterns (Stegner et al. 2014a) that have been
described for Cephalocarida. Interestingly, those neural
features which are exclusive to the abdomen never occur at
the same stage in the developing thorax, which shows that
no thoracic segment passes through a truly “abdominal”-
like stage during its development, contradicting what has
been suggested on the basis of external morphology (Ole-
sen et al. 2011).

Olesen et al. (2011) interpreted the formation of separate
abdominal segments before the development of limbs in all
thoracic segments as an autapomorphy of Cephalocarida,
assuming that in all other entomostracan taxa, abdominal
segments are formed only “after thorax segmentation has
been completed and all thoracomeres bear appendages”
(Olesen et al. 2011: their p. 476). This is certainly the case
in the anostracan branchiopod Artemia (e.g., Schrehardt
1987) and the cyclopoid copepod Apocyclops dengizicus
(Anandan et al. 2013). However, there are entomostracans
apart from Cephalocarida in which separate abdominal
segments develop before the thoracic limbs—these include
the mystacocarid Derocheilocaris remanei (Haug et al.
2011) but also some calanoid (Golez et al. 2004) and
harpacticoid copepods (Carter and Bradford 1972; Caro-
tenuto 1999). In these taxa, differences in the external
development of the thorax and abdomen are smaller than
might be expected on the basis of Olesen et al. (2011).
Given that Mystacocarida is the only comparable ento-
mostracan taxon apart from Cephalocarida to exhibit both

@ Springer

thoracic and abdominal ganglia in the adult (Brenneis and
Richter 2010), a neurodevelopmental study into Mystac-
ocarida could illuminate whether morphological consis-
tencies between the thorax and abdomen also extend to
neural development.

Neurogenesis in Cephalocarida
Growth zone

Scholtz and Wolff (2013) defined the growth zone in
Malacostraca (Dohle 1972; Scholtz 1992), anostracan
Branchiopoda (Williams et al. 2012), and other arthropods,
as “the embryonic region from which the cells originate
(encompassing some growth) that are subsequently
involved in elongation and segment formation.” This def-
inition clearly applies to the growth zone of Cephalocarida.
In the developing arthropod trunk, the proliferation of new
cells from posterior to anterior on the one hand and the
differentiation of these cells within metameric (paraseg-
mental and segmental) units from anterior to posterior on
the other are two independent developmental processes
(Williams et al. 2012; Scholtz and Wolff 2013). However,
cell proliferation and pattern differentiation also occur, and
sometimes even predominantly, in more anterior segments
than the growth zone (Mayer et al. 2010). In Cephaloca-
rida, mitotic cell divisions are prevalent in but not
restricted to the growth zone. H. macracantha appears to
differ from all other studied arthropods in that the pro-
cesses of proliferation and differentiation occur in extre-
mely close physical and temporal proximity when the trunk
neuromeres begin developing. We suggest that in H.
macracantha, the differentiation of the first cells into
neurons begins immediately after proliferation, directly
anterior to the growth zone. This explains the unique
phenomenon whereby each new ganglion anlage that is
formed in the trunk ending in the course of the anameric
larval phase exhibits a distinct soma cortex, an anterodor-
sal/anterior commissure, and an anteriorly adjacent inter-
segmental nerve before it is displaced from the growth
zone by a more posterior, younger ganglion anlage. Other
segmental neural features such as segmental nerves, addi-
tional commissures, and SL-ir neurons emerge later on as
neuronal differentiation and patterning continue from
anterior to posterior, as is the case in other crustaceans with
anameric development (e.g., Branchiopoda: Fritsch et al.
2013; Malacostraca: Vilpoux et al. 2006; Ungerer et al.
2011b). The mitotic cells in the developing trunk of H.
macracantha are arranged irregularly and divide with no
preferred orientation either in the growth zone or in the
ganglion anlagen. This is in clear contrast to Malacostraca,
where the growth zone consists of a distinct row of pos-
terior ectoteloblasts that give rise to well-distinguished
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generations of ectodermal cells that are arranged, before
segmentation and neuronal differentiation take place, in a
regular geometrical pattern (e.g., Dohle 1976; Scholtz
1992; Dohle and Scholtz 1997; Dohle et al. 2004).

Neuroblasts and ganglion mother cells

The apical large cell and adjacent row of three smaller
inward-pointing cells here observed in a stage L1 specimen
of H. macracantha on each side of the growth zone (see
Fig. 5b) is an arrangement reminiscent of that of the neu-
roblasts and ganglion mother cells in Malacostraca (Dohle
and Scholtz 1988; Harzsch et al. 1998; Ungerer and Scholtz
2008) and Branchiopoda (Gerberding 1997; Ungerer et al.
2011a). In both latter taxa, ectodermal stem cells divide
equally and tangentially to give rise to new stem cells or
neuroblasts, all of which remain in the apical cell layer and
remain about the same size as other apical cells (summa-
rized in Brenneis et al. 2013). Conforming to this pattern,
the apical cells in the growth zone of H. macracantha are
also evenly sized. In contrast, individual neuroblasts in
Hexapoda immigrate from the apical, neuroectodermal
stem cell layer and soon grow significantly larger than the
apical cells (Hartenstein et al. 1994; Bossing et al. 1996;
Wheeler et al. 2003). In all studied tetraconates, each
neuroblast divides unequally to give rise to a number of
smaller ganglion mother cells that are initially arranged in
a row oriented orthogonally to the apical cell layer (Har-
tenstein et al. 1994; Ungerer and Scholtz 2008; Ungerer
et al. 2011a). A comparable arrangement is formed by the
three inward-pointing cells here observed on each side of
the growth zone in H. macracantha. In other tetraconates,
the ganglion mother cells later divide equally into the first
ganglion cells (e.g., Hartenstein et al. 1994; Ungerer and
Scholtz 2008; Ungerer et al. 2011a). Since the ultimate fate
of the large apical and three smaller inward-pointing cells
in H. macracantha could not be traced, it is not possible to
identify them definitively as neuroblasts and ganglion
mother cells. The proximity between the distinctly arran-
ged cells in the cephalocarid growth zone and the directly
adjacent developing ganglion anlage would support the
hypothesis that they are neuronal precursors. The lack of
comparable cell arrangements in other studied specimens
of H. macracantha may imply that these arrangements
persist only for a short time—and that the differentiation of
ectodermal cells via neuroblasts and ganglion mother cells
into ganglion cells may happen extremely rapidly.
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