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Lingjun Li"4#

ABSTRACT

Neuropeptides are one of the most diverse classes of signaling
molecules and have attracted great interest over the years owing to
their roles in regulation of a wide range of physiological processes.
However, there are unique challenges associated with neuropeptide
studies stemming from the highly variable molecular sizes of the
peptides, low in vivo concentrations, high degree of structural
diversity and large number of isoforms. As a result, much effort has
been focused on developing new techniques for studying
neuropeptides, as well as novel applications directed towards
learning more about these endogenous peptides. The areas of
importance for neuropeptide studies include structure, localization
within tissues, interaction with their receptors, including ion channels,
and physiological function. Here, we discuss these aspects and the
associated techniques, focusing on technologies that have
demonstrated potential in advancing the field in recent years. Most
identification and structural information has been gained by mass
spectrometry, either alone or with confirmations from other
techniques, such as nuclear magnetic resonance spectroscopy and
other spectroscopic tools. While mass spectrometry and
bioinformatic tools have proven to be the most powerful for large-
scale analyses, they still rely heavily on complementary methods for
confirmation. Localization within tissues, for example, can be probed
by mass spectrometry imaging, immunohistochemistry and
radioimmunoassays. Functional information has been gained
primarily from behavioral studies coupled with tissue-specific
assays, electrophysiology, mass spectrometry and optogenetic
tools. Concerning the receptors for neuropeptides, the discovery of
ion channels that are directly gated by neuropeptides opens up the
possibility of developing a new generation of tools for neuroscience,
which could be used to monitor neuropeptide release or to specifically
change the membrane potential of neurons. It is expected that future
neuropeptide research will involve the integration of complementary
bioanalytical technologies and functional assays.
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Introduction

Neuropeptides are a class of endogenous peptides that act as long-
lasting neurotransmitters in the nervous system and other target
organs. By signaling via synapses or volume transmission via
diffusion, as well as via long-range signaling as circulating
hormones, neuropeptides and their receptors play an important
role in several key processes. When a neuron releases
neuropeptides, the binding of the neuropeptide to its receptor on a
receiving cell causes conformational changes within the receptor
that, depending on the type of receptor, either open ion channels or
activate coupled G proteins that can cause a series of downstream
effects within the cell (van den Pol, 2012). As neuropeptides are a
highly diverse class of signaling molecules in the brain and other
peripheral organs, their structures, functions and localization are of
great interest and relevance (Hughes and Woodruff, 1992). The
extent of their implied roles in normal biological processes has been
a point of focus in studies over the years (Hook and Bandeira, 2015;
Zhang et al., 2014). Abnormalities in their expression can contribute
to various neurological diseases by altering the function of specific
neurons, and so understanding the mechanisms of neuropeptide
signaling can help researchers to better understand these diseases
and develop more focused and effective treatments (Beal and
Martin, 2016). Furthermore, neuropeptides have been implicated in
the regulation of normal biological functions, such as feeding
regulation (Chen et al., 2010b; Gomes et al., 2013), and the
adaptation to external factors, such as temperature fluctuation (Chen
et al., 2014), and internal stress factors, including depression,
anxiety and post-traumatic stress disorder (Kormos and Gaszner,
2013; Reichmann and Holzer, 2016). As a result, understanding the
specific role individual neuropeptides play in response to
interactions with the environment and in the execution of
biological functions can provide a greater understanding of the
underlying mechanisms at the cellular and systemic level.
Investigations of the relationship between neuropeptides and their
receptors are useful for the development of drug molecules for
treating diseases or for otherwise manipulating interactions between
peptidergic neurons, such as the treatment of specific symptoms
(e.g. chemotherapy-induced emesis) (Hokfelt et al., 2003).

While neuropeptides are interesting biomolecules that have
important roles in regulating a wide range of physiological
processes, they have numerous characteristics that make them
challenging to study. Because neuropeptides can be used as
modulators for signaling locally between neurons as well as
functioning as hormones that can travel a long distance to target
sites, the in vivo concentrations can vary dramatically. Furthermore,
low concentrations of neuropeptides can have profound effects —
these signaling molecules are typically present at low endogenous
concentrations, up to 1000-fold or lower than classical
neurotransmitters and other metabolites (Romanova and
Sweedler, 2015). This challenge is exacerbated by the lack of a
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Glossary

Depolarizing

Increasing the membrane potential (towards a less negative voltage)
Desensitizing

Becoming insensitive to a ligand upon prolonged exposure to it, causing,
for example, an ion channel to close even though it has a ligand

bound

Hyperpolarizing

Decreasing the membrane potential (towards a more negative voltage)
MS3 level

In mass spectrometry, during MS1 level acquisition, an m/z of interest
is selected for fragmentation (tandem MS, MS/MS or MS2) to obtain
key structural information. A MS2 ion can then be selected further to
undergo another stage of fragmentation, which is referred to MS3
level.

Patch pipette

The recording electrode in a patch clamp electrode set up. The electrode
is usually a glass micropipette.

Postsynaptic membrane

Synapses are the sites of contact of a neuron with another cell. At the
presynaptic membrane, the neuron releases the transmitter. At the
postsynaptic membrane, the other cell, which can for example be
another neuron or a muscle cell, receives the transmitter. The
presynaptic and postsynaptic cells are separated from each other by
the synaptic cleft.

Sequence coverage

The percentage of a neuropeptide’s sequence that is identified in a mass
spectrometry experiment. Higher sequence coverage corresponds to a
more confident identification for a given neuropeptide.

Western blotting

An antibody-based technique to visualize proteins in a sample.
Classically, a separation, such as gel electrophoresis, is done prior to
exposing the proteins to the antibodies.

digesting enzyme for a typical neuropeptide analysis workflow, as
these molecules are products of proteolytic processing and post-
translational modifications (PTMs) that occur inside cells or during
transportation. As such, there is only one opportunity for detecting
each peptide, unlike in ‘bottom-up’ proteomic studies, where a
single unique tryptic fragment is sufficient to detect a protein
(Fricker et al., 2006). This necessitates the development of highly
sensitive detection methods in order to avoid large sample
requirements. Additionally, sample processing methods need to
be fast because, as with other signaling molecules, neuropeptides
are prone to rapid degradation. Thus, it is often difficult to identify
peptides as endogenous and not simply the product of a degraded
larger protein, further complicating analysis (Schrader et al., 2014).
Additionally, there is a large amount of variability between different
neuropeptides, either owing to possession of different sequences but
with the same mass or because of them having numerous PTMs (Li
and Sweedler, 2008). Even when the structure has been identified,
there are still complications. Neuropeptides can have the same
structure but different functions or have different functions
depending on the cell type and nearby receptors (Morimoto et al.,
2008). Furthermore, as many isoforms exist for various
neuropeptide families, localization of specific neuropeptides can
be challenging owing to difficulties assigning mass spectral peaks to
specific peptides (Hanrieder et al., 2012).

Despite these difficulties, much progress has been made over the
years to characterize neuropeptides, including gaining information
about their structure, function and localization within cells and the
whole neuroendocrine system. Here, we focus on reviewing recent
advancements made in developing techniques and applications to
study neuropeptides and their receptors, while pausing to offer

insights into the direction in which the field is moving. The areas
described include structural elucidation of neuropeptides, methods
for their localization, and their functional assessment, as depicted in
Fig. 1 and summarized in Table 1, all of which are required to
understand neuropeptide biology comprehensively. We also present
a case study on the characterization of peptide-gated ion channels
and how they might be modified into new tools for neuroscience.
While space constraints mean that we do not intend to provide a
comprehensive account of all recent publications, we nevertheless
provide notable highlights of some key developments made within
the past few years.

Elucidation of neuropeptide structures

Perhaps the most important information gained about
neuropeptides relates to their structures (e.g. amino acid
sequence, PTMs, folding pattern, binding sites), as these provide
insights into their function and biological mechanisms. However,
gaining this information can be challenging and cumbersome.
While it has been almost a century since the first neuropeptide,
substance P, was discovered (von Euler and Gaddum, 1931), and
nearly 50 years since the sequence of that peptide was determined
(Chang et al., 1971), technology has since developed impressively,
and there are now records of almost 6000 neuropeptide sequences
across all species (Wang et al., 2015).

Early work in structural elucidation relied on Edman degradation,
atechnique developed by Pehr Edman, in which peptides are reacted
with phenyl isothiocyanate at the N-terminus and analyzed one
amino acid at a time as each residue is removed (Edman, 1950).
Successful sequencing using Edman degradation relies on the
peptide being present in high concentrations (>1 picomolar) and at
high purity. While Edman degradation is a classic method that
allowed for the sequencing of many neuropeptides early on, it is less
widely used, as other, more high-throughput, methods have
emerged in recent years. The technique is still used in some
applications, although mostly coupled with mass spectrometry
(MS). For example, it has been successfully used to sequence a
novel neuropeptide, Y-HS, in leeches (Liu et al., 2016¢), to discover
a novel arrangement of cysteine residues in a neuropeptide from a
worm-hunting snail (Aguilar et al., 2013), and to determine the
sequence of human and mouse urocortin 2, a member of the
corticotropin-releasing factor neuropeptide family (Vaughan et al.,
2013). Although Edman degradation has proven to be a useful
addition to other techniques in these applications, the method has
largely been replaced with higher-throughput and more-sensitive
methods, such as MS, in the past decade.

Currently, MS serves as the method of choice for sequencing and
determining the PTMs of neuropeptides (Gilsh and Vachet, 2003; Li
and Sweedler, 2008; Potocnik et al., 2017; Romanova and
Sweedler, 2015). MS has proven to be useful for detecting small
amounts of peptides in complex biological samples, making it a
high-throughput and versatile technique ideal for the study of
endogenous neuropeptides. This advancement has enabled the
emergence of ‘neuropeptidomics’, studying the entire neuropeptide
complement as a whole either by comparing spectra to a database of
known neuropeptides or de novo sequencing to discover new
neuropeptides (Steen and Mann, 2004). Fig. 2 shows how MS
spectra can be used to assign sequences by matching fragment ion
masses to amino acids based on cleavage patterns and comparing
the de novo sequences to those predicted based on genomic data.

Numerous studies have been performed using a variety of specific
MS techniques. These techniques and their results have been
comprehensively reviewed elsewhere (Buchberger et al., 2015;
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Fig. 1. A general depiction of the importance of
structure, function and localization to provide
key information about a neuropeptide. Several
methods for each area of the Venn diagram are
highlighted. For structure tools, MS, computational
prediction and NMR are shown. MALDI MSI and

Function

Mass spectrometry Electrophysiology IHC are the examples depicted for tools to provide
localization. For understanding functionality,
Computation g quantification, behavioral studies and
& _ Behavioral electrophysiology are core techniques.
prediction studies

Neuropeptide

NMR

MALDI MSI

IHC

Localization

Romanova and Sweedler, 2015), but noteworthy strides have been
made recently, such as developments in analyzing neuropeptides rich
in disulfide bonds, which in the past has been a particularly laborious
task. A new method has recently been developed for identifying
disulfide bonds by alkylating peptides and then performing targeted
fragmentation on disulfide-bonded peptides (Yu et al., 2015).
Another method has integrated MS and nuclear magnetic
resonance (NMR) techniques for rapid identification and
characterization of disulfide bonds using only 4 ng of a peptide
sample. The method involved studying the mass differences between
folded and unfolded neuropeptides. As disulfide bond formation
results in a mass difference of ~2 Da due to the loss of two hydrogen
atoms, and these disulfide bonds are not present in unfolded peptides,
the mass differences can be used to assess the number of disulfide
bonds present in a folded peptide. The presence of disulfide bonds
can then be confirmed with NMR (Anand et al., 2016). Another
challenge with neuropeptidomics is that neuropeptides degrade
substantially over time. A new, high-throughput framework for
neuropeptide identification has recently been developed for fast high-
throughput analysis, minimizing neuropeptide degradation. With this
method, researchers were able to successfully identify thousands of
neuropeptides and post-translational modifications (Secher et al.,
2016). Additionally, neuropeptide sequence coverage has been
shown to improve when coupling several techniques of
fragmentation (e.g. high-energy collisional dissociation and
electron-transfer dissociation) (Frese et al., 2013; Schmidlin et al.,
2015; Shen etal., 2011), especially when utilizing dual fragmentation
with electron-transfer high-energy collisional dissociation (EThcD)
(Frese et al., 2012; Yu et al., 2017).

0 10 20 30
Concentration (M)

Quantification

Advances have also been made in the characterization of novel
neuropeptides from model organisms, expanding our knowledge of
existing neuropeptides. By combining matrix-assisted laser
desorption/ionization (MALDI) and electrospray ionization (ESI)
MS to characterize the carpenter ant neuropeptidome, 39
neuropeptides were identified (Schmitt et al., 2015). The beetle
neuropeptidome has also been expanded within the past year, with
novel neuropeptides from the adipokinetic hormone family
sequenced with ESI-MS and tandem MS. These were confirmed
by co-eluting each naturally existing neuropeptide with its synthetic
neuropeptide by means of liquid chromatography (LC) (Géde et al.,
2015, 2016). One other noteworthy group of organisms seeing
significant growth in knowledge of its neuropeptidome has been
members of the subphylum crustacea. Multidimensional MS
techniques have been successfully implemented in both defining
neuropeptidomes, such as that of the spiny lobster (Ye et al., 2015),
and discovering numerous novel neuropeptides (Hui et al., 2013; Jia
etal., 2013). As a complementary separation technique, ion mobility
spectrometry (IMS) is currently experiencing rapid growth, and its
use in conjunction with MS has allowed for a more comprehensive
study of peptide structure (Kanu et al., 2008). Recently, ion mobility
spectrometry (IMS) has been used for conformational studies
investigating the role of the penultimate proline residue (Glover
etal., 2015) and D-amino acid-containing peptide epimers (Jiaetal.,
2014; Pang et al., 2017), and it is expected that more structural
knowledge will come from IMS in future studies.

The capabilities of MS for discovery and characterization of
neuropeptides have been greatly assisted by the development of
computational methods for predicting neuropeptides from precursor
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Table 1. A summary of notable techniques commonly used to provide information about the three major areas of neuropeptide research: structure,

localization and function

Area of
interest Technique Description Key references
Structure Mass spectrometry Determines sequences, PTMs and structural information Secher et al., 2016; Gade et al., 2016;
Glover et al., 2015
In silico prediction Predicts sequences and structure from precursor protein Christie, 2014; Wong et al., 2016; Bigot
and gene sequences etal., 2014
NMR Gives information into conformations and folding patterns Robinson et al., 2016; Xie et al., 2015;
Kaiser et al., 2015
Spectroscopy Uses characteristic peaks to identify folding patterns Hegefeld et al., 2011; Schneider et al.,
2016
X-ray crystallography Characterizes key structural sites with high spatial resolution ~ Hassler et al., 2014; Yin et al., 2014
Localization Immuno assays Enables localization for virtually any peptide using Singh et al., 2016; Husson et al., 2009;
antibodies Rowe and Elphick, 2012
In situ hybridization Target-specific expression mapping of neuropeptide- Levsky and Singer, 2003; Qian and
encoding genes Lloyd, 2003; Atkinson et al., 2016
Promotor::reporter gene constructs Enables transcript detection in living cells and organisms Kim and Li, 2004; Clynen et al., 2010;
Turek et al., 2016
MSI Capable of imaging entire neuropeptidomes without prior Chen et al., 2016a; Mark et al., 2012;
knowledge OuYang et al., 2015a
Bio imaging and microscopy Maps the architecture of the nervous system Schmidt-Rhaesa et al., 2016; Fricker,
2012; Bixel et al., 2015
Function Behavioral studies Common first step to obtaining a general understanding of Zhang et al., 2016; Kasica et al., 2016;

function to judging potential for disease treatment
Provides understanding of synaptic mechanisms

Electrophysiology

Quantitative analyses (western
blotting, ELISA, MS, etc.)

Implies functions by measuring changes in neuropeptide
levels due to specific behaviors or conditions

Flores-Burgess et al., 2017

Kuksis and Ferguson, 2014; Li et al.,
2016; Otopalik et al., 2017

Liu et al., 2016a; Schmerberg and Li,
2013b; Bilgic et al., 2016

Each technique described has the potential to provide deep insight into neuropeptide biology, and often provide complementary information to other techniques.
Several key references are indicated for each that demonstrate current trends in the field.

proteins and gene sequences. The area of in silico prediction has
seen substantial growth in the past few years, with neuropeptidomes
being predicted for a wide variety of organisms and novel
neuropeptides being targeted for more focused analyses (Christie,
2014). Coupling these informatics approaches to other methods of
analysis, particularly MS, has allowed for an expanded coverage of
neuropeptidomes, which is important for species without a fully
sequenced genome, especially when one transcript can produce
several neuropeptides (Christie, 2014; Wong et al., 2016). For
example, the crab Cancer borealis peptidome was doubled by
mining its neural transcriptome (Christie and Pascual, 2016). As a
complementary technique, researchers have also made use of in
silico prediction methods to characterize neuropeptide receptors,
which gives insight into both structural and functional properties by
assessing similarities to previously characterized receptors (Bigot
et al., 2014). Computational efforts have further been directed
toward compiling databases of known neuropeptides to provide
comprehensive coverage and compare neuropeptides detected in
different species. The most recent of these, NeuroPep, contains
almost 6000 entries (Wang et al., 2015). Resampling approaches are
being developed to improve database matching, allowing for better
identifications in terms of both quality and quantity (Akhtar et al.,
2014).

By combining information about structure gained from MS with
other powerful analytical tools, researchers have been able to gain
better insight into the overall structural composition of
neuropeptides. Various types of NMR techniques have been
implemented for studying neuropeptides, which are particularly
valuable for characterizing folding patterns. Fig. 3 shows an
example of how several complementary NMR experiments can be
combined to assess the structural conformation of a neuropeptide, as
was done to determine the conformational patterns of the hormone

pheromonotropin that controls larval sex pheromone production
(Bhattacharya et al., 2015). Several recent advances have been made
in understanding the secondary structure of neuropeptides. As an
example, a precursor protein existing in marine snail venom was
investigated by using solution NMR structural determination and
was found to have a disulfide-directed B-hairpin fold, which initiates
folding in other disulfide-containing areas of the peptide (Robinson
et al., 2016). Some neuropeptides have been found to lack
secondary structure, as in the case of an RFamide neuropeptide
discovered in cone snail venom (Robinson et al., 2015). As
structural characteristics are important for the interaction between
neuropeptides and their receptors, many recent advances have used
NMR to characterize these relationships, such as determining which
conformations are important for biological activity, as has been
investigated for various analogs of an allatostatin neuropeptide (Xie
et al., 2015), as well as determining which part of the receptor
neuropeptides were bound to, as has been accomplished with solid-
state NMR for neuropeptide Y and its receptor (Kaiser et al., 2015).
The relationship with receptor sites has been extended to assess the
structure of agonists and antagonists bound to neuropeptide
receptors and study their respective conformations, for example of
dynorphin bound to the human x-opioid receptor (O’Connor et al.,
2015). These characterizations of neuropeptide and neuropeptide—
receptor conformations should enable future advances in
developing drugs to mimic or block neuropeptide binding.

Other spectroscopic methods have also been useful in the
characterization of neuropeptides. Infrared (IR) spectroscopy has
successfully been used to provide a quantitative estimate of
secondary  structural elements. When analyzed by IR
spectroscopy, peptides demonstrate characteristic peaks for
different folding patterns, including o-helices, B-sheets and turns,
as has been characterized in human Peptide YY neuropeptide
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Fig. 2. Depiction of de novo sequencing of
peptides by using MS. (A) High-resolution
tandem MS with sequence-specific fragment
ions annotated. (B) Sequence assignment
based on fragmentations, in which mass
differences between adjacent fragment ion
peaks are matched to amino acids. The tick
marks shown indicate locations of cleavage
sites that led to the fragments detected in the
spectrum. (C) Enlarged, high-resolution
spectrum showing mass accuracy and
isotopic distribution (necessary for
measurements of differences between
molecules with the same nominal mass).
(D) Display of the sequence coverage. Each
tick mark indicates the cleavage of the
peptide yielding a fragment that has been
detected in the MS spectrum. The more
fragments that are detected, the greater the
sequence coverage. (E) Representation of
the different types of ions produced in
tandem MS depending on fragmentation
method used and bond cleavage sites. The
cleavage sites are indicative of typical
fragmentation patterns characteristic of the
two common types of fragmentation
methods. The b and y ions are produced
during HCD and CID fragmentation, and c
and z ions are produced during ETD
fragmentation. (F) Tandem mass spectrum of
another peptide (from Jonah crab Cancer
borealis tachykinin-related peptide) with
fragments indicated. (G) Comparison
between peptides detected with MS (different
colored lines indicate different detected
peptides) and those predicted based on the
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(Hegefeld et al., 2011). Circular dichroism (CD) spectra have also
shown utility in the rapid determination of secondary structure, and
have provided evidence for the existence of o-helices in tachykinin-
related peptides and B-sheets in melanocyte-stimulating hormone
(MSH) peptides that increase with increasing charge state
(Schneider et al.,, 2016). X-ray crystallography benefits from
providing sub-angstrom resolution of key structural sites. The
binding structures of neuropeptides with their receptors have been
well characterized with X-ray crystallography, including studies of
the receptor for neuropeptide S (Hassler et al., 2014) and human
OX,, receptor (Yin et al., 2014). Information from crystallography
can provide useful details about neuropeptide structure that might
lead to insights about function.

Methods for neuropeptide localization

Neuropeptide localization in species and/or tissue(s) enables
mapping in neuronal subtypes relative to structural components of
the cell, tissue or whole organisms, which can then be used to
inform the function of a target neuropeptide and to direct functional
biology experiments (Hoelters et al., 2016). Overall, the rapid
increase in ‘omics’-derived neuropeptide sequence data has
revolutionized our approach to the localization of neuropeptides
and their signaling pathway components (Elphick and Mirabeau,

SDEELNMAGVDKRAPSGFL

(2015). CID, collision-induced dissociation;
ETD, electron transfer dissociation; HCD,
higher-energy collisional dissociation.

2014) and facilitated our ability to construct species- and
neuropeptide-specific ‘connectomes’ (Shahidi et al., 2015). The
application of localization techniques across species, and tissue
and cell types, is fundamental to understanding the complexity of
neuropeptidergic signaling and has trans-disciplinary importance
(De Haes et al., 2015); indeed these techniques have been applied to
cell cultures (2D, 3D or single cells) (Ahlf Wheatcraft et al., 2014;
Janson et al., 2016; Zimmerman et al., 2011) and entire organisms
(whole and sections) (Condro et al., 2016; Khatib-Shahidi et al.,
2006). Neuropeptide localization in thick tissues, such as whole
organisms or invertebrate brain tissue, can be achieved by using 3D
mapping and ion density reconstruction of individual tissue sections
to produce 3D representations of neuropeptide distributions (Chen
et al., 2009). The advances in the tools and techniques described
here have facilitated exploration of neural circuitry landscapes such
that knowledge about neuropeptide localization and expression is
accumulating rapidly.

Visualization or detection of neuropeptides at the cellular, tissue,
whole organism or bio-fluid levels has been enabled by the
application of radioimmunoassays (RIAs), immunohistochemistry
(IHC), immunocytochemistry (ICC) and immunoelectron
microscopy to the extent that these techniques have provided most
of our former and current knowledge on the localization of
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Fig. 3. NMR spectra of a peptide standard of the
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neuropeptide pheromonotropin, originally discovered in
an extract from the head of Mythimna (Pseudaletia)
separata (armyworm) larvae. (A) One-dimensional ['H]

A NMR spectra collected at different temperatures, showing

3. 2 oxumtatal differences in chemical shift of NH protons in the peptide. The
dependence of chemical shift on temperature is indicative of
the degree of hydrogen bonding. Values below 3.00 ppb
(chemical shift) per unit Kelvin indicate the presence of strong
hydrogen bonds. As can be seen, the values for this peptide
fall above that threshold, revealing that the protons are freely
exposed to the solvent in this conformation. (B) Two-
dimensional NMR spectra [total correlated spectroscopy
(TOCSY) in blue, and rotating-frame Overhauser
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neuropeptides (Yalow and Berson, 1960). Compared with

traditional histology-based approaches, these techniques enable
enhanced specificity and sensitivity through the use of antibodies —
for example, for the detection of the specific psychostimulant
neuropeptide cocaine- and amphetamine-regulated transcript
peptide (CART) (Singh et al., 2016). Antibodies can theoretically
also be raised against virtually any peptide; however, many
invertebrate neuropeptide genes encode more than one
biologically active peptide that show high structural similarity to
each other, leading to antibody cross-reactivity (Husson et al., 2009;
McVeigh et al., 2009; Rowe and Elphick, 2012). Generation of
N-terminally directed antisera, which can readily distinguish
between peptides with highly similar C-terminal motifs, can help
overcome cross reactivity issues (Atkinson et al., 2016). Another
limiting factor is the number of peptides (and peptide signaling
pathway components) that can be colocalized at the same time
through traditional IHC and ICC approaches, which is in contrast to
what is seen with MS-based peptidomics tools (see below) that
enable the complete neuropeptide profile of the animal, tissue,
organ or even a single cell to be deduced at any given time, readily
enabling the identification of multiple colocalization events.

In situ hybridization (ISH) methods facilitate target-specific
expression mapping of neuropeptide-encoding genes at the whole
animal, tissue and single-cell level by determining the RNA
localization. This involves hybridization of a single-stranded RNA
oligoprobe and the complementary native mRNA sequence in the
tissue or cell. The field of ISH and fluorescence ISH (FISH) has
advanced significantly to enable the high-sensitivity detection of
multi-target RNAs simultaneously in multiple species coupled with
automated data collection and analysis systems (Levsky and Singer,
2003). There are several different approaches for detection of

N

spectroscopy (ROESY) in red], showing a sequential
assignment walk. The TOCSY spectrum provided information
on NH-oH cross peaks, while cross peaks from the ROESY
spectrum represent NH;-oHi.1). Adapted with permission from
Bhattacharya et al. (2015).
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hybridized probes, including non-radioactive and radioisotope
strategies. Regardless of the approach, careful consideration
should be given to transcript abundance, where the detection of
low-level or single-copy transcripts [e.g. of G-protein-coupled
receptors (GPCRs)] can benefit from the use of target, signal or
probe amplification techniques (Qian and Lloyd, 2003). Whilst one
caveat of ISH is that the information it provides on RNA localization
gives no definite indication of translated peptide distribution, it can
relate valuable spatio-temporal information to gene activity when
used in conjunction with ICC and IHC (Atkinson et al., 2016).

Reporter gene constructs encode proteins that function as site-
specific gene expression markers when fused to the regulatory
regions (promoters) of a gene of interest. They offer an alternative
detection method to ISH that is useful for transcript detection in
living cells and organisms. The method requires the promoter region
of the neuropeptide gene and coding region of the reporter gene to
be fused and inserted into the organism of choice for use as a
reporter of gene expression. It is important that the reporter gene
[which often encodes green fluorescent protein (GFP)] is non-
native, assayed easily (e.g. by visual detection) and does not affect
the normal physiology of the organism under study. The use of
promoter::reporter gene constructs as localization tools is popular
in model organisms such as the fruit fly Drosophila melanogaster
and the nematode Caenorhabditis elegans, where transgenesis
is readily achievable (Clynen et al., 2010; Husson et al., 2007,
Kim and Li, 2004). A cautionary note should be given on the
reliance on transcriptional reporters, however, as they do not
always provide complete and reliable gene expression data in
comparison to translational reporters that include important intron
and 3’ untranslated region (UTR) regulatory elements (Turek et al.,
2016).
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Techniques for localization of the complete neuropeptidome of
an organism have seen progress with the use of MS since its recent
development as a molecular imaging tool (Caprioli et al., 1997,
OuYang et al., 2015b; Ye et al., 2012). Because no prior knowledge
of the molecules is needed for analysis, theoretically hundreds or
thousands of molecules can be imaged in one sample run. Among
the various ionization sources available, MALDI has been the most
prominent in imaging peptides and neuropeptides (Boggio et al.,
2011; Ye et al., 2013), although success of detecting or identifying
the neuropeptides is dictated by sample preparation and the detector
coupled to the MALDI source. Time-of-flight-based instruments
have a niche in analyzing larger neuropeptides with a fast speed, but
the low resolution and sensitivity have motivated the development
of alternative ionization techniques for larger neuropeptides,
including matrix-assisted ionization in vacuum and laserspray
ionization, which can be accomplished with commercial MALDI
sources (Chen et al., 2016a; McEwen et al., 2010; Trimpin and
Inutan, 2013). For example, Chen et al. were able to ionize an
18.7 kDa protein on a commercial MALDI-LTQ-Orbitrap XL,
which is usually limited to molecules smaller than 4 kDa. It should
be noted that some of the matrices required are more compatible
with long imaging runs than others. Moving forward, refinements
have recently been made in the optimization of sample preparation
methods for MS imaging. For example, when sectioning tissue, only
certain embedding materials are compatible with MS (Niehoffet al.,
2014; Strohalm et al., 2011). Optimal cutting temperature
embedding material is commonly used for the classical histology
staining, but due to its polymer structure, it tends to suppress and
mask the analyte signal, especially in the mass range of most
neuropeptides. Another major problem is that, prior to any histology
analysis, samples tend to be passed through the fixation process to
help maintain tissue structure and deactivate any degradation
processes, which limits neuropeptide MS analysis (Casadonte and
Caprioli, 2011; Chaurand et al., 2008). Tissue fixation requires
many washes, which may remove neuropeptides, and possibly a
crosslinking step, which will make neuropeptides unavailable for
extraction by the matrix and thus ionization. To complicate the
situation further, the choice and application of the matrix is
extremely important for the proper extraction of neuropeptides, and
extensive effort has been devoted to developing better, more-
effective methods (Gemperline et al., 2014; Guenther et al., 2011).
For example, by utilizing electrospray deposition of the matrix o-
cyano-4-hydroxycinnamic acid, researchers have imaged the
FMRFamide neuropeptide family from a snail at a 5 um spatial
resolution, allowing confirmation of the localization found via IHC
analysis (Mark et al., 2012). For more details, readers may consult
recent reviews for MS imaging and its application to neuropeptides
(Buchberger et al., 2015; Caprioli, 2015; Caprioli et al., 1997;
Schmerberg and Li, 2013a).

In general, the reliance of mass matching for compound
identification in MS imaging poses limitations in identification
confidence. Owing to the low abundance of neuropeptides,
performing tandem MS during imaging is often challenging.
Therefore, accurate mass matching is the easiest way to identify a
putative neuropeptide. The incorporation of high-quality tandem MS
in a hybrid linear ion-trap—orbitrap instrument has provided
improved in situ neuropeptide identification (Chen et al., 2010a;
Rompp et al., 2010; Verhaert et al., 2010). The development of a
spiral step method (Fig. 4), instead of the standard raster step, has
allowed for further enhancement of chemical information by
improving the depth of profiling and producing higher-quality
images on Orbitrap-based instruments (OuYang et al., 2015a).
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Fig. 4. In order to achieve better profiling depth during MS imaging of
neuropeptides, a spiral step method has been developed. Instead of the
classical raster step (A), a spiral square (B) is set up. In the example spiral, the
square is broken into nine individual steps. The first square is an MS scan (dark
blue), while the two following squares (light blue) are tandem MS scans. This
repeats three times until all nine steps in the spiral are completed. Each square
is a raster step of 50 um, with the whole spiral being 150 um. This system can
be customized to balance MS and tandem MS scans. For example, step one
could be an MS scan, while squares 2-9 could be tandem MS scans if the user
desires. Furthermore, this method can be targeted or used with data-
dependent acquisition (DDA). For DDA experiments, the highest intensity
peaks are chosen for tandem MS analysis. Since neuropeptides tend to be in
low abundance compared to lipids and have a wide mass range, we can
segregate the spiral step method into multiple mass ranges (e.g. three) to
improve sampling of neuropeptides (C). The distinct m/z ranges are shown in
the three different colors in the spectrum (OuYang et al., 2015a).

6 H

Another technique, IMS, has the potential to be used before detection
and to remove interfering molecules and thus increase the image
quality (Sturm et al., 2014). Overall, the unparalleled chemical
information and multiplexing capacity offered by MS imaging
technology provides an attractive tool for high-throughput mapping
the localization of neuropeptides, although the inherent limitations of
laser beam size and matrix crystal size of the MSI technique prevent it
from having the same spatial resolution offered by IHC/ICC
approaches. Further technology development is needed to improve
these aspects and sensitivity to allow MS imaging to become a central
tool for neuropeptide localization in the nervous system.

Recent advances in bioimaging and microscopy tools in parallel
with upgrades in computer processing and digital storage
capabilities have significantly enhanced the ability to capture and
describe the neuroanatomy of invertebrates. Traditionally, light
microscopy has been used in invertebrate neuroscience research to
map the coarse architecture of the nervous system, with electron
microscopy being employed for fine ultrastructural analysis
(Schmidt-Rhaesa et al., 2016). More recently, confocal and
multiphoton microscopy have facilitated the generation of high-
resolution 2D and 3D images of both thicker whole-mount and live
specimens (Bixel et al., 2015). Laser microdissection tools provide
an alternative to labor-intensive antibody-based experiments by
enabling the post-capture profiling of neuropeptides (e.g. via
RNAseq) in specific neurons or in tissues embedded in
heterogeneous samples (Fricker, 2012). Advances in image-
analysis software programs make the comparative quantification
of neuropeptides in the nervous system more streamlined, and
facilitate the integration of optical imaging technologies into the
functional genomics ‘toolbox’ (Atkinson et al., 2013; Robichaud
et al., 2013). Additionally, integrating multimodal imaging studies
through MALDI-MS imaging and microscopy-based imaging
could provide enhanced spatial and chemical information for
neuropeptide localization.

Web-based databanks for curating neuropeptide data in
invertebrates are a much-needed resource that will greatly
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facilitate invertebrate neuropeptide research and enable inter- and
cross-phyla comparative analyses, in addition to providing a ‘go to’
repository for researchers. These types of resources are currently
available for a number of invertebrate phyla and provide a range of
data types in user-friendly formats (Yeoh et al., 2017); the database
NeuroPep collates pan-phylum data and enables comparisons of
neuropeptide structure, expression and function (Wang et al., 2015).
Furthermore, the availability of species-specific anatomical maps of
the nervous system is essential for the precise and comparable
morphological description of peptidergic neurons in invertebrates.
These data are currently available for only a few invertebrate species
(Menzel, 2012), including key model organisms [for example,
C. elegans: Wormatlas (Altun et al., 2002-2018); Drosophila
melanogaster: Neurokernal, Virtual Fly Brain (Armstrong et al.,
1995; Chiang et al., 2011; Givon and Lazar, 2016); zebrafish:
Z-brain (Randlett et al., 2015); and Macrostomum lignano (Morris
et al., 2007)]; however, they are all at different stages of completion
and vary in terms of their resolution, presentation and data source.
These data are extremely valuable to our understanding of
invertebrate nervous system structure and function and will
inform functional biology. Efforts to generate similar maps for
other species of interest are under way, but significant attention and
support should be directed to the curation and maintenance of these
resources, as there are many online databases that are no longer
active owing to the termination of funding (Katz et al., 2010).

Assessing the function of neuropeptides

While the identification of neuropeptides is important,
understanding their role in the nervous system is key to finding
further applications. Understanding function is extremely difficult,
as neuropeptides can have completely different functions within
different tissues. Furthermore, even slightly different neuropeptide
isoforms from the same family can have drastically different effects.
Interestingly, even with the development of new, technologically
advanced alternatives, older, well-vetted methods are still present in
the literature either as a method of analysis or to confirm the
observed results (Bilgic et al., 2016; Liu et al., 2016a). Function can
be explored at many levels, ranging from the macro (e.g. behavioral)
to the molecular scale (e.g. signaling pathways). Localization can
also aid elucidation of neuropeptide function, as the tissue(s) a
peptide is localized in may provide key clues about its role in the
organism (Bruzzone et al., 2006). A variety of functional biology
tools and techniques can be employed to determine the function ofa
neuropeptide, including those applied in either in vivo or in vitro
settings. Two major approaches for functional analysis will be
discussed below: altering the neuropeptide content and measuring
neuropeptide levels.

Altering neuropeptide content

The most commonly performed and observed in vivo studies
involve assessing behavioral and/or physical changes arising from
the introduction of a neuropeptide into an organism or by using
reverse genetics (RNA interference) to downregulate a specific
neuropeptide (e.g. using siRNAs) (Bayerl et al., 2016; Lin et al.,
2016). These approaches can provide a range of information from a
general understanding of the physiological function of a
neuropeptide to judging whether neuropeptides are therapeutically
active (Wickstrom et al., 2004; Zhang et al., 2016). Neuropeptides,
their antagonists and siRNAs can be delivered to an organism in
several different ways, including by injection (Javadian et al., 2016;
Narvaez et al., 2016), incubation in media containing molecules
(Chen et al., 2016b; Kasica et al., 2016) and even microdialysis

(Torregrossa and Kalivas, 2008). siRNAs, RNA molecules that
interfere with an expression of a gene, may require more
sophisticated methods of delivery (e.g. transfection) or can also be
injected for the induction of gene-silencing and thus knockdown of
the neuropeptide (Flores-Burgess et al., 2017; Yang et al., 2017).
Beyond introducing a neuropeptide or a neuropeptide antagonist,
neuropeptide production can be altered at the genetic level in
organisms, such as mice, through the production of knockout or
transgenic animals, or through targeted genome editing approaches
(e.g. the CRISPR/Cas system) (Hay et al., 2017; Shao et al., 2016;
Van Sinay et al., 2017). CRISPR/Cas has gained a lot of popularity
for its speed, ease of use and efficiency compared to other methods
used to knockout genes or create transgenic animals (Hay et al.,
2017). It should be noted that this technology is new and can be
expensive to implement on a large scale. Furthermore, its
application is not possible in non-model organisms. In all the
cases described above, careful planning is required to determine the
most appropriate and applicable technique to alter neuropeptide
levels in an organism.

After alteration of the neuropeptide content, several behavioral
observations or tests can be performed to assess change. Examples of
behavior tests for animals (e.g. Wistar rats) are open-field-based or
maze-based tests (Bahaaddini et al., 2016; Chrousos and Gold, 1992),
and these tests are applicable to numerous species, including
invertebrates such as planarians and C. elegans (Hagstrom et al.,
2016; Qin and Wheeler, 2006). While these tests are easily
performed and are normally the starting point for functional studies
(Chu et al., 2016), behavioral studies are based on observations,
meaning that data misinterpretation or choice of test to monitor changes
can produce misleading data. Thus, care should be taken on choosing
the most appropriate tests, methods or animal models to assess
behavioral changes attributable to application of neuropeptides.

As neurons transmit signals through electrical currents, another
facet of function to consider is electrophysiology. By selective or
global activation, researchers are able to understand synaptic
mechanisms by which neurons communicate and modulate their
electrical activities (Fig. 5) (Kuksis and Ferguson, 2017). These
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Fig. 5. A graphical representation of whole-cell patch clamp
electrophysiology readings. In this image, subfornical organ neurons from
rat brains are being exposed to 10 nmol =" nesfatin-1, an anorexigenic
neuropeptide, at the time frame indicated by the line under the graph. When
exposed, neurons can either become slightly depolarized, which is associated
with an increase in firing frequency (A) or slightly hyperpolarized, which is
associated with a decrease in firing frequency (B). Adapted with permission
from Kuksis and Ferguson (2017).
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readings can be performed in a few ways depending on the
goal of the study, including intracellular versus extracellular
electrophysiological recording (Matthews and Lee, 1991), whole-
cell versus whole network (Beenhakker et al., 2004; Kuksis and
Ferguson, 2014; Qiuetal., 2016; Zhao et al., 2016) or in vitro versus
in vivo (Beenhakker et al., 2004; Li et al., 2016; Marder and Bucher,
2007; Nusbaum et al., 2017). In terms of neurological studies, in
vitro whole-cell recordings are the most common, although in vivo
live-animal recordings, which are inherently more difficult, are
becoming more refined (Scanziani and Hausser, 2009). Crustacean
model systems have been used heavily for electrophysiological
studies (Daur et al., 2016; Dickinson et al., 2016; Otopalik et al.,
2017). For example, the effects of neuromodulators on the same
neuronal circuit was explored for the Jonah crab gastric mill motor
pattern, which was interestingly explained by using a mathematical
model (Kintos etal., 2016). In general, to better understand neuronal
modulation at the single-neuron and network level, crustaceans
provide an excellent model to derive detailed knowledge about
synaptic mechanism and neuronal connection owing to their
possession of a much simplified system compared with the
mammalian system (Marder et al., 2017). Interestingly, the
coupling of electrophysiological probes for simultaneous
monitoring of other chemicals has been incorporated recently.
This could include selective applications (e.g. oxygen, glucose) (Li
et al., 2016) or could be more global, such as microdialysis, which
would allow for direct dosing of neuropeptides (Szabo et al., 2011).
Notably, some researchers believe that electrophysiology, while
never replaceable, might be overshadowed or combined with other
optical imaging techniques that allow localization of the
neurological signals (Scanziani and Héusser, 2009). One can
postulate that combining the temporal resolution of classical
electrophysiology and spatial resolution of optical imaging could
lead to significant discoveries in neuroscience.

Measuring neuropeptide levels
Physiological changes related to neuropeptide actions are most
commonly studied in vivo by performing quantitative analyses on
the whole organism. It should be noted that this can be the first step
in many cases to understanding the function of a peptide, as it might
not be known that a neuropeptide is involved in a process until it is
administered or a condition is applied (e.g. a change in environment)
(Zhang et al., 2016). After the organism has been exposed to the
neuropeptide or changed condition, it can be euthanized and the
tissues of'interest collected for quantitative comparison (Abels et al.,
2016). Alternatively, the tissue can be removed from the animal and
incubated before analysis (Peng et al., 2016). Classically, this has
been performed for individual proteins by western blotting, which is
still widely reported in the current literature (Bayerl et al., 2016; Liu
et al., 2016a). Owing to the typically small size of neuropeptides,
western blotting is normally used to assess other, related protein
changes or expression of neuropeptide receptors (Bayerl et al.,
2016; Liu et al.,, 2016b). Other complementary examples of a
targeted technique are enzyme-linked immunosorbent assay
(ELISA) (Bilgic et al., 2016; Javadian et al., 2016) and use of
radioactively labeled ligand and a y-counter (Dhuria et al., 2016).
While these methods are excellent if one has a target of interest, a
non-biased global view of the dynamic changes of all the
neuropeptides is often needed to understand fully the role of
neuropeptides and their possible function at the system level.
With the advancement of technology, MS is becoming a useful
addition to functional studies as it is able to reveal changes in
neuropeptide levels that might correlate with function. This

technique is especially attractive for analysis of organisms without
a sequenced genome, as no prior knowledge of the molecule, such
as the metabolite, protein or peptide, is needed. To highlight some
key areas of success, crustacean neuropeptide research has benefited
from MS, allowing researchers to quantify several neuropeptide
changes arising from stress caused by changes in salinity or
temperature (Chen et al., 2014; Zhang et al., 2015). Microdialysis of
neuropeptides has also been coupled to MS, and several reviews
highlight considerations for coupling these two techniques
(OuYang et al., 2015b; Schmerberg and Li, 2013a). Multiplexed
quantification beyond duplex has been implemented in proteomics
(Frost et al., 2015; Wang et al., 2010; Xiang et al., 2010). In this
technique, by using different combinations of stable isotopes (i.e.
13C, N, 2H and '80), samples are differentially labeled prior to
being mixed and analyzed together during the MS. It is expected
that multiplexing will be applied more commonly in neuropeptide
analysis of multiple samples (Bark et al., 2009; Che and Fricker,
2005). Although the use of MS is attractive, the depth at which it can
profile depends upon many instrument characteristics, such as
analysis time, resolution and mass range. Using an analyte target list
can increase neuropeptidomic coverage, although sensitivity and
interfering species can introduce difficulties. Owing to the natural
complexity of biological samples, the coupling of separations to MS
has not only improved detection but also enabled accurate
quantification. This coupling includes capillary electrophoresis
(CE), LC or IMS (Buchbergeretal., 2015; Sturm et al., 2014; Zhong
et al., 2014) before MS detection. By reductive dimethylation of
comparative samples before CE separation, it has been shown that
neuropeptides can be separated and quantified accurately, allowing
for more-in-depth profiling (Warkiani et al., 2016; Zhang et al.,
2012). Furthermore, new instrument methods, such as analysis at
the MS3 level, have helped facilitate accurate quantification (Ting
et al., 2011). It should be noted that, from these data, individual
peptides can be selected for further analysis and validation by the
above, targeted, methods. Finally, MS data are inherently more
complicated, and the use and development of appropriate software
to predict, identify or quantify is challenging, but necessary, for
neuropeptidomics to continue progressing (Filth et al., 2006; Hook
and Bandeira, 2015; Ma et al., 2003).

Upon understanding the peptide changes, gene analysis can be
conducted to help provide information about the global impact on
the plasticity of the system. Although the specific neuropeptide, its
propeptide and its pre-propeptide cannot be differentiated from each
other at the transcript level, global gene analysis is most easily
achieved by measuring the mRNA changes by using a quantitative
real-time PCR (qPCR) technique (Caers et al., 2016; Peng et al.,
2016). This approach differs from western blotting and ELISAs, the
latter of which measures the translated peptide but does not require
antibodies. By using qPCR, it has been shown that dosing of
amphetamine not only affects rat food intake but also affects
hypothalamic mRNA levels of neuropeptide Y (Chu et al., 2016).
While more mRNA usually means enhanced gene expression,
protein levels do not always correlate with the mRNA data, and the
use of an orthogonal method (see above) should be performed to
verify any conclusions. This is true for all of the methods above, as
all of them have different advantages and disadvantages.

The use of modified peptide-gated channels as a tool to study
neuroscience

The effect of a neuropeptide is ultimately determined by its
receptor. While GPCRs mediate slow and more-modulatory
neurotransmission by changing the membrane potential, ion
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channel receptors, by contrast, mediate fast and transient
neurotransmission, rapidly depolarizing or hyperpolarizing the
postsynaptic membrane. It has been common knowledge for
decades that neuropeptides mainly bind to and activate GPCRs,
rather than ion channel receptors. There are now a few exceptions to
this rule: ion channels directly activated by neuropeptides have been
cloned and functionally characterized from different snails
(molluscs) and the freshwater polyp Hydra (Cnidaria),
unambiguously demonstrating the existence of ion channel
receptors for neuropeptides in different animal phyla (Fig. 6).
Moreover, genomic data have revealed the presence of related
channels in other phyla, and electrophysiological data suggest the
existence of a peptide-gated CI~ channel in the nematode Ascaris
suum (Holden-Dye et al., 1997; Purcell et al., 2002a,b). Thus, we
speculate that the distribution of peptide-gated channels is at present
vastly underestimated and that they might mediate some of the
physiological functions of neuropeptides in several animals; maybe
even in humans, although this is, at present, thought to be unlikely.
Here, we will briefly describe the discovery of the known peptide-
gated channels, introduce their properties and then focus on how
they might be developed into tools for neuroscience.

The first observations of a peptide-gated ion channel were made
by Cottrell and co-workers, who showed that the cerebral C2 neuron
of the snail Helix aspersa is rapidly excited by the neuropeptide
FMRFamide (Cottrell et al., 1990; Green et al., 1994). Peptides
related to FMRFamide, RFamide neuropeptides, are found in many
animals. The excitation was fast and also observed in outside-out
patches containing 5'-O-(2-thiophosphate), which blocks G-
protein-coupled responses, in the patch pipette (Green et al.,
1994). These results strongly suggested that FMRFamide directly
activated ion channels in these neurons. The currents were Na*-
selective and sensitive to the diuretic amiloride (Green et al., 1994).
These biophysical and pharmacological properties are reminiscent
of the epithelial Na* channel (ENaC) from vertebrates, and, in 1995,
by means of homology to ENaC, the FMRFamide-gated Na*
channel (FaNaC) was cloned from H. aspersa (Lingueglia et al.,

Closed
N
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1995) — the first peptide-gated channel. A single FaNaC subunit is
sufficient to produce functional channels with properties similar to
the native channel in C2 neurons: they are Na' selective and
sensitive to amiloride (ECs=0.6 pmol 17!; Table 2) (Lingueglia
et al.,, 1995). Although it was reported that FaNaC is a tetramer
(Coscoy et al., 1998), there is now compelling evidence from
crystallization of closely related acid-sensing ion channels (ASICs)
(Jasti et al., 2007), as well as from single-molecule imaging (Bartoi
et al.,, 2014; Chen et al., 2015), that channels of the degenerin
(DEG)/ENaC gene family have a trimeric stoichiometry (Fig. 6A).
In addition, species orthologs of FaNaC have been cloned from
three other molluscs, including Aplysia (Furukawa et al., 2006;
Jeziorski et al., 2000; Perry et al., 2001), but so far no additional
subunits have been cloned. Thus, although it cannot be ruled out
formally that the native channel contains other subunits, it is likely
that FaNaC functions as a homotrimer. Table 2 provides an
overview of the properties of known peptide-gated channels.

In 2007, by means of homology to ENaC and FaNaC, four related
subunits were cloned from the freshwater polyp Hydra (Golubovic
et al., 2007), which belongs to the ancient phylum Cnidaria. It was
found that two of them, when co-expressed in a heterologous
expression system, formed an ion channel that was directly activated
by two neuropeptides (Golubovic et al., 2007), which had been
previously isolated from the Hydra nervous system using a RIA
(Moosler et al., 1996). Like FaNaC, the channel also conducts Na*
and therefore was named the Hydra Na* channel (HyNaC). These
two neuropeptides, Hydra-RFamides I and II, share a C-terminal
RFamide group with FMRFamide, the ligand of FaNaC. HyNaC is
not the species ortholog of FaNaC; however, as it is more closely
related to mammalian ASICs than to FaNaC or ENaC (Golubovic
et al., 2007), it is likely that peptide-gated channels are ancient and
evolved before the cnidarian—bilaterian split. Three years after the
identification of these neuropeptides, another HyNaC subunit was
cloned that assembles with the two previously cloned subunits,
suggesting that the native channel is a heterotrimer containing three
different subunits (Diirrnagel et al., 2010). In contrast to FaNaC,

Fig. 6. Properties of peptide-gated HyNaCs. (A) Lefft,
cartoon illustrating the three-dimensional structure of a
channel. The ligand-binding site is unknown and is drawn
here at the interface of two subunits for illustration. Right,
HyNaCs can be either open or closed. The equilibrium
between these two conformations is shifted by binding of a
RFamide peptide (blue) to the extracellular domain.

(B) HyNaCs can be repeatedly activated by their ligand,
Hydra RFamide | (RF 1), and do not desensitize. The
inward current is carried by Na* and Ca?* (orange circles)
Used with permission from Dirrnagel et al., 2012.

(C) Cartoon illustrating how a peptide covalently linked to
the channel could be moved into and out of its binding site
by application of light via a photoisomerizable linker

(a ‘light-switch’, red).
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Table 2. Properties of peptide-gated ion channels

Channel Gene family Stoichiometry Ligand Ligand affinity Kinetics lon selectivity Pharmacology

FaNaC DEG/ENaC Homo-trimer  FMRF-NH, 2-70 pymol I-"2b Partially desensitizing Na*-selective ECso(amil)=0.6 ymol 112
(t ~1 min)° Pna/Pk>102

HyNaCs DEG/ENaC Hetero-trimer®’ pQWLGGRF-NH, 0.04—>30 umol I-'¢f Non-desensitizing"®  Cation-unselective ECso(amil)=100 pmol I=¢

pQWFNGRF-NH,

Ascaris suum Unknown  Unknown

channel

KPNFLRF-NH,
(or similar)

0.001-0.1 umol I="™ Non-desensitizing™

PNa/PK=Sg
Pcall F,Na=4'g
Cl-selectiveM

ECso(dimi)=0.05-5 pmol I-1*

Amil, amiloride; dimi, diminazene.

aLingueglia et al., 1995, PJeziorski et al., 2000, °Kodani and Furukawa, 2010, “Golubovic et al., 2007, ®Dirrnagel et al., 2010, /Assmann et al., 2014, 9Dirrnagel

et al., 2012, "Holden-Dye et al., 1997, ‘Purcell et al., 2002a.

HyNaC is an unselective cation channel with a high Ca®"
permeability (Diirrnagel et al., 2012) (Table 2). Soon after, all 12
DEG/ENaCs of Hydra were cloned, and it was shown that Hydra
likely contains at least six different functional HyNaCs (Assmann
et al., 2014). All are heterotrimers consisting of three different
subunits activated by Hydra-RFamides I and II, and all are
unselective cation channels (Assmann et al., 2014) (Table 2). It is
not clear why Hydra evolved such a variety of peptide-gated
channels with similar properties, but differential targeting and
ligand affinity are two possibilities.

ISH revealed that two of the six HyNaCs are most likely
expressed in epitheliomuscular cells at the oral side of the
tentacle base, two at the aboral side and two in the foot region
(Assmann et al., 2014). Application of amiloride or diminazene,
two inhibitors of HyNaCs (Table 2), delayed the feeding reaction
of living Hydra (Assmann et al., 2014; Dirrnagel et al,
2010), which is characterized by a bending of the tentacles.
Collectively, these results suggest that the Hydra RFamide
peptides are released at neuromuscular junctions and that HyNaCs
contribute to fast neuromuscular transmission (Griinder and
Assmann, 2015).

Usually, ligand-gated ion channels desensitize in the continued
presence of the ligand. This feature, together with rapid re-uptake or
hydrolysis of small-molecule transmitters, makes transmission with
ligand-gated channels transient. HyNaCs, by contrast, could also
mediate longer-lasting depolarization of the postsynaptic membrane —
they do not desensitize (Diirrnagel et al., 2012) (Fig. 6B), and there
is no known rapid re-uptake mechanism for their ligand. In
combination with their high Ca?" permeability, these features could
endow HyNaC-expressing cells with an efficient entry path for
extracellular Ca®*, which could be important for muscle contraction
(Griinder and Assmann, 2015).

DEG/ENaCs with high levels of sequence similarity to either
FaNaC or HyNaCs are present in several genomes, for example in
that of Nematostella vectensis, a cnidarian that belongs to the
subphylum Anthozoa that is not closely related to Hydrozoans, and
in that of the placozoan Trichoplax adhaerens (Griinder and
Assmann, 2015). As TI. adhaerens does not contain a nervous
system, the presence of putative peptide-gated channels in this
organism suggests that the channel-peptide-ligand system predated
the emergence of nervous systems and might have a role for example
in paracrine signaling. Molecular cloning and functional analysis of
these channels will improve our understanding of the physiological
function of peptide-gated channels.

In addition to their importance in understanding neurotransmission
in different organisms, peptide-gated ion channels might also be
modified into interesting tools for neuroscience. For example, FaNaC
has been used as a reporter of neuropeptide release that achieves high
temporal resolution (Whim and Moss, 2001). FMRFa has been used

to tag a neuropeptide prohormone, and FaNaC has acted as a reporter
to monitor release of FMRFa and thereby also of the tagged
neuropeptide (Whim and Moss, 2001).

In another example, it has been shown that heterologous
expression of FaNaC in mammalian hippocampal neurons
provides a means to depolarize the neurons and induce bursts of
action potentials upon focal application of FMRFa (Schanuel et al.,
2008). FaNaC has a somato-dendritic localization and is absent
from axons (Schanuel et al., 2008). As FMRFa is not present in the
mammalian nervous system, and endogenous RFamides apparently
do not activate FaNaC (Schanuel et al., 2008), it is in principle
possible to activate specific subsets of neurons selectively in intact
nervous tissue. Transgenic expression of FaNaC under the control of
specific promoters would enable driving of its expression only in
specific subsets of neurons in living animals. Moreover, the
possibility to ‘cage” FMRFa chemically with a photolabile
protecting group allows its release within milliseconds upon
exposure to both single- and two-photon light sources (Janett
et al., 2015) to rapidly excite cells expressing FaNaC. As HyNaCs
are obligate heteromers, their heterologous expression in neurons is
more difficult, but would allow expression of a foreign ion channel
with high Ca?" permeability. The cloning of further peptide-gated
channels, such as the C1™ channel from 4. suum, will further increase
the toolbox of peptide-gated channels.

A better understanding of the molecular binding site of peptide
ligands on their ion channel receptors could also allow the future
design of small molecules that gate the channels independently of
peptides. This might allow peptide-gated channels to be employed,
much like some GPCRs, as ‘designer’ receptors exclusively
activated by designer drugs (DREADDs) (Roth, 2016).

The identification of the peptide-binding site might also allow the
covalent attachment of FMRFa (or other peptides) close to its
binding site via a photoisomerizable molecule (a ‘photoswitch’)
such that light would move the peptide in and out of its binding site
to open and close the channel (Berlin and Isacoff, 2017; Kramer
etal., 2009) (Fig. 6C). Azobenzenes have been successfully used as
such photoswitches, as they undergo fast trans-to-cis isomerization,
much like retinal, upon illumination with near-UV light (Berlin and
Isacoff, 2017). They can be coupled via maleimides to single
cysteine residues engineered into the primary sequence of a channel.
High-resolution structures are not only useful for the identification
of the peptide-binding site but also a pre-requisite for the
identification of suitable attachment sites of peptide ligands close
to the binding site. As chicken ASIC1, a close homolog of HyNaCs,
has been crystallized (Jasti et al., 2007), appropriate homology
models of the HyNaC structure, and perhaps also of the FaNaC
structure, could feasibly be constructed. Such photo-sensitive
channels would allow experimenters to control the membrane
potential of a neuron by light instead of a peptide ligand. Examples
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that such a synthetic optogenetics approach (Berlin and Isacoff,
2017) is feasible have been provided, among others, for ionotropic
glutamate and GABA receptors (Lin et al., 2015; Volgraf et al.,
2006). Clearly, peptide-gated ion channels have great potential to
serve as useful tools for neuroscience.

Concluding remarks

It is clear that neuropeptide research has benefited tremendously
from the substantial advancements of technology for neuropeptide
structural elucidation, localization mapping and functional
understanding, although any single technique itself still does not
provide us with all the answers we seek. A particularly promising
technique is MS imaging with tandem MS, but sensitivity issues
might be limiting when single-cell resolution is needed. In general,
the development of the MS-based neuropeptidomics technique has
proven to be the most influential technique for analyzing
neuropeptides in a high-throughput and global manner, but other,
often classical, methods provide validation and confirmation of all
results generated by MS. Owing to its ability for global analysis, MS
will likely be a central tool for all future neuropeptide studies,
especially with the continued development of new methodology
and technology. Furthermore, another area that has proven to be
extremely influential has been computational prediction and
processing. Without sophisticated bioinformatics tools, not only
would the identification of novel neuropeptides be slow, but MS
datasets, which are naturally large and complex, would be extremely
difficult to process and interpret. At the moment, the pace of
investigating the neuropeptidome will continue to be set by the
development of both of these areas, although new techniques that
are complementary or capable of providing structure, function and
localization information are welcome additions to the study of
neuropeptides. In addition, peptide-gated ion channels might be
modified into promising new tools for neuroscience. Finally, the
integration of multiple bioanalytical techniques and molecular
neuropharmacological tools will drive the field of neuropeptide
research towards new frontiers.

Competing interests
The authors declare no competing or financial interests.

Funding

Work in the laboratory of L.L. was supported in part by National Science Foundation
(CHE-1710140) and National Institutes of Health (grants RO1DK071801 and
R0O1NS029436). A.R.B. acknowledges the National Institutes of Health General
Medical Sciences F31 National Research Service Award (1F31M119365) for
funding. K.D. acknowledges a predoctoral fellowship supported by the National
Institutes of Health, under Ruth L. Kirschstein National Research Service Award T32
HL 007936 from the National Heart, Lung, and Blood Institute to the University of
Wisconsin-Madison Cardiovascular Research Center. Work in the laboratory of S.G.
was funded by the Deutsche Forschungsgemeinschaft (grant GR 1771/7-1). A.M.
and L.A. acknowledge funding from the Biotechnology and Biological Sciences
Research Council (BBSRC) (BB/M010392/1) and Merial Animal Health. L.L.
acknowledges a Vilas Distinguished Achievement Professorship and a Janis Apinis
Professorship with funding provided by the Wisconsin Alumni Research Foundation
and University of Wisconsin-Madison School of Pharmacy. Deposited in PMC for
release after 12 months.

References

Abels, M., Riva, M., Bennet, H., Ahlqvist, E., Dyachok, O., Nagaraj, V.,
Shcherbina, L., Fred, R. G., Poon, W., Sorhede-Winzell, M. et al. (2016).
CART is overexpressed in human type 2 diabetic islets and inhibits
glucagon secretion and increases insulin secretion. Diabetologia 59,
1928-1937.

Aguilar, M. B., Zugasti-Cruz, A., Falcon, A., Batista, C. V., Olivera, B. M. and de
la Cotera, E. P. (2013). A novel arrangement of Cys residues in a paralytic peptide
of Conus cancellatus (jr. syn.: Conus austini), a worm-hunting snail from the Gulf
of Mexico. Peptides 41, 38-44.

Ahlf Wheatcraft, D. R., Xin, L. and Hummon, A. B. (2014). Sample preparation
strategies for mass spectrometry imaging of 3D cell culture models. J. Vis. Exp.
94, €52313.

Akhtar, M. N., Southey, B. R., Andrén, P. E., Sweedler, J. V. and Rodriguez-Zas,
S. L. (2014). Identification of best indicators of peptide-spectrum match using a
permutation resampling approach. J. Bioinform. Comput. Biol. 12, 1440001.

Altun, Z. F., Herndon, L. A., Wolkow, C. A., Crocker, C., Lints, R. and Hall, D. H.
(eds) (2002-2018). WormAtlas. http://www.wormatlas.org.

Anand, P., Grigoryan, A., Bhuiyan, M. H., Ueberheide, B., Russell, V., Quinofez,
J., Moy, P., Chait, B. T., Poget, S. F. and Holford, M. (2016). Sample Limited
characterization of a novel disulfide-rich venom peptide toxin from terebrid marine
snail terebra variegata. PLoS ONE 9, €94122.

Armstrong, J. D., Kaiser, K., Muller, A., Fischbach, K. F., Merchant, N. and
Strausfeld, N. J. (1995). Flybrain, an on-line atlas and database of the Drosophila
nervous system. Neuron 15, 17-20.

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.

Atkinson, L. E., Stevenson, M., McCoy, C. J., Marks, N. J., Fleming, C.,
Zamanian, M., Day, T. A., Kimber, M. J., Maule, A. G. and Mousley, A. (2013).
flp-32 ligand/receptor silencing phenocopy faster plant pathogenic nematodes.
PLoS Pathog. 9, e1003169.

Atkinson, L. E., Miskelly, I. R., Moffett, C. L., McCoy, C. J., Maule, A. G., Marks,
N. J. and Mousley, A. (2016). Unraveling flp-11/flp-32 dichotomy in nematodes.
Int. J. Parasitol. 46, 723-736.

Bahaaddini, M., Khatamsaz, S., Esmaeili-Mahani, S., Abbasnejad, M. and
Raoof, M. (2016). The role of trigeminal nucleus caudalis orexin 1 receptor in
orofacial pain-induced anxiety in rat. Neuroreport 27, 1107-1113.

Bark, S. J., Lu, W. Y. D. and Hook, V. (2009). Linear and accurate quantitation of
proenkephalin-derived peptides by isotopic labeling with internal standards and
mass spectrometry. Anal. Biochem. 389, 18-26.

Bartoi, T., Augustinowski, K., Polleichtner, G., Griinder, S. and Ulbrich, M. H.
(2014). Acid-sensing ion channel (ASIC) 1a/2a heteromers have a flexible 2:1/1:2
stoichiometry. Proc. Natl. Acad. Sci. USA 111, 8281-8286.

Bayerl, D. S., Honig, J. N. and Bosch, O. J. (2016). Vasopressin V1a, but not V1b,
receptors within the PVN of lactating rats mediate maternal care and anxiety-
related behaviour. Behav. Brain Res. 305, 18-22.

Beal, M. F. and Martin, J. B. (2016). Neuropeptides in neurological disease. Ann.
Neurol. 20, 547-565.

Beenhakker, M. P., Blitz, D. M. and Nusbaum, M. P. (2004). Long-lasting activation
of rhythmic neuronal activity by a novel mechanosensory system in the crustacean
stomatogastric nervous system. J. Neurophysiol. 91, 78-91.

Berlin, S. and Isacoff, E. Y. (2017). Synapses in the spotlight with synthetic
optogenetics. EMBO Rep. 18, 677-692.

Bhattacharya, D., Mishra, N., Coutinho, E. C., Srivastava, S., Pissurlenkar, R.R.
and Shaikh, M. (2015). Conformational study on pheromonotropin neuropeptide
using NMR and molecular dynamics. Pharm. Anal. Acta 6, 359.

Bigot, L., Beets, I., Dubos, M.-P., Boundry, P., Schoofs, L. and Favrel, P. (2014).
Functional characterization of a short neuropeptide F-related receptor in a
lophotrochozoan, the mollusk Crassostrea gigas. J. Exp. Biol. 217, 2974-2982.

Bilgic, A., Toker, A. and Uysal, S. (2016). Exploratory study to evaluate plasma
vasopressin and apelin-13 levels in children with attention-deficit hyperactivity
disorder. Psychiatry Clin. Neurosci. 70, 442-447.

Bixel, G. M., Fretham, S. J. and Aschner, M. (2015). High-resolution multi-photon
imaging of morphological structures of caenorhabditis elegans. Curr. Protoc.
Toxicol. 64, 11.19.1-11.

Boggio, K. J., Obasuyi, E., Sugino, K., Nelson, S. B., Agar, N. Y. R. and Agar,
J. N. (2011). Recent advances in single-cell MALDI mass spectrometry imaging
and potential clinical impact. Expert Rev. Proteomics 8, 591-604.

Bruzzone, F., Lectez, B., Tollemer, H., Leprince, J., Dujardin, C., Rachidi, W.,
Chatenet, D., Baroncini, M., Beauvillain, J.-C., Vallarino, M. et al. (2006).
Anatomical distribution and biochemical characterization of the novel RFamide
peptide 26RFa in the human hypothalamus and spinal cord. J. Neurochem. 99,
616-627.

Buchberger, A., Yu, Q. and Li, L. (2015). Advances in mass spectrometric tools for
probing neuropeptides. Annu. Rev. Anal. Chem. (Palo Alto Calif) 8, 485-509.
Caers, J., Peymen, K., Van Hiel, M. B., Van Rompay, L., Van Den Abbeele, J.,
Schoofs, L. and Beets, I. (2016). Molecular characterization of a short
neuropeptide F signaling system in the tsetse fly, Glossina morsitans morsitans.

Gen. Comp. Endocrinol. 235, 142-149.

Caprioli, R. M. (2015). Imaging mass spectrometry: enabling a new age of discovery
in biology and medicine through molecular microscopy. J. Am. Soc. Mass
Spectrom. 26, 850-852.

Caprioli, R. M., Farmer, T. B. and Gile, J. (1997). Molecular imaging of biological
samples: Localization of peptides and proteins using MALDI-TOF MS. Anal.
Chem. 69, 4751-4760.

Casadonte, R. and Caprioli, R. M. (2011). Proteomic analysis of formalin-fixed
paraffin-embedded tissue by MALDI imaging mass spectrometry. Nat. Protoc. 6,
1695-1709.

12

)
(@)}
9
§e
(2]
©
-+
c
()
£
—
()
o
x
NN
Y—
(©)
‘©
c
—
>
(®)
-_


http://dx.doi.org/10.1007/s00125-016-4020-6
http://dx.doi.org/10.1007/s00125-016-4020-6
http://dx.doi.org/10.1007/s00125-016-4020-6
http://dx.doi.org/10.1007/s00125-016-4020-6
http://dx.doi.org/10.1007/s00125-016-4020-6
http://dx.doi.org/10.1016/j.peptides.2013.02.016
http://dx.doi.org/10.1016/j.peptides.2013.02.016
http://dx.doi.org/10.1016/j.peptides.2013.02.016
http://dx.doi.org/10.1016/j.peptides.2013.02.016
http://dx.doi.org/10.3791/52313
http://dx.doi.org/10.3791/52313
http://dx.doi.org/10.3791/52313
http://dx.doi.org/10.1142/S0219720014400010
http://dx.doi.org/10.1142/S0219720014400010
http://dx.doi.org/10.1142/S0219720014400010
http://www.wormatlas.org.
http://dx.doi.org/10.1371/journal.pone.0094122
http://dx.doi.org/10.1371/journal.pone.0094122
http://dx.doi.org/10.1371/journal.pone.0094122
http://dx.doi.org/10.1371/journal.pone.0094122
http://dx.doi.org/10.1016/0896-6273(95)90059-4
http://dx.doi.org/10.1016/0896-6273(95)90059-4
http://dx.doi.org/10.1016/0896-6273(95)90059-4
http://dx.doi.org/10.1186/s12915-014-0084-2
http://dx.doi.org/10.1186/s12915-014-0084-2
http://dx.doi.org/10.1186/s12915-014-0084-2
http://dx.doi.org/10.1186/s12915-014-0084-2
http://dx.doi.org/10.1371/journal.ppat.1003169
http://dx.doi.org/10.1371/journal.ppat.1003169
http://dx.doi.org/10.1371/journal.ppat.1003169
http://dx.doi.org/10.1371/journal.ppat.1003169
http://dx.doi.org/10.1016/j.ijpara.2016.05.010
http://dx.doi.org/10.1016/j.ijpara.2016.05.010
http://dx.doi.org/10.1016/j.ijpara.2016.05.010
http://dx.doi.org/10.1097/WNR.0000000000000660
http://dx.doi.org/10.1097/WNR.0000000000000660
http://dx.doi.org/10.1097/WNR.0000000000000660
http://dx.doi.org/10.1016/j.ab.2009.03.010
http://dx.doi.org/10.1016/j.ab.2009.03.010
http://dx.doi.org/10.1016/j.ab.2009.03.010
http://dx.doi.org/10.1073/pnas.1324060111
http://dx.doi.org/10.1073/pnas.1324060111
http://dx.doi.org/10.1073/pnas.1324060111
http://dx.doi.org/10.1016/j.bbr.2016.02.020
http://dx.doi.org/10.1016/j.bbr.2016.02.020
http://dx.doi.org/10.1016/j.bbr.2016.02.020
http://dx.doi.org/10.1002/ana.410200502
http://dx.doi.org/10.1002/ana.410200502
http://dx.doi.org/10.1152/jn.00741.2003
http://dx.doi.org/10.1152/jn.00741.2003
http://dx.doi.org/10.1152/jn.00741.2003
http://dx.doi.org/10.15252/embr.201744010
http://dx.doi.org/10.15252/embr.201744010
http://dx.doi.org/10.1242/jeb.104067
http://dx.doi.org/10.1242/jeb.104067
http://dx.doi.org/10.1242/jeb.104067
http://dx.doi.org/10.1111/pcn.12415
http://dx.doi.org/10.1111/pcn.12415
http://dx.doi.org/10.1111/pcn.12415
http://dx.doi.org/10.1002/0471140856.tx1119s64
http://dx.doi.org/10.1002/0471140856.tx1119s64
http://dx.doi.org/10.1002/0471140856.tx1119s64
http://dx.doi.org/10.1586/epr.11.53
http://dx.doi.org/10.1586/epr.11.53
http://dx.doi.org/10.1586/epr.11.53
http://dx.doi.org/10.1111/j.1471-4159.2006.04090.x
http://dx.doi.org/10.1111/j.1471-4159.2006.04090.x
http://dx.doi.org/10.1111/j.1471-4159.2006.04090.x
http://dx.doi.org/10.1111/j.1471-4159.2006.04090.x
http://dx.doi.org/10.1111/j.1471-4159.2006.04090.x
http://dx.doi.org/10.1146/annurev-anchem-071114-040210
http://dx.doi.org/10.1146/annurev-anchem-071114-040210
http://dx.doi.org/10.1016/j.ygcen.2016.06.005
http://dx.doi.org/10.1016/j.ygcen.2016.06.005
http://dx.doi.org/10.1016/j.ygcen.2016.06.005
http://dx.doi.org/10.1016/j.ygcen.2016.06.005
http://dx.doi.org/10.1007/s13361-015-1108-z
http://dx.doi.org/10.1007/s13361-015-1108-z
http://dx.doi.org/10.1007/s13361-015-1108-z
http://dx.doi.org/10.1021/ac970888i
http://dx.doi.org/10.1021/ac970888i
http://dx.doi.org/10.1021/ac970888i
http://dx.doi.org/10.1038/nprot.2011.388
http://dx.doi.org/10.1038/nprot.2011.388
http://dx.doi.org/10.1038/nprot.2011.388

REVIEW

Journal of Experimental Biology (2018) 221, jeb151167. doi:10.1242/jeb.151167

Chang, M. M., Leeman, S. E. and Niall, H. D. (1971). Amino-acid sequence of
substance P. Nature 232, 86-87.

Chaurand, P., Latham, J. C., Lane, K. B., Mobley, J. A., Polosukhin, V. V., Wirth,
P. S., Nanney, L. B. and Caprioli, R. M. (2008). Imaging mass spectrometry of
intact proteins from alcohol-preserved tissue specimens: bypassing formalin
fixation. J. Proteome Res. 7, 3543-3555.

Che, F.-Y. and Fricker, L. D. (2005). Quantitative peptidomics of mouse pituitary:
comparison of different stable isotopic tags. J. Mass Spectrom. 40, 238-249.

Chen, R. B., Hui, L. M., Sturm, R. M. and Li, L. J. (2009). Three dimensional
mapping of neuropeptides and lipids in crustacean brain by mass spectral
imaging. J. Am. Soc. Mass Spectrom. 20, 1068-1077.

Chen, R,, Jiang, X., Conaway, M. C., Mohtashemi, I., Hui, L., Viner, R. and Li, L.
(2010a). Mass spectral analysis of neuropeptide expression and distribution in the
nervous system of the lobster Homarus americanus. J. Proteome Res. 9, 818-832.

Chen, R. B., Hui, L. M., Cape, S. S., Wang, J. H. and Li, L. J. (2010b). Comparative
neuropeptidomic analysis of food intake via a multifaceted mass spectrometric
approach. ACS Chem. Neurosci. 1, 204-214.

Chen, R. B., Xiao, M. M., Buchberger, A. and Li, L. J. (2014). Quantitative
neuropeptidomics study of the effects of temperature change in the crab cancer
borealis. J. Proteome Res. 13, 5767-5776.

Chen, Q., de Lecea, L., Hu, Z. and Gao, D. (2015). The hypocretin/orexin system:
an increasingly important role in neuropsychiatry. Med. Res. Rev. 35, 152-197.
Chen, B. M,, Lietz, C. B., OuYang, C. Z., Zhong, X. F., Xu, M. and Li, L. J. (2016a).
Matrix-assisted ionization vacuum for protein detection, fragmentation and PTM
analysis on a high resolution linear ion trap-orbitrap platform. Anal. Chim. Acta

916, 52-59.

Chen, J. T., Reiher, W., Hermann-Luibl, C., Sellami, A., Cognigni, P., Kondo, S.,
Helfrich-Forster, C., Veenstra, J. A. and Wegener, C. (2016b). Allatostatin a
signalling in Drosophila regulates feeding and sleep and is modulated by PDF.
PLoS Genet. 12, 33.

Chiang, A.-S., Lin, C.-Y., Chuang, C.-C., Chang, H.-M., Hsieh, C.-H., Yeh, C.-W.,
Shih, C.-T., Wu, J.-J., Wang, G.-T., Chen, Y.-C. et al. (2011). Three-dimensional
reconstruction of brain-wide wiring networks in Drosophila at single-cell resolution.
Curr. Biol. 21, 1-11.

Christie, A. E. (2014). Prediction of the peptidomes of Tigriopus californicus and
Lepeophtheirus salmonis (Copepoda, Crustacea). Gen. Comp. Endocrinol. 201,
87-106.

Christie, A. E. and Pascual, M. G. (2016). Peptidergic signaling in the crab Cancer
borealis: tapping the power of transcriptomics for neuropeptidome expansion.
Gen. Comp. Endocrinol. 237, 53-67.

Chrousos, G. P. and Gold, P. W. (1992). The concepts of stress and stress system
disorders-overview of physical and behavioral homeostasis. JAMA 267,
1244-1252.

Chu, S.-C., Yu, C.-H., Chen, P.-N., Hsieh, Y.-S. and Kuo, D.-Y. (2016). Role of
oxidative stress in disrupting the function of negative glucocorticoid response
element in daily amphetamine-treated rats. Psychoneuroendocrinology 71, 1-11.

Clynen, E., Liu, F., Husson, S. J., Landuyt, B., Hayakawa, E., Baggerman, G.,
Wets, G. and Schoofs, L. (2010). Bioinformatic approaches to the identification of
novel neuropeptide precursors. In Peptidomics: Methods and Protocols, Vol. 615
(ed. M. Soloviev), pp. 357-374. Totowa: Humana Press Inc.

Condro, M. C., Matynia, A., Foster, N. N., Ago, Y., Rajbhandari, A. K., Van, C.,
Jayaram, B., Parikh, S., Diep, A. L., Nguyen, E. et al. (2016). High-resolution
characterization of a PACAP-EGFP transgenic mouse model for mapping
PACAP-expressing neurons. J. Comp. Neurol. 524, 3827-3848.

Coscoy, S., Lingueglia, E., Lazdunski, M. and Barbry, P. (1998). The Phe-Met-
Arg-Phe-amide-activated sodium channel is a tetramer. J. Biol. Chem. 273,
8317-8322.

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
neurons. Pflugers Arch. 416, 612-614.

Daur, N., Nadim, F. and Bucher, D. (2016). The complexity of small circuits: the
stomatogastric nervous system. Curr. Opin. Neurobiol. 41, 1-7.

De Haes, W., Van Sinay, E., Detienne, G., Temmerman, L., Schoofs, L. and
Boonen, K. (2015). Functional neuropeptidomics in invertebrates. Biochim.
Biophys. Acta 1854, 812-826.

Dhuria, S. V., Fine, J. M., Bingham, D., Svitak, A. L., Burns, R. B., Baillargeon,
A. M., Panter, S. S., Kazi, A. N., William, H. F. and Hanson, L. R. (2016). Food
consumption and activity levels increase in rats following intranasal Hypocretin-1.
Neurosci. Lett. 627, 155-159.

Dickinson, P. S., Qu, X. and Stanhope, M. E. (2016). Neuropeptide modulation of
pattern-generating systems in crustaceans: comparative studies and approaches.
Curr. Opin. Neurobiol. 41, 149-157.

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.

Diirrnagel, S., Falkenburger, B. H. and Griinder, S. (2012). High Ca(2+)
permeability of a peptide-gated DEG/ENaC from Hydra. J. Gen. Physiol. 140,
391-402.

Edman, P. (1950). Method for determination of the amino acid sequence in
peptides. Acta Chem. Scand. 4, 283-293.

Elphick, M. R. and Mirabeau, O. (2014). The evolution and variety of RFamide-type
neuropeptides: insights from deuterostomian invertebrates. Front. Endocrinol.
(Lausanne) 5, 93.

Félth, M., Skold, K., Norrman, M., Svensson, M., Fenyd, D. and Andren, P. E.
(2006). SwePep, a database designed for endogenous peptides and mass
spectrometry. Mol. Cell. Proteomics 5, 998-1005.

Flores-Burgess, A., Millén, C., Gago, B., Narvaez, M., Borroto-Escuela, D. O.,
Mengod, G., Narvaez, J. A., Fuxe, K., Santin, L. and Diaz-Cabiale, Z. (2017).
Galanin (1-15) enhancement of the behavioral effects of Fluoxetine in the forced
swimming test gives a new therapeutic strategy against depression.
Neuropharmacology 118, 233-241.

Frese, C. K., Altelaar, A. F. M., van den Toorn, H., Nolting, D., Griep-Raming, J.,
Heck, A. J. R. and Mohammed, S. (2012). Toward full peptide sequence
coverage by dual fragmentation combining electron-transfer and higher-energy
collision dissociation tandem mass spectrometry. Anal. Chem. 84, 9668-9673.

Frese, C. K., Boender, A. J., Mohammed, S., Heck, A. J. R., Adan, R. A. H. and
Altelaar, A. F. M. (2013). Profiling of diet-induced neuropeptide changes in rat
brain by quantitative mass spectrometry. Anal. Chem. 85, 4594-4604.

Fricker, L. D. (2012). Mass spectrometry of immunolabeled neurons-the best of
both techniques. Cell Chem. Biol. 19, 931-932.

Fricker, L. D., Lim, J. Y., Pan, H. and Che, F.-Y. (2006). Peptidomics: identification
and quantification of endogenous peptides in neuroendocrine tissues. Mass
Spectrom. Rev. 25, 327-344.

Frost, D. C., Greer, T. and Li, L. (2015). High-resolution enabled 12-plex DiLeu
isobaric tags for quantitative proteomics. Anal. Chem. 87, 1646-1654.

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.

Gade, G., §imek, P. and Marco, H. G. (2015). Two novel tyrosine-containing
peptides (Tyr(4)) of the adipokinetic hormone family in beetles of the families
Cocoineljjdae and Silphidae. Amino Acids 47, 2323-2333.

Gide, G., Simek, P. and Marco, H. G. (2016). Novel members of the adipokinetic
hormone family in beetles of the superfamily Scarabaeoidea. Amino Acids 48,
2785-2798.

Gemperline, E., Rawson, S. and Li, L. J. (2014). Optimization and comparison of
multiple  MALDI matrix application methods for small molecule mass
spectrometric imaging. Anal. Chem. 86, 10030-10035.

Gilsh, G. L. and Vachet, R. W. (2003). The basics of mass spectrometry in the
twenty-first century. Nat. Rev. Drug Discov. 2, 140-150.

Givon, L. E. and Lazar, A. A. (2016). Neurokernel: an open source platform for
emulating the fruit fly brain. PLoS ONE 11, e0146581.

Glover, M. S., Bellinger, E. P., Radivojac, P. and Clemmer, D. E. (2015).
Penultimate proline in neuropeptides. Anal. Chem. 87, 8466-8472.

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.

Gomes, |, Aryal, D. K., Wardman, J. H., Gupta, A., Gagnidze, K., Rodriguiz,
R. M., Kumar, S., Wetsel, W. C., Pintar, J. E., Fricker, L. D. et al. (2013).
GPR171 is a hypothalamic G protein-coupled receptor for BigLEN, a
neuropeptide involved in feeding. Proc. Natl. Acad. Sci. USA 110, 16211-16216.

Green, K. A., Falconer, S. W. P. and Cottrell, G. A. (1994). The neuropeptide Phe-
Met-Arg-Phe-NH2 (FMRFamide) directly gates two ion channels in an identified
Helix neurone. Pflugers Arch. 428, 232-240.

Griinder, S. and Assmann, M. (2015). Peptide-gated ion channels and the simple
nervous system of Hydra. J. Exp. Biol. 218, 551-561.

Guenther, S., Rompp, A., Kummer, W. and Spengler, B. (2011). AP-MALDI
imaging of neuropeptides in mouse pituitary gland with 5 mu m spatial resolution
and high mass accuracy. Int. J. Mass Spectrom. 305, 228-237.

Hagstrom, D., Cochet-Escartin, O. and Collins, E.-M. S. (2016). Planarian brain
regeneration as a model system for developmental neurotoxicology.
Regeneration 3, 65-77.

Hanrieder, J., Ljungdahl, A. and Andersson, M. (2012). MALDI imaging mass
spectrometry of neuropeptides in Parkinson’s disease. J. Vis. Exp. 60, 3445.
Hassler, C., Zhang, Y., Gilmour, B., Graf, T., Fennell, T., Snyder, R., Deschamps,
J. R,, Reinscheid, R. K., Garau, C. and Runyon, S. P. (2014). Identification of
neuropeptide S antagonists: structure—activity relationship studies, x-ray

crystallography, and in vivo evaluation. ACS Chem. Neurosci. 5, 731-744.

Hay, E. A., Khalaf, A. R., Marini, P., Brown, A., Heath, K., Sheppard, D. and
MacKenzie, A. (2017). An analysis of possible off target effects following CAS9/
CRISPR targeted deletions of neuropeptide gene enhancers from the mouse
genome. Neuropeptides 64, 101-107.

Hegefeld, W. A., Kuczera, K. and Jas, G. S. (2011). Structural dynamics of
neuropeptide hPYY. Biopolymers 95, 487-502.

Hoelters, L., O’Grady, J. F., Webster, S. G. and Wilcockson, D. C. (2016).
Characterization, localization and temporal expression of crustacean
hyperglycemic hormone (CHH) in the behaviorally rhythmic peracarid
crustaceans, Eurydice pulchra (Leach) and Talitrus saltator (Montagu). Gen.
Comp. Endocrinol. 237, 43-52.

13

)
(@)}
9
§e
(2]
©
-+
c
()
£
—
()
o
x
NN
Y—
(©)
‘©
c
—
>
(®)
-_



http://dx.doi.org/10.1038/232343a0
http://dx.doi.org/10.1038/232343a0
http://dx.doi.org/10.1021/pr800286z
http://dx.doi.org/10.1021/pr800286z
http://dx.doi.org/10.1021/pr800286z
http://dx.doi.org/10.1021/pr800286z
http://dx.doi.org/10.1002/jms.743
http://dx.doi.org/10.1002/jms.743
http://dx.doi.org/10.1016/j.jasms.2009.01.017
http://dx.doi.org/10.1016/j.jasms.2009.01.017
http://dx.doi.org/10.1016/j.jasms.2009.01.017
http://dx.doi.org/10.1021/pr900736t
http://dx.doi.org/10.1021/pr900736t
http://dx.doi.org/10.1021/pr900736t
http://dx.doi.org/10.1021/cn900028s
http://dx.doi.org/10.1021/cn900028s
http://dx.doi.org/10.1021/cn900028s
http://dx.doi.org/10.1021/pr500742q
http://dx.doi.org/10.1021/pr500742q
http://dx.doi.org/10.1021/pr500742q
http://dx.doi.org/10.1002/med.21326
http://dx.doi.org/10.1002/med.21326
http://dx.doi.org/10.1016/j.aca.2016.02.018
http://dx.doi.org/10.1016/j.aca.2016.02.018
http://dx.doi.org/10.1016/j.aca.2016.02.018
http://dx.doi.org/10.1016/j.aca.2016.02.018
http://dx.doi.org/10.1016/j.cub.2010.11.056
http://dx.doi.org/10.1016/j.cub.2010.11.056
http://dx.doi.org/10.1016/j.cub.2010.11.056
http://dx.doi.org/10.1016/j.cub.2010.11.056
http://dx.doi.org/10.1016/j.ygcen.2014.02.015
http://dx.doi.org/10.1016/j.ygcen.2014.02.015
http://dx.doi.org/10.1016/j.ygcen.2014.02.015
http://dx.doi.org/10.1016/j.ygcen.2016.08.002
http://dx.doi.org/10.1016/j.ygcen.2016.08.002
http://dx.doi.org/10.1016/j.ygcen.2016.08.002
http://dx.doi.org/10.1001/jama.1992.03480090092034
http://dx.doi.org/10.1001/jama.1992.03480090092034
http://dx.doi.org/10.1001/jama.1992.03480090092034
http://dx.doi.org/10.1016/j.psyneuen.2016.04.025
http://dx.doi.org/10.1016/j.psyneuen.2016.04.025
http://dx.doi.org/10.1016/j.psyneuen.2016.04.025
http://dx.doi.org/10.1002/cne.24035
http://dx.doi.org/10.1002/cne.24035
http://dx.doi.org/10.1002/cne.24035
http://dx.doi.org/10.1002/cne.24035
http://dx.doi.org/10.1074/jbc.273.14.8317
http://dx.doi.org/10.1074/jbc.273.14.8317
http://dx.doi.org/10.1074/jbc.273.14.8317
http://dx.doi.org/10.1007/BF00382698
http://dx.doi.org/10.1007/BF00382698
http://dx.doi.org/10.1007/BF00382698
http://dx.doi.org/10.1016/j.conb.2016.07.005
http://dx.doi.org/10.1016/j.conb.2016.07.005
http://dx.doi.org/10.1016/j.bbapap.2014.12.011
http://dx.doi.org/10.1016/j.bbapap.2014.12.011
http://dx.doi.org/10.1016/j.bbapap.2014.12.011
http://dx.doi.org/10.1016/j.neulet.2016.05.053
http://dx.doi.org/10.1016/j.neulet.2016.05.053
http://dx.doi.org/10.1016/j.neulet.2016.05.053
http://dx.doi.org/10.1016/j.neulet.2016.05.053
http://dx.doi.org/10.1016/j.conb.2016.09.010
http://dx.doi.org/10.1016/j.conb.2016.09.010
http://dx.doi.org/10.1016/j.conb.2016.09.010
http://dx.doi.org/10.1074/jbc.M109.059998
http://dx.doi.org/10.1074/jbc.M109.059998
http://dx.doi.org/10.1074/jbc.M109.059998
http://dx.doi.org/10.1074/jbc.M109.059998
http://dx.doi.org/10.1085/jgp.201210798
http://dx.doi.org/10.1085/jgp.201210798
http://dx.doi.org/10.1085/jgp.201210798
http://dx.doi.org/10.3891/acta.chem.scand.04-0283
http://dx.doi.org/10.3891/acta.chem.scand.04-0283
http://dx.doi.org/10.3389/fendo.2014.00093
http://dx.doi.org/10.3389/fendo.2014.00093
http://dx.doi.org/10.3389/fendo.2014.00093
http://dx.doi.org/10.1074/mcp.M500401-MCP200
http://dx.doi.org/10.1074/mcp.M500401-MCP200
http://dx.doi.org/10.1074/mcp.M500401-MCP200
http://dx.doi.org/10.1016/j.neuropharm.2017.03.010
http://dx.doi.org/10.1016/j.neuropharm.2017.03.010
http://dx.doi.org/10.1016/j.neuropharm.2017.03.010
http://dx.doi.org/10.1016/j.neuropharm.2017.03.010
http://dx.doi.org/10.1016/j.neuropharm.2017.03.010
http://dx.doi.org/10.1021/ac3025366
http://dx.doi.org/10.1021/ac3025366
http://dx.doi.org/10.1021/ac3025366
http://dx.doi.org/10.1021/ac3025366
http://dx.doi.org/10.1021/ac400232y
http://dx.doi.org/10.1021/ac400232y
http://dx.doi.org/10.1021/ac400232y
http://dx.doi.org/10.1016/j.chembiol.2012.08.003
http://dx.doi.org/10.1016/j.chembiol.2012.08.003
http://dx.doi.org/10.1002/mas.20079
http://dx.doi.org/10.1002/mas.20079
http://dx.doi.org/10.1002/mas.20079
http://dx.doi.org/10.1021/ac503276z
http://dx.doi.org/10.1021/ac503276z
http://dx.doi.org/10.1007/s00424-005-1498-z
http://dx.doi.org/10.1007/s00424-005-1498-z
http://dx.doi.org/10.1007/s00424-005-1498-z
http://dx.doi.org/10.1007/s00726-015-2011-4
http://dx.doi.org/10.1007/s00726-015-2011-4
http://dx.doi.org/10.1007/s00726-015-2011-4
http://dx.doi.org/10.1007/s00726-016-2314-0
http://dx.doi.org/10.1007/s00726-016-2314-0
http://dx.doi.org/10.1007/s00726-016-2314-0
http://dx.doi.org/10.1021/ac5028534
http://dx.doi.org/10.1021/ac5028534
http://dx.doi.org/10.1021/ac5028534
http://dx.doi.org/10.1038/nrd1011
http://dx.doi.org/10.1038/nrd1011
http://dx.doi.org/10.1371/journal.pone.0146581
http://dx.doi.org/10.1371/journal.pone.0146581
http://dx.doi.org/10.1021/acs.analchem.5b01889
http://dx.doi.org/10.1021/acs.analchem.5b01889
http://dx.doi.org/10.1074/jbc.M706849200
http://dx.doi.org/10.1074/jbc.M706849200
http://dx.doi.org/10.1074/jbc.M706849200
http://dx.doi.org/10.1073/pnas.1312938110
http://dx.doi.org/10.1073/pnas.1312938110
http://dx.doi.org/10.1073/pnas.1312938110
http://dx.doi.org/10.1073/pnas.1312938110
http://dx.doi.org/10.1007/BF00724502
http://dx.doi.org/10.1007/BF00724502
http://dx.doi.org/10.1007/BF00724502
http://dx.doi.org/10.1242/jeb.111666
http://dx.doi.org/10.1242/jeb.111666
http://dx.doi.org/10.1016/j.ijms.2010.11.011
http://dx.doi.org/10.1016/j.ijms.2010.11.011
http://dx.doi.org/10.1016/j.ijms.2010.11.011
http://dx.doi.org/10.1002/reg2.52
http://dx.doi.org/10.1002/reg2.52
http://dx.doi.org/10.1002/reg2.52
http://dx.doi.org/10.3791/3445
http://dx.doi.org/10.3791/3445
http://dx.doi.org/10.1021/cn500113c
http://dx.doi.org/10.1021/cn500113c
http://dx.doi.org/10.1021/cn500113c
http://dx.doi.org/10.1021/cn500113c
http://dx.doi.org/10.1016/j.npep.2016.11.003
http://dx.doi.org/10.1016/j.npep.2016.11.003
http://dx.doi.org/10.1016/j.npep.2016.11.003
http://dx.doi.org/10.1016/j.npep.2016.11.003
http://dx.doi.org/10.1002/bip.21608
http://dx.doi.org/10.1002/bip.21608
http://dx.doi.org/10.1016/j.ygcen.2016.07.024
http://dx.doi.org/10.1016/j.ygcen.2016.07.024
http://dx.doi.org/10.1016/j.ygcen.2016.07.024
http://dx.doi.org/10.1016/j.ygcen.2016.07.024
http://dx.doi.org/10.1016/j.ygcen.2016.07.024

REVIEW

Journal of Experimental Biology (2018) 221, jeb151167. doi:10.1242/jeb.151167

Hokfelt, T., Bartfai, T. and Bloom, F. (2003). Neuropeptides: opportunities for drug
discovery. Lancet Neurol. 2, 463-472.

Holden-Dye, L., Brownlee, D. J. A. and Walker, R. J. (1997). The effects of the
peptide KPNFIRFamide (PF4) on the somatic muscle cells of the parasitic
nematode Ascaris suum. Br. J. Pharmacol. 120, 379-386.

Hook, V. and Bandeira, N. (2015). Neuropeptidomics mass spectrometry reveals
signaling networks generated by distinct protease pathways in human systems.
J. Am. Soc. Mass Spectrom. 26, 1970-1980.

Hughes, J. and Woodruff, G. N. (1992). Neuropeptides. Function and clinical
applications. Arzneimittelforschung 42, 250-255.

Hui, L. M., D’Andrea, B. T., Jia, C. X., Liang, Z. D., Christie, A. E. and Li, L. J.
(2013). Mass spectrometric characterization of the neuropeptidome of the ghost
crab Ocypode ceratophthalma (Brachyura, Ocypodidae). Gen. Comp. Endocrinol.
184, 22-34.

Husson, S. J., Mertens, |., Janssen, T., Lindemans, M. and Schoofs, L. (2007).
Neuropeptidergic signaling in the nematode Caenorhabditis elegans. Prog.
Neurobiol. 82, 33-55.

Husson, S. J., Lindemans, M., Janssen, T. and Schoofs, L. (2009). Comparison
of Caenorhabditis elegans NLP peptides with arthropod neuropeptides. Trends
Parasitol. 25, 171-181.

Janett, E., Bernardinelli, Y., Miiller, D. and Bochet, C. G. (2015). Synthesis of
FMRFaNV, a photoreleasable caged transmitter designed to study neuron-glia
interactions in the central nervous system. Bioconjug. Chem. 26, 2408-2418.

Janson, E. T., Comi, T. J., Rubakhin, S. S. and Sweedler, J. V. (2016). Single cell
peptide heterogeneity of rat islets of langerhans. ACS Chem. Biol. 11, 2588-2595.

Jasti, J., Furukawa, H., Gonzales, E. B. and Gouaux, E. (2007). Structure of acid-
sensing ion channel 1 at 1.9 A resolution and low pH. Nature 449, 316-323.

Javadian, N., Rahimi, N., Javadi-Paydar, M., Doustimotlagh, A. H. and Dehpour,
A. R. (2016). The modulatory effect of nitric oxide in pro- and anti-convulsive
effects of vasopressin in PTZ-induced seizures threshold in mice. Epilepsy Res.
126, 134-140.

Jeziorski, M. C., Green, K. A., Sommerville, J. and Cottrell, G. A. (2000). Cloning
and expression of a FMRFamide-gated Na(+) channel from Helisoma trivolvis and
comparison with the native neuronal channel. J. Physiol. 526, 13-25.

Jia, C., Lietz, C. B., Ye, H., Hui, L., Yu, Q., Yoo, S. and Li, L. (2013). A multi-scale
strategy for discovery of novel endogenous neuropeptides in the crustacean
nervous system. J. Proteomics 91, 1-12.

Jia, C. X,, Lietz, C. B., Yu, Q. and Li, L. J. (2014). Site-specific characterization of
D-amino acid containing peptide epimers by ion mobility spectrometry. Anal.
Chem. 86, 2972-2981.

Kaiser, A., Muller, P., Zellmann, T., Scheidt, H. A., Thomas, L., Bosse, M., Meier,
R., Meiler, J., Huster, D., Beck-Sickinger, A. G. et al. (2015). Unwinding of the
C-terminal residues of neuropeptide Y is critical for Y(2) receptor binding and
activation. Angew. Chem. Int. Ed. Engl. 54, 7446-7449.

Kanu, A. B., Dwivedi, P., Tam, M., Matz, L. and Hill, H. H. (2008). lon mobility-mass
spectrometry. J. Mass Spectrom. 43, 1-22.

Kasica, N., Podlasz, P., Sundvik, M., Tamas, A., Reglodi, D. and Kaleczyc, J.
(2016). Protective effects of pituitary adenylate cyclase-activating polypeptide
(PACAP) against oxidative stress in zebrafish hair cells. Neurotox. Res. 30,
633-647.

Katz, P. S., Calin-Jageman, R., Dhawan, A., Frederick, C., Guo, S.,
Dissanayaka, R., Hiremath, N., Ma, W., Shen, X., Wang, H. C. et al. (2010).
NeuronBank: a tool for cataloging neuronal circuitry. Front. Syst. Neurosci. 4, 9.

Khatib-Shahidi, S., Andersson, M., Herman, J. L., Gillespie, T. A. and Caprioli,
R. M. (2006). Direct molecular analysis of whole-body animal tissue sections by
imaging MALDI mass spectrometry. Anal. Chem. 78, 6448-6456.

Kim, K. and Li, C. (2004). Expression and regulation of an FMRFamide-related
neuropeptide gene family in Caenorhabditis elegans. J. Comp. Neurol. 475,
540-550.

Kintos, N., Nusbaum, M. P. and Nadim, F. (2016). Convergent neuromodulation
onto a network neuron can have divergent effects at the network level. J. Comput.
Neurosci. 40, 113-135.

Kodani, Y. and Furukawa, Y. (2010). Position 552 in a FMRFamide-gated Na(+)
channel affects the gating properties and the potency of FMRFamide. Zoolog. Sci.
27, 440-448.

Kormos, V. and Gaszner, B. (2013). Role of neuropeptides in anxiety, stress, and
depression: From animals to humans. Neuropeptides 47, 401-419.

Kramer, R. H., Fortin, D. L. and Trauner, D. (2009). New photochemical tools for
controlling neuronal activity. Curr. Opin. Neurobiol. 19, 544-552.

Kuksis, M. and Ferguson, A. V. (2014). Cellular actions of nesfatin-1 in the
subfornical organ. J. Neuroendocrinol. 26, 237-246.

Kuksis, M. and Ferguson, A. V. (2017). Cellular actions of nesfatin-1 in the
subfornical organ. J. Neuroendocrinol. 26, 237-246.

Levsky, J. M. and Singer, R. H. (2003). Fluorescence in situ hybridization: past,
present and future. J. Cell Sci. 116, 2833-2838.

Li, L. J. and Sweedler, J. V. (2008). Peptides in the brain: mass spectrometry-based
measurement approaches and challenges. Annu. Rev. Anal. Chem. 1, 451-483.

Li, C. Y., Limnuson, K., Wu, Z. Z., Amin, A., Narayan, A., Golanov, E. V., Ahn,
C. H., Hartings, J. A. and Narayan, R. K. (2016). Single probe for real-time

simultaneous monitoring of neurochemistry and direct-current electrocorticography.
Biosens. Bioelectron. 77, 62-68.

Lin, W.-C., Tsai, M.-C., Davenport, C. M., Smith, C. M., Veit, J., Wilson, N. M.,
Adesnik, H. and Kramer, R. H. (2015). A comprehensive optogenetic
pharmacology toolkit for in vivo control of GABAA receptors and synaptic
inhibition. Neuron 88, 879-891.

Lin, Y.-T,, Liu, T.-Y,, Yang, C.-Y., Yu, Y.-L,, Chen, T.-C., Day, Y.-J., Chang, C.-C.,
Huan, G.-J. and Chen, J.-C. (2016). Chronic activation of NPFFR2 stimulates the
stress-related  depressive behaviors through HPA axis modulation.
Psychoneuroendocrinology 71, 73-85.

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

Liu, H. J., Yan, H., Yan, J,, Li, H., Chen, L., Han, L. R. and Yang, X. F. (2016a).
Substance P promotes the proliferation, but inhibits differentiation and
mineralization of osteoblasts from rats with spinal cord injury via RANKL/OPG
system. PLoS ONE 11, 18.

Liu, S., Jin, D., Wu, J.-Q., Xu, Z.-Y., Fu, S., Mei, G., Zou, Z.-L. and Ma, S.-H.
(2016b). Neuropeptide Y stimulates osteoblastic differentiation and VEGF
expression of bone marrow mesenchymal stem cells related to canonical Wnt
signaling activating in vitro. Neuropeptides 56, 105-113.

Liu, W.-H., Chen, Y., Bai, X.-W., Yao, H.-M., Zhang, X.-G., Yan, X.-W. and Lai, R.
(2016c). Identification and characterization of a novel neuropeptide (neuropeptide
Y-HS) from leech salivary gland of Haemadipsa sylvestris. Chin. J. Nat. Med. 14,
677-682.

Ma, B., Zhang, K. Z., Hendrie, C., Liang, C. Z., Li, M., Doherty-Kirby, A. and
Lajoie, G. (2003). PEAKS: powerful software for peptide de novo sequencing
by tandem mass spectrometry. Rapid Commun. Mass Spectrom. 17,
2337-2342.

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

Marder, E., Gutierrez, G. J. and Nusbaum, M. P. (2017). Complicating
connectomes: Electrical coupling creates parallel pathways and degenerate
circuit mechanisms. Dev. Neurobiol. 77, 597-609.

Mark, L., Maasz, G. and Pirger, Z. (2012). High resolution spatial distribution of
neuropeptides by maldi imaging mass spectrometry in the terrestrial snail, helix
pomatia. Acta Biol. Hung. 63, 113-122.

Matthews, R. T. and Lee, W. L. (1991). A comparison of extracellular and
intracellular-recordings from medial septum/diagonal band neurons in vitro.
Neuroscience 42, 451-462.

McEwen, C. N,, Larsen, B. S. and Trimpin, S. (2010). Laserspray ionization on a
commercial atmospheric pressure-MALDI mass spectrometer ion source:
selecting singly or multiply charged ions. Anal. Chem. 82, 4998-5001.

McVeigh, P., Mair, G. R., Atkinson, L., Ladurner, P., Zamanian, M., Novozhilova,
E., Marks, N. J., Day, T. A. and Maule, A. G. (2009). Discovery of multiple
neuropeptide families in the phylum Platyhelminthes. Int. J. Parasitol. 39,
1243-1252.

Menzel, R. (2012). Introduction to the research topic on standard brain atlases.
Front. Syst. Neurosci. 6, 24.

Moosler, A., Rinehart, K. L. and Grimmelikhuijzen, C. J. P. (1996). Isolation of
four novel neuropeptides, the hydra-RFamides I-IV, from Hydra magnipapillata.
Biochem. Biophys. Res. Commun. 229, 596-602.

Morimoto, R., Satoh, F., Murakami, O., Totsune, K., Saruta, M., Suzuki, T.,
Sasano, H., Ito, S. and Takahashi, K. (2008). Expression of peptide YY in human
brain and pituitary tissues. Nutrition 24, 878-884.

Morris, J., Cardona, A., De Miguel-Bonet Mdel, M. and Hartenstein, V. (2007).
Neurobiology of the basal platyhelminth Macrostomum lignano: map and
digital 3D model of the juvenile brain neuropile. Dev. Genes Evol. 217,
569-584.

Narvaez, M., Borroto-Escuela, D. O., Millén, C., Gago, B., Flores-Burgess,
A., Santin, L., Fuxe, K., Narvaez, J. A. and Diaz-Cabiale, Z. (2016).
Galanin receptor 2-neuropeptide Y Y1 receptor interactions in the dentate
gyrus are related with antidepressant-like effects. Brain Struct. Funct. 221,
4129-4139.

Niehoff, A.-C., Kettling, H., Pirkl, A., Chiang, Y. N., Dreisewerd, K. and Yew, J. Y.
(2014). Analysis of Drosophila lipids by matrix-assisted laser desorption/ionization
mass spectrometric imaging. Anal. Chem. 86, 11086-11092.

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.

O’Connor, C., White, K. L., Doncescu, N., Didenko, T., Roth, B. L., Czaplicki, G.,
Stevens, R. C., Wuthrich, K. and Milon, A. (2015). NMR structure and dynamics
of the agonist dynorphin peptide bound to the human kappa opioid receptor. Proc.
Natl. Acad. Sci. USA 112, 11852-11857.

Otopalik, A. G., Goeritz, M. L., Sutton, A. C., Brookings, T., Guerini, C. and
Marder, E. (2017). Sloppy morphological tuning in identified neurons of the
crustacean stomatogastric ganglion. Elife 6, €22352.

14

)
(@)}
9
§e
(2]
©
-+
c
()
£
—
()
o
x
NN
Y—
(©)
‘©
c
—
>
(®)
-_



http://dx.doi.org/10.1016/S1474-4422(03)00482-4
http://dx.doi.org/10.1016/S1474-4422(03)00482-4
http://dx.doi.org/10.1038/sj.bjp.0700906
http://dx.doi.org/10.1038/sj.bjp.0700906
http://dx.doi.org/10.1038/sj.bjp.0700906
http://dx.doi.org/10.1007/s13361-015-1251-6
http://dx.doi.org/10.1007/s13361-015-1251-6
http://dx.doi.org/10.1007/s13361-015-1251-6
http://dx.doi.org/10.1016/j.ygcen.2012.12.008
http://dx.doi.org/10.1016/j.ygcen.2012.12.008
http://dx.doi.org/10.1016/j.ygcen.2012.12.008
http://dx.doi.org/10.1016/j.ygcen.2012.12.008
http://dx.doi.org/10.1016/j.pneurobio.2007.01.006
http://dx.doi.org/10.1016/j.pneurobio.2007.01.006
http://dx.doi.org/10.1016/j.pneurobio.2007.01.006
http://dx.doi.org/10.1016/j.pt.2008.12.009
http://dx.doi.org/10.1016/j.pt.2008.12.009
http://dx.doi.org/10.1016/j.pt.2008.12.009
http://dx.doi.org/10.1021/acs.bioconjchem.5b00473
http://dx.doi.org/10.1021/acs.bioconjchem.5b00473
http://dx.doi.org/10.1021/acs.bioconjchem.5b00473
http://dx.doi.org/10.1021/acschembio.6b00602
http://dx.doi.org/10.1021/acschembio.6b00602
http://dx.doi.org/10.1038/nature06163
http://dx.doi.org/10.1038/nature06163
http://dx.doi.org/10.1016/j.eplepsyres.2016.07.006
http://dx.doi.org/10.1016/j.eplepsyres.2016.07.006
http://dx.doi.org/10.1016/j.eplepsyres.2016.07.006
http://dx.doi.org/10.1016/j.eplepsyres.2016.07.006
http://dx.doi.org/10.1111/j.1469-7793.2000.00013.x
http://dx.doi.org/10.1111/j.1469-7793.2000.00013.x
http://dx.doi.org/10.1111/j.1469-7793.2000.00013.x
http://dx.doi.org/10.1016/j.jprot.2013.06.021
http://dx.doi.org/10.1016/j.jprot.2013.06.021
http://dx.doi.org/10.1016/j.jprot.2013.06.021
http://dx.doi.org/10.1021/ac4033824
http://dx.doi.org/10.1021/ac4033824
http://dx.doi.org/10.1021/ac4033824
http://dx.doi.org/10.1002/anie.201411688
http://dx.doi.org/10.1002/anie.201411688
http://dx.doi.org/10.1002/anie.201411688
http://dx.doi.org/10.1002/anie.201411688
http://dx.doi.org/10.1002/jms.1383
http://dx.doi.org/10.1002/jms.1383
http://dx.doi.org/10.1007/s12640-016-9659-8
http://dx.doi.org/10.1007/s12640-016-9659-8
http://dx.doi.org/10.1007/s12640-016-9659-8
http://dx.doi.org/10.1007/s12640-016-9659-8
http://dx.doi.org/10.3389/fnsys.2010.00009
http://dx.doi.org/10.3389/fnsys.2010.00009
http://dx.doi.org/10.3389/fnsys.2010.00009
http://dx.doi.org/10.1021/ac060788p
http://dx.doi.org/10.1021/ac060788p
http://dx.doi.org/10.1021/ac060788p
http://dx.doi.org/10.1002/cne.20189
http://dx.doi.org/10.1002/cne.20189
http://dx.doi.org/10.1002/cne.20189
http://dx.doi.org/10.1007/s10827-015-0587-z
http://dx.doi.org/10.1007/s10827-015-0587-z
http://dx.doi.org/10.1007/s10827-015-0587-z
http://dx.doi.org/10.2108/zsj.27.440
http://dx.doi.org/10.2108/zsj.27.440
http://dx.doi.org/10.2108/zsj.27.440
http://dx.doi.org/10.1016/j.npep.2013.10.014
http://dx.doi.org/10.1016/j.npep.2013.10.014
http://dx.doi.org/10.1016/j.conb.2009.09.004
http://dx.doi.org/10.1016/j.conb.2009.09.004
http://dx.doi.org/10.1111/jne.12143
http://dx.doi.org/10.1111/jne.12143
http://dx.doi.org/10.1111/jne.12143
http://dx.doi.org/10.1111/jne.12143
http://dx.doi.org/10.1242/jcs.00633
http://dx.doi.org/10.1242/jcs.00633
http://dx.doi.org/10.1146/annurev.anchem.1.031207.113053
http://dx.doi.org/10.1146/annurev.anchem.1.031207.113053
http://dx.doi.org/10.1016/j.bios.2015.09.021
http://dx.doi.org/10.1016/j.bios.2015.09.021
http://dx.doi.org/10.1016/j.bios.2015.09.021
http://dx.doi.org/10.1016/j.bios.2015.09.021
http://dx.doi.org/10.1016/j.neuron.2015.10.026
http://dx.doi.org/10.1016/j.neuron.2015.10.026
http://dx.doi.org/10.1016/j.neuron.2015.10.026
http://dx.doi.org/10.1016/j.neuron.2015.10.026
http://dx.doi.org/10.1016/j.psyneuen.2016.05.014
http://dx.doi.org/10.1016/j.psyneuen.2016.05.014
http://dx.doi.org/10.1016/j.psyneuen.2016.05.014
http://dx.doi.org/10.1016/j.psyneuen.2016.05.014
http://dx.doi.org/10.1038/378730a0
http://dx.doi.org/10.1038/378730a0
http://dx.doi.org/10.1038/378730a0
http://dx.doi.org/10.1371/journal.pone.0165063
http://dx.doi.org/10.1371/journal.pone.0165063
http://dx.doi.org/10.1371/journal.pone.0165063
http://dx.doi.org/10.1371/journal.pone.0165063
http://dx.doi.org/10.1016/j.npep.2015.12.008
http://dx.doi.org/10.1016/j.npep.2015.12.008
http://dx.doi.org/10.1016/j.npep.2015.12.008
http://dx.doi.org/10.1016/j.npep.2015.12.008
http://dx.doi.org/10.1016/S1875-5364(16)30080-2
http://dx.doi.org/10.1016/S1875-5364(16)30080-2
http://dx.doi.org/10.1016/S1875-5364(16)30080-2
http://dx.doi.org/10.1016/S1875-5364(16)30080-2
http://dx.doi.org/10.1002/rcm.1196
http://dx.doi.org/10.1002/rcm.1196
http://dx.doi.org/10.1002/rcm.1196
http://dx.doi.org/10.1002/rcm.1196
http://dx.doi.org/10.1146/annurev.physiol.69.031905.161516
http://dx.doi.org/10.1146/annurev.physiol.69.031905.161516
http://dx.doi.org/10.1146/annurev.physiol.69.031905.161516
http://dx.doi.org/10.1002/dneu.22410
http://dx.doi.org/10.1002/dneu.22410
http://dx.doi.org/10.1002/dneu.22410
http://dx.doi.org/10.1556/ABiol.63.2012.Suppl.2.15
http://dx.doi.org/10.1556/ABiol.63.2012.Suppl.2.15
http://dx.doi.org/10.1556/ABiol.63.2012.Suppl.2.15
http://dx.doi.org/10.1016/0306-4522(91)90388-5
http://dx.doi.org/10.1016/0306-4522(91)90388-5
http://dx.doi.org/10.1016/0306-4522(91)90388-5
http://dx.doi.org/10.1021/ac1006624
http://dx.doi.org/10.1021/ac1006624
http://dx.doi.org/10.1021/ac1006624
http://dx.doi.org/10.1016/j.ijpara.2009.03.005
http://dx.doi.org/10.1016/j.ijpara.2009.03.005
http://dx.doi.org/10.1016/j.ijpara.2009.03.005
http://dx.doi.org/10.1016/j.ijpara.2009.03.005
http://dx.doi.org/10.3389/fnsys.2012.00024
http://dx.doi.org/10.3389/fnsys.2012.00024
http://dx.doi.org/10.1006/bbrc.1996.1849
http://dx.doi.org/10.1006/bbrc.1996.1849
http://dx.doi.org/10.1006/bbrc.1996.1849
http://dx.doi.org/10.1016/j.nut.2008.06.011
http://dx.doi.org/10.1016/j.nut.2008.06.011
http://dx.doi.org/10.1016/j.nut.2008.06.011
http://dx.doi.org/10.1007/s00427-007-0166-z
http://dx.doi.org/10.1007/s00427-007-0166-z
http://dx.doi.org/10.1007/s00427-007-0166-z
http://dx.doi.org/10.1007/s00427-007-0166-z
http://dx.doi.org/10.1007/s00429-015-1153-1
http://dx.doi.org/10.1007/s00429-015-1153-1
http://dx.doi.org/10.1007/s00429-015-1153-1
http://dx.doi.org/10.1007/s00429-015-1153-1
http://dx.doi.org/10.1007/s00429-015-1153-1
http://dx.doi.org/10.1021/ac503171f
http://dx.doi.org/10.1021/ac503171f
http://dx.doi.org/10.1021/ac503171f
http://dx.doi.org/10.1038/nrn.2017.56
http://dx.doi.org/10.1038/nrn.2017.56
http://dx.doi.org/10.1038/nrn.2017.56
http://dx.doi.org/10.1073/pnas.1510117112
http://dx.doi.org/10.1073/pnas.1510117112
http://dx.doi.org/10.1073/pnas.1510117112
http://dx.doi.org/10.1073/pnas.1510117112
http://dx.doi.org/10.7554/eLife.22352
http://dx.doi.org/10.7554/eLife.22352
http://dx.doi.org/10.7554/eLife.22352

REVIEW

Journal of Experimental Biology (2018) 221, jeb151167. doi:10.1242/jeb.151167

OuYang, C., Chen, B. and Li, L. (2015a). High throughput in situ DDA analysis of
neuropeptides by coupling novel multiplex mass spectrometric imaging (MSI) with
gas-phase fractionation. J. Am. Soc. Mass Spectrom. 26, 1992-2001.

OuYang, C. Z.,, Liang, Z. D. and Li, L. J. (2015b). Mass spectrometric analysis of
spatio-temporal dynamics of crustacean neuropeptides. Biochim. Biophys. Acta
1854, 798-811.

Pang, X., Jia, C., Chen, Z. and Li, L. (2017). Structural characterization of
monomers and oligomers of D-amino acid-containing peptides using T-wave ion
mobility mass spectrometry. J. Am. Soc. Mass Spectrom. 28, 110-118.

Peng, W., Cao, M. X., Chen, J., Li, Y. M., Wang, Y. P., Zhu, Z. Y. and Hu, W. (2016).
GnlH plays a negative role in regulating GtH expression in the common carp,
Cyprinus carpio L. Gen. Comp. Endocrinol. 235, 18-28.

Perry, S. J., Straub, V. A,, Schofield, M. G., Burke, J. F. and Benjamin, P. R.
(2001). Neuronal expression of an FMRFamide-gated Na+ channel and its
modulation by acid pH. J. Neurosci. 21, 5559-5567.

Potocnik, N. O., Fisher, G. L., Prop, A. and Heeren, R. M. A. (2017). Sequencing
and identification of endogenous neuropeptides with matrix-enhanced secondary
ion mass spectrometry tandem mass spectrometry. Anal. Chem. 89, 8223-8227.

Purcell, J., Robertson, A. P., Thompson, D. P. and Martin, R. J. (2002a). PF4, a
FMRFamide-related peptide, gates low-conductance Cl(-) channels in Ascaris
suum. Eur. J. Pharmacol. 456, 11-17.

Purcell, J., Robertson, A. P., Thompson, D. P. and Martin, R. J. (2002b). The
time-course of the response to the FMRFamide-related peptide PF4 in Ascaris
suum muscle cells indicates direct gating of a chloride ion-channel. Parasitology
124, 649-656.

Qian, X. and Lloyd, R. V. (2003). Recent developments in signal amplification
methods for in situ hybridization. Diagn. Mol. Pathol. 12, 1-13.

Qin, J. and Wheeler, A. R. (2006). Maze exploration and learning in C. elegans.
Lab. Chip 7, 186-192.

Qiu, J., Nestor, C. C., Zhang, C. G., Padilla, S. L., Palmiter, R. D., Kelly, M. J. and
Ronnekleiv, O. K. (2016). High-frequency stimulation-induced peptide release
synchronizes arcuate kisspeptin neurons and excites GnRH neurons. Elife 5, 24.

Randlett, O., Wee, C. L., Naumann, E. A., Nnaemeka, O., Schoppik, D.,
Fitzgerald, J. E., Portugues, R., Lacoste, A. M. B, Riegler, C., Engert, F. et al.
(2015). Whole-brain activity mapping onto a zebrafish brain atlas. Nat. Methods
12, 1039-1046.

Reichmann, F. and Holzer, P. (2016). Neuropeptide Y: a stressful review.
Neuropeptides 55, 99-109.

Robichaud, G., Garrard, K. P., Barry, J. A. and Muddiman, D. C. (2013).
MSiReader: an open-source interface to view and analyze high resolving power
MS imaging files on matlab platform. J. Am. Soc. Mass Spectrom. 24, 718-721.

Robinson, S. D., Safavi-Hemami, H., Raghuraman, S., Imperial, J. S.,
Papenfuss, A. T., Teichert, R. W., Purcell, A. W., Olivera, B. M. and Norton,
R. S. (2015). Discovery by proteogenomics and characterization of an RF-amide
neuropeptide from cone snail venom. J. Proteomics 114, 38-47.

Robinson, S. D., Chhabra, S., Belgi, A., Chittoor, B., Safavi-Hemami, H.,
Robinson, A. J., Papenfuss, A. T., Purcell, A. W. and Norton, R. S. (2016). A
naturally occurring peptide with an elementary single disulfide-directed beta-
hairpin fold. Structure 24, 293-299.

Romanova, E. V. and Sweedler, J. V. (2015). Peptidomics for the discovery and
characterization of neuropeptides and hormones. Trends Pharmacol. Sci. 36,
579-586.

RA6mpp, A., Guenther, S., Schober, Y., Schulz, O., Takats, Z., Kummer, W. and
Spengler, B. (2010). Histology by mass spectrometry: label-free tissue
characterization obtained from high-accuracy bioanalytical imaging. Angew.
Chem. Int. Ed. Engl. 49, 3834-3838.

Roth, B. L. (2016). DREADDs for neuroscientists. Neuron 89, 683-694.

Rowe, M. L. and Elphick, M. R. (2012). The neuropeptide transcriptome of a model
echinoderm, the sea urchin Strongylocentrotus purpuratus. Gen. Comp.
Endocrinol. 179, 331-344.

Scanziani, M. and Hausser, M. (2009). Electrophysiology in the age of light. Nature
461, 930-939.

Schanuel, S. M., Bell, K. A, Henderson, S. C. and McQuiston, A. R. (2008).
Heterologous expression of the invertebrate FMRFamide-gated sodium channel
as a mechanism to selectively activate mammalian neurons. Neuroscience 155,
374-386.

Schmerberg, C. M. and Li, L. J. (2013a). Function-driven discovery of
neuropeptides with mass spectrometry-based tools. Protein Pept. Lett. 20,
681-694.

Schmerberg, C. M. and Li, L. J. (2013b). Mass spectrometric detection of
neuropeptides using affinity-enhanced microdialysis with antibody-coated
magnetic nanoparticles. Anal. Chem. 85, 915-922.

Schmidlin, T., Boender, A. J., Frese, C. K., Heck, A. J. R,, Adan, R. A. H. and
Altelaar, A. F. M. (2015). Diet-induced neuropeptide expression: feasibility of
quantifying extended and highly charged endogenous peptide sequences by
selected reaction monitoring. Anal. Chem. 87, 9966-9973.

Schmidt-Rhaesa, A., Harzsch, S. and Purschke, G. (2016). Structure and
evolution of invertebrate nervous systems. In The Quarterly Review of Biology,
Vol. 92, pp. 102-103. Oxford University Press, UK.

Schmitt, F., Vanselow, J. T., Schlosser, A., Kahnt, J., Réssler, W. and Wegener,
C. (2015). Neuropeptidomics of the carpenter ant Camponotus floridanus.
J. Proteome Res. 14, 1504-1514.

Schneider, S. C., Brown, T. C., Gonzalez, J. D., Levonyak, N. S., Rush, L. A. and
Cremeens, M. E. (2016). CD and 31P NMR studies of tachykinin and MSH
neuropeptides in SDS and DPC micelles. J. Mol. Struct. 1106, 108-113.

Schrader, M., Schulz-Knappe, P. and Fricker, L. D. (2014). Historical perspective
of peptidomics. EuPA Open Proteomics 3, 171-182.

Secher, A., Kelstrup, C., Conde-Frieboes, K., Pyke, C., Raun, K., Wulff, B. and
Olson, J. (2016). Analytic framework for peptidomics applied to large-scale
neuropeptide identification. Nat. Commun. 7, 11436.

Shahidi, R., Williams, E. A., Conzelmann, M., Asadulina, A., Veraszto, C.,
Jasek, S., Bezares-Calderon, L. A. and Jékely, G. (2015). A serial multiplex
immunogold labeling method for identifying peptidergic neurons in connectomes.
eLife, 4, e11147.

Shao, L.-W., Niu, R. and Liu, Y. (2016). Neuropeptide signals cell non-autonomous
mitochondrial unfolded protein response. Cell Res. 26, 1182-1196.

Shen, Y., Toli¢, N., Xie, F., Zhao, R., Purvine, S. O., Schepmoes, A. A., Ronald,
J. M., Anderson, G. A. and Smith, R. D. (2011). Effectiveness of CID, HCD, and
ETD with FT MS/MS for degradomic-peptidomic analysis: comparison of peptide
identification methods. J. Proteome Res. 10, 3929-3943.

Singh, O., Kumar, S., Singh, U., Kumar, V., Lechan, R. M. and Singru, P. S.
(2016). Cocaine- and amphetamine-regulated transcript peptide (CART) in the
brain of zebra finch, Taeniopygia guttata: Organization, interaction with
neuropeptide Y, and response to changes in energy status. J. Comp. Neurol.
524, 3014-3041.

Steen, H. and Mann, M. (2004). The abc’s (and xyz’s) of peptide sequencing. Nat.
Rev. Mol. Cell Biol. 5, 699-711.

Strohalm, M., Strohalm, J., Kaftan, F., Krasny, L., Volny, M., Novak, P., Ulbrich,
K. and Havli¢ek, V. (2011). Poly N-(2-hydroxypropyl)methacrylamide -based
tissue-embedding medium compatible with MALDI mass spectrometry imaging
experiments. Anal. Chem. 83, 5458-5462.

Sturm, R. M,, Lietz, C. B. and Li, L. J. (2014). Improved isobaric tandem mass tag
quantification by ion mobility mass spectrometry. Rapid Commun. Mass
Spectrom. 28, 1051-1060.

Szabo, T. M., Chen, R. B., Goeritz, M. L., Maloney, R. T., Tang, L. S., Li, L. J. and
Marder, E. (2011). Distribution and physiological effects of B-type allatostatins
(myoinhibitory peptides, MIPs) in the stomatogastric nervous system of the crab
cancer borealis. J. Comp. Neurol. 519, 2658-2676.

Ting, L., Rad, R., Gygi, S. P. and Haas, W. (2011). MS3 eliminates ratio distortion in
isobaric multiplexed quantitative proteomics. Nat. Methods 8, 937-940.

Torregrossa, M. M. and Kalivas, P. W. (2008). Microdialysis and the
neurochemistry of addiction. Pharmacol. Biochem. Behav. 90, 261-272.

Trimpin, S. and Inutan, E. D. (2013). Matrix assisted ionization in vacuum, a
sensitive and widely applicable ionization method for mass spectrometry. J. Am.
Soc. Mass Spectrom. 24, 722-732.

Turek, M., Besseling, J., Spies, J. P., Konig, S. and Bringmann, H. (2016). Sleep-
active neuron specification and sleep induction require FLP-11 neuropeptides to
systemically induce sleep. Elife 5.

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. USA 114, E4065-E4074.

Vaughan, J. M., Donaldson, C. J., Fischer, W. H., Perrin, M. H., Rivier, J. E.,
Sawchenko, P. E. and Vale, W. W. (2013). Posttranslational processing of human
and mouse urocortin 2: characterization and bioactivity of gene products.
Endocrinology 154, 1553-1564.

Verhaert, P., Pinkse, M. W. H., Strupat, K. and Conaway, M. C. P. (2010). Imaging
of similar mass neuropeptides in neuronal tissue by enhanced resolution MALDI
MS with an ion trap-orbitrap (TM) hybrid instrument. In Mass Spectrometry
Imaging: Principles and Protocols, Vol. 656 (ed. S. S. Rubakhin and J. V.
Sweedler), pp. 433-449. Totowa: Humana Press Inc.

Volgraf, M., Gorostiza, P., Numano, R., Kramer, R. H., Isacoff, E. Y. and Trauner,
D. (2006). Allosteric control of an ionotropic glutamate receptor with an optical
switch. Nat. Chem. Biol. 2, 47-52.

von Euler, U. S. and Gaddum, J. H. (1931). An unidentified depressor substance in
certain tissue extracts. J. Physiol. 72, 74-87.

Wang, J. H., Zhang, Y. Z., Xiang, F., Zhang, Z. C. and Li, L. J. (2010). Combining
capillary electrophoresis matrix-assisted laser desorption/ionization mass
spectrometry and stable isotopic labeling techniques for comparative
crustacean peptidomics. J. Chromatogr. A 1217, 4463-4470.

Wang, Y., Wang, M., Yin, S., Jang, R., Wang, J., Xue, Z. and Xu, T. (2015).
NeuroPep: a comprehensive resource of neuropeptides. Database (Oxford) 2015,
bav038.

Warkiani, M. E., Khoo, B. L., Wu, L., Tay, A. K. P., Bhagat, A. A. S., Han, J. and
Lim, C. T. (2016). Ultra-fast, label-free isolation of circulating tumor cells from
blood using spiral microfluidics. Nat. Protoc. 11, 134-148.

15

)
(@)}
9
§e
(2]
©
-+
c
()
£
—
()
o
x
NN
Y—
(©)
‘©
c
—
>
(®)
-_



http://dx.doi.org/10.1007/s13361-015-1265-0
http://dx.doi.org/10.1007/s13361-015-1265-0
http://dx.doi.org/10.1007/s13361-015-1265-0
http://dx.doi.org/10.1016/j.bbapap.2014.10.023
http://dx.doi.org/10.1016/j.bbapap.2014.10.023
http://dx.doi.org/10.1016/j.bbapap.2014.10.023
http://dx.doi.org/10.1007/s13361-016-1523-9
http://dx.doi.org/10.1007/s13361-016-1523-9
http://dx.doi.org/10.1007/s13361-016-1523-9
http://dx.doi.org/10.1016/j.ygcen.2016.06.001
http://dx.doi.org/10.1016/j.ygcen.2016.06.001
http://dx.doi.org/10.1016/j.ygcen.2016.06.001
http://dx.doi.org/10.1021/acs.analchem.7b02573
http://dx.doi.org/10.1021/acs.analchem.7b02573
http://dx.doi.org/10.1021/acs.analchem.7b02573
http://dx.doi.org/10.1016/S0014-2999(02)02622-5
http://dx.doi.org/10.1016/S0014-2999(02)02622-5
http://dx.doi.org/10.1016/S0014-2999(02)02622-5
http://dx.doi.org/10.1017/S0031182002001695
http://dx.doi.org/10.1017/S0031182002001695
http://dx.doi.org/10.1017/S0031182002001695
http://dx.doi.org/10.1017/S0031182002001695
http://dx.doi.org/10.1097/00019606-200303000-00001
http://dx.doi.org/10.1097/00019606-200303000-00001
http://dx.doi.org/10.1039/B613414A
http://dx.doi.org/10.1039/B613414A
http://dx.doi.org/10.7554/eLife.16246
http://dx.doi.org/10.7554/eLife.16246
http://dx.doi.org/10.7554/eLife.16246
http://dx.doi.org/10.1038/nmeth.3581
http://dx.doi.org/10.1038/nmeth.3581
http://dx.doi.org/10.1038/nmeth.3581
http://dx.doi.org/10.1038/nmeth.3581
http://dx.doi.org/10.1016/j.npep.2015.09.008
http://dx.doi.org/10.1016/j.npep.2015.09.008
http://dx.doi.org/10.1007/s13361-013-0607-z
http://dx.doi.org/10.1007/s13361-013-0607-z
http://dx.doi.org/10.1007/s13361-013-0607-z
http://dx.doi.org/10.1016/j.jprot.2014.11.003
http://dx.doi.org/10.1016/j.jprot.2014.11.003
http://dx.doi.org/10.1016/j.jprot.2014.11.003
http://dx.doi.org/10.1016/j.jprot.2014.11.003
http://dx.doi.org/10.1016/j.str.2015.11.015
http://dx.doi.org/10.1016/j.str.2015.11.015
http://dx.doi.org/10.1016/j.str.2015.11.015
http://dx.doi.org/10.1016/j.str.2015.11.015
http://dx.doi.org/10.1016/j.tips.2015.05.009
http://dx.doi.org/10.1016/j.tips.2015.05.009
http://dx.doi.org/10.1016/j.tips.2015.05.009
http://dx.doi.org/10.1002/anie.200905559
http://dx.doi.org/10.1002/anie.200905559
http://dx.doi.org/10.1002/anie.200905559
http://dx.doi.org/10.1002/anie.200905559
http://dx.doi.org/10.1016/j.neuron.2016.01.040
http://dx.doi.org/10.1016/j.ygcen.2012.09.009
http://dx.doi.org/10.1016/j.ygcen.2012.09.009
http://dx.doi.org/10.1016/j.ygcen.2012.09.009
http://dx.doi.org/10.1038/nature08540
http://dx.doi.org/10.1038/nature08540
http://dx.doi.org/10.1016/j.neuroscience.2008.05.052
http://dx.doi.org/10.1016/j.neuroscience.2008.05.052
http://dx.doi.org/10.1016/j.neuroscience.2008.05.052
http://dx.doi.org/10.1016/j.neuroscience.2008.05.052
http://dx.doi.org/10.2174/0929866511320060007
http://dx.doi.org/10.2174/0929866511320060007
http://dx.doi.org/10.2174/0929866511320060007
http://dx.doi.org/10.1021/ac302403e
http://dx.doi.org/10.1021/ac302403e
http://dx.doi.org/10.1021/ac302403e
http://dx.doi.org/10.1021/acs.analchem.5b03334
http://dx.doi.org/10.1021/acs.analchem.5b03334
http://dx.doi.org/10.1021/acs.analchem.5b03334
http://dx.doi.org/10.1021/acs.analchem.5b03334
http://dx.doi.org/10.1021/pr5011636
http://dx.doi.org/10.1021/pr5011636
http://dx.doi.org/10.1021/pr5011636
http://dx.doi.org/10.1016/j.molstruc.2015.10.057
http://dx.doi.org/10.1016/j.molstruc.2015.10.057
http://dx.doi.org/10.1016/j.molstruc.2015.10.057
http://dx.doi.org/10.1016/j.euprot.2014.02.014
http://dx.doi.org/10.1016/j.euprot.2014.02.014
http://dx.doi.org/10.1038/ncomms11436
http://dx.doi.org/10.1038/ncomms11436
http://dx.doi.org/10.1038/ncomms11436
http://dx.doi.org/10.7554/eLife.11147
http://dx.doi.org/10.7554/eLife.11147
http://dx.doi.org/10.7554/eLife.11147
http://dx.doi.org/10.7554/eLife.11147
http://dx.doi.org/10.1038/cr.2016.118
http://dx.doi.org/10.1038/cr.2016.118
http://dx.doi.org/10.1021/pr200052c
http://dx.doi.org/10.1021/pr200052c
http://dx.doi.org/10.1021/pr200052c
http://dx.doi.org/10.1021/pr200052c
http://dx.doi.org/10.1002/cne.24004
http://dx.doi.org/10.1002/cne.24004
http://dx.doi.org/10.1002/cne.24004
http://dx.doi.org/10.1002/cne.24004
http://dx.doi.org/10.1002/cne.24004
http://dx.doi.org/10.1038/nrm1468
http://dx.doi.org/10.1038/nrm1468
http://dx.doi.org/10.1021/ac2011679
http://dx.doi.org/10.1021/ac2011679
http://dx.doi.org/10.1021/ac2011679
http://dx.doi.org/10.1021/ac2011679
http://dx.doi.org/10.1002/rcm.6875
http://dx.doi.org/10.1002/rcm.6875
http://dx.doi.org/10.1002/rcm.6875
http://dx.doi.org/10.1002/cne.22654
http://dx.doi.org/10.1002/cne.22654
http://dx.doi.org/10.1002/cne.22654
http://dx.doi.org/10.1002/cne.22654
http://dx.doi.org/10.1038/nmeth.1714
http://dx.doi.org/10.1038/nmeth.1714
http://dx.doi.org/10.1016/j.pbb.2007.09.001
http://dx.doi.org/10.1016/j.pbb.2007.09.001
http://dx.doi.org/10.1007/s13361-012-0571-z
http://dx.doi.org/10.1007/s13361-012-0571-z
http://dx.doi.org/10.1007/s13361-012-0571-z
http://dx.doi.org/10.7554/eLife.12499
http://dx.doi.org/10.7554/eLife.12499
http://dx.doi.org/10.7554/eLife.12499
http://dx.doi.org/10.1016/j.neuron.2012.09.014
http://dx.doi.org/10.1016/j.neuron.2012.09.014
http://dx.doi.org/10.1073/pnas.1617392114
http://dx.doi.org/10.1073/pnas.1617392114
http://dx.doi.org/10.1073/pnas.1617392114
http://dx.doi.org/10.1073/pnas.1617392114
http://dx.doi.org/10.1210/en.2012-2011
http://dx.doi.org/10.1210/en.2012-2011
http://dx.doi.org/10.1210/en.2012-2011
http://dx.doi.org/10.1210/en.2012-2011
http://dx.doi.org/10.1038/nchembio756
http://dx.doi.org/10.1038/nchembio756
http://dx.doi.org/10.1038/nchembio756
http://dx.doi.org/10.1113/jphysiol.1931.sp002763
http://dx.doi.org/10.1113/jphysiol.1931.sp002763
http://dx.doi.org/10.1016/j.chroma.2010.02.084
http://dx.doi.org/10.1016/j.chroma.2010.02.084
http://dx.doi.org/10.1016/j.chroma.2010.02.084
http://dx.doi.org/10.1016/j.chroma.2010.02.084
http://dx.doi.org/10.1093/database/bav038
http://dx.doi.org/10.1093/database/bav038
http://dx.doi.org/10.1093/database/bav038
http://dx.doi.org/10.1038/nprot.2016.003
http://dx.doi.org/10.1038/nprot.2016.003
http://dx.doi.org/10.1038/nprot.2016.003

REVIEW

Journal of Experimental Biology (2018) 221, jeb151167. doi:10.1242/jeb.151167

Whim, M. D. and Moss, G. W. J. (2001). A novel technique that measures peptide
secretion on a millisecond timescale reveals rapid changes in release. Neuron 30,
37-50.

Wickstrom, H. R., Berner, J., Holgert, H., Hokfelt, T. and Lagercrantz, H. (2004).
Hypoxic response in newborn rat is attenuated by neurokinin-1 receptor blockade.
Respir. Physiol. Neurobiol. 140, 19-31.

Wong, Y.H., Yu, L., Zhang, G., He, L. S. and Qian, P. Y. (2016). In Silico prediction
of neuropeptides/peptide hormone transcripts in the cheilostome bryozoan
bugula neritina. PLoS ONE 11, e0160271.

Xiang, F., Ye, H., Chen, R. B., Fu, Q. and Li, L. J. (2010). N,N-dimethyl leucines as
novel isobaric tandem mass tags for quantitative proteomics and peptidomics.
Anal. Chem. 82, 2817-2825.

Xie, Y., Zhang, L., Wu, X. Q., Zhang, C. L., Yang, X. L. and Tobe, S. S. (2015).
Probing the active conformation of FGLamide allatostatin analogs with N-terminal
modifications using NMR spectroscopy and molecular modeling. Peptides 68,
214-218.

Yalow, R. S. and Berson, S. A. (1960). Immunoassay of endogenous plasma
insulin in man. J. Clin. Invest. 39, 1157-1175.

Yang, Y., Liu, L., Luo, H,, Li, Y., Li, H. and Xu, Z.-Q. D. (2017). Characterization of
the rat GAL2R promoter: positive role of ETS-1 in regulation of the rat GAL2R gene
in PC12 cells. Mol. Neurobiol. 54, 4421-4431.

Ye, H., Greer, T. and Li, L. J. (2012). Probing neuropeptide signaling at the organ
and cellular domains via imaging mass spectrometry. J. Proteomics 75,
5014-5026.

Ye, H., Hui, L. M., Kellersberger, K. and Li, L. J. (2013). Mapping of neuropeptides
in the crustacean stomatogastric nervous system by imaging mass spectrometry.
J. Am. Soc. Mass Spectrom. 24, 134-147.

Ye, H., Wang, J., Zhang, Z., Jia, C., Schmerberg, C., Catherman, A. D., Thomas,
P. M., Kelleher, N. L. and Li, L. (2015). Defining the neuropeptidome of the spiny
lobster panulirus interruptus brain using a multidimensional mass spectrometry-
based platform. J. Proteome Res. 14, 4776-4791.

Yeoh, J. G. C., Pandit, A. A., Zandawala, M., Nassel, D. R., Davies, S.-A. and
Dow, J. A. T. (2017). DINeR: database for insect neuropeptide research. Insect
Biochem. Mol. Biol. 86, 9-19.

Yin, J., Mobarec, J. C., Kolb, P. and Rosenbaum, D. M. (2014). Crystal structure of
the human OX2 orexin receptor bound to the insomnia drug suvorexant. Nature
519, 247-250.

Yu, X., Khani, A., Ye, X., Petruzziello, F., Gao, H., Zhang, X. and Rainer, G.
(2015). High-efficiency recognition and identification of disulfide bonded peptides
in rat neuropeptidome using targeted electron transfer dissociation tandem mass
spectrometry. Anal. Chem. 87, 11646-11651.

Yu, Q., Wang, B., Chen, Z., Urabe, G., Glover, M. S., Shi, X., Guo, L. W., Kent,
K. C. and Li, L. (2017). Electron-transfer/higher-energy collision dissociation
(EThcD)-enabled intact glycopeptide/glycoproteome characterization. J. Am.
Soc. Mass Spectrom. (in press) 28, 1751-1764.

Zhang, Z., Ye, H., Wang, J., Hui, L. and Li, L. (2012). Pressure-assisted capillary
electrophoresis coupling with matrix-assisted laser desorption/ionization-mass
spectrometric imaging for quantitative analysis of complex peptide mixtures. Anal.
Chem. 84, 7684-7691.

Zhang, X., Petruzziello, F. and Rainer, G. (2014). Extending the scope of
neuropeptidomics in the mammalian brain. EuPA 3, 273-279.

Zhang, Y., Buchberger, A., Muthuvel, G. and Li, L. (2015). Expression and
distribution of neuropeptides in the nervous system of the crab Carcinus maenas
and their roles in environmental stress. Proteomics 15, 3969-3979.

Zhang, M.-D., Barde, S., Yang, T., Lei, B. L., Eriksson, L. |., Mathew, J. P.,
Andreska, T., Akassoglou, K., Harkany, T., Hokfelt, T. G. M. et al. (2016).
Orthopedic surgery modulates neuropeptides and BDNF expression at
the spinal and hippocampal levels. Proc. Natl. Acad. Sci. USA 113,
E6686-E6695.

Zhao, Y., Singh, C., Prober, D. A. and Wayne, N. L. (2016). Morphological and
physiological interactions between GnRH3 and hypocretin/orexin neuronal
systems in zebrafish (Danio rerio). Endocrinology 157, 4012-4020.

Zhong, X. F,, Zhang, Z. C., Jiang, S. and Li, L. J. (2014). Recent advances in
coupling capillary electrophoresis- based separation techniques to ESI and
MALDI-MS. Electrophoresis 35, 1214-1225.

Zimmerman, T. A., Rubakhin, S. S. and Sweedler, J. V. (2011). MALDI mass
spectrometry imaging of neuronal cell cultures. J. Am. Soc. Mass Spectrom. 22,
828-836.

16

>
(@)}
i
§e
(2]
©
o+
c
(]
£
=
()
o
x
NN
Y—
(©)
‘©
c
S
>
(®)
_



http://dx.doi.org/10.1016/S0896-6273(01)00261-6
http://dx.doi.org/10.1016/S0896-6273(01)00261-6
http://dx.doi.org/10.1016/S0896-6273(01)00261-6
http://dx.doi.org/10.1016/j.resp.2004.01.008
http://dx.doi.org/10.1016/j.resp.2004.01.008
http://dx.doi.org/10.1016/j.resp.2004.01.008
http://dx.doi.org/10.1371/journal.pone.0160271
http://dx.doi.org/10.1371/journal.pone.0160271
http://dx.doi.org/10.1371/journal.pone.0160271
http://dx.doi.org/10.1021/ac902778d
http://dx.doi.org/10.1021/ac902778d
http://dx.doi.org/10.1021/ac902778d
http://dx.doi.org/10.1016/j.peptides.2014.06.015
http://dx.doi.org/10.1016/j.peptides.2014.06.015
http://dx.doi.org/10.1016/j.peptides.2014.06.015
http://dx.doi.org/10.1016/j.peptides.2014.06.015
http://dx.doi.org/10.1172/JCI104130
http://dx.doi.org/10.1172/JCI104130
http://dx.doi.org/10.1007/s12035-016-9986-z
http://dx.doi.org/10.1007/s12035-016-9986-z
http://dx.doi.org/10.1007/s12035-016-9986-z
http://dx.doi.org/10.1016/j.jprot.2012.03.015
http://dx.doi.org/10.1016/j.jprot.2012.03.015
http://dx.doi.org/10.1016/j.jprot.2012.03.015
http://dx.doi.org/10.1007/s13361-012-0502-z
http://dx.doi.org/10.1007/s13361-012-0502-z
http://dx.doi.org/10.1007/s13361-012-0502-z
http://dx.doi.org/10.1021/acs.jproteome.5b00627
http://dx.doi.org/10.1021/acs.jproteome.5b00627
http://dx.doi.org/10.1021/acs.jproteome.5b00627
http://dx.doi.org/10.1021/acs.jproteome.5b00627
http://dx.doi.org/10.1016/j.ibmb.2017.05.001
http://dx.doi.org/10.1016/j.ibmb.2017.05.001
http://dx.doi.org/10.1016/j.ibmb.2017.05.001
http://dx.doi.org/10.1038/nature14035
http://dx.doi.org/10.1038/nature14035
http://dx.doi.org/10.1038/nature14035
http://dx.doi.org/10.1021/ac504872z
http://dx.doi.org/10.1021/ac504872z
http://dx.doi.org/10.1021/ac504872z
http://dx.doi.org/10.1021/ac504872z
http://dx.doi.org/10.1007/s13361-017-1701-4
http://dx.doi.org/10.1007/s13361-017-1701-4
http://dx.doi.org/10.1007/s13361-017-1701-4
http://dx.doi.org/10.1007/s13361-017-1701-4
http://dx.doi.org/10.1021/ac300628s
http://dx.doi.org/10.1021/ac300628s
http://dx.doi.org/10.1021/ac300628s
http://dx.doi.org/10.1021/ac300628s
http://dx.doi.org/10.1016/j.euprot.2014.04.004
http://dx.doi.org/10.1016/j.euprot.2014.04.004
http://dx.doi.org/10.1002/pmic.201500256
http://dx.doi.org/10.1002/pmic.201500256
http://dx.doi.org/10.1002/pmic.201500256
http://dx.doi.org/10.1073/pnas.1614017113
http://dx.doi.org/10.1073/pnas.1614017113
http://dx.doi.org/10.1073/pnas.1614017113
http://dx.doi.org/10.1073/pnas.1614017113
http://dx.doi.org/10.1073/pnas.1614017113
http://dx.doi.org/10.1210/en.2016-1381
http://dx.doi.org/10.1210/en.2016-1381
http://dx.doi.org/10.1210/en.2016-1381
http://dx.doi.org/10.1002/elps.201300451
http://dx.doi.org/10.1002/elps.201300451
http://dx.doi.org/10.1002/elps.201300451
http://dx.doi.org/10.1007/s13361-011-0111-2
http://dx.doi.org/10.1007/s13361-011-0111-2
http://dx.doi.org/10.1007/s13361-011-0111-2

