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ZUSAMMENFASSUNG

Larven, die sich mittels Zilien fortbewegen, sind in marinen Invertebraten weit
verbreitet. Diese Larven mussen ihre Schwimmtiefe regulieren, um ihr
Uberleben sicherzustellen und um geeignete Lebensraume fiir eine spéatere
Ansiedlung zu finden. Die vorliegenden Arbeit beschreibt, wie durch
Neuropeptide ziliares Schwimmen und Ansiedlungsverhalten in Larven des
marinen Anneliden Platynereis dumerilii reguliert werden.

Eine Gruppe von Platynereis Neuropeptiden ist in sensorischen Neuronen
exprimiert, welche direkt das larvale Zilienband innervieren. Diese Peptide
beeinflussen die Zilienaktivitat, wodurch die Schwimmtiefe der Larven
reguliert wird. Die Ergebnisse zeigen, dass das larvale Gehirn von Platynereis
als einfacher Tiefenzahler fungieren konnte, der die Schwimmtiefe der Larven
in Abhangigkeit zahlreicher sensorischen Umwelteinflissen justiert.

Einige dieser Neuropeptide sind in auch in anderen marinen Invertebraten
weit verbreitet. Farbungen mit Antikorpern gegen kurze Kkonservierte
Neuropeptid Sequenzmotive zeigen peptiderge Innervierung von
Zilienbandern in Anneliden, Mollusken, Bryozoen und Quallenlarven. Diese
Beobachtungen deuten darauf hin, dass die Regulation ziliaren Schwimmens
durch Neuropeptide evolutionar konserviert sein konnte.

In Platynereis ist ein konserviertes MIP (Myoinhibitorisches Peptid) Rezeptor-
Liganden Modul in chemosensorisch-neurosekretorischen  Neuronen
exprimiert. Dieses Modul reguliert das Ansiedlungsverhalten von Platynereis
Larven. Orthologe Peptide (Wamide) sind auch an der Regulation des
Ansiedlungsverhalten von Quallenlarven beteiligt. Dies deutet darauf hin, dal®
eine ursprunglichen Funktionen von Wamiden die Regulation von marinen

Lebenszyklen gewesen sein konnte.

Die Ergebnisse meiner Arbeit zeigen, dass das larvale Gehirn von Platynereis
zahlreiche urspringlichen Neuronentypen besitzt, welche eine sensorisch-
motorische oder sensorisch-neurosekretorische Doppelfunktion haben. Das
larvale Gehirn von Platynereis konnte daher ein Relikt aus einer fruhen Stufe
der Nervensystem Evolution darstellen.



SUMMARY

Ciliated larval stages are widespread among marine invertebrates with a
biphasic life cycle. Larvae have to regulate their swimming depth for optimal
development and survival and to find suitable habitats for their settlement. In
the present thesis | characterized the role of neuropeptides on ciliary
swimming and settlement in larvae of the marine annelid Platynereis dumerilii.
A set of Platynereis neuropeptides is expressed in sensory neurons that
directly innervate the larval ciliary band. These neuropeptides influence two
parameters of ciliary activity: ciliary beat frequency and ciliary closures.
Thereby, they also regulate the swimming depth of Platynereis larvae in
vertical migration assays. The Platynereis larval brain, that is predominantly
organized of direct neuropeptidergic sensory-motor neurons, could therefore
function as a simple depth gauge, responsible for adjusting the swimming
depth in accordance to a variety of sensory environmental cues.

Several of these Platynereis neuropeptides show a broad phyletic distribution.
Specific antibodies for short conserved neuropeptide epitopes revealed a
broad occurrence of peptidergic innervation of ciliary bands in mollusk,
bryozoan and cnidarian larvae. These observations suggest a conserved role
of neuropeptides in the regulation of ciliary swimming.

In Platynereis, a MIP (myoinhibitory peptide) receptor-ligand pair is expressed
in larval apical organ neurons. MIP-expressing cells have characteristics for
chemosensory-neurosecretory  neurons, regulating Platynereis larval
settlement. Since orthologous peptides (Wamides) are also involved in the
regulation of metamorphosis and settlement in cnidarian larvae, these data
suggest that one of the ancient functions of Wamides may have been the

regulation of marine life cycle transitions.

Overall, the present work illustrates that the larval brain of Platynereis is
predominantly composed of ancestral metazoan neuron types including cells
with dual sensory-motor and chemosensory-neurosecretory function.
Therefore, | propose that the Platynereis larval brain may represent a relic of

an early stage of nervous system evolution.
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INTRODUCTION

The pelagobenthic biphasic life cycle

Most marine invertebrates, from sponges and cnidarians to bilaterians and
deuterostomes, have a biphasic pelagobenthic life cycle, usually consisting of
a sessile or bottom-dwelling (benthic) adult stage that produces freely-
swimming (pelagic) larvae [1]. These larvae can spend up to several months
as part of the marine zooplankton [2, 3]. After the pelagic phase, larvae settle
in suitable benthic habitats and undergo metamorphosis into the adult form [4,
5]. The widespread occurrence of the pelagobenthic strategy suggests that a
pelagic phase in the life cycle may be advantageous. In essence, a planktonic
larval stage facilitates dispersal, which reduces competition for local
resources (food, space) between parents and offspring, and promotes the
colonization of new habitats. However, pelagic larvae are particularly
vulnerable to unfavorable conditions in the ocean (e.g., UV-damage,
predators). A pelagic larval phase also increases the likelihood of dispersal
away from favorable habitats, which could lead to settlement under
suboptimal conditions and finally to death (reviewed in [6]). Therefore, it is
essential for survival and reproductive success of the species that pelagic
larvae detect unfavorable conditions or suitable settlement habitats and adjust
their swimming appropriately.

Locomotion of ciliated zooplankton

Many planktonic larvae swim using motile cilia, organelles with conserved
structure across eukaryotes [7, 8], arranged in circumferential ciliary bands.
Ciliary locomotion occurs in larvae of sponges, cnidarians, lophotrochozoans
(e.g., annelids and mollusks), and deuterostomes [9, 10].

The vertical distribution of larvae in the ocean is thought to be the outcome of
the alternation of active swimming and passive sinking due to negative
buoyancy [3], often following a specific dial vertical migration pattern [11]. In
general, the vertical distribution of larvae in the ocean is regarded to be
dependent on biological parameters including diet [12] and predation [13],
hydrodynamic parameters including water turbulence and currents [3] and the
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responses of larvae to external sensory cues. Marine larvae are capable of
responding to various environmental cues such as light [2, 14], gravity [15],
temperature [16, 17], pressure [18, 19], oxygen concentration [20], salinity
[21], and ultraviolet light [22, 23]. Ciliated larvae could use these factors to
regulate their swimming and sinking rates accordingly, ultimately maintaining
a depth where the environment is most favorable for their development.

External cues induce settlement of ciliated larvae

Towards the end of the pelagic phase, larvae gain competence for settlement
and subsequent metamorphosis on suitable benthic habitats [4, 5]. The
competence for undergoing settlement is thought to be dependent on
developmental status and food availability [24]. In ciliated larvae, settlement is
initiated by a slowing of swimming, caused by an inhibition of ciliary activity,
accompanied by larval substrate attachment and exploration behavior [25-27].
Settlement is often triggered by external chemical cues released from
conspecifics, biofilms and prey species [24, 25], or induced by direct surface

contact with physical cues from the substrate [28-30].

Neuropeptides are ancient and ubiquitous neuronal signaling molecules
Animal nervous systems contain four major groups of signaling molecules:
classical synaptic transmitters (acetylcholine, glutamate, glycine), monoamine
neurotransmitters (serotonin, dopamine), permeable mediators (nitric oxide),
and neuropeptides. Neuropeptides, which represent the largest group of
transmitters in the animal kingdom, are considered the oldest neuronal
signaling molecules in metazoans [31, 32]. Core enzymes for neuropeptide
processing, maturation and neurosecretion can even be found in organisms
without a nervous system, such as sponge [33] and placozoans [34, 35],

suggesting a deep evolutionary origin of peptidergic signaling.

From the neuropeptide precursor to bioactive peptides
In contrast to classical neurotransmitters that are enzymatically synthesized in
the presynapse of a neuron, neuropeptides are translated as larger inactive

protein precursors in the cell body of neurons. These large precursors are
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further processed and modified to generate smaller biologically active and
stable peptides. The main processing steps are illustrated in Figure 1.

<& I

signal peptidase

—1 I

piehemoneleenyeiase Figure 1: Processing of a
neuropeptide precursor protein

blue, peptide blocks are shown in
green, and basic cleavage sites are
shown in red. The SP is removed by
the enzyme signal peptidase.

carboxypeptidase

QL mmmy ™ The signal peptide (SP) is shown in

|FuRFG | [EMEEE] Prohormone convertase and

— oG] [FVRFG | carboxypeptidase yield smaller
peptides that can be modified by
converting a C-terminal glycine into
an amide group through peptidyl-a-
[EIRE- NH: [EiRE-NH:  hydroxy-glycine a-amidating lyase.
FARF—NH:2 -NH2 -NH2

A typical neuropeptide precursor protein consists of a N-terminal signal
peptide that targets the precursor towards the secretory machinery, and
several copies of smaller peptide blocks, flanked by basic cleavage sites [36].
Upon entry into the secretory machinery of the cell, the signal peptide is
enzymatically removed and the precursor is packed into secretory vesicles in
the Golgi apparatus. Here, proteolytic enzymes cleave the precursor C-
terminally to the dibasic cleavage sites followed by a removal of the remaining
C-terminal basic residues [37]. During the maturation process, peptides can
be further modified to protect the N- and C-termini of these short peptides
from unspecific proteolytic degradation and to confer biological activity (e.g.
receptor binding [38]). These modifications can include N-terminal
acetylations, glycosylations, and methylations. A common post translational
modification is alpha-amidation, where a C-terminal glycine is enzymatically
converted into an amide residue [39].

Neuropeptide transport, release and function
Mature neuropeptides are stored in large dense cored vesicles that derive
from the trans-Golgi network and travel via fast microtubule-based neuronal

transport to their release site [40]. Large dense cored vesicles often contain
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cocktails of different peptides that are coexpressed in the cell [41, 42]. In
contrast to vesicles of classical neurotransmitters that are located in proximity
to synaptic zones, peptides are usually localized and released at exira-
synaptic locations [43] including axon varicosities [44] and dendrites [45].
Neuropeptides are released from large dense cored vesicles upon an
increase of the cellular calcium concentration, after intense and repetitive
stimulation of the neuron [46, 47]. Release can happen via relatively slow
exocytosis [48], or by a fast “kiss-and-run” mechanism via a transient fusion
pore [49]. After release, peptides bind to their receptors, commonly G-protein
coupled receptors (GPCR) [50]. Ligand binding activates a cascade of
enzymatic events, which can cause various cellular responses. Neuropeptides
can also trigger rapid cellular responses independent of GPCRs, via direct
activation of fast-acting ion-channels [51].

Compared to classical neurotransmitters, peptides often have an
approximately 1000 times higher binding affinity to their receptors, which is
thought to be due to their larger size [52]. Moreover, since peptides are
removed by unspecific proteolytic degradation rather than a fast and specific
re-uptake mechanism, their half-lives in the extracellular space are
remarkably long [53]. Both high receptor affinity and long half-lives enable

peptides to have prolonged effects over relatively long distances [54].

Neuropeptides can regulate swimming and settlement

Limited studies revealed that neuropeptide signaling effect ciliary activity in
marine invertebrate larvae [55-57]. Moreover, immunohistological approaches
often describe a contribution of FMRFamide neuropeptides to the innervation
of ciliary bands [58, 59]. In ciliated larvae, settlement cues are thought to be
detected by a specialized anterior cluster of sensory neurons, the larval apical
organ [60-62]. It has been shown that larval apical organs have
neuroendocrine function and express neuropeptides [63, 64]. Several studies
performed on cnidarians also reveal that neuropeptides, including Wamides,
can influence settlement [65-67]. These Wamides belong to an ancient
neuropeptide family that also includes arthropod myoinhibitory peptide (MIP)
[68]. MIP is involved in adjusting the levels of key hormones that regulate life
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cycle transitions between juvenile stages in arthropods [69, 70]. All these
findings suggest that neuropeptides may play a general role in regulating

ciliary swimming and settlement in marine invertebrates.

Platynereis dumerilii, an emerging lab-model

To investigate ciliary swimming and settlement of zooplankton, | studied the
larva of the marine annelid Platynereis dumerilii, belonging to the bilaterian
phylum lophotrochozoa. Platynereis has a pelagobenthic biphasic life cycle
with a pelagic larval phase that uses cilia for swimming (2 days — 3 days after
fertilization (dpf)). Ciliary movement is controlled by a simple organized brain,
potentially regulated by external sensory cues (Figure 2A). Later in
development (3 dpf — 5dpf), larvae show a mixed lifestyle with both pelagic

cilia-based swimming and benthic muscle-based crawling (Figure 2B).

Light A B

Gravity

Pelagic

Pressure

chemical
Temperature

UV-Light

Oxygen ‘

Salinity

Chemicals

settlement and metamorphosis

Benthic

Figure 2: Platynereis has a pelagobenthic life cycle

(A) 2-3 dpf Platynereis larvae use cilia for swimming, oriented with their apical side upwards. Swimming
can potentially be regulated by multiple environmental cues (listed on the left).

(B) Older Platynereis stages show a mixed lifestyle with periods of ciliary swimming and muscle based
crawling.

(C) After settlement and metamorphosis, Platynereis shows benthic lifestyle.
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Settlement, triggered by as yet unknown cues, occurs prior to the onset of
feeding (5 dpf — 7 dpf). Then, larvae undergo metamorphosis into benthic
juveniles and grow into small worms via the consecutive addition of segments
(Figure 2C). Eventually they develop into sexually mature worms [71].
Platynereis has emerged as a useful model for studying the evolution of
development and neurobiology. Compared to the traditional protostome model
organisms (Drosophila melanogaster and Caenorhabditis elegans), the gene
structure [72] an neuronal development of Platynereis is more characteristic of
the ancestral bilaterian state, and shares more features with vertebrate
neurodevelopment [73]. Moreover, the Platynereis larval brain (larval
episphere) contains ancestral metazoan neuron types, such as simple larval
eyespots with dual sensory-motor function, which regulate larval phototaxis by
adjusting ciliary activity [14]. The larval brain has a few prominent features
such as a sensory apical organ and a ciliary band nerve that regulates the
activity of the larval ciliary band (Figure 3).

These larvae have recently also been established as a behavioral
neurobiology model for studying the underlying sensory-motor neuronal
circuits controlling ciliary swimming [14]. Therefore, Platynereis is a suitable
model for studying ciliary locomotion and settlement in the pelagobenthic life

cycle of marine zooplankton in the context of nervous system evolution.

Figure 3: The ciliated larva of Platynereis has a simple brain

(A) Light micrograph of a Platynereis larva.
(B) Confocal scan of a larva stained for acetylated tubulin that labels axons, dendrites and cilia.
(C) Scanning electron microscopy image.

The Platynereis stage in (A-C) is 48 hours post fertilization; images are anterior views; scale bar: 50um.
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AIM OF THE THESIS

Remarkably little is known about the underlying neurobiology that
enables ciliated zooplankton to regulate their swimming depth
according to environmental factors. The regulation of swimming is
crucial, since harmful conditions such as high UV-exposure or
extreme temperatures could have a deleterious impact on larval
survival. Therefore, it is essential for larvae to stay in an
appropriate swimming depth. Moreover, the detection of suitable
benthic habitats for settlement, which is often triggered by
chemical cues, is imperative for the reproductive success and

hence the survival of the species.

For my studies | primarily used the marine annelid Platynereis
dumerilii, an emerging laboratory model organism. | will
characterize neuropeptides in the larval nervous system of
Platynereis, since these ancient signaling molecules have
widespread roles in the regulation of animal behaviors, including
neural circuits that are involved in the regulation of locomotion,

ciliary activity, and life cycle transitions in marine invertebrates.

The major goal of my doctoral thesis is to characterize the
morphology and function of neuropeptidergic circuits underlying
cilia-based locomotion in Platynereis larvae. This includes aspects
of larval behaviors such as cilia-based swimming and larval

settlement.
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RESULTS

Summary of Publication 1:

M Conzelmann, SL Offenburger, A Asadulina, T Keller, TA Munch, G Jekely:
Neuropeptides regulate swimming depth of Platynereis larvae.

Proceedings of the National Academy of Sciences of the United States of
America 2011, 108:E1174-1183; Author summary: PNAS 108:18593-18594

Most swimming planktonic larvae are driven by their ciliary bands, adjusting
their swimming depth by changing the rate of active upward and passive
downward sinking which is thought to define their vertical distribution in the
ocean [3]. How the simple nervous system of planktonic swimmers translates
environmental cues (e.g. gravity, pressure, temperature) into locomotory
output to fine-tune their vertical distribution, and hence swimming depth, is
largely unknown. To gain an insight into the neuronal mechanisms of depth
regulation and swimming coordination in ciliated zooplankton, | set out to
study neuropeptides in the ciliated larva of the marine annelid Platynereis
dumerilii.

| identified 11 neuropeptide precursors in Platynereis transcriptome sources.
Using RNA in situ hybridizations, | found precursor expression in different
neuronal subsets. Through high-resolution confocal imaging of individual
peptidergic neurons, | observed that these cells are likely sensory. These
neurons are flask-shaped and have apical dendrites with distinctive sensory
structures (bulbous endings, split endings) projecting to the surface of the
larva. An in silico expression atlas, containing all 11 neuropeptide precursors
defined a broad region of sensory-peptidergic neurons in the larval episphere.
Overall, the finding that Platynereis neuropeptides are expressed in mostly
non-overlapping neurons with various sensory-dendritic structures suggests
that these peptidergic cells have a sensory function and can detect different
environmental cues (e.g., salinity, temperature, pressure, chemicals).

To characterize the entire morphology of the peptidergic neurons, | also
developed specific antibodies against single mature Platynereis
neuropeptides from each precursor. Immunostainings indicated that

neuropeptide-expressing sensory cells directly innervate the larval ciliary
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band, shown by the presence of neuropeptide-positive varicose thickenings
on the ciliary band nerve. This prominent nerve is responsible for the nervous
regulation of ciliary activity, implying that neuropeptides are involved in the
regulation of ciliary swimming in Platynereis larvae.

To test if neuropeptides regulate ciliary swimming, | analyzed two parameters
of ciliary activity - ciliary beat frequency and the duration of ciliary arrests - on
immobilized Platynereis larvae that were exposed to synthetic neuropeptides.
| identified a group of activators that increased ciliary beat frequency, some of
which additionally suppressed ciliary arrests (RYamide, F\VMamide, DLamide,
FMRFamide, FVamide, LYamide, and L11 peptide); and | found
neuropeptides that inhibited ciliary beat frequency and also increased the
duration of ciliary arrests (FLamide and WLD peptide).

In accordance to observations on mollusks [74, 75], sharp spikes in calcium
concentrations that caused ciliary arrestswere observed in electro-
physiological measurements on Platynereis larvae. | discovered that the L-
type calcium channel blocker nifedipine efficiently abolished calcium-induced
ciliary arrests, suggesting that neuropeptide signaling could initiate arrests via
L-type calcium ion channels. Moreover, | noticed that the membrane
permeable cAMP analog 8-Bromo-cAMP increased ciliary beat frequency,
suggesting that cAMP levels regulate beating activity of cilia, which is in
accordance with previous observations in motile cilia [7, 76]. The signaling
could occur via peptide GPCRs, activating the GPCR-Gi/s-alpha-cAMP
cascade to adjust cellular cAMP levels in ciliated cells and hence the beat
frequency of cilia.

It has been proposed that the vertical position of ciliated pelagic larvae in the
ocean can be adjusted by changes in ciliary activity [3]. To test this
hypothesis, | studied the effect of Platynereis neuropeptides on freely
swimming larvae. | developed a vertical migration setup, composed of an
array of 25 cm high Plexiglas columns. In vertical swimming experiments,
untreated control larvae were uniformly distributed along the vertical axis as a
steady state where phases of active upward swimming and passive
downwards sinking were balanced. Synthetic neuropeptides induced upward
swimming when | applied activators of cilia activity (peptides that increased
ciliary beat frequency and suppressed ciliary arrests), leading to an upward

13
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shift in the steady state vertical distribution of larvae. On the other hand,
inhibitors of ciliary activity (peptides that decreased ciliary beat frequency and
increased the duration of ciliary arrests) led to a sinking of larvae and to a
downward shift in the larval vertical distribution.

Overall, the results of this study revealed an unexpected richness of
peptidergic regulation of ciliary activity in Platynereis. The atlas of Platynereis
neuropeptides showed that these neuropeptides are expressed in largely non-
overlapping subsets of sensory neurons. These neurons have a direct
sensory-motor morphology as shown by immunostainings, suggesting a
simple reflex circuit. This simple circuitry might allow larvae to respond to
various environmental stimuli (e.g., pressure, salinity, temperature) and to

adjust their swimming depth accordingly.

Summary of Publication 2:

M Conzelmann and G Jekely:

Antibodies against conserved amidated neuropeptide epitopes enrich
the comparative neurobiology toolbox.

Evodevo 2012, 3(1):23.

Antibodies that label neuron-populations and their projections (axons and
dendrites) across diverse species and phyla are powerful tools in
neurobiology, allowing comparative approaches for neurodevelopment and
neuroanatomy. To date, studies on non-model invertebrates employ a limited
set of antibodies, including sera against serotonin and the neuropeptide
FMRFamide (e.g. [77-80]). RFamide neuropeptides are widely distributed
among eumetazoans, showing the strongest sequence conservation in their
RFamide C-terminus [81]. Like RFamides, other Platynereis neuropeptides
such as DLamides, FVamides, FLamides, GWamides, and RYamides can be
found in various invertebrate phyla with the strongest sequence conservation
in the C-terminus. Since alpha-amidation is thought to confer a high
immunogenic potential [82], | hypothesized that short amidated dipeptide

epitopes could have sufficient immunogenicity to generate specific cross-
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species reactive antibodies, as previously shown for a RFamide antibody [83].
Using a high stringency affinity purification protocol on amidated dipeptide
epitopes DLamide, FVamide, FLamide, GWamide, and RYamide, | obtained
antibodies that | further tested for immunoreactivity and specificity on larvae of
Platynereis. For all antibodies, | found neuronal signals in sensory cells and
their projections in the larval episphere (the larval brain). Absorbing the
antibodies in synthetic full-length Platynereis peptides impeded these
stainings. Moreover, cell body positions obtained in antibody-stainings closely
correlated with the expression patterns of the respective precursors; and a
recently described set of antibodies against the full length Platynereis
peptides also showed highly similar neuronal signals (see publication 1 in this
thesis [84]). These initial experiments show that this antibody set is indeed
specific for their short amidated dipeptide epitopes.

Next, | determined the utility of these antibodies as cross-species neuronal
markers in various marine ciliated larvae using another annelid, Capitella
teleta, which is distantly related to Platynereis [85], two mollusk species, the
nudibranch Phestilla sibogae and the bivalve Pecten maximus, a bryozoan
Cryptosula species, and two cnidarian species Aurelia aurita and Clava
multicornis. | also used nauplius crustacean larvae that were sampled from
the plankton (Gullmar Fjord, Kristineberg Marine Station, Sweden).

| showed the usefulness of the DLamide antibody as a universal neuronal
marker for annelids, where DLamide peptides have been described recently
[84, 86]. | also observed neuronal staining for both the FLamide and FVamide
antibodies in both annelids and mollusks, where these peptides have been
identified [87]. GWamide neuropeptides have also been described in
crustaceans and insects [88-90]. In accordance with this, the GWamide
antibody stains neurons and their projections in ciliated larvae of annelids,
mollusks and a crustacean nauplius larva. RYamide peptides show the
broadest phyletic distribution and have been described in various marine
phyla as well as in terrestrial invertebrates such as nematodes and insects
[90-92]. | found RYamide immunoreactivity in ciliated larvae of annelids, a
bryozoan, mollusks, cnidarians, and a crustacean larva.

The comparative survey across several marine phyla revealed a broad
occurrence of peptidergic innervation of larval ciliary bands. For the anti-

15
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DLamide, anti-FVamide, and anti-RYamide antibodies, | observed staining in
the ciliary band nerve of both species of annelid larvae. In mollusk larvae, |
found FVamide and RYamide immunoreactivity in a nerve running along the
ciliated velum in Pecten maximus and the ciliated foot of Phestilla sibogae.
Additionally, | discovered that RYamide-expressing neurons innervate
locomotor cilia in bryozoan and cnidarian larvae.

In this work, | successfully developed five cross-species reactive antibodies
that recognize conserved amidated dipeptide motifs. These antibodies can be
applied as neuronal markers in various marine invertebrates, including
annelids, mollusks, bryozoans, crustaceans, and cnidarians. | also consider
that the ongoing sampling of neuropeptide diversity will allow the development
of other similar antibodies in the near future to further enrich the comparative
neurobiology toolbox. In immunostainings | furthermore discovered a broad
occurrence of peptidergic cilia innervation in pelagic invertebrate larvae.
These observations suggest that neuropeptides could regulate cilia activity in
these larvae, as described for Platynereis [84], which points towards a general
role of neuropeptides in the regulation of ciliary locomotion [93].

Summary of Manuscript 3:

M Conzelmann *, EA Williams *, S Tunaru, N Randel, R Shahidi, A Asadulina,
J Berger, S Offermanns, G Jekely:
Conserved MIP receptor-ligand pair regulates Platynereis larval settlement.

Proceedings of the National Academy of Sciences of the United States of
America 2013 *authors contributed equally

We identified myoinhibitory peptide (MIP) in transcriptome sources of
Platynereis dumerilii, a neuropeptide with strong similarity to a phyletically
conserved W(Xs-8)Wamide motif in its mature peptide sequences.

In pharmacological assays using synthetic Platynereis MIP on 2 dpf pelagic
larvae, | discovered that the peptide triggered long and frequent ciliary arrests
in a concentration-dependent manner. Peptide treatment also caused

downwards sinking of larvae in a vertical swimming setup. | observed that
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larvae showed a sustained attachment behavior, characterized by a cilia-
driven crawling on the substrate, mimicking a settlement behavior observed
for other pelagic invertebrate larvae [26, 27].

Recently it has been shown that insect MIPs signal via the sex peptide
receptor [94, 95]. We identified orthologs of the sex-peptide receptor in two
annelids, Platynereis, and a distantly related annelid, Capitella. In ligand
stimulation assays performed in cell culture (using a procedure similar to [96])
we showed that annelid MIP were highly specific activators of their respective
sex-peptide receptor othologs in a nanomolar range (now referred to as MIP-
receptors). To confirm that the observed settlement induction caused by
synthetic MIP was due to signaling via the MIP-receptor, we knocked down
the Platynereis MIP-receptor using morpholinos. In MIP-receptor knockdown
larvae, | found that synthetic MIP could no longer trigger settlement behavior,
confirming that MIP induced settlement via the MIP-receptor in Platynereis.
MIP is expressed in sensory neurons of the apical organ, a neuronal cluster
that is thought to be involved in chemosensation and settlement in other
pelagic larvae [60-62]. Using a specific antibody against Platynereis MIP, |
observed that these neurons terminate in a nerve plexus with neurosecretory
activity [64]. Additionally, immunostainings revealed similar MIP neurons in
the apical organ and the neurosecretory nerve plexus in Capitella.

An in silico expression map (using an image registration method derived from
[97]) showed that the Platynereis MIP receptor is also expressed in apical
organ neurons, interspersed between, and largely non-overlapping with the
MIP expressing cells. The MIP receptor-ligand module is expressed in a
region with a neurosecretory molecular fingerprint, as shown by a broad
coexpression of vertebrate and insect neuroendocrine determinant genes
(dimmed [98] and ofp [64] respectively).

In vivo laser ablation of Platynereis apical sensory neurons that were labeled
with the fluorescent dye mitotracker, combined with subsequent MIP
immunostaining, showed that the ablated apical cells were MIP neurons.
Since dye-filling is a characteristic of chemosensory neurons in
Caenorhabditis elegans [99], these experiments indicate that the MIP sensory

neurons might have a chemosensory function in Platynereis.
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In a dataset of ultrathin transmission electron microscopy sections, we
identified two MIP neurons based on their characteristic dendritic anatomy
and cell body position. We found that the dendritic ultrastructure of these cells
is characteristic of chemosensory neurons, with a morphology as described
by Purschke [100]. Moreover, we clearly identified these cells as being
exclusively neurosecretory, with extensively branching axons that project to
the larval apical neurosecretory plexus and are packed with large dense cored
vesicles. Our ultrastructural characterizations corroborated that MIP neurons
in the larval apical organ of Platynereis have a dual chemosensory-
neurosecretory function.

We discovered that MIP is expressed in neurons with dual chemosensory-
neurosecretory function in the annelid larval apical organ. MIP signals via the
MIP-receptor, an orthologue of the Drosophila sex peptide receptor, to
regulate Platynereis settlement. Interestingly, MIP is also present in mollusks
[87, 101], suggesting a general function of MIP in the settlement process of
lophotrochozoans. Protostome MIPs belong to an ancient metazoan Wamide
peptide superfamily, including cnidarian GLWamides [68]. GLWamides are
regulators of cnidarian metamorphosis and settlement [67, 102, 103],
expressed in sensory cells at the most anterior larval pole [104]. The cnidarian
anteriormost pole shares a regulatory signature with bilaterian apical organs
[105] in which annelid and cnidarian Wamides are expressed. Both the shared
expression domain of Wamide neurons in cnidarians and annelids and the
similar function of Wamide peptides in the regulation of settlement and
metamorphosis suggests that an ancient function of Wamides may have been

the regulation of a life cycle transition in the last common metazoan ancestor.
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DISCUSSION AND CONCLUSION

The Platynereis larval brain is a sensory-motor depth gauge

Larval stages that use cilia for locomotion are present in most marine
metazoan clades [9, 10]. These larvae are often pelagic, connected to a
benthic adult stage via settlement and metamorphosis in a pelagobenthic life
cycle [1]. Despite the significance of ciliated pelagic larvae for the survival of
the species [6], or their importance as a food source in marine ecosystems
[106], we have little knowledge about the nervous control of ciliary movement.
In the present doctoral thesis | described various Platynereis neuropeptides
that influenced ciliary activity in Platynereis larvae and hence rates of active
upwards swimming and passive downwards sinking, which ultimately
determined the vertical distribution of larvae. Since upward swimming and
passive sinking is the default behavior, many of the neuropeptides that
activate cilia may mediate avoidance reactions to noxious conditions that
larvae could encounter in deeper water layers (e.g. low temperature, hypoxia).
The identified peptide-expressing neurons control the ciliary band in a direct
sensory-motor fashion. The simplicity of cilia-regulating neurons | discovered
for Platynereis is in stark contrast to muscle-regulating systems that involve
sensory, motor, and inter-neurons even in their simplest forms [107].
Intriguingly, the brain of the pelagic larva is also different from the trunk
nervous system of Platynereis, which is devoid of sensory-motor neurons,
instead possessing distinct interneurons and motor neurons to control muscle-
based crawling in the benthic phase [71, 73].

For pelagic Platynereis larvae, | propose a scenario in which simple peptide-
expressing neurons with dual sensory-motor function can respond to sensory
cues to trigger changes in ciliary activity. One type of neuropeptidergic neuron
could respond to one particular sensory modality in a one-neuron-one-
behavior-like fashion. The Platynereis larval brain could work as a simple
depth gauge: The combination of various sensory modalities that larvae
encounter in the ocean (e.g. light, pressure, salinity, temperature, gravity)
could elicit the release of a neuropeptide-cocktail at the larval ciliary band,
hence fine-tuning the actual swimming depth in the ocean.
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Is the neuropeptidergic control of ciliary locomotion ancient?

The cilia-regulating neuropeptides that | found in Platynereis are also present
in various other marine invertebrates. The phyletic conservation is often
restricted to a short amidated dipeptide C-terminus in the respective
neuropeptide. Specific antibodies against these short conserved epitopes
revealed a broad occurrence of peptidergic innervation in a sensory-motor
fashion for DLamide, FVamide and RYamide neuropeptides in ciliated larvae
of annelids and mollusks. For RYamide, | even identified innervation of ciliary
bands in a bryozoan larva and ciliated planula larvae of two cnidarian species.
The presence of related peptidergic neurons in ciliated cnidarian larvae
suggests that sensory-motor neurons regulating cilia could trace back to the

last common ancestor of eumetazoans.

MIP signaling regulates settlement in annelids

Besides the neuropeptides that regulate swimming depth of Platynereis, | also
identified the neuropeptide MIP that evoked a distinctive settlement-like
behavior in pelagic larvae. We identified the MIP-receptor for Platynereis and
Capitella as orthologous to the Drosophila sex-peptide receptor [94, 95]. In
pelagic Platynereis larvae, the MIP receptor-ligand module regulates
settlement through an inhibition of ciliary activity via the induction of ciliary
closures, combined with a substrate attachment behavior, and a cilia driven
exploratory crawling behavior on the substrate. Similar behaviors have been
described for other marine invertebrate larvae that encounter a natural
settlement cue [26, 27]. My settlement assay results also confirmed that
Platynereis MIP induces a characteristic and unique behavior in the pelagic
larval stage that is different from peptides of the depth-gauge system.

The morphology of the MIP sensory neurons is also different to the depth-
gauge peptidergic cells: MIP neurons do not directly innervate the ciliary
band. MIP is expressed in chemosensory-neurosecretory neurons, suggesting
that these cells detect inductive chemical settlement cues and release MIPs
upon activation to trigger downstream events via the MIP-receptor.

The MIP receptor-ligand pair is expressed in the larval apical organ in a
region with a neurosecretory molecular identity. It has previously been
hypothesized that the larval apical organ is involved in settlement in marine
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invertebrate larvae [61, 62]. The results extend this hypothesis, designating
the annelid apical organ as a neuroendocrine signaling center that regulates
settlement. MIPs have also been described in mollusks [87, 101]. As for
annelids and insects, the MIP-receptor has been identified in Aplysia
californica as an ortholog of the sex-peptide receptor [94]. The pelagobenthic
life cycle is a common strategy in mollusks; therefore it is likely that the MIP

receptor-ligand module is also involved in mollusk settlement.

Platynereis larvae have a protobrain with ancestral metazoan neurons
The present work illustrates that the brain of ciliated Platynereis larvae is
largely composed of simple peptidergic neurons with dual sensory-motor or
chemosensory-neurosecretory function. The observed abundance of these
simple neuron types in the larval episphere of Platynereis is not due to a
simple nervous system organization in the whole larva, because in the pelagic
larval stage the trunk nervous system already harbors distinct interneurons
and motor neurons for muscle regulation [71, 73].

It is plausible that the first metazoan neurons combined a sensory with a
motor or neurosecretory function [93, 108, 109]. It has also been proposed
that neuroendocrine centers in animals evolved by the internalization of
chemosensory-neurosecretory cells, which in the course of evolution lost their
chemosensory function and instead receive neuronal inputs from other
neurons [110]. From these ancestral metazoan neurons or protoneurons,
complex circuits may have evolved in a process of cell duplication and
functional segregation, during which one neuron specialized in a sensory and

the other in a motor or neurosecretory neuron [93, 108, 109].

Conclusion

The study of neuropeptides and their function in pelagic ciliated larvae of
Platynereis revealed an unexpected abundance of ancestral metazoan
neuron types with dual function that are involved in the depth-gauge-system
of the larva as well as in the transition from a pelagic larva into a benthic
adult. As a result, | propose that the larval brain of Platynereis represents a

relic of an early stage of nervous system evolution.
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Cilia-based locomotion is the major form of locomotion for
microscopic planktonic organisms in the ocean. Given their ne-
gative buoyancy, these organisms must control ciliary activity to
maintain an appropriate depth. The neuronal bases of depth re-
gulation in ciliary swimmers are unknown. To gain insights into
depth regulation we studied ciliary locomotor control in the
planktonic larva of the marine annelid, Platynereis. We found sev-
eral neuropeptides expressed in distinct sensory neurons that in-
nervate locomotor cilia. Neuropeptides altered ciliary beat fre-
quency and the rate of calcium-evoked ciliary arrests. These changes
influenced larval orientation, vertical swimming, and sinking, result-
ing in upward or downward shifts in the steady-state vertical dis-
tribution of larvae. Our findings indicate that Platynereis larvae
have depth-regulating peptidergic neurons that directly translate
sensory inputs into locomotor output on effector cilia. We propose
that the simple circuitry found in these ciliated larvae represents an
ancestral state in nervous system evolution.

neural circuit | zooplankton | sensory-motor neuron | FMRFamide-related
peptides

wo different types of locomotor systems are present in ani-

mals, one muscle based and the other cilia based. The neu-
ronal control of muscle-based motor systems is well understood
from studies on terrestrial model organisms. In contrast, our
knowledge of the neuronal control of ciliary locomotion is limited,
even though cilia-driven locomotion is prominent in the majority
of animal phyla (1).

Ciliary swimming in open water is widespread among the
larval stages of marine invertebrates, including sponges, cni-
darians, and many protostomes and deuterostomes (2-5). Freely
swimming ciliated larvae often spend days to months as part of
the zooplankton (1, 6). The primary axis for ciliated plankton is
vertical, and body orientation is maintained either by passive
(buoyancy) or active (gravitaxis, phototaxis) mechanisms. When
cilia beat, larvae swim upward, and when cilia cease beating, the
negatively buoyant larvae sink. During swimming, the thrust
exerted on the body is proportional to the beating frequency of
cilia (7-9). The alternation of active upward swimming and
passive sinking, together with swimming speed and sinking rate,
is thought to determine vertical distribution in the water (8).
Because several environmental parameters, including water
temperature, light intensity, and phytoplankton abundance,
change with depth, swimming depth will influence the speed of
larval development, the magnitude of UV damage, and the
success of larval feeding and settlement. To stay at an appro-
priate depth, planktonic swimmers must therefore sense envi-
ronmental cues and regulate ciliary beating.

The ciliated larvae of the marine annelid Platynereis dumerilii
provide an accessible model for the study of ciliary swimming in
marine plankton (10). Platynereis can be cultured in the labora-
tory, and thousands of synchronously developing larvae can be
obtained daily year-round (11). Platynereis has emerged as a
model for the study of the evolution of development (evo-devo)
and neurobiology. Its neuronal development is more represen-
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tative of the ancestral bilaterian condition than that of conven-
tional protostome models (flies, nematodes) and shares many
features with vertebrate neurodevelopment (12). Platynereis has
also retained ancestral neuron types, including ciliary photo-
receptors and vasotocin—neurophysin-producing sensory—neuro-
secretory cells, shared with vertebrates but absent from flies and
nematodes (13, 14). Such conservation makes Platynereis an in-
teresting model for the reconstruction of the ancestral state of
the bilaterian nervous system. The larval nervous system of
Platynereis also shows surprising simplicity in its circuitry. The
photoreceptor cell of the larval eyespot was shown to directly
synapse on the ciliated cells and regulate phototactic turning
(10). Such a sensory-motor system, directly regulating cilia, may
be a relic from the earliest stages of the evolution of eyes and
neural circuits (10, 15).

Planktonic ciliated larvae also adjust their ciliary activity in
response to several environmental cues other than light (16-20).
It is unclear, however, how other cues affect cilia and whether
the innervation of ciliary bands by other neurons is as simple as
that of the larval eyespots. Anatomical studies have revealed that
larval ciliary bands receive extensive innervation from the nervous
system, both in Platynereis and in other species (21). In protostome
larvae, neurons expressing the neuropeptide FMRF-amide often
contribute to this innervation (22-24). Neurons with related F-
amide neuropeptides also innervate ciliary bands in sea urchin
larvae (25), suggesting that neuropeptides may have a general role
in the regulation of larval locomotion in both protostomes and
deuterostomes. However, these limited studies have not revealed
the general neural circuit architecture of ciliated larvae and the
role of neuropeptides in regulating ciliary swimming.

Neuropeptides are considered the oldest neuronal signaling
molecules in animals (26). They are produced from inactive
precursor proteins by proteolytic cleavage and further processing
(e.g., amidation) (27-29) and are released into the hemolymph to
act as hormones or at synapses to regulate target cells. Neuro-
peptides have a wide range of functions in the control of neural
circuits and physiology, including the modulation of locomotion
and rhythmic pattern generators (30-33), presynaptic facilitation
and remodeling of sensory networks (34, 35), and the regulation of
reproduction (36, 37). We have only limited information about the
role of neuropeptides in the regulation of ciliary beating (38, 39).
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To gain further insights into ciliary locomotor control we char-
acterized neuropeptide functions and the associated neural circuits
in the larvae of Platynereis. We found diverse neuropeptides
expressed in larval sensory neurons that directly innervate the cil-
iary band. Application of synthetic neuropeptides altered both
ciliary beat frequency and the rate and duration of ciliary arrests,
indicating that neuropeptides act as neurotransmitters on the cili-
ated cells. The neuropeptide-induced changes in ciliary activity
altered the swimming trajectories and shifted the vertical distribu-
tion of the larvae. Our results suggest that in planktonic swimmers,
neuropeptides released upon sensory stimulation at neurociliary
synapses modulate ciliary activity, ultimately resulting in changes in
swimming depth. The control of ciliary swimming, the ancestral
form of animal locomotion, by a simple sensory-motor nervous
system suggests that these locomotor circuits may represent an
ancestral stage of neural circuit evolution.

Results

Identification of Platynereis Neuropeptides. Given the widespread
role of neuropeptides in regulating animal locomotion (30-32),
we set out to characterize neuropeptides of the Platynereis larval
nervous system. Here we describe 11 neuropeptide precursors
identified in a Platynereis larval transcriptome resource using
a combination of BLAST and pattern searches. On the basis of
the 11 precursor sequences we predicted 120 Platynereis neuro-
peptides forming 11 distinct groups of similar peptides (Fig. 1).
Full-length precursor sequences have an N-terminal signal pep-
tide and contain repetitions of similar short neuropeptide
sequences flanked by dibasic cleavage sites (KR, RK, or KK) for
prohormone convertases (27, 28). We deduced the structure of
mature Platynereis neuropeptides using NeuroPred (40) and

manual curation (Fig. 1). In 8 precursors most peptides contain
a Gly residue before the dibasic cleavage site. These peptides are
expected to be further processed by a-amidating enzymes (29)
and to terminate in an a-amide (RYa, FVMa, DLa, FMRFa,
FVa, LYa, YFa, and FLa; “a”, “amide”). Other precursors give
rise to peptides with a carboxyl terminus (L11, SPY, and WLD).

The Platynereis neuropeptide precursors are related to the
widely distributed family of RFamide-like neuropeptide pre-
cursors. Members of this family are present in all eumetazoans,
and their mature peptides can have diverse functions in the reg-
ulation of neuronal circuits (31, 37, 41-44). Many Platynereis
neuropeptides have close relatives in other lophotrochozoan
species (mollusks and annelids) and some also outside the
lophotrochozoans (RYa, RFa, and L11). Conservation of ami-
dated neuropeptides is restricted to a few residues N-terminal to
the cleavage site and amidation signature (Fig. S1). Amidated
neuropeptides within the same precursor protein also show higher
conservation close to the amidated terminus (Fig. 1), indicating
that the functionally important residues are located there. In
contrast, nonamidated neuropeptides often show stronger N-ter-
minal conservation both between species and within the same
precursor (Fig. 1 and Fig. S1).

Neuropeptides Are Expressed in Distinct Sensory Neurons in the
Platynereis Larval Nervous System. To map neuropeptide expres-
sion in the Platynereis larval nervous system we performed in situ
hybridizations on whole larvae with precursor-specific RNA
probes. We combined in situ hybridization with fluorescent anti-
body staining using an anti-acetylated tubulin antibody that stains
stabilized microtubules in cilia, axons, and dendrites. The samples
were scanned in a confocal microscope combining fluorescence

Precursor
name

Predicted precursor and mature neuropeptides

Neuropeptide logos

-_— A T

RYa

VFRYa(3x), GTLMRYa(2x), GSLMRYa(2x), GTLLRYa, LFRWa, IFRYa

(il

SHGPQNYENFVME, EQKPDYQSFLLa

| e T T T T T T T [ T T T T I I O T O B

FVMa NDGDYSKFVMa(6x), NADDYSKFVMa(2x), ASPNYQDFVLa(2x), NVDDYSKFVMa, DDNDYSNFVMa,
NDKDYSNFVMa, NDGDYSNFVMa, NNGDYSKFVMa, NGEDYSKFVMa, NGEDYSHFVMa,
NANEYSKFVMa, NPKDLDSFYMa, SIPEYDAFVMa, KNYQDFVMa, AAGNYQDFVMa, GAPQYQDFVMa,
GAPHYQDFVLa, SPNYQDFVLa, AEPNYQDFVLa, ASANYQDFVLa, NSQNYQDFVLa, GSADYQDFVFa,

NQ+RY85FVMG

-

AMFRGDLa, SYGFRSDLa, FSSFRADLa, YSGFRADLa

DLa YYGFNNDLa(2x), YSSFRADLa(2x), YAFNADLa, FAAFNTDLa, MGFNADLa, YMGFNADLa, FMFRQDLa,

efdll

FMRFa

- A HHHLHHITHHD HHHHHHHHHHH R
FMRFa(21x), GLKFa, GGGYIRFa, AGGHYMRFa, GEKGFMRFa, DGENGFMRFa, SFDPSLYLQMRQa

8

NRMFla, RYFla, RQLYla, DGISRDIRRLWIa

A HHHHHFT HITH T
Fva AHRFVa, AHMFVa(2x), RLFVa(2x), NRMFVa(2x), AAHRFVa, PHNFVa, GHMFVa, RMFla, ARMFla, RMFla, ABIMFYG

-

SFD QLDTLGGGQIPAED,

Lva/ QLDSLGGAEIPLYa(2x), GQSARQLDSLGGAEIPLYa, QLDSLGGAQIPLYa, SIVDDDDENSIYAa,

SFDSIGHSSNFAGLD(10x), PFDSIGHSSSFAGL(2x), PFDSIGQSSNFAGLD(2x), AFDSIGHHSAFGGL(2x), éFDS
SFNSIGHASNFAGL, PFDSIGHSSNFAGLD, AFDSIGHSSNFAGLD, AFDSIGHHSAFSGL Rl Y.

GQSAEQLDéL@@AE WG

360D

—-— A H

YFa

KMVYFa(3x), RMVYFa, YFa, YPNTVLFa, APLFKFa, QFMFa, KFYFa, FFLa

é.KMEG

— T

QADQASSYDLGLAAKLWPHI, ALLGRTN, GSQDVEAFAPQ

L1 PDCTRFVFHPSCRGVAA, SESEEFVLDP, SSINQEGGADHYISNGADEDFIEFSEDDFAEN,

SPGFRSM, SPGFRHM, SPGFRFM, GAGFRSM

SPY SPYAGFMTGD, SPYAGFLASNSED, SPYAKFLNED, SPYAKFMTGDEE, SPYANFMAGD, SPYAKFMGSSED,
SPYAKFMGSSED, SPYAKFMGSNEE, SPYAQFMGSNEE, SPYAKYMYNEND, SPYGAYMGMMSDD,

Pt

- T T HH
AKYFLa(6x), QKYFLa, SPSPFLa, SPFLa, PRNNFLa

FLa

A0

WLD WLDNSQFRDE(4x), WLDNSHFNED (4x), WLDHSQFRED(3x), WLDNSQFKDED(2x), WLDNSQFKDED,
WLDNSQFIED, WLDNSQFKDDD, WIDASQFADD, WVDMMHFNDE, WLDSMQFNED, WVDPLNYGLD

1))

Fig. 1. Neuropeptide precursors and their predicted neuropeptides in Platynereis. Schematic drawings of Platynereis neuropeptide precursors are shown
with the location of the signal peptide (blue), the amidated (yellow) and nonamidated (green) neuropeptides, and cleavage sites (red). Sequences and the
number of neuropeptides predicted from each precursor are shown. Sequence logos were generated on the basis of alignments of all neuropeptides from
one precursor. The amidation signature C-terminal Gly is included in the logos. For the L11 precursor no logo is shown because the peptides are not similar.
Neuropeptides used for the pharmacological experiments and immunizations (with an extra N-terminal Cys) are shown in red. For SPY and WLD we did not

obtain a working antibody.
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and reflection microscopy, a technique that visualizes the in situ
hybridization signal [alkaline phosphatase/nitroblue tetrazolium
(NBT)/5-bromo-4-chloro-3-indolyl phosphate (BCIP) staining] by
reflection of the laser beam (45). Using this technique we obtained
high-resolution three-dimensional information on the expression
patterns and also on the morphology of the labeled cells.

We found that all precursors were expressed 48 h post-
fertilization (hpf) in the larval episphere (the anterior part of the

larva) in a cell-type-specific manner (Fig. 2) in patterns that were
largely invariant for the same gene from larva to larva. For all
precursors, expression was detected in 2-12 neurons in the larval
episphere.

To obtain a molecular map of all peptidergic neurons at cel-
lular resolution we calculated an average expression pattern for
each neuropeptide on the basis of three to five confocal scans
and then registered these averages to a reference axonal scaffold.

A

ciliary
bandu® s

3 R F
h’yﬂosp h‘éfe‘ ¥
posterior

RYa YFa

acTubulin DLa

Fig. 2. Expression of neuropeptide precursors in Platynereis larval sensory cells. (A) SEM image of a Platynereis larva with the main body regions indicated
(Upper) and anterior view of the larval axonal scaffold with the main nerves indicated (Lower). (B-L) Whole-mount in situ hybridization for RYa (B), FVMa (C),
DLa (D), FMRFa (E), FVa (F), LYalSFD (G), YFa (H), L11 (I), SPY (J) FLa (K), and WLD (L) neuropeptide precursor mRNAs (red) counterstained with anti-acTubulin
antibody (cyan, Upper; white, Lower). (Lower) close-up images of neuropeptide-expressing sensory cells. (M) Apical sensory dendrites (in cyan) in a depth-
encoded acetylated tubulin confocal stack of a 48-hpf larva. (N and O) Expression of all neuropeptides (N) in the larval episphere, projected on a common
reference scaffold (O) by image registration. (P-R) Overlap of RYa and DLa (P), RYa and YFa (Q) and YFa and FLa (R) expression, determined by image
registration. All images are of 48-hpf larvae. A is a dorsal view, and B-R are anterior views. The in situ signal (red) labels the cell bodies. (Lower) Arrowheads
point to the base of the apical sensory dendrites. Arrow in L points to WLD signal localized to the tip of the dendrite. Dashed lines indicate the apical margin
of the neuroepithelium. [Scale bars: B-L (Lower), 5 um; and B-L (Upper) and M-R, 50 um.] CRN, ciliary ring nerve; DCC, dorsal branch of the circumesophageal
connectives; VCC, ventral branch of the circumesophageal connectives.
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This procedure is possible because Platynereis larvae, like many
spiralians, have a strict cell lineage (46) and there is very little
cellular-level variation among larvae of the same developmental
stage. For image registration we used a procedure similar to the
one recently described for Platynereis (47), taking advantage of
the highly stereotypic acetylated-tubulin reference channel.
Placing these average expression maps into the common
acetylated-tubulin reference (Fig. 24) revealed that neuropep-
tides are expressed broadly in the larval nervous system (Fig. 2 N
and O and Movie S1). Many peptidergic neurons concentrated in
the central region of the episphere, the apical organ (Fig. 2 B-E,
N, and O). We further defined a bilaterally arranged dorso-lat-
eral cluster of peptidergic neurons, in the region of the develop-
ing cerebral eyes, and a ventro-lateral cluster, above the ventral
branch of the circumesophageal connectives (Fig. 2 F-L). The
SD of cell center positions among different registered scans for
the same gene ranged between 0.6 and 3.34 pm (median = 2.63;

Publications

along the x axis), whereas the average cell diameter was 11.1 pm
(SD = 4.11; along the x axis). This cellular resolution allowed us
to show that most neuropeptides were not coexpressed and
therefore define distinct peptidergic neurons in the Platynereis
larva. We found only three pairs of neuropeptides with partially
overlapping expression. DLa and RYa were coexpressed in three
apical organ cells, whereas YFa overlapped with both FLa and
RYa in two different cells of the apical organ (Fig. 2 P-R).

To characterize the morphology of the neuropeptidergic cells
we performed high-resolution confocal scans of the NBT/BCIP
signal together with the acetylated tubulin signal. The acetylated
tubulin signal revealed that the larval episphere forms a polarized
neural tissue with apical dendrites and a basal axonal scaffold
(Fig. 2M). The neuropeptide precursors were all expressed in
neurons with differentiated morphology, with cell bodies con-
tinuing in basally projecting axons that joined the axonal scaffold
of the larval nervous system. Most of the peptidergic neurons

YFa L1

LYa

Fig. 3.

FLa synaptotagmin

Neuropeptidergic sensory neurons directly innervate larval ciliary bands. Immunostainings with RYa (A), FVMa (B), DLa (C), FMRFa (D), FVa (E), LYa (F), YFa

(G), L11 (H), FLa (/), and synaptotagmin (J) antibodies are shown in red (Upper) and in black (Lower), counterstained with anti-acTubulin (cyan). Labeled cell bodies
that correspond to the cells labeled with in situ hybridization are marked with an asterisk. All images are anterior views of 48-hpf larvae. (Scale bar: 50 um.)
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were flask shaped and also had a dendrite extending apically (Fig.
2 B-L). Such flask-shaped sensory morphology has already been
described with immunolabeling for the FMRFa-expressing cells in
the Platynereis larva that we localize here with the FMRFa pre-
cursor (14). The ultrastructural reconstruction of these cells
revealed that the apical dendrite has two sensory cilia. These cilia
extend into the subcuticular space that has access to the external
environment (14). Similar sensory cell morphologies have also
been described ultrastructurally in various other annelids (48).
The peptidergic sensory cells we found also had acetylated-
tubulin positive projections that reach the apical-most side of the
neuroepithelium and therefore are in direct contact with the ex-
ternal environment. The dendrites of different cells had terminals
with various apical morphological modifications, including split
(Fig. 2 B, D, and H) and bulbous endings (Fig. 2C), indicating that
the neuropeptidergic neurons have various sensory modalities.
We also observed that the mRNA of the WLD precursor local-
ized to the tip of the sensory dendrite (Fig. 2L). We did not find
apical dendrites on the large ventral LYa-expressing cells (Fig.
2G); these cells therefore likely do not have a sensory function.

Overall, our neuropeptide expression data revealed a cellular
resolution molecular map of sensory neurons in the 48-hpf Pla-
tynereis larva.

Peptidergic Sensory Neurons Directly Innervate the Larval Ciliary
Band. Maturing neuropeptides can be transported to synaptic
release sites via axonal transport. To visualize axonal projections
of Platynereis sensory neurons, we developed antibodies against
one mature peptide from each precursor (Fig. 1). We affinity
purified the antibodies using the respective peptides immobilized
to a resin and then performed immunostainings on 48-hpf larvae.
The immunostainings revealed cell body and axonal signals for all
neuropeptides. We always found a strong correlation in the
number and position of the cell bodies between our in situ hy-
bridization and immunostaining data, showing that the antibodies
do not cross-react and label the same cells that express the re-
spective precursors. (Fig. 3; compare with Fig. 2 and Movies S2
and S3). Although the cell body labeling was weak for FVMa and
L11 (Fig. 3 B and H), upon inspection of 3D renderings of the
data (Movies S2 and S3) we could nevertheless see them in
positions corresponding to precursor expression. Using the
FMRFa antibody, in addition to the two cells that also showed
precursor expression (Fig. 2E) we observed three faintly labeled
cells. Similarly, for LYa we observed two faint cells located more
dorsally. These signals could be due either to the higher sensitivity
of antibody stainings or to weak unspecific labeling.

We also observed staining of the axonal projections of the
neuropeptidergic sensory neurons. Axons for all neuron types
run along the ventral branch of the circumesophageal con-
nectives (Fig. 3 A-I) and in some cases also along the dorsal
branch (FVMa, DLa, FVa, YFa, and FLa; Fig. 3 B, C, E, G, and
I). Axons joined the ciliary ring nerve (CRN) innervating the
main ciliary band of the larva (Fig. 3 A-I; compare with Fig. 24)
and formed several varicose thickenings along its entire length
(Fig. 3 A-I), indicating en passant synaptic contacts to the cili-
ated cells. Direct synaptic contact between ciliated cells and the
ciliary ring nerve has also been described by electron microscopy
for the larval eye photoreceptor axon (10).

To confirm that the ciliary ring nerve has synaptic zones all
along its length and not only where the eyespot photoreceptor
axon forms synapses (10) we generated an antibody against
Platynereis synaptotagmin (12), a transmembrane protein in-
volved in the fusion of synaptic vesicles and large dense-cored
vesicles (49, 50). Anti-synaptotagmin antibody staining revealed
strong signal in the median nervous system, along the circum-
esophageal connectives, and along the entire length of the ciliary
ring nerve (Fig. 3/).
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Fig. 4. Neuropeptides regulate ciliary beating and arrests. (A) Ciliary beat
frequency in the presence of neuropeptides. Gray bars represent untreated
controls from the same batch of larvae. (B) Quantification of ciliary arrests in
the presence of neuropeptides. (C) Ciliary beat frequency in control larvae
(pooled from several batches) and in the presence of the Ala substituted
neuropeptides. (D) Quantification of ciliary arrests in the presence of the Ala
substituted neuropeptides. For B and D the same pooled control is shown.
(E) Representative kymographs of ciliary beating (light gray sections) and
ciliary arrests (dark gray sections) in the presence of neuropeptides, gener-
ated from 1-min videos on single immobilized larvae. The kymographs were
generated from line selections perpendicular to the beating cilia (compare
Movie S4). In A-D data are shown as mean + SEM. P values of an unpaired
t test are indicated: *P < 0.05; **P < 0.01; and ***P < 0.001. n > 10 larvae for
A-D. In A the final concentrations are indicated for RYa and FLa; for the
other peptides we used 5 uM (DLa), 10 pM (L11 and SPY), 20 uM (FVMa and
WLD), and 50 pM (FMRFa, FVa, LYa, and YFa). In B we used concentrations as
indicated or 5 pM (DLa), 20 pM (FVMa and WLD), and 50 uM (FMRFa and
FVa), and in C and D we used 5 pM (VFAAa) and 20 pM (FVAa). For the full
peptide sequences used see Fig. 1.

Many neuropeptides (DLa, FMRFa, FVa, YFa, L11, and FLa)
also showed intense labeling in the apical neurosecretory plexus
of the larva, indicating that they may also be released here (Fig. 3
C-E and G-I). A neurosecretory function has already been
suggested for FMRFa (14). The innervation of the ciliary band
by the diverse neuropeptidergic sensory neurons suggests that
these cells, in addition to having a possible neurosecretory
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function, are involved in the direct motor control of the ciliary
band and that there is extensive peptidergic regulation during
ciliary swimming.

Neuropeptides Influence Ciliary Beating and Arrests. The in-
nervation of the ciliary band by neuropeptidergic cells suggested
that neuropeptides could directly influence ciliary activity. To
uncover neuropeptide effects we characterized ciliary activity
using video microscopy on immobilized Platynereis larvae. We
scored ciliary beat frequency and the rate and duration of ciliary
arrests. Control larvae (5060 hpf) beat with their cilia with
a frequency of 16.2 beats/s (SEM = 0.26, n = 146 larvae).
Complete arrests of all cilia occurred at regular intervals and
lasted for several seconds (Movie S4 and Fig. 4E). The ratio of
the total duration of arrested to beating periods was 0.22 (SEM =
0.02, n = 28 larvae).

We next tested the effect of synthetic neuropeptides on ciliary
beat frequency and ciliary arrests (500 nM to 250 pM concen-
tration range, see Fig. 4 legend). Nine neuropeptides increased
ciliary beat frequency (RYa, FVMa, DLa, FMRFa, FVa, LYa,
YFa, L11, and SPY), and two decreased ciliary beat frequency
(FLa and WLD, Fig. 44).

The neuropeptides also affected ciliary arrests as quantified by
the total duration of arrests during 1-min recordings (Fig. 4B)
and visualized by kymographs (Fig. 4E and Movie S4). In the
presence of RYa, FVMa, DLa, FMRFa, and FVa, ciliary arrests
were strongly reduced (Fig. 4 B and E and Movie S4). In con-
trast, FLa and WLD led to very frequent and sustained arrests
(Fig. 4 B and E and Movie S4). LYa, YFa, L11, and SPY had no
effect on ciliary arrests even at concentrations five times higher
than the concentrations significantly increasing ciliary beat fre-
quency (Fig. 4B). These effects were dose dependent as deter-
mined for RYa and FLa (Fig. 4 4 and B).

Next we tested the importance of conserved C-terminal resi-
dues in mature neuropeptides. Whereas the naturally occurring
RYa (full sequence: VFRYa) increased ciliary beat frequency and
abolished sustained ciliary arrests (Fig. 4 4, B, and E), changing
the RY residues to Ala (VFAAa) resulted in a loss of these effects
(Fig. 4 C and D). FVMa (full sequence: NDGDYSKFVMa) also
increased ciliary beat frequency and inhibited arrests (Fig. 4 A, B,

and E), but its effects were lost when the C-terminal Met residue
was changed to Ala (Fig. 4 C and D).

These experiments show that Platynereis neuropeptides have
strong and sequence-specific effects on two parameters of larval
ciliary activity, ciliary beat frequency and ciliary arrests.

Neuropeptides Regulate Depth in the Water Column. It has been
proposed that changes in ciliary beat frequency and ciliary arrests
regulate the depth of ciliary planktonic swimmers (8). To
quantitatively test this hypothesis and to analyze the effects of
neuropeptides on larval swimming behavior, we developed a
vertical migration setup consisting of 25-cm-high tubes. This
setup allowed us to record the swimming activity and the steady-
state vertical distribution of large populations of larvae under
different conditions.

First, we recorded swimming larvae at high resolution and
found that they swam with a right-handed spiral, with their an-
terior end pointing upward. Occasionally, larvae sank with their
anterior end pointing up, indicating that the center of gravity is
closer to the posterior end (Movie S5). The analysis of swimming
tracks in populations of untreated control larvae revealed that
active upward and lateral swimming and passive sinking were
balanced (no average displacement in the vertical direction). The
angular plots of the displacement vectors of larval tracks showed
a broad bimodal distribution, with the majority of tracks pointing
upward or downward (Fig. 54). Such nonbiased upward and
downward displacement in the vertical tubes maintained a uni-
form vertical distribution as a steady state (Fig. 64).

Next, we tested how changes in ciliary beat frequency and cil-
iary arrests induced by the neuropeptides alter the directionality
of larval movement and the steady-state larval distribution.
Neuropeptides that inhibited ciliary arrest and/or increased ciliary
beat frequency led to biased upward swimming (RYa, FVMa,
DLa, FMRFa, FVa, LYa, YFa, L11, and SPY; Fig. 5 B-J). This
upward swimming was not observed when we used RYa and
FVMa peptides with Ala substitutions (Fig. 5 B and C). In con-
trast, application of FLa and WLD, two peptides that caused
lower ciliary beat frequency and frequent ciliary arrests, resulted
in downward displacement of larvae (Fig. 5 K and L).

A B bad ns. C ekk n.s. D ek E ek up
L
®

NDGDYSK NDGDYSK YYGFNN FMRF dewn
a
control VFRYa VFAAa FVMa FVAg Dla
wkk e ok e . sk P up
*
®
down
QLDSLGGAEIP SPY WLD
F L11 AKYFL
AEdNE LYa bl AGFMTGD Kyrla NSQFRDE

Fig. 5. Neuropeptides regulate larval swimming directions. Angular plots are shown of the displacement vectors of larval swimming tracks for (A) control
larvae and (B-L) larvae in the presence of the indicated neuropeptides. P values of a y*test comparing the number of upward and downward swimming
larvae are indicated: **P < 0.01; ***P < 0.001. For each peptide the y*-test was performed with a measurement on control larvae from the same batch. In A,
a representative control is shown. n > 121 larvae for all measurements. The final concentrations were 5 pM (RYa, AAa, DLa, and FLa), 10 uM (L11 and SPY), 20

pM (FVMa, FVAa, and WLD), and 50 pM (FMRFa, FVa, LYa, and YFa).
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Fig. 6. Neuropeptides regulate larval vertical distribution. Vertical distribution of control larvae (A) and larvae in the presence of VFRYa, washout, and
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upper half of the tubes in the presence of different peptide concentrations. The concentrations shown in red were used in the other experiments. The horizontal

lines in A-N indicate the mean. P values of a y*-test are indicated: *P < 0.05;
peptides in B-L were 5 uM (RYa, AAa, DLa, and FLa), 10 uM (L11 and SPY), 20

The changes triggered by the neuropeptides in the directionality
of larval movement also shifted the mean vertical distribution at
steady state in a dose-dependent manner. Activating peptides led
to strong upward shifts, whereas inhibitory peptides caused
downward shifts (Fig. 6). The peptide effects were lost following
washout, as shown for RYa and FVMa (Fig. 6 B and C). When we
combined RYa and FLa, two peptides with opposing effects, the
effects canceled out, indicating that neuropeptide effects are ad-
ditive (Fig. 6K). All neuropeptides affected vertical shifts in
a concentration-dependent manner (Fig. 60).

By influencing ciliary beat frequency and ciliary arrests, neu-
ropeptides can change the net directionality of movement,
leading to large shifts in the vertical distribution of populations
of ciliated larvae.

Ciliary Arrests and Beat Frequency Have Distinct Contributions to
Larval Swimming. All neuropeptides that affected ciliary closures
also affected ciliary beat frequency (Fig. 4 A and B). To uncouple
the contribution of ciliary arrests and beat frequency on larval
swimming, we tried to influence these parameters separately. To
interfere with ciliary arrests without changing beat frequency we
first characterized the mechanism of arrests.

When performing extracellular current measurements with
a recording pipette penetrated into the center of Platynereis
larvae, we observed regular spiking activity. Combined extra-

E1180 | www.pnas.org/cgi/doi/10.1073/pnas.1109085108

**P < 0.01; and ***P < 0.001. n > 69 larvae. The final concentrations of neuro-
uM (FVMa, FVAa, and WLD), and 50 uM (FMRFa, FVa, LYa, and YFa).

cellular recordings and video microscopy of cilia showed that the
spikes correlated with ciliary arrests, with the first spike in a spike
train preceding the arrest (Fig. 74). Sustained arrests of cilia
were accompanied by repeated spiking events of a frequency
between 5 and 10 Hz, during the entire duration of the arrest
episode. The long duration of the spiking events (full width at
half max = 1.45 ms, SD = 0.17; Fig. 7B) indicated that they were
likely evoked by calcium, rather than sodium. Calcium spikes
were also shown to trigger ciliary arrests in mollusk larvae (19,
51). To test whether voltage-dependent calcium channels were
responsible for the recorded spike events, we applied the L-type
calcium-channel blocker nifedipine. In the presence of nifedi-
pine, beat frequency was unaffected (Fig. 7C), but spikes and
ciliary arrests were completely abolished (Fig. 74 and D). These
observations indicate that calcium spikes generated by L-type
calcium channels induce and sustain ciliary arrests and also
provided a tool to specifically block arrests without affecting
ciliary beat frequency.

To test the contribution of ciliary arrests to the overall di-
rectionality of larval movement, we then tested the effect of ni-
fedipine in vertical swimming assays. Application of nifedipine
led to consistent upward swimming (Fig. 7 £ and F; average
upward displacement 0.92 mm/s; control = —0.03 mm/s).
Larval trajectories were straighter than in control larvae (Fig.
7F), also shown by the narrower distribution in the angular his-
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Fig. 7. Calcium-regulated arrests and ciliary beat frequency both affect larva

I swimming. (A) Kymographs of ciliary beating (light gray sections) and ciliary

arrest (dark gray sections) with parallel extracellular current recordings (red traces) for control, nifedipine addition, and washout. (B) Average of 179 spikes
from recordings with a 0.1-ms temporal resolution. (C) Ciliary beat frequency in the presence of nifedipine and Br-cAMP. (D) Quantification of ciliary arrests in

the presence of nifedipine and Br-cAMP. (E) Angular plots of the displacement
of nifedipine and Br-cAMP. (F) Swimming trajectories of control larvae and larv.

vectors of larval swimming tracks for control larvae and larvae in the presence
ae in the presence of nifedipine and Br-cAMP. Red dots indicate the end of the

tracks. The beginning and end of each track is connected by a gray line. Tracks were generated from a 10-s section of 30-fps video recordings. In C and D data
are shown as mean + SEM. P values of an unpaired t test are indicated: *P < 0.05; and ***P < 0.001. n > 10 larvae for C and D. Final concentration was 10 uM

for nifedipine and 5 uM for Br-cAMP.

tograms (Fig. 7E). The consistent upward swimming led to an
upward-shifted steady-state distribution (Fig. 6M).

The up-regulation of ciliary beat frequency also led to upward
swimming, as shown by the neuropeptides that increased beat
frequency without affecting arrests (LYa, YFa, L11, and SPY;
Fig. 4 A and B and Fig. 5 G-J). To influence beat frequency
independent of neuropeptides, we used the cell-permeable
cAMP analog, Br-cAMP. cAMP is known to increase ciliary beat
frequency in a wide range of eukaryotes (52) and it also in-
creased beat frequency in Platynereis larvae, without affecting
arrests (Fig. 7 C and D). As with neuropeptides, the Br-cAMP-
induced increase in beat frequency led to upward swimming and
higher steady-state vertical distribution (Fig. 7 E and F and Fig.
6N), but the swimming tracks remained irregular, similar to
those in control larvae (Fig. 7F).

These results show that ciliary arrests and beat frequency have
distinct contributions to larval swimming. Arrests allow larvae to
sink and contribute to the maintenance of an unbiased net vertical
displacement. Arrests also result in irregular swimming tracks
(i.e., frequent turning events; compare Movie S5). Ciliary beating
promotes upward swimming. Neuropeptides can influence both
parameters, thereby modulating swimming directionality, the
frequency of sinking events, and swimming pattern.

Discussion

Neuropeptides Regulate Ciliary Swimming. Animals moving with
cilia can either crawl on a surface (e.g., flatworms) or swim freely
in water. Ciliary swimming is characteristic of the larval stage of
many marine invertebrates with a benthic adult. Such ciliated
larvae are widespread in the animal kingdom (1). Among the
bilaterians, the lophotrochozoans (e.g., annelids and molluscs)
and the deuterostomes (e.g., echinoderms and hemichordates)
often have ciliated larvae (2, 3), whereas the ecdysozoans (e.g.,
insects and nematodes) lack them. Outside the bilaterians, cilia-
based locomotion is present in ctenophores and in the larval
stages of many cnidarians. Additionally, sponges, the basal-most
animal group relative to the eumetazoans, often have ciliated
larvae (4, 5). This trait, together with the lack of muscles in
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sponges, indicates that ciliary swimming is likely the ancestral
form of locomotion in animals. Despite its importance for ma-
rine life and our understanding of the evolution of locomotion,
we know very little about the control of ciliary swimming.

Here we described an unexpected diversity of neuropeptides
influencing ciliary activity in larvae of the annelid Platynereis. The
peptides can either activate ciliary swimming (increased ciliary
beat frequency and reduced ciliary arrests) or inhibit swimming
(reduced ciliary beat frequency and more arrests), leading to
upward and downward shifts in larval vertical distribution. The
regulation of ciliary beat frequency and ciliary arrests both
contribute to changes in larval distribution, with arrests also
contributing to the irregularity of swimming tracks.

Our vertical larval swimming experiments support the model
that upward swimming and sinking determine the vertical dis-
tribution of marine plankton (8). It is remarkable that actively
swimming Platynereis larvae maintain a uniform vertical distri-
bution at steady state. Such a distribution can be maintained only
if the upward and downward net movement of the larvae is
balanced. To achieve this, swimming and sinking parameters
(ciliary beat frequency, ciliary arrests, directionality, and buoy-
ancy) must be fine-tuned. We showed how neuropeptide sig-
naling can alter some of these parameters, shifting the overall
larval vertical distribution.

Our results provide a general framework for how neuro-
peptides and the neurons that express them can regulate the
depth of ciliated zooplankton.

Sensory Neurons Directly Control Cilia. The morphology of the
neuropeptidergic neurons suggests that these cells are dual-
function sensory-motor cells directly translating sensory inputs
into motor output on effector ciliated cells. The diversity of
sensory neurons with cilia-regulating neuropeptides in the Pla-
tynereis larva is consistent with the multitude of environmental
cues annelid and other ciliated larvae can respond to. These cues
include light, pressure, salinity, and temperature, as well as set-
tlement-inducing chemicals (6, 17, 18, 53). Some of these cues
were shown to change the distribution of larvae, either by pro-
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moting upward swimming (e.g., increased pressure) (53) or by
inhibiting cilia (e.g., settlement cues) (17). The sensory-motor
neurons described here are potentially involved in similar
responses in Platynereis larvae. Our results therefore suggest a
model where certain aversive sensory inputs (e.g., high pressure
or low temperature) can elicit neuropeptide release at the ciliary
band, thereby promoting upward swimming. Such simple depth-
regulating escape circuits could contribute to the accumulation
of many planktonic organisms at water interfaces (54).

An analogous serotonergic sensory-motor neuron, mediating
a response to an aversive cue, has also been described in the
embryo of the pond snail, Helisoma trivolvis. Here the sensory
neuron directly innervates embryonic cilia and increases ciliary
beat frequency upon hypoxic stimulation in the egg capsule (55).

As with these previous studies, our results suggest that ciliated
larvae harbor simple sensory-motor reflex circuits of various
sensory modalities, able to directly influence ciliary activity and
thus vertical position in the water.

Differences Between Muscle- and Ciliary-Control Circuits. A direct
sensory-motor regulation of locomotion, implicated by our
findings, has not been described in muscle-based motor circuits
in bilaterians. In such systems, distinct sensory, inter-, and
motoneurons are always present, even in the simplest examples,
such as the gill-withdrawal reflex of Aplysia (56) or stretch-
receptor-mediated proprioception in Caenorhabditis (57). Mus-
cle-regulating circuits always have interneurons because motor
control can entail the contraction of several muscles in a strict
temporal order (e.g., locomotor central pattern generators) (58),
the integration of conflicting sensory inputs into different motor
outputs (e.g., anterior and posterior stimulation during the
nematode tap withdrawal reflex) (59), or the coordinated con-
traction and relaxation of antagonistic muscles (e.g., tendon jerk
reflex in tetrapods) (60).

In contrast, the nervous system of the Platynereis larval epis-
phere is organized predominantly as a direct sensory-motor
system. This system of simple organization is not due to the
simplicity or young age of these larvae, because at the corre-
sponding stage the trunk nervous system already harbors distinct
types of interneurons, likely involved in regulating the trunk
musculature (12). The structural difference between the trunk
and episphere nervous system therefore seems to reflect the
different functionality of the two systems, in that the trunk sys-
tem regulates muscles whereas the episphere system regulates
cilia. Because ciliary locomotion does not require a complex
coordination of various motor structures, simple sensory-motor
neurons may be adequate to perform all activatory and inhibitory
functions on a single ciliary band. If the innervation runs to all
ciliated cells, as found for the neurons described here, regulation
can occur uniformly along the entire ciliary band. Alternatively,
regulation can be differential, due to local innervation of a seg-
ment of the ciliary band, allowing tactic turning behavior (10).

Are Ciliary Locomotor Circuits Ancestral? Our results show that
ciliated larvae use a very simple functional circuitry, regulating
swimming by direct sensory-motor innervation. Such sensory-
motor neurons are common in cnidarians (61-63); however, in
bilaterians they have to date been described only in ciliated
larvae (10, 55). This observation raises the interesting possibility
that ciliary locomotor circuits in bilaterian larvae have retained
an ancestral state of nervous system organization. If this scenario
is true, ciliated larval circuitry may give insights into the evolu-
tionary origin of the first nervous systems (15).

The cilia regulatory neuropeptides described here are widely
conserved among marine invertebrates, including other annelids,
mollusks, and cnidarians. Because all of these groups have ciliated
larvae, our results have broad implications for the understanding
of ciliary locomotor control in a wide range of invertebrate larvae.
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Methods

Bioinformatics. For the identification of neuropeptides we used BLAST
searches and pattern searches using repetitions of the motive K[K/R]-x(3-10).
The GenBank accession numbers are JF811323-JF811333.

Antibodies and Staining. For antibody production, rabbits were immunized
with neuropeptides coupled to a carrier via an N-terminal Cys. Sera were
affinity purified on a SulfoLink resin (Pierce) coupled to the Cys-containing
peptides. The bound antibodies were washed extensively with PBS and with
0.5 M NaCl to remove weakly bound antibodies. Fractions were collected
upon elution with 100 mM glycine, pH 2.7 and 2.3. Inmunostainings and
whole-mount in situ hybridization were performed on precisely staged larvae
raised at 18 °C. Imaging of in situ hybridization samples was performed as
previously described (45).

Microscopy and Image Processing. Confocal images were taken on an Olympus
Fluoview-1000 confocal microscope with a 60x water-immersion objective
using 488- and 635-nm laser lines and a pinhole of airy unit 1. For volume
scans 512 x 512-pixel image stacks were recorded at a Z-distance of 1 pm.
Recordings of ciliary beating and arrest were performed with a Zeiss Axi-
oimager microscope and a DMK 21BF04 camera (The Imaging Source) at 60
frames/s or 15 frames/s to quantify arrests. Larvae were immobilized be-
tween a slide and a coverslip spaced with adhesive tape. Freely swimming
larvae in vertical tubes were recorded with a DMK 21BF03 camera (The
Imaging Source) at 30 frames/s. The tubes were illuminated laterally with red
light-emitting diode (LED) lights that larvae are unable to detect at the
stages studied. Stacks of confocal images or videos were processed using
Image) 1.42 and Imaris 5.5.1. For the whole-mount in situ and immunos-
taining samples we generated projections using Imaris. Some images were
filtered with a median filter (3 x 3 x 1 filter size), using Imaris. Contrast was
always adjusted equally across the entire image. Larval swimming videos
were analyzed using custom ImageJ macros and Perl scripts.

Image Registration. The expression patterns of the neuropeptides were reg-
istered to a reference axonal scaffold to obtain a combined molecular map of
the peptidergic neurons. We established an image registration procedure
similar to that in ref. 47, using the ITK toolkit (64). We first generated a ref-
erence scaffold by aligning 20 individual larvae to a representative scaffold,
using affine and deformable transformations, and averaging them. Three to
five gene expression patterns per gene were registered to the reference, using
the acetylated tubulin channel. First affine (rotation, scaling, translation,
shearing; itkAffineTransform class) and then deformable (nonuniform warp;
itkBSplineDeformableTransform class) transformations were applied. For both
steps the Mattes mutual information metric (itkMattesMutuallnformationl-
mageTolmageMetric class) and the gradient step optimizer (itkRegularStep-
GradientDescentOptimizer class) were used. The multiresolution registration
method was applied for both steps to speed up the process and make it more
robust (itkMultiResolutionimageRegistrationMethod class).

Behavior. Platynereis larvae were obtained from a breeding culture, fol-
lowing ref. 11. Behavioral experiments were performed in seawater, using
48- to 60-hpf larvae (raised at 18 °C). Neuropeptides were added to the
seawater and larvae were incubated for 2-5 min before recordings. For each
peptide first we tested a range of different concentrations in the vertical
migration assay and scored the effects by quantifying the larvae in the up-
per versus the lower half of the tubes (Fig. 60). The lowest concentration
with maximum effect was used in the single-larva assays.

Electrophysiology. Extracellular recordings were performed at room temper-
ature with 29- to 33-hpf larvae immobilized with a holding pipette (opening
~30 pm). For recordings we used borosilicate capillaries (Science Products
GB150F-8P) pulled with a Sutter P-1000 Flaming/Brown micropipette puller
(Heka Elektronik) to 2-4 MQ resistance. To facilitate penetration of the cu-
ticle 0.002% trifluoromethanesulfonic acid was added to the larvae 10 min
before the experiments. The recording solution contained 70 mM CsCl, 10
mM Hepes, 11 mM glucose, 10 mM glutathione, 5 mM EGTA, 500 mM aspartic
acid, 5 mM ATP, and 0.1 mM GTP, and the pH was set to 7.3 with CsOH. The
sample was illuminated with a Sharp DLP projector (PG-F212X-L) through a
740/10 band-pass filter, and ciliary beating was recorded at 6.5 frames/s.
Recordings were done with the pipette in close proximity to the ciliated cells.
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Fig. S1. (A-G) Multiple alignment of conserved neuropeptides. Multiple alignments of Platynereis RYa, DLa, FVMa, FMRFa, FVa, FLa, and L11 neuropeptides
are shown with related neuropeptides from other metazoans including cnidarians (Podocoryne, Hydractinia, Renilla, and Calliactis), Lophotrochozoans
(Capitella, Lottia, Helobdella, Aplysia, Loligo, and Achatina), and Ecdysozoan (Caenorhabditis).

Conzelmann et al. www.pnas.org/cgi/content/short/1109085108 10f 4
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Movie S1. Neuropeptide expressions in the Platynereis larva. Average expression pattern of each neuropeptide was registered to the same acetylated tubulin
reference. Anterior view of a 48-hpf larva is shown.

Movie S1

Movie S2. Neuropeptide antibody labelings in the Platynereis larva. Immunostainings with RYa, FVMa, DLa, and FMRFa antibodies (red) and the acetylated
tubulin antibody (white) are shown. All images are anterior views of 48-hpf larvae.

Movie S2

Conzelmann et al. www.pnas.org/cgi/content/short/1109085108 20of4
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Movie S3. Neuropeptide antibody labelings in the Platynereis larva. Inmunostainings with FVa, LYa, YFa, L11, FLa, and synaptotagmin antibodies (red) and
the acetylated tubulin antibody (white) are shown. All images are anterior views of 48-hpf larvae.

Movie S3

H Hl|

([ R

Movie S4. Ciliary beating and arrests in Platynereis larvae. Ciliary beating and arrests in an immobilized, control 50-hpf Platynereis larva and larvae in the
presence of 20 pM YYGFNNDLa or WLDNSQFRDE neuropeptide are shown. The recordings were done at 15 fps.

Movie S4

Conzelmann et al. www.pnas.org/cgi/content/short/1109085108 3of4
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Movie S5. Vertical swimming of Platynereis larvae. Platynereis larvae (50 hpf) swimming in a vertical column are shown (recorded at 30 fps).

Movie S5

Conzelmann et al. www.pnas.org/cgi/content/short/1109085108
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AUTHOR SUMMARY

Cilia-based locomotion is the

major form of locomotion for B
microscopic planktonic organ- e DA
isms in the ocean. It is prominent B & \
during the larval stages of many | /)
marine invertebrates, providing cﬁk‘\:‘ _/‘1

an efficient means of dispersal. C
Ciliated larvae are negatively
buoyant, meaning that the gravi-
tational pull is greater than the
buoyant force, and must there-
fore control ciliary activity to
maintain an appropriate depth. D
However, the neuronal basis j
of depth regulation in ciliary |/ Fla,wo
swimmers remains unknown. \ AYa, FVMa, DLa,

To gain an insight into depth X\ P R EA LN
regulation by these organisms,
we studied ciliary locomotor
control in the planktonic larva of
the marine annelid Platynereis.
We found several neuropeptides,
which were expressed in distinct
sensory neurons that innervate
locomotor cilia. The neuro-
peptides altered ciliary beat fre-
quency and the rate of ciliary
arrest. These changes influenced
larval orientation, vertical swim-
ming, and sinking, which resulted
in upward or downward shifts in
the steady-state vertical distribu-

. Synthetic neuropeptides

Fig. P1.

direction ensures that the larvae
eventually settle at an appropri-
ate depth for survival as adults.
Ciliated larvae have a simple
nervous system that is involved
in locomotor control, including
larval phototaxis, which is
a type of directional locomotion
in response to light stimulus (2).
However, other than phototaxis,
the neuronal basis of locomotor
control and depth regulation
remains poorly understood.

To gain an insight into the
neuronal mechanisms of depth
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Sensory-motor peptidergic neurons regulate swimming
depth in ciliated larvae. (A) Scanning electron microscope image of
a 2-d-old Platynereis larva with an equatorial band of cilia. (B)
Expression of 1 of the 11 studied neuropeptide precursors in larval
sensory cells. (C) Immunostaining (i.e., an antibody-based method to
detect a specific protein in a sample) with FV-amide neuropeptide-
specific antibodies revealed the innervation of the ciliary band by the
sensory cell axons. (D) Synthetic neuropeptides either activate (black
arrow) or inhibit (red bar) ciliary activity in immobilized larvae. (E)
Neuropeptides trigger upward swimming or sinking, thus shifting the
vertical distribution of larval populations. (F) A model for sensory-
motor depth regulation in ciliated marine zooplankton.
Neuropeptides induce shifts in the vertical distribution of larval
populations; however, it is not yet known how external
environmental factors influence the release of specific neuropeptides.

regulation in ciliated zooplank-
ton, we studied the ciliated
larvae of the marine annelid
Platynereis dumerilii. Although
there is detailed information
about the gross anatomy of

the nerves in the Platynereis
larva, in addition to the anatomy
and function of the simple
larval eyes (2), little is known
about its neuronal circuit ar-
chitecture and how larval
swimming is regulated. To char-
acterize larval circuitry and neu-
ronal regulation in Platynereis,
we focused on neuropeptides,
due to their widespread roles in

ee @
control activatory inhibitory
neuropeptides neuropeptides

tion of groups of larvae (Fig. P1).

Our findings indicate that Platynereis larvae have depth-regulating
peptidergic neurons that directly translate sensory inputs into lo-
comotor output by modulating the activity of cilia. We propose
that the simple circuitry found in these ciliated larvae represents
an ancestral state in nervous system evolution.

Two different types of locomotor systems are present in ani-
mals: One is muscle based, and the other is cilia based. The
neuronal control of muscle-based motor systems is well un-
derstood from studies on terrestrial model organisms. In con-
trast, knowledge about neuronal control in ciliary locomotion is
limited, even though cilia-driven locomotion is prominent in the
majority of animal phyla (1).

A large proportion of marine plankton is composed of the
ciliated larval stages of marine bottom invertebrates that have
a biphasic life cycle (i.e., initial development as swimming larvae
followed by metamorphosis to the sessile adult form). Ciliated
larvae may spend from days to months in the planktonic form,
freely swimming in the open water. During this planktonic phase,
the larvae are passively drifted by sea currents, yet they also
actively regulate their cilia, thereby maintaining their vertical
position in the water column. Regulated migration in the vertical

www.pnas.org/cgi/doi/10.1073/pnas.1109085108

the regulation of neural circuits
and locomotion. Using molecular biology and bioinformatics
techniques we identified 11 Platynereis neuropeptide precursors
belonging to the RF-amide family of neuropeptides, an ancient
and widespread family of animal neuropeptides. We first char-
acterized the expression of the neuropeptide precursors by using
a standard technique called RNA in situ hybridization. We found
that the precursors were expressed in distinct sensory cells of the
nervous system at the anterior half of the larva (the prospective
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adult brain), revealing the presence of a broad region of sensory
peptide-secreting (peptidergic) neurons. We then generated 9
neuropeptide-specific antibodies and used them to obtain in-
formation about the axonal projections of the sensory pepti-
dergic neurons. Remarkably, the results showed that the sensory
cells directly innervated the larval ciliary band, implying that
neuropeptides regulate cilia in direct sensory-motor control.
To determine how neuropeptides affect cilia, we analyzed
ciliary activity and larval swimming in the presence of synthetic
neuropeptides. Video recordings of immobilized larvae showed
that neuropeptides altered ciliary beat frequency, in addition to
the rate and duration of ciliary arrests. We identified activatory
and inhibitory neuropeptides for both ciliary beat frequency and
arrests. In addition, we used electrophysiology experiments on
the larvae to show that ciliary arrests were triggered by sharp
spikes in calcium concentrations, implying that neuropeptide
signaling could affect arrests via voltage-dependent calcium
channels, which are protein molecules that allow diffusion of
calcium ions in and out of the cells. We also developed a vertical
migration assay, which served as a model for plankton migration,
to study larval swimming behavior in populations of a few hun-
dred larvae. In these vertical-swimming experiments, control
larvae were distributed uniformly along the vertical axis. This
uniform distribution was maintained as a steady state, in which
upward swimming and sinking were balanced. Neuropeptides
induced upward swimming or sinking, causing large upward or
downward shifts in the vertical distribution of larvae. Upward
swimming was also triggered by blocking ciliary arrests with
a blocker of calcium channels or the pharmacological increase of
ciliary beat frequency. These results allowed us to evaluate the
contribution of ciliary arrests and ciliary beat frequency to

18594 | www.pnas.org/cgi/doi/10.1073/pnas.1109085108

45

swimming behavior and to better interpret the effects of neu-
ropeptides on larval swimming behavior.

Overall, our results revealed an unexpected complexity of
peptidergic regulation of ciliary activity and established a labo-
ratory model for depth regulation in marine zooplankton. The
sensory-motor morphology of the neuropeptidergic cells in-
dicated that neuropeptides could be released at synapses formed
on the ciliated cells. Upon sensory stimulation, neuropeptides
could change the ciliary activity of the larvae, promoting either
upward swimming or sinking. Such simple reflex circuits might
allow larvae to respond to various stimuli during their vertical
migration and adjust their swimming depth accordingly. In our
experiments, we incubated larvae in synthetic neuropeptides,
bypassing the need for sensory stimulation. An interesting chal-
lenge for the future would be to link the natural sensory stimuli
(i.e., pressure, temperature, chemicals) that are known to in-
fluence zooplankton migration (3) to the sensory-motor pepti-
dergic neurons described here. The cilia-regulatory neuro-
peptides characterized in Platynereis are widely conserved among
marine invertebrates, including other annelids, mollusks, and
cnidarians. Because all of these groups have ciliated larvae, our
results also have broad implications for the understanding of
neural circuits that control ciliary locomotion in a wide range of
invertebrate larvae.

. Young CM, ed (2002) Atlas of Marine Invertebrate Larvae (Academic, San Francisco),
1st Ed.

. Jékely G, et al. (2008) Mechanism of phototaxis in marine zooplankton. Nature 456:
395-399.

3. Chia F, Buckland-Nicks J, Young C (1984) Locomotion of marine invertebrate larvae: A

review. Can J Zool 62:1205-1222.
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Antibodies against conserved amidated
neuropeptide epitopes enrich the comparative
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Abstract

number of species across various animal phyla.

Background: Neuronal antibodies that show immunoreactivity across a broad range of species are important tools
for comparative neuroanatomy. Nonetheless, the current antibody repertoire for non-model invertebrates is limited.
Currently, only antibodies against the neuropeptide RFamide and the monoamine transmitter serotonin are
extensively used. These antibodies label respective neuron-populations and their axons and dendrites in a large

Results: Several other neuropeptides also have a broad phyletic distribution among invertebrates, including
DLamides, FVamides, FLamides, GWamides and RYamides. These neuropeptides show strong conservation of the

two carboxy-terminal amino acids and are a-amidated at their C-termini. We generated and affinity-purified specific
polyclonal antibodies against each of these conserved amidated dipeptide motifs. We thoroughly tested antibody
reactivity and specificity both by peptide pre-incubation experiments and by showing a close correlation between
the immunostaining signals and mMRNA expression patterns of the respective precursor genes in the annelid
Platynereis. We also demonstrated the usefulness of these antibodies by performing immunostainings on a broad
range of invertebrate species, including cnidarians, annelids, molluscs, a bryozoan, and a crustacean. In all species,
the antibodies label distinct neuronal populations and their axonal projections. In the ciliated larvae of cnidarians,
annelids, molluscs and bryozoans, a subset of antibodies reveal peptidergic innervation of locomotor cilia.

Conclusions: We developed five specific cross-species-reactive antibodies recognizing conserved two-amino-acid
amidated neuropeptide epitopes. These antibodies allow specific labelling of peptidergic neurons and their
projections in a broad range of invertebrates. Our comparative survey across several marine phyla demonstrates a

neuropeptides in the regulation of ciliary swimming.

broad occurrence of peptidergic innervation of larval ciliary bands, suggesting a general role of these

Background

Antibodies that show specific immunoreactivity across a
broad range of species are valuable tools for comparative
neuroanatomy in non-model organisms. For example,
antibodies against serotonin commonly label cell bodies
and their projections, allowing comparative studies of
neurodevelopment and neuroanatomy across diverse
species and phyla [1]. Another commonly used antibody
is that against FMRFamide, a neuropeptide first disco-
vered in molluscs [2,3]. Similar RFamide neuropeptides
were later found to be widespread among eumetazoans

* Correspondence: gaspar jekely@tuebingen.mpg.de
Max Planck Institute for Developmental Biology, Spemannstrasse 35,
Tubingen 72076, Germany
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[4-6]. A pioneering work reported the development of
antibodies against the conserved amidated dipeptide
motif RFamide [7]. This RFamide and other FMRFamide
antibodies have been extensively used in invertebrate
neuroanatomy, owing to the broad distribution of
RFamide-like peptides [8]. The RFamide antibody labels
distinct neuronal subsets and their projections, and can
be applied as a neuronal marker to increase morpho-
logical resolution in complex adult tissues [9], or to
reveal aspects of nervous system development and
organization, allowing the clarification of phylogenetic
relationships within phyla [10-12] or the study of
nervous system evolution between related groups [13].

© 2012 Conzelmann and Jékely; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http:/creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Neuropeptides are signalling molecules that are trans-
lated as precursor molecules, typically consisting of an
N-terminal signal peptide and multiple copies of similar
peptide motifs, flanked by dibasic cleavage sites (Lys and
Arg residues). The precursor is cleaved and often further
modified to yield shorter active neuropeptides [14,15].
a-amidation is the most common post-translational
modification, where a C-terminal glycine is enzymatically
converted into an amide group. This modification protects
the small peptides from degradation and is critical for
receptor binding [16-18]. Amidation is also thought to con-
fer high immunogenic potential to short neuropeptides
[19-21] and antibodies raised against amidated peptides are
highly specific for the amidated peptide moiety [21].
Changes in hydrogen bonding capability caused by the
amide group may lead to the improved receptor binding
and increased immunogenicity of C-terminally amidated
peptides [22].

The C-terminal residues in amidated neuropeptides
are often highly conserved across different species and
even phyla [23]. We reasoned that, like the RFamide
antibodies, other dipeptide antibodies could also poten-
tially be used as neuronal markers across a wide range
of species. Here we report the development of specific
neuronal antibodies against the amidated dipeptide
motifs of five conserved neuropeptides, DLamide, FVamide,
FLamide, GWamide and RYamide. We show that these
antibodies recognize specific subsets of neurons and their
projections in cnidarian, annelid, mollusc, bryozoan and
crustacean larvae. Furthermore, our antibody stainings
reveal that the neuropeptidergic innervation of locomotor
cilia is a general feature of ciliated larvae.

Methods

Generation of polyclonal neuropeptide antibodies

The amidated peptides, coupled to an adjuvant (lipoad-
juvant Pam3) via an N-terminal cysteine (CRYamide,
CGWamide, CFVamide, CFLamide, CDLamide), were
used to immunize rabbits. Sera were affinity-purified on
the respective peptide epitopes using a SulfoLink resin
(Thermo Scientific, Rockford, USA) that allows the
coupling of cysteine containing peptides via a disulphide
bond. After coupling of 1 mg peptide epitope to 2 ml
resin in Coupling Buffer (CB; 50 mM TRIS pH 8.5,
5 mM EDTA), the resin was washed three times with
10 ml CB. Excess reactive sites were blocked by incubat-
ing the resin in 2 ml 50 mM cysteine for 45 min, fol-
lowed by three washes with 1 M NaCl and three washes
with 25 ml phosphate buffered saline (PBS). Next, 25 ml
serum was applied to the resin and this was incubated
overnight to allow antibody binding. After flow-through
of the serum, the resin was washed five times with 25 ml
PBS followed by a wash with 15 ml 0.5 M NaCl/PBS and
again twice with 10 ml PBS. The antibodies were eluted
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and fractionated with eight times 1 ml of 100 mM glycine
pH 2.7, eight times 1 ml of 100 mM glycine pH 2.3 and
eight times 1 ml of 100 mM glycine pH 2.0. The fractions
were neutralized by directly collecting them in an ad-
equate volume (about 40, 75 and 95 pl for the different
pH solutions) of 1 M TRIS-HCI pH 9.5. The protein con-
centration of each fraction was determined, and the first
two fractions of the pH 2.7 peak (usually fractions 2 and
3) were discarded, since these contained the lowest affinity
antibodies. The peak fractions and the end-of-peak frac-
tions were pooled, and concentrated, if necessary, using
Vivaspin centrifugation tubes with a molecular weight
cut-off of 10 kDa (Sartorius, Gottingen, Germany). Anti-
bodies were stored in 50% glycerol at —20°C for mid-term
(up to 1 year), and —80°C for long-term storage. A detailed
protocol is available [24].

Immunohistochemistry

For immunostainings, larvae were fixed in 4% formalde-
hyde in PTW (PBS + 0.1% Tween-20) for 2 h and stored
in 100% methanol at —20°C until use. After stepwise
rehydration to PTW, samples were permeabilized with
proteinase-K treatment (100 pg/ml in PTW, for 1 to
3 min). To stop proteinase-K activity, larvae were rinsed
with glycine buffer (5 pg/ml in PTW) and post-fixed in 4%
formaldehyde in PTW for 20 min followed by two 5 min-
washes in PTW and two 5 minwashes in THT (0.1 M
TRIS-HCI pH 85+0.1% Tween-20). Larvae and anti-
bodies were blocked in 5% sheep serum in THT for 1 h.
Primary antibodies were used at a final concentration of
1 pg/ml for rabbit neuropeptide antibodies and 0.5 pg/ml
for mouse anti-acetylated tubulin antibody (Sigma, Saint
Louis, USA) and incubated overnight at 6°C. Weakly
bound primary antibodies were removed by two 10 min
washes in 1 M NaCl in THT, followed by five 30 min
washes in THT. Larvae were incubated overnight at 6°C
in the dark in 1 pg/ml anti-rabbit Alexa Fluor® 647 anti-
body (Invitrogen, Carlsbad, CA, USA) and in 0.5 pg/ml
anti-mouse FITC antibody (Jackson Immuno Research,
West Grove, PA, USA) and then washed six times for
30 min with THT-buffer, and mounted in 87% glycerol in-
cluding 2.5 mg/ml of the anti-photobleaching reagent 1,4-
diazabicyclo[2.2.2]octane (Sigma, St. Louis, MO, USA).
Pecten larvae were additionally treated with 4% parafor-
maldehyde in PBS with 50 uM EDTA pH 8.0 for 1 h to de-
calcify their shells before the immunostaining procedure
(performed as described previously). For cnidarian larvae,
we also used a mouse anti-tyrosylated tubulin antibody
(Sigma, Saint Louis, USA) at 1 pg/ml. For immunostaining
with multiple rabbit primary antibodies in the same sam-
ple, antibodies were directly labelled with a fluorophore
using the Zenon® Tricolour Rabbit IgG Labelling Kit
(Invitrogen, Carlsbad, CA, USA) and used in combin-
ation with mouse anti-acetylated tubulin antibody.
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For blocking experiments, we pre-incubated the anti-
bodies in 5 mM of the respective full-length Platynereis
peptides (YYGFNNDLamide, AHRFVamide, AKYFLamide,
VERYamide, RGWamide) for 2 h before immunostainings.

Microscopy and image processing

Images were taken on an Olympus Fluoview-1000
confocal microscope (Olympus Deutschland GmbH,
Hamburg, Germany) using a 60x water-immersion
objective and the appropriate laser lines to capture
fluorescent signals. Signals from RNA in situ hybridizations
(nitro blue tetrazolium chloride/5-Bromo-4-cloro-3-indolyl
phosphate precipitate) were imaged with reflection confocal
microscopy as described [25]. Images were processed with
Imaris 6.4 (BitPlane Inc., Saint Paul, USA) and Image] 1.45
software [26]. All image stacks are available [24].

Bioinformatic tools

Neuropeptide prediction was performed using NeuroPred
[27], N-terminal signal peptides were predicted using
SignalP 4.0 Server [28]. For multiple sequence alignments,
we used Clustal\¥W [29]. The GenBank accession number
for the Platynereis RGWamide neuropeptide precursor:
JX412226.

Results

Generation of specific antibodies against amidated
dipeptide epitopes of neuropeptides

We set out to develop antibodies against the conserved
C-amidated dipeptides DLa, FVa, FLa, GWa and RYa
(‘a’ = ‘amide’) neuropeptides that are conserved across
phyla (Figure 1) [23,25-36]. We have recently shown in
the marine annelid model Platynereisdumerilii that the
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precursor mRNAs for these neuropeptides are expressed
in largely non-overlapping subsets of neurons in the
larval episphere. None of these neuropeptides co-expresses
with FMRFamide in Platynereis [23], suggesting that anti-
bodies against their conserved amidated dipeptides could
also substantially increase the number of neurons that can
be labelled in other species.

Rabbits were immunized with the short amidated pep-
tides extended with an N-terminal cysteine to allow coup-
ling to a carrier during the immunization procedure. We
also used the cysteine residue to couple the peptides to a
resin and to affinity purify the antibodies from the respec-
tive sera. We employed a high stringency affinity purifica-
tion protocol including high salt washes and low pH
elution to obtain high-affinity antibody fractions.

Next, we tested the reactivity of the affinity purified
neuropeptide antibodies in whole mount immunostainings
on Platynereis larvae. We found labelling for all antibodies
in a subset of neurons and their axons in the larval
episphere (Figure 2A-D). To test the specificity of our
antibodies, we pre-incubated them in the synthetic ami-
dated full-length Platynereis peptides. This treatment led
to a complete block of the signal for the anti-DLa, anti-
FVa and anti-RYa antibodies (Figure 3A,C,E) and a strong
reduction in signal intensity for the anti-FLa and anti-
GWa antibodies (Figure 3B,D). These results indicate that
the antibodies bind to the respective peptides and this pre-
vents further binding to epitopes in the tissue. The speci-
ficity of the antibodies is further supported by the
close correlation between the cell body positions
revealed by immunostaining and the expression pat-
terns of the respective precursors (Figure 3 A-E, bot-
tom panels, asterisks) as shown by whole-mount RNA

A

Platynereis -—-YYOFN
Capitella -=SSYGFR
Helobdella (1) SSVHQONYR
Helobdella (2) = ——————m FL

Platynereis
Capitella
Helobdella

Lottia Enterin
Lottia (FV/Lam)
Lottia (LRNFV/Lam)

Cc

Platynereis
Capitella
Helobdella

Lottia (FV/Lam)
Lottia (LRNFV/Lam)
Macrostomum

Figure 1 Two amino-acid amidated motifs are conserved in neuropeptides across phyla. Multiple sequence alignment of mature
neuropeptides with a conserved C-terminus for DLamides (A), FVamides (B), FLamides (D), GWamides (D) and RYamides (E) from annelids
(Platynereis, Capitella, Helobdella), molluscs (Lottia), platyhelminthes (Schmidtea, Macrostomum), nematodes (Caenorhabditis), arthropods (Cherax,
Cancer, Drosophila, Apis) and cnidarians (Podocoryne, Hydractinia). The conserved C-termini that were used for antibody production are
highlighted in black. RPCH, red pigment concentrating hormone; AKH, adipokinetic hormone.

D

Platynereis
Capitella
Lottia
Schmidtea
Cherax (RPCH)
Cancer (RFCH)
Apis (AKH)

E

Podocoryne (RY/Fam)
Hydracarina (RY/Fam)
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Platynereis =0 0Z@o——==o VF--
Capitella -==VPIF--
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Schmidtea (RY/Fam) ---GSVF--
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Drosophila -===PFVVVASEVE
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DLa in situ acTub FVa in situ acTub FlLa in situ acTub GWa in situ acTub RYa in situ acTub

Figure 2 Correspondence of antibody signals with the respective precursor mRNA expression in Platynereis. (A-E) Immunostaining (red)
with the DLamide (A), FVamide (B), FLamide (C), GWamide (D) and RYamide (E) antibodies counterstained for acetylated tubulin (acTub, white) in
the upper panels. Bottom panels show immunostainings for the respective antibodies in white. (A’-E’) mRNA in situ hybridization (red)
counterstained for acetylated tubulin (acTub, black) for the DLamide (A’), FVamide (B'), FLamide (C), GWamide (D) and RYamide (E')
neuropeptide precursors. With the exception of GWamide, all precursorsin situ were described in [23] and are shown here for comparison only.
All images are anterior views of Platynereis larvae 48 h post fertilization (hpf). Asterisks indicate cells that show a spatial correspondence with the
mRNA in situ hybridization signals in A’-E’. Scale bars: 50 um.

regular
immunostaining

pre-incubated
with peptide

DLa acTub FLa acTub FVa acTub GWa acTub RYa acTub

Figure 3 Blocking of immunostaining signals with peptide pre-incubation. (A-E) Regular immunostaining (upper panels), and stainings with
antibodies that were pre-incubated with the corresponding synthetic Platynereis full length neuropeptide (bottom panels) for DLamide (A),
FVamide (B), FLamide (C), GWamide (D) and RYamide (E), all shown in red. Samples were counterstained for acetylated tubulin (acTub, cyan). All
images are anterior views of Platynereis larvae 72 h post fertilization (hpf). Scale bar: 50 um.
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in situ hybridization (Figure 3 A’-E’). The recently
described antibodies raised against full length Platy-
nereis DLa, FVa, FLa and RYa peptides also show very
similar neuronal signals [23].

Overall, our specificity tests in Platynereis demonstrate
that the antibodies raised against amidated dipeptide
motifs are remarkably specific and can be used to obtain
high-quality tissue stainings. To test the utility of our
antibody collection as cross-species-reactive neuronal
markers, we performed immunostainings on a variety of
marine larvae from different species and phyla.

DLamide immunoreactivity in annelids

DLa neuropeptides have been described from the errant
annelid (Errantia) Platynereis and the sedentary annelids
(Sedentaria) Capitella and Helobdella [23,36] (Figure 1A).
Since errant and sedentary annelids encompass most of
annelid diversity [37], DLa neuropeptides are potentially
widely distributed among annelids. To test whether our
DLa antibody could be used as a pan-annelid nervous sys-
tem marker, we also tested its reactivity in Capitella. In
Capitella larvae, we found staining in neurons of the
apical organ. These neurons have a flask-shaped morph-
ology typical of sensory cells and project to the larval
ciliary band (Figure 4A, arrow) in a similar fashion to that
observed for Platynereis larvae (compare with Figure 2A).
We also observed strong staining in the ventral nerve cord
in older Capitella larvae (Figure 4B). The specific reactivity
of the DLa antibody in both errant and sedentary annelid
species demonstrates its usefulness as a pan-annelid neur-
onal marker.

FVamide and FLamide immunoreactivity in annelids and
molluscs

FVa and FLa neuropeptides have been described in
annelids, molluscs and platyhelminths. In the annelids
Platynereis and Capitella, there is one FVa neuropeptide
precursor, whereas there are three different precursors
in the mollusc Lottia gigantea (Figure 1B,C) [35]. FLa
peptides are either encoded by a separate precursor gene
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and expressed in distinct subsets of cells, as in annelids,
or co-occur on the same precursor together with FVa
peptides, as in molluscs. Regardless of the number of
precursor genes, the conserved FVa and FLa epitopes
could allow the labelling of all FVa and FLa expressing
neurons in annelids and molluscs. We tested the reacti-
vity of both antibodies on Capitella larvae and on larvae
of the bivalve mollusc Pecten maximus and the nudi-
branch mollusc Phestilla sibogae (for morphological
details see [38]). In Capitella, we found FVa immuno-
reactivity in apical organ neurons with projections to the
ciliary band (Figure 5A, arrow, compare with Figure 2B),
and also in the ventral nerve cord (Figure 5B). The FLa
antibody labels neurons in the brain and in the ventral
nerve cord in older stages of Capitella (Figure 5F). In
Pecten veliger larvae, the FVa antibody labels a small
number of neurons in the cerebral and visceral ganglia,
some of which project to the ciliated velum (Figure 5C).
In Phestilla, both antibodies show strong staining in the
cerebropleural ganglion between the eyes (Figure 5D,G).
The FVa antibody also labels two nerve fibres in the cili-
ated foot (Figure 5E, arrows).

GWamide immunoreactivity in annelids, molluscs and
crustaceans

GWa neuropeptides are present in annelids, molluscs
(APGWa), platyhelminths, crustaceans (as red pigment
concentrating hormone, RPCH) and insects (as adipoki-
netic hormone, AKH, Figure 1D). Although the sequence
similarity is limited, the annelid and mollusc GWa precur-
sors are the likely lophotrochozoan orthologues of arthro-
pod RPCH and AKH neuropeptide precursors [39]. We
tested our GWa antibody in the annelid Capitella, the
molluscs Pecten and Phestilla and a nauplius larva
from a cirripede crustacean (for morphological details,
see [40]) collected from a plankton sample (Figure 6).
Like Platynereis, Capitella larvae show staining in a small
number of neurons in the apical organ (Figure 6A, compare
with Figure 2D) and in the ventral nerve cord of older
larvae (Figure 6B), with no ciliary innervation. In Pecten

Capitella

DLa acTub

Figure 4 DLamide immunoreactivity in Capitella larvae. (A) Anterior view of an early Capitella larva and (B) ventral view of a late Capitella
larva stained with the DLamide antibody (red) counterstained for acetylated tubulin (acTub, white). Scale bars: 50 um. cbn, ciliary band nerve.

Capitella

DLa acTub
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Capitella Capitella Pecten

Phestilla

FVa

Capitella ) Phestilla

Figure 5 FVamide and FLamide immunoreactivity in annelid and mollusc larvae. Immunostainings with the FVamide antibody (red)
counterstained for acetylated tubulin (acTub, white) in (A) an early Capitella larva, anterior view, (B) a late Capitella larva, ventral view, (C) a Pecten
veliger larva, lateral view, and (D, E) a Phestilla larva, ventral (D) and dorsal (E) views. Immunostainings with the FLamide antibody (red)
counterstained for acetylated tubulin (acTub, white) in (F) a late Capitella larva, ventral view, and (G) a Phestilla larva, ventral view. Arrows in (C)
and (E) point at projections that run along the ciliated velum of Pecten and the ciliated foot of Phestilla. Scale bars: 50 um. cbn, ciliary band nerve;
cg, cerebral ganglion; cpg, cerebropleural ganglion; DIC, differential interference contrast; vg, visceral ganglion.

veliger larvae, the GWa antibody labels a small number of insects (Figure 1E). In cnidarians, platyhelminthes and
neurons and their projections (Figure 6C). In Phestilla, we  nematodes, RYa peptides co-occur with RFa peptides on
found staining in the cerebropleural ganglion between the the same precursor [33,34,41], whereas in most other
eyes (Figure 6D). In the crustacean larvae, the antibody phyla they originate from a distinct precursor. Given the
labels two cerebral neurons that project to the protocereb-  broad phyletic distribution of RYa peptides and the
ral neuropil and a pair of neurons on either side of the observation that they often derive from distinct precur-

labrum (Figure 6E). sors expressed in different cells than RFa [23], the RYa
antibody could have a great value for comparative

RYamide immunoreactivity in cnidarian, annelid, neuroanatomical studies. To explore the potential of the

bryozoan, mollusc and crustacean larvae RYa antibody, we tested its reactivity in cnidarians, anne-

RYa neuropeptides have been described in a number of  lids, molluscs, bryozoans and crustaceans.

marine phyla, including cnidarians, annelids, molluscs, In Capitella larvae, we found RYa staining in indivi-

platyhelminthes and crustaceans. They are also present dual sensory neurons in the apical organ. As with DLa
in terrestrial invertebrates, such as nematodes and and FVa, these neurons project to the ciliary band nerve
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Capitella Capitella

Phestilla

GWa DIC GWa |
Figure 6 GWamide immunoreactivity in annelid, mollusc and crustacean larvae. Immunostainings with the GWamide antibody (red)
counterstained for acetylated tubulin (acTub, white) in (A) an early Capitella larva, anterior view, (B) a late Capitella larva, ventral view, (C) a Pecten
veliger larva, lateral view, (D) a Phestilla larva, ventral view, (E) and a crustacean larva, ventral view and (E') a close-up confocal scan. Scale bars:
50 um. cpg, cerebropleural ganglion; DIC, differential interference contrast; la, labrum; pc-Np, protocerebral neuropil.

(Figure 7A, arrow, compare with Figure 2E), suggesting  pole (Figure 7I-K). These neurons have sensory morph-
a role for RYa neuropeptides in regulating ciliary activity — ology with apical sensory dendrites projecting to the sur-
in Capitella. We also observed a strong staining in the face of the ciliated neuroectoderm (Figure 7K). The
ventral nerve cord in older Capitella larvae (Figure 7B).  basal neuronal projections run along the basal side of
In larvae of the bryozoan Cryptosula species (for mor-  the ciliated neuroectoderm and terminate in the anterior
phological details see [42]), we detected strong RYa plexus. These results show that the RYa antibody is a
immunoreactivity in the nerve nodule and in the lateral neuronal marker widely applicable across several in-
nerves projecting to the coronal ciliary band (Figure 7C,  vertebrate phyla. It should be noted that the RYa anti-
arrows) and several axons that embrace the pyriform  body may cross-react with invertebrate neuropeptides
organ. In Pecten larvae, we detected two pairs of neu- belonging to the NPF/NPY (short neuropeptide F,
rons and their projections along the ciliated velum NPF; short neuropeptide Y, NPY) family, that some-
(Figure 7D, arrow). Using primary antibodies directly times have a C-terminal RYa, such as in Apis mellifera
pre-labelled with different fluorophores, we also co- and Bombyx mori NPFs [43].

stained Pecten larvae for RYa and FVa. We observed co-

labelling only in a subset of neurons, suggesting that Discussion

these cells co-express RYa and FVa neuropeptides Amidated dipeptide epitopes allow the generation of
(Figure 7E, asterisks). This result demonstrates that specific antibodies

these antibodies can also be used in combination in a ~ We have shown, using a variety of species, that our
single specimen. In Phestilla larvae, we detected a strong  antibodies against amidated dipeptides can be used to
RYa signal in the apical organ, the cerebropleural gan- label distinct subsets of peptidergic neurons (Figure 8,
glion between the eyes and in the pedal ganglion, as well ~ confocal stacks are available [24]). Our finding that
as in nerves connecting these ganglia (Figure 7F), and several different amidated dipeptides could be used
also in projections running to the ciliated foot to generate specific antibodies broadens our under-
(Figure 7G, arrows). In the nauplius larvae, we found standing of the immunogenic potential of peptide
RYa in a group of cerebral neurons that have a flask- sequences. It is interesting to note that the company we
shaped morphology and in various neurons surrounding  contacted for antibody production initially warned us not
the labrum (Figure 7H). In the cnidarians Aurelia and  to carry out the project, arguing that ‘It is considered that
Clava, we detected RYa staining in sensory neurons of  up to 5aa peptides are not immunogenic at all.” The strong
the ciliated planula larvae, mainly located at the aboral = immunogenicity of these peptides must be due to their
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Capitella Capitella Cryptosula

Pecten Pecten

RYa

crustacean larva

Clava Aurelia Aurelia

anterior
plexus

RYa ac

Figure 7 RYamide immunoreactivity in annelid, bryozoan, mollusc, crustacean and cnidarian larvae. Immunostainings with the RYamide
antibody (red) counterstained for acetylated tubulin (acTub, white) in (A) an early Capitella larva, anterior view, (B) a late Capitella larva, ventral
view, (C) a Cryptosula larva, anterior view, (D) a Pecten veliger larva, anterior view, (E) a Pecten veliger larva counterstained with the anti-FVamide
antibody (green), anterior view, (F) a Phestilla larva, ventral and (G) dorsal view, (H) a crustacean larva, ventral view and (H) a close-up confocal
scan. Immunostainings with the RYamide antibody (red) counterstained for acetylated or tyrosylated tubulin (acTub, white) in (I) a Clava planula
larva, lateral view, (J) an Aurelia planula larva, lateral view, and (K) close-up of a sensory neuron of Aurelia. Arrows in (C) point at axons that
project to the ciliary band of Cryptosula. Arrows in (D) and (G) point at projections to the ciliated velum of Pecten and the ciliated foot of Phestilla.
Asterisks in (E) indicate neurons that are co-labelled for RYa and FVa. Scale bars: (A-J) 50 um, (K) 10 um. ao, apical organ; cbn, ciliary band nerve;
cg, cerebral ganglion; cpg, cerebropleural ganglion; DIC, differential interference contrast; la, labrum; pg, pedal ganglion; po, pyriform organ; vg,
visceral ganglion.

C-terminal amidation, in the context of the two residues.  can be found in thousands of other proteins (for example,
It is not the amide group that is recognized alone, since all 61,717 DL, 32,582 FV, 9,459 GW and 18,792 RY in the
peptides have it, yet we see no cross-reactivity. The im-  Capitella predicted proteome), yet we do not see strong
portance of amidation, and not the two amino acids alone, = background staining in our immunostainings on many dif-
is supported by the observation that such dipeptide motifs  ferent invertebrate species.
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Figure 8 Summary diagrams of peptidergic cells in various species. Summary diagrams showing the position of peptidergic cells labelled
with our cross-species reactive neuropeptide antibodies for Platynereis, anterior view (A), Capitella, anterior view (B), Pecten, lateral view (C),
Phestilla, ventral view (D), Cryptosula, anterior view (E), Aurelia, lateral view (F) and the crustacean larva, ventral view (G). co-Cn, circumoral
connective; crn, coronal ring nerve; dcc, dorsal branch of the circum-oesophageal connectives; In, lateral nerve; m, mouth; mb, mandible;
Pc-Np - protocerebral neuropil; po, pyriform organ; vce, ventral branch of the circum-oesophageal connectives.

spine

Overall, our data argue that the antibodies strongly
and specifically bind the amidated peptides we used for
immunization. First, the stringent affinity purification
protocol we employed together with the peptide-
blocking experiments indicates that the antibodies
strongly bind to the short amidated peptides. Sec-
ond, the specific neuronal stainings in tissues corre-
sponding to the expression patterns of the precursor
genes in Platynereis show that the antibodies specif-
ically bind to the respective peptides.

The strategy we employed to generate specific cross-
species antibodies could also be applied to other con-
served neuropeptides present in diverse taxa. With the
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increasing sampling of metazoan genomes and transcrip-
tomes, and the accumulation of data from understudied
groups (for example, hemichordates, platyhelminths,
priapulids), we will have the chance to identify further
conserved peptide motifs. Further sampling will also
allow the identification of other taxonomic groups in
which the antibodies described here could be used as
neuronal markers. Given the brevity of the sequences,
reactivity to multiple neuropeptide families with the same
amidated termini cannot be excluded. For the proper inter-
pretation of staining patterns, it is therefore also important
to study mRNA expression and to scrutinize available tran-
scriptomic and genomic resources. Importantly, our results
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show that these antibodies are not widely cross-reactive
and do not recognize other amidated peptides. A single
amino acid change seems to be sufficient to prevent anti-
body binding, since the DLa, FLa and FVa antibodies all
recognize different cells.

Finally, C-terminal amidation is commonly used for
immunization for peptides that derive from an internal
part of the protein, to keep the peptide closer to its nat-
ural state. Our results caution that such an unnatural
terminal amide in internal peptide sequences may trigger
an undesired immune response, and potentially cause
cross-reactivity to naturally occurring amidated peptides.

Cross-species antibodies suggest that the
neuropeptidergic control of cilia is widespread in marine
larvae

With the DLa, FVa and RYa antibodies, we commonly
observe projections to larval ciliary bands. We have re-
cently shown that the neurons expressing these neuro-
peptides also innervate the ciliary band in Platynereis
larvae, and that these peptides regulate the activity of
cilia. All three peptides increase the beating frequency of
cilia and inhibit ciliary arrests, thereby influencing the
swimming depth of planktonic Platynereis larvae [23]. In
Capitella larvae, all three neuropeptides are present in
the ciliary band nerve. In Pecten, we found FVa and RYa
immunoreactivity in nerves running along the ciliated
velum, and in Phestilla in projections in the ciliated foot.
RYa neurons also seem to innervate locomotor cilia in
bryozoan and cnidarian larvae. This suggests that these
peptides may also regulate ciliary activity in these larvae,
indicating a general role for neuropeptides in the regula-
tion of ciliary locomotion in marine invertebrate larvae
[44].

Conclusions

We developed specific cross-species reactive antibodies that
recognize the conserved neuropeptide motifs DLamide,
FVamide, FLamide, GWamide and RYamide. These anti-
bodies can be used in a wide range of marine invertebrates,
including annelids, molluscs, bryozoans and cnidarians.
Further genomic and transcriptomic sampling could
identify other animal groups where these peptide motifs
are conserved and where our antibodies could also be
employed. Our work also highlights the antigenic po-
tential of very short amidated peptide motifs. The on-
going sampling of neuropeptide diversity will allow the
development of other similar antibodies, to enrich fur-
ther the comparative neurobiology toolbox. Our sam-
pling across diverse marine larvae demonstrates the
broad utility of these antibodies, and also indicates that
the neuropeptidergic regulation of ciliary locomotion
may be a general feature of marine ciliated larvae.
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Life-cycle transitions connecting larval and juvenile stages in meta-
zoans are orchestrated by neuroendocrine signals including neuro-
peptides and hormones. In marine invertebrate life cycles, which
often consist of planktonic larval and benthic adult stages, settle-
ment of the free-swimming larva to the sea floor in response to
environmental cues is a key life cycle transition. Settlement is
regulated by a specialized sensory-neurosecretory system, the lar-
val apical organ. The neuroendocrine mechanisms through which
the apical organ transduces environmental cues into behavioral
responses during settlement are not yet understood. Here we show
that myoinhibitory peptide (MIP)/allatostatin-B, a pleiotropic neu-
ropeptide widespread among protostomes, regulates larval settle-
ment in the marine annelid Platynereis dumerilii. MIP is expressed
in chemosensory-neurosecretory cells in the annelid larval apical
organ and signals to its receptor, an orthologue of the Drosophila
sex peptide receptor, expressed in neighboring apical organ cells.
We demonstrate by morpholino-mediated knockdown that MIP
signals via this receptor to trigger settlement. These results reveal
a role for a conserved MIP receptor-ligand pair in regulating marine
annelid settlement.

M etazoan life cycles show great diversity in larval, juvenile,
and adult forms, as well as in the timing and ecological
context of the transitions between these forms. In many animal
species, neuroendocrine signals involving hormones and neuro-
peptides regulate life cycle transitions (1-3). Environmental cues
are often important instructors of the timing of life cycle tran-
sitions (4), and can affect behavioral, physiological, or morpho-
logical change via neuroendocrine signaling (5).

Marine invertebrate larval settlement is a prime example of
the strong link between environmental cues and the timing of
life-cycle transitions. Marine invertebrate life cycles often consist
of a free-swimming (i.e., pelagic) larval stage that settles to the
ocean floor and metamorphoses into a bottom-dwelling (i.e.,
benthic) juvenile (6-8). In many invertebrate larvae, a pelagic—
benthic transition is induced by chemical cues from the envi-
ronment (9, 10). Larval settlement commonly includes the ces-
sation of swimming and the appearance of substrate exploratory
behavior, including crawling on or attachment to the substrate
(11-14). In diverse ciliated marine larvae (15), the apical organ,
an anterior cluster of larval sensory neurons (16) with a strong
neurosecretory character (17-20), has been implicated in the
detection of cues for the initiation of larval settlement (21).
Although molecular markers of the apical organ have been de-
scribed (22-24), our knowledge of the neuroendocrine mecha-
nisms with which apical organ cells transmit signals to initiate
larval settlement behavior is incomplete.

Here, we identify a conserved myoinhibitory peptide (MIP)/
allatostatin-B receptor-ligand pair as a regulator of larval set-
tlement behavior in the marine polychaete annelid Platynereis
dumerilii. MIPs are pleiotropic neuropeptides (25) first described
in insects as inhibitors of muscle contractions (26, 27). In some
insect species, MIPs modulate juvenile hormone (28) or ecdysone
synthesis (29), and are also referred to as allatostatin-B or pro-
thoracicostatic peptide (30, 31). These peptides are known to

www.pnas.org/cgi/doi/10.1073/pnas.1220285110

signal via a G protein-coupled receptor, the sex peptide receptor
(SPR) (31, 32). MIPs show sequence similarity to cnidarian
GLWamides and belong to an ancestral eumetazoan Wamide
family that also includes mollusk APGWamides and other pep-
tides (33). We found that Platynereis MIP is expressed in chemo-
sensory—neurosecretory cells in the apical organ and triggers larval
settlement behavior by signaling via an SPR orthologue expressed
in adjacent apical organ cells. Our results identify a conserved
neuropeptide receptor-ligand pair in the apical organ, which may
transduce environmental signals to initiate settlement in a pelagic—
benthic life cycle.

Results

MIP Triggers Larval Settlement in Platynereis. Platynereis has a pe-
lagic-benthic life cycle with a freely swimming ciliated larval stage
that spends as long as several days in the plankton before tran-
sitioning to a benthic lifestyle (34, 35). Searching for regulators of
annelid settlement, we identified a neuropeptide, an orthologue
of arthropod MIP (Fig. S1 4 and B), that efficiently triggers set-
tlement of Platynereis larvae. The peptide is derived from a pre-
cursor protein that shows high sequence similarity to the MIP
preprotein from the distantly related polychaete Capitella teleta
(36, 37) and to MIP precursors from arthropods (also called alla-
tostatin-B or prothoracicostatic peptide) (30). The predicted ma-
ture protostome MIP peptides share a conserved W(Xs_g)W
sequence motif and are amidated (Fig. S1B). We did not identify
any MIP orthologue in deuterostomes.

Treatment of free-swimming Platynereis larvae in a vertical
swimming assay (19) with synthetic Platynereis MIP peptide rapidly
induced downward vertical movement in trochophore and necto-
chaete larval stages (Fig. 14, Fig. S2, and Movies S1, S2, and S3), an
effect that could be reversed by washout (Fig. 14). Different ver-
sions of MIPs derived from the same Platynereis precursor protein,
including a nonamidated MIP, also rapidly triggered larval sinking
(Fig. S2 A-E). We focused on MIP7 in subsequent experiments
because this peptide closely matches the consensus sequence de-
rived from all Platynereis MIPs (Fig. S1 C and D). Substitution of
the last (W10A), but not the first (W2A), tryptophan residue to
alanine rendered MIP7 inactive in the vertical swimming assay
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Fig. 1. MIP triggers larval settlement behavior in Platynereis. (A) Angular
histograms of the displacement vectors of swimming tracks for larvae trea-
ted with DMSO (control) and larvae treated with the indicated peptide [n >
100 larvae (55-60 hpf) each]. (B) Percentage of time in which cilia are closed
in DMSO-treated larvae (control) vs. larvae exposed to MIP7 [n > 10 larvae
(48-50 hpf) each]. (C) Percentage of 1-, 2-, 5-, and 6-dpf larvae that showed
sustained substrate contact after 2 min exposure to DMSO (control), 20 yM
MIP7 (for 1 dpf and 2 dpf), or 50 uM MIP7 (for 5 dpf and 6 dpf; n = 4 rep-
etitions with >30 larvae). (D) Percentage of larvae that showed sustained
substrate contact after 90 min exposure to DMSO (control), AKYFLamide
(FLa), and MIP7 [n = 10 repetitions with >30 larvae (50 hpf) each]. In A, the
P values of an y? test comparing the number of upward and downward
swimming larvae are indicated as *P < 0.05 and ***P < 0.001. Data in B-D
are shown as mean + SEM. P values of an unpaired t test are indicated as *P <
0.05, **P < 0.01, and ***P < 0.001, with “ns” indicating P > 0.05.

(Fig. 14). To understand the mechanism of downward movement,
we analyzed the effects of MIP7 treatment on ciliary activity. MIP7
did not significantly alter the beat frequency of cilia (Fig. S2G), but
triggered long and frequent ciliary arrests in a concentration-de-
pendent manner (Fig. 1B). Close-up videos of 2-d-old larvae trea-
ted with MIP7 in the vertical column showed that the larvae were
sinking with their anterior pointed upward (Movie S2). Larvae at
age 3 d showed downward movement with their anterior pointed
downward, implying more complex behavioral effects in older
larvae (Movie S3).

After MIP7-treated larvae reached the bottom of the culture
dish, they showed sustained exploratory crawling behavior, with
frequent touching of the apical side to the substrate (Fig. 1 C and
D and Movies S4 and S5). Such substrate exploratory behavior
could also be observed at low frequency for control larvae, with late
nectochaete stages [5—6 d postfertilization (dpf)] showing a greater
tendency to contact the substrate. MIP7 treatment strongly induced
sustained substrate contact between 1 and 6 d of development (Fig.
1C). Another Platynereis neuropeptide, AKYFLamide, which has
previously been shown to trigger larval sinking (19), was inactive in
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the crawling assay even after 90 min of incubation (Fig. 1D).
Overall, MIP treatment can rapidly induce two distinct behaviors in
Platynereis larvae: (i) inhibition of cilia and cessation of swimming
and (if) crawling on the substrate, both considered hallmarks of
marine invertebrate larval settlement (11-14). These results iden-
tify Platynereis MIP as a settlement-inducing neuropeptide.

MIP Is Expressed in Neurosecretory Annelid Apical Organ. Whole-
mount in situ hybridization on Platynereis larvae revealed MIP
mRNA expression in sensory cells of the apical organ from 20 h
postfertilization (hpf) on, as well as two pairs of cells in the trunk
from 48 hpf on. The apical organ expression was observed in an
increasing number of cells with age (Fig. 2 A-D and Fig. S3
B-H). Immunostaining with a specific MIP antibody (Fig. S34)
showed that the axonal projections of these cells terminate in the
apical nerve plexus (Fig. 2 E and F), a region of strong neuro-
secretory activity (18, 19). By using the Platynereis MIP antibody
or an antibody against the conserved C-amidated dipeptide
VWamide that is strongly conserved in mollusks and annelids
(Figs. S1B and S3A4), we observed similar immunolabeling in
sensory cells in the larval apical organ and in the nerve plexus of
Capitella (Fig. 1 G and H and Fig. S3I).

To confirm the neurosecretory nature of the MIP-expressing
cells, we analyzed MIP coexpression with known neuroendocrine
markers by using image registration of in situ hybridization scans to
an average anatomical reference template (19, 38, 39). We scan-
ned, registered, and averaged at least five individual larvae per
gene from whole-mount in situ hybridization samples. We analyzed
the neurosecretory marker prohormone convertase prohormone
convertase 2 (phc2) and the neuroendocrine transcription factors
orthopedia (otp) (18) and dimmed (dimm) (Fig. S4 A-D). In Dro-
sophila, dimm directs the differentiation of neuroendocrine neu-
rons and is coexpressed with MIP in the median brain (40, 41). In
vertebrates, ofp is required for the terminal differentiation of hy-
pothalamic neuropeptidergic neurons (42). Image registration
revealed that the average MIP signal colocalized with phc2, and
partially overlapped with ofp and dimm average gene expression
patterns. Additionally, ofp and dimm colocalized broadly in the
Platynereis apical organ neurons (Fig. S4 E-J). These results
indicate that the MIP neurons are part of the neurosecretory
apical organ.

Platynereis MIP Neurons Have Dual Chemosensory-Neurosecretory
Function. To investigate the sensory modality of the MIP neurons,
we performed dye-filling experiments on live 30-h-old Platynereis
larvae. In nematodes, dye-filling is the exclusive property of che-
mosensory neurons (43). Upon incubation of the larvae with fluo-
rescent MitoTracker dye, we observed labeling of several flask-
shaped neurons in the larval episphere, with long apical microvilli
at the tip of their dendrites, including two prominent apical organ
cells (Fig. 3 A and B). Laser ablation of these two apical organ
cells, followed by subsequent fixation and MIP immunostaining,
identified the cells as the two median MIP sensory neurons
(Fig. 3A-D, arrowheads). The dye-filling results together with the
characteristic microvillar morphology of the MIP neurons suggest
that these cells likely have a chemosensory function.

To further characterize the morphology of the MIP neurons in
Platynereis at an ultrastructural level, we traced the entire volume
of two MIP cells (Figs. 2 D and E and 3C, arrows) by using serial-
sectioning transmission EM (TEM). In a dataset of 664 ultrathin
sections (50 nm), we identified these two ventral MIP neurons
based on the position of their cell bodies relative to large adjacent
secretory gland cells and the characteristic shape and position
of their dendrites and axons (Fig. S5 and Movies S6 and S7).
Both identified neurons have a sensory dendrite with a cilium and
long apical microvillar extensions surrounding the central cilium,
characteristic of annelid chemosensory neurons (44) (Fig. 3E).
These extensions run at the basal side of the cuticle in a subcuticular
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Fig. 2. MIP is expressed in apical organ neurons in Platynereis and Capitella. (A) SEM image of a 48-hpf Platynereis larva in ventral view. (B) Whole-mount
mRNA in situ hybridization for Platynereis MIP (red) in a 48-hpf larva in ventral view. (C) SEM image of a 48-hpf Platynereis larva. (D) Whole-mount mRNA in
situ hybridization for MIP (red) in a 48-hpf Platynereis larva. (E and F) MIP immunostaining on a 48-hpf Platynereis larva, color-coded for depth. (G and H)
MIP immunostaining on a Capitella larva, color-coded for depth. In B, D, F, and H, larvae are counterstained for acetylated o-tubulin (white, anti-acTub).
(C-H) Anterior views. (D and E) Arrowheads indicate two prominent apical organ cells, and arrows indicate ventral neurons that have been reconstructed by
TEM (compare with Fig. 3). (Scale bars: 50 um.)

space that is permeable to seawater. The axons project to the
dense apical nerve plexus of the larva, where they branch ex-
tensively (Fig. 3 F and G and Movie S7). We observed that the

the SPR (31, 32). We identified the orthologues of insect SPRs
in Platynereis and Capitella (Fig. S6) and tested whether these
receptors could be activated by annelid MIP peptides. Ligand

branched axons are full of large dense-cored vesicles (Fig. 3H),
but are completely devoid of synapses that are typical for cells
containing classical neurotransmitters (45), indicating that these
MIP chemosensory neurons signal exclusively via the release
of neuropeptides.

stimulation in CHO cells expressing the respective Platynereis or
Capitella receptor, a bioluminescent Ca®* reporter, and a pro-
miscuous G protein (46, 47) showed that annelid MIP peptides
are potent agonists for these receptors. Activation assays with
increasing concentrations of ligand showed that Platynereis MIP
activated the Platynereis receptor in the nanomolar range (ECsg
of 10 nM; Fig. 44). The activation was specific, as 12 other

Annelid MIP Peptides Signal via Conserved G Protein-Coupled Receptor.
In insects, MIP peptides signal via a G protein-coupled receptor,

mitotracker

Fig. 3. Platynereis MIP neurons are chemosensory and neurosecretory. (A and B) Chemosensory neurons with long microvilli in the apical organ filled with
MitoTracker dye in a 37-hpf Platynereis larva. Arrowheads indicate two prominently labeled apical organ cells, one of which was laser-ablated. (C) MIP
immunostaining on a 52-hpf nonablated larva, color-coded for depth. (D) MIP immunostaining in a 52-hpf larva in which the MitoTracker-filled apical organ
cell on the right side of the body (left side of image) was ablated. (F) Apical sensory ending of a ventral MIP neuron (blue) in a TEM image. Arrow points at the
basal body of the sensory cilium, and arrowheads indicate apical microvilli. The red dashed line indicates the border of the cuticle. (F) TEM image of the
neurosecretory projections of the two ventral MIP neurons filled with dense-cored vesicles (arrowhead). (G) Volume reconstruction from serial TEM sections in
a 72-hpf larva of the two ventral MIP neurons indicated with arrows in C and D. The apical microvilli are shown in yellow and red. (H) Close-up of the area
indicated by the dashed box in G shows a reconstruction from serial TEM images of all dense-cored vesicles in the two ventral MIP neurons. (C and D)
Arrowheads indicate two MIP neurons, one of which has been ablated in D; arrows indicate ventral neurons that have been reconstructed by TEM. (A-D)
Anterior views. (Scale bars: A and B, 20 um; Cand D, 25 pm; E and F, 1 pm; G, 10 pm.)
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Fig. 4. Annelid MIP peptidessignal via a G protein-coupled receptor. (A) Dose—
response curve of the Platynereis (Pdu) MIP receptor treated with varying
concentrations of Platynereis MIP7. (B) Activation of the Platynereis MIP re-
ceptor by Platynereis MIP7 exclusive of other Platynereis neuropeptides. All
peptides were used at 1 pM concentration. (C) Activation of the Platynereis MIP
receptor by Ala-substituted Platynereis MIP7 and Capitella (Cte) MIP1. All
peptides were used at 1 pM concentration. (D) Activation of the Capitella MIP
receptor by Ala-substituted Capitella MIP1 and Platynereis MIP7. All peptides
were used at 1 pM concentration. (E) Whole-mount in situ hybridization for
Platynereis MIP-receptor (red) in a 48-hpf Platynereis larva, counterstained for
acetylated o-tubulin (white, anti-acTub), in anterior view. (F) Average expres-
sion patterns of MIP (red) and dimm (cyan) obtained by image registration. (G)
Percentage of time in which cilia are closed in uninjected Platynereis larvae, and
in MIP-receptor-mismatch (MM), MIP-receptor-start1 (start1), and MIP-receptor-
start2 (start2) MO-injected larvae, exposed to 5 pM MIP7. In B-D, the positive
control represents activation of a human G-protein coupled receptor 109a with
100 uM nicotinic acid. The values are shown as mean + SEM (n = 3 measure-
ments). In G, Pvalues of an unpaired t test are indicated: ***P < 0.001 and “ns”
represents P> 0.05; n > 10 larvae (48 hpf). (Scale bars: E, 50 pm; F, 20 pm.)

Platynereis neuropeptides (19, 45) did not activate the MIP re-
ceptor (Fig. 4B). Consistently, Capitella MIP activated the
Capitella SPR orthologue (Fig. 4D). Substitution of the last, but
not the first, tryptophan residue with alanine in the Platynereis
and the Capitella synthetic peptides resulted in a loss of activity
(Fig. 4 C and D), indicating that the conserved C-terminal tryp-
tophan residue is crucial for receptor activation. This result is
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consistent with our observations in the vertical swimming assays
(compare with Fig. 14). We also found that MIP peptides from
the two annelid species cross-activated the receptor from the
other species (Fig. 4 C and D).

By using mRNA in situ hybridization, we found that the MIP-
receptor is expressed in cells of the Platynereis apical organ, in-
terspersed between the MIP-expressing neurons with little over-
lap (Fig. 4 E and F), as revealed by image registration. Average
MIP-receptor expression also colocalizes with phc2, otp, and dimm
average gene expression, indicating that these cells are also part
of a neurosecretory apical organ system (Fig. S7).

We next asked if the observed effects of synthetic MIP peptides
on Platynereis larval settlement were caused by signaling via the
MIP receptor. To test this, we knocked down the Platynereis re-
ceptor by microinjecting two different translation-blocking mor-
pholinos (MOs) and a control mismatch MO into fertilized
Platynereis eggs. In MIP-receptor—knockdown larvae, we no longer
observed an effect of MIP peptide on ciliary closures in 2-d-old
larvae, showing that MIP triggers settlement behavior by signaling
via the MIP receptor (Fig. 4G).

Discussion

MIP Orchestrates Platynereis Larval Settlement Behavior via Neu-
roendocrine Signaling in Apical Organ. Understanding the molecular
machinery that operates within larval sensory structures is essential
to our understanding of how the environment shapes larval be-
havior and development. The behavior evoked by synthetic MIP in
Platynereis larvae mimics the settlement behavior described for
other marine larvae upon encountering a natural inductive set-
tlement cue (11-14), suggesting that MIP activates a behavioral
program for settlement. In laboratory culture, in the apparent
absence of a cue, Platynereis larvae gradually transition from
a pelagic to a benthic lifestyle over a period of approximately 6 d
(35). Our results suggest that, were favorable chemical cues en-
countered, larvae would be competent to transition to a benthic
lifestyle at an earlier stage. This is supported by the early expres-
sion of the MIP precursor in sensory cells of the apical organ and
the strong settlement-inducing effects of MIP from early larval
stages on. In early larvae, MIP is exclusively expressed in the apical
organ (Fig. S3B); therefore, by adding exogenous peptide, we
likely mimic the endogenous release of MIP from these apical
sensory cells following chemosensory stimulation. A direct dem-
onstration of this model will require the identification of the cur-
rently unknown settlement-inducing chemicals for Platynereis and
their chemoreceptors in the MIP cells, in combination with genetic
manipulations to show a link among environmental chemical cues,
chemoreceptors, and settlement.

The integrative nature of the settlement behaviors induced
by MIP (sinking followed by substrate exploration) is characteris-
tic of neuroendocrine signaling, which can act simultaneously
on a number of neurons and genes within an organism (48, 49). In
Platynereis, several other neuropeptides are expressed in sensory
neurons in the apical organ and regulate larval swimming depth
during the pelagic phase of the life cycle (19). MIP is unique among
these neuropeptides in that it can trigger rapid sinking and sub-
strate exploratory behavior. The expression of the MIP precursor
broadens and MIP effects become more complex with age, im-
plying an elaboration of MIP targets during development.

The chemosensory MIP cells in the apical organ are also
neurosecretory, as they have high concentrations of dense core
vesicles and express the neurosecretory cell markers phc2, otp,
and dimm. These cells could directly release MIP upon sensory
stimulation. The expression of the MIP-receptor in apical organ
cells adjacent to the MIP cells indicates that there is peptidergic
paracrine signaling between the MIP sensory neurons and the
receptor-expressing cells. The settlement-inducing effects of MIP
were blocked by the MO-mediated knockdown of the receptor,
indicating that the MIP receptor is required for the orchestration
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of peptide-induced settlement behavior. The molecular finger-
print of the MIP-receptor—expressing neurons shows that these
cells are also neurosecretory and may release downstream sig-
naling molecules in a neuroendocrine cascade.

Wamide Signaling: Ancestral Component of Eumetazoan Anterior
Nervous System? The conservation of MIP and its receptor in
Platynereis and Capitella indicates that MIP signaling is widespread
among annelids. MIP is also present in other Lophotrochozoans
(Fig. S1) (50, 51). As for insects and annelids, the MIP receptor in
the sea hare Aplysia californica is also an SPR orthologue (32).

In annelids and insects, a prominent domain of MIP expression
is in the most anterior neurosecretory region of the developing
brain (30), an area demarcated by the expression of the homeobox
gene six3 (20). The MIP neurons in annelids and insect also express
dimm and phc2. These similarities identify the MIP neurons as
a conserved neurosecretory cell type in the anterior protostome
brain. Although MIP seems to have been lost along the deutero-
stome lineage, the coexpression of dimm and otp in the Platynereis
apical organ also supports a link among insect, annelid, and ver-
tebrate neuroendocrine centers (18, 52).

Protostome MIPs belong to a diverse and ancient Wamide
neuropeptide family that also includes cnidarian GLWamides
(33), inducers of cnidarian larval metamorphosis (53-55). In cni-
darians, GLWamides are expressed in sensory cells at the anterior
pole of the larva (8, 56). This anterior territory shares a conserved
regulatory signature with apical organs in many bilaterian ciliated
larvae (24, 57). MIP and LWamide may thus represent a conserved
effector gene in the neurosecretory anterior brain of cnidarians
and protostomes. The role of MIP in annelid settlement and
LWamide in cnidarian metamorphosis suggests that one of the
ancestral functions of Wamides may have been the regulation of
a life cycle transition.

Methods

Gene Identification. Platynereis genes were identified from expressed se-
quence tag (EST) sequences generated from a full-length normalized cDNA
library from mixed larval stages. Capitella genes were identified at the Joint
Genome Institute Genome Portal (58).

Behavioral Assays. Platynereis larvae were obtained from an in-house
breeding culture, following a previous publication (59). Vertical larval
swimming and ciliary beating assays were performed and analyzed as pre-
viously described (19).

The substrate-contact assay was carried out in Nunclon 24-well tissue
culture dishes or in customized quartz cuvettes. We increased the peptide
concentration for 5-dpf and 6-dpf larvae from 20 uM to 50 pM because, in
later stages, penetration of peptides could be impaired as a result of
a thickening of the outer larval cuticle. After peptide application, sustained
contact of the larva with the bottom of the tissue-culture dish was scored. A
larva was scored to show sustained substrate contact behavior if it was in
contact with the bottom of the dish for at least 5 s (75 frames in a 15 frames-
per-second movie).

Antibodies and Tissue Staining. Rabbit antisera against Platynereis MIP7 and
against the conserved C-terminal VWamide motif were affinity-purified by
using the respective peptides coupled to a SulfoLink resin (Thermo Scientific)
via an N-terminal Cys (CAWNKNSMRVWamide and CVWamide) as previously
described (60). In situ hybridization was performed as previously described (39).

Dye Filling and Laser Ablation. MitoTracker red FM (50 pg; special packaging;
Invitrogen) was freshly dissolved in 100 L DMSO. The solution was added to
30-hpf larvae at 1:500 dilution and incubated for 1 h for optimal dye filling.
Single larvae were mounted on a glass slide with two layers of adhesive tape
on both sides in 20 pL natural seawater and covered with a coverslip to
immobilize them. Dye-filled neurons were ablated on an Olympus FV1000
confocal microscope equipped with a 355 nm-pulsed laser (Teem Photonics)

1. Truman JW, Riddiford LM (1999) The origins of insect metamorphosis. Nature
401(6752):447-452.

Conzelmann et al.

coupled via air and controlled by the SIM Scanner (Olympus). The ablated
larvae were recovered, fixed at 48 or 52 hpf, and processed for anti-
MIP immunostaining.

Light Microscopy and Image Registration. Confocal imaging was performed as
previously described (19). Image registration to a 48-hpf whole-body nuclear
reference template and colocalization analysis were performed as previously
described (39).

TEM. Platynereis larvae (72 hpf) were frozen using a high-pressure freezer
(BAL-TEC HPM 010; Balzers) and quickly transferred to liquid nitrogen.
Frozen samples were treated with a substitution medium containing 2%
(wt/vol) osmium tetroxide in acetone and 0.5% uranyl acetate in a cryosub-
stitution unit (EM AFS-2; Leica). The samples were cryosubstituted through
gradually rising temperatures and embedded in Epon. Serial sections were
cut at 50 nm on a Reichert Jung Ultracut E microtome and collected on
single-slotted copper grids (NOTSCH-NUM 2 x 1 mm; Science Service) with
Formvar support film, contrasted with uranyl acetate and Reynolds lead
citrate, and carbon-coated to stabilize the film. Imaging of one specimen
(Platynereis-72-HT-9-3) was performed at a pixel size of 3.87 nm on a TECNAI
Spirit transmission electron microscope (FEI) equipped with an UltraScan
4000 4 x 4 k camera by using Digital Micrograph (Gatan) Stitching and
alignment were done by using TrakEM2 (61). All structures were segmented
manually as area lists, which were exported into 3Dviewer and Imaris.

Receptor Deorphanization. Platynereis and Capitella SPR orthologues were
cloned into a pcDNA3. 1+ vector (Invitrogen) with Hindlll and Notl. The Platynereis
receptor was PCR-amplified from larval ¢DNA by using the primers
5'-ACAATAAAGCTTGCCACCATGATGGAAGTAAGCTATTCAAATGGAAATG
(including Hindlll site and Kozak consensus) and 5-ACAATAGCGGCC-
GCTTAAATATTTGTAGTTTTAGTCGTGTGATCG (including Notl site), and
the Capitella receptor clone used was a synthetic construct (GenScript). CHO-K1
cells stably expressing a calcium-sensitive bioluminescent fusion protein were
transfected, and receptor activation was measured. Measurements were per-
formed by using a fluorescent plate reader. The area under each calcium tran-
sient (measured for 1 min) was calculated by using Ascent software (Thermo
Electron) and expressed as integrated luminescence units (relative units).

MO Injection. For microinjections, fertilized Platynereis eggs developing at
16 °C were rinsed approximately 1 h after fertilization with sterile filtered
seawater in a 100-um sieve to remove the egg jelly, followed by treatment
with 70 pg/mL proteinase K for 1 min to soften the vitellin envelope. Injections
were carried out by using Femtotip Il needles with a FemtoJet microinjector
(Eppendorf) on a Zeiss Axiovert 40 CL inverted microscope equipped with
a Luigs and Neumann micromanipulator. The temperature of the developing
zygotes was maintained at 16 °C throughout injection by using a Luigs and
Neumann Badcontroller V cooling system and a Cyclo 2 water pump (Roth).

Two translation-blocking MOs and one corresponding 5-bp mismatch
control MO were designed to target the Platynereis MIP-receptor gene. MOs
with the following sequences were purchased from Gene Tools: MIP-
receptor-startl, TCCATCATTTTGAATGTTGAATGCA; MIP-receptor-mismatch,
TCCATGATTTTCAATCTTCAATCCA; and MIP-receptor-start2, GTCAATGAGGTC-
ACAAACATCCAAC. Nucleotides complementary to the start codon (ATG) are
underlined; nucleotides altered in mismatch control MOs are denoted by
boldface italics.

MOs were diluted in water with 12 pg/uL fluorescein dextran (M, of 10,000
dalton; Invitrogen) as a fluorescent tracer. MOs (0.6 mM) were injected with
an injection pressure of 600 hPa for 0.1 s and a compensation pressure of 35
hPa. Injected zygotes were kept in Nunclon six-well plates in 10 mL filtered
seawater, and their development was monitored daily. Injected larvae at 48
hpf were used for ciliary resting measurements in the presence of 5 pM
synthetic MIP7 peptide or DMSO as control.
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Fig. S1.  Annelid myoinhibitory peptide (MIP) neuropeptide precursors. (A) Schematics of MIP precursor proteins for Platynereis dumerilii and Capitella teleta.
N-terminal signal peptides (teal) and the predicted peptides (gray) flanked by basic cleavage sites (red) are shown. The predicted mature MIP sequences and
their numbering as used in the text are listed. (B) Multiple alignment of arthropod, mollusk, and annelid MIP and cnidarian GLWamide sequences show the
mono- or dibasic cleavage sites (underlined in red), the amidation signature glycine, the conserved tryptophan (red), and aliphatic residues (teal). The peptides
liberated following protease cleavages are indicated between the arrowheads. (C) Multiple alignment of predicted mature Platynereis MIPs. The C-terminal Gly
is expected to be converted into an amide group. (D) MIP sequence logo created from an alignment of all Platynereis MIPs. MIP7 is the peptide with the highest
sequence similarity to the consensus and was therefore used for most behavioral assays, receptor deorphanization, and antibody design.
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Fig. S2. Different synthetic MIPs trigger larval settlement in Platynereis without significantly affecting ciliary beat frequency. (A-E) Angular histograms of the
displacement vectors of swimming tracks for 55 to 60 h postfertilization (hpf) control larvae (gray) and larvae in the presence of the indicated peptides (red). (F)
Angular histograms of the displacement vectors of swimming tracks for 30-hpf control larvae (gray) and larvae in the presence of 5 uM MIP7. (A-F) P values of
an y? test comparing the number of larvae swimming upward and downward are indicated: ***P < 0.001; n > 100 larvae. (G) Ciliary beat frequency in control
larvae vs. larvae exposed to increasing concentrations of MIP7. Data are shown as mean + SEM. P values of an unpaired t test are indicated: “ns” indicates P >
0.05; n > 15 larvae (50 hpf) each.

Conzelmann et al. www.pnas.org/cgi/content/short/1220285110 20of 10

67



Appendix: Publications

blocked ) blocked

anti-MIP anti-MIP anti-MIP (cross-species) anti-MIP (cross-species)

B 20npt C

24bpt D sonpt E 72 hpf
o

MIP in situ MIP in situ anti-MIP MIP in situ

F 2net G H 6dpf | Capitella  stage 9

anti-MIP MIP in situ anti-MIP “MIP (cross-species)
Fig. $3. MIP immunostaining and RNA in situ hybridization in Platynereis and Capitella larvae. (A) Platynereis MIP antibody and cross-species MIP antibody
have specific affinity for their epitopes. MIP immunostaining on 48-hpf larvae with an antibody raised against CAWNKNSMRVWamide; MIP immunostaining
(red) following preincubation of the antibody with 5 mM AWNKNSMRVWamide for 2 h (blocked); immunostaining with a cross-species-reactive MIP antibody
raised against CVWamide (red); and immunostaining with a cross-species-reactive MIP antibody (red) following preincubation with 5 mM VWamide for 2 h
(blocked). Images were acquired by using the same confocal microscopy and image processing parameters. (B—/) Spatial expression of MIP throughout annelid
development; developmental stages are indicated. (B, C, E, and G) Whole-mount in situ hybridization for the MIP precursor mRNA on different Platynereis
larval stages. (D, F, and H) Immunostaining with an MIP antibody on different Platynereis stages. (/) Inmunostaining with a cross-species MIP antibody against
the conserved dipeptide VWamide on a Capitella larva (ventral view). All larvae are counterstained for acetylated a-tubulin (white, gray, or cyan). (A-H)
Anterior views. (Scale bars: 50 um.)
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dimmed

otp dimmed otp

Fig. S4. Gene expression profiling by image registration of MIP-expressing neurons in 48-hpf Platynereis larvae. (A-D) Average expression patterns of MIP
precursor RNA and the neuroendocrine genes prohormone convertase 2 (phc2), dimmed (dimm), and orthopedia (otp) projected onto a common whole-body
reference template. Only the larval episphere is shown. Acetylated tubulin signal was also projected onto the reference. (E-J) Pairwise colocalization of the
average expression patterns of the indicated genes in the reference template. The overlap in the average gene expression 3D image stacks is shown in white.

All images are anterior views. (Scale bars: 50 pm.)
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Fig. S5. Identification of two ventral MIP neurons in a serial transmission EM (TEM) dataset. (A) Dendrite cross-section of the two ventral MIP neurons at the
level of the secretory gland cells. Arrows point at the dendrites (compare with Movie S6). (B) Reconstruction of the two ventral MIP neurons (blue and green) in
relation to the three gland cells. The apical dendritic microvilli are shown in yellow and red (compare with Movie S7). (C) Close-up view of the two ventral MIP
neurons labeled by MIP immunostaining (red) on a 72-hpf Platynereis larva, counterstained for acetylated a-tubulin (white). Arrows point at the long dendrites
that project apically between the gland cells (GC). (Scale bar: 5 pm.)
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Fig. S6. Phylogenetic tree of MIP/sex peptide receptors. Neighbor-joining phylogenetic tree of MIP/sex peptide receptors. The receptors that have been
deorphaned previously (1, 2) and in the present study are underlined. The bootstrap values at selected nodes are indicated.

1. Yamanaka N, et al. (2010) Bombyx prothoracicostatic peptides activate the sex peptide receptor to regulate ecdysteroid biosynthesis. Proc Nat/ Acad Sci USA 107(5):2060-2065.
2. Kim Y-J, et al. (2010) MIPs are ancestral ligands for the sex peptide receptor. Proc Natl Acad Sci USA 107(14):6520-6525.
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Fig. S7. Gene expression profiling by image registration of MIP-receptor-expressing neurons in 48-hpf Platynereis larvae. (A) Average expression pattern of
Platynereis MIP receptor projected onto a common whole-body reference template. Only the larval episphere is shown. Acetylated tubulin signal was also
projected onto the reference. (B-D) Colocalization of the Platynereis MIP receptor with the neuroendocrine markers phc2, otp, and dimm. The overlap in the
average gene expression 3D image stacks is shown in white. All images are anterior views. (Scale bar: 50 pm.)

Movie S1. MIP treatment triggers sinking of Platynereis larvae. Time-lapse recording of 57-hpf untreated larvae (Left) and larvae in the presence of 5 uM MIP7
(Right) in vertical columns (up in the column is at the top of the movie). (Left) Background-subtracted raw videos. (Right) Larval tracks are shown in white, and
red dots mark the position of the larvae. Three hundred frames of a 15-frames-per-second movie are shown (sped up 2x).

Movie S1
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Movie S2. MIP-treated 2-d postfertilization (dpf) Platynereis larvae sink with their anterior pointing upward. Close-up recording of freely swimming Platy-
nereis larvae after 2 min exposure to 5 uM MIP7 in a vertical column (up in the column is at the top of the movie). The apical pole of a larva is indicated by a red
dot, indicating that 2-dpf larvae sink with their anterior pole pointing upward. Larvae that show exploratory behavior are visible at the bottom of the vertical
columns.

Movie S2

EERRNAS - PNAS _PNAS

Movie S3. MIP-treated 3-dpf Platynereis larvae sink with their anterior pointing downward. Close-up recording of freely swimming Platynereis larvae after
2 min exposure to 5 pM MIP7 in a vertical column (up in the column is at the top of the movie). The apical pole of a larva is indicated by a red dot, indicating
that 3-dpf larvae sink with their anterior pole pointing downward.

Movie S3
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Movie S4. MIP treatment triggers sustained substrate contact of 2-dpf Platynereis larvae. Close-up recording of Platynereis larvae exposed to 5 pM MIP7 in
a dish. Larvae show exploratory crawling behavior. The imaging focus is at the level of the bottom of the dish.

Movie S4

Movie S5. MIP treatment triggers sustained substrate contact and crawling of 5-dpf Platynereis larvae. Close-up recording of Platynereis larvae exposed to
DMSO vs. 50 pM MIP7 in a cuvette. MIP peptide-treated larvae show an increase in crawling behavior compared with control larvae (i.e., DMSO). The imaging
focus is at the level of the bottom of the cuvette. Larvae that crawl throughout the whole video were marked with a colored dot by using the Manual Tracking
plugin in ImageJ.

Movie S5
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Movie S6. TEM image series with the segmented ventral MIP neurons in a 72-hpf larva. The scale of the image is 30 pm.

Movie S6
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Movie S7. Reconstruction of the two ventral MIP neurons from the TEM sections from a 72-hpf larva.

Movie S7
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