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Summary
Neuropeptides are the largest class of neuromodulators in nervous systems. Here we review the
general principles and mechanistic insights that have emerged from studies of various animal

models and discuss some of the outstanding major challenges.

Abstract

Neuropeptides are the most diverse class of chemical modulators in nervous systems. They
contribute to extensive modulation of circuit activity and have profound influences on animal
physiology. Studies on invertebrate "model" organisms including the fruit fly Drosophila
melanogaster and the nematode Caenorhabditis elegans have enabled the genetic manipulation
of peptidergic signalling, contributing to an understanding of how neuropeptides pattern the
output of neural circuits to underpin behavioural adaptation. Electrophysiological and
pharmacological analyses of well-defined microcircuits, such as the crustacean stomatogastric
ganglion, have provided detailed insights into neuropeptide functions at a cellular and circuit
level. These approaches can be increasingly applied in the mammalian brain by focusing on
circuits with a defined and identifiable sub-population of neurons. Functional analyses of
neuropeptide systems have been underpinned by systematic studies to map peptidergic networks.
Here we review the general principles and mechanistic insights that have emerged from these
studies. We also highlight some of the outstanding challenges that remain for furthering our

understanding of the functional relevance of peptidergic modulation.

Introduction
Neuropeptides are a diverse family of signalling molecules with significant roles in animal

physiology and behaviour. They are short chain length peptides that are synthesised by the
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enzymatic cleavage of larger polypeptide precursors (Elphick et al., 2017). Peptidergic
communication was first recognised in the context of peptide hormones secreted from endocrine
glands (Bayliss and Starling, 1902) with the later discovery that peptides may also be
synthesised in, and secreted from neurons (Knowles and Bern, 1966)(Olivecrona,
1954)(Worthington, 1966) (Johnson, 1962; Knowles, 1951) along with 'classical' small-molecule
neurotransmitters (Hokfelt et al., 1980). Since then it has become increasingly clear that
neuropeptides add a level of complexity and finesse to neuronal communication that is of key
importance for behavioural plasticity (Koh et al., 2003; Stein et al., 2007; Taghert and Nitabach,
2012; van den Pol, 2012).

The aim of this review is to discuss a selection of recent examples of peptidergic regulation of
behaviour from across the animal phyla. Two accompanying review articles focus on other core
aspects of neuropeptides: The first focuses on structurally-related neuropeptides families, the
evolutionary conservation of genes that encode them and their processing from large polypeptide
precursors (Elphick et al., 2017). The second provides an update on experimental approaches and
emerging techniques that are being deployed to dissect the organisation of peptidergic networks,
the neuropeptides and their receptors (DeLaney et al., 2017). Further informative reviews on the
topic relating to specific neuropeptide families are available elsewhere e.g. (Beets et al., 2013;

Walker et al., 2009).

Complexity of peptidergic signalling in animal nervous systems

Neuropeptide diversity

The genomes of bilaterian animals, on average, encode over a hundred neuropeptide precursors
and receptors (Caers et al., 2012; Civelli et al., 2013; Conzelmann et al., 2013b; Frooninckx et

al., 2012; Mirabeau and Joly, 2013; Zhang et al., 2012). Diversity is further increased by the
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presence of multiple copies of the same neuropeptide or different types of neuropeptides within
one precursor sequence e.g. the myoinhibitory peptide precursor in the silkworm Bombyx mori
contains eight different versions of the peptide (Figure 1A). Similarly, mammalian pro-
opiomelanocortin (POMC) gives rise to adrenocorticotropic hormone as well as opioid,
melanotropin and other peptides (Cawley et al., 2016; Wallis, 2010)(Figure 1B). A single
proneuropeptide gene can also generate different isoforms through alternative splicing, producing
different peptides that are expressed differentially, as observed for Drosophila orcokinin (Figure
1C), mammalian calcitonin and other peptides (Amara et al., 1982; Chen et al., 2015; Li et al.,
2008). Furthermore, the level of post-translational processing can also be modulated in a state-
dependent manner. For example, the melanocortin peptide alpha-MSH derived from POMC
regulates body weight: It accumulates during fasting through an increased rate of post-
translational processing of POMC, likely underpinned by altered expression of prohormone
convertases (Perello et al., 2007; Tung et al., 2006).

Neuropeptide receptor diversity

Most neuropeptides signal through seven-transmembrane G-protein-coupled receptors (GPCRs),
but they can act through several other classes of receptors. For example, insulin-related peptides
signal through insulin receptors that are receptor tyrosine kinases. The receptors for growth
hormone and prolactin are single-pass transmembrane proteins that define a separate family
(Boutin et al., 1988). In addition there are RFamide peptide-gated channels belonging to the
degenerin (DEG)/epithelial Na(+) channel (ENaC) family (Cottrell et al., 1990; Lingueglia et al.,
1995) (Assmann et al., 2014; Diirrnagel et al., 2010; Golubovic et al., 2007)(Furukawa et al.,
2006; Lingueglia et al., 20006).

Complex regulation

Differential regulation is possible along every step of the path, from transcription of genes
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encoding peptides and receptors to the binding and activation of the receptors by their cognate
peptide ligands and the resulting downstream effects (Figure 1D) allowing for regulation that is
either immediate and transient, or sustained.

One such sustained effect is provided by the state-dependent transcription of genes encoding
neuropeptides and their receptors (Amir-Zilberstein et al., 2012; Fukuchi et al., 2004; Knight et
al., 2012; MacArthur and Eiden, 1996; Rojo Romanos et al., 2017; Sonnenberg et al., 1989). For
example, fasting increases the expression of agouti-related peptide (AgRP) in the hypothalamus,
but decreases pro-opiomelanocortin (POMC) expression in the pituitary, two prohormones that
regulate homeostasis and have orexigenic and anorexigenic effects, respectively (Varela and
Horvath, 2012). In addition, several peptide transcripts have been shown to fluctuate with the
circadian clock or the oestrous cycle in the female mouse Mus musculus to drive associated
behaviours (Aton et al., 2005; Dey et al., 2015; Reghunandanan et al., 1993).

Intricate processing and sorting

Processing of proneuropeptides involves many distinct enzymes localised to the secretory
pathway, with occasional tissue-specific variation (Bicknell, 2008). Following signal peptide
cleavage, proneuropeptides are cleaved at mono- or di-basic sites by two types of proteases,
cathepsin L and the subtilisin-like prohormone convertases. Further processing of peptide
intermediates by amino- or carboxypeptidases removes the remaining N- or C-terminal basic
residues (Funkelstein et al., 2010; Hook et al., 2008; Yasothornsrikul et al., 2003). The peptides
often undergo amidation, during which dedicated enzymes convert a C-terminal Gly residue to an
a-amide group (CONH2) (Eipper et al., 1992)(Figure 1D).

Mature neuropeptides are sorted and stored in dense core vesicles (DCVs) which are larger in
diameter (100 nm or, for large dense core vesicles, 180-200 nm) than the small clear vesicles

(SCV; 40 to 60 nm) that contain classical small molecule neurotransmitters. Differential sorting
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of peptides can also contribute to the fine-tuning of signalling (Sossin et al., 1990). Studies are
revealing the detailed mechanisms involved in the allocation of peptides to their designate
secretory vesicles; for reviews on sorting see (Dikeakos and Reudelhuber, 2007; Zhang et al.,
2010). Different neuropeptides expressed in the same cell are often found to co-localize in single
DCVs. However there is evidence that neuropeptides can be sorted into different vesicles, even if
they derive from the same precursor (Landry et al., 2003; Perello et al., 2008). The N- and C-
terminal-derived peptides from the thyrotropin-releasing hormone (TRH) precursor, for example,
are sorted into different secretory vesicles (Perello et al., 2008). Whether and how differential
sorting might be regulated in a state-dependent manner and influence synergistic actions of
peptides is an outstanding question.

Regulation of release

Release of neuropeptides can be either from local projections in the proximity of the neuronal
soma or from the terminals of long-range projections that project to regions distant from the
neuronal soma, or by volume transmission in the nervous system (see glossary (Agnati et al.,
2010)), or by neurosecretory release into the blood stream. The regulation of the timing and site
of peptide release opens additional opportunities for activity-dependent regulation of peptide
action (Figure 2). Bursts of action potentials (Bicknell and Leng, 1981) or direct neuropeptide
actions can lead to prolonged increases in Ca®* levels at axon terminals (Iremonger et al., 2017)
to stimulate neuropeptide release. Oxytocin demonstrates an interesting case where axonal and
dendritic release can be regulated differentially by action potentials and release of Ca*" from
intracellular stores (Ludwig et al., 2002).

Receptor-mediated responses on different timescales

Neuropeptide signalling through GPCRs can regulate gene transcription leading to

reprogramming of neuronal metabolism and responsiveness. In addition, suppression of GPCR
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signalling for up to several hours can be mediated by beta-arrestin dependent desensitisation and
internalisation of receptors; reviewed in (Kovacs et al., 2009). Thus peptidergic networks are
regulated by the history of their own activation. The opioid system is a classic example of
differential downstream effects as well as long-term changes that lead to tolerance and addiction
to opioids; reviewed in (Christie, 2008). Morphine and the endogenous ligand enkephalin
differentially affect ubiquitination of p-opiate receptors through the recruitment of distinct
isoforms of beta-arrestin with morphine recruiting beta-arrestin-2 whilst enkephalin engages both
beta-arrestin-1 and 2 (Groer et al., 2011). This beta-arrestin-mediated desensitisation underlies
the development of tolerance in the use of morphine for pain relief (Bohn et al., 1999).

Distinct synaptic and neuropeptidergic actions

In many cases, peptide receptors are expressed on cell types that are distinct from, or at least only
partially overlap with, those that are directly synaptically targeted by a given peptidergic neuron
(Figure 2). For example, vasoactive intestinal peptide (VIP)-expressing neurons in the cerebral
cortex of mice do not connect synaptically with pyramidal cells, whereas VIP receptors are
widely distributed on different cell types, including pyramidal cells (Pi et al., 2013; Tasic et al.,
2016). This uncoupling has important ramifications for the application of conventional
‘connectomics’ techniques to map peptidergic connections, but see (Schlegel et al., 2016; Shahidi

et al., 2015).

Mapping neuropeptide signalling networks

Nematode and annelid networks

The nervous systems of invertebrates that consist of a relatively small number of identifiable
neurons (White et al., 1986), or similarly microcircuits comprising a small number of neurons

within exceptionally well-defined systems (Nusbaum et al., 2017), are accessible to the cellular-
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level mapping of both extra-synaptic and synaptic peptidergic networks.

This has been played out to great effect in the nematode C. elegans. The synaptic connectome of
the 302 neurons of hermaphrodites has been completely mapped at the level of electron
microscopy and can easily be integrated with gene expression information owing to the
stereotypical anatomy of the nematode nervous system (White et al., 1986). A comprehensive
analysis of published ligand—-receptor interactions and gene expression data recently revealed a
draft connectome of monoamine signalling in C. elegans, as well as a partial network of
neuropeptide signalling (Bentley et al., 2016)(Figure 3A). A remarkably high fraction of
signalling in these modulatory networks seems to be extrasynaptic (Bargmann, 2012; Ludwig and
Leng, 2006; Marder, 2012).

The larval nervous system of the marine annelid Platynereis dumerilii also provides an excellent
platform for revealing peptidergic networks. This has been achieved through large-scale
approaches to analyse gene expression by whole-mount in situ hybridisation and single-cell
transcriptomics to facilitate the localisation of neuropeptide and receptor gene expression and
thereby provide insight into the neurons which harbour the corresponding neuropeptides and
receptor proteins (Achim et al., 2015; Asadulina et al., 2012). In addition, serial-section electron
microscopy allows the reconstruction of full-body neural circuits in the small Platynereis larva
(Randel et al., 2015). The use of serial immunogold labelling with antibodies to neuropeptides led
to the direct mapping of several neuropeptides onto the synaptic connectome (Shahidi et al.,
2015). These resources facilitate the reconstruction of peptidergic connectivity networks between
neurons, where peptide-producing cells represent the source cells, and neurons expressing the
corresponding receptor represent the target cells (Williams et al., 2017). Interestingly, the highest
expression of neuropeptides and receptors mapped to the anterior neurosecretory region of the

larva, known as the ‘apical organ’. Single peptidergic neurons coexpressed up to 20 distinct
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neuropeptide precursor genes. Parallel mapping of the synaptic connectome of this
neurosecretory area by serial-section electron microscopy revealed the paucity of chemical
synapses in this region of the brain (Figure 3B). This finding suggests that the apical
neurosecretory centre functions as a 'chemical brain', where neuronal communication is defined
by peptide and receptor expression, and not by synaptic wiring. In the Platynereis larval brain,
individual peptide-receptor pathways can be very specific, connecting only a small fraction of all
the neurons (Figure 3B). The majority of neuropeptide receptors in this neurosecretory centre of
the larval brain are activated by only one or two related peptides, and, on average, the individual
pathways signal between 1% of the neurons in this region (Williams et al., 2017).

A principle that emerges from these mapping studies is the low degree of overlap between
peptidergic and synaptic connectomes. Nevertheless, there are crucial interaction points where
communication clearly occurs between the different layers of a multiplex neural network, as
recently illustrated in the Platynereis larval brain, C. elegans and Drosophila (Bentley et al.,
2016; Schlegel et al., 2016; Williams et al., 2017). The neuropeptide and synaptic connectivity
maps of these small invertebrate circuits provide a basis to study the role of specific
neuropeptides in microcircuits with known connectivity and represent prototypes for
understanding how neuropeptides interact with wired circuitry in larger nervous systems. Single-
cell transcriptome datasets of neural tissue represent a rich source of information for the
reconstruction of peptidergic signalling networks in the brain. If these datasets are of sufficient
quality and depth, they have the potential to reveal the entire neuropeptidome of a neuron, as well
as the complement of neuropeptide receptors (Campbell et al., 2017; Romanov et al., 2017; Tasic
et al., 2016).

Murine networks

To understand the function of peptidergic connectomes, it is of great importance to supplement
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the knowledge of putative peptidergic connections between neurons with functional analysis. For
example, oxytocin neurons in the mammalian hypothalamus project to several distant brain areas,
including the cerebellar cortex, where they exert their actions through oxytocin receptors that are
enriched in relatively small subpopulations of interneurons (Li et al., 2016; Tasic et al., 2016).
Other examples for ascending long-range peptidergic systems in the rodent brain are relaxin and
orexin, peptides that are synthetized in a small number of cells in the hypothalamus and brain
stem, respectively, but send long-range projections throughout the whole brain (for reviews, see
(Ebrahim et al., 2002; Smith et al., 2014)). Characterisation of these pathways has been pursued
using optogenetic activation of defined subsets of peptidergic cells and the study of their
postsynaptic effects as illustrated by the characterisation of the extensive axon networks and
postsynaptic partners of hypothalamic oxytocin neurons throughout the brain and in the amygdala
(Knobloch et al., 2012). Alternatively, the Cre-recombinase-dependent expression of
channelrhodopsin allows the specific activation of peptidergic neurons in combination with
different Cre-expressing mouse lines (e.g., Somatostatin-Cre, Oxytocin-Cre, Vip-Cre etc.)
(Melzer et al., 2012; Sutton et al., 2014; Taniguchi et al., 2011). One caveat of this system is that
optogenetic activation can fail to trigger the release of some peptides (Steuer Costa et al., 2017).
Specific Cre-driver lines can also be used to express calcium-dependent fluorescent proteins
enabling the study of the activity of peptidergic neurons or their putative postsynaptic partners
(Nakai et al., 2001) or to use optogenetic tagging in electrophysiological recordings (Lima et al.,
2009)(Figure 4A).

Microdialysis and tissue extraction followed by analysis of peptide content through mass
spectrometry, ELISA or radiolabelling was used to track the context-dependent release of
neuropeptides (Figure 4B). Novel techniques allow the visualisation of neuromodulator release in

vivo: Cell-based neurotransmitter fluorescent engineered reporters (CNiFERs) are receptor-
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overexpressing cultured cells that track neuromodulator release and binding through increases in
calcium-dependent fluorescence (Nguyen et al., 2010)(Figure 4C). Overexpression of modified
versions of GPCRs and beta-arrestin result in activation of a reporter gene upon ligand binding
and beta-arrestin recruitment (Inagaki et al., 2012; Kono et al., 2014). Reporter activation can
also be rendered light-dependent (iTango), enabling the analysis of certain behavioural states
(Lee et al., 2017)(Figure 4D). Together, these systems present promising tools for the mapping of
neuropeptide networks in different animals.

Organisation of multi-channel neuropeptide signalling

Organisational motifs

Besides highly specific neuropeptide—receptor pathways, several examples illustrate the existence
of complex multichannel signalling networks, cascades, and crosstalk among neuropeptides and
their receptors. These organisational motifs can provide mechanisms for feedback, coordination
or sensory integration to fine-tune the output of neuronal circuits (Komuniecki et al.,
2014)(Figure 2). Several network motifs are possible. For example, a single neuropeptide, or
peptides from the same precursor, can act on multiple, distinct receptors. Thus, the response to
the neuropeptide will be dependent on the receptor with which it interacts, which in turn can be
regulated by differential receptor expression. Indeed, a typical feature of peptidergic signalling is
the presence of multiple, distinct subtypes of GPCR for the same neuropeptide which often
couple to different signal transduction cascades, are expressed in different tissues and are
characterized by distinct pharmacology (Alexander et al., 2015).

Divergent and convergent neuropeptide signalling

A good example of divergent signalling is provided by the neuropeptide vasopressin (VP), also
known as antidiuretic hormone (ADH). In mammals, VP is released from the posterior pituitary

to maintain blood pressure, through a pressor effect mediated by V1 receptors on resistance blood
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vessels, and blood volume, through an antidiuretic effect requiring V2 receptors in the kidney
cells. V1 receptor subtypes are also expressed in the brain and mediate effects on social
behaviour (McCall and Singer, 2012; Park and Kwon, 2015; Stoop, 2012). This multifaceted
physiological role of VP in mammals resonates with recent studies in C. elegans. Here, a
vasopressin homolog, nematocin (Elphick and Rowe, 2009), has been shown to regulate
reproductive behaviour and behavioural plasticity through distinct receptors (Figure 5). On the
one hand, nematocin promotes gustatory associative learning by activating the nematocin
receptor NTR-1 in gustatory neurons (Beets et al., 2012). On the other, it drives male mating
through NTR-1 and a second receptor NTR-2 that each modulates partly overlapping aspects of
the mating behaviour (Garrison et al., 2012).

The divergent signalling described above, in which a single neuropeptide exerts a repertoire of
responses by acting in different tissues expressing distinct receptor subtypes, is paralleled with
the occurrence of convergent signalling in which multiple neuropeptides converge on the same
neuron (Li and Kim, 2008; van den Pol, 2012; Williams et al., 2017). For example, in the sea
hare Aplysia, a cholinergic command-like neuron for feeding contains two neuropeptides, feeding
circuit activating peptide (FCAP) and cerebral peptide 2 (CP2). The two peptides are co-released
and act synergistically to increase the postsynaptic potential in the same downstream neuron:
FCAP increases the quantal size and CP2 the quantal content of excitatory postsynaptic potentials
(Koh et al., 2003).

Multi-channel signalling and crosstalk

The same peptidergic neuron can co-express multiple distinct neuropeptides that can act on
different targets. Such 'multi-channel wiring' is not characteristic of synaptic networks and
represents a distinct organisational principle for neuropeptides. In the stomatogastric ganglion of

the lobster Homarus americanus, red pigment-concentrating hormone and tachykinin are co-

12



290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

localized and co-released, but act on different neurons (Thirumalai and Marder, 2002). The same
neuropeptide released from different cells can also have different effects on the same motor
circuit, depending on the mixture of co-transmitters (Blitz et al., 1999; Wood et al., 2000). How
many of the peptides can be co-released at any one time is unknown, but transcriptome data
suggest that multichannel signalling could be a common theme in highly peptidergic,
neurosecretory brain areas (Campbell et al., 2017; Williams et al., 2017).

Peptide-expressing cells also often express peptide receptors, and they are thus both sources and
targets of neuromodulators. There are numerous examples of such peptidergic cascades of
intercellular communication in vertebrates, which typically involve homoeostatic feedback from
a peripheral tissue to regulate release of a neurohormone. An interesting example is the ‘hunger
hormone’ ghrelin that derives from cells in the gastrointestinal tract and directly activates
hypothalamic neurons to trigger the release of growth hormone-releasing hormone
(somatoliberin) in a synaptic-transmission-independent manner. This peptidergic multi-neuronal
communication is regulated by food deprivation and directly controls energy consumption and
body weight (Osterstock et al., 2010).

Neuropeptides derived from different precursors can also crosstalk by acting on the same cognate
receptor. Significant evidence for this has come from GPCR de-orphanization and functional
characterization in C. elegans. In C. elegans hermaphrodites, egg-laying behaviour is regulated
by RFamide neuropeptides (FLPs) from FLP-10 and FLP-17 precursors that all activate a single
neuropeptide receptor, EGL-6, in the hermaphrodite-specific neurons (HSNs) of the egg-laying
circuit (Ringstad and Horvitz, 2008). Peptides encoded by FLP-17 are expressed in a pair of CO2
sensory neurons, whereas FLP-10 peptides are synthesized in several other neuronal and non-
neuronal tissues. Genetic and neural ablation experiments support a simple model in which

relevant sensory cues control FLP-10 and FLP-17 secretion, and thereby directly modulate the
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activity of the egg-laying motor neurons to suppress egg laying in unfavourable conditions
(Ringstad and Horvitz, 2008). In this model, crosstalk of neuropeptides acting on the same
receptor integrates multiple inputs in the modulation of behaviours. There is also increasing
evidence for crosstalk of RFamide neuropeptides in mammals (Liu and Herbison, 2016; Ma et al.,
2009; Oishi et al., 2011). For example, neuropeptide FF receptors (NPFFR1 and NPFFR2) were
recently shown to bind kisspeptin and other mammalian RFamide neuropeptides and likely
mediate the modulatory effects of these peptides in nociceptive circuits (Elhabazi et al., 2013;

Lyubimov et al., 2010; Oishi et al., 2011).

Organisation of multi-peptide signalling networks at the circuit level

Peptidergic circuits in Caenorhabditis elegans and Drosophila melanogaster

Genetic studies in model organisms are starting to uncover the functional relevance of interacting
neuropeptide pathways. For example, in C. elegans, a neuropeptide-mediated sensorimotor
feedback loop dampens the odour-evoked activity of the olfactory amphid wing ‘C’ (AWC)
neurons (Chalasani et al., 2010). When odour is sensed, AWC neurons release buccalin-related
NLP-1 neuropeptides, which activate a neuropeptide receptor (NPR-11) on downstream
interneurons to modulate secretion of the insulin-like peptide INS-1. Closing the feedback loop,
INS-1 modulates the responsiveness of AWC neurons to olfactory stimuli. In Drosophila, the
coordination of the stereotypic ecdysis behaviour also depends on crosstalk of multiple
neuropeptides (Mena et al., 2016). The behavioural state is initiated by the release of ecdysis
triggering hormone (ETH) (Zitnan and Adams, 2012; Zitnan et al., 1996). Neurons expressing the
crustacean cardioactive peptide (CCAP) are one of the key targets of ETH that control the timing
and behaviour of the moulting. While the activity of CCAP neurons is directly regulated by ETH,

it also depends on the actions of other neuropeptides downstream of ETH, such as bursicon and
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eclosion hormone (Mena et al., 2016).

Crustacean stomatogastric circuit

The stomatogastric ganglion (STG) is a small central-pattern-generating circuit consisting of 26—
30 neurons that is responsible for generating the rhythmic patterns of muscle movements in the
crustacean stomach (Figure 6). The extensive work on this system has recently been reviewed
(Nusbaum et al., 2017) and shows that the effects of neuropeptides and monoamines on the STG
are different. While dopamine and serotonin modulate many different membrane currents (Kiehn
and Harris-Warrick, 1992; Kloppenburg et al., 1999; Krenz et al., 2013; Krenz et al., 2015; Peck
et al., 2001; Peck et al., 2006; Rodgers et al., 2013; Zhang and Harris-Warrick, 1994; Zhang and
Harris-Warrick, 1995), many neuropeptides converge to activate the same voltage-dependent
current (Golowasch and Marder, 1992; Swensen and Marder, 2000; Swensen and Marder, 2001).
This current, aptly named the ‘modulatory inward current’ (Im), is a voltage-dependent current
with characteristics that make it ideally suited to activate rhythmic networks. Imi is a small,
depolarizing, mixed-cation current with similarities to the glutamatergic NMDA current
(Golowasch and Marder, 1992; Swensen and Marder, 2000). The result of activating Imi is an
increase in the so-called ‘burstiness’ of a neuron, often resulting in more spikes per burst. In the
circuit that generates the pyloric rhythm in the STG, comprised of bursting neurons connected
with reciprocally inhibitory graded synapses, activating Imr can result in more-prominent bursting
of all neurons in the network. This arises from neurons in the network rebounding proportionately
with the strength of incoming inhibition.

Endowing a circuit with robustness

The convergence of multiple peptide modulators, each acting through their own specific receptors
on Imi, represents one of the examples of degeneracy in the circuit and a mechanism that protects

the circuit from over modulation. The maximal conductance of Imi is an intrinsic property of the
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neuron and will not be exceeded even in the presence of additional ligands (Swensen and Marder,
2000). In a recent study, modulatory substances were applied exogenously in the absence of all
other modulatory input to investigate how neuromodulators affect the pyloric rhythm across
different temperatures (Haddad and Marder, 2017)(Figure 6). The neuropeptide proctolin or the
muscarinic-cholinergic agonist oxotremorine, both of which activate Imi (Swensen and Marder,
2000), protected the networks from temperature perturbation. In contrast, serotonin, which
activates multiple conductances on multiple cell types (Kiehn and Harris-Warrick, 1992; Krenz et
al., 2015; Zhang and Harris-Warrick, 1994), made the networks more temperature sensitive than
in the complete absence of modulators, and each animal produced different patterns of abnormal
activity at high temperature (Haddad and Marder, 2017). Other mechanisms that protect the
circuit from over-modulation include a balance of modulatory substances that act on opposing
properties, and of modulators that act at various sites, such as on motor neurons and muscles

(Marder, 2012).

Organization of peptidergic networks to provide context dependence

Approaches for studying context-dependence

An important challenge is to bridge the cellular to whole-organism level to understand how
neuropeptides contribute to the behavioural flexibility of animals. This can be studied by
measuring the effects of increased or decreased levels of peptidergic signalling in a whole-
organism context (Figure 7)(Bargmann and Marder, 2013). Based on work in different model
systems, a picture has emerged suggesting that neuropeptides act on many levels of a neural
network and can influence sensory perceptions even at the earliest processing level in the brain or
periphery. Therefore, peptidergic modulation can impact on cognitive functions by regulating the

strength and type of sensory information that passes into the relevant higher brain areas.
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Food context and behavioural choice

Several neuropeptides regulate appetite, feeding and food preferences. For example, injection of
oxytocin markedly reduces food intake, in particular of sweet foods, in humans (Ott et al., 2013)
and oxytocin knockout mice display an increase in sweet and carbohydrate preference, suggesting
that oxytocin modulates sweet gustatory perception and/or sweet taste predicting reward signals
in the central brain (Billings et al., 2006). Although it remains unresolved whether oxytocin
modulates gustatory neurons, there is evidence for a role of oxytocin in odour perception e.g.
social odour (Wacker and Ludwig, 2012). Whether the same is true for food odours is not well
understood. In addition, oxytocin receptors (OXTR) are highly expressed in parts of the olfactory
system including the anterior olfactory nucleus (AON). A recent study found that oxytocin in rats
modulates early olfactory processing through a top-down neuromodulation of OXTR-expressing
AON fibres, which increases glutamatergic synaptic input to interneurons in the olfactory bulb.
Removal of OXTR specifically in the AON reduced olfactory exploration and recognition of
social odours of conspecifics leading to differences in the animal’s behaviour (Oettl et al., 2016).
Recent work in Drosophila highlights the role of neuropeptides in behavioural choice involving
food (Itskov and Ribeiro, 2013; Leinwand and Chalasani, 2011; Wang, 2012). Starved flies show
higher attraction to food odours and less avoidance of aversive cues. While this behaviour is
controlled in part by the higher brain centre of the fly, the mushroom body (Lewis et al., 2015), it
is also modulated by neuropeptides acting directly on attractive and repulsive food-odour-
detecting chemosensory neurons (Ignell et al., 2009; Root et al., 2011). Short neuropeptide F
(sNPF) released by attraction-mediating olfactory sensory neurons enhances their response,
whereas tachykinin reduces the response of avoidance-mediating olfactory neurons; in both
cases, this occurs through GPCRs expressed directly in the olfactory sensory neurons (Ko et al.,

2015)(Figure 7A). An analogous mechanism regulates the strategy of the female fly to find and
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evaluate egg-laying and feeding sites for her offspring (Hussain et al., 2016a). Mating increases
the attraction of females to important and reproductive-success-boosting nutrients, the
polyamines (Hussain et al., 2016b), through an increase in the expression of the GPCR sex
peptide receptor (SPR) in polyamine-sensing olfactory and gustatory neurons. In this case,
myoinhibitory peptides (MIPs) and not the better known ligand of SPR sex peptide (SP), mediate
SPR signalling in olfactory and gustatory neurons (Figure 7B). Interestingly, this function of MIP
is female specific and does not regulate the attraction of males to polyamines (Hussain et al.,
2016a). In both these cases, overexpression of the sSNPF receptor or the MIP receptor SPR,
respectively, exclusively in peripheral chemosensory neurons is sufficient to switch the fly
behavioural or internal state, emphasizing the important role of peripheral modulation in state-
dependent behaviour (Leinwand and Chalasani, 2011).

It is likely that MIPs regulate feeding behaviour through additional mechanisms, given their
broad expression in the brain as well as in the gut (Veenstra et al., 2008). For instance, a small
cluster of MIP-expressing neurons in the CNS suppresses feeding and thereby regulates body
weight in male and female flies (Min et al., 2016).

Circadian context

This has been the subject of many studies spanning several phyla which provide evidence for a
key role for different neuropeptides. MIPs and SPR have been implicated in the control of sleep
in D. melanogaster (Oh et al., 2014). Another interesting sleep-regulatory peptide in D.
melanogaster is the so-called pigment-dispersing factor (PDF). PDF-expressing neurons increase
arousal during wake states (Sehgal and Mignot, 2011). PDF also regulates arousal and
exploratory behaviour in C. elegans. In the nematode, PDF and serotonin function as mutual
inhibitors in a neural network that appears to overlay the motor-behaviour-controlling network,

acting via an overlapping but not identical circuit, to regulate behavioural state in a slower and
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potentially more homeostatic manner than that controlling basal locomotor movements (Flavell et
al., 2013). In mammals, at least four unrelated neuropeptides, orexin, prokineticin-2,
neuropeptide S and vasoactive intestinal peptide (VIP), have similar roles in stimulating arousal
in a light-dependent manner (Chemelli et al., 1999; Cheng et al., 2002; Vosko et al., 2007; Xu et
al., 2004).

Social and reproductive context

Neuropeptides also have important roles in complex social, emotional and reproductive
behaviours. Interestingly, oxytocin functions in a gender-dependent manner. It is increasingly
appreciated that male and female brains differ in certain aspects and that this is not limited to
reproductive control. Differences in cortical oxytocin signalling might explain why men and
women show differences in some emotional states and disorders such as anxiety (Li et al., 2016).
Specifically, one study demonstrated that certain OXTR interneurons in male mice regulate
anxiety by expressing an antagonist of the stress hormone corticotropin-releasing hormone
(CRH), called corticotropin-releasing-hormone-binding protein (CRHBP). CRHBP blocks the
CRH-induced potentiation of pyramidal neurons in layer 2/3 of the medial prefrontal cortex
selectively in males but not females. This block reduces anxiety in males but not in females.
Conversely, the same OXTR interneurons in females modulate social interactions with male mice

during the sexually responsive phase of the oestrus cycle (Nakajima et al., 2014).

Inter-organismal neuropeptide signalling

Peptides can have an allohormonal function (Koene and ter Maat, 2001) e.g. accessory gland
products that are transferred from one individual to another during the transfer of gametes
(Zizzari et al., 2014) and influence the behaviour of the recipient, a classic example being the

Drosophila sex peptide (Perry et al., 2013). Other species in which this phenomenon has been
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investigated include species with separate sexes, such as Pletodontid salamanders, seed beetles
(e.g., Callosobruchus maculatus) but also hermaphroditic species such as flatworms (e.g.,
Macrostomum lignano), land snails (e.g., Cornu aspersum) and pond snails (e.g., Lymnaea
stagnalis) (Yamane et al., 2015) (Arbore et al., 2015) (Stewart et al., 2016) (Watts et al., 2004)
(Koene et al., 2010). Some of the identified accessory gland products are neuropeptides,
including the ‘love dart’ allohormone, a buccalin-like peptide, identified from the common
garden snail Cornu aspersum (Stewart et al., 2016).

The type of sexual system can have important implications for the evolution of such substances.
For example, simultaneously hermaphroditic species (which use both genders at the same time or
in sequence over their lifetime) need to regulate and coordinate their male and female
reproductive processes in a largely non-overlapping manner. Hence, the neurobiological wiring
and neuroendocrine substances in simultaneous hermaphrodites need to remain separated
between the two sexual functions. The performance of conflicting processes or behaviours is
avoided by complex excitatory and inhibitory crosstalk between the male and female processes.
During mating, the appropriate motor-output needs to be initiated, whereas the motor patterns of
the opposite sexual role need to be suppressed, that is, when donating sperm to a partner, egg
laying should not be initiated at the same time.

This situation in simultaneous hermaphrodites is accompanied by interesting evolutionary
processes that do not occur in separate-sexed animals. Recent research has revealed that
accessory gland products can target the male function of the recipient. In Lymnaea stagnalis, two
accessory gland proteins were identified that cause a snail to transfer half the amount of sperm to
its next partner, lowering the paternity of that donor (Nakadera et al., 2014). Thus, in
hermaphrodites, a sperm donor not only affects female physiology (Koene et al., 2010), but also

male physiology of the recipient (Nakadera et al., 2014)(Figure 8).
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482 Interestingly, different areas of the central nervous system in hermaphrodites control the

483  execution of male and female reproduction, expressing different neuropeptides (Koene, 2010;
484  Koene et al., 2000). However, the neuroendocrine mechanisms that prevent male and female
485  behaviours from being executed at the same time remain to be identified (Koene et al., 2000).
486  Identifying these mechanisms will help to understand how accessory gland products hijack the
487  reproductive neuroendocrine system of the sperm recipient. The evolutionary importance of these
488 interactions is evidenced by the various injection devices that evolved for the transfer of

489  accessory gland products (Zizzari et al., 2014). These include the love darts of land snails that
490 inject accessory gland products into the body cavity (Lodi and Koene, 2017), and the stylets of
491  some Siphopteron sea slugs that inject their products into the head of the partner and might

492  directly target the central nervous system of their partner (Anthes and Michiels, 2007; Lange et
493  al., 2014).

494  In future, the pharmacological characterization of receptor systems for accessory gland products
495  could reveal whether these substances are mimics of female regulatory hormones and how these
496  signalling systems evolve. For example, does the female system evolve to counter the effect of
497  accessory gland products (Lodi and Koene, 2017)?

498

499  Emerging themes

500 A common theme for all animals in which peptidergic signalling has been investigated is its

501 remarkable complexity. Why do neural networks deploy such a plethora of neuropeptide

502 transmitters and modulators? Does this reflect a high level of functional redundancy? Or does it
503 reflect the animal's requirement for multiple routes to behavioural flexibility in the face of a
504  challenging environment or life style? The most likely answer is a combination of the two. Some

505 evidence suggests that signals can be encoded in the mix of neuropeptides rather than in single
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molecules (Jones et al., 2016; Papaioannou et al., 2005) but precisely how widespread this
phenomenon is remains to be determined.

A further notable observation is the apparent dominance of ‘wireless’ peptide signalling. In the
case of the annelid Platynereis, there is a distinct lack of synaptic connections in the
neuropeptide-rich region of the brain. It could be that this is a specialization of an anatomically
simple system that endows a higher level of complexity within the network that could otherwise
be achieved using 'hard-wiring' alone. However, it is equally possible that current knowledge of
neuropeptide networks in higher animals is still too limited for us to appreciate the extent of non-
synaptic communication in mammalian brains.

Another striking aspect of peptidergic signalling that has been reinforced repeatedly in recent
years is the number of examples in different model organisms in which evolutionarily related
neuropeptides act through their cognate receptor(s) to regulate a similar aspect of animal
behaviour across these species (Beets et al., 2012; Garrison et al., 2012; Lockard et al., 2017;
Scott et al., 2017; Tian et al., 2016; Van Sinay et al., 2017). Thus comparative investigations
between simpler and more complex animals have the potential to inform more global
understanding of fundamental, conserved aspects of peptidergic neural networks and their roles in
behavioural plasticity.

Overall, the capability of neuropeptides to modulate the output of circuits by sensitization or
inhibition of target neurons is a common theme to emerge from these studies (Chalasani et al.,
2010). A neuropeptide can endow a circuit with flexibility by modulating the response profile of
discrete neurons (Chen et al., 2017; Vollmer et al., 2016). Such a mechanism can provide an
explanation of how an animal can exhibit two divergent behavioural responses to the same

sensory stimulus depending on the context in which the stimulus is perceived.
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Future perspectives

There is undoubtedly a continuing important contribution to be made from a neuropeptidomic
approach (DeLaney et al., 2017) which will systematically identify the complement of
neuropeptides and receptors in a neural system, facilitate pairing of ligands with their cognate
receptors (Bauknecht and Jékely, 2015) and provide the framework for functional interrogation of
peptidergic networks, for example through electrophysiology, imaging and optogenetics. Future
studies should also consider how differential sorting of distinct neuropeptide complements within
a given neuron can be regulated in a state-dependent manner, and how this might influence co-
release and synergistic actions of peptides. Ultimately this has the power to provide insight into
the role of specific peptidergic networks in behaviour.

The benefit from understanding peptidergic signalling is under-realized: Whilst the success of the
opioid analgesics exemplifies the clinical importance of neuropeptides in nociception and pain
there are many other clinical situations where neuropeptides have a role and have yet to be
adequately exploited. It also has the potential to provide new mechanisms of pest and parasite
control (Holden-Dye and Walker, 2014; McVeigh et al., 2012; Terhzaz et al., 2017).

The investigations described here, just a subset of the many investigations into peptidergic
signalling, show that neuropeptides are intimately involved in the capability of animals to exhibit
behavioural flexibility. This is characterized by multi-channel convergent and divergent
signalling, across both long and short distances, in a transient or sustained manner. These themes

appear to be played out across the animal phyla, from the simplest to the most complex.

Glossary

Allohormonal- The transfer of a substance from one individual to another member of the same

species. The allohormone induces a physiological effect that is typically related to some aspect of
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sexual selection or reproductive function.

Antidiuretic — An antidiuretic substance is one that reduces the loss of water in the urine by
increasing water resorption in the kidney. In mammals, antidiuretic hormone (ADH) is released
in response to a drop in blood volume or increase in blood osmolarity.

Axon — a cable-like process that extends from the cell body of a neuron towards its target cell.
This may be another neuron or a target tissue e.g. a muscle cell.

Burstiness — A term used to describe a particular pattern of neuronal activity in which the neuron
exhibits short periods of rapid activity in the form of action potentials that are interspersed with
periods of quiescence.

Connectomics — This refers to the detailed anatomical mapping of neural networks in which the
synaptic connectivity between each and every neuron, a map called the connectome, is defined.
Dendrite — A process that extends from the cell body of a neuron and which typically is the main
region for synaptic input from other neurons. Many classes of neurons are characterised by an
extensive dendritic tree with each dendrite conveying incoming neural signals to the cell body.
De-orphanization — An orphan receptor is a receptor for which the endogenous, cognate ligand is
unknown. A vast number of these have been identified by bioinformatic screening of animal
genomes. De-orphanization is the process by which the receptor is paired with its ligand and is an
important route to understanding the functional role of orphan receptors.

FLPs- FMRFamide-like peptide Precursors: These are a large family of prepropeptide
neuropeptide precursors encoded by C. elegans flp genes that give rise to C-terminally amidated
neuropeptides (Li and Kim, 2014).

NLPs- Neuropeptide-like peptide Precursors: These are a large family of prepropeptide
neuropeptide precursors encoded by C. elegans nlp genes (Nathoo et al., 2001).

Nociceptive circuit — Nociception is the detection of a noxious, harmful, potentially tissue
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damaging stimulus. A nociceptive circuit is a neural pathway that mediates the sensory detection
of the stimulus. It is typically a component of the behavioural, affective response of the animal to
a harmful stimulus i.e. pain. However, pain e.g. neuropathic pain, can occur in the absence of
nociception.

Opioid- A drug that binds to opiate receptors e.g. morphine.

Orexigenic/Anorexigenic — An orexigenic substance is one that stimulates appetite whilst an
anorexigenic substance decreases appetite. The neuropeptide orexin was named because of its
appetite stimulating action. As with many neuropeptides, its name does not convey its breadth of
physiological roles. Orexin is also a key regulator of wakefulness and a lack of orexin signalling
in the brain is a cause of narcolepsy.

Perikarya — The cell bodies of neurons.

Phasic release — This refers to neurotransmitter or neuromodulator release that occurs in a phasic
manner i.e. short periods of release interspersed with periods of quiescence.

Pleiotropic- The capability to elicit multiple effects from a single gene.

Pressor effect — A pressor substance is one that leads to an elevation in blood pressure.

RFamide neuropeptide — This is a family of neuropeptides that are characterized by a common
carboxy-terminal sequence consisting of arginine followed by phenylalanine which is amidated at
the C terminus.

Stomatogastric ganglion — This is a cluster of neurons that are part of the stomatogastric nervous
system in arthropods. It has been extensively studied in decapod crustacteans where it controls
the activity of the stomach muscles and regulates feeding.

Tonic release — This refers to neurotransmitter or neuromodulator release that occurs in a tonic
manner i.e. sustained release at a constant level.

Volume transmission- This is a mechanism whereby a neurotransmitter is released from a neuron
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into the extracellular space, diluted in the extracellular fluid volume and diffuses to receptors at a
distance from the release site. This form of communication may be limited by the stability of the
neurotransmitter in the presence of extracellular enzymes and typically the cognate receptor has a
high affinity for the neurotransmitter due to the low concentrations that may diffuse to the target

site.

References

Achim, K., Pettit, J.-B., Saraiva, L. R., Gavriouchkina, D., Larsson, T., Arendt, D. and Marioni, J.
C. (2015). High-throughput spatial mapping of single-cell RNA-seq data to tissue of
origin. Nat Biotechnol 33, 503-509.

Agnati, L. F., Guidolin, D., Guescini, M., Genedani, S. and Fuxe, K. (2010). Understanding wiring
and volume transmission. Brain Res Rev 64, 137-159.

Alexander, S. P., Davenport, A. P., Kelly, E., Marrion, N., Peters, J. A., Benson, H. E., Faccenda,
E., Pawson, A. J., Sharman, J. L., Southan, C., et al. (2015). The Concise Guide to
PHARMACOLOGY 2015/16: G protein-coupled receptors. Br J Pharmacol 172, 5744—
5869.

Amara, S. G, Jonas, V., Rosenfeld, M. G., Ong, E. S. and Evans, R. M. (1982). Alternative RNA
processing in calcitonin gene expression generates mRNAs encoding different
polypeptide products. Nature 298, 240-244.

Amir-Zilberstein, L., Blechman, J., Sztainberg, Y., Norton, W. H. J., Reuveny, A., Borodovsky,
N., Tahor, M., Bonkowsky, J. L., Bally-Cuif, L., Chen, A, et al. (2012). Homeodomain
protein otp and activity-dependent splicing modulate neuronal adaptation to stress.
Neuron 73, 279-291.

Anthes, N. and Michiels, N. K. (2007). Precopulatory stabbing, hypodermic injections and
unilateral copulations in a hermaphroditic sea slug. Biol Lett 3, 121-124.

Arbore, R., Sekii, K., Beisel, C., Ladurner, P., Berezikov, E. and Schérer, L. (2015). Positional
RNA-Seq identifies candidate genes for phenotypic engineering of sexual traits. Front
Zool 12, 14.

Asadulina, A., Panzera, A., Veraszto, C., Liebig, C. and Jékely, G. (2012). Whole-body gene
expression pattern registration in Platynereis larvae. Evodevo 3, 27.

Assmann, M., Kuhn, A,, Diirrnagel, S., Holstein, T. W. and Griinder, S. (2014). The
comprehensive analysis of DEG/ENaC subunits in Hydra reveals a large variety of
peptide-gated channels, potentially involved in neuromuscular transmission. BMC Biol
12, 84.

26



639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682

Aton, S. J., Colwell, C. S., Harmar, A. J., Waschek, J. and Herzog, E. D. (2005). Vasoactive
intestinal polypeptide mediates circadian rhythmicity and synchrony in mammalian clock
neurons. Nat Neurosci 8, 476—483.

Banghart, M. R., Neufeld, S. Q., Wong, N. C. and Sabatini, B. L. (2015). Enkephalin Disinhibits
Mu Opioid Receptor-Rich Striatal Patches via Delta Opioid Receptors. Neuron 88, 1227—-
1239.

Bargmann, C. I. (2012). Beyond the connectome: how neuromodulators shape neural circuits.
Bioessays 34, 458-465.

Bargmann, C. . and Marder, E. (2013). From the connectome to brain function. Nat Methods
10, 483—-490.

Bauknecht, P. and Jékely, G. (2015). Large-Scale Combinatorial Deorphanization of Platynereis
Neuropeptide GPCRs. Cell Rep 12, 684—693.

Bayliss, W. M. and Starling, E. H. (1902). The mechanism of pancreatic secretion. J Physiol
(Lond) 28, 325-353.

Beets, I., Janssen, T., Meelkop, E., Temmerman, L., Suetens, N., Rademakers, S., Jansen, G. and
Schoofs, L. (2012). Vasopressin/oxytocin-related signaling regulates gustatory associative
learning in C. elegans. Science 338, 543-545.

Beets, I., Temmerman, L., Janssen, T. and Schoofs, L. (2013). Ancient neuromodulation by
vasopressin/oxytocin-related peptides. Worm 2, e24246.

Bentley, B., Branicky, R., Barnes, C. L., Chew, Y. L., Yemini, E., Bullmore, E. T., Vértes, P. E. and
Schafer, W. R. (2016). The Multilayer Connectome of Caenorhabditis elegans. PLoS
Comput Biol 12, e1005283.

Bicknell, A. B. (2008). The tissue-specific processing of pro-opiomelanocortin. J Neuroendocrinol
20, 692-699.

Bicknell, R. J. and Leng, G. (1981). Relative efficiency of neural firing patterns for vasopressin
release in vitro. Neuroendocrinology 33, 295-299.

Billings, L. B., Spero, J. A., Vollmer, R. R. and Amico, J. A. (2006). Oxytocin null mice ingest
enhanced amounts of sweet solutions during light and dark cycles and during repeated
shaker stress. Behav Brain Res 171, 134-141.

Blitz, D. M., Christie, A. E., Coleman, M. J., Norris, B. J., Marder, E. and Nusbaum, M. P. (1999).
Different proctolin neurons elicit distinct motor patterns from a multifunctional neuronal
network. J Neurosci 19, 5449-5463.

Bohn, L. M., Lefkowitz, R. J., Gainetdinov, R. R., Peppel, K., Caron, M. G. and Lin, F. T. (1999).
Enhanced morphine analgesia in mice lacking beta-arrestin 2. Science 286, 2495—-2498.

Boutin, J. M., Jolicoeur, C., Okamura, H., Gagnon, J., Edery, M., Shirota, M., Banville, D.,
Dusanter-Fourt, I., Djiane, J. and Kelly, P. A. (1988). Cloning and expression of the rat
prolactin receptor, a member of the growth hormone/prolactin receptor gene family.
Cell 53, 69-77.

Caers, J., Verlinden, H., Zels, S., Vandersmissen, H. P., Vuerinckx, K. and Schoofs, L. (2012).
More than two decades of research on insect neuropeptide GPCRs: an overview. Front
Endocrinol (Lausanne) 3, 151.

Campbell, J. N., Macosko, E. Z., Fenselau, H., Pers, T. H., Lyubetskaya, A., Tenen, D., Goldman,
M., Verstegen, A. M. J., Resch, J. M., McCarroll, S. A, et al. (2017). A molecular census
of arcuate hypothalamus and median eminence cell types. Nat Neurosci 20, 484—496.

27



683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726

Cawley, N. X., Li, Z. and Loh, Y. P. (2016). 60 YEARS OF POMC: Biosynthesis, trafficking, and
secretion of pro-opiomelanocortin-derived peptides. J Mol Endocrinol 56, T77-97.

Chalasani, S. H., Kato, S., Albrecht, D. R., Nakagawa, T., Abbott, L. F. and Bargmann, C. I.
(2010). Neuropeptide feedback modifies odor-evoked dynamics in Caenorhabditis
elegans olfactory neurons. Nat Neurosci 13, 615-621.

Chemelli, R. M., Willie, J. T., Sinton, C. M., EImquist, J. K., Scammell, T., Lee, C., Richardson, J.
A., Williams, S. C., Xiong, Y., Kisanuki, Y., et al. (1999). Narcolepsy in orexin Knockout
Mice. Cell 98, 437-451.

Chen, J., Choi, M. S., Mizoguchi, A., Veenstra, J. A., Kang, K., Kim, Y.-J. and Kwon, J. Y. (2015).
Isoform-specific expression of the neuropeptide orcokinin in Drosophila melanogaster.
Peptides 68, 50-57.

Chen, C., Itakura, E., Nelson, G. M., Sheng, M., Laurent, P., Fenk, L. A., Butcher, R. A., Hegde, R.
S. and de Bono, M. (2017). IL-17 is a neuromodulator of Caenorhabditis elegans sensory
responses. Nature 542, 43—-48.

Cheng, M. Y., Bullock, C. M., Li, C,, Lee, A. G., Bermak, J. C., Belluzzi, J., Weaver, D. R,, Leslie, F.
M. and Zhou, Q.-Y. (2002). Prokineticin 2 transmits the behavioural circadian rhythm of
the suprachiasmatic nucleus. Nature 417, 405-410.

Christie, M. J. (2008). Cellular neuroadaptations to chronic opioids: tolerance, withdrawal and
addiction. Br J Pharmacol 154, 384—396.

Civelli, O., Reinscheid, R. K., Zhang, Y., Wang, Z., Fredriksson, R. and Schi6th, H. B. (2013). G
protein-coupled receptor deorphanizations. Annu Rev Pharmacol Toxicol 53, 127-146.

Conzelmann, M., Williams, E. A, Tunaru, S., Randel, N., Shahidi, R., Asadulina, A., Berger, J.,
Offermanns, S. and Jékely, G. (2013a). Conserved MIP receptor-ligand pair regulates
Platynereis larval settlement. Proc Natl Acad Sci U S A 110, 8224—-8229.

Conzelmann, M., Williams, E. A., Krug, K., Franz-Wachtel, M., Macek, B. and Jékely, G. (2013b).
The neuropeptide complement of the marine annelid Platynereis dumerilii. BMC
Genomics 14, 906.

Cottrell, G. A., Green, K. A. and Davies, N. W. (1990). The neuropeptide Phe-Met-Arg-Phe-NH2
(FMRFamide) can activate a ligand-gated ion channel in Helix neurones. Pflugers Arch
416, 612-614.

Cropper, E. C., Price, D., Tenenbaum, R., Kupfermann, I. and Weiss, K. R. (1990). Release of
peptide cotransmitters from a cholinergic motor neuron under physiological conditions.
Proc Natl Acad Sci U S A 87, 933-937.

de Bono, M. and Bargmann, C. I. (1998). Natural variation in a neuropeptide Y receptor
homolog modifies social behavior and food response in C. elegans. Cell 94, 679—-689.

Delaney, K., Buchberger, A. R., Atkinson, L., Griinder, S., Mousley, A. and Li, L. (2017). New
Techniques, Applications, and Perspectives in Neuropeptide Research. J Exp Biol.

Dey, S., Chamero, P., Pru, J. K., Chien, M.-S., Ibarra-Soria, X., Spencer, K. R., Logan, D. W.,
Matsunami, H., Peluso, J. J. and Stowers, L. (2015). Cyclic regulation of sensory
perception by a female hormone alters behavior. Cell 161, 1334-1344.

Dikeakos, J. D. and Reudelhuber, T. L. (2007). Sending proteins to dense core secretory
granules: still a lot to sort out. J Cell Biol 177, 191-196.

Dockray, G. J., Vaillant, C., Williams, R. G., Gayton, R. J. and Osborne, N. N. (1981). Vertebrate
brain-gut peptides related to FMRFamide and Met-enkephalin Arg6Phe7. Peptides 2

28



727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770

Suppl 2, 25-30.

Diirrnagel, S., Kuhn, A., Tsiairis, C. D., Williamson, M., Kalbacher, H., Grimmelikhuijzen, C. J. P.,
Holstein, T. W. and Griinder, S. (2010). Three homologous subunits form a high affinity
peptide-gated ion channel in Hydra. J Biol Chem 285, 11958-11965.

Ebrahim, I. O., Howard, R. S., Kopelman, M. D., Sharief, M. K. and Williams, A. J. (2002). The
hypocretin/orexin system. J R Soc Med 95, 227-230.

Eipper, B. A., Stoffers, D. A. and Mains, R. E. (1992). The biosynthesis of neuropeptides: peptide
alpha-amidation. Annu Rev Neurosci 15, 57—85.

Elhabazi, K., Humbert, J.-P., Bertin, I., Schmitt, M., Bihel, F., Bourguignon, J.-J., Bucher, B.,
Becker, J. A. )., Sorg, T., Meziane, H., et al. (2013). Endogenous mammalian RF-amide
peptides, including PrRP, kisspeptin and 26RFa, modulate nociception and morphine
analgesia via NPFF receptors. Neuropharmacology 75, 164-171.

Elphick, M. R. and Rowe, M. L. (2009). NGFFFamide and echinotocin: structurally unrelated
myoactive neuropeptides derived from neurophysin-containing precursors in sea
urchins. J Exp Biol 212, 1067-1077.

Elphic-k, M. R., Mirabeau, O. and Larhammar, D. (2017). Evolution of neuropeptide signalling
systems. J Exp Biol.

Flavell, S. W., Pokala, N., Macosko, E. Z., Albrecht, D. R., Larsch, J. and Bargmann, C. I. (2013).
Serotonin and the neuropeptide PDF initiate and extend opposing behavioral states in C.
elegans. Cell 154, 1023-1035.

Frooninckx, L., Van Rompay, L., Temmerman, L., Van Sinay, E., Beets, l., Janssen, T., Husson, S.
J. and Schoofs, L. (2012). Neuropeptide GPCRs in C. elegans. Front Endocrinol (Lausanne)
3, 167.

Fukuchi, M., Tabuchi, A. and Tsuda, M. (2004). Activity-dependent transcriptional activation
and mRNA stabilization for cumulative expression of pituitary adenylate cyclase-
activating polypeptide mRNA controlled by calcium and cAMP signals in neurons. J Biol
Chem 279, 47856—-47865.

Funkelstein, L., Beinfeld, M., Minokadeh, A., Zadina, J. and Hook, V. (2010). Unique biological
function of cathepsin L in secretory vesicles for biosynthesis of neuropeptides.
Neuropeptides 44, 457—-466.

Furukawa, Y., Miyawaki, Y. and Abe, G. (2006). Molecular cloning and functional
characterization of the Aplysia FMRFamide-gated Na+ channel. Pflugers Arch 451, 646—
656.

Garrison, J. L., Macosko, E. Z., Bernstein, S., Pokala, N., Albrecht, D. R. and Bargmann, C. |.
(2012). Oxytocin/vasopressin-related peptides have an ancient role in reproductive
behavior. Science 338, 540-543.

Golowasch, J. and Marder, E. (1992). Proctolin activates an inward current whose voltage
dependence is modified by extracellular Ca2+. J Neurosci 12, 810-817.

Golubovic, A., Kuhn, A., Williamson, M., Kalbacher, H., Holstein, T. W., Grimmelikhuijzen, C. J.
P. and Griinder, S. (2007). A peptide-gated ion channel from the freshwater polyp Hydra.
J Biol Chem 282, 35098-35103.

Groer, C. E., Schmid, C. L., Jaeger, A. M. and Bohn, L. M. (2011). Agonist-directed interactions
with specific beta-arrestins determine mu-opioid receptor trafficking, ubiquitination, and
dephosphorylation. J Biol Chem 286, 31731-31741.

29



771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814

Haddad, S. A. and Marder, E. (2017). Circuit robustness to temperature perturbation is altered
by neuromodulators. BioRxiv.

Hamood, A. W. and Marder, E. (2015). Consequences of acute and long-term removal of
neuromodulatory input on the episodic gastric rhythm of the crab Cancer borealis. J
Neurophysiol 114, 1677-1692.

Hokfelt, T., Johansson, O., Ljungdahl, A., Lundberg, J. M. and Schultzberg, M. (1980).
Peptidergic neurones. Nature 284, 515-521.

Holden-Dye, L. and Walker, R. J. (2014). Anthelmintic drugs and nematicides: studies in
Caenorhabditis elegans. WormBook 1-29.

Hook, V., Funkelstein, L., Lu, D., Bark, S., Wegrzyn, J. and Hwang, S.-R. (2008). Proteases for
processing proneuropeptides into peptide neurotransmitters and hormones. Annu Rev
Pharmacol Toxicol 48, 393—-423.

Hussain, A., Ugpunar, H. K., Zhang, M., Loschek, L. F. and Grunwald Kadow, I. C. (2016a).
Neuropeptides Modulate Female Chemosensory Processing upon Mating in Drosophila.
PLoS Biol 14, e1002455.

Hussain, A., Zhang, M., Ugpunar, H. K., Svensson, T., Quillery, E., Gompel, N., Ignell, R. and
Grunwald Kadow, I. C. (2016b). lonotropic chemosensory receptors mediate the taste
and smell of polyamines. PLoS Biol 14, e1002454.

Ignell, R., Root, C. M., Birse, R. T., Wang, J. W., Nassel, D. R. and Winther, A. M. E. (2009).
Presynaptic peptidergic modulation of olfactory receptor neurons in Drosophila. Proc
Natl Acad Sci U S A 106, 13070-13075.

Inagaki, H. K., Ben-Tabou de-Leon, S., Wong, A. M., Jagadish, S., Ishimoto, H., Barnea, G.,
Kitamoto, T., Axel, R. and Anderson, D. J. (2012). Visualizing neuromodulation in vivo:
TANGO-mapping of dopamine signaling reveals appetite control of sugar sensing. Cell
148, 583-595.

Iremonger, K. J., Porteous, R. and Herbison, A. E. (2017). Spike and Neuropeptide-Dependent
Mechanisms Control GnRH Neuron Nerve Terminal Ca(2+) over Diverse Time Scales. J
Neurosci 37, 3342-3351.

Itskov, P. M. and Ribeiro, C. (2013). The dilemmas of the gourmet fly: the molecular and
neuronal mechanisms of feeding and nutrient decision making in Drosophila. Front
Neurosci 7, 12.

Jékely, G. (2013). Global view of the evolution and diversity of metazoan neuropeptide
signaling. Proc Natl Acad Sci U S A 110, 8702—-8707.

Johnson, B. (1962). Neurosecretion and the Transport of Secretory Material from the Corpora
Cardiaca in Aphids. Nature 196, 1338—-1339.

Johnson, J. W. and Ascher, P. (1987). Glycine potentiates the NMDA response in cultured
mouse brain neurons. Nature 325, 529-531.

Jones, C. E., Zandawala, M., Semmens, D. C., Anderson, S., Hanson, G. R., Janies, D. A. and
Elphick, M. R. (2016). Identification of a neuropeptide precursor protein that gives rise
to a “cocktail” of peptides that bind Cu(ll) and generate metal-linked dimers. Biochim
Biophys Acta 1860, 57—-66.

Kiehn, O. and Harris-Warrick, R. M. (1992). 5-HT modulation of hyperpolarization-activated
inward current and calcium-dependent outward current in a crustacean motor neuron. J
Neurophysiol 68, 496—-508.

30



815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858

Kloppenburg, P., Levini, R. M. and Harris-Warrick, R. M. (1999). Dopamine modulates two
potassium currents and inhibits the intrinsic firing properties of an identified motor
neuron in a central pattern generator network. J Neurophysiol 81, 29-38.

Knight, Z. A., Tan, K., Birsoy, K., Schmidt, S., Garrison, J. L., Wysocki, R. W., Emiliano, A.,
Ekstrand, M. I. and Friedman, J. M. (2012). Molecular profiling of activated neurons by
phosphorylated ribosome capture. Cell 151, 1126-1137.

Knobloch, H. S., Charlet, A., Hoffmann, L. C., Eliava, M., Khrulev, S., Cetin, A. H., Osten, P.,
Schwarz, M. K., Seeburg, P. H., Stoop, R., et al. (2012). Evoked axonal oxytocin release in
the central amygdala attenuates fear response. Neuron 73, 553-566.

Knowles, F. G. W. (1951). Hormone production within the nervous system of a crustacean.
Nature 167, 564-565.

Knowles, F. and Bern, H. A. (1966). Function of neurosecretion in endocrine regulation. Nature
210, 271-272.

Ko, K. I., Root, C. M,, Lindsay, S. A., Zaninovich, O. A., Shepherd, A. K., Wasserman, S. A., Kim,
S. M. and Wang, J. W. (2015). Starvation promotes concerted modulation of appetitive
olfactory behavior via parallel neuromodulatory circuits. elife 4,.

Koene, J. M. (2010). Neuro-endocrine control of reproduction in hermaphroditic freshwater
snails: mechanisms and evolution. Front Behav Neurosci 4, 167.

Koene, J. M. and ter Maat, A. (2001). “Allohormones”: a class of bioactive substances favoured
by sexual selection. J Comp Physiol A 187, 323-326.

Koene, J. M., Jansen, R. F., Ter Maat, A. and Chase, R. (2000). A conserved location for the
central nervous system control of mating behaviour in gastropod molluscs: evidence
from a terrestrial snail. J Exp Biol 203, 1071-1080.

Koene, J. M,, Sloot, W., Montagne-Wajer, K., Cummins, S. F., Degnan, B. M., Smith, J. S.,
Nagle, G. T. and ter Maat, A. (2010). Male accessory gland protein reduces egg laying in
a simultaneous hermaphrodite. PLoS ONE 5, e10117.

Koh, H. Y., Vilim, F. S., Jing, J. and Weiss, K. R. (2003). Two neuropeptides colocalized in a
command-like neuron use distinct mechanisms to enhance its fast synaptic connection. J
Neurophysiol 90, 2074-2079.

Komuniecki, R., Hapiak, V., Harris, G. and Bamber, B. (2014). Context-dependent modulation
reconfigures interactive sensory-mediated microcircuits in Caenorhabditis elegans. Curr
Opin Neurobiol 29, 17-24.

Kono, M., Tucker, A. E., Tran, J., Bergner, J. B., Turner, E. M. and Proia, R. L. (2014).
Sphingosine-1-phosphate receptor 1 reporter mice reveal receptor activation sites in
vivo. J Clin Invest 124, 2076—2086.

Kovacs, J. J., Hara, M. R., Davenport, C. L., Kim, J. and Lefkowitz, R. J. (2009). Arrestin
development: emerging roles for beta-arrestins in developmental signaling pathways.
Dev Cell 17, 443-458.

Krenz, W.-D. C., Hooper, R. M., Parker, A. R., Prinz, A. A. and Baro, D. J. (2013). Activation of
high and low affinity dopamine receptors generates a closed loop that maintains a
conductance ratio and its activity correlate. Front Neural Circuits 7, 169.

Krenz, W.-D., Parker, A. R., Rodgers, E. and Baro, D. J. (2015). Monoaminergic tone supports
conductance correlations and stabilizes activity features in pattern generating neurons
of the lobster, Panulirus interruptus. Front Neural Circuits 9, 63.

31



859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902

Landry, M., Vila-Porcile, E., Hokfelt, T. and Calas, A. (2003). Differential routing of coexisting
neuropeptides in vasopressin neurons. Eur J Neurosci 17, 579-589.

Lange, R., Werminghausen, J. and Anthes, N. (2014). Cephalo-traumatic secretion transferin a
hermaphrodite sea slug. Proc Biol Sci 281, 20132424,

Lee, D., Creed, M., Jung, K., Stefanelli, T., Wendler, D. J., Oh, W. C., Mignocchi, N. L., Liischer,
C. and Kwon, H.-B. (2017). Temporally precise labeling and control of neuromodulatory
circuits in the mammalian brain. Nat Methods 14, 495-503.

Leinwand, S. G. and Chalasani, S. H. (2011). Olfactory networks: from sensation to perception.
Curr Opin Genet Dev 21, 806—-811.

Lewis, L. P. C,, Siju, K. P., Aso, Y., Friedrich, A. B., Bulteel, A. J. B., Rubin, G. M. and Grunwald
Kadow, I. C. (2015). A higher brain circuit for immediate integration of conflicting
sensory information in drosophila. Curr Biol 25, 2203-2214.

Li, C. and Kim, K. (2008). Neuropeptides. WormBook 1-36.

Li, C. and Kim, K. (2014). Family of FLP Peptides in Caenorhabditis elegans and Related
Nematodes. Front Endocrinol (Lausanne) 5, 150.

Li, B., Predel, R., Neupert, S., Hauser, F., Tanaka, Y., Cazzamali, G., Williamson, M., Arakane,
Y., Verleyen, P., Schoofs, L., et al. (2008). Genomics, transcriptomics, and peptidomics of
neuropeptides and protein hormones in the red flour beetle Tribolium castaneum.
Genome Res 18, 113-122.

Li, K., Nakajima, M., Ibafez-Tallon, I. and Heintz, N. (2016). A Cortical Circuit for Sexually
Dimorphic Oxytocin-Dependent Anxiety Behaviors. Cell 167, 60—-72.e11.

Liblau, R. S., Vassalli, A., Seifinejad, A. and Tafti, M. (2015). Hypocretin (orexin) biology and the
pathophysiology of narcolepsy with cataplexy. Lancet Neurol 14, 318-328.

Lima, S. Q., Hromadka, T., Znamenskiy, P. and Zador, A. M. (2009). PINP: a new method of
tagging neuronal populations for identification during in vivo electrophysiological
recording. PLoS ONE 4, e6099.

Lin, L., Faraco, J,, Li, R., Kadotani, H., Rogers, W.,, Lin, X., Qiu, X., de Jong, P. J., Nishino, S. and
Mignot, E. (1999). The sleep disorder canine narcolepsy is caused by a mutation in the
hypocretin (orexin) receptor 2 gene. Cell 98, 365-376.

Lingueglia, E., Champigny, G., Lazdunski, M. and Barbry, P. (1995). Cloning of the amiloride-
sensitive FMRFamide peptide-gated sodium channel. Nature 378, 730-733.

Lingueglia, E., Deval, E. and Lazdunski, M. (2006). FMRFamide-gated sodium channel and ASIC
channels: a new class of ionotropic receptors for FMRFamide and related peptides.
Peptides 27, 1138-1152.

Liu, X. and Herbison, A. E. (2016). Kisspeptin Regulation of Neuronal Activity throughout the
Central Nervous System. Endocrinol Metab (Seoul) 31, 193-205.

Lockard, M. A., Ebert, M. S. and Bargmann, C. I. (2017). Oxytocin mediated behavior in
invertebrates: An evolutionary perspective. Dev Neurobiol 77, 128-142.

Lodi, M. and Koene, J. M. (2017). Hidden female physiological resistance to male accessory
gland substances in a simultaneous hermaphrodite. J Exp Biol 220, 1026-1031.

Ludwig, M. and Leng, G. (2006). Dendritic peptide release and peptide-dependent behaviours.
Nat Rev Neurosci 7, 126—-136.

Ludwig, M., Sabatier, N., Bull, P. M., Landgraf, R., Dayanithi, G. and Leng, G. (2002).
Intracellular calcium stores regulate activity-dependent neuropeptide release from

32



903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946

dendrites. Nature 418, 85—89.

Lyubimov, Y., Engstrom, M., Wurster, S., Savola, J. M., Korpi, E. R. and Panula, P. (2010).
Human kisspeptins activate neuropeptide FF2 receptor. Neuroscience 170, 117-122.

Ma, L., MacTavish, D., Simonin, F., Bourguignon, J.-J., Watanabe, T. and Jhamandas, J. H.
(2009). Prolactin-releasing peptide effects in the rat brain are mediated through the
Neuropeptide FF receptor. Eur J Neurosci 30, 1585—-1593.

MacArthur, L. and Eiden, L. (1996). Neuropeptide genes: Targets of activity-dependent signal
transduction. Peptides 17, 721-728.

Marder, E. (2012). Neuromodulation of neuronal circuits: back to the future. Neuron 76, 1-11.

Marder, E. and Bucher, D. (2007). Understanding circuit dynamics using the stomatogastric
nervous system of lobsters and crabs. Annu Rev Physiol 69, 291-316.

McCall, C. and Singer, T. (2012). The animal and human neuroendocrinology of social cognition,
motivation and behavior. Nat Neurosci 15, 681—-688.

McVeigh, P., Atkinson, L., Marks, N. J., Mousley, A., Dalzell, J. J., Sluder, A., Hammerland, L.
and Maule, A. G. (2012). Parasite neuropeptide biology: Seeding rational drug target
selection? Int J Parasitol Drugs Drug Resist 2, 76-91.

Melzer, S., Michael, M., Caputi, A., Eliava, M., Fuchs, E. C., Whittington, M. A. and Monyer, H.
(2012). Long-range-projecting GABAergic neurons modulate inhibition in hippocampus
and entorhinal cortex. Science 335, 1506—1510.

Mena, W., Diegelmann, S., Wegener, C. and Ewer, J. (2016). Stereotyped responses of
Drosophila peptidergic neuronal ensemble depend on downstream neuromodulators.
elife 5,.

Meyer-Lindenberg, A., Domes, G., Kirsch, P. and Heinrichs, M. (2011). Oxytocin and
vasopressin in the human brain: social neuropeptides for translational medicine. Nat Rev
Neurosci 12, 524-538.

Min, S., Chae, H.-S., Jang, Y.-H., Choi, S., Lee, S., Jeong, Y. T., Jones, W. D., Moon, S. J., Kim, Y.-
J. and Chung, J. (2016). Identification of a Peptidergic Pathway Critical to Satiety
Responses in Drosophila. Curr Biol 26, 814-820.

Mirabeau, O. and Joly, J.-S. (2013). Molecular evolution of peptidergic signaling systems in
bilaterians. Proc Nat!/ Acad Sci U S A 110, E2028-37.

Nakadera, Y., Swart, E. M., Hoffer, J. N. A,, den Boon, O., Ellers, J. and Koene, J. M. (2014).
Receipt of seminal fluid proteins causes reduction of male investment in a simultaneous
hermaphrodite. Curr Biol 24, 859—-862.

Nakai, J., Ohkura, M. and Imoto, K. (2001). A high signal-to-noise Ca(2+) probe composed of a
single green fluorescent protein. Nat Biotechnol 19, 137-141.

Nakajima, M., Gorlich, A. and Heintz, N. (2014). Oxytocin modulates female sociosexual
behavior through a specific class of prefrontal cortical interneurons. Cell 159, 295-305.

Nathoo, A. N., Moeller, R. A., Westlund, B. A. and Hart, A. C. (2001). Identification of
neuropeptide-like protein gene families in Caenorhabditis elegans and other species.
Proceedings Of The National Academy Of Sciences Of The United States Of America 98,
14000--14005.

Nguyen, Q.-T., Schroeder, L. F., Mank, M., Muller, A., Taylor, P., Griesbeck, O. and Kleinfeld, D.
(2010). An in vivo biosensor for neurotransmitter release and in situ receptor activity.
Nat Neurosci 13, 127-132.

33



947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990

Nusbaum, M. P., Blitz, D. M. and Marder, E. (2017). Functional consequences of neuropeptide
and small-molecule co-transmission. Nat Rev Neurosci 18, 389—-403.

Oettl, L.-L., Ravi, N., Schneider, M., Scheller, M. F., Schneider, P., Mitre, M., da Silva Gouveia,
M., Froemke, R. C., Chao, M. V., Young, W. S., et al. (2016). Oxytocin enhances social
recognition by modulating cortical control of early olfactory processing. Neuron 90, 609—
621.

Oh, Y., Yoon, S.-E., Zhang, Q., Chae, H.-S., Daubnerov3, I., Shafer, O. T., Choe, J. and Kim, Y.-J.
(2014). A homeostatic sleep-stabilizing pathway in Drosophila composed of the sex
peptide receptor and its ligand, the myoinhibitory peptide. PLoS Biol 12, e1001974.

Oishi, S., Misu, R., Tomita, K., Setsuda, S., Masuda, R., Ohno, H., Naniwa, Y., leda, N., Inoue,
N., Ohkura, S., et al. (2011). Activation of neuropeptide FF receptors by kisspeptin
receptor ligands. ACS Med Chem Lett 2, 53-57.

Olivecrona, H. (1954). Relation of the paraventricular nucleus to the pituitary gland. Nature 173,
1001-1001.

Osterstock, G., Escobar, P., Mitutsova, V., Gouty-Colomer, L.-A., Fontanaud, P., Molino, F.,
Fehrentz, J.-A., Carmignac, D., Martinez, J., Guerineau, N. C., et al. (2010). Ghrelin
stimulation of growth hormone-releasing hormone neurons is direct in the arcuate
nucleus. PLoS ONE 5, e9159.

Ott, V., Finlayson, G., Lehnert, H., Heitmann, B., Heinrichs, M., Born, J. and Hallschmid, M.
(2013). Oxytocin reduces reward-driven food intake in humans. Diabetes 62, 3418—-3425.

Papaioannou, S., Marsden, D., Franks, C. J., Walker, R. J. and Holden-Dye, L. (2005). Role of a
FMRFamide-like family of neuropeptides in the pharyngeal nervous system of
Caenorhabditis elegans. J Neurobiol 65, 304-319.

Park, E.-J. and Kwon, T.-H. (2015). A Minireview on Vasopressin-regulated Aquaporin-2 in
Kidney Collecting Duct Cells. Electrolyte Blood Press 13, 1-6.

Parker, K. J., Oztan, O., Libove, R. A., Sumiyoshi, R. D., Jackson, L. P., Karhson, D. S., Summers,
J. E., Hinman, K. E., Motonaga, K. S., Phillips, J. M., et al. (2017). Intranasal oxytocin
treatment for social deficits and biomarkers of response in children with autism. Proc
Natl Acad Sci U S A 114, 8119-8124.

Peck, J. H., Nakanishi, S. T., Yaple, R. and Harris-Warrick, R. M. (2001). Amine modulation of
the transient potassium current in identified cells of the lobster stomatogastric ganglion.
J Neurophysiol 86, 2957—-2965.

Peck, J. H., Gaier, E., Stevens, E., Repicky, S. and Harris-Warrick, R. M. (2006). Amine
modulation of Ih in a small neural network. J Neurophysiol 96, 2931-2940.

Perello, M., Stuart, R. C. and Nillni, E. A. (2007). Differential effects of fasting and leptin on
proopiomelanocortin peptides in the arcuate nucleus and in the nucleus of the solitary
tract. Am J Physiol Endocrinol Metab 292, E1348-57.

Perello, M., Stuart, R. and Nillni, E. A. (2008). Prothyrotropin-releasing hormone targets its
processing products to different vesicles of the secretory pathway. J Biol Chem 283,
19936-19947.

Perry, J. C., Sirot, L. and Wighy, S. (2013). The seminal symphony: how to compose an ejaculate.
Trends Ecol Evol (Amst) 28, 414—422.

Pi, H.-J., Hangya, B., Kvitsiani, D., Sanders, J. I., Huang, Z. J. and Kepecs, A. (2013). Cortical
interneurons that specialize in disinhibitory control. Nature 503, 521-524.

34



991

992

993

994

995

996

997

998

999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034

Randel, N., Shahidi, R., Verasztd, C., Bezares-Calderdn, L. A., Schmidt, S. and Jékely, G. (2015).
Inter-individual stereotypy of the Platynereis larval visual connectome. elife 4, e08069.

Reghunandanan, V., Reghunandanan, R. and Singh, P. I. (1993). Neurotransmitters of the
suprachiasmatic nucleus: Role in the regulation of circadian rhythms. Prog Neurobiol 41,
647-655.

Ringstad, N. and Horvitz, H. R. (2008). FMRFamide neuropeptides and acetylcholine
synergistically inhibit egg-laying by C. elegans. Nat Neurosci 11, 1168-1176.

Rodgers, E. W., Krenz, W.-D., Jiang, X,, Li, L. and Baro, D. J. (2013). Dopaminergic tone regulates
transient potassium current maximal conductance through a translational mechanism
requiring D1Rs, cAMP/PKA, Erk and mTOR. BMC Neurosci 14, 143.

Rodriguez-Molina, V., Patifio, J., Vargas, Y., Sdnchez-Jaramillo, E., Joseph-Bravo, P. and Charli,
J.-L. (2014). TRH regulates action potential shape in cerebral cortex pyramidal neurons.
Brain Res 1571, 1-11.

Rojo Romanos, T., Petersen, J. G. and Pocock, R. (2017). Control of Neuropeptide Expression by
Parallel Activity-dependent Pathways in Caenorhabditis elegans. Sci Rep 7, 38734.

Romanov, R. A,, Zeisel, A., Bakker, J., Girach, F., Hellysaz, A., Tomer, R., Alpar, A., Mulder, J.,
Clotman, F., Keimpema, E., et al. (2017). Molecular interrogation of hypothalamic
organization reveals distinct dopamine neuronal subtypes. Nat Neurosci 20, 176-188.

Root, C. M., Ko, K. I., Jafari, A. and Wang, J. W. (2011). Presynaptic facilitation by neuropeptide
signaling mediates odor-driven food search. Cell 145, 133-144.

Schlegel, P., Texada, M. J., Miroschnikow, A., Schoofs, A., Hiickesfeld, S., Peters, M.,
Schneider-Mizell, C. M., Lacin, H., Li, F., Fetter, R. D., et al. (2016). Synaptic transmission
parallels neuromodulation in a central food-intake circuit. elife 5,.

Scott, E., Hudson, A., Feist, E., Calahorro, F., Dillon, J., de Freitas, R., Wand, M., Schoofs, L.,
O’Connor, V. and Holden-Dye, L. (2017). An oxytocin-dependent social interaction
between larvae and adult C. elegans. Sci Rep 7, 10122.

Sehgal, A. and Mignot, E. (2011). Genetics of sleep and sleep disorders. Cell 146, 194—-207.

Semmens, D. C. and Elphick, M. R. (2017). The evolution of neuropeptide signalling: insights
from echinoderms. Brief Funct Genomics.

Shahidi, R., Williams, E. A., Conzelmann, M., Asadulina, A., Veraszt9g, C., Jasek, S., Bezares-
Calderdn, L. A. and Jékely, G. (2015). A serial multiplex immunogold labeling method for
identifying peptidergic neurons in connectomes. elife 4,.

Smith, C. M., Walker, A. W., Hosken, I. T., Chua, B. E., Zhang, C., Haidar, M. and Gundlach, A. L.
(2014). Relaxin-3/RXFP3 networks: an emerging target for the treatment of depression
and other neuropsychiatric diseases? Front Pharmacol 5, 46.

Sohn, J.-W., ElImquist, J. K. and Williams, K. W. (2013). Neuronal circuits that regulate feeding
behavior and metabolism. Trends Neurosci 36, 504-512.

Sonnenberg, J. L., Rauscher, F. J., Morgan, J. I. and Curran, T. (1989). Regulation of
proenkephalin by Fos and Jun. Science 246, 1622—-1625.

Sossin, W. S., Sweet-Cordero, A. and Scheller, R. H. (1990). Dale’s hypothesis revisited:
different neuropeptides derived from a common prohormone are targeted to different
processes. Proc Natl Acad Sci U S A 87, 4845-4848.

Stein, W., DeLong, N. D., Wood, D. E. and Nusbaum, M. P. (2007). Divergent co-transmitter
actions underlie motor pattern activation by a modulatory projection neuron. Eur J

35



1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078

Neurosci 26, 1148—-1165.

Steuer Costa, W., Yu, S.-C., Liewald, J. F. and Gottschalk, A. (2017). Fast cAMP Modulation of
Neurotransmission via Neuropeptide Signals and Vesicle Loading. Curr Biol 27, 495-507.

Stewart, M. J., Wang, T., Koene, J. M., Storey, K. B. and Cummins, S. F. (2016). A “love” dart
allohormone identified in the mucous glands of hermaphroditic land snails. J Biol Chem
291, 7938-7950.

Stoop, R. (2012). Neuromodulation by oxytocin and vasopressin. Neuron 76, 142—159.

Sutton, A. K., Pei, H., Burnett, K. H., Myers, M. G., Rhodes, C. J. and Olson, D. P. (2014). Control
of food intake and energy expenditure by Nos1 neurons of the paraventricular
hypothalamus. J Neurosci 34, 15306-15318.

Swensen, A. M. and Marder, E. (2000). Multiple peptides converge to activate the same
voltage-dependent current in a central pattern-generating circuit. J Neurosci 20, 6752—
6759.

Swensen, A. M. and Marder, E. (2001). Modulators with convergent cellular actions elicit
distinct circuit outputs. J Neurosci 21, 4050-4058.

Taghert, P. H. and Nitabach, M. N. (2012). Peptide neuromodulation in invertebrate model
systems. Neuron 76, 82-97.

Tang, L. S., Goeritz, M. L., Caplan, J. S., Taylor, A. L., Fisek, M. and Marder, E. (2010). Precise
temperature compensation of phase in a rhythmic motor pattern. PLoS Biol 8,.

Tang, L. S., Taylor, A. L., Rinberg, A. and Marder, E. (2012). Robustness of a rhythmic circuit to
short- and long-term temperature changes. J Neurosci 32, 10075-10085.

Taniguchi, H., He, M., Wu, P., Kim, S., Paik, R., Sugino, K., Kvitsiani, D., Fu, Y., Lu, J., Lin, Y., et
al. (2011). A resource of Cre driver lines for genetic targeting of GABAergic neurons in
cerebral cortex. Neuron 71, 995-1013.

Tasic, B., Menon, V., Nguyen, T. N., Kim, T. K., Jarsky, T., Yao, Z., Levi, B., Gray, L. T., Sorensen,
S. A., Dolbeare, T., et al. (2016). Adult mouse cortical cell taxonomy revealed by single
cell transcriptomics. Nat Neurosci 19, 335—-346.

Terhzaz, S., Alford, L., Yeoh, J. G., Marley, R., Dornan, A. J., Dow, J. A. and Davies, S. A. (2017).
Renal neuroendocrine control of desiccation and cold tolerance by Drosophila suzukii.
Pest Manag Sci.

Thirumalai, V. and Marder, E. (2002). Colocalized neuropeptides activate a central pattern
generator by acting on different circuit targets. J Neurosci 22, 1874—-1882.

Tian, S., Zandawala, M., Beets, |., Baytemur, E., Slade, S. E., Scrivens, J. H. and Elphick, M. R.
(2016). Urbilaterian origin of paralogous GnRH and corazonin neuropeptide signalling
pathways. Sci Rep 6, 28788.

Tung, Y. C. L., Piper, S. J., Yeung, D., O’Rahilly, S. and Coll, A. P. (2006). A comparative study of
the central effects of specific proopiomelancortin (POMC)-derived melanocortin
peptides on food intake and body weight in pomc null mice. Endocrinology 147, 5940—
5947.

van den Pol, A. N. (2012). Neuropeptide transmission in brain circuits. Neuron 76, 98-115.

Van Sinay, E., Mirabeau, O., Depuydt, G., Van Hiel, M. B., Peymen, K., Watteyne, J., Zels, S.,
Schoofs, L. and Beets, I. (2017). Evolutionarily conserved TRH neuropeptide pathway
regulates growth in Caenorhabditis elegans. Proc Natl Acad Sci U S A.

Varela, L. and Horvath, T. L. (2012). Leptin and insulin pathways in POMC and AgRP neurons

36



1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122

that modulate energy balance and glucose homeostasis. EMBO Rep 13, 1079-1086.

Veenstra, J. A., Agricola, H.-J. and Sellami, A. (2008). Regulatory peptides in fruit fly midgut. Cell
Tissue Res 334, 499-516.

Vollmer, L. L., Schmeltzer, S., Schurdak, J., Ahlbrand, R., Rush, J., Dolgas, C. M., Baccei, M. L.
and Sah, R. (2016). Neuropeptide Y impairs retrieval of extinguished fear and modulates
excitability of neurons in the infralimbic prefrontal cortex. J Neurosci 36, 1306—1315.

Vosko, A. M., Schroeder, A., Loh, D. H. and Colwell, C. S. (2007). Vasoactive intestinal peptide
and the mammalian circadian system. Gen Comp Endocrinol 152, 165-175.

Wacker, D. W. and Ludwig, M. (2012). Vasopressin, oxytocin, and social odor recognition. Horm
Behav 61, 259-265.

Walker, R. J., Papaioannou, S. and Holden-Dye, L. (2009). A review of FMRFamide- and
RFamide-like peptides in metazoa. Invert Neurosci 9, 111-153.

Wallis, M. (2010). Molecular evolution of the thyrotrophin-releasing hormone precursor in
vertebrates: insights from comparative genomics. J Neuroendocrinol 22, 608—619.

Wang, J. W. (2012). Presynaptic modulation of early olfactory processing in Drosophila. Dev
Neurobiol 72, 87-99.

Watts, R. A., Palmer, C. A., Feldhoff, R. C., Feldhoff, P. W., Houck, L. D., Jones, A. G., Pfrender,
M. E., Rollmann, S. M. and Arnold, S. J. (2004). Stabilizing selection on behavior and
morphology masks positive selection on the signal in a salamander pheromone signaling
complex. Mol Biol Evol 21, 1032-1041.

Werner, H., Weinstein, D. and Bentov, I. (2008). Similarities and differences between insulin
and IGF-I: structures, receptors, and signalling pathways. Arch Physiol Biochem 114, 17—
22.

White, J. G., Southgate, E., Thomson, J. N. and Brenner, S. (1986). The structure of the nervous
system of the nematode Caenorhabditis elegans. Philos Trans R Soc Lond, B, Biol Sci 314,
1-340.

Williams, E. A., Verasztd, C., Jasek, S., Conzelmann, M., Shahidi, R., Bauknecht, P. and Jékely,
G. (2017). Synaptic and peptidergic connectome of a neurosecretory centre in the
annelid brain. BioRxiv.

Wood, D. E., Stein, W. and Nusbaum, M. P. (2000). Projection neurons with shared
cotransmitters elicit different motor patterns from the same neural circuit. J Neurosci 20,
8943-8953.

Worthington, W. C. (1966). Blood samples from the pituitary stalk of the rat: method of
collection and factors determining volume. Nature 210, 710-712.

Xu, Y.-L., Reinscheid, R. K., Huitron-Resendiz, S., Clark, S. D., Wang, Z., Lin, S. H., Brucher, F. A,
Zeng, J., Ly, N. K., Henriksen, S. J., et al. (2004). Neuropeptide S: a neuropeptide
promoting arousal and anxiolytic-like effects. Neuron 43, 487-497.

Yamane, T., Goenaga, J., Ronn, J. L. and Arnqvist, G. (2015). Male seminal fluid substances
affect sperm competition success and female reproductive behavior in a seed beetle.
PLoS ONE 10, e0123770.

Yasothornsrikul, S., Greenbaum, D., Medzihradszky, K. F., Toneff, T., Bundey, R., Miller, R.,
Schilling, B., Petermann, l., Dehnert, J., Logvinova, A., et al. (2003). Cathepsin L in
secretory vesicles functions as a prohormone-processing enzyme for production of the
enkephalin peptide neurotransmitter. Proc Nat/ Acad Sci U S A 100, 9590-9595.

37



1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142

Zhang, B. and Harris-Warrick, R. M. (1994). Multiple receptors mediate the modulatory effects
of serotonergic neurons in a small neural network. J Exp Biol 190, 55-77.

Zhang, B. and Harris-Warrick, R. M. (1995). Calcium-dependent plateau potentials in a crab
stomatogastric ganglion motor neuron. I. Calcium current and its modulation by
serotonin. J Neurophysiol 74, 1929-1937.

Zhang, X., Bao, L. and Ma, G.-Q. (2010). Sorting of neuropeptides and neuropeptide receptors
into secretory pathways. Prog Neurobiol 90, 276-283.

Zhang, X., Petruzziello, F., Zani, F., Fouillen, L., Andren, P. E., Solinas, G. and Rainer, G. (2012).
High identification rates of endogenous neuropeptides from mouse brain. J Proteome
Res 11, 2819-2827.

Zitnan, D. and Adams, M. E. (2012). Neuroendocrine regulation of ecdysis. In Insect
Endocrinology, pp. 253—309. Elsevier.

Zitnan, D., Kingan, T. G., Hermesman, J. L. and Adams, M. E. (1996). Identification of ecdysis-
triggering hormone from an epitracheal endocrine system. Science 271, 88-91.

Zizzari, Z. V., Smolders, I. and Koene, J. M. (2014). Alternative delivery of male accessory gland
products. Front Zool 11, 32.

38



1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

Figure 1. Proneuropeptides and processing. (A) Structure of the myoinhibitory peptide precursor
in Bombyx mori. ‘SP’, signal peptide, ‘KR’, dibasic cleavage sites. The precursor generates eight
neuropeptides listed below. The number in brackets after each peptide indicates the number of
copies produced from one precursor molecule. (B) Tissue-specific processing of the bovine
proopiomelanocortin, POMC, precursor. At the top the organisation of the peptide precursor
molecule with SP and dibasic cleavage sites is shown. Two panels underneath show processing in
the anterior lobe of the mammalian pituitary and in the intermediate lobe and hypothalamus which
generates neuropeptides as indicated. (C) Alternative splicing generates two isoforms with tissue-
specific expression in Drosophila orcokinin. (D) Generalised summary of the steps of

proneuropeptide processing.
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Figure 2. Regulation of peptidergic signalling. (A) Release and reception of neuropeptide signals
can be regulated at (1) transcription of the proneuropeptide gene (2) translation into a
proneuropeptide, (3) post-translational processing in the endoplasmic reticulum (ER), (4) sorting
into Golgi vesicles (5) vesicular transport, (6) localization to readily releasable pool/priming, (7)
release, (8) diffusion and degradation, (9) binding to receptors (10) expression and regulation of
receptors and (11) regulation of ensuing signalling cascade. (B) Neuropeptides can signal across
different ranges. Two short-range examples are shown enabling signalling to self (auto) or
neighbouring cells, plus two long range through non-synaptic volume transmission. (C)
Neuropeptide signalling can be organized into neuropeptide cascades. (D) Neuropeptide signals
can be divergent, in which the same peptide activates different receptors (Rec.1 etc.) on the same
or different target cells, leading to different signalling responses, or convergent, in which a number
of different peptides must be present to activate associated receptors on the same cell, leading to a

single signalling response.
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Figure 3. Analysis of global neuropeptide connectivity in small nervous systems. (A) Multilayer
representation of synaptic (chemical synapses and gap junctions), monoamine, and neuropeptide
networks in the nematode Caenorhabditis elegans. Nodes correspond to individual cells. (B)
Mapping neuropeptidergic connections in the larval nervous system of the marine annelid
Platynereis dumerilii. All neuroendocrine cells in the anterior brain and their synaptic connectome
were reconstructed by serial electron microscopy (EM). Neuropeptidegic networks can be mapped
from single-cell transcriptomic data. Images reproduced from (Bentley et al., 2016) and (Williams
et al., 2017). Scanning EM images courtesy of Jiirgen Berger. FMRFamide; Phe-Met-Arg-Phe
neuropeptide, DA, dopamine; 5-HT, 5-hydroxytryptamine (serotonin); TA, tyramine; OA,
octopamine; CKR2, cholecystokinin; NTR-1, oxytocin/vasopressin; NPR-1/2/5/11, neuropeptide

F/Y receptors.
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Figure 4. Methods to study neuropeptide signalling and release in mouse. (A) Bath application of
neuropeptides combined with patch-clamp recording or calcium imaging with genetically encoded
calcium indicators (GECIs). (B) The binding of labelled peptides or the release of endogenous
peptides can be studied by imaging methods. Released peptides can be recovered by microdialysis
followed by mass spectrometric or ELISA analysis. (C) Schematic of CNiFER to study
neuropeptide release: Engineered cells express a receptor and fluoresce upon ligand binding. (D)
iTango?2 to study neuropeptide release: A reporter is activated by a light stimulus allowing more

precise temporal and spatial analysis.
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1198  Figure 5. Studying the role of neuropeptide signalling in Caenorhabditis elegans. The vasopressin
1199 homolog nematocin signals in distinct cellular contexts to effect mating behaviour in males and
1200  gustatory associative learning in hermaphrodites. The male nematocin neurons are shown in blue
1201  and the neurons expressing the receptors, NTR-1 and NTR-2, are shown in green.

1202

47



1203

1204

Caenorhabditis elegans

male

Y

DWVA mechanosensory neuron
nematocin release

NTR-1/NTR-2 activation in
male-specific sensory neurons

AVK interneurons
nematocin release

NTR-1 activation in
ASEL gustatory neuron

[male mating behaviour |

[gustatory associative learning |

hermaphredite

48



1205

1206

1207

1208

1209

1210

1211

1212

1213

1214

Figure 6. Studying neuromodulation and circuit robustness in the stomatogastric ganglion of
Cancer borealis. (A) The stomatogastric ganglion (STG) is modulated by tens of substances,
including peptides, hormonally through the hemolymph and from descending modulatory neural
inputs. (B) Different modulatory environments allow for the same structural network (displayed by
a simplified wiring diagram of three neurons connected with reciprocal inhibition) to produce
multiple behavioural outputs. (C) Peptide neuromodulators can increase the robustness of network
output in response to temperature perturbation. The rhythm is altered at 27°C when no modulators
are present. The characteristic rhythm is robust to temperature increase in the presence of a peptide

modulatory substance.
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Figure 7. Studying neuropeptide effects in the fruit fly. (A) Short neuropeptide F (sNPF) and
tachykinin (TK) modulate food odor preference in a feeding-state-dependent manner. Left:
Starvation upregulates expression of the sNPF receptor in food attraction mediating olfactory
receptor neurons downstream of insulin. sNPF, released from the same neurons, activates the
receptor and triggers facilitation at the synapse between the olfactory sensory neuron and the
secondary projection neurons. Right: In parallel to sNPF, the TK receptor DTRK is activated in
aversion triggering ORNs by TK, released by local interneurons. This triggers inhibition at ORN-
PN synapses. Together these mechanisms increase attraction to food odors in starved flies. (B)
Myoinhibitory peptides (MIPs) regulate mating-state dependent food and oviposition site choice
through the sex-peptide receptor in polyamine-sensing olfactory and gustatory neurons. SPR is
upregulated in ORNs and gustatory neurons upon mating. MIPs activate SPR signalling and inhibit
and activate release from the ORN or GRN, respectively. These modulations induce mated fly-like
choice behaviour in virgin females. These examples demonstrate neuropeptidergic modulation at
the first level of sensory processing and suggest that internal states lead to information filtering
before it can be detected by higher cognitive centres in the brain. DTKR, tachykinin-like peptides
receptor; ORN, olfactory receptor neuron; GRNR, gustatory receptor neuron; sNPFR,

sNPF receptor; SPR, sex-peptide receptor.
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Figure 8. Modulation of reproductive processes in simultaneous hermaphrodites by accessory
gland proteins. Accessory gland proteins (Acps) are transferred during mating in gastropods. Two
species are shown, the land snail Cornu aspersum and below the fresh water snail Lymnaea
stagnalis. On the right the effects of Acps on the recipient (in gray) are shown. For C. aspersum,
Acps are transported via the love dart separate from the sperm package (spermatophore; depicted
as an oval with sperm inside); for L. stagnalis the Acps are transferred via seminal fluid (depicted
as a drop shape containing sperm). The identified proteins are indicated along with their
demonstrated effect (i.e. LDA, LyAcp). The left side indicates what would happen in the absence

of these Acps.
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