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«WXB6
Le voila qui déteste et jure den mieux,
Pestanten sa fureur extréme
Tantot contre les trous, puis contre ses chevaux,
Contre son char, contre {méme.
Il invoque a la fin ldieu dont les travaux
Sont si célébres dans le monde
Hercule, Ui dit-il, aidemoi, si ton dos
A porté la machine ronde,
Ton bras peut me tirer d'ici.
Sa priére étant faite, il entend dans la nue
Une voix qui lui parle ainsi :
Hercule veut qu'on se remtie
Puisliaide les gens. Regarde d'ou provient
L'achoppement qui te retient,
Ote d'autour de chaque roue
Ce malheureux mortier, cette maudite boue
Qui jusqu'a l'essieu les enduit
Prends ton pic ane romps ce caillou gté nuit;
Comblemoi cette orniére. Atu fait ?- Oui, dit 'hnomme.
- Or bien je vis t'aider, dit la voix prends ton fouet.
- Je l'ai pris. Qu'est ceci mon char marche a souhdit
Hercule en soit louéLors la voix : Tu vois comme
Tes chevaux aisgent se sont tirés de la.
Aidetoi, leciel t'aidera.»

Jean de La Fontaine (162695)
Book VI, FablxVIII
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Abstract

Chemical stimuli are omnipresent divingall kinds of animal behaviours. Tkemparative study of
chemasensory system$ias revealed a wide variety of orgamseuronal circuitsand above all of
receptor proteins. Despite some conserved feature®, dea picture las emerged yet about the
originsof chemoreceptionand rew animal modelsre needed to understanitis evolutionaryhistory.

The marine wornPlatynereis dumeril{Nereididae, Polychaeta, Annelida, Lophotrochozoa) is a model
system for evolutioary developmental biology, and recent achievemedmdasereveakd its potential

for neurobiology. The head of marine annelids is generally equipped with abundant sensory
appendages, chemosensory based on humerous morphological descriptiomssiBg astimay seem

for this ecologically important phylumthere exists still nodirect physiological proof of
chemosensitivityin these prominent organs. Moreoven the absence of appropriatessay systems
physiological experimeniga Platynereidave so far ancentrated on photic and mechanical stimuli

The aim of this thesis was the description gpidysiologicalstudy of chemosensory systems in
Platynereisas well ashe establishment of microfluidiesased methods to enable functional imaging
and behavioual assays upon chemical stimulations. Theagspostfertilisationlarvalstage (6dpf), at
which most adult anatomical structures are already present, has emerged as a powerful stage for
crossspecies comparisons dfell types,thanks notably to a unique whole-body atlas of gene
expression.tlwas thus chosen as a target stdgethe study of chemosensation

An anatomical investigation d¢flatynereishead appendages at various stages has allowegetter
understand how the hemispheric head of larvaensorms into the complex, appendageh head of
juvenilesand adults. Neuroanatomical stainings have confirmed the presence already at 6dpf of
different architectures, innervation patterns, and sensory cell types across appendages. A reference
anatomicaldescription has been established at 6dpf to characterise the position of nerves and sensory
ganglia, which constitutes a useful basisifovivostudies.

After having developed a microfluidic setup fownfocal calcium imagingf the whole head upon
chemical stimulatios,| have tested thg@hysiologyof candidate chemaosensory organs in 6dpf animals.
These experiments haveevealedthat antennag not nuchal organs as thought previously, are
probably the mairthemosensorgrgan inPlatynereisthat nuchal organsandpalps are endowed with
chemosensitivity, and that so atentacular cirrthough to a lesser extenProminentfluctuating apical
organactivity wasseen though not obviously related to chemosensatiéinally, mw components of

the chemosesory systemd$iave been described based on their activity patterns, including sensory
cells and probably interneurons. Based on these results, auirdérstanding of chemicatimulus
detection has emerged. Partial evidence was given that Mushroom Bodigsplay a role in these
systems at 6dpf, which motivates the study of associative learning in relation with chemical cues.

To link chemical stimuli to larval behaviours, additional microfluidic devices have been developed in
which freelymoving larvae aa be exposed to controlledpatial and temporal patterns of chemical
stimuli and their behaviour monitoredn Ithe perspective of establishingn assayfor chemosensory
associative learningaversive compounds such as quinimeve been tested and found tporoduce
stereotypical avidance behavioural responses, thus theyuld be used as unconditioned stimuli in
pavlovian assays. A neutral cue identified in functional imagifmitdnol, was shown to be a valid
candidate as a conditioned stimuluBhanks to lhese preliminary resultgn experimental setup for
guantitative studies of behavioural modifications is navailable

Overall, this work has laid a basis for the study of chemosensati®tatgnereis informed about

sensory organ physiology ipolychaetes, and shown the suitability of microfluidic setups for
physiological and behavioural assays at larval stages. It suggests a possibly broad chemosensory
repertoire in marine invertebrate larvae. Chemical stimuli in annelids are worth new atteftio
comparative studies of sensory systems, and in the search for associative learning abilities.



Zusammenfassung

Die Perzeption vonhemischa Stimuliist die Grundlage fir eine Vielzahl an tierischen Verhaltenswei3erch
den Vergleichvon chemosensorischen Systemen wurde eine grof3e Vielfalt von Orgareemonalen
Schaltkreiserund vor allem von Rezeptoren entdeckt. Obwelre Vielfalt an Mechanismétonserviertist, ist
eshis jetzt unklar wie sictlie Chemorezetion im Laufe der Evolutioentwickelt hat NeueModellorganismen
sind nétigt um diese Entwicklung besser nachvollzuziehekdnnen

Der Borsterwurm Platynereis dumerilii (Nereididae, Polychaeta, Annelida, Lophotrochozoa) ist ein
Modellorganismusn der evolutiondren Entwicklungsbiologie und Neurobiolodia. Allgemeinen ist der Kopf

von Seeanneliden mit vielen Sinoeganenaugestattet, die laut anatomischen Studien als chemosensorisch
betrachtet werden. So Uberraschéms klingen magfir diesen aus kologischen Sicht wichtigen Stanish die
Chemosensitivitdt von diesen prominenten Organen noch durch keine physiologische Befunden gestiitzt. Da
bisherkeine geeigneteVersuchsmethode vorhanden wawurde durchphysiologische Experimente vallem

die Red&tion auf Lichtreizeind mechanische Stimulntersucht

Das Ziel dieser Doktorarbeist die anatomische Beschreibung und physiologische Charakterisierung von
chemosensorischen SystemanPlatynereis sowiedie Etablierungron Mikrofluidik basierenden Methodezur
funktionellen Bildgebungvon chemischen Stimulierungebei VerhaltensexperimenteDie 6 Tagealten Larve
(6dpf, dayspostfertilization)wurde hierfiir gewahlt, dalie meisten anatomischen Struktureler adulten Tiee
schonaugebildetsind und fur dieses Stadium zudem ein Genexpressionsatlas erstellt wurde, déedgeich

von Zelltypendentitéén zwischen Speziesif der molekularen Ebene ermdglicht

Die schrittweise Umwandlung des runden larvalen Kopfeleirkomplexa Kopf deradulten Tierevurde durch
anatomischeStudiender Sinnesrganenvon Platynereisin verschiedenen Entwicklungsstufen dokumentiert.
Neuroanatomischd-arbungen der Sinnesorgane der 6 Tage alten Lzaben diePrdsenz von verschiedenen
Organarchitekturen, Innervationsweise unflinneszelltyperaufgedeckt Aul3erdem wurdefir die 6 Tage alte
Larveeine anatomischeBeschreibung dektage von Nerven und sensorischen Gangliegeben die Grundlage
fur folgendein vivoStudiendarstellt

Nachdem ich eine neueMikrofluidik-basierte Methode fiir kopfweite CalciurBildgebung durch
Konfokalmikroskopie aufgestellt hatte, habe ich die Physiologierdgmallichchemosensorischen Orgain

der 6 Tage alten Larvegetestet. Die Ergebnise zeigten,dass die Antennen, und nichtlie Nuchalorgane,
wahrscheinlich dagentralechemosensorische Organ v&hatynereisind Zudem konnte gezeigt werden, dass
die Nuchalorgane und die Palpésiséchlich chemosensorische Eigenschaften hakemjie die tentakuléare
Cirren wenn auch in geringerem AusmaR. Eine prominente, fluktuierende Calsktivitat wurde im
Apikalorgan beobachtet, jedoch ohne deutliche Verbindung mit den chemischen SiasilWeitererwurden
neue Elementedes chemosensorischen Systerbeschreben, einschliel3lich Sinneszellen und Interneurone.
DieseErgebniss legen die Grundlage fir dagerstandnis der chemischen Wahrnehmuig. wurde teilweise
nachgewiesen, dass dilzkorper (Mushroom Bodies) in di@sehemosensorische8ystemn der 6 Tagealten
Larveinvolviert sind. Dieses Beobachtung forddig weitere Untersuchung von assoziativen Lernfahigkeiten im
Zusammenhang mit chemischen Stimuli.

Um die Auswirkung von spezifischehemischa Reize auf demlarvalen Verhaltenzu untersuchenwurden
zusatzliche Mikrofluidik-Platformen entwickelt, in denen sich die Larven in raasitlich kontrollierten
chemiksche Reizefiei bewegen Bei dem test vorsubstanzen wie Chinimas sich ergeben, daf’ diese einen
aversiven Reiz auslésen, undzwar sogar stéreotypischa Vermeidungsverhaltenund daher passende
unbedingte Stimuli darstellein der Perspektive eines Versuchs flr assoziatives Leribatanol hingegen
konnte als netraler Stimulus identifiziert werdemank dieser Ergebnisist jetzt ein geeigneteversuchsaufbau
fur die quantitative Untersuchung von Verhaltensmodifizierungen Platynereistabliert.

Diese Arbeitegt eineBasis fir die weitere Studiezur chenosensorischen Perzeption iRlatynereis Sie liefert
Informationen tGber die Physiologieler Sinnesorganen in Polychaten uhét gezeigt, daMikrofluidik fur
physiologische und Verhaltensversuche in larvalen Stagisignet ist Zudemdeuten die Ergebnissauf ein
breitesVerhaltensrepertoire von marinen Invertebratenlarvieim. Die Verarbeitung vonhemischa Stimuli in
Anneliden sisheuer Aufmerksamkeit wiirdig, sowohl fir die vergleichende Studie von Sinnesystemen als auch
fur das Verstandnis voassoziaven Lernfahigkeiten.
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| — 1 Comparative and evolutionary aspects
of chemosensation

1.1 What ischemosensation ?

Chemosensation is the ability to detect chemical compounds. It is found in all living forms, from
unicellular organisms like bactefif] and slime mold§2], to complex multicellular organisms such as
plants[3] or animals (molluscp!], insects[5] or vertebrates). All other sensory abilities in contrast,
photosensation, mechanosensation, electrosensation, magnetssion, thermosensation, deal with

the detection of physical and not chemical signals.

In humans, the most obvious forms of chemosensation are the senses of smell and taste, which are
respectivelythe detection of volatile cues acting at a distance ameldetection ofsoluble cues acting

at contact However this traditional distinction can become troublesome when taking a broader look,
for example when comparinaquatic and noraquatic species this point will be dealt withater on.

For the moment, itis preferable to keep a more general definition and simply speak about
chemosensation, or its synonym chemoreception, as being any chemical sense.

22NRE fA1S W2R2d2NDX wayvySttQr waosSydQr WFNI IANF yO-
convey meanings that vary according to the context and the authors, and carry with them human

biases due to our own perceptions of chemicals and subjective experiences. Ingteadord
WOKSYAOL f wilbe Yseifodzyntd@cule (or ion) in generd,y R WOKSYAOIf 0dzSQ

& 0 A Y dil izas@df this molecule (or mixture of molecules/ions) can be detected by the species
considered.

1.2 Chemical stimuli

Chemosensation is the only sensory modality for which a stimulus consists ofraateaial elements

¢ a molecule or an ion that binds to a receptor. For all other modalities, the stimuli reside in physical
phenomena : electromagnetic radiations (photic, electric or magnetic stimuli), mechanical waves and
contact forces (mechanical stiiuincluding acoustic ones), molecular kinetic energy (temperature),
gravitational forces (gravity).

A compound is ngper sea stimulus or not. A compound is a stimulus only in the context of an animal
detecting it, in the same way that we humans do detect radio waves though they have exactly the
same nature as visible light : they are electromagnetic waves. Dinitrogen as a gas is not a cue for
humans because we cannot smell it although we breathe it constantly.

A wide variety of compounds canaéta OKSYA OF f a0AYdzZ A FT2N ft AGAy 3T 2N
evolutionary history, genome and ecoloff]. In fish for example, it was shown that amino acids,

peptides, steroids, prostaglandins, nucleotides or aliphatic amesnajor chemosensory cu€g. In

insects, different classes of compounds act as cues, typically small volateutesl| alcohols, esters,

terpenes or arenef8]. It should be noted that both aquatic and naguatic animals can have at the

same time catact and distance chemoreception, as is true for theOhpsophila[9], and for the

marine gastropodi\plysia[10].

There are two principal parameters in a chemical stimulus : nature (identity omiblecule) and
intensity (molecular concentration in immediate proximity of the organism). Moreover, chemical cues
rather occur as pure compounds in nature, but rather as mixtures of compoiitls and
chemosensory systems can also encode for mixtures as being different from the sthmairof
compounds, as was demonstrated in r§t2] or honeybeeg13]. Chemical cues by essence are-non
directional nevertheless spatial information can be extracted regarding their distribution and
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provenance, which requires either detection from parts of the body that are distant enough to capture
relevant differences, or integration over time as the organism ordbigrce is moving. This has been
described both for volatile compounds in aquatic environments, and for soluble compounds in aerial
environments. Diffusion is a very slow process over the millimetric scale, thus mobile cues are mostly
transported by turbuknt flows of the medium, with the consequence that stimulus intensity can be
comparable at the source and far from it, and is not always informative about distance. However,
integration of temporal patches of stimulus in a regular flume can be enougltételdhe source, as

was demonstrated for seabirds with dimethylsulfified], moths with pheromoneg$15], and prey
metabolites in crustaceand6],[17]. In accordance with such abilities, it was shown that in species
with complex brains neuronal networks are capable of temporal odour cddi8ly depending on
frequencies relevant for their ecology (for example, up to 4 Hz for a lobster, up to 10 Hz in the moth
Manduca.

1.3 Chemosensory behaviours

Chemical cues provide useful information on the nature, locatiprntity of matter and organisms
around an individual. Not surprisingly, chemosensation has been shown to be involved in most animal
activities. On a short time scale, in order to survive an animal needs to avoid being killed or injured, for
example by rajg environmental changes or by predation. Chemical cues can inform about changes in
physiological parameters such as oxygen lef&lkor acidification, or presence of a predaf@0]. On

a longer time scale, in order to survive an animal needs to feed. It is obvious that chemosensation is
used to identify food and decide whether or not to consum@1i], but it also used to locate and reach
sources of food8],[22], as well as assefa3] and remember their valug24]. Ona yet longer time

scale, in order to survive a species need its individuals to reproduce, and here again chemical stimuli
are used for behaviours such as dgging in insectd8], or parental care in mammal®5] or
crustacean$26].

Importantly, chemical cues are also used in iftetividual communication, notably in aggression,
aggregation, territory marking, mating, kin recognition. Chemical cues used for communication
between conpecifics are called pheromones. For example, the lobBeaulirus argusises urine
borne chemical compounds to support social status in fights with conspecifics, and it was showed that
aggressive behaviours lasted longer if this urine release was preV@nE sulcatol was shown to be

an aggregation pheromone in the beettgnathotrichus sulcatuf28] ; many species mark their
territory with urine and other chemical signals, as is well known is dogs, but alsf2htbeavers

[30], and miceg31] ; sexual pheromones are used by moth to attract mates and favour reproduction,
which has been exploited for the control of pest species in agriculi82$ and used by marine
polychaete worms to triggers egg and sperm rele@%] ; kin recognition is mediated by chemical
cues in specielike social wasg84] and salmor{35].

As thisvariety of examples illustrates, chemoreceptiorthe animal world is a much more important
sense than one would maybe expect based on our human perspective, since as primates we are an
eminentlyvisual species, and cultural as well as social aspetbly in occidental civilisations have

often madeolfaction a disregarded or even despised sense.

1.4 Mechanisms of chemosensation

Chemosensation starts with the detection of a molecule by a cell. Except fespemific detections
such as effect of osmotic stresses on cells, as far as is known suchateiegierformed by a receptor
protein, situated across the membrane of the cell. Upon binding, a series of signalling reastions
initiated inside the cell whictransmit the information. In an animal with a nervous systethat is,

all animals except gmges and placozoargthis information is passed on to the next cells of the
neuronal circuit, and can ultimately result in a behaviour or a change in physiological state.
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Figurel-1 Localisation and morpgilogy of chemosensory cells. Example of the olfactory systems in (a)
the mouse llus musculus), and (b) the fruit fly (Drosophila melanogasiegproduced from Knaupp,

2010[36].
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Figurel-2 Taste bud in the rat. Drawinigased on an electron microscopic study. TB indicates the
opening in the epithelial surface (EP), taste cells of type | to Il are represented. Note synaptic contact
of cell Il with a dendrite, which is the site where gustatory information is transferred. Reproduced from

Yamasaki, 198{B7].
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The detection of a molecule by a cellular organism surely does not require neurons, like the reports of
chemotaxis in ueellular organisms such as bactef[&8],[1] and slime moldg2] or multicellular
organisms such as sponge larn@9] have clearly demonstrated. Nevertheless, it has been best
studied in the context of neurons.

Chemosensory neurons in the olfactory system of mammals and insects are typically bipolar cells with
one or several dendritic processes protruding from a protectipighelium, and in communication

with the outside medium via a mucus that either covers the epithelial surface (mammals), or fills the
inside of a porous sensillum (insectigurel-1 illustrates this receptor morphology in a mouse and in

a fruit fly ; note that in the fly the mucus is inside the porous cuticle are communicates with the air
only through minute openings, whereas in the mouse it is directly exposedhdoair. Not all
chemoreceptor cells are neurons, indeed in the gustatory system of vertebrates reception takes place
in modified epithelial cells located in small cavities called taste Iidls as depicted orfrigurel-2.

These sensory cells possess apical microvilli, and communicate with neurons via neurotransmitter
release[40].

1.5 Chemoreceptor proteins

The first chemoreceptor proteins have beesaivered in 1991 by Richard Axel and Linda Btidk

who have been awarded the Nobel Prize in 2004 for their discovery, and since then our understanding
of the molecular mechanisms of chemosensation have made tremendous progress. These proteins are
part of the large family ofG-protein-coupled receptors (GPCRsyhich constituteup to 10% of an

Iy A Ygerfefsin the case ofhe elephant, and possess seven transmembrane domains. Other types
of chemoreceptors have been identified, notably in insects thealted inverted receptors, that have

also seven transmembrane domains but have theiraNd Gterminus on opposite side of the
membrane as compared to GP(QR2], and variant of the glutamate ionotropic receptors, called IRs

for lonotropic Receptors, which are proteinic receptors with yet another strudu8g

To date, at least sixteetypes of chemaeceptors are describedwhose variety of structure is
represented inFigurel-3. It appears that the use of GPCRs as chemoreceptors is far from being the
rule, contrary to what could have beemypothesised after the initial discovery of GPERS in
mammals.

Receptors overall can be sorted in two categories : (1) metabotropic receptors like the GPCRs or the
guanylyl cyclase receptors, which use a signalling cascade to indirectly induce idn grergell upon
binding of their ligand, and which are predominant in mammals, and (2) ionotropic receptors like the
insect ORs and GRs or the widespread protostomian IRs, which directly permit ion entry in the cell
upon binding of their ligand. These twaperating modes are depicted iRigure I-4. lonotropic
receptors are more direct hence faster, metabotropic receptors are less direct thus open to more
modulation. Fo more details on the two modes of signalling, $é44]. It should be noted also that
insect inverted ORs function as a heterodimer with ther@ceptor OR831p42],[45]. Similarly, it has

been suggested that mammalian ORs would function as dimers, in this case homodimers since only
one receptor gene is expressed per ¢44].

| ¢ Introduction | 7



Type Molecular Structure Name Taxa
OR-like | Cnidaria, Cephalopoda, Echinodermata
OR Nematoda, Mollusca
N OR Chordata
e i
il il TAAR Chordata
[$)
g_ 5 ¢ VIR Chordata
_'g % T2R Chordata
£ FPR | Chordata
S~
" V2R Chordata
L TR Chordata
Q0
o
2
é E rGC Nematoda, Vertebrata
©
=
IR Protostomia (including Crustacea)
Q
o
o
*g' Insecta, Vertebrata
o
Vertebrata
Grl Cnidaria, Placozoa, Lophotrochozoa,
Ecdysozoa, Echinodermata, Hemichordata
Q
8— - GR Chelicerata, Myriapoda,
= E Crustacea (Branchiopoda), Insecta
Q&
°
OR Insecta

Figurel-3 Summary of the receptor molecules, with distribution, characteristics, and schematized
molecular structureOR, odorant receptor ; GRe, ORlike receptor; TAAR, trace amiragssociated
receptor; V1R and V2R, vomeronasal receptor type 1 anBRZR, formypeptide receptors T1R and
T2R, taste receptdype 1 and 2 rGC, receptor guanylyl cyclaseNaC, dthelial sodium channel
TRP, transient receptor potential chann@lrl, gustatory receptor like receptdR, ionotropic receptqr

GR, gustatory receptorTM, transmembraneReproduced from Derby et al., 2044].
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Figurel-4 Comparison between metabotropic (blue, left, GPCR) and ionotropic (red, right, inverted
GPCR) chemoreceptoReproduced from Silbering and Benton, 2340).
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Figurel-5 Localisation and expression of chemoreceptors in (a) the mouse (Mus musculus), (b) the fruit
fly (Drosophila melanogaster) and (c) the nematode (Caenorhabditis elegans). In the dendritic endings
represented on the right padf the figure, eacltolourstands for a particular receptor protein. One

(a,b) or several (c) specific receptors can be expressed per sensory neuron. In the fruit fly, a specific
receptor always occurs together with a generalreceptor (dark blue). Repduced from Bargmann,
2006[48].
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For receptors detecting alsorne cues in terrestrial animals, additional proteins called Oderant
Binding Proteins (OBPs) can be found in immediate mrityki that help solubilise the hydrophobic
volatile compounds and promote their binding to the receptor. Such proteins have been only described
in vertebrates, and in insects but not in crustaceans and not even innsact terrestrial Arthropods

[47]. They thus may represent two independent innovations linked with adaptation to life on land.

Chemoreceptor proteins are located in the membranehafde dendritic endings, where they can bind
chemical signals. Different expression strategies have been implemented eredtffphyla : one
specific recefor only per chemosensory neuron (mammaddgyurel-5A), one specificeceptorand one
general cereceptor per chemosensory neuron (insedegurel-5B), several specifiagceptorsper
chemosensory neuron (nematoddsigurel-5C). These different strategies can also be understood if
one compares the number of sensory neurons (10 million in the mouse, a few tens in the nematode)
and the number of receptor genes (amai1.000 both for the mousi@ 1] and for the nematod¢48]) :

even though expressing one receptor per cell probably enhatieeslfactory signal accuracy, this
would not allow the nematode to make full use of its genetic olfactory potential.

1.6 Glomerular neuropils

In the olfactory system of vertebrates, arthropods, crustaceans and some molluscs, a neuropil
architecture called?3f 2 YSNMz AQ Aa O2YY2yfé& F2dzyRd La O2yah.
fibres located in the central nervous system, at the level of the axonal projections of primary sensory
neurons. These glomeruli are a place of synaptic contacts, and invajeeion neurons as well as

local interneurons. They can be of round shape as in vertebrates, insects and isopod crustaceans, or of
conical shape as in decapod crustacef@d®d. No obvious correspondence exists between the location

of a glomerulus and the stimulus that activates it, but there is only a given set of stimuli that will
activate a given glomeruly80]. In vertebrates as well as in insects, it seems that all sensory neurons
that express the same receptor project on the same gloesi%1][52]. There is a consensus that the
glomerular organisatiors crucial for olfactory coding, though it remains unclear H6@]. Despite

striking morplological similarities in this neuronal organisation across distant species, the fact that
they are absent in cephalochordates and urochordafg3][54] which are close outgrqs to
vertebrates, as well as in the taxa of damselflies, dragonflies and mafgbésvhich are close
outgroups to neopteran insects, strongly suggest that they have evolved several times independently,
and are thus good examples of convergent evolution.

1.7 Evolutionary scenarios of chemosensation

No clear picture has emerged yet concerning how the different animal chemosensory organs and
receptor proteins would have evolved and diversified. In contrast with photoreception, for which a
clear scenario involving an early split between ciliary and dbateric opsins is how well supported
[56], there does not seem to be such a unifiedolutionary history for chemoreceptionas the
enormous variety of receptor proteinsuggests. Gene duplication and genetic drift have played
important roles in the evolution of these receptd&¥], and as a consequence chemoreceptor families
are often rich in pseudogenesfor example about 20% in the case of the mo[&&.

A major question concerns the evolution thfe chemosensory nervous systems,which striking
organisationakimilaritieshave been uncoveredlhese systems in insects and vertebrates have the
following common characteristics : 1) bipolar primary sensory neurons expressing one specific
receptor each, 2) projection of the primary sensory neurons to a glomerulustste that contains
inhibitory interneurons, 3) all primary neurons projecting to a glomerulus express the same receptor.
Since the organisation of the first layer of neurons is so similar, is that a necessary architecture for a
chemosensory system ? Dothis represent rather an ancestral state in bilaterian animals or rather an
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evolutionary convergence ? Moreover, secondary neurons project to the Mushroom Bodies in insects,
and to the olfactory cortex in vertebrates, two brain regions that have siitidarin developmental

gene expression and in anatonj$9]. For example, it was shown that in insects the size and
partitioning ofMushroom Bodiegorrelates with feeding ecologyyven within taxa that are distantly
related, with generalist plant feeders having more surface area and volume oMhbshiroom Bodies

than specialist feederf50]. The authors have hypothesised that this increase would be due to a
demand for morecomplex and more rapid sensory information processing, and have related this
observation with the evolution of enlarged cortical areas in mammals and notably primates. What is
thus the degree of homology of Mushroom Bodies and olfactory coréexl has tk chemical sense
played an important role in their evolution ?

To date, most of our knowledge on chemosensation in the animal kingdom concerns the phyla of
chordates (fish, amphibians, mammals), amthropods (insects, crustaceans) as welasough toa

lesser extent; nematodes (with one specie€aenorhabditis elegahandmolluscs (only gastropods),

as reviewed in[50]. Nondeuterostomes, and speciglithe superphylum of Lophotrochozoa, are
underrepresented, and our current lack of understanding calls for a better taxon samipling
comparative studies of chemosensatjoimcluding other important lophotrochozoan grougsich
platyhelminthes (flatworms, 2000 specief61], compare with mammals 5.500 species) or annelids
(16.500 specie1]).

With the recent surge of genomes available, it has become possible to compare families of
chemoreceptors across numerous species. One of the surprises has been the unexpected diversity of
receptors, even in closelglated taxa. As mentioned already, mammals and insects use completely
different sets of receptors. More striking examples are dipterans such as the friirdlyophila
melanogasteor the mosquitaAnopheles gambigé¢hat have quite different chemoreceptors than the
hymenopteran honey beApis melliferd62] which shows a strong expansion of its olfactory receptor
family, and the crustaceaDaphnia pulexwhich despite being an arthropoéds areinsects, has none

of the insect olfactory receptors in its genorf&s3].

In the present work, chemosensation is studied in the ann@atlynereis dumeriljiamarine worm
representativeof Lophotrochozoand already established adaboratory model organism.

Further documentation on chemosensatioan be found ithe following reviews :

on chemosensory receptor genddei, Niimura& Nozawa2008[57] ;

on olfactory receptor types, Spehr & Munger 2(69] ;

on olfactory signalling in vertebrates and insects, Kaupp 28810

on ionotropic and metabotropic receptors, Benton 2(j44] ;

on the evolution of chemosensory nervous circuits, Eishten 280pand Bargmann 200818] ;
on the evolution of insect olfaction, Hansson & Stensmyr, 28]L1
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| — 2 Platynereiss a modelor nervous system evolution

2.1 Lifestyle and characteristics

Platynereis dumerilis a model organism for evolutionary developmental biology (dewo). It is a
marine segmented worm, from the phylum of Annelida, which includes also earthworms and leeches.
Platynereidelongs to the class of Polychaeta, which comprises around 10.000 specie

Its lifestyle is typical of marine invertebrates, since it includes a pelagic, larval period, and a benthic,
adult period(Figurel-6). Adults become sexualigature at the end of their lifetime only (3 to 6 months

in the laboratory) and become pelagic again for a few days until they reproduce by releasing gametes
in the open water. Reproduction is synchronised by the moon cyjélgls

Genomic analyses have revealed tHatynereishas been evolving at a slower pace than standard
invertebrate models sucbrosophilaand Caenorhabditisand that its genome shares more features
with vertebrates than with Protostom€$6].

Zygote
age: few minutes
diameter: 160 pm

Trochophore
age: 48 hours
diameter: 160 pm

Sexual
metamorphosis

Nectochaete
age: 72 hours
length: 300 pm

A

First
metamorphosis

Atoque worm
age: 3 to 18 months
length: variable

(35 mm in average)

Errant juvenile
age: 8 - 10 days
length: 700 ym

9 &
Cephalic y | ?‘\

metamorphosis
Figurel-6 Platynereis life cyclértwork copyright : Adrien Demilly
(modified from Hauenschild, 1974 ; Fischer et al., 2010).

Platynereidarvae notably have been studied, thanks to their transparency, to their stereotypical and
synchronised developmenklatynereishas proved to be a valuable model in the study of nervous
system evolution in Bilaterisisome of the main findings relate tge@s and photoreceptiof67], [68]
nervous system centralization, circadian rhythms, segmentatj68]¢[71], and evolutionary
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connections have been established for some anatomical structofeannelid with the insect
Mushroom Bodiesindvertebrate corteX59], as well as with the vertebrate notochofd?2].

2.2 Available experimental techniques and resources

Platynereigs amenable to a wide variety of techniques, which include all kinds of light and electron
microscopy[73][74], mRNAin situ hybridization zygote microinjection, functional studies with
morpholinos[75] and knockouts [76]. Stable transgenesis has been achieved thanks to transposons
[77].

Its genome and transcriptome have been sequenced, and wihadly singlecell transcriptomic data
has been obtainei78].

Two major resources are being developed, notably a wholdy atlas of gene expression that allows
crossspecies comparisons of cellular tyd@g], and a wholebody neuronal connectome as part of
which entire functional neuronalircuits could already be reconstructed.

Despite all these techniques, most of the knowledge currently availablélfiynereisconcerns
anatomy, development and gene expression ; limited knowledge has been gathered regarding the
physiology of its diffenet body systems or cell types. Nevertheless, several studies have been
conducted concerning the function of neuronal circuits, notably for visual phototaxis, ciliary
locomotion and the startle response, but behaviowraperimentshave been mostly restriet to light

and mechanical stimuli.

In order to investigate the physiology ohemosensorysystems, new assays and approaches are
needed as will be explained in further detail in Section IV.

2.3 Platynereidor physiologicastudiesof chemosensation

Physiologicastudies on sensory systems are best condudtedivq meaning that sensory organs or
cells of interest need to be recognised in living specimens. If the straightforward observation of
transmitted light under a microscope is not sufficientlistinguish a structure, some help can be found

in specimen preparation, to artificially render this structure easier to localise and identify. This is
typically achieved by the use of stains.

In a fixedPlatynereisspecimen, in addition talassical netwwanatomical staining techniques for

OGNl YyaYAOGGSR fA3IKGZ &dzOK a D2f3aIA &aldlFlAyAy3a:I ANRY
variety of fluorescent staining technigques are available from general histochemistry (e.g. DAPI,
Rhodaminephalloidn, FM4nc C- 0 YR AYYdzy2KA &l 2 OK SavelylatédNE 6 S o
tubulin for nervous fibres, or against the neuropeptide FMiRHde, see[68]). Besides primary

antibodies specific forPlatynereis proteins have been successfully developed, notably for
neuropeptides (seq79]). It is thus possible to visualise cell nuclei, membranes, muscle fibres,
cytoskeleton elements, nervous fibres, as well as the presence of various neurotransmitters and
neuromodulators. Rich anatomical knowledge can therefore be obthin fixed animals, notably

about the nervous system.

In a livingPlatynereispecimen however, anatomical visualisatismmostly limited to general features
such as cell nuclei, muscle fibres, membranes. These features can be stained respecti@hRivith
Hoechst, Rhodaminphalloidin, FM 143 FX. However, it can be feared that the use of such dyes would
interfere with cellular physiology, hence with physiological measuremen¢sand it would be
preferable to use genetic markers. Unfortunately, evbough a few promoter constructs exist for
example for some anteriormechanosensorycells (uisAlberto Bezare€alderén personal
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communication),no specific genetic marker is available to this dtagt would revealin vivoa cell
population such as palpal or antennal neurons. At best, nuclei or membranes can be marked via mRNA
zygoticmicroinjectionof H2AmCherry or membran&FP.

While sensory organs can easily be identified in adults, the advantaBéatyhereiscomparel to
Nereisas a polychaete model lies in the substantial knowledge established for larval stages on
molecular signatures of cell80] and in the vast experimental possitiéds offered by these
transparent larvae, notably in link with the developing connectomic resource at 3 dpf that has already
enabled the characterisation of seveplysiologicaheuronal circuit§81],[82]. To gairphysiological
understanding about polychaete chemosensatiBhatynereids therefore particularly interesting at

its larval or early juvenile stages, not in adult stages where techniques such aspigstotogy would

be harder to employ than irNereis Consequentlyphysiologicalstudies in Platynereiswill be
conducted at stages at which the identification of chemosensory organs is not straightforward.

More precisely this means that while performirgpy, functional imaging based on a fluorescent
calcium reporter in ®latynereidarva, the experimenter has to rely before all on the mediguality

calcium signal to recognize anatomical regions and assign cells to an organ, and in larvae sensory
orgars are not as compartmentalised as in adults. At best, the calcium signal can be complemented by
a general nuclear marker such as Ha&herry in mRNA microinjections.

Consequently, before conducting aplgysiologicastudy inPlatynereidarvae, their anatmy needs to

be described andearned in detail, and it takes a trained experimenter to recognize regions of interest
while conducting the experiments. Only through accurate observation based on a precise anatomical
knowledge will it be possible to adequdy attribute aphysiologicatole to a certain organ.

Both a description of the sensory cell types found in these organs and an account of how these organs
develop into massive sensory appendages in adults would be useful for a general comprehension of
sensory inputs, especially in combination with a description of sensory innervation.
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| — 3 Specific aims of the thesis

The aim of thi®PhD thesisvas the description anghysiologicaktudy of chemosensory systems in
Platynereis and the establishment ohicrofluidicsbased methods to enable functional imaging and
behavioural assays upon chemical stimulations. Toay&postfertilisation stage (6dpf), at which
most adult anatomical structures are already present, has emerged as a powerful stage fer cross
species comparisons of molecular cell identity thanks to a yet unmatched sbbdie atlas of gene
expression.tlwas thus chosen as a target stage for all experiments.

In the first place, | have investigated the polychaete literature of the past 13 y&areviewand
synthesse the currently available knowledge on sensory organ anatomy and physiology in annelids,
with an emphasis on presumed chemosensory organs in polychaetes. This review cornSétiied|

of the thesis. Surprising as it may sedhgre exists still nghysiologicaproof of chemosensitivity in

the polychaete head, despite them carrying prominent and presumably chemosensory appendages.

To establish a solid basis fphysiologicalstudies, | have investigated the neuroanatomy and
development of head appendages, by the means of immunostainings and confocal imaging. This has
allowed to better understand how the hemispheric head of larvae transforms into the complex,
appendagerich head of juveniles, and to recognise unambiguously icatel chemosensory organs in
larvae. These descriptions, reportedSectionlll, also include a neuroanatomical stainingsdpf in

dorsal and lateral view, intended to be used asf@rencefor further in vivostudies.

Next, | have tested the functioof candidate chemosensory organs in 6dpf animals by performing
confocal calcium imaging of the whole head upon chemical stimukatidre method | have developed

uses transient expression of the genetic calcium reporter GCaMP6s, and relies on a newiseastom
microfluidic setup for animal immobilisation and contenl stimulus delivery. These experiments
exposed inSection IYhave shown that nuchal organs are indeed chemosensory as had long been
hypothesised, and so are palps, antennae and tentacular. éintennae appear to be the main
chemosensory organ iPlatynereislarvae, which was unexpected. Other components of the
chemosensory systems have been described, and a first understanding of chemical stimulus detection
has emerged.

In paralle] the behaviour of larvae has been studied, in the perspective of establishing a behavioural
protocol for chemosensory associative learning. To that aim, | have designed new microfluidic devices
to generate spatial and temporal patterns of chemical stimulatiortsen@ical compounds were
identified to which larvae show clear and reproducible aversive responses. No associative effects have
been observed so far, but the preliminary results inform about the relevant stimulus intensities and
temporal scales to be furthanvestigated. These experimenpsesented inSectionV are especially
motivated by the presence iRlatynerei o N} Ay 2F adzaKNRB2Y . 2RAS&axz |
chemicallyevoked calcium activity already at 6dpf and, based on published moledatar may
potentially be homologous to the Mushroom Bodies that in insects are responsible for odour
associative learning.

Eventually, Section VI gathers various practical observations and some comments on technical
developments, that may be useful formeone wanting to establisphysiologicaland behavioural
microfluidic setups for small aquatic animals.
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II—1 Introduction

Annelids have been the objeaf numerous anatomical studies since thé"X®ntury, comprising the
classicalvorks by Quatrefages (185[83]), Ehlers (186[84]), Langerharis(1880([85]), Friedlander
(1888[86]), Lenhossék (18987]), Cerfontaine (189888]), Retzius (1881902[89][90][91][92], see
Figurell-1), Racowitza (189@3]), Hamaker (189§94]), Langdon (190(95]), Hempelmann (1911
[96]), Holmgren (191497]) and Hanstrom (192838]). Anatomists in these times gave precise,
thorough descriptions of general and nervous anatofigyrell-1), and it is remarkable that, as in the
field of embryology, these patient and meticulous studies are sometimes the motb-digte
knowledge in 2017, one century laté&tarting from hand dissections and microscopical observations
combined with traditional staining technigues such as methylene blue staining or Golgi staining,
anatomical studies have been progressively enriched by the use of new histoch¢®Sicaind
immunochemical100],[101],[102] technigques, of electron microscopy03], and of confocbscanning
light microscopy101],[102].

Figurell-1 Head and nervous system anatomy in the polychaete annelid Nereis diversicolor (Retzius
1895[90]). Drawing based on methylene blue stainings. Various neurons and their dendritic and axonal
processes are depicted ; thiack spots are the neuronal cell bodies, the four empty circles are the eyes.

1 Better known for his work as medical doctor andpathologist, Langerhanstarted working on marine
invertebrates after tuberculosis had caused him to settle on the Island Madeira, where he died at the age of 40.
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