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ABSTRACT

Crustaceans have frequently been used to study the neuroethology of diverse function as
agonigic behavior and circadian rhythms. Whether the highly stereotyped and quantifiable
agonistic activity in crustaceans is controlled by circadian pacemakers has so far not been
investigated. In order to address this question, | introduce the marbledlc(®ytisambarus
spec), an easy to breed parthenogenetic decapod crustacean of unknown regional origin, as a
new preparation for neuroethological studies. Isolated marbled crayfish displayed rhythmic
locomotor activity under 12 hours ligh hours darknes$LD12:12) and rhythmicity
persisted after switching to constant darkness (DD) for nine days, suggesting the presence of
endogenous circadian pacemakers. Isogenetic females of parthenogenetic marbled crayfish
displayed all behavioral elements known fronomigtic interactions of previously studied
decapod species including the formation of hierarchies. Previously isolated marbled crayfish
initially displayed high numbers of agonistic encounters during the first hour of their co
habitation in groups of sixnémals. With the formation of hierarchies, the frequency of
agonistic encounters was reduced to low levels. Group agonistic activity was entrained to
periods of exactly 24 hours under LD12:12 and peaks of agonistic activity coincided with
light-to-dark anddarkto-light transitions. After switching to DD, enhanced agonistic activity
was only observed at times corresponding with light to dark transitions during the preceding
three days in LD 12:12. During four days under ,lAgonistic activity remained rhytfic
with an average circadian period 24.83 + 1.22 h in altrayfish groups tested. Analysis of
individual agonistic activities revealed that the most dominant crayfish participated in more
than half of all agonistic encounters within the group andaieiti most of them. Only the
most dominant crayfish revealed clear endogenous rhythmicity in their agonistic behavior.
Subordinate individuals, depending on their social rank, initiated only between 19.4 and 0.03
% of all encounters in constant darkness disglayed no statistically significant rhythmicity.

The results indicate that bgttbocomotion and agonistic social interactions are rhythmic
behaviors of marbled crayfishwhich are controlled by lighentrained endogenous
pacemakers. The availability edogenetic populations of marbled crayfish may foster the
future analysis of these pacemakers in crustaceans.

Crustaceans and insects appear to be sister groups, but their circadian systetos seem
differ in degrees of centralization of pacemaker cenitergheir brains. However, also in
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Crustaceant least part ofhe circadian control resides in the optibé&s.In insectsoptic lobe
pacemaker neuronsside ina specialized neuropil, the assorymedulla(AMe). The insect

AMe is innervated by neuronxgressing the neuropeptide pigmelgpersing factor (PDF),

and because of that it is known BRBFMe.PDF is lomologusto the crustacean pigment
dispersing hormone (PDH), which orustacea is expressed in a variety of brain neurons.
With combined immunogochemical and backfill studigkidentified neuralstructuresn the
marbled crayfistthat probably correspond to the insect optic lolveadianpacemakerin

this work, the PDH-expressing neuron system of the crayfish was studied in eyestalks and
brain, and results show a tripartite PExHheuron cluster that appeared to be homologous to
the insect PDFMe according to the homology criteria of similar positiomeaantchemical
quality. However, | did notifid a structure comparable to the insect AMastleading to the
assumption, that the insect AMe is a newly attained structure in the evolution of the insect
optic lobe, which was not present in the common ancestor of crustaceans and insects. This
work opens firstinsightsinto the evolution of the ditopod circadian system and present
new valuable information abotlielocationof circadian pacemakers emustaceans.

Melatonin, the classical time messenger of vertebrates, is present in most organisms
studiedso far In the melatonin biosynthetic pathy, the indoleamines serotoninkd’) and
N-acetylserotonin (NAS) are formed fromh§droxytryptophan. Serotonin is importdot a
variety of functions, in both vertebrate and invertebrate aninralsontrast the knowledge
about potential functions df-acetylserotonirand melatoninin invertebratess relatively
limited. In this work, | adapted an ELISA proceddwe the analyses afrustacean tissues, in
order to measure serotonid;acetylserotonin and melatonim the brain and eyestalks of the
marked crayfish Procambarusspec over a complete dg cycle (LD12:12). Serotonin
showed mean levels in the rangle21.05 + 0.93 ng/ml in brains and 6.75 + 0.36 (mean *
SEM) ng/ml in eyestalks. NAS concentrations were slightly lower than those of serotonin
with 5.65 + 0.29 ng/ml in brains, and 3.12 + 0.23 ng/ml in eyest&tk&ingly, melatonin
showed levels 1008meslower than NAS, in brains 30.82 = 1,61 and in eyestalks 21.66 +
1.54 pg/ml. Significant changes between minima and maxima over one dayweyel found
for serotonin and melatonin levels both central nervoustructures. NAS differences were
not significant in both structuredyut in eyestalks theyere very close to significance
Cosinor analysisid not showa significant (pO0.05) fit b a sinusoid witha period of 24 h,
but significance was close to be reached in some cases. These smlite some
assumptions about the biosynthesis of melatonin in the nervous system of arthropods,
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specificallyin the crayfishProcambarusespecThisis the first time that NAS is measured in
arthropods and provides new insightsoirmetabolic pathwaydhat form melatonin in

invertebrates.



ZUSAMMENFASSUNG

Krebse sind bevorzugte Praparationen fir neuroethologische Studien zur
Verhaltenskotrolle und zur Untersuchung circadianer physiologischer Rhythmen. Ob das in
verschiedenen Krebsarten beschriebene stereotype agonistische Verhalten durch ecircadian
Schritmader kontrolliert wird, habe ich Gruppen von parthenogenetisch reproduzierenden
Marmorkrebsen (Procambarus spec) unter verschiedenen Beleuchtungsbedingungen
beobachtet. Wie andere Krebse auch, zeigten isolierte Marmorkrebse rhythmische
Lokomotionsaktivitat unter regelmafigen LidbtinketWechseln (LD12:12), die Uber neun
Tage im Daueatunkel (DD) aufrechterhalten wurde. Dies deutete auf die Prdsenz endogener
circadianer Schrittmacherzentren hin, welche die rhythmische Aktivitdt unter konstanten
Bedingungen aufrechterhielten.

Isogenetische Marmorkrebsweibchen filhrten alle typischen Btendes bei anderen
dekapoden Krebsen beschriebenen agonistischen Verhaltens durch und etablierten stabile,
weitgehend lineare Hierarchien. Gruppen von jeweils sechs zuvor isolierten Marmorkrebsen
fuhrten zunadchst hohe Anzahlen agonistischer Interaktiongnvergleichsweise hoher
Intensitat durch, in denen der relative Dominanzstatus der Tiere untereinander festgestellt
wurde. Mit Etablierung der Hierarchien sanken Anzahl und Intensitat agonistischer
Interaktionen, da rangniedere Tiere zunehmend Kampfen deri ranghdheren Tieren
auswichenEine individuelle Analyse der agonistischen Aktivitat innerhalb der Krebsgruppen
zeigte, dass das absolut dominante Individuum an etwa der Halfte aller Kampfe beteiligt war
und die meisten dieser Konfrontationen selbiigirte.

Unter LD12:12 Bedingungen war die agonistische Aktivitat der Gruppe genau mit dem
24 Stunden Rhythmus des Lichtwechsels synchronisiert, wobei der Beginn der Perioden mit
erhohter agonistischer Aktivitat dem Liean Stimulus folgte und dem Lichius Stimulus
antizipatorisch vorausging. Nach Wechseln zu konstanter Dunkelheit (DD) tragrhiitee
agonistische Aktivitahur noch zum Zeitpunkt des vorherigen Beginns der Dunkelphase auf.
Ein circadianer Rhythmus dieser Aktivitat wurde Uber die gesdeobachtungsdauer von
vier Tagen in DD mit einer durchschnittlichen Periodendauer von 24,822 Stunden
aufrechterhalten. Im Gegensatz zur rhythmischen Aktivitdt der untersuchten Gruppen zeigte
nur der absolut dominante Flusskrebs einen signifikamiedogenen Rhythmus seiner
agonistischen AktivitatSubordinate Krebse beteiligten sich, je nach Rang in der Hierarchie
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nur an 19,4 bis 0,03% der gesamten agonistischen Interaktionen und zeigten dabei keinen
statistisch signifikanten Rhythmus. Die Ergedse deuten darauf hin, dass neben der
Lokomotion isolierter Krebse auch das von mindestens zwei Individuen abhangende
agonistische Verhalten von Marmorkrebsen durch endogene circadiane Schrittmacher
kontrolliert wird, die durch den exogenen Lichtwechsealcéyonisiert werden.

Krebse und Insekten sind zwar phylogenetisch verwandte Gruppen, zeigen aber
Unterschiede in der funktionellen Organisation ihrer zirkadianen Systeme. Bei Krebsen
scheinen mehrere, miteinander wechselwirkende lokale Schrittmacherliegeny die
zumindest teilweise in den optischen Loben lokalisiert sind. Insekten scheinen dagegen ein
zentralisierteres circadianes System zu haben, deren Hauptkomponenten in einem
spezialisierten Neuropil in den optischen Loben zusammengefasst sindkzessorischen
Medulla (AMe). Die AMe der Insekten ist durch Neurone innerviert, die das Neuropeptid
Pigment Dispersing Factor (PDF) exprimieren und deshalb PDFMe genannt werden. PDF ist
dem Crustacean Pigment Dispersing Hormone (PDH), homologe das rebseK in
verschiedene Neuronen exprimiert wird. Mit Hilfe der Immunohistochemie und Backfill
Technik konnte ich im Hirn des Marmorkrebses Strukturen identifizieren, die
moglicherweise &ahnlich zu Schrittmachern den optischen Lobus der Insekten sireseln d
Arbeit wurde das gesamte PDH Neuronensystem im Augenstiel und Hirn des
Marmorkrebsens identifiziert, wobei die Ergebnisse auf dreifach -idrLNoreaktive
Gruppen hinweisen, die aufgrund Homologie Kriteriums der &ahnlichen Position und
spezifischen Quakt homolog zum den Insekten PDFMe homologe zu sein scheinen.
Trotzdem wurde keine ahnlich Struktur zu den Insekten AMe gefunden, was darauf hinweist
dass die Insekten AMe eine neue Struktur der optische Lobe ist, die nicht in den gemeinsamen
Vorfahren de Insekten und Krebsen prasent war. Diese Arbeit 6ffnet eine neue Sicht auf die
Evolution des zirkadianischen Systems der Arthopoda und liefert neue Information Uber den
moglichen Sitz der zirkadianischen Schrittmacher in Krebsen.

Melatonin, der klassisehZeitsignal Botenstoff der Saugetiere, ist in den meisten aller
untersuchten Organismen prasent. Der Biosynthese Weg des Melatonins umfasst als
Zwischenstufen die Indolamine SerotonirH®%) und N-acetylserotonin (NAS), welche aus
5-Hydroxytryptophan syihetisiert werden. Serotonin spielt eine wichtige Rolle in
verschiedene Funktionen bei Vertebraten und Wirbellosen. Trotzdem, sind die Kenntnisse
Uber InvertebraterN-acetylserotonin relative begrenzt, und auch fir Melatonin werden
weitere Analyse benétigtim genauere Aussagen Uber seine Funktionen treffen zu konnen. In
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dieser Arbeit wurde ein ELISA Protokoll adaptiert um rund um die Uhr (in LD12:12)
Melatonin, N-acetylserotonin und Serotonin aus Hirn und Augenstiel des Marmorkrebses
Procambaruspec. zu mesen.

Serotoninwurde dirchschnitiche Konzentrationen von 21,05 + 0,93 ng/ml im Hirn und
6,75 + 0.36 (mean £ SEM) ng/ml ikugenstiel gefunderDie NAS Konzentratioenwaren,
mit 5,65 + 0,29 ng/ml inHirn und 3,12 £ 0,23 ng/ml im Augenstietwas klener als die von
Serotonin Auffalliger weisewurdeMelatoninin einer1000 mal niedrigean Konzentrationen
als NAS detektiert, im Hirn 30.82 £ 1,61 und in Augenstiel 21,66 %41pg/ml. Ein
signifikanter Unterschiedzwischen den Minima wnd den Maxima des Melatonins und
Serotoninsin einem Tages yklus wurden in beide Strukturen gefunden. Die NAS
Konzentrationaunterschiede waren in beiden Strukturen nicht Signifikant gefunden. Mittels
Cosinor Analyse wurde keine signifikartep O ABweibhbilg von einer Sinuskurve mit
24  Stunden Periodenlange gefundenwenngleich einige Werte nahe der
Signifikanzschwellelagen. Diese Ergebnisse fordern zu den Annahmen nach der Biosynthese
Weg des Melatonins im Nervensystem der Arthropoday. ler Flusskreb$rocambarus
spec. Die vorliegende Arbeit misst zum ersten mal NAS in Arthropoden und liefert neue

Erkenntnis Uber den metabolische Wege der Melatonin Synthese in Wirbellosen.



INTRODUCTION

Crayfish as model for the study of circadian rhyhms

Arthropods including insects and crustaceans have been extensively used to study the
basis of circadian rhythms emerging from endogenous mechanisms that repeat itself with
periods of approximately 24 hours under constant environmental condiielisch-Forster,

2005 Vansteensel et al., 2008n crustaceans, no single central nervous structure seems to
possess the completeafé ur es of a central circadian pac
circadian rhythmicity is controlled by multiple independent pacemakers, situated in the
eyestalks, the retina, and the supraoesophageal ganglion, which in the intact animal interact
by neurdand humoral pathway@ollard and Larimer, 197 BarreraMera and Block, 1990
Arechiga et al., 1993)Circadian rhythms have been reported for various physiological
functions and behaviors in a number of crustacean species. Endogenous circadian pacemakers
modulate the sensitivity of sensory organs like the épeschiga et al., 1974and caudal
photoreceptor¢RodriguezSosa et al., 2008Yetermine the movements of pigmeftéebb

and Brown, 1965)and regulate blood sugdReddy et al., 1981Tilden et al., 200}
glutathione level¢DuranLizarraga et al., 2001}the capacity to take up oxygéringerman

and Lago, 1957Reddy, 1991)and the activity of effector systems such as heart rate and
ventilation (Pollard and Larimer, 197MHernandeZalcon and Ramon, 199&arca Luna,

2004) Most behavioral studies investigated spontaneous locomotor activity and found a
robust circadian rhythm with maxima at the beginning and ongmetigity throughout dark

phaseqSchallek, 1942Palmer, 1971Page and Larimer, 197 FanjutMoles et al., 1996



MirandaAnaya and FanjuMoles, 1997) In addition, plugging of burrows has also been
demonstrated to be controlled by circadian pacemdderka Iglesia et al., 1994)

Despite of the profuse knowledge about circadian rhythms in crustaceans, just the exact
location(s) of the circadn pacemaker(s) together with their entrainment, synchronization,
and output pathways are virtually unknown in these animals. To unveil pacemaker locations
in crustaceans, ablation, surgical interference, and in vitro studies were performed by various
autlors (Arechiga and Rodrigue3osa, 1998; Saenz et al.,, 199¥)ost of these studies
pointed to the eyestalks and central brain as potential structures to contain circadian
pacemakers. However, from those studies derived ambiguous information; e.g., if eyestalks
were ablated, some circadian rhythmic parameter weréeshbd or at least altered, but other
remained intact (reviewed Arechiga et al., 1993anjutMoles and Priet&sagredo, 2003
BarreraMera et al., 1980)In one of the earlier studies, the central brain was proptused
control the electroretinogram (ERG). However, later experiments indicated that circadian
changes in ERG amplitude appeared to be locally controlled byetima,rsince explanted
retinae and eyestalks in vitro showed intact circadian rhythms of ERG ampliardehiga
and Rodriguesosa, 1998)These results supported the idea that ERG rhythms are controlled
rather by the eyestalk than by the circumesophageal gan§iimilarly, glycemic response
in protocerebrum ablated animalésplayed a circadian response similar to tbfintact
animals. However, the sudden response produced by asphyxia in intact animals was
suppressed in operated anim@sche and Barrerdera, 1993) In the same way, locomotor
activity has been analyzed after extraction or damage of the eyestalks or braiialin
studies, locomotor activity increased bués arrhythmic after removal of the optic lobes
(Kalmus, 1938).Later experiments refuted those observations, when locomotor activity
remainedhythmic after eyestalk removaHowever, when the circumesophageal connectives

were lesioned, rhythmic locomotor activity vanish&tbntrary to this report, rhythmic
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locomotor ativity continued afterbrain removal(FuentesPardo and hclan Rubio, 1981).
Since these functional studies were unable to determine the central nervous location of the
circadian pacemakers in crustaceans new approaches should combine behavioral,
physiolayical and anatomical techniques.

The molecular mechanisms of circadian pacemaker cells could be largely elucidated in a
variety of invertebrate and vertebrate animals (reviewe&tagewsky, 2002Bell-Pedersen
et al., 2005 Siepka et al., 20Q7Vansteensel et al., 2008As components of these
mechanisms, several genes and proteins are well conserved in taxa that are evolutionary
separated for more than 500 million yednscrustacea, efforts have beemdertaken to locate
circadian pacemakers by identification of canonical circadian genes and their products.
Immunostainingf the clock elements PER (period protein) and CRY (cryptochrome protein
revealed evidence for their presence in the nervous nsysfe crayfish (Arechiga and
RodriguezSosa, 1998 FanjutMoles et al., 2004) Despite the advances of genetical
approaches in the last decades, the genetic information in decapods is relatively scarse, and so
far only the geneclock from the prawnMachrobrachium rosenberginas been sequenced

(Yang et al., 2006)

Agonistic Behavior in Crustaceans

Arthropod species have also been used to study the neural basis of aggression, since they
display prominent sequences of actions duringaspecific competition for territories,
shelters, food and mating partners (crick¢®&evenson et al., 200Bvasaki et al., 2006
fruit flies: (Chen et al., 2002Nilsen et al., 2004Dierick and Greenspan, 200dpbsters:

(Heinrich et al., 2000; Huber and Kravitz, 1995; Kravitz, 2009ayfish: (Huber et al.,



19973 Edwards et al., 2003crabs:(Sneddon et al., 2000lowever, no study has explored a
possible circadian rhythm of agonistic behavior in crustaceans. A functional link between
crustacean circadian pacemakers and agonistic behavior may be established by the biogenic
amine serotonin, which has been shownretihance aggressive motivation in lobster and
crayfish(Huber et al., 1997Huber et al., 1997d@o0ernberg et al., 2001%erotonin releasing
neurons in the cerebral ganglion and the eyestalks, as well as serotonergic neurons that
innervate the neurosecretoryofgans havébeen demonstrated to periodically change their
activity in parallel to the circadian modulation of visual sensitivity, controlling the realease of
neuropeptid hormones. Further, serotonin is suggested to play a role in other physiological
functions undercircadian control(Arechiga et al., 1990Saenz et al.,, 1997Castanon
Cervantes et al., 1999n addition, lesions in protocerebral projection areas of serotonergic
neurons caused changes in patterns of circadian behavioral a@iedgy, 1991)Therebre,
serotonin may serve as a circadian modulated signal in addition to its established role in the
regulation of agonistic behavior.

Whether levels of aggression fluctuate on a circadian timescale has not been thoroughly
investigated in invertebrates, latugh one study on cockroaches reported increased agonistic
behavior during the dark portion of the photocy@eeed et al., 19750nly some studies on
vertebrate species including fi§Radilova et al., 1991yodents(Landau, 1975Russell and
Singer, 1983)and monkeys(Martensz et al., 1987addressed this question and found
enhanced agonistic activity during particular periods. Nonetheless, whenever periods of
enhanced aggression coincide with periods of increased general activity, aapacliestt
regulation of neural circuits that control aggressive behavior by circadian pacemakers is
difficult to assess. In humans, peaks of aggression against other patients and hospital staff has
been observed in psychiatric patie(anfredini et al., 2001and aggressive offences occur

more frequently during evenings and at nitgubichler and Ruby, 1986)
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Periodic changes of aggression have been demonstrated for tivegroptfie of lobsters,
with highest levels occurring shortly before the next ibtmm and Cobb, 197&romarty
et al., 2000) Agonistic behavior, including the formation of stable hierarchies, has been
studied in a number of decapod crustaceans. It is performed in order to conquer, defend, or
provide future access to limited resources such as territories, shielbel;sor mating partners
(Archer, 1988Ranta and Lindstrom, 199&oessmann et al., 2008tocker and Huber, 2001
Herberholz et al., 200 @nd consists of stereotype individual actions and postural components
that can be associated with different levels of aggregslober and Kravitz, 19955ize and
body weight have been identified as the major predictors for the outcoragoaistic
confrontations (Berrill and Arsenault,1984) but experience from previous fights can
profoundly alter the motivation for agonistic interactions for up to several {{agtsavanich
and Atema, 1998Rutishauser et al., 2004)While most studies on agonistic belwavof
crustaceans used pairs of animals to observe and quantify the details of their interactions, few
studies investigated the formation and persistence of hierarchies within small groups of
individually labeled crayfisi{Bovbjerg, 1953 Issa et al., 199%Herberholz et al., 2007)n
these studies, frequent and intensive fighting followed initial grouping of crayfish, but
fighting activity declined with the formatioof stable hierarchies. Relative rank order within
the group determined an individual 6s access
previously been studied with regard to its anatomy, mode of reproduction, phylogeny,
ecology, and developmef(ivogt et al., 2004Braband A. , 2006Alwes ard Scholtz, 2006;
Vilpoux et al., 2006) This species produces isogenic offspring by parthenogenetic
reproduction and offers the chance to generate genetically altered lines of animals. My
behavioral studies on the marbled crayfish demonstrate the pregesrm#ogenous circadian
pacemakers that modulate both, spontaneous locomotor activity and the performance of

agonistic behavior including the formation of hierarchies that is very similar to previously
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described behaviors of ngrarthenogenetic decapodustaceans. As a new approach, |
studied the circadian regulation of agonistic behavior hatwtated groups of six marbled
crayfish and found rhythmic peaks in the numbers of agonistic encounters coinciding with
light-to-dark and darko-light changes. gonistic activity remained rhythmic after switching
from regular nightday cycle to constant darkness, and enhanced activity coincided with the
beginning of dark phases during preceding LD 12:12 conditions. Analysis of the contribution
of individual crayfsh to the overall agonistic activity of the group revealed that the majority
of encounterswere initiated by the most dominant individual, while contributions of

subordinate crayfish seemed to vary with their social rank.

Circadian Systemsn arthropo ds and the function of PDH

Circadian pacemakers of arthropods are mainly studied in insects and their apparent sister
group (Dohle, 2001 Richter, 2002) the Crustacedn many insects, including the fruit fly
Drosophila melanogastebut also in orthopteromorph insects like cockroaches and crickets,
a master clock controlling circadiarlmvior and eclosion rhythms is located in each of the
two optic lobes, which are protocerebral brain parts processing visual information from the
compound eyefHelfrich-Forster et al., 1998These optic lobe pacemakers communicate via
neuronal connections to effector areas in the central brain. Disruption of these connections
lead in most cases, tcomplete and londpsting permanent breakdown of circadian
rhythmicity in behavior. In crustaceg however, the localizatiof a masterpacemaker
controlling circadian behavian specific brain areas has reveaiedre ambiguoussults as in
insects. Although lesion studies in crustaceans point to the centraldsrauell as tahe

eyestalks of crstaceans as clock locatiof®arreraMera and Block, 1990Page and Larimer,
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1976)it is clear that crustacean eyestalk clocks are not as indispensable to sustain circadian
rhythmic locomotor behavior as it is in many insects (reviewe&dnjutMoles and Prieto
Sagredo, 2003)it appears that the circadian system of crustaceans is not as centralized as in
insects,but rather comprises a network of brain oscillators toteraacircadiaroutput with
additional oscillators situated in the optic lobes as important part of this network.

Lesion and transplantation experiments in orthoptaraacts, such asockroaches and
crickets, implied that pacemakers were confined to @lsmgion of the optic lobe (reviewed
by Helfrich-Forster et al., 1998)n a corresponding region of the optic lobeDwbsophila a
set of secalled lateral neurons (LNs) was found to be ipdissable to maintain stable
circadian rhythmic behavior under totally rdrythmic environmental conditions (reviewed
by (Stach,2002) These LNs are organized in a dorsal and a ventral group (LNds and LNvs,
respectively). Subsequentlhe LNvsis further subdivided in 5 small and four large LNvs.
The LNs express a variety of substances that are components of the molecula@ancircad
clockwork, including Period (PER), Timeless (TIM), Clock (CLK), and Cycle (CYC). The
LNvs further express the PDF, which is apparently not part of the clockwork itself, but an
essential output signal. This signal provides circadian phase information tfre clock
neurons to downstream effectors of the central protocerebrum, including the dorsal neurons
(DNs)which are clock component®o (Taghert et al., 20QITaghert and Shafer, 2006DF
was also found in many other ndipteran insectsotbe expressed by neurons that appear to
be homologous t®rosophildd s L Nv s, and which are also di s
circadian clock(Homberg et al., 199]a\Nassel, 1991 Frisch et al., 1996Sauman and
Reppert, 1996Sato et al., 200Settembrini and Villar, 20038loch et al., 2003Sehadova et
al., 2003; Zavodska et al., 2003hese neurons are generally called Rxpressingnedulla
neurons (PDFMe) and show a conserved morplyodogong all insects studied hereirhis

includes the position of the somata anteriorly betwewedulla and lobula, centrifugal
13



innervation ofmedullg lamina, and, in some insects, the lobula, centripetal innervation of
large areas of the central protogi@rum, and commissural projections to the contralateral
brain half including contralateral optic lobe. Additionally, a small neuropil compartment of
themedullanear the PDFMe somaiand he accessomnedulla(AMe), is densely invaded by
processes of theDFMe (Homberg et al., 1991Reischig and Stengl, 1996)he AMe is
exceptionally rich inneuropeptidesincluding members of the FaRPs (FMRFamid related
peptides) family and allatotropitContraryto other optic lobe neuropils, the AMe shows a
peculiar nodular, nowetinotopic structurgPetri et al., 1995Reischig and Stengl, 2003
Soehler et al.,, 2008)This information suggests that the AMe is an integration center for
timing information in insects, with the PDFMe as important pacemaker and/or output,
forming an ensemble of the circadianak@Reischig and Stengl, 2083

The insect PDIsh o mo|l ogous t o-pigmedd icy puesrt aicregPDH) dbr mo n e
(Matsushima et al., 2004Both are groups of 18-amino acid peptides with only small
differences in amino acisequences among and between each dther. ¢ r u $£DHawae a , b
characterized upon its action on retinal and epidermal pigment graiRdesand Riehm,
1989). The | i bRDH &amithe sinus dglandbof the optic stalk causes migration of
distal retinal pigment to a more proximal position, thus leaving the eye in a light adapted
s t aPBH andPDF are both specifically recognized by an antiserumsaggnthetidJca-
b-PDH (Dircksen et al., 1987)In insects, this antiserum labels the PDF{ds described
above) and, in most netlipteran insects, two groups akuronsthat are situatedat the
posterior lamina (dorsal and ventral PDEL&urthermore,only in a few specis some
neurons of the central protocerebrum are labeled by the antifimchksen et al., 1987
Frisch et al., 1996Pyza and Cymborowski, 200N&assel et al., 19955aumarand Reppert,
1996 Sato et al., 2002Settembrini and Villar, 2005Bloch et al., 2003Sehadova et al.,

2003; Zavodska et al., 2003 crustaceans, the atfica-b-PDH labels several groups of
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neurons in the optic stalks, central brain, and stomatogastric sfigi@ngerich et al., 1987
Mangerich and Keller, 1988 hus, the system of PDReurons in crustacea is larger and
more complex than in insects and comprises neuroendocrine agkicnsurons releasing
PDH to facilitate pigment migration via the sinus gland, as well as a number of optic stalk and
central brain neurons utilizing PDH agaracrine neuromodulator. In this context it is very
interesting that recent studies point tauadtion of PDH in the circadian system of crustacean
species, additionally to the known function of PDH as a circadian driven output signal for
daily pigment migration cycle@/erde et al., 2007)

The wellcons er ved st r-RDHAPDF peptides in drustacealfis dndects,
together with functions in theicircadian systemded us to the questioabout a possible
common origin of the circadian systems of both tamaarticular lwasinterestedn which
of the PDHir neuron groups of crustacea could be homologous to the PDF neurons found in
insects. That nformation could lead to the recognition of tleeicadian pacemaker in
crustaceansnd may identify a homologousstructureto the insect AMe in the crustacean
optic lobe. | performed immunohistological and backfill studies in brains of the marbled
crayfish (Procambarusspec), a parthenogenetic fresh water dwelling decapod crustacean,
which is of increasing importance as a new model organism to study crustacean physiology
and neurobiology. | first fully reconstructed the PIdFind FMRFamier neuron system of
the brain. Due to positions of somata, projection patterns, and colocalization of
immunoreactivelabeling, | identifiedsubgroups of PDHr neurons of the optic lobe as
possible homologues to the insect clock neurons. However, | did not find a retruncthe
optic lobe of the marbled crayfish that resembles the insect AMe. My results support a
hypothesis of a rather dispersed circadian network in the predecessors of the crustacea/insect
taxon, the Tetraconata, which includes PDH/PDF expressing reguandthe formationof

the AMe asa newbrain area for processing timing information in insects. Centralized versus
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dispersed circadian systems in insects and crustaceapsctivelymight reflect different

adaptational requirements of this two groups.

Serotonin and its metabolites: N-acetylserotonin and Melatonin in

circadian systems

Melatonin is formed from the amino acid tryptophan viay8roxytryptophan. Upon
decarboxylation of the last compound, numerous metabolites can be produced, among which
the ubiquitous neurotransmitter serotonin is frequently in the focus of interest. In the course of
melatonin formation, serotonin is usually fiflstacetylated by specific arylalkylaming-
acetyltransferases (ANATS) or, alternately, by less specificacdayltransferase¢Hardeland
and Poeggeler, 2003; Hardeland et al., 1993)is step is followed by {nethylation,
catalyzed by a specific hydroxyindoler@ethyltransferase (HIOMT) or less specific other O
methyltransferases. This pathway of melatonin biosynthesis seems to be highly conserved,
because it can be found in organisms as different as dinoflagellates, fungi and vertebrates
(Hardeland et al.2007; Hardeland and Poeggeler, 200B8)can be generally stated that
melatonin is present in numerous, phylogenetically distant taxa, from bacteria and eukaryotic
unicells to macroalgae, plants, fungi and aninfelardeland et al., 199@andiPerumal et
al., 2006 Hardeland et al., 2007As a few examples for the formation of melatonin in
members of invertebrate groups, the sea anerRemdla koellikeri(Mechawar and Anctil,

1997) the planaridugesia dorotocephal@Morita et al., 1987)the molluscSepia officinalis
and, among several arthropods, the indextusta migratoriaand the crustacea@arcinus

maenagVivien-Roels and Pévet, 1986an be mentioned.
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In vertebrates, melatonin is considd to convey a chemical message on phase position
and duration of the dark phase within thel2dycle, from the central nervous system to the
rest of the body, thereby participating in precise internal timekeeping within the organism
(Vivien-Roels and Pévet, 1986; Vividtoels and Pévet, 1993Melatonin was first
discovered as a hormone of the pineal gléiretner et al., 1960)Meanwhile various other
sites of formation are known in the vertebrate body, in particular, retina, Harderian gland,
bone marrow, gastrointestinal tract. Nevertheless, the role of melatéemsed from pineal
has tobe distinguished from that locally presentoiiner organs. Melatonin synthesis in the
mammalian pineal gland is under control of the SCN, the circadian master clock. The SCN is
synchronized to external light received by the eyras transmitted via the retinohypothalamic
tract. The information is further mediated to the paraventricular nuclei, upper thoracic cord,
superior cervical ganglion and its postganglionic sympathetic fibers to the Reiédr,

1993) In all vertebrates, melatonin production and secretion by the pineal iglareise
during night, resulting from a nocturnal upregulation of its-latging enzyme AANAT
(Figure 1) Melatonin is released both to the circulation and, via the pineal, to the third
ventricle of the brairfTricoire et al., 200R Since melatonin is secreted in a cireadimanner,

it can act as an internal synchronizing element of physiological, endocrinological and
behavioral functiongTamarkin et al., 1976 Moreover, mé&tonin feeds back to the SCN,
which is a major site of membrabeund, G pratin coupled melatonin receptoT; and

MT, (Reppert, 1997)Irrespective of whether a specissdiurnal or nocturnal, melatonin
production in the pineal is always maximal in the dark plideenar, 1997)

In addition, animals can determine the time of ther yl®a measuring daily changes in
melatonin production, a type of photoperiodism based on thepw@edependent width of

of the day and the time of the year (daily and seasonal (Reer, 1992; Reitef, 993)
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The presence of melatonin has been reported for some insects and crug@aksirert
et al., 1991 Vivien-Roels and Pévet, 199Finocchiaro et al.,, 1988)In the fruitfly,
Drosophila melanogasterthe same biosynthetic pathway of melatonin as found in
vertebrateshas been suggested be present in both larvae and ad{Rsocchiaro et al.,
1988) In the silkworm,Bombix morj a circadian rhythm of melatonin cent was found,
having a nocturnal peak in haemolymph and head a periodicity that disappeared in constant
light (Itoh et al., 1995a)Similarly, melatonin was highest during scotophase in the nervous
system ofTrichoplusia nj in particular in the protocereburm, optic lobes, subesophageal
ganglion and thoracic gangl{&inn et al., 1995) Other arthropods showed higher levels of
melatonin at different timepoints of the day and in different tissues. The daniselftyura
verticalis showed rhythmignelatonin concentrations relative to body mass, with peaks in the
photophasgTilden et al., 1994)On the other handgnallagma civileand Acyrthosiphon
pisumdid not show significant changes in melatonin concentration between scotophase and
photophasgTilden et al.,1994) but in the latter species, orally administered melatonin
induced the production of virginoparus/oviparous intermediate fer(idbfaer et al., 1980)
In Gryllus bimaculatus some tissues showed higher melatonin levels during dtadep
(eyes, brain and palps), but other tissues such as cerci, ovipositors, hindlegs, ovaries and
Malpighian tubules exhibited melatonin maxima during photopliied et al., 1995b)
Seasonal changes of melatonin contentésadso known. Heads and abdomina of the honey
bee,Apis mellifera contained significantly higher amounts of melatonin during winter than
during summernMeyerRochow and Vakkuri, 2002)in the bloodsucking bug,Rhodnius
prolixus melatonin was shown to vary diurnally in the hemolymph. Larvae arrested in the last
instar showed a strong diurnal rhythm of melatonin that was lost when animals staited ad
developmeniFarca Luna, 2004)However, this rhythm reappears in fully developed adult

animals(Gorbet and Steel, 20Q3I)n other arthropods, such as crustaceans, melatonin has
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been studied, too. In the giant prawMachrobrachium rosenbergiiNAT activity and
melatonin levels were subject of investigation showing higher levels of the indoleamine in the
optic lobe duringhe middle of photophase, while lowest levels occurred during scotophase.
In this report, NAT activity did not show diurnal variatigiWgithyachumnarnkul et al., 1992)

The enzyme involved in the last step of melatonin synthesis, HIOMT, has also been found to
be present in the eyestalk of crustaceans, such as the giant tiger Stamapus monodoim

which the activites of both NAT and HIOMT were demonstrat®dithyachumnarnkul et al.,
1995) In various other crustaceans, melatonin has been also detagtgato et al., 1995;
Vivien-Roels and Pévet, 198Balzer et al., 1997Tilden et al., 2003Verde et al., 2007and
diurnal and circadian rhythms reported, but data aboutspaad levels areontroversial.
Although activities of both enzymes, NAT and hydroxyindOlenethyltransferase have been
reported(Withyachumnarnigl et al., 1995pnnd the existence of NAS, could be assumed, this
product has not been reported in crustacean., astT has been amply studied in
crustaceandts effects are related to the phase shift of the locomotor activity; in modifying
the electrtal activities of retinal and extraretineal photoreceptand impacting in the

secretion of peptidic hormones
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MATERIAL AND METHODS

Behavioral Studies

Animals

Experiments were performed with adult specimen of the marbled cr&ftatambarus
spec. So far, only females of this parthenogenetically reproducing species have been
described and it is unknown whether males may emerge under certain environmental
conditions(Scholtz et al., 2003)Intermolt stage crayfish of 1.2098 g body weight were
taken fromthe breeding tanks difielaboratory and immobilised by cooling in 5°C cold water
for approximately 10 minutes. Animals were labeled with unique symbols made from
reflective foil (Scotchlite No. 7610) that were fixed to the dorsal carapace with Pattex® glu
Prior to the experiments, crayfish were isolated for 5 days in continuously aired tanks at a
temperature of 224°C. They were fed once with fish and carrots on the third day of isolation
during the afternoon. After this, no food was provided during ehtire period of the
experiment. During the prexperimental period, the crayfish were subjected to a photoperiod
LD 12:12 (twelve hours light, twelve hours darkness), by use of normal fluorescent lamps

regulated with a timer. Light periods started a08a@n.

Recording of locomotor activity

Single marbled crayfisivere placed into individual aquaria with a base area of 12 cm x
25 cm. Infrared light diodes and detectors on the opposite side produced light beams that
transected the watditled aquaria &5, 10, 15 and 20 cm at a height of 1 cm above the
ground. Every interruption of a light beacausedy the movingcrayfish, wagecorded by a
computer. Counts were summed for every 10 minutes and stored for later analysis. Water was

changed once per wkeeContinuous recordings lasted for at least 7 days under either LD
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12:12 or constant darkness (DD). Locomotor activity was analyzed by the circadian rhythms
evaluation program Tempus 1(Reischig and Stengl, 20038 ctograms and peritmgrams
(Chi square periodogrgmSokolove and Bushell, 1978ere constructed in Excel

(Micrsosoft). Rhytmicity over confidence levels (p=0.01) was considered as significant.

N 3 £l A
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Figure2. Setup for locomotor adtity recordings (see text for explanation)

Recording of agonistic behavior.

Groups of sixndividually markedmarbled crayfish were placed together in one aquarium
with a base area of 40 x 55 cm that was placed on a white underground. Crayfish were
initially kept under regular light/dark periods (LD 12:12) for three days before continuous
darkness was applied for another four days. During the entire period of seven days, agonistic
interactions of crayfish were continuously monitored with a digital carfiReaasonic NV
GS150 3CCD) that was positioned above the arena. The camera was programmed for night
shot (infrared light) to increase sensitivity under dim light conditions (less than 1 lux). Red
light of low intensity was continuously applied to enablenitfication of crayfish and
tracking of their positions during dark phases. Crayfish have been demonstrated to be

insensitive to dim red lightCronin and Goldsmith, 1982Lamera recordings were directly
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transmittedto a computer that captured the videos with the software Windows Movie Maker
(Microsoft). The movies were stored as WI formats on DVDs. The experiment was
repeated three times with six marbled crayfish included in each run. Each crayfish was used

only once.

Figure3 Setup of video recordings of agonistic behavior in groups of the marbled claydisimbarusspec.(Details in text)

Quantification of aggressive behavior

Protocols for quantification of lobster and crayfishomigtic behaviors have been
developed byarious laboratorie§Huber and Kravit, 1995 Karavanich and Atema, 1998
Herberholz et al., 20015ince in my experiments agonistic interactions of several crayfish
wereobserved from ative and without the possibility of closg views, a simplified scoring
system was usedinteractions between two crayfish, sua$ lunges, persecution, claw lock,
and claw ripping were easily identified from above and counted as parts of agonistic
encouners. For each agonistic encounter the following parameters were evaluated: which
animal initiated the encounter, which retreated from the encounter, type of interaction,
occurrence (time of the day or night) and duration of the encounter. Behavior wasteyal
by replaying the recorded movies with Windows Media Player (Microsoft) on a computer

screen. Data were collected and evaluated in Excel (Microsoft).
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Data Analysis

| evaluated the occurrence and outcome of all agonistic encounters of each individual
marbled crayfish. According to the numbers of won encounters, a rank order of dominance
within the group was createth order toassess the daily course of agonistic activity within
the entire group, the numbers of all agonistic encounters were pooleaddgeams and
actograms of agonistibehavior under LD and DD conditions were calculated as described
above for the analysis of locomotor activity. A similar analysis was applied to agonistic
activities of individual marbled crayfish. Graphs were gendrated labeled with Excel

(Microsoft) and assembled to figures with Photoshop (Adobe).

Anatomical Studies

Animals

| used the marbledrayfishProcambarusspec. in adult and intermolt stage. Because this
species is parthenogenetic and male specimens arenaa, sexdeterminationwas not
relevant. Animals were obtained from agaasf the JohamiriedrichBlumenbachnstitute
for Zoology and AnthropologyPrior tothe experiments, animals waraintainedor at least
two weeksunderstandard conditions icontinuously aired tanks at a temperature 6222C.
They were fed once with fish and carrots on the third day of isolation durireftédraoon.
After this, no food was provided during the entire period of the experiment. During the pre
experimental perid, the crayfish were subjected to a photopeabtlD 12:12 (twelve hours
light, twelve hourgdarkness), by thase of normal fluorescefamps, which were regulated

with a timer. Light periods started at 8:00 am.
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Nomenclature of brain structures

The nomenclature for anatomical structures of the crayfish nervous system follows the
standard nomenclatungropogd by Sandeman et al. (1992)ith exception of the optic
ganglia situated at the distal eyestallhich are described according to the nomenodabd
(Strausfeld and Nassel, 1981)here, lamina ganglionarisnedulla externa, andmedulla
interna are named laminajedulla and lobula, respectively. This reflects the most likely
homology of these neuropils to their correlates in the insect optic neurbpdsproximal
eyestalk is termed the lateral protocerebrum and containsnéukillaterminalis and the
hemiellipsoid body withits two subdivisionsneuropil | (HNI) and neuropil Il (HNII). In the
medial protocerebrum, cell body clusters (CB@s¥cribed bySandeman et al. (1992) are
numbered consecutively froml7 (from anterior to posterior

prefix, in order to avoid confusion with numbers of cells.

Figure 4. Eyestalk and circumesophagic ganglion of thayfish Procambarusespec. stained with methylene blue and
photographed through a light microscope. (A) Dorsal view. (B) Dorsal detail of the left eyestalk. (C) Ventral view of the
eyestalk. Circumesophagic ganglion, detail of the dorsal view is sho{i) snd of the ventral view in (E). AMPN, anterior
medial protocerebral neuropil; HN hemiellipsoid body; La, lamina; L, lobula; Me, medulla; MT medulla terminalis; OGT
olfactory globular tract; ON olfactory lobe; Re, retina; 6, 10 and 17 correspod t@€Btbdy clusters.
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Antisera used and their specificity

ab-PDH: Polyclonal antiserum from rabbit agaisgntheticUca-b-PDH (Dircksen et al.
1987) ; used in various studies in insects a
PDH. Control preparationsn which the first antibody was omittegesuled in the complete
absence of immunostaining.

aDrosoPDF: Manufactured by J. Blagtains same cells asldca-b-PDH of Dircksen in
cockroaches.

aFMRFamide: Polyclonal antibody developed in Guinaa ®ift from D. Nassel. 1:1000.
aFMRFamide: Polyclonal antibody raised in rabbitmmunoStar(Hudson, Wisconsin
1:100Q

aMas-Allatotropin: Veenstra and Hagedorn, 1993.

a5-HT: Polyclonal antibody developed in rabbit. Sigma (Steinheim, Germany) 1:1000

a5-HT Polyclonal antibody raised in godcris (for double and triple immunostainings)

| mmunostaining on preparations embedded i n

Animals were dissected and fixed immediately in a formaldehyde/picric acid solution
(aqueous Bomumbdifiedsaftes MollandéRomeis, 1989)4 % picric acid, 4 %
formaldehyde, 1 % glacial acid) overnight at room temperature. After fixation, tissue was
washed several times in water and then dehydratadethanol series from 30, 50, 70, 90, 96
to 100 % for 10 minutes each. The (Pbly ai ns
EthylenglycolDistearat containing 1%-Hexadecanol; SigmAldrich, Steinheim, Germany).

Serial frontal and transversal -jin-thick sections were obtained as ribbons on a cooled
microtome. The ribbons were mounted on glass slides coated with chhemend allowed
to dry over night. Then, mounting medium was removed by immersion of the slides in 100 %

ethanol for 10 minutes twice and the sections were rehydrated in a descending alcohol series
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ending in Trisbuffered saline 0.1M pH.4 (TBS) contaimg 0.1 % Triton X100 (TrX). The

following incubation steps were carried out on did&ocking of unspecific protein binding
sites (O6preincubationd) was performed with &
0.5 % TrX for one hour. PDH immunostaigi was performed with the rabbit aktca-b-
PDH-antiserum(Dircksen et al., 1987iluted at 1:10,000 in TBS containing 0.5% TrX over

night. Primary antibody was detecté8ternberger, 1979y goat antirabbit IgG (1:50 in

TBS with 0.5 % TrX, 1 h), followed by incubation with rabbit peroxidas&peroxidase

(PAP) complex 1:100 in TBS with 0.5 % TrX, 1 h; both from Jackson Immunoresearch,
Newmar ket , UK). Peroxidase waz0 (0.G8krelD.@5d6, wi t h
respectively, in 0.1 M phosphate buffer pH 7.4). To visualize additional brain structures |
countertained some preparations with 1 % methylene blue. The sections were then
dehydrated with 70 and 96 % ethanol (théne, methylene blue stainingas differentiated),

100 % isopropanol, and xylene, and cover slides were mounted with Entellan (Merck,

Darmstalt, Germany).

Immunostaining on preparations embedded in gelatin/albumin

The brains were dissected in saline and fi
paraformaldehyde, 7.5 % picric acid diluted in 0.1 M Phosphate buffer ptérado hours.
After that, tissue was briefly washed with phosphate buffer 0.1M, pH 7)Ma{RExcess of
buffer was absorbed from the brains with filter paper. The brains were embedded in a
albumin/gelatin mixture (24.2 chicken albumin and 5.7 g gelatin from porcinens&iluted
in 91 ml KO) and postfixed in phosphabeiffered paraformaldehyde 4% overnight at 4 °C.
Blocks were cut with a vibrating blade microtome (vibratome; Leica, Germatoyb0 pum
thick sections The following incubation steps were carried out oeefifloating sections.

Preincubation was performed with 5% NGS in TBS containing 0.5 % TrX for one hour. PDH
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immunostaining was performed with the rabbit @aBDH diluted in TBS containing 0.5 %

TrX and 1 % NGS as above, but best staining was achieved with a concentration of 1:5,000,
and the incubation time was at least 2 days. After washing with several rinses of TBS
containing 0.1% TrX, the sections were ubated with an antiabbit secondary antibody
coupledto horse radish peroxidase (Dianova, Hamburg, Germany) diluted 1:300 in TBS
containing 0.5% TrX and 1 % NGS for two hours. Peroxidase was detected with
3,306di ami no( 09ZFand 0.05 &4 resiideely in 0.1 M phosphate buffer pH

7.4). Then, the sections were washed in PB, incubated in a mixture of 50 % glycerol and 50 %

PB, mounted in anatomical order on microscope slides, and coverslipped.

Immunofluorescent staining for multi-labeling experiments

For multiple immunolabelings otrayfish brains and optic lobes with up to three
antibodies, brains were dissected, fixed in
and cut with a vibratome to 50 pthick slices as described above. After bliogkwith 5 %
normal serum (from goat or donkey, depending on donor species of secondary antiserum) in
TBS containing 0.5 % TrX for at least 2 h, primary antisera were applied for at least two days
to the free-floating sections at working dilutions (in TB&ntaining 0.5 % TrX and 1 %
normal serum) given in table 1. After washing in TBS containing 0.1 % TrX, appropriate
secondary antisera coupled with fluorescent dyes were diluted 1:300 together with 1 %
normal serum in TBS containing 0.5 % TrX and appliedhe sections for 2 h. Then, the
sections were washed in PB, cleared for 30 min in a mixture of 50 % glycerol and 50 % PB,
mounted in anatomical order on microscope slides, and coverslipped. Primary antisera were
applied in the following combinations: taib anttb-PDH with guinea pig arHFMRFamide
(detected with goat antabbit Cy2 and goat antjuinea pig Alexa 633, respectively), rabbit

anti-b-PDH with goat antserotonin (detected with donkey ardbbit Cy2 and donkey anti
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goat Cy5, respectively),nd mouse artDrosophilaPDF with rabbit antallatotropin and
goat antiserotonin (detected with donkey anibuse Cy2, donkey antabbit Cy3, and
donkey antigoat Cy5, respectively). Secondary antisera were obtained from Dianova,

Hamburg, Germany.

Neurobiotin backfilling

In order to investigate central and contralateral connections of-iPRElls of the
eyestalks, | applied neurobiotin as neuronal tracer by means of suction pipettes to the thin
connections of the eyestat &brdlo dthal kecsetn)t.r ak
were immobilized with wax and the eye capsule was cut to expose the protocerebral stalks. |
pulled glass capillaries for electrophysiology to fine tips, which were then thoroughly broken
to obtain a round and smooth tipfice of about 300400 umin diameter. This tip was filled
with 172 pl of 5 % Neurobiotin (Vector Laboratories Inc. Burlingame, Canada) diluted in
distilled water. Then, the protocerebral stalk wat andthe tip of the application pipette was
slipped over the remaining stump either on the optic lobe (to investigate which-iPDH
neurons of the optic lobe have central projections) or on the central brain (to investigate PDH
ir projections to the contralateral optic lobe). The pipette was fixed in dlsiign with wax
and the wound was sealed with vaseline. The animals were immersed with cold water and
allowed to survive over night at 4 °C. The next day backfilled optic lobes were dissected,
fixed i n Zamboni ds sol ut i o mrutwith embibgatbochetd 50i n g e
pum-slices as described above. Doulslenunolabeling with mouse ariirosophilaPDF and
rabbit aniFMRF (detected with goat antiouse Cy3 and goat amfibbit Alexa 633,
respectively) was carried out as described abdweadetet the neurobiotinthe solution for
secondary antibodies additionally contained 1 % streptavidin coupled with fluorescein

isothiocyanate (FITC; Vector Laboratories, Burlingame, Canada). After the staining
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procedures, the sections were washed in PB, cléar&D min in a mixture of 50% glycerol

and 50% PB, mounted in anatomical order on microscope slides, anclgoped(Figureb).

Figure 5. Neurobiotin backfilling procedure in the nervous system of the marbled cra&ffiimbarus espec(A) (C)
Crayfish with capillary containing the tracer. (B) schematic representation of the path tracked. (D) Brain preparation,
arrowheads show the direction of backfills.

Image collection and analysis

The preparationanalysed byconventioml light microscopy were photographed with a
Zeiss microscope (Axioskop) equipped with a digital camera (SPOT RT3 Monochrome
camera, 1,2 Mpixel, Diagnostic Instruments Inc.). Some spesinvere photographed as
complete image stacks. Global image corredidbrightness, contrast, sharpness) were
performed with Adobe Photoshop 5.0.

The preparations labeled with fluorescent dyes were evaluated with a Leica confocal laser
scanning microscope (CLSM) TCS SP2 equipped with an aopsical beam splitter unit
(AOBS) for separation oéxcitation and emission lighand a spectrophotometer unit for

stepless selection of emission light spectda the double labeling experiments, €y2
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