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Zusammenfassung

.  Zusammenfassung

Das Ziel der vorliegenden Doktorarbeit war es,Eelution der Kopfsinnesorgane der
Opisthobranchia zu rekonstruieren. Bei den Opisthothia handelt es sich um eine
aul3erst diverse Gruppe Uberwiegend mariner Gastespnerhalb der Euthyneura.
Die Kopfsinnesorgane oder cephalic sensory org&0E) weisen innerhalb der
verschiedenen GroRRgruppen der Opisthobranchia sete hohe morphologische
Variabilitat auf, und finden ihre Auspragung in semiedenen Formen von
Labialtentakeln, Mundsegeln, Rhinophoren, Lippeaoen, Kopfschilden und dem so
genannten Hancockschen Organ. Die Homologieveibké#rder CSOs waren bislang

ungeklart.

Der Ansatz der vorliegenden Studie war es, neulogpeche Methoden zu verwenden
um die CSOs zu charakterisieren und zu homologisjeda sich bisherige Methoden
wie Histologie und anatomische Studien als unzbesd herausgestellt haben, die
Homologieverhaltnisse zu klaren. Die dabei verwésr@lethoden wurden bislang nur
in funktionellen Fragestellungen verwendet, dalelitgdieser Ansatz eine Neuerung in

der vergleichenden Morphologie dar.

Bei diesen Methoden handelt es sich primar um dagsannte Axonale Tracing oder
Backfiling und um immunohistologische Untersucheng der Verteilung der
Neurotransmitter Serotonin (5HT), FMRFamide undoBym Hydroxylase (TH). TH ist
selbst kein Neurotransmitter, sondern ein Enzym/ches zum Nachweis von
Catecholaminen verwendet wird. Der Nachweis deheoerwahnten Neurotransmitter
wurde angestrebt, da sie innerhalb der Gastropetigk vertreten sind und zahlreiche
Studien, die jedoch nicht vergleichend konzipiearewn, zur Verteilung der genannten

Neurotransmitter bei verschiedenen Gastropodemegeih.



Zusammenfassung

Die Methode des Axonalen Tracings, bei der alle &anangefarbt werden, die ein
Axon in einen spezifischen Nerven entsenden, wprahedr genutzt, um die cerebralen
Nerven, welche die CSOs innervieren, zu homologsieBei einem Axonalen Tracing

erhalt man ein so genanntes zellulares Innervismogter, welches eine hohe
Komplexitat besitzt. Bisherige Studien homologisardie cerebralen Nerven anhand
ihrer Termination, d.h. der von ihnen innerviert€80s, zugleich wurden jedoch im
Zirkelschluss die CSOs anhand ihrer nervosen Ineemrg homologisiert. Das Axonale

Tracing ermoglichte es, diesen Zirkelschluss zunegden.

Bevor jedoch die zellularen Innervierungsmuster almorphologischer
Merkmalskomplex verwendet werden konnten, um Homieloypothesen zu
postulieren, musste die intraspezifische Varidiilitdieses Merkmalskomplexes
untersucht werden, und es mussten Homologiekniteridir zellulare
Innervierungsmuster definiert werden. Dieses gdschi Hilfe der Untersuchung der
zellularen Innervierungsmuster der zerebralen Nemen Haminoea hydatiseinem
Opisthobranchia aus der Gruppe der Cephalaspideabdil wurde besonders auf
Variabilitat der Innervierungsmuster beziglich Hérpergrof3e geachtet, da dies bereits
in friheren Studien beobachtet werden konnte urth siariable Aspekte eines
morphologischen Merkmalskomplexes nicht eignen, Hi@mologiehypothesen zu

formulieren.

Als Ergebnis dieser Untersuchung stellte sich herdass die Somata eines zellularen
Innervierungsmusters Konglomerate in der Form vamsi€rn bilden. Die Anzahl der

Somata und ihre Gro3e sind abhéngig von der Gréfierdersuchten Individuen.

Nicht variable Merkmale der Innervierungsmuster rken gefunden werden. Hieraus

lieRen sich folgende Homologiekriterien ableiten:

* Anzahl und Position der Cluster
e Der Verlauf der Axone der in einem Cluster zusangeésssten Somata
« Relative GroRRe und Position einzelner Somata ei@ksters in Relation

zueinander

Vi
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Nach der erfolgten Definition der Homologiekriteriewurden die zellularen
Innervierungsmuster der zerebralen Nerven versehed GrolRgruppen der
Opisthobranchia verglichen. Die untersuchten Taxafassten die folgenden
Gro3gruppen, AplysiomorphaAplysia punctata, Aplysia californica, Petalifera
petaliferg, PleurobranchomorphaPleurobranchaea meckeli, Berthella plumyula
Nudibranchia Archidoris pseudoargys Cephalaspidea Haminoea hydatis,

Scaphander lignariysund ActeonoideaXcteon tornatili3.

Um eine Rekonstruktion der Evolution zu ermoglichemurden weiterhin
AuBBengruppen wie die Caenograstropodattdrina littorea) und die Pulmonata
(Achatina fulica untersucht. Als Ergebnis stellte sich heraus,sdd®e zellularen
Innervierungsmuster Uberraschend stark konsern/&rtekturen darstellen, welche sich
eignen, um die zerebralen Nerven innerhalb derrsuntéiten Taxa zu homologisieren.
Hierbei ist anzumerken, dass die Opisthobranchid die Pulmonata zwei Paar
Kopfsinnesorgane und in der Regel vier zerebralervéde besitzen, die
Caenogastropoda jedoch nur ein Paar Tentakel ued zbrebrale Nerven. Die
zellularen Innervierungsmuster des Tentakelnerwericher das einzige Tentakelpaar
der Caenogastropoden innerviert, entspricht dem bikaoerten zellularen
Innervierungsmuster der zwei zerebralen Nervencheein den anderen untersuchten

Taxa, die beiden Paare Kopfsinnesorgane innervieren

Daher ist an dieser Stelle anzunehmen, dass dé¢akednerv (Nervus tentacularis) der
Caenogastropoda dem Nervus labialis und dem Nervomophoralis der

Opisthobranchia und der Pulmonata entspricht. Nunhaad der zellularen

Innervierungsmuster lasst sich jedoch nicht klamndie drei cerebralen Nerven der
Caenogastropoda urspringlich sind und sich in darthyBeura, denen die
Opisthobranchia und die Pulmonata angehoéren, in Neeven aufgespalten haben,
oder ob der Tentakelnerv der Caenogastropoda, dagsbis einer Fusion zweier

Nerven ist.

Nachdem nachgewiesen wurde, dass zellulare Inmengemuster als morphologischer
Merkmalskomplex verwendet werden konnten, um Hogieloypothesen fur die
zerebralen Nerven und in Folge, unter Ausschluss d®rher erwahnten

Zirkelschlusses, fur die CSOs selbst zu postuliennrden weitere Datensatze

Vi
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verwendet, um diese Hypothesen zu bestatigen adeemzverfen. Bei diesen weiteren
Datensatzen handelt es sich Uberwiegend um dieodansmitterverteilung innerhalb
der CSOs. Als Ergebnis lasst sich feststellen, dissszwei Paar Kopfsinnestentakel
innerhalb der Euthyneura spezialisierte Sinnes@&gkanstellen. So ist die hohe Dichte
von TH enthaltenden Somata in den vorderen Kopésarganen (anterior sensory
organs — ASO) ein |Indiz fir eine Spezialisierungs aMechano- und

Kontaktchemorezeptor, wéahrend die hinteren Kopfssongane (posterior sensory
organs — PSO), eine charakteristische Verteilung FMRFamidhaltigen Strukturen

(Glomeruli) aufweisen, die charakteristisch fur elfaktorisches Sinnesorgan sind.

Eine solche Unterteilung und Spezialisierung konnte dem untersuchten
Caenogastropoderiitorina littorea), der nur ein paar Tentakel hat, nicht gefunden
werden. TH kommt in geringeren Zelldichten in des@mten Kopfregion volittorina
littorea vor, und die Glomeruli fehlen. Dies erscheint glael, da die meisten
Opisthobranchia Nahrungsspezialisten sind, wahremgle Caenogastropoda
Generalisten sind. Es ist daher davon auszugelass, gich im Lauf der Evolution ein
einzelnes unspezifisches Tentakelpaar zu zwei Saemialisierten Kopfsinnesorganen
mit unterschiedlichen Funktionen entwickelt hat.

Im Zusammenhang mit der phylogenetischen PositemQ@henogastropoda in Bezug
auf die Euthyneura, den vorher beschriebenen zednl Innervierungsmustern der
Caenogastropoda und der unspezifischen Funktio eletakel der Caenogastropoda,
ist daher anzunehmen, dass drei zerebrale Nervemplesiomorphes Merkmal sind,

welche sich innerhalb der Euthyneura in zwei zeelNerven aufgespalten haben.

Zusammenfassend lasst sich erklaren, dass es anhderd verwendeten
neurobiologischen Methoden moglich war, plausibestgtzte Homologiehypothesen
fur die CSOs der Opisthobranchia zu formulierenstahe friher verwendeter, zum
Teil widersprichlicher Begriffe wie Labialtentakebder Rhinophoren wurden
Kategorien von CSOs postuliert. Diese Kategoriewl iip (Lippe), ASOa und ASOb
(der zerebrale Nerv der innerhalb der EuthyneueaABOs innerviert ist gegabelt und

innerviert Strukturen mit wahrscheinlich untersctighen Funktionen) und die PSOs.

VI



Zusammenfassung

Nach der erfolgten Homologisierung der CSOs wurdee i Evolution unter
Bericksichtigung der sparsamsten Erklarung, auf @emdlage einer molekularen

Phylogeniehypothese a posteriori rekonstruiert.

Es wurde postuliert, dass das Grundmuster der Bating, zwei paar
Kopfsinnesstrukturen besitzt. Die ASOs sind hienbech relativ unspezialisiert und
wurden als lobenartige Strukturen postuliert, d80OB hingegegen als eine Art basale
Tentakel (Rhinophoren), welche innerhalb der Opistanchia unterschiedliche
Auspragung erfuhren und homolog zu den OmmatophdeePulmonaten sind. Damit
widerlegte die vorliegende Studie die bislang ggaghnnahme eines Kopfschildes und
des Hancockschen Organs im Grundmuster der Opistholia. Es wird davon
ausgegangen, dass diese Organe eine Anpassungeagrabende Lebensweise sind,
bei der Tentakel, als mechanischer Belastung aetmesStrukturen, eher hinderlich

sind.



Abstract

[1l. Abstract

The term cephalic sensory organ (CSO) is usedgdecialised structures in the head
region of adult Opisthobranchia. These sensorynsrgdnow a high diversity in form
and function, and the gross morphology of thesamsgdiffers considerably among
taxa. They can be identified as cephalic shields, weils, Hancocks organs, lip organs,
rhinophores or oral tentacles. Because of thiseex¢ty high diversity, the homology
and the evolution of these organs have not beeiiiethyet. My intention was to use
neuroanatomical data sets in order to find putatiemologous CSOs. In this study, |
will show data about immunohistochemical neurotnaitter content and cellular
innervation patterns and their applicability as phwiogical characters for the
homologisation of structures. | support earlier esiigations that neurotransmitter
content is often related to function. In contrastonal tracing patterns can be used to
homologise nerves. Overall the aim of this studg weareconstruct the evolution of the
CSOs of the Opisthobranchia, by projecting our oanatomical data sets onto a

molecular phylogeny.
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1. Introduction

,The behaviour of every animal deppends on ils frercepilion of the
and, in most cases, no sights. Sastrofiods do have eyes, but in only
frercepilion of gastrefiods usually defiends on offaclion, and thecr
frercefilion of near oljecls is defendent on a combination of
Ronald Chase, 2002

Gastropoda are guided by a variety of cephalic agnergans (CSOs), believed to
possess chemo- and mechanosensory functions (Akidési9, Bell and Tobin 1982,
Bicker et al. 1982, Davis and Matera 1982, Crol83,9 Emery 1992, Boudko et al.
1999, Kinz and Haszprunar 2001, Dayrat and Tik@92, Chase 2002, Croll et al.
2003). According to Jahan-Pawar (1972), Audesi®78), Bicker et al. (1982) and
Croll (1983) the CSOs are primarily involved in of@eception. Chemoreception is
generally the most important modality for gastrapdéudesirk 1975, Chase 2002,
Wertz et al. 2006, Wertz et al. 2007). Chemicalsssnare used in finding food,
avoiding predators, homing and interacting with sectifics (Emery 1992). However,
the CSOs are also sensitive to mechanical stindalhgn-Pawar 1972, Bicker et al.
1982), water currents (Wolter 1967, Storch and Welk969) and light (Chase 1979,
Jacklet 1980).

The Opisthobranchia comprise a species rich andrsivgroup of rather specialized,
highly evolved, mostly marine slugs and snails imitthe Heterobranchia with up to
6000 extant species confined in nine taxa. The ae&pkensory organs exhibit a very
prominent but also very variable character comptethese taxa, with each subgroup
possessing a more or less characteristic set ofsC8@hin the Acteonoidea but also
the Cephalaspidea and the interstitial Acochliciadbe CSOs manifest as lip organ,
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Hancocks organ and cephalic shield. The taxon Newlip is divided into the

Nudibranchia, which show a variety of labial tefeac oral veils, massive rhinophores
but also a Hancocks organ (i-Eitonia diomeda and the Pleurobranchomorpha with
very prominent oral veils and curled rhinophoreshe TUmbraculida, like the

Aplysiomorpha, present a set of labial tentacles damophores. In some aplysiomorph
species oral lobes and a Hancocks organ are aésemir The two pelagic taxa, the
Gymnosomata and the Thecosomata (both taxa areimedntn the taxon Pteropoda)
possess labial tentacles and rhinophores. The nistibgroup within the

Opisthobranchia, the Sacoglossa, only possesgaineof tentacles, which is very
uncommon in these gastropods, as most opisthobitarehexhibit two pairs of CSOs.
Although the gross morphology of the CSOs is reddyi well described, extensive
detailed comparative studies of this extremely igecharacter complex, allowing for

the assessment of homology of the organs, arengd&idate.
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1.1  Current homology hypotheses

Although homology of the different types of CSOs meever been assessed based on
detailed comparative data, several hypotheses ofology of the different sensory
organs in Opisthobranchia have been postulatdieipast. Based on the neuroanatomy,
Huber (1993) postulated that the labial tentaclésthe Aplysiomorpha and the
Pleurobranchomorpha are homologous structuresetariterior Hancocks organ, which
is located below the cephalic shield within the oiaxCephalaspidea. Briefly, the
Hancocks organ is presently divided into an anteaiod posterior section (Edlinger
1980), which are innervated by different cerebealves. In the past, the Cephalaspidea
(including the Acteonoidea) were considered to takebasal position within
Opisthobranchia (Boettger 1954, Ghiselin 1966, Ssteh 1985). This view even
nowadays sometimes holds up (Myers et al. 2008)s Thxonomic placement
implicated that the cephalic shield, lip organ at@hcocks organ are plesiomorphic
structures within Opisthobranchia and subsequetitbt, the tentacles and rhinophores

of other opisthobranch taxa are derived structures.

However, recent molecular investigations (Vonnemaial. 2005, Klussmann-Kolb et
al. 2008) suggest two major clades within the Gistanchia which neither support a
monophyletic taxon for the Cephalaspidea contairireg Acteonoidea, nor the basal
position of the Cephalaspidea. Therefore the posgibf the existence of tentacles or
rhinophores in the ground pattern of the Opisthotinga can no longer be excluded and
merits particular attention. Gosliner (1994) pcoated] an independent development of
the rhinophores within the different opisthobranelxa. Later, Wagele and Willan
(2000) postulated homology for the rhinophoreshef Nudipleura comprising the taxa
Nudibranchia, which exhibit massive rhinophoresvali as the Pleurobranchomorpha,
which display a curled version of the rhinophofdsvertheless, the authors could not
support this hypothesis with detailed data aboethistology and morphology of these
structures. Different hypotheses exist about tihgiroof the opisthobranch rhinophores.
One hypothesis suggested that the rhinophores eyolkom the Hancocks organ
(Hoffmann 1939, Bullock and Horridge 1965, Schmelk@85, Huber 1993, Mikkelsen
1996). In a second hypothesis, Gosliner (1994)utatstd that the Hancocks organ and

the rhinophores are analogous structures. In addéi homology of the opisthobranch
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rhinophores or the Hancocks organ with the caernogasd tentacles has been excluded
(Hoffmann 1939, Schmekel 1985, Huber 1993).

The homology hypotheses for the CSOs of the Opistinhia in earlier investigations
are often based on the innervation by presumabhydhagous nerves (Hanstrom 1929,
Hoffmann 1939, Huber 1993). Hereby, the nerves wmimarily homologised in

respect to their ganglionic origin and their peemi terminations. This approach
implicates failure since the CSOs are homologisaded on the homology of the
cerebral nerves, while the cerebral nerves in tarea homologised according to
homology hypotheses of the CSOs. The high vartgioh nervous innervation patterns
found in Crustacea (Hayman-Paul 1991) and otharielrates (Goodmann et al. 1979,
Arbas 1991, Kutsch and Breidbach 1994), howeveggssis a need to refine this

criterion for assessment of homology for the CSOs.
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1.2 Concept

The present study provides the first comparativeestigation of the anatomy,
immunohistochemistry and cellular innervation o tASOs in Opisthobranchia. These
data will be used to assess for homology of thegans in this group of Gastropoda. In
a second step, a posteriori, the hypotheses on lbgshavill be mapped onto an
independent phylogenetic hypothesis in order toetrne evolution of this character
complex. In order to homologise the CSOs severptagehes will be used, regarding
the assumption that a high complexity and simiksitof all kinds (Bock 1989) are

fundamental criteria for an explanation of homology

The cellular and not the nervous innervation pasiesf the cerebral nerves, providing
the respective sensory organs, will be compared byethod called axonal tracing or
backfilling, which allows the visualisation of colap details in the morphologies of
individual somata projecting into a respective mefXltman and Tyrer 1980, Fredman
1987, Kerkhoven et al. 1991). Homology at the datlievel has already been discussed
by Croll (1987) in Gastropoda and by Kutsch andidrach (1994) for Crustacea and
some criteria for cellular homology have herebyrbestablished. Using the axonal
tracing technique, a morphological character compMhich is more complex than the
ganglionic origin as used in earlier investigatighsiber 1993), will be reconstructed.
Nevertheless, the innervation by homologous nemess not always result in a
homology of organs (Dayrat and Tillier 2002). Duodhe extreme diversity of the CSOs
within the Opisthobranchia, homoiology or para#igii revealing the several types of
CSOs can not be excluded. In this context, additi@spects of the CSOs will be
investigated in this study. These additional aspeiciclude neuroanatomy and
immunohistochemistry, which will be used to confirthe primary homology
hypotheses based on the homology of the cerebraésieEarlier investigations using
immunohistochemistry have shown that the neurotnétteyr content of nervous cells
can be used for evolutionary questions, as the otreunsmitter content is often
conserved within the molluscan nervous system (Mewrc et al. 2006). The
distribution of neurotransmitters in the CSOs haerbstudied in different gastropod
taxa (Ono and McCaman 1984, Croll and Lo 1986,n8ala et al. 1987, Longley and
Longley 1986, Sudlow et al. 1998, Hernadi and E4ek®99, Moroz et al. 1997, Croll
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2001, Croll et al. 2003, Croll and Dickinson 200ertz et al. 2006, Newcomb et al.
2006, Wertz et al. 2007). These studies primardgused on the distribution of
serotonin. Serotonin (5-HT) is a biogenic monoaminach is synthesized in the
nervous system from the amino acid tryptophan (&sR 1984) and supposed to have a
neuromodular function. Investigations of other &@nsmitters or neuropeptides were
less extensive. Only few comparative studies euistii now (Croll et al. 2003,
Newcomb et al. 2006, Faller et al.revision.

In the present study the distribution of serotoriyrosine hydroxylase (TH) and
FMRFamides in the cephalic sensory organs of skewbifarent opisthobranchs are
compared. This will enable the comparison of thdssributions among different
opisthobranch taxa, in order to reveal insights thie function of the different types of
CSOs. TH is an enzyme which catalyses the initgp ¢ the conversion of tyrosine to
the catecholamines (S.-Rozsa 1984), and theredoa@ indication for catecholamines.
Catecholamines have been detected in the centrabuee systems of the gastropod
Helix (Hernadi et al. 1993, Bernocchi et al. 1989, Herraadl Elekes 1999), in the
central and peripheral nervous system#plysia (Salimova et al. 1987, Croll 2001)
and in the CSOs dPhestilla sibogadgCroll et al. 2003). FMRFamide (Phe-Met-Arg-
Phe-NH2)-related peptides comprise a family of apaptides which were isolated first
from the ganglia of the clarmacrocallista nimbosdPrice and Greenberg 1977), but
are also ubiquitous in other molluscs (Price et1#87) and across most of the
invertebrates (Predel et al. 2004, Berg et al. 20@&cording to Cottrell (1989)
FMRFamides are chemical messengers in both theaateatd peripheral nervous
systems. They have been detected in the centraduesystems of the gastropddislix
pomatia(Elekes and Nassel 1990) anidhax marginatugSuzuki et al. 1997) and in the
CSOs of Phestilla sibogae(Croll et al. 2003). With these comparative data on
immunohistochemistry of the CSOs, the homology hiypses based on the cellular

innervation patterns will be evaluated.



Introduction

1.3  Objective

The aim of this study is to describe the structaedliular innervation and function of the
CSOs in Opisthobranchia. This will be done usingrakiological methods. These
methods, until now, were mainly used in the context functional questions.
Furthermore, comparative studies of these kinddatd regarding evolutionary aspects
like the evolution of morphological structures #aeking. | will test if axonal tracing
patterns can be used to homologise the cerebraémeMoreover, | will evaluate, if
homology hypotheses regarding cerebral nerves asll ves data on
immunohistochemistry of sensory epithelia allow &@sessment of homology of the
respective organs. Based on a current phylogehggiothesis | will trace the evolution
of the CSOs. Furthermore, | will reconstruct groyradterns for specific clades and
postulate the evolution of the ground patternsiffei@nt lineages forwards the CSOs

present in the investigated extant taxa.

This study represents a new approach within thepeoative morphology and anatomy
of Gastropoda to verify homology hypotheses for plax morphological structures. In
future, this approach could be the base of studiesling with questions about

homology hypotheses and the evolution of structures
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2. Material and Methods

2.1 Material

The neuroanatomy of representatives of five ofrtfan opisthobranch suborders was
investigated: the Acteonoidea wilttteon tornatilis the Cephalaspidea withaminoea
hydatis and Scaphander lignariusthe Aplysiomorpha (= Anaspidea) witAplysia
californica, Aplysia punctataand Petalifera petalifera the Nudibranchia with
Archidoris pseudoarguand the Pleurobranchomorpha wRkeurobranchaea meckeli
and Berthella plumula Additionally, | investigated the Caenogastropedtn Littorina
littorea and the Stylommatophora withchatina fulica All investigated species, their

origin, and the used methods are shown in table 1.

Table 1: List of all investigated species, their locationsllectors, and used methods:
NA/Neuroanatomy, AT/Axonal tracing, IH/Immunohistamistry.

Investigated species Location Collector NA | AT IH

St. Michel-en-Gréve,

Brittany, France Sid Staubach X X

Acteon tornatilis
Sid Staubach,
Pleurobranchaea meckeli Blanes, Spain Yvonne X X X
Gryzimbowski

Berthella plumula Roscoff, Brittany, France Sid Staubach X - X
Archidoris pseudoargus | Roscoff, Brittany, France Sid Staubach X X X
Aplysia punctata Roscoff, Brittany, France Sid Staubach X X X

National Resource for
. o Aplysia Facility at the
Aplysia californica Rosenstiel of Marine and ) X X X

Atmospheric Sciences

Banyuls, France Sid Staubach,

Petalifera petalifera Cubagua, Venezuela Sylvia Grune X i X
Haminoea hydatis Pléneuf, Brittany, France Ulrike Schulte- X X X
Oehlmann
Sid Staubach,
Scaphander lignarius Blanes, Spain Yvonne X - X
Gryzimbowski
Achatina fulica Terrarium population Carmen ZinBmeister X X -
Littorina littorea North Sea, Vollerwiek Eberhard Kolb X X X
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2.2 Species

The classification of species followes Bouchet let(2005). Here the Acteonoidea

belong to the informal group of the lower Heterolmtaa.

2.2.1 Acteon tornatilis LINNAEUS, 1758
Taxonomic position:
Heterobranchia

Lower Heterobranchia

Acteonoidea

Acteon tornatilisoccurs at the North Atlantic coast of Europe frm@and to Norway,
the British Isles, France, Southern Portugal anbraitiar. This heterobranch species
shows a heavily calcified spiral shell and a thamly operculum. The shell is pinkish
brown with two white bands on the shell. The wist#t body with the prominent
bifurcated cephalic shield can fully retract inbe tshell. The relaxed animal reaches
about 3 cm in length and is found burrowed in saselyiments from the low intertidal
to over 200 meters of depth. It is reported to feegolychaete worms such @svenia
fusiformis and Lanice conchilega(Yonow 1989) Acteon tornatilis (Fig. 1) was
collected in the wild at St. Michel-en-Gréve (Baitly, France) and stored alive at our
lab in Frankfurt in closed seawater aquaria at@#hd under ambient light conditions
(12h light / 12h dark rhythm) until further invegitions were conducted.

head with cephalic shield

Figure 1: Dorsal view ofActeon tornatilis



Material and Methods

2.2.2 Pleurobranchaea meckeli LEUE, 1813
Taxonomic position:
Heterobranchia

Opisthobranchia

Pleurobranchomorpha

Pleurobranchaea meckeliFig. 2) occurs at the Atlantic coast from Greedlao
Gibraltar and in the Mediterranean Sea. The spagiews up to 20 cm. The body
colour is very variable. Several species of theugeRleurobranchaea have been
described in the Mediterranean and the EastermttlaExternally all of them look
extreme similar. Therefore | used the anatomydrdéfined by Marcus and Gosliner
(1984) to identify the species. Characteristicédiythe CSOs are a prominent oral vell
and rhinophores.Pleurobranchaea meckelwas collected in Blanes (Spain) by
fishermen via dredging at depths of 60 to 80 met8pecimens were investigated

immediately upon collection.

1 cm

head with
rhinophores
and oral veil mantle

Figure 2: Lateral view ofPleurobranchea meckeli
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2.2.3 Berthéla plumula (MoNTAGU, 1803)
Taxonomic position:
Heterobranchia

Opisthobranchia

Pleurobranchomorpha

Berthella plumula(Fig. 3) occurs at the Northeastern Atlantic frillorway to Gibraltar
and in the Mediterranean Sdzerthella plumulahas a thin transparent internal shell.
The shell is about half the body length, which megch about 60 mm with 30 to 40
mm being more common. The skin has stellate calaarspicules over the whole body
including the oral veil and the rhinophores. InczolBerthella plumulas pale lemon-
yellow to orange. If attacked the skin can secdstfensive sulphuric acid. Thompson
(1976) suggested th&erthella plumulamay feed on tunicates but further published
observations to support this are missiBgrthella plumulawas collected in the wild at
Roscoff (Brittany, France). They were then storiadeaat our lab in Frankfurt under the

same conditions lik&cteon tornatilis

head with
_a—_ rhinophores

and oral veil

mantle

/

Figure 3: Dorsal view ofBerthella plumula
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2.2.4 Archidoris pseudoargus (RAPP, 1827)
Taxonomic position:
Heterobranchia

Opisthobranchia

Nudibranchia

Archidoris pseudoarguéFig. 4) occurs at the European coast from Norveagpain,
and in the Mediterranean Sea, from the intertid&@0 m of depth. It is common on the
British Isles where it is known as the Sea LemArchidoris pseudoarguss a large
dorid reaching over 120 mm in length. The mantleogered with tubercules, and has a
mottled colour pattern of brown, pink, green, yelland white blotches. It feeds on
siliceous sponges includirgalichondria paniceaandHymeniacidon perlevéSwennen
1961). In many parts of Europe it is often ideptifiasArchidoris tuberculatg MULLER,
1778).Archidoris pseudoarguwas collected in the wild at Roscoff (Brittanyakce).
The specimens were then stored alive at our l&rankfurt under the same conditions

like Acteon tornatilisandBerthella plumula.

rhinophores

mantle

Figure 4: Lateral view ofArchidoris pseudoargus
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2.2.5 Aplysia punctata Cuvier, 1803
Taxonomic position:
Heterobranchia

Opisthobranchia

Aplysiomorpha

Aplysia punctata(Fig. 5) occurs in the Northeast Atlantic from &m&and to the
Mediterranean Sea. This species grows up to 20Tt .body colour is very variable,
ranging from olive-green, brown, red, purplish-ildawith blotches of grey, white, often
with black or dark-brown spots and veining. The yasl long and narrow and the
parapodia join rather high posteriorly. The CSOsnfawery prominent labial tentacles
and rhinophores. When disturbed it produces botplewand white secretionéplysia
punctatawas collected in the wild at Roscoff (Brittany, fca). They were then stored
alive at our lab in Frankfurt, maintained in clossehwater aquaria at 17° C, under
ambient light and fed with frozen pieces of the egrealgaeUlva lactuca and

Polysiphonia spec.

-7 rhinophores

parapodia

labial
tentacles

Figure 5: Lateral view ofAplysia punctata
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2.2.6 Aplysiacalifornica CoOPER, 1863
Taxonomic position:
Heterobranchia

Opisthobranchia

Aplysiomorpha

Aplysia californicaoccurs along most of the Californian coast andhe Gulf of
California. It is a very large sea hare, with aglnup to 75 cm but more often around
40 cm (Cooper 1863, Rivero et al. 2003plysia californicahas become a very
valuable laboratory animal for research on the osvsystems and behaviour.
Therefore it is used as a model organism in inbeate neurobiology. The animals
were purchased from the Aplysia Resource Facilitthe Rosenstiel School of Marine
and Atmospheric Sciences alive, and stored at abrih Frankfurt under earlier
mentioned conditions. They were also fed with frogeeen algaeUlva lactucaand
Polysiphonia spec.yhich were collected in Roscoff (Brittany, France).

2.2.7 Petaliferapetalifera (RANG, 1828)
Taxonomic position:
Heterobranchia

Opisthobranchia

Aplysiomorpha

Petalifera petaliferais reported from the Mediterranean Sea and eagtgamtic but
was also found in Venezuela (own investigations) e East coast of Australia (own
investigations, unpublished data). It is possiblpren widely spread, but a better
understanding of the distribution of the genus dwitle is required.Petalifera
petaliferaresembles a very flattened sea hare, in whictpénapodia are reduced and
fused, except for a small postero-dorsal openinipenmantle cavity, which is covered
by a pair of small rounded flaps. The body is thacent with a dense scattering
of green to brown specks. The translucent body lesathis species to be well-
camouflaged on the sea grass leaves and algaeioh iwhves. It grows up to 40 mm
in length. Specimens were collected in Banyulsnser (France) by dredging sea gras at
depths of 20 to 40 meters and at the Isla Margariifienezuela) subtidally by

snorkeling. Specimens were investigated immediatpbn collection.
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2.2.8 Haminoea hydatis (LINNAEUS, 1758)
Taxonomic position:
Heterobranchia

Opisthobranchia

Cephalaspidea

Haminoea hydatigFig. 6) occurs along the South and West coashefBritish Isles.
But it is more common from the Atlantic coast ofafce to the Mediterranean Sea
(Thompson 1976). It has a fragile transluminecefiaied shell which grows to about
15 mm in length. The body reaches up to about 30imiength. The parapodial lobes
are relatively small, leaving most of the shell @efd.Haminoea hydatisvas collected
from the wild at Pleneuf (Brittany, France). Chaesistical CSOs for the
Cephalaspidea are a cephalic shield, a lip orga@haahlancocks organ. The animals
were used to establish a stable laboratory popumatnaintained in closed seawater
aquaria at 17° C and under ambient light. They ieniepieces of the green algdéra

lactucag Ulva rigidaandCladophora spec

parapodia

head with
cephalic shield

Figure 6: Dorsal view ofHaminoea hydatis
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2.2.9 Scaphander lignarius (LINNAEUS, 1758)
Taxonomic position:
Heterobranchia

Opisthobranchia

Cephalaspidea

Scaphander lignariugFig. 7) occurs at the North-eastern Atlantic coastl in the
Mediterranean Sea. The nutbrown shell with smalitevktripes is relatively massive
and up to 70 mm in length. Characteristically foe tsoft body is a dominat white
cephalic shield, which is also described as a daplissc (Thompson 1976). The
cephalic disc cannot be retracted into the sisgaphander lignariusvas collected in
Blanes (Spain) by fishermen at depths up to 80 mnefpecimens were investigated

immediately upon collection.

head with
cephalic shield

N

parapodia

Figure 7: Lateral view ofScaphander lignarius
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2.2.10 Achatina fulica BowbICH , 1822
Taxonomic position:
Heterobranchia

Eupulmonata

Stylommatophora

Achatina fulicais a land snail which originally occured in eastéfrica (Kenia and
Tansania) but it was imported to Asia and India iehié has been established as a
neozoan specieéchatina fulicahas a narrow, conical shell, which is twice agjlas it
is wide and contains 7 to 9 whorls when fully grovohatina fulicashows two pairs of
tentacles, the ommatophores and the rhinophores @i The shell is generally
reddish-brown in colour with weak yellowish verticaarkings but colouration varies
with environmental conditions and diet. Adults lo¢ tspecies may exceed 20 cm in shell
length but generally average about 5 to 10 cm. average weight of the snail is
approximately 32 grams (Cooling 2005). A lab popalawas established at our lab in

Frankfurt.

' \ommctophores

rhinophores

Figure 8: Lateral view ofAchatina fulica
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2.2.11 Littorina littorea (L INNAEUS, 1758)
Taxonomic position:
Caenogastropoda

Hypsogastropoda

Littorinimorpha

Littorina littorea (Fig. 9) is widely distributed among rocky shofesn Northern Spain
to the White Sea of Northern Russia. It occurs fritra upper shore down to the
sublittoral. It has a very massive black to brostrll, only one pair of tentacles and
also a massive operculum. In sheltered conditibesspecimens can also be found in
sandy or muddy habitats such as estuaries and latsd-They are common grazers of
microalgae. The species is fairly tolerant of brslckwater. Animals were collected at
the German North Sea (Vollerwiek, Eiderstedt) aiodesl alive under earlier mentioned

conditions in our Lab at Frankfurt.

tentacles

Figure 9: Lateral view ofLittorina littorea
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2.3 Methods

2.3.1 Axonal tracing

Animals were relaxed with an injection of 7% MgCh in Volume) and the central
nervous system, consisting of the cerebral, pleyrafietal and pedal ganglia, was
removed and placed in a small Petri dish contaifiltgyed artificial seawater (ASW,
Tropic Marin, REBIE, Bielefeld, Germany) as salihéllowed the procedures of Croll
and Baker (1990) for Rilysine (Ni-Lys) tracing of axons. The major ceawrdinerves
of eight species (table 1) were traced comparativéth at least ten replicates for each
nerve per species. Therefore the nerves of thé dgrebral ganglion were dissected
free from the connective tissue. In addition conteplicates for the cerebral nerves of
the left hemisphere were performed. The nerves wetrend the distal tip was gently
drawn into the end of a tightly fitting glass mipipette using suction provided by an
attached 2.5 ml syringe. The saline in the micrefig was replaced by a Ni-Lys
solution (1.9 g NiCI-6HO, 3.5 g L-Lysine freebase in 20 ml double digtilld,O) and
the preparation was incubated for 12-24 h at 88 @llbw transport of the tracer. The
micropipette was then removed and the ganglia weahed in ASW three times. The
Ni-Lys was precipitated by the addition of fivetem drops of a saturated rubeanic acid
solution in absolute dimethylsulfoxide (DMSO). Aftd5 minutes the ganglia were
transferred to 4% paraformaldehyde (PFA) and filcedd-12 h at 4° C. Thereafter the
ganglia were dehydrated by an increasing ethanwéss¢70/80/90/99/99% each 10
minutes), cleared in methylsalicylate and mountedsa side up in Entellan (VWR
International) on a glass slide. My criterion fogaod staining was a uniformly dark
blue nerve as it joins the ganglion. This is aridation for intact axons (Fredman 1987,
Johnson et al. 1999). The Ni-Lys tracings were ya®&al by light microscopy (Leica
TCS 4D). Camera lucida drawings were digitaliseitbtaing the method of Coleman
(2003) adapted for CoreIDRAW 11.

2.3.2 Intraspecific variability

| tested the intraspecific variability of innenati patterns for the Nervus labialis of
Haminoea hydatisAltogether | performed over 35 replicates in sal/especimens,
ranging from 5 to 25 mm in length. Samples withyoalpartial staining of the nerve
were not used because of possible incomplete iatierv patternsThus, only 23
replicates were analysed for the right Nervus labi@2), covering a wide range of
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specimens from juvenile to adult stages. Moreovetgsted the variability of the
innervation patterns for animals of nearly the same, and for the left Nervus labialis
(n=4)

For correlation analyses, in order to test if theervation patterns are correlated to the
size of the animal, | used three different morppalal sizes:

1) the product of the maximum length and breadtlthef shell, 2) the length of the
cerebral commissure, and 3) the average of the mari diameter of both cerebral
ganglia. All measurements were performed on digiteges, using the Leica IM50
Software. Neither the length of the whole slug tihar size of peripheral structures such
as the lip organ were used, because preliminarererpnts indicated that these
measures were found to depend greatly on the degjreelaxation of the animal.
Correlation analyses were performed using thessitzdl software PRISM4 (GraphPad
Software Inc.). | tested for a Pearson correlatiBearson r) assuming a gaussian
distribution for the data set, and also for a noapeetric correlation (Spearman r) with
no assumption of distribution. For both correlatiamalyses | used two-tailed

correlation analyses with a 95% significance level.

2.3.3 Immunohistochemistry

| investigated the occurance and distribution & three neurotransmitters, Serotonin
(5HT), FMRFamide and Tyrosine hydroxylase (TH) whids a catalyst in
catecholamine synthesis and thus indirectly labsdsecholamines (Magoski and
Bulloch 1997). Following the protocols shown in Teab (Supplement Data), | used as
primary antibodies (PA) polyclonal 5HT (Acris Antibies, Hiddenhausen, DP057)
raised in rabbit, polyclonal FMRFamide (DiasorinStillwater via Immunostar
Incooperated, Hudson, Wisconsin, 20091) raisedabbit and monoclonal TH (Acris
Antibodies, Hiddenhausen via Immunostar Incoopdraktudson, Wisconsin, LNC1)
raised in mouse. As secondary antibodies (SA) tuRBkodamine/TRITC (Dianova,
Hamburg via Jackson ImmunoResearch laboratories,, IWest Grove) and
Fluorescein/FITC (Dianova, Hamburg via Jackson ImaResearch laboratories, Inc.,
West Grove). The SA for FMRFamide and 5HT weree@isn goat, anti rabbit,
meanwhile the SA for TH were raised in sheep, ambuse. The specimens were
relaxed by an injection of 7% Mg£in the foot. Thereafter, the entire head regios wa
dissected from the rest of the animal and immelgiditeed. For 5HT and FMRFamide
the fixation was done with 4% paraformaldehyde (PFAO0.1 M phosphate buffered
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saline (PBS) at a pH of 7.3 overnight at 4° C. Tiesue for TH was fixed in 99%
methanol and 1% Acetic acid at — 18° C for 30 maspyimmediately followed by a
decreasing methanol series (70%/50%/30%) for temtas at each concentration. After
fixation the whole mounts were washed three timeBBS (five minutes the first two
times and 60 minutes the third time). This washoracedure is equal between all steps.
After the first washing the tissue was permealitidaand blocked, using 4% Triton for
the permeabilisation and 1% normal goat serum (NG8r 5SHT and FMRFamides)
respectively normal sheep serum (NSS — for TH)focking overnight at 4° C. Before
and after the whole mounts were exposed to the goyinantibody (concentrations
shown in supplement data, Tab. 1) they were waskgain. The exposition to the
secondary antibody (concentrations see also sugpledata Tab. 1) was done avoiding
light and followed again by washing. At last theohmounts were mounted on glass
slides in 3/1 glycerol in 0.5 M TRIS buffer withpdd of 8.0. Also 2% n-propyl gallate
was added to the mounting medium, working as anfading agent. All complete
mounts were analysed using a confocal laser scgmicroscope (CLSM — Leica TCS
SP5).
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3. Results and Discussion

3.1 Terminology of cerebral nerves

In the past, the terminology for the nerves innengavarious organs or structures in
Gastropoda has been very inconsistent and confuging hampering comparisons of
innervation patterns across taxa. This has also Ibeentioned earlier by Hanstrom
(1929). Huber (1993) described four cerebral nenveshe ground pattern of the
Architectibranchia and most other Opisthobranchldese four cerebral nerves
innervate the cephalic sensory organs. My investiga of the neuroanatomy confirm
this ground pattern in the investigated speciesvé¥er, there is no common notation
of these nerves in earlier investigation (Vayssi&#880, Hanstrém 1929, Hoffmann
1939, Huber 1993, Croll et al. 2003)able 2 summarises terms used for the four
cerebral nerves in Opisthobranchia, in represemtagtudies on the neuroanatomy of
these gastropods. The most common synonyms forcénebral nerves and their
innervation area are shown. In the present studysd a modified notation from
Edlinger (1980) who has focussed his investigatmmshe neuroanatomy of the CSOs
of Acteonoidea and Cephalaspidea. Instead of datignames, numbers were used as
notations of the cerebral nerves, as it was alse dxy Vayssiere (1880). The cerebral
nerves were numbered from anterior to posterioerdiore the Nervus oralis which
innervates the lip is termed as the N1. The Netabglis, which is divided in two
branches within the Opisthobranchia innervates dhterior CSOs like the labial
tentacles, the lip organ and the oral veil andamed N2. The Nervus rhinophoralis
which innervates the posterior CSOs like rhinopharethe Hancocks organ is termed
N3. The fourth cerebral nerve, the Nervus clypaiitts innervates parts of the body
wall or the cephalic shield. Sensory functions leése regions cannot be excluded.
However, they seem to be more related to locomdBminmekel 1985). Therefore this

nerve has not been termed with a number. Herd tavih this nerve as Nclc.

As the investigations of Edlinger (1980) were psifsdid in German, these notations are
less known in the international scientific commuynitiowever, for my investigations
these terms fit best, as they are correlated toptistion of the CSOs, unlike latin

names, where sometimes the same notations haveubedrfor different nerves. So the
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N1 always projects most anteriorly on the mediart p&the cerebral ganglion and

projects towards the most anterior CSO, the lipe N2 originates commonly in the

lateral anterior part of the cerebral ganglion pravides the anterior CSOs, meanwhile

the N3 often arises in the posterior part of theeloel ganglion and provides the

posterior CSOs.

Table 2: Cerebral nerves in Opisthobranchia and their symsny
Modified
synonyms Innervated CSO/Head
after Edlinger Vayssiere Hanstrom Huber Croll et al. region
(1980) (1880) (1929) (1993) (2003) ( see also Edlinger 1980,
used in the Huber 1993)
present study
Nervus labialis Nervus labialis
) ) Upper labial )
N1 cl minor, Nervus superior, Lip
nerve
oralis Nervus oralis
o Nervus labialis, . . .
Nervus labialis anterior Anterior tentacle, Lip
) Nervus .
N2 c3 superior, Nervus ) ) tentacle organ, oral veil, oral lobe,
. labiotentacularis, .
tentacularis . nerve anterior Hancocks organ
Nervus menti
Nervus . . .
posterior Rhinophore, posterior
tentacularis, ) ) )
N3 c4 N Nervus rhinophoralis tentacle Hancocks organ, posterior
ervus
nerve tentacle
rhinophoralis
Anterior / lateral body
Nervus Nervus tentacularis, lower labial ) )
Nclc c2 o ) N wall, cephalic shield,
proboscidis Nervus clypei-capitis nerve

cephalic disc
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3.2 Cephalic sensory organs (CSOs)

In the following chapter | will describe the inviggited CSOs, additionally | will
compare them with earlier descriptions. The desong of the CSOs proceed from
anterior to posterior of the head region.

Acteon tornatilis (Acteonoidea) possesses four types of CSOs: a wipich is
completely covered by the cephalic shield, a ligaor, Hancocks organ and a cephalic
shield (Fig. 10A), as has been described earlielti{er 1980). My investigations
(chapter 3.3, 3.4, 3.7) lead to the conclusion #keteontornatilis has no Hancocks
organ and it might be possibly reduced. This hanbaentioned earlier by Schmekel
(1985). Furthermore, the description of a separéifedrgan at the anterior cephalic
shield (Edlinger 1980) could not be confirmed by gresent data (see also, Faller et al.
in revision Gobbeler and Klussmann-Kolb 2007). Therefore fingefollowing CSOs
for Acteon tornatilis a lip which is completely covered by the cephaheeld, and a lip
organ (the same structure was described as theaartdancocks organ (Edlinger 1980)
which lies as a kind of groove underneath the #htedge of the anterior cephalic shield.
The lip organ comprises the ventral part of thehedip shield and not a separated
structure. The massive cephalic shield is completi?déided into a left and a right
hemisphere, but also into an anterior and postpadror lobe.

Pleurobranchaea meckelfPleurobranchomorpha) has a lip, furthermore asimas
dorsal oral veil with lateral tips which terminatesome kind of rolled labial tentacles.
The rhinophores at the posterior end of the headatso rolled or curled (Figs. 10B,
10C, 12A).

Berthella plumula (Pleurobranchomorpha) also possesses a lip, ah verh and
rhinophores. Here the oral veil is positioned meeatrally and partly covered by the
mantle. Moreover, it is a structure clearly sepatdtom the head region unlike the oral
veil of Pleurobranchaea meckelsee also Faller et aln revision Gobbeler and
Klussmann-Kolb 2007). The lateral sides of the ar@il do not terminate in rolled
labial tentacles. Instead, | found long groovesiglthe lateral side of the trapeze like
oral veil. The rhinophores are rolled structurescivlare positioned above the oral vell
(Figs. 10D, 12B).

In Archidoris pseudoargu@Nudibranchia) | found the following CSOs: the, lthe oral
tentacles and rhinophores (see also Faller etinalrevisior). All CSOs in the
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investigated species except for the lip are paifde oral tentacles are only lobe like
structures underneath the head and not visible &aforsal view. They form a groove
at the lateral edge. The rhinophores are retraztaid are positioned on the head. The
rhinophores are massive with up to 15 discs albegdp (Figs. 10E, 13).

Aplysia punctataAplysiomorpha) andAplysia californica(Aplysiomorpha) show the
same set of CSOs (see also Faller etmakevision Goébbeler and Klussmann-Kolb
2007), a lip, very prominent labial tentacles watkhick base and a folded groove at the
tip of the tentacles and the rhinophores. Therate also prominent structures on the
posterior end of the head. The base of the rhinggshis massive, on the top they form a
spoon like groove (Figs. 10F, 14A) which was alesalibed by Hoffmann (1939).
Petalifera petalifera(Aplysiomorpha) also has a lip, labial tentaclesl ahinophores.
Whereas the rhinophores are like the rhinophores thed other investigated
Aplysiomorpha, the thick base of the folded labiahtacles is missing. Instead,
Petalifera petaliferahas separated oral lobes at the right and ledtdaside of the lip
(Figs. 10G, 14B).

Haminoea hydati§Cephalaspidea) possesses a lip, a lip organnaddks organ and a
cephalic shield. The lip organ is a separated stracunderneath the cephalic shield
near the lip. The Hancocks organ is also a seghsdtacture underneath the cephalic
shield. It is folded and positioned on the lateside of the head region in some kind of
channel formed by the cephalic shield and the {6ajs. 10H, 10I, 15A). In earlier
investigations the Hancocks organ has been dividledan anterior and a posterior part
(Edlinger 1980). However, | consider the anteri@nklocks organ to be part of the lip
organ (chapter 3.1) and therefore describe therlas an anterior and a posterior lip
organ (see also, Faller et a&h revision Goébbeler and Klussmann-Kolb 2007). The
cephalic shield oHaminoea hydatiss divided in the posterior part.

Scaphander lignariugCephalaspidea) possesses the same sets of (®®&ihinoea
hydatis However, inScaphandethe lip organ seems to be part of the cephalieldhi
which is very prominent and also in common termgdephalic disc (Figs. 10J, 15B).
The same is true for the Hancocks organ. The cepslaield is extremely massive and
undivided with the shape of a diskchatina fulica(Stylommatophora) also has a lip,
small anterior tentacles (“rhinophores”) and lapgesterior tentacles (ommatophores)
(Fig. 16). The eyes are positioned at the top ef plosterior tentacles. In contrast
Littorina littorea (Caenogastropoda) (Fig. 17) shows a lip, but oohe pair of

tentacles. The eyes are located at the bottomeskttentacles.
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In summary | found the lip as a very invariablengerved structure in all investigated
species. Within the Opisthobranchia the anterioO€3ke the oral veil or the labial
tentacles show the highest variability. From mynpaif view they should be divided in
two types of anterior sensory organs (ASO), anranit@ASOa) and a posterior (ASODb)
type. The posterior sensory organs (PSO) also shdwgh variability and include
several types of rhinophores and the Hancocks offjae term ASO was also used by
Boudko et al. (1999) for the labial tentacles Rifestilla sibogagOpisthobranchia,
Nudibranchia). Here | restrict the term Hancockgaoronly to the posterior part of the

Hancocks organ described in earlier investigat{&inger 1980).

ASOs: the investigated species possess two typesab¥eils, a dorsal veil which ends
in labial tentacles like irPleurobranchaea mecketind a ventral veil with a lateral
groove like inBerthella plumulal found three kinds of lip organs: first a sepada
structure underneath the cephalic shi¢ldrfinoea hydatjs secondly the lip organ as
part of the cephalic shiel&¢aphander lignariusand thirdly a groove along the ventral
side of the cephalic shieldA¢teon tornatili3. The labial tentacles are shaped
differently, too: massive labial tentacles withaded top and a thick basé&glysia
species), folded with a separated oral loBetdlifera petalifera)or lobe like with a
groove Archidoris pseudoargus)yvery small tentacles above the mouth opening
(Achatina fulicg. These anterior tentacles are also called “rhinogdior

PSOs: | also found three types of rhinophores, wasgith a spoon like groove in the
Aplysiomorpha, rolled in the Pleurobranchomorphad amassive with discs in
Archidoris pseudoargusThe prominent posterior tentaclesAxhatina fulicaare also
called ommatophores (omma = eye) as the eye itiqusi at the top of these tentacles.
Moreover, the Hancocks organs are differently stiapethe investigated species: in
Haminoea hydatishe Hancocks organ is separated from the cephakdds whereas it
is fused with the cephalic shield 8caphander lignariusThe cephalic shields can be
described as completely divided from anterior tetpoor in Acteon tornatilis only
divided in the posterior part itHaminoea hydatisand completely undivided in
Scaphander lignariud.ittorina littorea has only one pair of tentacles, and at this point
can not state if these tentacles are ASOs or PSOs.
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/
-l Labial
tentacle

Figure 10: Various CSOs of the investigated species, antsgosory organs (ASOS)
outlined in blue, posterior sensory organs (PSQlirmd in red, cephalic shields

outlined in greenA: Acteon tornatilis cephalic shield (greeng: Pleurobranchaea meckebral veil
and labial tentacles (blue), rhinophores (régt)Pleurobranchaea meckeloral veil and labial tentacles
(blue), rhinophores (red]): Berthella plumula oral veil with groove (blue) and rhinophores {ref:
Archidoris pseudoargyshinophores (red}: Aplysia punctatalabial tentacles (blue), rhinophores (red);
G: Petalifera petaliferalabial tentacles and oral lobes (blue), rhinopkafred);H: Haminoea hydatis
anterior and posterior lip organ (blue), Hancockgaa (red) and cephalic shield (green);Haminoea
hydatis anterior lip organ (blue)j: Scaphander lignariuslip organ (blue), Hancocks organ (red) and

cephalic shield (green).
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3.3  Neuroanatomy

In this part, | am going to describe the neuroamgtmf the head region of the
investigated species. The description will be retstd to the cerebral nerves which
innervate structures with a presumably sensorytiobmcCommissures and connectives
and the general structure of the central nervossesy will only be mentioned with

minor priority.

Within the investigated Opisthobranchia and ingh@ommatophorachatina fulical
found a ground pattern of four cerebral nervescivifias also been described for the
Opisthobranchia by Huber (1993). The first cerelmeive (N1) cardinally innervates
the lip and sometimes parts of the anterior heaibne The second nerve (N2) is
divided into an inner and an outer branch. A biétiien of the N2 has been described as
an apomorphy of the Opisthobranchia (Salvini-Plawed Steiner 1996). This nerve
innervates the anterior sensory organs (ASOa andbASvhich are lip organs, labial
tentacles, oral veils and lobes (see chapter 3. third nerve (N3) often forms an
additional ganglion, commonly termed as the rhirmph ganglion. The nerve
innervates the posterior sensory organs (PSO), thémephores and Hancocks organ.
The last remaining cerebral nerve (Nclc), whichnat related to a primary sensory
organ (chapter 3.2), innervates either parts ofaterior to lateral body wall of the
head region or the cephalic shield. The investdj@i@enogastropodittorina littorea

possesses only three cerebral nerves.
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3.3.1 Acteon tornatilis

In Acteon tornatilis(Fig. 11) the N1 innervates the lip and small pat the anterior
part of the bipartite cephalic shield. The bifuethiN2 innervates the groove underneath
the anterior cephalic shield, which | call the bpgan. In earlier investigations this
pigmented groove was described as the anterior @wsterior Hancocks organ
(Edlinger, 1980). Edlinger (1980) described thetdlbe restricted to a structure around
the mouth, which he termed as lip organ. HoweJes, éxistence of such a structure
cannot be confirmed by my investigations (see aelapter 3.2, 3.7). The N3 innervates
a small part of the posterior cephalic shield, Whi@s no significant sensory function
(Faller et al. in revision, G6bbeler and Klussm#&wib 2007), and not the groove as
mentioned by Edlinger (1980). The Nclc innervates largest part of the posterior

cephalic shield.

Nclc

N2
outer branch

N2

inner branch CbG

N1

Groove

Figure 11: Neuroanatomical scheme of the four cerebral neofe&cteon tornatilis
(only right hemisphere shown). N1 in yellow, N2btue, N3 in red and the Nclc in
green. The groove represents the lip organ; Cb&ebcal ganglion.
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3.3.2 Pleurobranchaea meckeli and Berthella plumula

The investigated PleurobranchomorphBle(irobranchaea meckeland Berthella
plumulg show a very similar neuroanatomy to each otheégs(F12A, B). The N1
innervates the lip, the bifurcated N2 the ASO (hwed veil, labial tentacle and groove),
the N3 the rolled rhinophores and the Nclc partthefanterior and posterior body wall.
In both investigated species the inner branch ®NB innervates the median part of the
oral veil. Whereas ifPleurobranchaea meckethe outer branch of the N2 innervates
the labial tentacles, iBerthella plumulat innervates the lateral groove of the oral vell.
The N3 forms a small rhinophoral ganglion on th&dro of the nerve directly above
the CNS in both species.

inner branch /L \
\ LT

Pharynx

Figure 12: Neuroanatomical scheme of the four cerebral neofethe investigated
Pleurobranchomorpha (only right hemisphere shonRleurobranchaea meckeli

B: Berthella plumulaN1 in yellow, N2 in blue, N3 in red and the Natcgreen; CbG —
cerebral ganglia, RH — rhinophore, LT — labial e, OV — oral veil.
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3.3.3 Archidoris pseudoargus
The investigated Nudibranchiéarchidoris pseudoargugFig. 13) also shows a very

similar distribution of the cerebral nerves asRtheurobranchomorpha described before.
The N1 innervates the lip, the bifurcated N2 thbidh tentacles (ASO), the N3
innervates the massive disced rhinophores (PS@), also a rhinophoral ganglion at

the base of the nerve and the Nclc innervatesatieedl and anterior head region.

----------
'''''

N2
outer branch

N2
inner branch

Figure 13: Neuroanatomical scheme of the four cerebral nemvesArchidoris
pseudoargugonly right hemisphere shown). N1 in yellow, N2klue, N3 in red and
the Nclc in green; CbG — cerebral ganglion, RHirophore, LT — labial tentacle.
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3.3.4 Aplysiaspp. and Petalifera petalifera

| investigated three Aplysiomorpha, two specieshef genusAplysia and Petalifera
petalifera The organisation of the cerebral nerves haslsso investigated in detail by
Hoffmann (1939), Chase (2002), Croll (2001), Hu@€93) and Wollesen (2007a,b). |
found no discrepancies with these earlier desongtiin my investigations. In all
Aplysiomorpha | found a very similar neuroanatonfiyhe cerebral nerves (Figs. 14A,
B). The N1 innervates the lip and anterior headorgghe N2 the labial tentacles and
also the oral lobes iRetalifera petalifera(ASO), the N3 the rhinophores and the Nclc
the anterior and posterior body wall, also pattky bower part of the labial tentacles. In
both species of the genédglysia the inner branch of the N2 innervates the thiakeb
of the labial tentacles, whereasRetalifera petaliferait innervates the oral lobes. The

oral lobes are clearly separated from the labighides.

A o B

outer branch

inner branch
N2
inner branch

Figure 14: Neuroanatomical scheme of the four cerebral neofethe investigated
Aplysiomorpha, the two investigatégplysiashow no significant differences (only right
hemisphere shown)A: Aplysia punctata/californicaB: Petalifera petalifera N1 in
yellow, N2 in blue, N3 in red and the Nclc in gre@bG — cerebral ganglion, RH —

rhinophore, LT — labial tentacle.
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3.3.5 Haminoea hydatis and Scaphander lignarius

| studied two species of the taxon Cephalaspitieaninoea hydatiand Scaphander
lignarius. Here | found a higher variability in the neurotmmay of the cerebral nerves
than in other opisthobranch taxa like the investidaPleurobranchomorpha or
Aplysiomorpha. InHaminoea hydatigFig. 15A) the N1 innervates the lip and the
anterior part of the cephalic shield. This diffécs earlier descriptions of Vayssiere
(1880), Hoffmann (1939) and Edlinger (1980) abdw hervous system éfaminoea
hydatis Hoffmann (1939) defined the N1 found in the cotretudy as the Nervus
clypei capitis internus (cl) and the Nervus clypapitis externus (c2) which only
provides the cephalic shield Bfaminoea hydatisHowever, Edlinger (1980) described
the same nerve to innervate the lip organ. My omuestigations showed that the N1
provides the lip but also the cephalic shield. Tdrgest branch directly innervates the
lip not the lip organ, like mentioned by Edlingd©80). The N2 innervates the anterior
(ASOa) and posterior (ASODb) lip organ. The N2 wgidkd into two branches as found
in the other opisthobranch species, which have blesoribed as two single nerves by
Edlinger(1980). The first, or inner branch of the N2 prasdhe lip organ, the second,
outer branch is related to the anterior Hancockmmor(Edlingerl980, Huber 1993).
This is congruent to the assumption of Hoffmdh@39) that the c3 (afterayssiére
1880) of Haminoea hydatigepresents the Nervus labialis which innervates lip
organ. | cannot support Edlingers (1980) descniptd independent nerves for the lip

organ and the anterior Hancocks organ.

The CSO termed as posterior lip organ in the ptesterdy by myself, was described by
Edlinger (1980) as the anterior Hancocks organ (@se chapter 3.2). The N3
innervates the Hancocks organ, this is congruerth weiarlier investigations by
Vayssiérg1880) and Hubgf1993). | found the Nclc to innervate the postedephalic
shield. My description of the Nclc is also congru¢o the basic Bauplan of the
Architectibranchia and Bullomorpha described by eh§h993).
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In Scaphander lignariugFig. 15B) | found a variation of the pattern désed for
Haminoea hydatisThe N1 provides the lip and anterior cephaliehiwhereas the N2
innervates the lip organ, similar to the lip orgalich has been described by Edlinger
(1980) for Acteon tornatilis The N3 innervates the Hancocks organ, which looks
extremely similar to the lip organ éicteon tornatilis Both of these very similar CSOs
are innervated by different nerves. As the cephsgtiield of Scaphander lignariuss
very muscular and prominent and the Nclc is venalsnthus difficult to dissect, |
cannot exclude that the fourth nerve (Nclc) innageg the whole cephalic shield. In my
investigations it seems to be restricted to theramt part of the cephalic shield, which

Is in absolute contrast to the neuroanatomy ofNitle in Haminoea hydatis

Figure 15: Neuroanatomical scheme of the four cerebral neofethe investigated

Cephalaspidea (only right hemisphere showt)Haminoea hydatisB: Scaphander
lignarius; N1 in yellow, N2 in blue, N3 in red and the Ndafcgreen; CbG — cerebral
ganglion, HO — Hancocks organ, LO — lip organ.
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3.3.6 Achatinafulica

In Achatina fulica a pulmonate species, | found the same pattecerebral nerves like

in the investigated opisthobranch taxa (Fig. 1@an describe four cerebral nerves, the
N1 innervates the lip, the also bifurcated N2 tieaor head region and the small
anterior tentacles, which were also termed “rhirewph”. The N3 innervates the large
posterior tentacles through a tentacle gangliomsé&lposterior tentacles are also called
ommatophores (lerusalimsky and Balaban 2007, lénuislay and Balaban 2005). The
Nclc provides the lateral and anterior head regidns organisation has been described
to be common throughout the whole Stylommatophdeaugalimsky and Balaban
2007).

Cbg —0_

V.

[ I 4 N1
y —— Ommatophore

N3 N2 “Rhinophores”

Nclc

Figure 16: Neuroanatomical scheme of the four cerebral neofethe investigated
Stylommatophorachatina fulica(only right hemisphere shown). N1 in yellow, N2 in

blue, N3 in red and the Nclc in green.
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3.3.7 Littorina littorea

In Littorina littorea, | found only three cerebral nerves (Fig. 17).caal nerve, termed
as N1 which innervates the lip and anterior hegtbre a tentacle nerve which provides
the only pair of clearly identifiable CSOs (the tisies), and a third nerve, termed as
Nclc which also innervates the anterior head region the ground pattern for
Caenogastropoda, Huber (1993) mentioned the Nleagull labialis superior = Nervus
oralis. Furthermore, Huber (1993) described the cN@&s Nervus labialis/
labiotentacularis/ menti, synonyms which are inegahused for the N2, and the last
cerebral nerve which provides the tentacles afN#rgus tentacularis. As it is not clear
yet, if the Nervus tentacularis is homolougous te® tN2 or the N3 of the
Opisthobranchia, | mentioned this nerve here piakny as tentacular nerve, without
postulating homology hypotheses if this nerve imblmgous to the opisthobranch N2
or N3

N2/N3
Tentacular Nerve

Nclc /L
N1/

CbG
\ _— Tentacle

Figure 17: Neuroanatomical scheme of the three cerebral nesiégtorina littorea
(only right hemisphere shown). N1 in yellow, tentiac nerve in purple, and the Nclc in

green; CbG — cerebral ganglion.
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3.4  An evaluation of potential homology criteria fo cellular innervation

patterns and their intraspecific variation in Haminoea hydatis

This part of my study focuses on the definition pfeliminary criteria for
homologisation of cellular innervation patternsOpisthobranchia. | survey, whether
constant cell clusters in the central nervous sysfeNS) can be identified to project
into certain cerebral nerves innervating certairO€&nd whether these cell clusters
differ with the size and the maturity of individuahimals of the same species. In
particular, the intraspecific variability of onerae, the Nervus labialis (N2), is tested.
A bifurcation of the N2 was described as an apoimprpf the Opisthobranchia
(Salvini-Plawen and Steiner 1996) and | found d hgriability of the CSOs innervated
by the N2 in different opisthobranch taxa, e.gidbhbentacles (Anaspidea), oral veils
(Pleurobranchomorpha) or rhinophores (Sacoglodsajn going to discuss constant
properties of cell clusters which serve as critdoa homologisation of innervation.
These criteria for potential homology will be used a subsequent comparative
investigation in order to homologise cellular invegron patterns of various types of
CSOs in different Heterobranchia with focus on@pesthobranchia.

This part of my study has already been acceptegublication in a modified form by
Zoomorphology (Staubach et accepted 2008 The manuscript is added in the

supplement data.
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3.4.1 Organisation and innervation of the cephalisensory organs inHaminoea
hydatis

The CSOs are innervated by four, bilateral pairsesébral nerves iHaminoea hydatis
(Fig. 18), as indicated by the abbreviations medifirom Edlinger (1980), see chapter
3.1. The Nervus oralis (N1) innervates the lip #melanterior cephalic shield (CS). The
bifurcated Nervus labialis (N2) innervates thedigan (LO) and the anterior part of the
Hancock's organ (HO). The Nervus rhinophoralis)(M8ervates the posterior part of
the Hancock's organ and the Nervus clypei capNisld) innervates the posterior
cephalic shield. | observed no variability of thes®ves in all investigated specimen
(over 40 preparations) with regard to regions aiteal innervation or even of major

branch points.

)

Figure 18: Schematic illustration of the central nervous eyst(CNS), the four
cerebral nerves (excluding the optical nerve) ane tephalic sensory organs of
Haminoea hydatisThe right partial illustration shows the organisatof the lip organ
and the Hancocks organ (N1 - Nervus oralis, N2 fvie labialis, N3 - Nervus
rhinophoralis, Nclc - Nervus clypei capitis, L —pLiLO - lip organ, HO - Hancocks
organ, CS - Cephalic shield.) Only the right ceaéberves are shown.
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3.4.2 Ni-Lys tracing

Five replicate backfills were performed for the NM3, Nclc and N2, using only the
nerves of the right cerebral ganglion and the dhiarsstic patterns of labelled somata
for all nerves are shown in Figure 19 A-D, incluglithe approximate pathways of the
stained axons. The identified clusters were namél abbreviations signifying the
ganglion in which they are located, the nervedillend a number indicating the order of
their description (for example, CnlcBerebralNervuslabialiscluster3; Pnocl:Parietal

Nervusoralis clusterl).

Pdnic2

Pdncc4 ey

Figure 19: A: Schematic outline of cell clusters providing the. N8t Schematic
outline of cell clusters providing the NB: Schematic outline of cell clusters providing
the Nclc.D: Schematic outline of cell clusters providing the. NBe size and position
of the somata were digitalized from a camera luddaving, the distribution of the
axons are averaged from all replicates (N1 - Neowadis, N3 - Nervus rhinophoralis,
Nclc - Nervus clypei capitis, N. Opt. - Nervus api, CG — cerebral ganglia, RhG —
rhinophoral ganglia, PIG — pleural ganglia, PdGedal ganglia and PrG — right parietal
ganglia).
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In this study, | defined clusters of nerve cellspuped on the basis of their close
positioning in the ganglia and the tight fasciaglatof their axons projecting into the
filled nerve. This is shown in Figure 20, which glsothe pedal clusters for an axonal
tracing of the N2. The close relationship of thenata within one cluster is clearly

visible, but also that the axonal pathway groupé¢h®omata to one cluster.

Figure 20:  Pedal Nervuslabialisclusters (Pdnlic) 1 to 3, dorsal photography of the
pedal ganglia for an axonal tracing of the N2Haminoea hydatisThe white arrows
mark the axonal pathways of the cluster Pdnlc 3thedlack arrows mark the axonal
pathway of a single soma. This picture also shdwsproblems using photography to
show the results of an axonal tracing, as it igdeqdifficult to focus all clusters (see
Pdnlc 1 — out of focus) and nearly impossible wuithe axonal pathways.

As mentioned earlier, somata were often closelk@aaevithin individual clusters, they
were occasionally more dispersed in other clustess.example, the somata of clusters
Pdncc3 and Pdncc4 (Fig. 19C) were distributed aveelatively large portion of the
surface of the pedal ganglion but their axonal wails were clearly distinguishable into
two separate courses. | therefore designated thelgtoons as separate clusters.

For the N1 (n = 5) | identified six cerebral clust§Cnocl-6), one pleural cluster
(PInocl), one cluster in the right parietal ganglig®rnocl) and two pedal cluster
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(Pdnocl-2) in each sample (Fig. 19A). These ctasteere found in all preparations
and the variation between the samples was restrictesmall differences (1-2) in the
number of somata in some clusters only. The fiestloral cluster Cnocl is located right
to the origin of the N1 directly under the roottbé N2, it includes up to 12 somata,
characteristically are one or two large somataabdnch of nine to ten smaller somata
right to the larger ones. The second cerebral@l@hoc? lies at the same height, but is
located on the left side of the N1. It consistsloke large somata with two to three
small ones behind. The next cluster Cnoc3 is lacatethe left hand of Cnhoc2, under
the Cnoc2 and above the root of the cerebral cosures Characteristical patterns for
Cnoc3 are a large soma and up to nine smaller ddkester Cnhoc4 lies directly
underneath the clusters Cnocl, Cnoc2, Cnoc5 antbtiteof the cerebral commissure
on the right hand to Cnoc5. It consists of fivesibo small to medium sized somata. The
next cluster Cnoc5 lies on the left side above @natirectly on the root of the
commissure and simply consists of two large son¥dtia.last cerebral cluster is located
at the posterior margin of the cerebral ganglioarrt@e pleural connective. It is the
largest cluster with up to 15 medium sized sonfateracteristics are two larger somata
on the right hand and a bunch of eleven to 13 semathe left hand. The single pleural
cluster Plnocl is characterised by one large santlaearight margin, and eight to ten
small ones in the centre of the ganglion. The @alyetal cluster, Prnocl, is located on
the left side of the right parietal ganglion, atgldharacteristics are three large somata
and sometimes one medium sized soma. In the pedaglign | identified two clusters,
Pdnocl, a small cluster with only two medium sigzedata, lying on the left side near
the pleural connective and above the pedal comm@sand Pdnoc2 at the posterior
margin of the ganglion, consisting of one very &aspma, and two medium sized ones.
The second traced cerebral nerve (n = 5) was th@'N8 very short nerve terminates in
the rhinophoral ganglion (RhG) which innervates plosterior part of the Hancock's
organ via four similar short nerves. Six cerebi@hrcl-6) and three pedal clusters
(Pdnrc1-3) were identified (Fig. 19B). The posit@md the patterns of the first cerebral
cluster Cnrcl were very similar to an additionaigée cluster (Cclnrcl) in the left
cerebral ganglion, indicating that these symmetrlasters may have bilateral
projections in the N3. Additionally, two single sata occurred in both cerebral ganglia
in nearly the same position at the root of the lme&decommissure (Fig. 20B, black

arrows), again possibly indicating bilateral proj@es. The intraspecific variability
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between the five samples amounted to only very Isditierences in the number of
somata in some clusters. The first cerebral cluGtercl is located little above the
heigth of the cerebral commissure near the centréghe cerebral ganglia. It is
characterised by one large and three medium siaedts, additionally a small soma
occurs in two of the five samples. The position #m&l patterns of the cluster are very
similar to the single cluster (Clnrcl) in the lefrebral ganglion, indicating that this
cluster is a contralateral adequate to Cnrcl. Aaithlly, two single somata occur in
both cerebral ganglia at nearly the same positibthe root of the cerebral commissure,
maybe also contralateral. The second cerebraletl@sirc2 lies in direct neighbourhood
of the first cluster and consists of seven to emghatium sized somata. The five medium
sized somata of the third cerebral cluster (CnecB)very close together. This cluster is
located in the centre of the ganglion, in one lbetween the root of the cerebral
commissure and the N3. The fourth cluster (Cnre$) hext to Cnrc3 on the right side,
near the root of the N3. Four small somata arengad nearly in a line from anterior to
posterior. Cluster Cnrc5 is located at the innest@mor margin of the cerebral ganglion
and consists of one very large soma and two medized somata. The last cerebral
cluster Cnrc6 is very widespread and located righthe fifth cluster underneath the
other cerebral clusters. Its characteristics areetlsmaller somata close together at the
posterior margin of the ganglion and five to sixrendispersed somata above. The first
pedal cluster Pdnrcl lies at the roots of the gateind pleural connectives and consists
of two to three large somata in an extended rove. écond cluster (Pdnrc2) is located
at the outer margin of the ganglia and can be cherigaed by a patch of three large
somata at the posterior end of the ganglion andrectb of four to six medium sized
somata above. The third pedal cluster (Pdnrc3)ureserneath Pdnrcl on the left hand
to Pdnrc2 and consists of a single larger somadstvtwo bunches of medium sized
somata with four to five somata each.

The smallest cerebral nerve, Nclc, innervates tbstepior cephalic shield. The
innervation pattern (n = 5) consists of five ceal{Cnccl-5) and four pedal clusters
(Pdnccl-4) (Fig. 19C). In comparison to the otherebral nerves | found a higher
absolute number of somata in the pedal clustetsi®herve. Additionally, cerebral and
pedal clusters showed comparable number of sorihta.was not found for the other

nerves where cerebral somata always outhnumbered pees.
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Cnccl lies at the root of the N1 and is a smaltipaif four medium sized somata.
Cluster Cncc2 is more widespread and located atatiterior end of the cerebral
commissure, characteristic is a patch of four ve 8mall somata surrounded by seven
of nine medium sized somata. The third and largester (Cncc3) is also located at the
root of the commissure but more posteriorly. It sists of two bunches of medium
sized somata with a single soma lying between thauh,more posteriorly. Cluster
Cncc4 is located at the right hand of Cncc3 andomstwo medium sized somata. The
last cerebral cluster Cncc5 is located at the oddthe Nclc and consists of three to four
somata in a horizontal line.

The first pedal cluster (Pdnccl) is found at thet f the pleural ganglion and consists
of one large and one medium sized soma. The sedaoster (Pdncc2) lies on the right
outer margin of the ganglion and is characterisgdhbee medium sized somata in a
row or semi circle. The last two clusters are merdespread and are located next to
each other on the inner posterior part of the gangPdncc3 is located near the root of
the pedal commissure on the left side with up tonbedium sized somata and five very
large somata. The last cluster (Pdncc4) also hlagta amount of somata (up to 17
medium and one very large somata) and is locatéldeatight hand to cluster Pdncc3.
The last cerebral nerve, the N2 innervates two @@plsensory organs, the lip organ
and the anterior Hancock’s organ (Edlinger 1980).

The innervation patterns of large individuals (ss&le > 30 mr Tab. I, Supplement
data) consists of five cerebral clusters (Cniclthijee pedal clusters (Pdnlcl-3) and a
single soma in both pedal ganglia at nearly theesgmsition possibly indicating
bilateral projections (Fig. 19D). The first clusi€nlcl) is located above the anterior
margin of the cerebral commissure, on the innergmaof the ganglia under the N1
root. In the ganglia of the largest animals it itds up to 15 somata in nearly a line
from anterior to posterior, and a characteristycplittern were three larger somata lying
more ventral in a row or a weak semi circle. Mydstigations indicate the addition of
several smaller somata with an increasing sizenefanimal (see also Fig. 21). The
second cerebral cluster (Cnlc2) is located at #mesheight like Cnlcl but at the outer
margin, right to the root of the N2 and is charazesl by one large, six to eight middle
sized and up to three very small somata in a rosalleato the large soma. The next
cerebral cluster (Cnlc3) lies between Cnlcl andcZiiut more anteriorly, in one line

with the root of the N1 and consists of three toeninedium sized somata. The cluster
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Cnic4 lies at the posterior inner margin of theebeal ganglia, next to the cerebral
commissure and anterior to Cnlc3. Cnlc4 is chareetd by a mixture of maximal three
large and five smaller somata. The last cerebrastel (Cnlc5) is located at the
posterior outer margin of the ganglia and nextmc® and is characterized by up to ten
medium sized somata in a horizontal row. In laigdividuals | found three additional
cell clusters in the pedal ganglia (Pnlc1-3) ancesd contralateral somata in the left
and right cerebral ganglia. The first pedal clustesomata (Pnicl) lies left to the root
of the cerebral connective, at the inner margithefganglia and is characterized by six
to eight large and medium sized somata. The sepeddl cluster (Pnic2) is located at
the right outer margin under Pnlcl and mostly cstesof 3 somata of all sizes. The last
pedal cluster (Pnic3) lies between Pnlcl and PatcBe anterior margin in one line
with the base of the cerebral connective and iredudne large soma and up to four
medium sized somata. In comparison to the innemapatterns of other nerves, the
clusters were easier to identify based on theirtipos as | found clearly spatial
separations. | found no significant differencesnmmber of cell somata between
samples of roughly similar sizes (Fig. 21, e.g. glas 16-18). Similarly sized

individuals were characterised by the shell size.
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Figure 21:  Graph showing sizes and number of cells in thelzateell clusters. The
x-axis represents the investigated animals (n = P3¢ left y-axis shows the length of
the commissure in um and the mean diameter ofdhebcal ganglia in um, the right y-
axis represents the shell size (length*breadtim? and the number of somata in the

clusters.
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3.4.3 Variability of N2 labelling

The specific aim of this part of my study was tst tine variability of axonal projections
from identified clusters into specific nerves inveing the CSOs, followed by a
description of variable and invariable charactdrcallular innervation patterns. The
invariable characters should be used to defineraifor homology. For this purpose, |
used the largest cerebral nerve, the Nervus lab{dl2). First, | found no significant

variability between innervation patterns for thé e right N2. The staining patterns
were nearly mirror images with all identified cleigt containing cells of comparable
sizes and numbers (data not shown). To test dewaofal variability | compared the

backfilled labelling in animals of varying body e& All measured body sizes (Fig. 22),
the number of cerebral clusters and the total nurobstained somata in the cerebral

clusters are shown in Figure 21.
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Figure 22:  Schematic drawing of part of the CNS and of thellsin Haminoea
hydatis The sizes, measured for the correlation analgses shown: The maximum
diameter of the cerebral ganglia, the length of ¢bexmissure and the length and
breadth of the shell. (N1 - Nervus oralis, N2 - Wex labialis, N3 - Nervus
rhinophoralis, Nclc - Nervus clypei capitis, N.OptNervus opticus, RhG - rhinophoral

ganglia, CG - cerebral ganglia.)
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The data indicate a constant number of cerebraitens in all individuals, but with
increasing body size | found increasing numbergealdls (from eight to 65 over all
clusters) in several clusters. Correlation anay®wed a high correlation between the
absolute number of somata projecting into the N2 the size of the animals (Fig. 21,
23, 24).

0,5 mm N1

Size of the investigated specimen

Figure 23:  Schematic outline of cell clusters in several trighrebral ganglia of
individuals of different sizes. The size and positof the cells were digitalized from
camera lucida drawings (N1 - Nervus oralis, N3 f\Ne rhinophoralis, Nclc - Nervus

clypei capitis, N. Opt. - Nervus opticus and Cooerebral commissure).
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Figure 24: Showing the difference of innervation patternstfar N2 between a smal\}
and a large individualB), especially for the cluster Cnlc2 in the pictu@gsmall individual)
andD (large individual). Caused by the plasticity ahd pigmentation of the ganglia, camera
lucida drawings are more adequate to show theistpthan photos do. Pictuie shows one of

the less staining photography with all cerebral anel pedal cluster visible.
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For both analyses, the Pearson and the nonparansetrelation analyses, | obtained
similar significant correlations between the meadumorphological sizes and the
number of labelled somata. | found significant etations for the number of cells with
the animal’'s shell size (Pearson=r 0,92470, P<0,0001; Spearman r = 0,9312,
P<0,0001), with the length of the commissure (Rwars = 0,74070, P<0,0001;
Spearman r = 0,6895, P=0,0003) and the averageetkarof the cerebral ganglia
(Pearson £~ 0,4988, P = 0,0154; Spearman r = 0,7505, P<0)0001both analyses |
found the highest correlation between the shek sind the number of innervating
somata in the cerebral ganglia. Additionally | mead the maximum diameter of each

soma in each of the cerebral clusters Cnlc1-5 @3y.
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Figure 25:  Graph showing the distribution of soma sizes echrebral cell clusters

(Cnlc1-5). The x-axis represents the investigatedhals (n = 23), in the same order
like in Table Il, (Supplement Data). Each rectangdpresents one individual. Every
cluster is represented by a different colour, aral dlusters are ordered on the x-axis

from left to right. The y-axis shows the maximaidéh of the somata in um.

All clusters showed an increase of soma size witiheiasing shell size. But the data set
is too small for equivalent analyses of correladidretween shell size and the size of
single somata. Also with the axonal tracing techaigt is possible to identify
characteristic cell clusters, but an identificatminsingle cells is not given. Therefore
the increasing soma size can also be postulatedteend. In contrast to the cerebral
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clusters described above, the number of pedaleshistaried. Pedal clusters could not
be found in smaller individuals (samples one to W8)ereas larger individuals possess
three clusters in the right pedal ganglion (sampi$o 23). All investigated specimen

show no or three pedal clusters. This indicates tti@ three pedal clusters occur with

increasing body size and are present in all landeviduals.

To summarise, the results of this chapter demaestteat all four stained cerebral
nerves can be traced to specific cell clusterschviare distributed across the cerebral
ganglia. The identities of cerebral clusters arecdj for each nerve and independent
of the size of the individual slug. Most somatajgectng into the different cerebral
nerves are located in the cerebral clusters. |falsnd relative high numbers of somata
in the pedal ganglia projecting directly into th8@s via the cerebral nerves. While the
identities of the various clusters are specifichi® nerves and independent of the sizes
of the specimens, the diameters and the absolutdens of somata within the clusters

depend on the size of the animal.

49



Results and Discussion

3.4.4 Discussion

The aim of this chapter was to provide a descniptd the innervation patterns for
cerebral nerves oHaminoea hydatisn order to define a morphological character
complex for the homologisation of the nerves andckethe homologisation of the
cephalic sensory organs innervated by these nelNegefore, a specific goal of the
current part of my investigations was to charasteseveral detailed features of the
innervation patterns, including the size, posito number of neuronal clusters within
the central ganglia projecting into each of thec#generves. Additionally, | tested the
intraspecific variability of the patterns of thesemata in order to provide a basis for
identification of specific innervation patterns feach cerebral nerve. Previous studies
have reported high variability of certain innereatipatterns in Crustacea (Hayman-Paul
1991) and other invertebrates (Goodman et al. 18i$3s 1991, Kutsch and Breidbach
1994). Therefore, | systematically examined charastics of cellular innervation
patterns for different nerves (N1, N2, N3, Nclg,veell as differences in laterality and
correlations between the size of animals and iratem patterns of one specific nerve
(N2).

My results clearly indicate that efferent projensanto all four cerebral nerves could be
attributed to specific cerebral, pleural, parietedld pedal cell clusters, which are
cardinally characterised by their relative posii@md axonal pathways in the respective
ganglion (Fig. 19 A-D). In addition, | found thatese clusters were characterised by
similar relative sizes of somata within clustersdémonstrated remarkably little
variability in these two characteristics when exaimg animals of comparable sizes,
and in the case of the N2 also regardless of tieeality of the nerves. With the purely
anatomical nature of this study, it is of coursepassible to assign specific functions to
the various cell clusters, but projection pattdrom the different ganglia might broadly
correlate with general functions. For example, raes mediating consummatory
feeding behaviours have been widely describedenctdrebral ganglia (and also buccal
ganglia not examined here) in other gastropodsottEdhd Susswein 2002). One might
therefore expect neurons innervating organs medjationtact chemoreception and
mechanoreception to similarly be located in theelbsal ganglia. Conversely the pedal
ganglia are especially known to coordinate locoorotand might be expected to be
more closely related to a distance chemoreceptrgano These considerations are

supported for example by the fact, that backfillingl, which innervates the lip, a
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contact chemoreceptor, revealed the lowest amodntpemlal somata, whereas
backfilling N3, which innervates the posterior ldaoks organ, a distance
chemoreceptor, revealed a higher number of pedaasn The highest number of
pedal somata, however, was found backfilling thdcN@his nerve innervates the
posterior cephalic shield. The cephalic shield plag important role for locomotion of
Haminoea hydatissince it is used as a plough. During a long phthe daylight phase,
Haminoea hydatiss entrenched in the sand, probably as a proteetiyainst predators
and the cephalic shield appears to aid in burrovinnthe substrate (unpublished own
observations, Hoffmann 1939). Therefore, a highanimer of pedal neurons providing
this locomotory organ seem reasonable. Neverthelkssexact function of the pedal
somata is not clarified yet. More comparable ddtaus other cephalaspid taxa with
diverse strategies against predation or livingoicky habitats are needed.

While the backfilling of each nerve yielded a catent pattern of clusters, which, in
turn, each contained somata of similar relativesiin larger specimens, | also found
three sources of intraspecific variability. In di@maspecimen, | observed: 1) lesser
numbers of cells in clusters, 2) smaller cells witthe clusters, and 3) fewer clusters.
These changes correlated with all of the differaeasurements of animal size used in
this study. The measurement which provided thedsghborrelation was the shell size,
which has been used as a standard method (Hubeb®i&¥® of describing the size of
soft-bodied shelled animals, like bivalves and iggsids. Measurements of ganglionic
structures, which are directly influenced by thaliidn or the growth of neuronal
somata, might be expected to provide higher cdrogls, but are also subject to
shrinkage during histological processing. In facgliminary experiments attempting to
measure the sizes of CSOs were also confoundechtigble degrees of contraction
during dissection in addition to subsequent higficial distortions. Moreover, | did not
use the age, because | observed an extremely haghtion in body size from
individuals of the same clutch. Thus | believe thatly size provides a poor indication
for age, as has also been postulated for otherogasts such akymnaea stagnalis
(Croll and Chiassion 1989).

| propose several explanations for increasing nusmbad sizes of neuronal somata as
well as the addition of pedal clusters in relatiorthe size of the animal. First, the N2
innervates the lip organ and the anterior Hancawoksn, both of which are sensory
organs (Edlinger 1980, Huber 1993). With growthtte animal, the sensory epithelia
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and associated glandular cells and muscles enl@iggefore larger numbers of cells
are needed to innervate these structures. Sedmadizes of the somata also enhance
with increasing size of the animals. This could deplained with larger somata
supporting larger axonal arborisations in either pleriphery or in the central ganglia.
Third, the addition of new pedal clusters may dateewith developmental changes in
behaviour and physiology, which comprise predatimabitat and of course maturity.
Specifically, new clusters of cells may be addedh&® nervous system to mediate the
appearance of new behaviours.

My study employed a neuroanatomical technique Yestigate innervation patterns in
an opisthobranch gastropod. My results are comdisteh previous work in molluscs
and other taxa using immunocytochemical or addiiidnstological techniques. Other
studies also found size dependence or developmehdalges like additional somata,
cell clusters or growth of somata in the whole CatSit was observed in my study
(Ogawa 1939, Stewart et al. 1986, Hauser and Koiipd®87, Cash and Carew 1989).
For example investigations on 5HT-lir (lir = likenmuno reactivity) neurons of
nudibranchs (Newcomb et al. 2006) showed that the of somata in the CNS is
correlated to brain size. Moreover Newcomb et 2006) found a weak correlation of
the number of neurons in the CNS to brain sizeasd reported a higher intraspecific
variation for neurons in pedal than in cerebrastts. Additionally, Croll and Chiasson
(1989) reported an increase in the numbers of msyroainly in identifiable clusters of
neurons, and an increase in the size of somatadmtonergic neurons during the
postembryonic development in the CNS of the basamph@ran snailLymnaea
stagnalis They also noted the addition of clusters of nesnm various central ganglia
including the pedal ganglia. This is congruent witi own investigations of additional
pedal clusters labelled by N2 backfilling in largédividuals which might be caused by
developmental changes. The pedal ganglia are edlydanown for the coordination of
locomotion which may undergo developmental changeiés chemosensory control.
The preferred food resourceskddminoea hydatigyreen macroalgaes likdlva lactuca
or Enteromorpha spegoccur in patches and in smaller individuals the iitglof the
animal is restricted. So it is possible that snmadividuals with less mobility are forced
to find food with their contact chemoreceptor, wdeer larger individuals with a higher
mobility have the possibility to find new patchesanlequate food sources with their
distance chemoreceptor (Chester 1993) which ingdiweomotion.
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While my findings are consistent with previous réteire indicating changes in the
number of cells and clusters with increasing botke,sl cannot discount possible
contributions of system biases due to technicaficdities. Specifically smaller
specimen may have greater numbers of incompleteenilis despite my rigorous
adoption of criteria for completeness. Furthed&s might employ double labelling
technigues combining backfills with immunocytocheati labels for transmitter
contents to surmount such problems. However, dégss of the source of variability,
my results clearly demonstrate that the numbert$ evithin cerebral clusters and the
numbers of pedal clusters are not likely to be adex characters for homologising

cerebral nerves across the Opisthobranchia.

Knowledge of intraspecific variation in a charaaemplex such as innervation patterns
as discussed before is a prerequisite for compaiy homologising such character
complexes in different taxa. In order to homologs®ictures it is important, that only
constant or relatively invariable features shoutdcbnsidered for the homologisation.
This is also true for homologising innervation pats and in consequence organs or
structures provided by these. Therefore | use cheniatics of the innervation patterns
of the cerebral nerves dflaminoea hydatisto define criteria for a subsequent
homologisation of these nerves. Up to now, the Hogyw of cerebral nerves in
heterobranch gastropods has only been identifiethédyanglionic origin of the nerves
(Huber 1993). Whereas the N3 can easily be idedtiby the ganglionic origin, |
believe that this criterion is insufficient for ethnerves like the Nclc (Edlinger 1980) or
the differentiation between the inner and the obranch of the bifurcated N2. Such
issues can also be entrapped by circular argunienthie homologisation of sensory
organs, whereby nerves are named according tanhelge which they innervate, but,
in turn, the structures were homologised by theegwhich project to them. Therefore
| hereby define the following criteria for homolsgtion of innervation patterns of the
cerebral nerves dlaminoea hydatisbecause these innervation patterns provide more
complex characteristics than ganglionic originsefves:

1) The number of cerebral cell clusters. Presumallgh cluster represents cells or
regions with particular projections and differeah€tions. This constancy in presence
of neuronal structures in the cerebral ganglionrbasntly been postulated as a criterion

for homology by Newcomb et al. (2006).
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2) The distribution of the axonal pathways. Whiie final arborisation of the axons
can be highly variable (Croll 1987, Kutsch and Bbeich 1994), the major pathways of
tracts projecting to the different nerves were fbtm be highly consistent in the present
study.

3) The position of the cell clusters in relationelach other and to ganglionic structures,
like nerve roots, commissures and connectivesadh the position of clusters has been
used widely as a means for identifying them in iggostds, even through wide ranges of
ontogeny (Croll and Chiasson 1989). Neverthelesisplacement of whole clusters
during development, as described by Newcomb ef28l06) for 5HT-lir somata has
been noted and further studies are needed tdhisstriterion between different taxa.

4) The relative size of somata within each clugterelation to other somata in the
same cluster. This is the weakest criterion, asgh kariability in size (Croll and
Chiasson 1989) and a correlation between somaasidebrain size was observed in
serotonergic neurons of other gastropod taxa (Nevecet al. 2006).

As stated above, the goal of this study was tdoéshathe use of backfilling techniques
to provide better means for homologising nerves gimply relying upon the positions
of their origins from the central ganglia. Howevekmlso acknowledge the eventual
need for further criteria to assess homology, idiclg the neurotransmitter content and
other physiological features as well as patterrdesklopmental genes expressed by the
specific populations of neurons. In this way | vg#it a more detailed characterisation of
the innervation patterns, a basic premise undeassamption that high complexity and
similarities of all kinds (Bock 1989) are fundamedntriterions for an explanation of
homology.

In conclusion, | postulate the axonal tracing teghe primary as a method for the
homologisation of nerves. The axonal tracing teghai gives us a morphological
character complex to homologise cerebral clustard,in consequence to describe and
identify neuronal structures. This character comph@as a higher complexity than
ganglionic structures, therefore innervation patieare more suitable to distinguish
between homologous and analogous nerves. The alieery about the variability and
my definition of criteria for homologous innervatigpatterns of the cerebral nerves in
Opisthobranchia can now be used to compare thessmmathroughout different taxa of
Opisthobranchia in order to homologise nerves aadtgans which they innervate.
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3.5 Potential homology of innervation patterns anderebral nerves

In this chapter, | will compare the innervationtpats for the cerebral nerves of the
investigated species. This chapter serves as aanded test whether patterns of
individual neurons can be used as a morphologialptex for the homologisation of
nerves. Here | will test if the homology criteriar fthe cellular innervation patterns,
based on the intraspecific investigations in chai@el can be confirmed when
comparing interspecific cellular innervation paterThe primary aim of this chapter is
to describe and compare tracing patterns betweleratit taxa of Opisthobranchia,
Stylommatophora and Caenogastropoda. Secondly t teahomologise the cerebral
nerves and in follow to postulate primary hypottsesehomology for the CSOs. These
primary homology hypotheses of the cerebral neimesrvating the CSOs of different
Opisthobranchia orders should be part in homologishe CSOs. At this point | will
not postulate final homologies for the CSOs theweselthis will be part of chapter 4.7.
Nevertheless, the homology hypothesis of the caletarves will give a first indication
for the homologies of the CSOs. As basic pattemtlie comparison of the cellular
innervation patterns, | used the cellular inneosapatterns described in chapter 3.4 for

Haminoea hydatis
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3.5.1 Innervation patterns of Acteon tornatilis

By conducting the axonal tracing studies | am dbleeconstruct cellular innervation
patterns for the four cerebral nervesAaiteon tornatilis The characteristic patterns of
labelled somata for all nerves are shown in Fig26A-D, including the approximate
pathways of the stained axons. For the N1/Nervadisofn = 10) | can identify six
cerebral clusters (Cnocl-6) and one pedal clugténdcl) in each sample (Fig. 26A).
The variation between the samples is restrictecttyp few somata in some clusters. The
cerebral clusters are distributed over the wholelmal ganglion. The pedal cluster
Pdnocl is located on the anterior margin of theapeganglion above the pedal
commissure. The innervation pattern of the N2/Nerabialis (n=10) consists of five
cerebral clusters (Cnlc1-5) and three pedal clsgfednicl-3) (Fig. 26B). The cerebral
clusters show distinct spatial separations andeasy to identify. The third traced
cerebral nerve (n = 10) is the N3/Nervus rhinopl®r&ix cerebral (Cnrcl1-6) and three
pedal clusters (Pdnrcl-3) are identified (Fig. 268Gpund an additional single cluster
(Cclnrcl) and a single soma in the left cerebral gangls®e (arrows in Fig. 26C). The
contralateral cluster is located at the base oNBeavhereas the single soma is found at
the root of the cerebral commissure. | observeghslintraspecific variability between
the ten samples which amounted only to very fewaanin some clusters. In the
Nclc/Nervus clypei capitis, the innervation (n =) Jattern consisted of five cerebral
clusters (Cnccl-5) and a single soma at the lateaadjin of the cerebral ganglion above
the pedal connective (Fig. 26D). Additionally | falifour pedal clusters (Pdnccl-4).
The Nclc had the highest amount of pedal clustersll investigated nerves. The
number of pedal somata, however, is comparableegmtimber of pedal somata for the

N2 innervation pattern (Fig. 26B).
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Figure 26:  Schematic outline of somata and their axons ptioganto the N1 A),

N2 (B), N3 (C) and Nclc D) of Acteon tornatilis The size and position of the somata
are digitalized from a camera lucida drawing, tistrdbution of the axons are averaged
over all replicates. N1 - Nervus oralis, N2 - Nes\tabialis, N3 - Nervus rhinophoralis,

Nclc - Nervus clypei capitis, N. Opt. - Nervus aps, CG - cerebral ganglia, PIG -

pleural ganglia, PdG - pedal ganglia.
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3.5.2 Innervation patterns ofPleurobranchaea meckeli

The characteristic patterns of labelled somata &lr four cerebral nerves of

Pleurobranchaea meckelre shown in Figure 27A-D, including the approxiena

pathways of the stained axons. For the N1/Nervasofn = 8) | also can identify six

cerebral clusters (Cnocl-6) in each sample (Fig)2&gain the variation between the
samples is restricted to very few somata in somstets. The cerebral clusters are
primarily distributed in the median anterior regiohthe cerebral ganglion, except for
Cnoc2 and Cnoc6. The innervation pattern of the\ldB/us labialis (n = 9) consists of
five cerebral clusters (Cnlcl-5) and three pedabters (Pdnicl-3) (Fig. 27B). The
cerebral clusters show distinct spatial separatams are easy to identify. The third
traced cerebral nerve (n = 10) is the N3/Nervusapinoralis. Six cerebral (Cnrcl-6),
one contralateral cerebral (Cinrcl) and two petiaters (Pdnrcl-2) are identified (Fig.
27C). The contralateral cluster is located in th&@or region of the cerebral ganglion
near the base of the N2 like iActeon tornatilis | observed slight intraspecific

variability between the samples which amounted dnolywery few somata in some
clusters. In the Nclc/Nervus clypei capitis, thearvation (n = 10) pattern consisted of
five cerebral clusters (Cnccl-5) (Fig. 27D). Unliketeon tornatilisl found no pedal

clusters.
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Pdnrc1

\Pdnrcz

Figure 27:  Schematic outline of somata and their axons ptiogdnto the N1 A),

N2 (B), N3 (C) and Nclc D) of Pleurobranchaea meckellhe size and position of the
somata are digitalized from a camera lucida drawihg distribution of the axons are
averaged over all replicates. N1 - Nervus oralig, -NNervus labialis, N3 - Nervus
rhinophoralis, Nclc - Nervus clypei capitis, N. OptNervus opticus, CG - cerebral

ganglia, PIG - pleural ganglia, PdG - pedal ganglia
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3.5.3 Innervation patterns ofArchidoris pseudoargus

The characteristic cellular innervation patternsibffour cerebral nerves @rchidoris
pseudoargusare shown in Figure 28A-D. For the N1/Nervus argh = 10) also six
cerebral clusters (Cnocl-6) in each sample (Fig.) 28e present. Additionally, | found
two pedal clusters (Pdnocl-2) and a cerebral datéral cluster (Clnocl). The
contralateral cluster is labelled in italics (FRBA). Again the variation between the
samples is restricted to very few somata in somustets. The cerebral clusters are
distributed across the entire cerebral ganglione Du the fusion of the ganglia in
Archidoris pseudoargysthe clusters are not well separated, also thelpeldster
Pdnocl (abbreviation in blue, Fig. 28A) is locawidectly underneath the cerebral
clusters. The innervation pattern of the N2/Nerlatsalis (n = 10) consists of five
cerebral clusters (Cnlcl-5), a contralateral ceetluster (Clnicl) and a pedal clusters
(Pdnlcl) (Fig. 28B). Here the cerebral clustersasdestinct spatial separations and are
also easy to identify, like i\cteonand PleurobranchaeaThe third traced cerebral
nerve (n = 10) is the N3/Nervus rhinophoralis. &xebral (Cnrc1-6), one contralateral
soma and three pedal cluster (Pdnrcl-3) are idemtfFig. 28C). The contralateral
soma is located near the base of the N2 like tmr@iateral cluster Cinrcl iActeon
tornatilis and Pleurobranchaea meckeliAgain | only observed slight intraspecific
variability between the samples. In the Nclc/Nerelypei capitis, the innervation (n =
10) pattern consisted of five cerebral clusterscflrb) (Fig. 28D) and one pedal

cluster (Pdnccl).
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Pdnrc

Figure 28:  Schematic outline of somata and their axons ptiogdnto the N1 A),

N2 (B), N3 (C) and Nclc D) of Archidoris pseudoargusThe size and position of the
somata are digitalized from a camera lucida drawihg distribution of the axons are
averaged over all replicates. N1 - Nervus oralig, NNervus labialis, N3 - Nervus
rhinophoralis, Nclc - Nervus clypei capitis, CGerebral ganglia, PIG - pleural ganglia,

PdG - pedal ganglia.
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3.5.4 Innervation patterns ofAplysia spp.
The tracing patterns oAplysia californicaand Aplysia punctatashow no significant
differences, therefore | will describe the innerwatpatterns ofAplysia spp. in this

chapter

All four typical innervation patterns for the cerabnerves ofAplysiaspp.are shown in
Figure 29A-D. For the N1/Nervus oralis (n = 20)ahccharacterize six cerebral clusters
(Cnocl-6) in each sample (Fig. 29A). Additionallfound two pedal clusters (Pdnoc1-
2). Like in earlier investigated species the vaviabetween the samples is restricted to
very few somata in some clusters. The cerebrataisisare distributed over the whole
cerebral ganglion. The innervation pattern of tfi#Néervus labialis (n = 20) consists of
five cerebral clusters (Cnlcl1-5), a contralateeakbral cluster (Clnicl) and three pedal
clusters (Pdnicl1-3) (Fig. 29B). The innervationt@ats for the cerebral clusters show
distinct spatial separations and are also easy dentify, like in Acteon
Pleurobranchaeaand Archidoris The third traced cerebral nerve (n = 20) is the
N3/Nervus rhinophoralis. Six cerebral clusters @r8), one contralateral soma and
three pedal clusters (Pdnrcl-3) are identified, mamable toArchidoris pseudoargus
(Fig. 29C). | only observed slight intraspecificriadility between the samples. In the
Nclc/Nervus clypei capitis, the innervation (n =) Jattern consisted of five cerebral
clusters (Cnccl-5) (Fig. 28D) and three pedal eluddnccl-3).
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Figure 29:  Schematic outline of somata and their axons ptioganto the N1 A),

N2 (B), N3 (C) and Nclc D) of Aplysia The size and position of the somata are
digitalized from a camera lucida drawing, the disttion of the axons are averaged
over all replicates. N1 - Nervus oralis, N2 - Nes\tabialis, N3 - Nervus rhinophoralis,
Nclc - Nervus clypei capitis, CG - cerebral gangkdG - pleural ganglia, PdG - pedal
ganglia, N. Opt. - Nervus opticus.
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3.5.5 Innervation patterns ofHaminoea hydatis
The innervation patterns ¢faminoea hydatidrave already been described in chapter

3.4, but for an easier comparison of the innervapatterns | will show the figure again.

Cnicl

Pdncc?2

' W Pdnccl

\
i ’PdnccB
Pdnccd

Pdnrc2

Figure 30:  Schematic outline of somata and their axons ptioganto the N1 A),

N2 (B), N3 (C) and Nclc D) of Haminoea hydatisThe size and position of the somata
are digitalized from a camera lucida drawing, tistrdbution of the axons are averaged
over all replicates. N1 - Nervus oralis, N2 - Nes\tabialis, N3 - Nervus rhinophoralis,
Nclc - Nervus clypei capitis, CG - cerebral gangkdG - rhinophoral ganglia, PIG -
pleural ganglia, PdG - pedal ganglia, N. opt. -\eropticus.
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3.5.6 Innervation patterns ofAchatina fulica

The characteristic patterns of labelled somataafbfour cerebral nerves dkchatina
fulica are shown in Figure 31A-D. For the N1/Nervus ardgh = 4) | can locate six
cerebral clusters (Cnocl-6) in each sample (Figd)3tomparable to all species
described so far. Additionally, | found two ped#listers (Pdnoc 1-2). The cerebral
clusters are distributed across the complete calrglanglion. Here | found a torsion of
the first three cerebral clusters (Chocl-3) whichlacated at the lateral and not median
margin of the ganglion. However, they are locatémbes to the N1, which is here
positioned laterally and not anteriorly like in tlether investigated species. The
innervation pattern of the N2/Nervus labialis (m)=consists of five cerebral clusters
(Cnlc1-5), a contralateral cerebral cluster (Clplahd four pedal clusters (Pdnlcl-4)
(Fig. 31B). The cerebral clusters show the typuliatinct spatial separations and are
also easy to identify, like in some of the earligscribed species. Again | found a
torsion in the position of the cerebral clusterse Third traced cerebral nerve (n = 4) is
the N3/Nervus rhinophoralis. Six cerebral (Cnrclt®)p contralateral cluster€lnrcl-

2) and two pedal clusters (Pdnrcl-2) are identifieid. 31C). Again | only observed
slight intraspecific variability between the sangplin the Nclc/Nervus clypei capitis (n
= 4), the innervation pattern consisted of fiveeteal clusters (Cnccl-5) (Fig. 31D) and

two pedal clusters (Pdnccl-2).
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Figure 31:

N2 (B), N3 (C) and Nclc D) of Achatina fulica The size and position of the somata are

Nclc ==Cnic3 ‘
Cnic4
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Schematic outline of somata and their axons ptiogéento the N1 A),

digitalized from a camera lucida drawing, the disttion of the axons are averaged

over all replicates. N1 - Nervus oralis, N2 - Nesvabialis, N3 - Nervus rhinophoralis,

Nclc - Nervus clypei capitis, CG - cerebral gangkdG - pleural ganglia, PdG - pedal

ganglia, N. Opt. - Nervus opticus.
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3.5.7 Innervation patterns ofLittorina littorea

The innervation patterns dfittorina littorea are considerably different from the
innervation pattern of the other investigated sgciAt this point it is important to
mention that.ittorina littorea belongs to the Caenogastropoda and only possésses
cerebral nerves, the N1, the Nervus tentaculamisthe Nclc. The innervation patterns
for the three cerebral nerves lattorina littorea are shown in Figure 32A-D. For the
N1/Nervus oralis (n = 10) | can identify six ceralbclusters (Cnocl-6) in each sample
(Fig. 32A). Additionally | can describe one pedhister (Pdnocl) and two contralateral
pedal clusters@lnoc 1-3. The cerebral clusters are distributed more pimste within
the cerebral ganglion. The innervation pattern leg Nervus tentacularis (n = 10)
consists of ten cerebral clusters (Ctent1-10) acdndralateral cerebral clusteZl{entl)
(Fig. 32B, D). | could not detect any pedal clust€he cerebral clusters show no
distinct spatial separations and are not easyewtiiy, unlike in other investigated taxa.
For the Nclc/Nervus clypei capitis, the innervation= 10) pattern consists of five
cerebral clusters (Cnccl-5) (Fig. 32C) and two peldsters (Pdnccl-2).
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Figure 32:  Schematic outline of somata and their axons ptiogdnto the N1 A),

PdG

»
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Nervus tentaculari@B), and Nclc C) of Littorina littorea. As | found 11 clusters in the
Innervation pattern for the Nervus tentacularis, distribution and abbreviations of the
clusters are shown enlargeD)( The size and position of the somata are digeali
from a camera lucida drawing, the distribution bé taxons are averaged over all
replicates. N1 - Nervus oralis, N. Tent - Nervustaeularis, Nclc - Nervus clypei

capitis, CbG - cerebral ganglia, PIG - pleural diamd?dG - pedal ganglia.
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3.5.8 Distribution of clusters and single somata

The distribution of clusters and single somata dkerinvestigated species is shown in
table 3. The clusters for the Nervus tentacularikittorina littorea, which are highly
outnumbered, cover the clusters described in theruation patterns for the N2 and the
N3 of the other investigated species. They are ethbdy an X and an orange color.

Overall, with exception ofLittorina littorea, | found an extremely conserved
distribution pattern for the cerebral clusters with variation in the number of clusters
across species. The position of the cerebral ckisteow some variation, but less within
the Opisthobranchia.

Most variation is found in the two Non-Opisthobrhiac Achatina fulicaandLittorina
littorea. The pedal clusters show a higher variation. sndrstribution for contralateral

clusters it is remarkable, thatchidoris andAplysiashare their pattern for the N2 and

the N3. | found no conserved patterns for the agetwe of single somata.

Table 3; Distribution of clusters and somata

Distribution of cluster and somata for the N1/Nervu s oralis

contralateral

cerebral cluster
cluster

Species pedal cluster single somata

Acteon tornatilis

Pleurobranchaea meckeli

Archidoris pseudoargus

Aplysia spp.

Haminoea hydatis

Achatina fulica

Littorina littorea
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Distribution of cluster and somata for the N2/Nervu s labialis

contralateral

cerebral cluster
cluster

Species

pedal cluster

single somata

Acteon tornatilis

Pleurobranchaea meckeli

Archidoris pseudoargus

Aplysia spp.

Haminoea hydatis

Achatina fulica

Littorina littorea

Distribution of cluster and somata for the N3/Nervu s rhinophoralis

contralateral

cerebral cluster
cluster

Species pedal cluster ‘ single somata

Acteon tornatilis

Pleurobranchaea meckeli

Archidoris pseudoargus

Aplysia spp.

Haminoea hydatis

Achatina fulica

Littorina littorea X|X|X|X]|X

Distribution of cluster and somata for the N3/Nervu s rhinophoralis

contralateral

cerebral cluster
cluster

Species pedal cluster single somata

Acteon tornatilis

Pleurobranchaea meckeli

Archidoris pseudoargus

Aplysia spp.

Haminoea hydatis

Achatina fulica

Littorina littorea
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3.5.9 Discussion

Here | am going to examine the innervation pattemnd cellular origins of the four
cerebral nerves which innervate the CSOs in Opstrchia / Stylommatophora and
the three nerves of the Caenogastropoda. | focasethe tracing patterns @dfcteon
tornatilis (Lower Heterobranchia / Acteonoidea)Pleurobranchea meckeli
(Pleurobranchomorpha), Archidoris pseudoargus (Nudibranchia), Aplysia
punctata/californica (Aplysiomorpha), Haminoea hydatis(Cephalaspidea)Achatina
fulica (Stylommatophora) and.ittorina littorea (Littorinimorpha/Caenogastropoda).
The primary aim of this chapter is to compare trggatterns between different orders
of Heterobranchia (especially Opisthobranchia) @aenogastropoda. Secondly | want
to postulate preliminary homology hypothesis foe tterebral nerves. Furthermore, |
can test if homology hypothesis for the cerebraive® are consistent with current
phylogenetic hypotheses. In molecular and morphcddg investigations the
Nudibranchia and the Pleurobranchoidea are comlim#éae Nudipleura (Grande et. al
2004, Klussmann-Kolb et.al 2008) as a sister grtmphe Acteonoidea, and the
Cephalaspidea are the sister group of the Aplysiphan If cellular innervation patterns
contain a phylogenetic signal this should be vesill the variation of the patterns

between these groups.

In this chapter | demonstrate the constancy ofmes\structures in the Opisthobranchia.
Throughout my investigation of several taxa of @msranchia | could identify
uniform innervation/tracing patterns of the heagior via four cerebral nerves which
can be attributed to characteristic neuronal cklsters in the CNS. Additionally |
investigated the innervation pattern of the StylatophoraAchatina fulicaand the
Caenogastropodaittorina littorea. The innervation pattern of the Stylommatophora
with its four cerebral nerves is congruent to thenervation patterns of the
Opisthobranchia. All investigated Euthyneura (Ométranchia and Pulmonata) have
four cerebral nerves which innervate the head redgaptical nerve excluded), these
four nerves can be homologised due to the almasttichl innervation patterns. In
Littorina littorea | found a clearly separation from the tracing @ais of the
Opisthobranchia. Thus, | postulate a high consemadf tracing patterns within the
Euthyneura (and especially the Opisthobranchiaho/ologisation of the innervated
CSOs can not be postulated upon these data, yetodine highly conserved nervous

structures.
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In addition to the constant features of the inneovapatterns (see also chapter 3.4), |
also found variations in these patterns acrossntrestigated taxa. The number of cells
within the clusters and also the size of the sonma&ach cluster size vary. The position
of the clusters in relation to each other and nesvstructures seems to be the most
useful character to compare the innervation pattand to identify homologous clusters
over different taxa. However, these features atenmvariable. This might be caused by
the fusion of ganglia and/or the strong variati@tmeen the morphology of the central
nervous system. The lack of pedal clusters Péeurobranchea meckelould be
explained by the unexpected large size of the GiBecially the connectives between
the cerebral and pedal ganglia.

The axonal tracing technique is very sensitive argbod condition of the investigated
species is a presumption. Therefore, it has to leationed, that the investigated
specimens ofPleurobranchea meckelvere not in best shape after collection by
fishermen. Furthermore the tracing of pedal clisspeedicts a long tracing path due to
the extremely large CNS. These factors might camsthodological problems. Pedal
clusters could exist but are not stained.

The variation of tracing patterns of the Caenogastd Littorina littorea might be
caused by the fact thhtittorina littorea only has three cerebral nerves. The structure of
the CNS ofLittorina littorea is considerably different to the investigated Butura
and this might give us a hint, that neuronal strreg (including cellular innervation
patterns) at least in some respect reflect theggeyletic history of Gastropoda.

In the following part of this chapter | am going pwmstulate a primary homology
hypothesis for the cerebral nerves of the investijgpecies. In all investigated taxa of
Euthyneura | found four cerebral nerves innervating head region (optical nerve
excluded). These four nerves innervate a greaéetyaof CSOs, namely different kinds

of tentacles, rhinophores and oral veils.

The N1 is dedicated to the lip region which is @ity a contactchemoreceptor. The
N2 which has two branches within all Opisthobraadhkirelated to the category anterior
sensory organ (ASO) (see also chapter 3.2 and 3I8).two branches of the N2
innervate different areas of the ASOs predictesetwe different functions (Murray and

Willows 1996): in consequence | distinguish betwdleree types of CSOs: ASOa —
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provided by the inner branch of the N2, ASOb — pmtest by the outer branch of the N2
and the N3, which is related to the posterior sgnsgsgan (PSO) a sensory organ
primarily used for olfaction (Chase 2002). The Nirlnervates structures of the head
region which are strongly involved in locomotiokdithe bodywall or the cephalic

shield, nevertheless these structures could aldorpesensory functions.

Summing up, the conservative innervation patterhghe cerebral nerves of the
Opisthobranchia allow me to homologise them. Myadainfirm the assumption that
the posterior Hancocks organ in Cephalaspidea, rthieophores in Nudipleura

(Nudibranchia and Pleurobranchomorpha) and Aplysipima and the ommatophores
in the Stylommatophora are innervated by homologmrses. The same is true for the
oral veil (Pleurobranchomorpha), lip organ (Cepspidea, Acteonoidea), the labial
tentacles of Aplysiomorpha and Nudibranchia andatfiterior tentacles (“rhinophores”)

of the Stylommatophora.

My data do not confirm the hypothesis of a bifuecelN2 as an apomorphy of the
Opisthobranchia (Salvini-Plawen and Steiner 1986)ce the N2 inAchatina fulica

innervating the “rhinophores” and the anterior headion, is also bifurcated. This
misinterpretation of nervous structuresAnhatina fulicacould be caused by the fact,
that the anterior tentacles (ASO)Athatina fulicahave been termed as “rhinophores”,
a term which in Opisthobranchia is restricted tcstpdor sensory organs (PSO).
Therefore, the undived N3 imAchatina fulica which provides the posterior
ommatophores, is confounded with the bifurcatedoNthe Opisthobranchia. Whether
the bifurcation of the N2 is an autapomorphy of Eheghyneura (Opisthobranchia and
Pulmonata) has to be evaluated by investigationstieér Pulmonata and additionally

more basal, Heterobranchia.

The innervation patterns of the Caenogastopotarina littorea give some indication
that the tentacular nerve of the Caenogastropodgtnde homologous to the N2 and
the N3 of the Euthyneura, since it comprises cltastound in both nerves of
Euthyneura. This is also shown in Figure 33. Wéethis nerve is fused iattorina or

separated in the Euthyneura cannot be conclusiestided here.
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Figure 33:  A: Positions of the cerebral clusters for the Nerwastacularis

innervation pattern of Littorina littore8. Correlation to cerebral clusters in innervation
patterns for the N2 and N3 of the investigatedodteinch taxa .

In conclusion, | postulate the axonal tracing teghe primary as a method for the
homologisation of nerves between relatively closlated species. The axonal tracing
technique gives us a morphological character coxmjgdenomologise cerebral clusters,
and in consequence to describe and identify neustnactures. This character complex
has a higher complexity than ganglionic structuteerefore innervation patterns are
more suitable to distinguish between homologousaaradogous nerves. This study also
confirms investigations (Newcomb et al. 2006, Khtsmd Breitbach 1994) who also

postulated, that internal nervous structures agelficonserved during evolution.

Nevertheless the axonal tracing method has itdditons. The first limitation is the size
of the species, the species has to be larger tfaon®, as the CNS has to be dissected
without damage. The second point is the numbepetiss. 5 to 10 replicates for each
nerve plus failure by damaged nerves are needed. cdm be a problem as many
Opisthobranchia only occur in very small and seeargopulations. And third, the
animals have to be captured alive, which is espgdim marine organism’s not ever
quiet simple as such species are very sensitiahanges in pressure, temperature and

salinity.
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3.6  Immunohistochemistry of CSOs

In this chapter | will describe the comparative iomohistochemistry for the CSOs of
Pleurobranchaea meckePetalifera petaliferaandLittorina littorea. This is in addition
to the diploma thesis of Simone Faller, who inggged the neurotransmitter contents
of the CSOs ofActeon tornatilis Aplysia punctata Haminoea hydatiend Archidoris
pseudoargusA manuscript titled “Comparative immunohistochstry of the cephalic
sensory organs in Opisthobranchia (Mollusca, Gpetta)” by Faller et al. is in review
at Zoomorphology and will be attached in the Sumglet Data.
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3.6.1 Tyrosine hydroxilase (TH) — like immunoreactrity

TH-like immunoreactivity (lir) was found in all imstigated CSOs of the three
investigated species, in accordance to the invaggigs of Simone Faller. The dominant
TH-like immunoreactive structures were bipolar selinata which had diameters of 5.5
-7 um and were located subepidermally. These somataepssdendrites which
penetrate the epidermis (Fig. 33). The distribigiand also the amount of these somata
varied within the different CSOs especially betwé®n anterior sensory organs and the

posterior sensory organs (Fig. 33A-G).

In Pleurobranchaea meckeliH-lir somata were found in the oral veil (Fig. 33and
also in the folded rhinophores (Fig. 33B) with gter concentration in the anterior
region, the oral veil, which is also comparabléh® results of Simone Faller. In the oral
lobe of Petalifera petalifera(Fig. 33C) | found the highest numbeof TH-like
immunoreactive somata within this species, mearenihilthe oral tentacles (Fig. 33D)
less somata were found and the rhinophores (Fig) 88owed the least amount of TH-
lir somata. From my observations and the resutim fFaller et al. (in review) | am able
to describe a basic pattern within the Opistholdtenof a decreasing number of TH
containing somata from the anterior to the posteZisOs.

In Littorina littorea | found a completely different pattern of TH-likmmunoreactivity.
Here | found the highest number of TH-like immuramtévity in all species in the
anterior head region (Fig. 33F) and only few lessthe tentacles (Fig. 33G). The
decrease of TH containing somata, from the antedahe posterior CSOs is less in

Littorina littorea when compared to the Opisthobranchia.
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Figure 33: Confocal micrographies of Tyrosine hydroxylase H)-Tike

immunoreactivity in the cephalic sensory organsnrides are marked with a white
arrow. A: Pleurobranchaea meckeli oral veil; B: Pleuronbranchaea meckeli
rhinophores;C: Petalifera petalifera/ oral lobes;D: Petalifera petalifera/ labial
tentacles;E: Petalifera petalifera/ rhinophores;F: Littorina littorea / anterior head

region;G: Littorina littorea/ tentacles.
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3.6.2 FMRFamide-like immunoreactivity

FMRFamide-like immunoreactivity (lir) was detected all investigated CSOs of all
studied species in diverse structures like nerpesipheral ganglia, glomerulus-like
structures, somata and fibres (Fig. 34A). The damirperipheral structures which
showed FMRFamide-like immunoreactivity were patclodstightly knotted fibres
located along the major nerve branches (Fig. 34B,T@e distribution and density of
these patches varied within the CSOs of each spasievell as between species.

In Pleurobranchaea meckeBuch patches, also called glomeruli, could be fanridw
densities along the major nerve branches of theatigh provides the oral veil and the
labial tentacle, the latter being located at ther&d tip of the oral veil. Moreover, |
found glomeruli-like structures along the N3 nerwehich provides the folded
rhinophores (Fig. 34B). IRetalifera petaliferaalsoboth pairs of CSOs, the ASOs with
the oral lobes (ASOa) and the labial tentacles (BS&hd the PSOs as well contained
many such glomeruli-like structures (Fig. 34C), hwa concentration along the N3
which innervates the spoon like rhinophores. Haee doncentration is located within
the grooved region at the top of the rhinophonesdntrastlittorina littorea possessed
no such tightly knotted fibres in the tentacleshar anterior head region.

In addition to the patches of tightly knotted fibrer glomeruli-like structures, the
investigated opisthobranch taxa contained FMRFaiiide their cerebral nerves (Fig.
33A-C), FMRFamide-lir could not be detected in tberebral nerves oLittorina
littorea. Moreover, the investigated opisthobranch spgossessed FMRFamide-lir in
peripheral somata. These somata were generallyabjpocated subepidermally and
their dendrites penetrated the epidermis. Theseatomad diameters of 7.bm and
were distributed in low densities over the wholeOsSand PSOs. They are missing in
Littorina littorea. Instead, | found relatively large subepidermahata (up to 122m) in
the tentacles ofLittorina littorea with extremely long dendrites (up to 4dm)
penetrating the epidermis (Fig. 34D). Finally, ahbvestigated CSOs of the
opisthobranch taxa possessed FMRFamide-lir in @warktof subepidermal fibres (Fig.

34A). This network was also absent.ittorina littorea.
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Figure 34: Confocal micrographies of FMRFamide-like immuramtvity in the
cephalic sensory organ&: Pleurobranchaea meckelioral veil, white arrow cerebral
Nerve N2, grey arrow nervous fibrd®; Pleurobranchaea meckélirhinophores, white
arrow glomerulus-like structure of knotted fibr€x; Petalifera petaliferal oral lobes,
white arrow - glomeruli-like structures, grey arrowcerebral nerveD: Littorina

littorea / tentacles, white arrow large somata, grey arrentrite;
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3.6.3 Serotonin-like immunoreactivity

Serotonin-lir was predominately detected in a netwal subepidermal nerve fibres in
all

investigated CSOs of all species. These fibresnditd penetrate the epidermis. The
density changed minimally between the anterior pasterior CSOs with a minimal
higher amount in the ASOs of the Opisthobranchig.(B5A). The oral lobes of
Petalifera petaliferain particular have a very dense 5HT subepidernealvork. The
anterior head region including the tentaclesLdforina littorea also possessed this
subepidermal network, with a comparable density tlke one observed in the posterior
CSOs of the opisthobranch taxa (Fig. 35B). Addaibn Littorina littorea also
possessed a network located more deeply in theeti€omprised of very strong fibres
(Fig. 35C). This second network was distributedrabe whole anterior head region
and the tentacles and could not be found withirother investigated taxa and is unique
in Littorina littorea. No serotonin-like immunoreactive somata were tbwithin any

of the investigated CSOs.
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Figure 35: Confocal micrographies of Serotonin (5HT)-like ntanoreactivity in
the cephalic sensory orgams. Petalifera petalifera oral lobesB: Littorina littorea /
anterior head regior€: Littorina littorea / anterior head region.

81



Results and Discussion

3.6.4 Discussion

The distribution of TH-lir was very similar withinthe CSOs of the four taxa
investigated by Simone Faller and the two addifigriavestigated opisthobranch taxa
Pleurobranchaea meckedind Petalifera petaliferadescribed in the current study. All
investigated CSOs possessed subepidermal bipolalik€Hmmunoreactive somata.
These somata possessed dendrites that penetrategittermis and were much more
abundant in the ASOs (e.g., the oral tentacles) thathe posterior PSOs (e.g., the

rhinophores).

These findings are consistent with those of Ci20I01) inAplysiacalifornicaand Croll

et al. (2003) inPhestilla sibogae Both Aplysia californicaand Phestilla sibogae
possess subepidermal TH-like immunoreactive sonesfaecially in the anterior CSOs
and the dendrites of these cells penetrate theeepid. These cells are therefore
thought to function in contact chemoreception ochamoreception (Fiedler and Schipp
1991, Croll 2001, Croll et al. 2003). The fact thatLittorina littorea reveals a high
density of these cells over the whole head reagimah,ding the tentacles, leads to the
conclusion that the anterior head region and tinéatdes have a similar function in
Littorina littorea and that a specialisation in anterior and post&®Os is missing.

This can also be seen in the morphologylLaworina littorea only has one pair of
tentacles and no additionally specialized senstuctires in the anterior head region.
In comparison all other investigated taxa possgegiirs of sensory structures/CSOs.
The additional type of TH-like immunoreactive somdbund by Simone Faller in
Acteon tornatiliscould not be detected in any of the other invastid taxa. In addition
to the TH-like immunoreactive somata, TH-lir wastes¢ed in fibres of the nerves
innervating the different CSOs. These fibres amesypmably the centrally projecting
axons of the sensory somata. However, to cleadytity the role of these TH-like
immunoreactive somata further studies, especiddgtmphysiological investigations,

are needed.

The distribution of FMRFamide in the peripheralvwars system of opisthobranchs has
been investigated by Croll et al. (2003) in the GS® Phestilla sibogaeand by
Wollesen et al. (2007a) fésplysia californica In the investigated opisthobranch taxa of

Faller et al. i revisior) and the two additional opisthobranch té{aurobranchaea
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meckeliandPetalifera petaliferahe dominant features of FMRFamide-lir were pasche
of tightly knotted fibres. These patches possiblyrespond to glomerulus-like
structures (Boudko et al. 1999, Croll et al. 20@dpmeruli have recently been reported
in the rhinophores oAplysia punctata(Wertz et al. 2006) and in sensory areas of
Aplysiacalifornica (Moroz 2006) and are also well-known in the tergadf land snails
(Chase and Tolloczko 1986) as well as in otherriebeates (Kleineidam et al. 2005)
and vertebrates (Wachowiak et al. 2004, Chen argptgrd 2005). Glomeruli are
generally considered to be involved in processinglfactory stimuli. The glomerulus-
like structures observed by Faller et ai.revision) and by myself were concentrated in
the posterior cephalic sensory organs of the iny&tstd opisthobranch taxa, especially
in the rhinophores ofAplysia punctata, Pleurobranchaea meckealnd Petalifera

petalifera,and the Hancocks organ ldaminoea hydatis

This suggests an olfactory role for these postigriocated sensory organs (PSOs). The
rhinophores ofAplysia punctataand the Hancock’s organ éfaminoeahydatishave
already been proposed to be involved in chemoreregiy Audesirk (1975) and
Edlinger (1980). While the rhinophores @éfplysia punctatacontained numerous

glomeruli, the rhinophores @frchidoris pseudoarguare lacking glomeruli.

Faller et al. i revision) concluded, that the lack of glomeruli in the dphores of
Archidoris pseudoarguss caused by the fact, that they are not primaoifactory
organs but rather sense other modalities, e.gecteh of water currents. The
involvement of the rhinophores dkrchidoris pseudoargusin rheotaxis has been
described by Wolter (1967). Faller et ah evision also concluded that the function of
the glomeruli was adopted by the large rhinophgaalglion inArchidoris pseudoargus
In this context it is interesting thaittorina littorea is also lacking glomeruli. Here |
found an unspecific distribution of very large semavith extremely long dendrites
penetrating the epidermis, therefore these ceks paobably also sensory cells, as
suggested for the TH-like immunoreactive cells. Témtacle ofLittorina littorea also
possesses a large tentacle ganglion which addityomavides the eye via a very small
nerve. Therefore | come to the conclusion that ftimction which is performed by
glomeruli in other species is processed in thiggian in Littorina littorea and that the
tentacle ofLittorina littorea is not a highly specialized sensory organ prirgaril

restricted to olfaction like the most PSOs of tneestigated opisthobranch taxa.

83



Results and Discussion

Unlike the distribution of tyrosine hydroxylase aRRFamides, the distribution of
serotonin has already been studied in detail irprgheral nervous systems of various
Opisthobranchia (Moroz et al. 1997, Croll et al020Wertz et al. 2006, Wertz et al.
2007, Faller et alin revision). In confirmation of the findings of Faller et gin
revision), no peripheral serotonin-like immunoreactive stanaere found in any of the
investigated CSOs and serotonin was found primarilyubepidermal nerve fibres not
penetrating the epidermis. Therefore these fibpggear to be efferent. These findings
are consistent with the observation of only efferBores in the CSOs oAplysia
californica (Wollesen et al. 2007a,b\plysia punctatgdWertz et al. 2006)Archidoris
pseudoargugWertz et al. 2007)Phestilla siboga€Croll et al. 2003)Pleurobranchaea

californicaandTritonia diomedegMoroz et al. 1997).

Serotonin-lir was found in the same patches ofregigal fibres and peripheral ganglia
as FMRFamide. These results agree with Moroz e(1897), who suggested that
serotonin might play a role in the peripheral matioh of sensory inputs to the CNS. If
these entangled fibres indeed correspond to gldrie structures, serotonin might
play a role in the efferent control of olfactoryuts. InLittorina littorea an additional
network of very prominent fibres which might beateld to the very large FMRFamide
containing bipolar cells was found. Both, the sameait these cells and the secondary
network of S5HT containing fibres are located unéeth the primary S5HT fibre
network. This is also an indication, that the laFfgMFamide sensory cells, together
with the tentacle ganglion, and the primary andsdary SHT networks have a similar
function to the glomeruli found in the opisthobranaxa, and that the tentacles of
Littorina littorea are less specified sensory organs. The CSOs istl@hranchia seem

to be more sophisticated organs with more speftifictions.

In general | follow the conclusions of Faller et @h revision, that the distribution of
sensory structures shows characteristic pattemdifierent CSOs. In congruence with
Faller et al. iy revision) | can distinguish between characteristic striegusuch as
bipolar sensory neurons and glomerulus-like stmestuwhich can be attributed to
different functions like mechanoreception, conteltémoreception and olfaction. The
distribution of these structures within the CSOadk us to the conclusion that the

different types of CSOs have different functionsd dhe neurotransmitter content is
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related to the function of the CSOs. The additiynavestigated opisthobranch species
confirm the conclusions of Faller et ah ¢evision) that the anterior CSOs (ASOs), i.e.
the oral tentacles, the oral veil, the oral lolies, lip organ and the anterior cephalic
shield, comprise numerous bipolar TH containingseey neurons which are probably
involved in contact chemoreception and mechanotegeplhus the ASOs may play a
role in these modalities. Another point which supgoa function in contact

chemoreception and mechanoreception is that the sA8@ situated close to the

substrate.

The posterior CSOs (PSOs), i.e. the rhinophoresthadHancocks organ, generally
contain many glomerulus-like structures. Thereftirese organs probably primarily
fulfill an olfactory function, which is also supged by their posterior location on the

head region.
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3.7 General homology hypotheses for the cephalierssory organs

The aim of this PhD study was to reconstruct thelugion of the CSOs within the
Opisthobranchia, therefore it was essential to Hogise the extreme variable CSOs.
This was done by homologising the cerebral nervias axonal tracing and other
approaches, like immunohistochemistry and ontogengtudies, which have been
mentioned earlier. In an earlier chapter (3.5) Vehaliscussed primary homology
hypotheses for the cerebral nerves innervatinglB8©s. This following chapter will
serve to discuss the homology hypotheses for tHesGBemselves. The deduction of a
homology hypothesis for the CSOs is based firstngnown data (cellular innervation
patterns, neuroanatomy and immunohistochemistrg)s@condly on data which where

produced by several diploma students.

Namely Katrin GObbeler with investigations on theastructure of CSOs within the
Opisthobranchia, Simone Faller, who investigatesl ieurotransmitter content of the
CSOs of several opisthobranch taxa, Tim Wollesepn wlestigated the ontogeny of
Aplysia californica(Aplysiomorpha), Alen Kristof studying the ontogeof Aeolidiella

stephaniag¢Nudibranchia) and Corinna Schulze who studiedtiitegeny oHaminoea

japonica (Cephalaspidea)These additional data will be discussed in contd#xthe

homology hypothesis of the CSOs. The data of Tinll&8en and Katrin Gobbeler have
already been published (Gobbeler and Klussmann-R00¥, Wollesen et al. 2007a,b),
whereas the data of Alen Kristof and Corinna Sabwdre yet unpublished, however
manuscripts are in preparation. The data of Sintealker are currently und review in

Zoomorphology (Faller et ah revisior).
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3.7.1 The CSOs of the Acteonoide@(teon tornatilis)

LIP ORGAN |[|LIP
ASOa

N1
@® N2 inner branch
N2 outer branch
® N3
® Nclc

LIP ORGAN
ASOb

Posterior CEPHALIC SHIELD
PSO

/

Figure 36:  Categories of CSOs fdkcteon tornatilis On the right hemisphere the
gross morphology of the four cerebral nerves priogidhe CSOs is shown. On the left
hemisphere the categories for the CSOs are showa. CErebral nerves and their

respective CSO categories are marked by the salmerco

The discussion of the CSOs Atteon tornatilis(Fig. 36) is rather extended as | found
serious discrepancies to earlier descriptions sRdrthis chapter have been published in
a modified form with the title “The cephalic sengaorgans ofActeon tornatilis
(Linnaeus, 1758) (Gastropoda Opisthobranchieghular innervation patterns as a tool
for homologisation” in the Bonner Zoologischer Amger (Staubach et al. 2007, see
also Supplement Dat&)cteon tornatilisoelongs to the subgroup Acteonoidea, formerly
ascribed to the basal Cephalaspidea (Odhner 1988 Bnd Thompson 1998).

However, recent investigations have either excludied Acteonoidea from the
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Opisthobranchia (Mikkelsen 1996) or proposed aesisgroup relationship of
Acteonoidea and the highly derived Nudipleura (Memann et al. 2005, Klussmann-
Kolb et al. 2008) thus, rendering the phylogengiasition of Acteonoidea within
Opisthobranchia unsettled. Acteonoidea are charsete by the presence of a
prominent cephalic shield. This structure is alsespnt in Cephalaspidea and has been
considered to be an apomorphy of the Cephalasp{@eauding Acteonoidea)
(Schmekel 1985). However, the structure of the akplshields differs considerably in
Cephalaspidea and Acteonoidea with the latter jgsssg two distinct hemispheres
while the cephalic shield in the Cephalaspideagssss a uniform structure. Therefore,
common origin of both types of cephalic shields #émgs homology is questionable.
Further CSOs have been described in Acteonoide&aptialaspidea such as lip organ
and Hancocks organ (Rudman 1971a,b, Rudman 19Z2&tijnger 1980). Since the
presence of these organs in members of the gkctesnhas been disputed by different
authors (Edlinger 1980, Schmekel 1985), absoluefidation is certainly necessary.
Throughout my investigation of several individualsthe acteonidActeontornatilis |
found uniform innervation patterns of the head wagvia four cerebral nerves, which
can be attributed to characteristic neuronal ckibters in the CNS. These cellular
innervation patterns icteon tornatilisshow an extremely high congruence with the
cellular innervation patterns dlaminoea hydatisin the N1, the number of cerebral
clusters as well as the position of these cludi@reach other is the same Acteon
tornatilis and Haminoea hydatisHowever, | found some differences in the size and
number of somata when comparing both species. idadily, | could not detect a
pleural, a parietal and a pedal clusterAicteon tornatilis,which were described for
Haminoea hydatisn chapter 3.4. This may be due to the differennethe peripheral
innervation area of the N1. lacteon tornatilisthe N1 only provides the lip and very
small parts of the median cephalic shield where&taminoea hydatist innervates the
lip and large parts of the anterior cephalic shi€lor the second nerve, the N2 (Nervus
labialis), | nearly found no differences betweea pinesence and distributions of the cell
clusters for both species.

The only ostentatious difference was the lack sihgle pedal soma and its contralateral
analogue inActeon tornatilis In the Nclc (Nervus clypei capitis), the diffeoen
between the two species was also reduced to tlsenqme of a single cerebral soma in
Acteon tornatilis In contrast to the three nerves described ablof@ind a prominent
difference in the structure of the N3 when compgaAcnteonandHaminoea On the one
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hand, in Haminoea hydatishe N3 terminates in a rhinophoral ganglion. Such a
ganglion is missing icteon tornatilis Hence, | expected considerable differences in
the cellular innervation patterns for the N3 ofshepecies. But | only found very small
differences. This implies that basic innervatiottgras of the N3 are probably the same
in both species. Additional functions of the N3 gassed in the rhinophoral ganglion
can be proposed fdHaminoea hydatisThese functions are probably related to the
Hancocks organ, which is innervated by nerves oaitgng in the rhinophoral ganglion.

| was unable to locate such a Hancocks orgafsctieon tornatilisin contrast to earlier
descriptions (Edlinger 1980). My data cannot suppallinger’s (1980) description of
independent nerves for the lip organ (N1 afteriggir 1980) and the anterior Hancocks
organ (N2 after Edlinger 1980).

Considering the homologisation of the cerebral egrin light of their neurological
origin, neuroanatomics and nervous innervationepast | postulate hypotheses of
homologies respective of the organs innervatechbgd nerves. Thus, | consider the lip
of Acteon tornatilisso be homologous to the lip of Cephalaspideans @1d893) since
both organs are innervated by the N1. The samraasfor the small median parts of the
cephalic shield irActeonand the anterior cephalic shield lshminoea hydatisl could

not find a lip organ irActeon tornatilisas described by Edlinger (1980), but | detected a
groove at the ventral side of the anterior cephstiield. This groove is innervated by
the N2 as is the lip organ of Cephalaspidea (HU883). Therefore, | postulate this
groove inActeon tornatiliso be homologous to the lip organkdminoea hydatisThis
hypothesis is also supported by data on immunadrégct against several
neurotransmitters (Faller et @h. revisior). In the groove oActeon tornatilisas well as

in the lip organ ofHaminoea hydatischaracteristic sub-epidermal sensory neurons
containing catecholamines could be found in highsidg indicating that both organs

are involved in contact chemoreception.

The N2 ofHaminoea hydatiss divided into two branches which are describedwas
single nerves by Edlinger (1980). The first or inbeanch provides the lip organ of
Haminoea hydatisas described earlier. The second, outer branctelégded to the
anterior Hancocks organ of earlier investigatioadlihger 1980; Huber 1993) and the
posterior lip organ (ASODb) in my definition. Akcteonl also found two branches of the
N2: the inner one providing the largest part of ¢iieove whereas the outer branch is
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restricted to a small region between the anterrat posterior lobe of the cephalic
shield. Therefore, this latter region may be hormgois to the posterior lip organ of
Haminoea hydatisand not to the posterior Hancocks organ as destiilyeEdlinger
(1980). The N3 oActeon tornatilisorovides a large part of the posterior cephalielshi
but no identifiable posterior Hancocks organ. Adidl immunohistochemical and
ultrastructural investigations were also unabl@étect a posterior Hancocks organ in
Acteon tornatilis(Faller et al.in revision Gobbeler and Klussmann-Kolb 2007). The
posterior parts of the cephalic shieldsAoteonand Haminoeaare probably equally
homologous as both where innervated by the Nclc.

The lack of a posterior Hancocks organAnteon tornatilismight be due to three

different reasons:

1. The ancestor d&cteon tornatilisnever had a posterior Hancocks organ;

2. The posterior cephalic shield Atteon tornatilismay be a homologous structure to
the Hancocks organ éfaminoea hydatis;

3. The posterior Hancocks organ has secondarily besuced irActeon tornatilis

The first hypothesis is rather implausible sinc®und a distinct N3 with conserved
cellular innervation patterns in the central nesv@ystem. If the ancestor éicteon
tornatilis never had a posterior Hancocks organ, this nene associated neural
structures should be lacking. Moreover, a Hancotgan has been described for other
Acteonoidea (Rudman 1971a,b, Rudman 1972a,b,c).

If I consider the second explanation for lack gbasterior Hancocks organ icteon
tornatilis, | imply that the posterior cephalic shield in teecies, innervated by the N3,
represents a sensory organ like the Hancocks argdine Cephalaspidea. However,
immunohistochemical and ultrastructural investigiasi of the respective epithelia in
Acteon tornatilisdo not indicate a sensory function at all (Fallerak in revision
Gobbeler and Klussmann-Kolb 2007). | reject thigpdthesis of homology of the
posterior cephalic shield iActeontornatilis and Hancocks organ iHaminoea hydatis
since | found no evidence for a function of thetpoer cephalic shield as an olfactory
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sensory organ. Moreover, the posterior cephalieldhs mostly innervated by the Nclc
and not by the N3. The third hypothesis regardimg reduction of a Hancocks organ
seems to be the most plausible when the habitattlaedfood sources oActeon
tornatilis in comparison tdHaminoea hydatisre considered. The Hancocks organ is
believed to be an olfactory sensory organ (Audes®k9, Emery 1992).

Haminoea hydatigeeds on green algae which occur in patches im eygter whereas
Acteon tornatilisis a predator of soft invertebrates living up to tentimeters in solid
sand (Fretter 1939, Yonow 1989, own investigatioms)such an environment, an
olfactory sensory organ is not plausible sinceabifen or distance chemoreception is
generally associated with water currents, whichratesubstantial in a sandy substrate
habitat. Here, a contact chemoreceptor, which ¢atkx near the edge of the cephalic
shield, is more plausible. This | witnessedAnteon tornatilisvia its display of a
potentially chemoreceptive groove along the latenalrgin of the anterior cephalic
shield. This assumption of secondary reduction leé Hancocks organ in the
endobenthicActeon tornatilisis also supported by the fact that a Hancocks olgen
been described for other epibenthic Acteonoideg. Rullina, Micromelo, Hydatina
(Rudman 1971a,b, Rudman 1972a,b, Rudman 1972c).

Despite all discussion, homology of the describeshddcks organs in Acteonoidea to
those in Cephalaspidea cannot undoubtedly be pedpaisthis stage, particularly since
data on innervation patterns in the epibenthic éwtédea are lacking to date.
Moreover, current phylogenetic hypotheses (Granadé €004, Vonnemann et al. 2005,
Klussmann-Kolb et al. 2008) regarding Opisthobramgmiopose an independent origin
of Acteonoidea and Cephalaspidea, indicating cayardrdevelopment of these sensory

organs in both evolutionary lineages (see alsoteina).
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3.7.2 The CSOs of the PleurobranchomorphaP{eurobranchaea meckeli and

Berthella plumula)
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Figure 37: Categories of CSOs foPleurobranchaea meckeliOn the right
hemisphere the gross morphology of the four cetaeaves providing the CSOs is
shown. On the left hemisphere the categories fer@8Os are shown. The cerebral

nerves and their respective CSO categories areaudnkthe same colour.

Pleurobranchaea meckebelongs to the taxon Pleurobranchomorpha. Redeadies
(Wagele and Willan 2000, Grande et al. 2004, Voraramet al. 2005), combined the
taxon Pleurobranchomorpha with the taxon Nudibrendh the taxon Nudipleura.
Within the Pleurobranchomorpha the ASOs (Fig. 3@)ragularly expressed as an oral
veil. The cellular innervation patterns as wellthe immunocytochemistry indicate a
primary homology to the lip organ in the Cephaldspi and Acteonoidea or the labial

tentacles in the Aplysiomorpha and Nudibranchia.Plaurobranchaea meckethe
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outer branch of the N2 provides very small foldeabidl tentacles. In many
Pleurbranchomorpha these structures are missingeXxample in the investigated

pleurobranchomorpBerthella plumula.

The immunohistochemistry, especially the high contef TH lir somata indicates a
primary function of the oral veil (and also the #nfgbial tentacles) as contact chemo-
and mechanoreceptors. The separation between tl@aAfHd ASOb need further
investigations as different functions of these safeal structures are not clarified yet.
The rhinophores oPleurobranchaea mecketre believed to be primarily olfactory
sensory organs (Hoffmann 1939, Gillette and Yafneam2005), like the rhinophores of
the other opisthobranch taxa and the Hancocks arfyire Cephalaspidea.

Such a separation between the ASOs and the PS@sryscommon within the
Opisthobranchia.Pleurobranchaea meckelis a predator which feeds on small
Crustacea, Bivalvia and other Gastropoda. As legiat optical senses are less important
in locating the prey, the dominant oral veil withs icontact chemo- and
mechanoreceptors is very useful to locate prey hwiscburied in the substrat. The

rhinophores might have the function to locate tleegal direction of food sources.

Like Pleurobranchaea meckeliBerthella plumula belongs to the taxon of the
Pleurobranchomorpha. It possesses a very promamahveil (Fig. 38) and rhinophores.
The main difference td’leurobranchaea meckels the lacking of labial tentacles.
Instead Berthella plumulahas a groove at the lateral margin of the oral. vigiis
structure is provided by the outer branch of the IN2 the labial tentacles of
Pleurobranchaea meckelihe posterior lip organ iflaminoea hydatisthe groove on
the anterior cephalic shield iActeon tornatilisor the labial tentacles iAplysia or
Archidoris. This groove is very similar to a structure desadilas a Hancocks organ for

Tritonia diomededy Murray and Willows (1996).

The nudibranchrritonia has a very similar gross morphology in comparisorihe
Pleurobranchomorpha (Wyeth and Willows 2006, Wyedthl. 2006), with a prominent
oral veil and rhinophores. However, the so callesh¢bcks organ ofritonia diomedea
is also provided by the outer branch of the N2 (fyrand Willows 1996), like the
labial tentacles or the lip organ of other taxahwitthe Opisthobranchia and therefore
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should be renamed, since a Hancocks organ is a @Sfde posterior category as
mentioned earlier (chapter 3.2). The term Hancacgan inTritonia diomedeanay be

caused by the fact that the Hancocks organ ofezanivestigations (Edlinger 1980) was
divided into an anterior and posterior part. Then¢teeks organ ofritonia diomedea

represents only the anterior Hancocks organ ofegatescriptions. The rhinophores of
Berthella plumulaare folded like inPleurobranchaea meckeland there is no doubt
that they are homologous structures within the fele@anchomorpha. Like in the earlier

investigated species the cerebral nerve Nclc isalated to a specialised sensory organ.
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Figure 38:  Categories of CSOs fdderthella plumula On the right hemisphere the
gross morphology of the four cerebral nerves priogdhe CSOs is shown. On the left
hemisphere the categories of the CSOs are showea. c€hebral nerves and their

respective CSO categories are marked by the salmerco
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3.7.3 The CSOs of the NudibranchiaArchidoris pseudoargus)
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Figure 39: Categories of CSOs forArchidoris pseudoargus On the right

hemisphere the gross morphology of the four cetateaves providing the CSOs is
shown. On the left hemisphere the categories of £&® shown. The cerebral nerves

and their respective CSO categories are marketdogame colour.

Archidoris pseudoargudelongs to the taxon Nudibranchia, the sister groti the
Pleurobranchomorpha. The small labial tentacl@&mwhidoris pseudoargualso has a
very small groove which is innervated by the olench of the N2 (Fig. 39). This is a
structure very similar to the groove on the orall we Berthella plumulaor the
Hancocks organ ofritonia diomedeaThe oral veil ofPleurobranchaea meckelith

its small labial tentacles could be regarded ast@nmediate form between the oral veil
of Berthella plumulawith no labial tentacles and the small labial &etes ofArchidoris
pseudoargusin other nudibranch taxa, the labial tentacles\eary prominent unlike in
Archidoris pseudoarguw/hose labial tentacles have a gross morphologgtwisi very

similar to the oral veil of the Pleurobranchomorphlerefore, | postulate homology of
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the oral veil of the Pleurobranchomorpha and tialaentacles of the Nudibranchia.
Labial tentacles are also very prominent CSOs witthie Aplysiomorpha, but the
ontogentic investigations of Alen Kristof and Walkm et al. (2007a,b) have shown, that
the labial tentacles of the Nudibranchia and thé&#gipmorpha show strong differences
in their ontogentic development. This may implicatemoiology of the labial tentacles
of the Nudipleura to the labial tentacles of thdy&mmorpha. The gross morphology of
rhinophores of the Nudibranchia (in the currentdgtérchidoris pseudoargusvith
massive rhinophores) differs completely from the inoephores of the
Pleurobranchomorpha (rolled rhinophores) and thishamorpha (rhinophores folded
at the tip).

However, innervation patterns and immunohistoldgieeestigations, which implicate
a primary olfactory function of the rhinophoresgicate homology of rhinophores in
the Nudibranchia to the rhinophores of all other isbwbranchia, and the

ommatophores of the Stylommatophora.
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3.7.4 The CSOs of the AplysiomorphaAplysia californica/punctata, Petalifera
petalifera)

The two investigated species of the geysysia Aplysia californicaand Aplysia
punctata show no differences within their CSOs, considerstgicture, innervation
patterns and immunohistochemistAplysia spp belong to the Aplysiomorpha. The
labial tentacles are very prominent with a broasebianervated by the inner branch of
the N2 and a folded tip provided by the outer bhamé the N2 (Fig. 40). This
differention is also found within the oral veil thfe Pleurobranchomorpha and the labial

tentacles of the Nudibranchia.

The ontogenetic investigations of Wollesen et 200{(a,b) have shown that the ASOs
develop first inAplysia californica This may be caused by the life history of this
species. The metamorphosis from a veliger larvatheéguvenile form is triggered by

the occurrence of the nutrition, green and redeal@éus it is more important for the

postmetamorphic juvenile animal to discriminatesthalgae. The importance of the
olfactory sense, which is correlated to the rhirmph, becomes more important when
the animal is growing and needs to locate othechast of algae. Therefore in the
juvenile form, the contact chemoreceptors in th®©A&%re more important, whereas for

adult animals olfaction via rhinophores is more arignt to locate the algae.

Whereas imPAplysiaspp the labial tentacles with the folded tip (ASObYahe broad
basis (ASOa) seem to constitute a single struciar@etalifera petaliferal found a
clear separation into oral lobes (ASOa) and foltiddal tentacles (ASOb) (Fig. 41).
Here | postulate homology for the broad basis ef ltbial tentacles id\plysiato the
oral lobes inPetalifera petalifera Furthermore, the oral lobes which are innervéed
the inner branch of the N2 have an extremely higbunt of TH-lir somata like the oral
veil of the Pleurobranchomorpha or the anterior difgan of Haminoea hydatis

indicating that the oral lobes are primary contdmo- and mechanoreceptors.
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Figure 40:  Categories of CSOs fdkplysiaspp. On the right hemisphere the gross
morphology of the four cerebral nerves providing t8SOs is shown. On the left
hemisphere the categories of the CSOs are showea. cérebral nerves and their

respective CSO categories are marked by the salmerco

The innervation patterns of the cerebral nervescatd a homology for the labial

tentacles of the Aplysiomorpha and the labial teletaor oral veil of the Nudipleura,

the posterior lip organ of the Cephalaspidea anel ¢gnoove/lip organ of the

Acteonoidea, as well as a homology of the rhinopbhoof the Nudipleura and the
Aplysiomorpha. Nevertheless it has to be regardhed the ontogenetic development
indicates homoiology between the CSOs of the Nedia and the Aplysiomorpha.
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Figure 41:  Categories of CSOs fétetalifera petaliferaOn the right hemisphere the
gross morphology of the four cerebral nerves pliogdhe CSOs is shown. On the left

hemisphere the categories of the CSOs are showea. c€hebral nerves and their
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N2 outer branch
N3
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respective CSO categories are marked by the salmerco

In follow | postulate, that the labial tentaclesAglysiaspp. are the basal form of the

ASOs within the Aplysiomorpha, and that the moriedentiated ASOs oPetalifera

petaliferarepresent a derived form. A hypothesis which $® alupported by the derived
phylogenetic position oPetalifera petaliferawithin the Aplysiomorpha (Klussmann-

Kolb 2004).
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3.7.5 The CSOs of the CephalaspideaHéminoea hydatis and Scaphander

lignarius)

LIP ORGANY|[LIP
ASOa
N1

® N2 inner branch
N2 outer branch

® N3

® Nclc

Pﬂ("

LIP ORGAN
ASODb

HANCOCKS ORGAN
PSO

Figure 42:  Categories of CSOs fdfaminoea hydatisOn the right hemisphere the
gross morphology of the four cerebral nerves priogdhe CSOs is shown. On the left
hemisphere the categories are shown. The cerebraés and their respective CSO

categories are marked by the same colour.

The CSOs oHaminoea hydatigFig. 42) have been discussed in detail in a previ
chapter (3.4)Scaphander lignariushe second investigated Cephalaspidea shows the

same set of cephalaspidean CSOs: lobe like stegtbesides the mouth and a
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Hancocks organ on the ventral side of the cephgiield/disc (Fig. 43). These
correspond to the ASOs and PSOs respectively. gaHi(l980) has described the same
set of CSOs for the Acteonoidea but as | have dgseul earlier (chapter 3.2, 3.3, 3.4,
3.7) this could have been a misinterpretation byngdr (1980) sincécteon tornatilis
has reduced the PSO.

The groove (ASO) irActeon tornatilisand the Hancocks organ (PSO)Snaphander
lignarius, are not homologous (as implied by Edlinger 1988)t have probably
evolved independently in both species due to simfila history. In follow | postulate
primary homology hypothesis for the anterior ligam, which is innervated by the inner
branch of the N2 (Fig. 41, 42) of the Cephalaspmtéh the oral lobes and the broad
basis of the labial tentacles of the Aplysiomorplbereas the posterior lip organ is a
homologous structure to the folded labial tentaolethe Aplysiomorpha and the groove

on the oral veil of the Pleurobranchomorpha.

As mentioned earlier it has to be discussed if taey homoiologous to the labial
tentacles of the Nudibranchia and the groove ofAtteonoidea. In my opinion the lip
organ of the Cephalaspidea and the groove of thieofoidea are homoiologous
structures as they are an adaptation to the coentfife history.Haminoea hydatiss
burying into the sand to avoid predation, meanw8idaphander lignariuburies in the
sand for predation. Therefore extended structukeddbial tentacles or rhinophores are
not useful. It has been mentioned earlier, thattthecocks organ of the Cephalaspidea
is a homologous structure to the rhinophores ofmtBpisthobranchia (Hoffmann
1939).

| agree with this hypothesis if the term Hancocigaa in the Cephalaspidea is confined
to the CSO provided by the N3. Furthermore ontdgeimvestigations of Corinna
Schulze (pers. comm.) have shown that the lip ofddaminoea japonicavhich is
very close related télaminoea hydatiglevelops first in the juvenile animal like the
labial tentacles irAplysia This was also mentioned earlier and is an inghionator a
homoiology of the lip organ of the Cephalaspideal ahe labial tentacles of
Aplysiomorpha with the labial tentacles of the Nurdinchia, which develop as second

CSOs (Alen Kristof pers. comm.).
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Figure 43:  Categories of CSOs fd8caphander lignariusOn the right hemisphere
the gross morphology of the four cerebral nervesiding the CSOs is shown. On the
left hemisphere the categories of the CSOs are shdWe cerebral nerves and their

respective CSO categories are marked by the salmerco
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3.7.6 The CSOs oAchatina fulica

The terrestrial snaifchatina fulicabelongs to the taxon Stylommatophofahatina
fulica also has four cerebral nerves, with a bifurcat@datiich provides the ASOa and
ASODb (Fig. 44). The small anterior tentacles wenened as “rhinophores” in earlier
investigations (Zaitseva 1992), but in accordaonddé cellular innervation patterns and
the neuroanatomy, | postulate a primary homologyheyhesis of these “rhinophores”

to the labial tentacles, the oral veil or the Ifgan of the Opisthobranchia.

In follow the large posterior tentacles, with thgeen the tip, called ommatophores
(Zaitseva 1992) are considered to be homologouststes to the rhinophores or the
Hancocks organ of the investigated Opisthobrandhieestigations of lerusalimsky and
Balaban (2007) and Chase and Tolloczko (1986, 198®e shown, that the
ommatophores of another stylommatophondelix pomatia have a high number of
glomeruli like structures, like the rhinophores tbe Opisthobranchia (Croll 2000,
Wertz et al. 2007, Faller et @h review).

Furthermore, lerusalimsky and Balaban (2007) camethe conclusion that the
ommatophores of Stylommatophora are primarily imgdlin olfaction and the anterior
tentacles (“rhinophores”) more commonly responthttdile stimuli or chemoreception.
This specialization is a general pattern | alsaumesl for the CSOs of the investigated
Opisthobranchia. Moreover, it makes also senseidemsg functional aspects, as the
anterior tentacles of the Stylommatophora are &xtatose to the substrate, whereas the
posterior tentacles are raised into the air andbabty explore the olfactory

environment, while rarely touching the surface.
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Figure 44:  Categories of CSOs foAchatina fulica.On the right hemisphere the
gross morphology of the four cerebral nerves piiogdhe CSOs is shown. On the left
hemisphere the categories of the CSOs are showea. cEhebral nerves and their

respective CSO categories are marked by the salmerco
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3.7.7 The CSOs ok.ittorinalittorea

LIP

N1
® N2/N3 Tentacular Nerve
@® Nclc

TENTACLE
ASO/PSO

Figure 45:  Categories of CSOs fdrittorina littorea. On the right hemisphere the
gross morphology of the four cerebral nerves priogidhe CSOs is shown. On the left
hemisphere the categories of the CSOs are showea. c€hebral nerves and their

respective CSO categories are marked by the salmerco

Littorina littorea belongs to the taxon Caenogastropoda and its tigagsd CSOs as
well as their neuroanatomy differ completely frore tinvestigated Euthyneura.
Littorina littorea only has three cerebral nerves and only one paenvacles (Fig. 45).
My investigations on the cellular innervation patgeof the cerebral nerves indicate that
the lip, provided by the N1 and the anterior heagian, provided by the Nclc are
homologous structures to the lip and the antem@dhregion of the Euthyneura. This is
different for the tentacles, here the innervatiaitgrns of the tentacle nerve show
combined patterns for the N2 and the N3 of thestigated Euthyneura. | can give two
explanations for this finding: first, the tentaaulaerve in Littorina littorea is a

plesiomorphic structure which is divided into twerves in the investigated Euthyneura
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or secondly the tentacular nerve is a derived stracand represents a fusion of the
nerves N2 and N3. The phylogentic position of treegastropoda prefers the first
assumption. Marshall and Hodgeson (1990), camieet@dnclusion that the tentacles of
“Prosobranchia” (a former taxon which includes tB@aenogastropoda), react to
mechano- and chemoreception. This indicates tledtettacles are less specific than the
ASOs and PSOs of the investigated Euthyneura (5tt®@2, Thollesson 1999, Dayrat
and Tillier 2002). My immunohistochemical investigas support this assumption as a
clear differentiation in the neurotransmitter conitbetween the anterior head region
and the tentacles is lacking. Under functional etspéehis also makes senseLétorina
littorea like many Caenogastropoda is a grazer on mikrea{ly(oran 1999, Edwards
and Davies 2002) a food source which is very comnmotheir habitat, therefore a
specialisation of CSOs is redundant and the tezgaciay have other functions like
avoidance of predators or mating. Furthermore & ttabe mentioned, thaifittorina
littorea shows a territorial behaviour and the tentaclesused to follow mucus trails
(Edwards and Davies 2002).
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3.7.8 Categories of CSOs

As described in chapter 3.2, | divided the CSOs itte categories Lip, ASOa and
ASOb and PSO, innervated by three homologous ngiN&sN3). The homologised
nerves, the head regions of their innervation dralr tcategories are shown as an
overview in table 4. Based on the innervation pattd postulate homology of the lip,

which is innervated by the N1.

As second | postulate homology of the ASOs, thiduidbes labial tentacles, oral veils,
oral lobes, oral tentacles, lip organ, “rhinophtres the Stylommatophora and the
anterior part of the Hancocks organ as it was éefiny Edlinger (1980). The cerebral
nerve Nclc does not seem to correspond to a prirsangory organ. As discussed
earlier | distinguish between two types/parts & A&50s provided by the two different
branches of the N2. Although homologies of type©Aa®n the one hand and ASOb on
the other hand are most likely, axonal tracing lué single branches of the N2 is

necessary in order to clarify homology of innergatpatterns.

In the current study | only traced the entire nerlee third postulated homology is
between the PSOs which are innervated by the N&impinion, Hancocks organ and
rhinophores are homologous throughout the Opistraitia. Homology of these
structures has been postulated earlier (Hoffmard®,18dlinger 1980, Huber 1993) and
can be confirmed by my data as | found similaritrgqgatterns for the rhinophores of
Nudipleura (Nudibranchia and Pleurobranchomorpha) Aplysiomorpha, and the

Hancocks organ of the Cephalaspidea. The homologisaf Hancocks organ in

different opisthobranch taxa (as e.g. CephalaspahebActeonoidea) is more difficult
and will be discussed in a following chapter.
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Table 4: Categories of cerebral nerves and their innervataagets (CSOs)
Acteon Pleuro- Archidoris Aplysia Haminoe Achatina Littorina CSO
Nerve - branchaea . . . cate-
tornatilis ; pseudoargus spp. a hydatis fulica littorea .
meckeli gories
lip/ lip/
. . anterior . anterior :
N1 lip lip lip lip cephalic lip head Lip
shield region
anterior
N2 groove inner part of basal part tentacle
inner | among the oral veil the oral of the lip organ anteno_r head N2 and N3 ASOa
branc anterior tentacle/oral labial region possibly
h cephalic lobe tentacle fused
shield
posterior
N2 groove : outer part of tip of the anterior "rhinophore”  tentacle
outer | among the labial the oral . . N2 and N3
: labial Hancocks (anterior . ASOb
branc anterior tentacle tentacle/oral tentacle oraan tentacle) possibly
h cephalic lobe 9 fused
shield
possibly posterior ~ ommatophore  tentacle
N3 reduced in  rhinophore rhinophore rhinophore  Hancocks (postterior Nzoi’;?bl'\le’ PSO
Acteon organ tentacle) pfusedy
posterior anterior/ . anterior/ posterior . anterior/
) anterior/lateral . anterior/lateral no
Nclc cephalic lateral bodv wall lateral cephalic bodv wall lateral cateqor
shield body wall y body wall  shield y body wall gory
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3.7.9 The Hancocks organ

The Hancocks organ needs a special discussion, elier studies it was described to
be innervated by two nerves (Edlinger 1980, Hul®83) and was also divided into two
parts: an anterior part, which is innervated bydbeer branch of the N2 and a posterior
part innervated by the N3. Additionally, the Hark®organ occurs in several orders of
the Opisthobranchia. At this point | want to propas redefinition of the Hancocks
organ, as it is the only CSO which is innervatedwy different nerves within the old
definition (Edlinger 1980).

From my point of view, the term Hancocks organ $thdae restricted to the posterior
Hancocks organ (Edlinger 1980) which is innervdigdhe N3 (category PSO). Also
the term Hancocks organ is used with levity witthie Opisthobranchia, there is also a
Hancocks organ described for the Nudibranchi&dgnia) (Murray and Willows 1996),
the Acochlidiacea (Sommerfeldt and Schrédl 2005)98er and Schrodl 2007) and the
Aplysiomorpha Akerg (Hoffmann 1939, Edlinger 1980)Tritonia also has
rhinophores, since the Hancocks orgaimtfonia andAkera(James Murray pers. com.,
own investigations) is innervated by the outer bhanf the N2 it should be called a
CSO of the category ASOb. Currently, | cannot plastua hypothesis for the Hancocks
organ of the extremely small Acochlidiacea possgss very compressed nervous

system.

However, to redefine the term Hancocks organ olaradre investigations, also about
the morphology and neuroanatomy of other Cephalaspi Acteonoidea and
Acochlidiacea are needed. Moreover, additional isgeespecially likeAkerg Tritonia,

Acholidiacea and other taxa within the Opisthobhaacould give us more information

about the homology of nerves and Hancocks orgatisnithe Opisthobranchia.
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4. The evolution of the CSOs within the Opisthobraohia

In this chapter, | will reconstruct the evolutiohtbe CSOs within the Opisthobranchia,
which is one of the primary aims of my PhD thebisill trace my investigations about
the homology of CSOs on a molecular phylogeny shield by Klussmann-Kolb et al.
recently (2008) (Fig. 46). Before | trace my owattal several aspects raised by the
investigations of Klussmann-Kolb et al. (2008) hawe be mentioned. First, the
Caenogastropoda (hetgttorina littorea) represents the outgroup. Second, the taxon
Opisthobranchia is polyphyletic and not monophyglefihird, within the investigated
Opisthobranchia two major clades can be distingashrhe first one includes the
Acteonoidea and the Nudipleura (PleurobranchomogpiteNudibranchia). The second
clade is formed by the Cephalaspidea, the Ptergpddiabraculida and the
Aplysiomorpha. Furthermore, it has to be mentionkdt the Sacoglossa and the
Acochlidiacea are grouping with the Pulmonata aotwith the Opisthobranchia as
previously assumed. In follow, | will discuss thegnd patterns for the nodes 1 to 4

marked in Figure 46.

In the following chapter a definition of the ternorhoiology is needed. A basic
assumption for a homologisation of morphologicauaures is, that an increasing
similarity is caused by increasing evolutionaryatiginship. To exclude convergency
(similar morphological structures but different Bxmnary lineages) and divergency
(the same evolutionary lineages but different molpdical structures) an abstract
ground pattern with abundance of convergent andrdent traits will be created. The
term homoiology (similar to parallelism) describasconvergent development of
homologous structures. So, for example the lip mrghthe Cephalaspidea and the
labial tentacles of the Nudibranchia are homologgiusctures as ASOs, meanwhile the
cephalic shield of the Acteonoidea and the Ceppalaa evolved independently as a
convergent adaptation to their life habitat. Honhmiyy does not exclude homology.
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CAENOGASTROPODA
VALVATOIDEA

ACTEONOIDEA*
NUDIPLEURA*
CEPHALASPIDEA*
UMBRACULIDA*

1k

CD APLYSIOMORPHA*
y _|: GYMNOSOMATA*
THECOSOMATA*
/- —— SACOGLOSSA*
\3> L SIPHONARIOIDEA
HYGROPHILA

ACOCHLIDIACEA*

—— AMPHIBOLOIDEA

L PYRAMIDELLOIDEA

STYLOMMATOPHORA
ELLOBIOIDEA

{ OTINOIDEA

SYSTELLLOMMATOPHORA

ELLOBIOIDEA

TRIMUSCULOIDEA
ELLOBIOIDEA

Figure 46: A reduced molecular cladogram after Klussmann-katlal. 2008 of the
Euthyneura. The evolution of the CSOs will be restarcted based on this cladogram.
The nodes marked by numbers (1-4) will be discusseatktail. The taxa marked with
an * belong to the Opisthobranchia and the bold thave been investigated in the

current study.
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41 Nodel

Node 1 represents the ground pattern for all ingattd species including the
Opisthobranchia and the Stylommatophora (Figs. 40, except for the outgroup
Littorina littorea. Here | postulate two pairs of cephalic structwbsch evolved out of

the tentacles of the Caenogastropoda, this wasatedi by the innervation pattern of

the tentacular nerve afttorina littorea

| postulate two sets of cephalic structures asuhdébthis separation within nearly all
Opisthobranchia, except for the Sacoglossa whiehnat investigated in this study,
furthermore two pairs of cephalic structures oaquite often within the Eupulmonata.
Meanwhile these cephalic structures are expressedS0s and PSOs within the
investigated Opisthobranchia and the Stylommataphiarother taxa of the Pulmonata

especially the anterior set of cephalic structisesless specialised structure.

In follow I will list the taxa which where not ingégated in this study but also have two

pairs of cephalic structures:

Umbraculida — small reduced labial tentacles andssma rolled rhinophores
(Hoffmann 1939, Thompson 1976, Willan and Burn 2003

Pteropoda — labial tentacles and rhinophores, llai@iatacles missing within the
Thecosomata (Hoffmann 1939, Thompson 1976);

Sacoglossa — only one set of CSOs but it is prapbssed on the neuroanatomy that

these tentacles are fused structures (Huber 1993);

Hygrophila — the most Hygrophila only have one mditentacles but the anterior head
region often shows some kind of bifurcation. Withine Basommatophora it had also
been shown that this bifurcated head region hasosgrfiunctions (Chase 2002, Croll et

al. 1999);

Acochlidiacea — labial tentacles and a HancockaorfNeusser and Schrodl 2007,

112



Conclusions

Hochberg 2007);

Pyramidelloidea — posterior tentacles and a bitextaanterior cephalic structure (
Huber 1993, Wise 2001);

Otinoidea - posterior tentacles and a bifurcateteraor cephalic structure (Powell
1979);

Systellommatophora - posterior tentacles and ardated anterior cephalic structure
(Powell 1979);

From the above mentioned outline of CSOs in Eutbgmend Caenogastropoda, it can
be deduced that the ground pattern for node oneahlidurcated cephalic structure
which will evolve towards the ASOs of the Opisthatchia and posterior massive
tentacles which will evolve towards the PSOs. Witthie Opisthobranchia the ASOs
are extremely specialised, such a specialisatiaitén missing within the Pulmonata,

which in general show only one pair of tentacles.

Here the ground pattern cannot be defined morelglekhis is caused by the concept
of this study, as the reconstruction of the CSOs restricted to the Opisthobranchia,
but node 1 includes the Pulmonata and Pyramideiéoidherefore to define the ground
pattern for node one in detail, further investigas of the CSOs of non-opisthobranch

euthyneuran taxa are needed.
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4.2 Node 2

As second node | will discuss the node for the ma@de comprising the Acteonoidea
and the Nudipleura. The investigation of Klussm#&matb et al. (2008) positioned the
Acteonoidea as sister group to the Nudipleura aotl closely related to the
Cephalaspidea. Furthermore the Cephalaspidea faistea group to the Anaspidea and
Umbraculida and are a derived taxon. The assumghahthe Acteonoidea are not
basal within the Opisthobranchia, leads to the Hyms, that the set of CSOs,
including the groove, the reduced Hancocks orgahtlae cephalic shield overall are an
adaptation to living in the sand. In conclusion @80s of the Acteonoidea are very
derived structure and not plesiomorph, like mergdrearlier by Edlinger (1980).
Therefore | postulate the ground pattern for nodEigs. 46, 47) with two sets of CSOs,
the ASOs and the PSOs as the Acteonoida and thglsudh have also two types of
CSOs. | have shown that the Hancocks organ has teslrced inActeon tornatilis
(Staubach and Klussmann-Kolb 2007) but it is eriste other Acteonoidea (Rudmann
1972a,b). Furthermore | postulate the ASOs at rode small lobe like labial tentacles
which were fused with the cephalic shield to fotme ggroove at the anterior cephalic
shield of the Acteonoidea. This groove but alsodéphalic shield is an adaptation to
the life habitat of the Acteonoidea. Within the Maldura these small lobe like labial
tentacles evolve towards extended labial tentamhesoral veils. This is supported by
the oral veil ofPleurobranchaea meckelhich has small labial tentacles and could be
an intermediate form between the labial tentacfebe Nudibranchia and the oral veil
of Berthella plumulawhich has no labial tentacles. In follow | postalanassive
rhinophores for the ground pattern of node 2. Withie Acteonoidea these rhinophores
are reduced to the Hancocks organ as an adaptatidife history. Within the
Nudibranchia the massive rhinophores can show sixtes like disc, meanwhile the
rhinophores of the Pleurobranchomorpha are roltetioth cases this is an extension of
the surface area. | consider the rhinophores of MNhedibranchia and the
Pleurobranchomorpha as homologous structures. éfomtite | assume that the
Hancocks organ in the Acteonoidea is a homologtustsire to the rhinophores of the
Nudipleura. | also assume that the groove along aherior cephalic shield is a
homologous structure to labial tentacles of the ipledra or the lip organ of the
Cephalaspidea.
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4.3 Node 3

This node represents the ground pattern for thenseenajor clade comprising the
investigated Cephalaspidea, Aplysiomorpha and Puéit@ao(Figs. 46, 47). | postulate
the same ground pattern as described for noddéativedy undifferentiated bifurcated
anterior cephalic structures and posterior tensa¢leome to this conclusion as the most
taxa included in this clade have two sets of patephalic structures which include
posterior tentacles. At the level of ASOs and PSthe anterior tentacles
(“rhinophores”) of the Stylommatophora are homolagi®o the labial tentacles of the
Aplysiomorpha, here | postulate homoiology for #hedtructures as both structures
develop out of the bifurcated anterior cephaliactres in the ground pattern of node
3.

The same is true for the Hancocks organ of the @appidea, the rhinophores of the
Aplysiomorpha and the posterior tentacles (ommaiogs) of the Stylommatophora as
all structures develop in my opinion out of the sas posterior tentacles in the ground
pattern of the node 3. Here again, the ground pattannot be defined more clearly.
This is also caused by the concept of this studymesntioned earlier, as the
reconstruction of the CSOs was restricted to thestBpbranchia, but node three also
includes the Pulmonata. Therefore to define theurgplopattern for node 3 in detail,
further investigations of the CSOs of the pulmonaka are needed.

4.4 Node 4

Node 4 represents the second major clade withirOisthobranchia, which includes
the investigated Cephalaspidea and the Aplysionaipit also the Umbraculida and
the Pteropoda. Altough at the higher level of A30d PSOs the CSOs are homologous
throughout the Opisthobranchia, neither the lipaorgnor the Hancocks organ or the
cephalic shield of the Cephalaspidea are homologoube lip organ, the Hancocks

organ and the cephalic shield of the Acteonoidea.

These structures are homoiologous (to remembervergant development of
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homologous traits) as they are an adaptation @itifthe sand. This assumption is
supported by the facts, that the cephalic shielthefCephalaspidea shows a different
gross morphology, furthermore the ontogenetic itigaBons of Wollesen (2007a,b)

and Schulze (unpublished data) have shown thdtisnmajor clade, the ASOs develop
first meanwhile in Nudibranchia the PSOs developt f{(Kempf et al. 1996, Kristof,

unpublished data). In conclusion, this indicatbat the rhinophores of the Nudipleura
and the Aplysiomorpha are also homoilogous strestuFor node 4 | postulate the
following ground pattern (Fig. 47): for the ASOseatly differentiated bifurcated

cephalic structures more related to the lip orgathe Cephalaspidea, and very small
massive rhinophores as PSOs. This is supportetidoyact that the Umbraculida and

Pteropoda also show massive rhinophores (Hoffmago)l

In follow | postulate homology of the rhinophore$ the Aplysiomorpha and the
Hancocks organ of the Cephalaspidea. | came tdmethesis, as the sensory function
of the aplysiomorphan rhinophores is restrictechtolded groove at the top of the
rhinophores. So it can be imagined that the bagbkeobasal rhinophores in the ground
pattern of node 4 were extended within the Aplysagosha and reduced, in order to the
life habitat, within the Cephalaspidea. This reductof the base of the small
rhinophores in the ground pattern of node 4 leadbé gross morphology of the recent
Hancocks organ of the Cephalaspidea, under themgsun, that the cephalic shield is
also an adaptation and developed out of the labedy wall. Moreover, the lip organ of
the Cephalaspidea and the labial tentacles of tpgsfomorpha are homologous
structures, the same is true for the oral lobeRatélifera petaliferaand the broad basis

of the labial tentacles &plysia
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45 Summary

Caoenogastropoda

Littorina liftorea

L
| Acteonoidea Acteonoideq
i.e. Hydatina

Acteon fornatilis

| Nudibranchia

Nudibranchia

i.e. Aeolidoidea

Pleurobranchomorpha

Archidoris pseudoargus

Node 1 Pleurobranchomorpha

Pleurobranchaea meckeli Berthella plumula
Cephalaspidea Kephoospdeo

Haminoea hydatis Scaphander lignarius
Node 4
Aplysiomorpha Aplysiomorpha
W Aplysia spec. Petalifera petalifera
Node 3
=== ASO anterior sensory organ
Styloommatophora

=== PSO posterior sensory organ Achatina fulca
Schematic illustration of the evolution of the CSQOar the earlier

Figure 47:
discussed nodes and the investigated taxa. Theantephalic structures are marked

with a blue line, the posterior cephalic structwrth a red line.
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4.6  General ground patterns

My PhD thesis and the taxon sampling were desigmeter the assumption that the
Opisthobranchia are a monophyletic taxon but reremastigations (Klussmann-Kolb et
al. 2008) recovered the Opisthobranchia to be poliglic or paraphyletic. Some
opisthobranch taxa are missing in my investigatiqiubmbraculida, Pteropoda,
Sacoglossa and Acochlidiacea). This was causetiebglifficulty to get a high number
of living animals of relevant species which ardabie for my methods. In this chapter |
will discuss my postulated ground patterns in retato these missing opisthobranch
taxa and the fact, that the Opisthobranchia arenutophyletic. This will be done by a

comparision with data from the literature.

The opisthobranch taxon of the Umbraculida is fmgsclosely related to the

Aplysiomorpha and the Cephalaspidea (Fig. 45). Waddida have extremely small
labial tentacles and short and massive rolled ghinos (Hoffmann 1939). This supports
the ground pattern for node 4 with a lip organ-l#teucture as ASO, as the labial
tentacles of the Umbraculida show a higher simiyato the lip organ of the

Cephalaspidea then to the labial tentacles of thigshomorpha. The ground pattern of
small basal rhinophores at node 4 is also suppdnyeithe taxa of this major clade, as

most of these taxa have rhinophores.

The Pteropoda, another opisthobranch taxon, ae \@ithin a clade including the
Cephalaspidea, Aplysiomorpha and Umbraculoidea thmittaxa of the Pteropoda are
very derived (Klussmann-Kolb and Dinapoli 2006, $dmann-Kolb et al. 2008).
Within the Pteropoda two taxa have been descrilrstithe Gymnosomata, which have
two sets of CSOs, mentioned to be homologous to ldbel tentacles and the
rhinophores of the Aplysiomorpha (Hoffmann 19394 asecond the Thecosomata,
which have only one pair of tentacles, assumecdethdmologous to the rhinophores of
the Aplysiomorpha, showing a rudimental form (Hodinm 1939). As the Thecosomata
are a highly derived taxon, it can be assumed,tti®ASOs are reduced. Nevertheless

the Pteropoda also support rhinophores in the grpattern of node four.

The next taxon, which | will discuss are the Sacsgha which have formerly been
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believed to belong to the Opisthobranchia. Howeilierinvestigations of Klussmann-
Kolb et al. (2008) indicate that this taxon is molesely related to the Pulmonata. The
Sacoglossa have only one pair of tentacles, bsitémtacle pair is provided by the three
cerebral nerves N2, N3 and Nclc, (Hoffmann 1939bétu1993, own investigations),
this indicates a fusion of the ASOs and the PSO#henSacoglossa, which was also

mentioned earlier (Huber 1993).

In the investigation of Klussmann-Kolb et al. (2D@8e formerly opisthobranch taxon
of Acochlidiacea is closer related to the Pulmon#it@n to the rest of the
Opisthobranchia. The CSOs of the Acochlidiacea haeen described in detail by
Sommerfeld and Schrddl (2005) and Hochberg (2000%),due to the compression of
the CNS and the CSOs (due to extremely small spegfech live in the interstitial

system) | am not able to postulate homology hymsbkeor these organs within the

Acochlidiacea.

In summary | postulate the following homology hypeges (see also Fig. 46):

* The lip in all investigated Gastropoda is homolagjou

 The ASOs as well as the PSOs of the investigatédyBaura are homologous
structures.

* The labial tentacles of the Nudipleura and the asnorpha are homoiolog.

* The lip organ, the Hancocks organ and the ceplsaiield of the Acteonoidea
and the Cephalaspidea are also homoiologous stesctu

» The groove of the Acteonoidea is homologous to ldieal tentacles of the
Nudipleura.

* The rhinophores, as posterior tentacles, are haypak within all investigated
taxa as they are included in the ground pattemodt one.

* The oral veil of the Pleurobranchomorpha might bmabiolog to the oral velum
of the Dentronotoidea (i.gritonia diomeded Nudibranchia) as the oral veil is
not included in the ground pattern for node 2.

* The tentacles of the Sacoglossa are derived fusectiwes which need further

investigations
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5. Outlook

As | have shown, it is possible to use neurobi@algmethods to answer evolutionary
questions. Nevertheless new phylogenetic investigatpostulate the Opisthobranchia
as non-monophyletic, which is slightly supportedny investigations, as | rejected one
of the last autapomorphies, the bifurcation of i supporting a monophyletic taxon
Opisthobranchia. Therefore the reconstruction gfaund pattern for the CSOs of the
Opisthobranchia is theoretically impossible, as tdwveon Opisthobranchia might not
exists. Several opisthobranch taxa are missingynnwestigations. The lack of these
opisthobranch taxa is primary caused by methodocddgproblems which are also
relevant for other heterobranch taxa. The firstbfgm is the number of replicates
needed, as many euthyneuran taxa are cryptic specid as second the axonal tracing

technique is restricted to living species with aimium size.

In detail | suggest to investigate the cellularervation patterns for the cerebral nerves,
and the neurotransmitter content for the CSOs efftilowing taxa. First of all, the
Sacoglossa, as this opisthobranch taxon only haspair of tentacles in the head
region, and the earlier mentioned methods coulddssl to homologise them with the
CSOs of other opisthobranch taxa. However, the qgepetic investigations of
Klussmann-Kolb et al. (2008) postulate that the o§hissa do not belong to
Opisthobranchia but are more closely related to Eh@monata. Therefore the
investigations of the Sacoglossa might be veryuldefconfirm my hypotheses about
the evolution of the CSOs.

As second | will suggest a detailed investigatidrthe Hancocks organ in different
opisthobranch taxa which were not included in ttisdy. | postulated that the term
Hancocks organ should be restricted to the post@aot of the Hancocks organ of
earlier studies. Therefore it would be useful teestigate taxa of the Acteonoidea,
where the Hancocks organ is not reduced likddteon tornatilis Furthermorelritonia
diomeda(Nudibranchia) should be investigated, as | haeationed that the Hancocks
organ of this species might only represent theramt@art of the Hancocks organ of
earlier investigations and should be renamed as .A80 addition, the other

opisthobranch taxa with a Hancocks organ like tipgygiomorpha (i.eAkera bullata
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or the Acochlidiacea should be investigated toifgldhe term and the definition of the

Hancocks organ. Here it should be mentioned thatntight cause some difficulties, as
many Acteonoidea only show a scattered occurangghérmore, the Acochlidiacea are
in general too small for the axonal tracing and/@adme rare indo-pacific species might

reach the needed minimum size.

Other methods might be helpful to confirm or dehg postulated hypothesis for the
evolution of the CSOs. Double labeling, which condsi the axonal tracing with the
neurotransmitter content (Chiasson et al 1994, sWmnmsky and Balaban 2005,
Kononenko and Zhukov 2005), might create an adwfidomology criterion for the
cellular innervations patterns. But my own investigns (data not shown) indicate that
the fluorescent marker Biocytin, which is used east of Nickel-Lysine shows less
cluster in smaller species, therefore these difiege between these two markers which
should show identical results need further emgirozestigations.

Other kind of data, like the muscle structure (Whtould be shown with the fluorescent
marker phalloidin) of the CSOs or the ontogeny led €SOs might also be helpful.
Ontogeny of several opisthobranch taxa (Aplysiorharp Wollesen et al 2007a,b,
Nudibranchia — Carroll and Kempf 1994, Kristof &tia preparation Cephalaspidea —
Schulze et alin preparatior) using immunohistological methods have been ingatd
until now. In future, other opisthobranch taxa dtobe added, but is has to be
mentioned that ontogenetic studies are very tinbensive and often complicated for
marine gastropod species with a veliger larvae.teroapproach, which is also very
time intensive and expensive until now, might baroeal transcriptomes, which have
been described fokplysia californicaby Moroz et al. (2006). Neuronal transcriptomes
represent expression patterns of single morphadgic cellular structures and not of
the whole animal (in the investigations of Morozakt(2006) neuronal transcriptomes
of nervous structures were described). Thereforenpesisons of the neuronal
transcriptomes of other opisthobranch taxa migho @reate an independent data set
useful for the homologisation of morphological stures. Here it has to be mentioned,
that many Opisthobranchia are model organisms mithée neurobiology, therefore it
could be expected, that further describtions of roeal transcriptomes for

Opisthobranchia will follow.
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At last, | want to mention that the approach of stydy, as well as the methods
mentioned earlier, which were commonly used forcfiomal questions, could also be
used for other questions, besides the evolutich@fCSOs within the Opisthobranchia.
I have shown that cellular innervation patternshimitthe CNS are very conserved
structures, therefore they could be used to clanémology hypotheses of other
morphological structures besides the CSOs. In thstr@poda, the CNS is clearly
separated into different kind of ganglia which irvade defined body parts of the
Gastropoda. Therefore cellular innervation pattdsos also neurogenesis of buccal,
pleural or pedal nerves could be used to homologiee organs and structures

innervated by these nerves, e.g. structures thgfaoapodia).

Another usage of the cellular innervation patterd the neurotransmitter content might
be given within the central nervous system andimdhe periphery. The CNS of the
Gastropoda shows a high variation at the grosoameal level. Ganglia are often fused
or sometimes lacking when comparing different ggeid taxa. As for example, within
the Opisthobranchia, the cerebral ganglion is oftesed with the pleural ganglion,
forming the cerebropleural ganglion, but also tbeuorence of peripheral ganglia, like
the rhinophoral ganglion is very variable. The meatiation, regarding the CNS of
Gastropoda is found within the visceral loop, whganglia vary in numbers from two
to five. Regarding the high conservation of ceHluteervous structures, the cellular
innervation patterns, but also the neurotransmdtertent and the ontogeny might be
used to define the ganglia at a cellular level @ngconstruct the evolution of the CNS

within the Gastropoda, which is done until now ity based on the gross anatomy.
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Supplement Data

V.

Table: |

Supplement Data

Used protocols for the Immunohistochemistry

SHT

FMRFamide

TH

Fixation: 4% PFA in 0,1 M PBS overnight at
4°C

Washing: 3xPBS (5°5°60 min)

Permilisation and Blocking: 4% Triton, 1%
NGS

in PBS overnight at 4°C

Washing:
3xPBS (5'5°60
min)

PA and Blocking: 1/500-1/1000 PA,;
1% NGS; 0,2% Triton; overnight at RT

Washing:
3xPBS (5'5°60
min)

SA: 1/500-1/1000
1% NGS; 0,2% Triton; overnight at RT

Washing:
3xPBS (5'5°60
min)

Mounting: 3/1 Glycerol in 0,5 TRIS

Fixation: 4% PFA in 0,1 M PBS overnight at
4°C

Washing: 3xPBS (5'5°60 min)

Permilisation and Blocking: 4% Triton, 1%
NGS

in PBS overnight at 4°C

Washing:
3xPBS (5'5°60
min)

PA and Blocking: 1/500-1/1000 PA;
1% NGS; 0,2%i0h; overnight at RT

Washing:
3xPBS (5'5°60
min)

SA: 1/500-1/1000
1% NGS; 0,2¢%aoh; overnight at RT

Washing:
3xPBS (5'5°60
min)

Mounting: 3/1Glycerol in 0,5 TRIS

pH 8,0 + 2% Propyl Gallate (anti fading agen

Fixation: 99% Methanol, 1% Acetic acid-30 min
at-18°C

Bewassern:70/50/30% Methanol /(10°10°10 min

Washing: 3xPBS (5°5°60 min)

Permilisation and Blocking: 0,2-1% Triton, 0,5-
1% NSS

in PBS overnight at 4°C
Washing:

3xPBS (5'5°60

min)

PA and Blocking: 1/50-1/250 PA;
1% NSS; 0,2% Triton; overnight at RT

Washing:
3xPBS (5'5°60
min)

SA: 1/50-1/250
1% NSS; 0,2% Triton; overnight at RT

Washing:
3xPBS (5'5°60
min)

Mounting: 3/1 Glycerol in 0,5 TRIS

) pbl82% Propyl Gallate (anti fading agen

t) pH 8,2% Propyl Gallate (anti fading agent)
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Table IV:

Table of the number of specimen, shell size caledldy the product of

length and breath in mfhand maximum diameter of somata (in um) withindleebral

clusters projecting into the N2.

specimen ( + shell

size of somata

size of somata

size of somata

size of somata

size of somata

sizein mnf) (um) within Cnlcl | (um) within Cnlc2 | (um) within Cnlc3 | (um) within Cnlc4 | (um) within Cnlc5
1 7 14 11 12 5
5,67 9 4 6
8
2 12 8 9 25 21
7.4 14 11 14 11 19
9
3 17 13 21 14 29
7,6 21 12 14 16 21
17 8
4 18 31 19 17 24
7,82 19 13 18 27
14 6
5 21 29 24 21 36
8,25 19 17 9 19 31
18 18 12
6 22 31 26 22 31
10,08 21 19 17 23 34
16 8 19 21
7 22 32 28 24 34
10,53 24 26 21 16 24
18 15 19 21
8 13 33 22 20 36
10,92 15 28 21 21
10 24 19
24
23
9 20 17 13 19 20
11,02 19 15 20 18
13 21 17
14
12
10 23 17 21 23 21
12,71
11 19 21 25 21 34
15,04 24 19 19 33

Xl
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12

15,18

14

25,8

16

21,45

17

25,8

18

26,46

19

34,3

20

35,77

17

12

17

18

13

18

24

13

11

15

17

16

15

36

21

15

14

26

24

23

22

12

18

16

13

17

18

23

32

23

23

26

15

29

27

10

12

26

33

30

23

12

15

29

41

17

24

27

28

21

23

17

26

28

27

16

11

21

12

15

11

14

17

19

20

19

12

15

20

23

31

33

38

11

12

25

16

14

18

18

16

19

29

16

26

12

19

17

24

28

25

17

16

24

41

24

22

19

18

13

20

21

29
12
26

14

23
17

19

18

10

27
18

12

33
21
23
26
28
14
12

28

41

28
22

24

27
28

22
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37,63

22

57,42

12

16

15

22

17
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29

23

31

29

23
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21
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24

19

24
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35

34
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35

28

26

27

29
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28
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31
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29

54

36

32
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29
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24
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19

18

59
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15
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15
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The supplement data also include three manuscnygtgh could be found on the
Supplement Data CD-Rom. These manuscripts ardlowfo

1. Staubach S, Schutzner P, Croll R P, Klussmann-Kblin press
Innervation patterns of the cerebral nervell@minoea hydatigLinnaeus,
1758) (Gastropoda: Opisthobranchia) — A test formspecific variability.
Zoomorphology, (DOI: 10.1007/s00435-008-0064-6)

2. Staubach S, Klussmann-Kolb A (2007)
The cephalic sensory organsAafteon tornatiligLinnaeus, 1758) (Gastropoda
Opisthobranchia) — cellular innervation patterng &sol for homologisation.

Bonner Zoologischer Beitrage 55: 311-318
3. Faller S, Staubach S, Klussmann-Kolb A (Zoomorpggl-in revision

Comparative immunohistochemistry of the cephalitssey organs in

Opisthobranchia (Mollusca, Gastropoda)
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