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Due to the relatively small number of neurons (few tens of thousands), the well-
established multipurpose model organism Lymnaea stagnalis, great pond snail, has
been extensively used to study the functioning of the nervous system. Unlike the
more complex brains of higher organisms, L. stagnalis has a relatively simple
central nervous system (CNS) with well-defined circuits (e.g., feeding, locomaotion,
learning, and memory) and identified individual neurons (e.g., cerebral giant cell, CGC),
which generate behavioral patterns. Accumulating information from electrophysiological
experiments maps the network of neuronal connections and the neuronal circuits
responsible for basic life functions. Chemical signaling between synaptic-coupled
neurons is underpinned by neurotransmitters and neuropeptides. This review looks
at the rapidly expanding contributions of mass spectrometry (MS) to neuropeptide
discovery and identification at different granularity of CNS organization. Abundances
and distributions of neuropeptides in the whole CNS, eleven interconnected ganglia,
neuronal clusters, single neurons, and subcellular compartments are captured by MS
imaging and single cell analysis techniques. Combining neuropeptide expression and
electrophysiological data, and aided by genomic and transcriptomic information, the
molecular basis of CNS-controlled biological functions is increasingly revealed.

Keywords: Lymnaea stagnalis, mass spectrometry, neuropeptide, central nervous system, single neuron analysis

INTRODUCTION

Neuropeptides in Lymnaea stagnalis

Lymnaea stagnalis, also known as the great pond snail, is an excellent model organism used
for research in neuroscience, aging, ecotoxicology, parasite-host interactions, and evolution and
development (Jimenez et al., 2004; Hoek et al., 2005; Benjamin, 2008; Pirger et al., 2014; Fodor
et al., 2020a,b, 2021). Specifically, the central nervous system (CNS) of L. stagnalis is highly
characterized at multiple levels. It is composed of eleven interconnected ganglia, each containing
their own unique sub-populations of large and brightly colored neurons with specific functions and
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FIGURE 1 | Dissected Lymnaea CNS and distribution of some neuropeptides. (left) Dissected L. stagnalis CNS (Zhang et al., 2018). (right) Localization of some
peptides to identified neurons (Benjamin and Kemenes, 2013). The anterior lobe (AL) hosts some APGW neurons. Abbreviations: C, cerebral ganglion; CC, Canopy
Cell; B/Egp, B/E group; LL, lateral lobe; LP1, left parietal 1; LPa, left parietal ganglion; Pe, pedal ganglion; PI, pleural ganglion; RPa, right parietal ganglion; RPD1/2,
right parietal dorsal 1/2; RPeD1, right pedal dorsal 1; V, visceral ganglion; VD1, visceral dorsal 1; VD4, visceral dorsal 4; and VL ventral lobe.

expressing a set of neuropeptides, as shown in Figure 1
(Benjamin and Kemenes, 2013; Rivi et al., 2020). In comparison
to vertebrates, the CNS of L. stagnalis is considered more
accessible because of the vastly lower number of neurons
(~20,000 compared to, e.g., 86,060,000,000 for humans; Azevedo
etal., 2009), and partially elucidated neuronal circuits for specific
functions. Functioning of the CNS, ganglia, neuronal circuits,
and individual neurons relies in part on spatial and temporal
variations in their chemical composition. From the early 1980s,
neuropeptides have become a focal point for research due to their
direct role in modulating neuronal circuit functions (that also
occurs in the vertebrate nervous system) within the CNS (Schot
et al., 1981; Patel et al., 2005).

The sensory system of L. stagnalis responds to a variety of
external stimuli (e.g., a chemical stimulus - smell), signaling
a modulatory response to the central pattern generator (CPG)
networks that initiate the motor system (e.g., feeding moto-
neurons in buccal ganglia), and induces an observable physical
response (e.g., feeding behavior - radula movement). Once a
stimulus is received in the sensory system, a signal is sent to
the modulatory system where neuropeptides convey the signal,
further cascading it to the motor system (Kemenes et al,
2001). Extensive research has revealed biochemical processes
associated with external stimuli and intracellular components
such as learning and memory systems, whole-body withdrawal,
heartbeat, feeding, and respiratory motor circuits (Buckett et al.,
1990a,b; Brierley et al., 1997; Fulton et al., 2005). For example,
strong correlation between the abundance of insulin in the CNS
and long-term memory has been established (Kojima et al., 2015;
Totani et al., 2019). Understanding the correlation between an
introduced external stimulus, such as a tactile, photoreceptive, or
food-related excitation, and an observed behavior of L. stagnalis
in response, has been the driving force for continued research

into the molecular profiling of CNS circuits. By identifying
the neuropeptide profiles and localization in the CNS, a
better consensus on the correlation between their composition,
biochemical processes, and physiology can be achieved.

With the recent availability of the unannotated draft genome
for L. stagnalis (Stevens et al., 2016), and the emerging transcript
information (see the four major transcriptome databases),
finding the sequences for neuropeptide precursor proteins
(prohormones) is accelerating (Davison and Blaxter, 2005;
Feng et al., 2009; Bouetard et al., 2012; Sadamoto et al,
2012). Comprehensive inventories of prohormones and predicted
neuropeptides for other mollusks are being constructed. For
example, for the gray garden slug (Deroceras reticulatum), 65
neuropeptide precursor genes and more than 330 neuropeptides
were putatively identified (Ahn et al., 2017), or for the common
the Roman snail (Helix pomatia), 12 neuropeptide precursor
genes and more than 100 neuropeptides (clustered in 26
distinct peptide families) were predicted (Kiss and Pirger,
2006). Similar to these, approximately 100 (neuro)peptides
have been identified in L. stagnalis so far (Benjamin and
Kemenes, 2020) encoded by genes involved in various regulatory
processes. The collection of 98 L. stagnalis neuropeptides listed in
Supplementary Table 1, is assembled from other data collections
(Wang et al, 2015) and the literature. Most of them are
clustered according to their prohormone (protein precursor). In
addition, families based on sequence homologies and similarity
of function are also indicated. The latter include the FMRFamide,
FMRFamide-related, small cardioactive peptides (SCP), insulin,
molluscan ELH, myomodulin, LYC, a, FxRI, LYCEP, LIP, and
vasopressin/oxytocin families.

Initially, the distribution of highly expressed neuropeptides
was explored by oligonucleotide probes that hybridized to the
mRNA coding for the relevant segments of the prohormone and
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carried a fluorescent tag. For example, such studies indicated
that the APGW-amide tetrapeptide was highly expressed in the
right anterior lobe of the cerebral ganglia (Smit et al., 1992). An
alternative approach relied on immunocytochemistry based on
antisera raised against the peptides of interest (Santama et al.,
1994a). Systematic studies revealed expression level variations
with cellular resolution.

In the early 1990s, single cell level molecular analysis was
enabled by the large size of some neurons (>50 pwm) readily
accessible in L. stagnalis and the emerging high spatial resolution
and sensitivity of mass spectrometry (MS). Matrix-assisted laser
desorption ionization (MALDI) MS made possible some of the
earliest neuropeptide analysis experiments in single neurons
(Vanveelen et al., 1993; Jimenez et al., 1994; Kellett et al.,
1996). This extended molecular profiling, neuropeptide discovery
and identification from whole CNS samples to single neurons
and ultimately cellular compartments (Rubakhin et al., 2000,
2003; Altelaar et al., 2005; McDonnell et al., 2005). Multilevel
understanding of neuropeptide distributions from the whole
CNS to subcellular detail is critical to provide new insight
into biochemical processes associated with the functioning CNS
(Buckett et al, 1990b; Fodor et al, 2020a). Following the
multilevel approach (from behavior to circuits, and molecules)
in L. stagnalis research, Figure 2 shows the four levels of
organization in the CNS, the corresponding mass spectra, and the
localization of some neuropeptides.

Advances in Mass Spectrometry Bring

Neuropeptide Localization in Focus

The analysis of neuropeptides within the CNS of L. stagnalis has
been an area of interest for decades, and new methodologies
to improve detection are continually being introduced. Early
neuropeptide research used a variety of techniques, such as the
hybridization to DNA/RNA with exons coding for the targeted
peptides, cloning, fluorescence, and immunohistochemistry
(IHC) (Linacre et al., 1990; Bright et al., 1993; Santama et al,,
1993). For example, the early recognition of molluscan insulin-
related peptides was based on screening of a large cDNA
library that revealed coding for preproinsulin (Smit et al,
1991). Neuropeptide discovery by some of these techniques was
a time-consuming endeavor and required large sample sizes.
For example, to discern neuropeptide primary structures in
L. stagnalis required up to 500 ganglia and 1 million large neurons
(Li et al., 1994a).

Initially, MS was an auxiliary method to indicate the
expression of peptides predicted from cDNA sequences
and partially verified by IHC (Santama et al, 1994b). The
introduction of MALDI-MS to invertebrate neuroscience
dramatically decreased the amount of sample required for
peptide analysis and rapidly reached single neuron resolution
(Jimenez et al., 1994). Due to instrumental limitations, however,
these MALDI mass spectra only reported the nominal mass
of the predicted peptide, in some cases only with a few
Dalton (Da) accuracy.

With the application of tandem MS and improvements in
instrument characteristics in the following decade, MS became

a workhorse for the detection, identification, and quantitation
of neuropeptides in a variety of biological samples, including
invertebrates (Chaurand et al., 1999; Hummon et al., 2003,
2006). Improved mass accuracy and tandem MS enhanced the
identification of neuropeptides, whereas MS imaging (MSI)
helped to determine their distributions and localization in the
organism (Caprioli et al,, 1997). The ability to elucidate the
primary structure of novel neuropeptides, and to reveal their
localization in the CNS made MS an important tool for molecular
exploration in L. stagnalis. In some cases, peptide sequencing by
tandem MS pinpointed potential errors in the cDNA sequence
and demonstrated the expression of an unexpected peptide in a
particular cell type (Zhang et al., 2018).

Early on, tandem MS techniques helped with the de novo
sequencing of the detected peptides to establish their relationship
with the underlying genes, transcripts, and precursor proteins
(Dreisewerd et al., 1997; Li et al, 1997; Jimenez et al,
1998). To reduce the complexity of tissue extracts, high-
performance liquid chromatography (HPLC) was combined
with MS techniques (Dewith and Vanderschors, 1992; Santama
et al., 1995). However, for volume limited samples, i.e., single
cells and subcellular compartments, HPLC is not suitable.
Instead, the application of ion mobility separation (IMS) is
being introduced (Zhang et al., 2018). Combining IMS with
MS reduces the sample volume requirement for separation, and
dramatically shortens the separation times from 10s of minutes
to the ms timescale.

Neuropeptide imaging by MSI techniques became of
interest to further elucidate neuropeptide distributions and
colocalizations within the CNS. They include MALDI-MSI and
matrix-enhanced secondary ion mass spectrometry (ME-SIMS)
that are highly sensitive and used to spatially map neuropeptides
within the CNS of L. stagnalis (Altelaar et al., 2005; McDonnell
et al, 2005; Chen and Li, 2010). MSI techniques, including
MADLI-MSI and ME-SIMS, have expanded the analysis of
neuropeptides by tracking ions of interest and showing their
distribution throughout the sample, which assists in determining
localization within the CNS. As the name suggests, ME-SIMS
combines the use of matrix for sample preparation and the
imaging capabilities of SIMS. An MS image is produced by
sputtering the surface of the sample with a focused primary
ion beam, then collecting and analyzing ejected secondary ions
(Altelaar et al., 2005; McDonnell et al., 2005; Chen and Li, 2010).
The sensitivity of SIMS for higher mass molecules is improved
by the addition of a matrix, thus the motivation behind the
combination of techniques for ME-SIMS is to combine the high
mass capabilities of MALDI with the high spatial resolution of
SIMS (Altelaar et al., 2005; McDonnell et al., 2005; Chen and
Li, 2010). With the use of ME-SIMS, high resolution molecular
ion maps of the neuropeptide APGW were created, thus finding
localization predominantly in the right anterior lobe of the right
cerebral ganglia. Neurons in this region are known to regulate
male copulation behavior in L. stagnalis (Altelaar et al., 2005).
These findings help to correlate the localization of neuropeptides
in the CNS to their biological role. Upon new imaging findings
and improved instrumentation, these techniques have shown
that direct molecular imaging of L. stagnalis nervous tissue is
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FIGURE 2 | Neuropeptide localization and mass spectra at four levels of organization. Images of whole CNS, buccal ganglia with identified feeding motoneurons,
B1-B4, highlighted by Iucifer-yellow intracellular filling, single visceral dorsal 1 (VD1) and right parietal dorsal 2 (RPD2) neurons with intracellular filling, and nucleus of
Type 2 Fgp neuron and corresponding mass spectra (Santama et al., 1995, Li et al., 1996, Jimenez et al., 2006, and Zhang et al., 2018), respectively, revealed the
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possible and that the continued development of MS techniques
will further accelerate neuropeptide profiling.

Here we present an account of recent developments in the
analysis of neuropeptides by MS in the nervous system of
L. stagnalis with granularity spanning from the whole CNS to
subcellular details in identified cells.

WHOLE CNS STUDIES

Early research using L. stagnalis focused on neuropeptide
identifications and distributions within the entire CNS.
Non-MS techniques, such as immunocytochemistry and
intracellular dye filling reported on the spatial distributions of
multiple neuropeptide families including FMRFamide related,
myomodulin, and SCP, whereas DNA/RNA hybridization
and DNA extractions helped with predicting the amino acid
sequence. The ability to link biological functions to the presence
of these peptides in L. stagnalis, e.g., heart modulation, feeding
behavior, and male copulation, made them attractive for early
CNS analyses (Ebberink et al,, 1987; Santama et al.,, 1994a,b;
Benjamin, 2008).

Leading up to MS analysis of L. stagnalis, other mollusk
model organisms, for example, Aplysia californica, were studied
for neuropeptide identification, using both non-MS and MS
techniques (Weiss et al, 1984; Sweedler et al, 2002). The
FMRFamide peptides and the feeding circuit activating peptides
(FCAPs) had been previously identified in the nervous system of
A. californica, thus raising the possibility of their presence or the
presence of their homologues in L. stagnalis due to similarities
between the two invertebrates. The FMRFamide related peptide
family was linked to heart modulation (Benjamin, 2008;

Fodor et al., 2020a), making it of interest for early neuropeptide
research. This neuropeptide class consisted of tetrapeptides
(FMRF/FLRF) and heptapeptides (SDPFLRF/GDPFLRF)
(Ebberink et al., 1987). In addition, other neuropeptide classes of
biological importance, such as myomodulin and SCP, previously
found in other mollusks (Kiss and Pirger, 2006), were also studied
in L. stagnalis to further explore their role in gut modulation and
male copulation. Using IHC, the distributions of these peptides
throughout the CNS, e.g., myomodulin A (PMSMLRL) and SCP
(SGYLAFPRM), were tentatively determined (Santama et al,
1994a,b; Benjamin and Kemenes, 2013).

Mass spectrometry techniques validated previous discoveries,
as well as identified novel neuropeptides. With the addition of MS
techniques, neuropeptide identifications expanded into a variety
of functionally identified classes (see Supplementary Table 1),
as well as the elucidation of new unlabeled neuropeptides
(Fodor et al, 2020a). For example, analysis was done on
multiple neuropeptides encoded on the FMRFamide locus
of the snail. By combining HPLC and continuous-flow fast
atom bombardment MS, three novel peptides, EFLRlamide,
pQFYRlamide, and pQFLRlamide, were identified within an
extract of 20 CNS samples (Santama et al., 1995). Additionally,
MS analysis of the CNS tentatively recognized three novel
peptides SKPYMRFamide, HDYMRFamide, and SSFPRYamide
(Kellett et al., 1994). Taken together with earlier work, these
findings expanded the biologically important FMRFamide
neuropeptide class.

As neuropeptide classes, like FMRFamide-related peptides,
were being explored, interest in their distribution within the
CNS was growing. IHC indicated the preferential expression
of particular neuropeptides in certain cell types (see, e.g.,
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Santama et al., 1994b). In the coming years, this motivated the
implementation of MSI techniques for molecular imaging and
the targeted analysis of individual ganglia and neuronal clusters.
Figure 3 shows the distributions of six identified and two
unidentified neuropeptides, GDPFLRFamide (m/z 850.4633),
ILGGGYKFamide (m/z 853.4535), SDPFLRFamide (m/z
880.4734), SKPYMRFamide (m/z 927.4935), SGYLAFPRMamide
(m/z 1040.5428), m/z 1144.9945, GPSRSSFPRYamide (m/z
1152.6086), and m/z 1396.6872, in the CNS as they are
reported by MALDI-MSL

INDIVIDUAL GANGLIA AND NEURONAL
CLUSTERS

The CNS of L. stagnalis contains 11 interconnected ganglia,
each with their own unique subpopulations of neurons on
the surface of the ganglia. Previous whole CNS neuropeptide
analyses have given rise to identification and validation of
specific neuropeptide classes with important biological functions.
Analysis of individual ganglia revealed neuropeptide localization
within the CNS in greater detail.

Molecular components linked to reproduction in L. stagnalis
have been of interest due to the hermaphroditic behavior
and the abundance of correlated neuropeptide messengers (EI
Filali et al., 2006; Koene, 2010). Research has located multiple
ganglia, numerous neuron clusters, and diverse neuropeptides
associated with both male and female reproduction. Peptides
involved in male copulation include APGW, conopressin,
C-terminally located anterior lobe peptide, DEILSR, EFLRI,
FLRE, FVRIs, G/SDPFLRE gonadotropin releasing hormone,
LIP A, B, and C, Lymnaea neuropeptide Y, myomodulins,
pedal peptide, pQFYRI, and SEEPLY (Koene, 2010). In females,
HF(FH)FYGPYDVFQRDYV, 5895 Da peptide, amino terminal
peptide, calfluxin, carboxyl terminal peptide, CDCH, a-CDCP,
p1-CDCP, B2-CDCP, B3-CDCP, dorsal body hormone, LFREF,
gonadotropin releasing hormone, y-, 8-, and e-peptides were
found to be involved (Koene, 2010). For example, specific neuron
clusters have been located in the right cerebral ganglia, specifically
in the ventral and anterior lobe, which have a role in the male
copulation behavior, and contain APGW (De Boer et al., 1997;
Li et al., 1997). Another neuropeptide of interest due to its role
in male copulation is myomodulin A (Li et al., 1994b). One of
the first studies for myomodulin A using MS aimed to validate
the presence of this neuropeptide, found in A. californica, also
in L. stagnalis. After establishing its presence, IHC and MS
suggested that myomodulin A is synthesized in neurons of the
ventral lobe, located in the right cerebral ganglion (Li et al.,
1994b). MS analysis of the right cerebral ganglion, specifically the
cluster of neurons in the ventral lobe, revealed two more unique
neuropeptides, SCP A and SCP B (Dreisewerd et al., 1997).
It was also determined that none of these neuropeptides were
found in the anterior lobe of this ganglion, further supporting
a specific localization within a cluster of neurons involved in
male copulation.

Previously unidentified neuropeptide classes and their
localization ~were discovered using MALDI-MS. The
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FIGURE 3 | Neuropeptide distributions in CNS based on MALDI-MSI overlaid
on top of optical microscope image of CNS section. Several other peptides

were uniformly distributed throughout the whole CNS, whereas the six known
and two unknown peptides depicted above were significantly more abundant

in specific ganglia.
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neuropeptide, GAPRFVamide, once labeled as L. stagnalis
inhibitory peptide (LIP), was found in the buccal ganglia
(BG), and the ventral lobe, along with two other -FVamide
neuropeptides (LIP B and C). GAPRFVamide is now labeled as
LIP A and is included within the LIP neuropeptide class linked
to the inhibitory effect on the spontaneous contraction and
relaxation cycle in male copulation (Smit et al., 2003). Analysis
of the neuropeptide APGW, and the myomodulin, SCP, and
LIP neuropeptide classes within the specific ventral lobe cluster
of neurons verified that localization of neuropeptides could
correlate with their biological roles (van Tol-Steye et al., 1999).

MALDI-MSI of the whole CNS in Figure 3 indicates the
localization of some neuropeptides to specific ganglia and
neuronal clusters. The neuropeptide GPSRRSSFPRYamide is
localized in the left parietal, visceral, and cerebral ganglia,
which correlates with its diverse functions. Neuropeptide SCP
A (SGYLAFPRMamide) is detected in the right pedal cluster
of neurons, where it aids locomotion, whereas FMRF-like
neuropeptides, e.g., SDPFLRFamide and GDPFLRFamide, are
important cardioactive species that act as neurotransmitters
(Linacre et al., 1990). Increasing the spatial resolution in these
MSI experiments from molecular mapping of neuronal clusters
to the length scale of single neurons opens the possibility of
additional insight into neuronal circuits.

SINGLE NEURONS

As neuropeptide profiling by MS made headway from whole
CNS to the individual ganglia, single neuron analysis became the
new frontier for understanding the functioning of the L. stagnalis
nervous system. In the early 1990s, microsampling by a focused
laser beam became an efficient tool to target the relatively large
cells in this organism (Vanveelen et al., 1993; Jimenez et al., 1994).
The ability to explore the differences in composition, abundances,
and localization of neuropeptides with single cell resolution by
MS brought the field to a new level (Li et al., 2000; Rubakhin
etal., 2011; Comi et al.,, 2017; Zhang et al., 2018). In combination
with results accumulating from patch clamp studies, a more
detailed picture of the biological function of individual neurons
has started to emerge.

Prior to MS analysis, neuropeptide expression and localization
were tentatively identified throughout neuron clusters and
individual neurons in the CNS using in situ hybridization
and fluorescent tags. These studies revealed the presence of
tetrapeptides (FMRF/FLRF) in multiple behaviorally important
networks, such as moto-neurons, whole body withdrawal
response moto-neurons, and penis moto-neurons, as well as giant
identified neurons (left parietal 1 [LPal] and right parietal dorsal
1 [RPaD1]) (Bright et al, 1993). Additionally, heptapeptides
(GDPFLRF/SDPFLRF) were identified in B group (Bgp) and F
group (Fgp) neuron clusters in visceral ganglion (VG). Analysis
of the FMRFamide-like neuropeptides using DNA hybridization
elucidated a 22 amino acid sequence neuropeptide, SEEPLY.
Localization of SEEPLY in the BG of CNS exhibited similar
neuronal distributions to the FMRFamide neuropeptide class.
The co-expression of the FMRF neuropeptide class and SEEPLY

gave rise to interest in more sensitive analytical techniques for
neuropeptide mapping (Santama et al., 1993).

One of the first MALDI-MS single neuron studies focused on
two neuronal groups, yellow cells and light-yellow cells, and two
identified giant neurons, the visceral dorsal 1 (VD1) and right
parietal dorsal 2 (RPaD2) (Vanveelen et al., 1993). The yellow
cells are located in the right parietal ganglion (RPaG), as well as
in the VG. They are known to be involved in the regulation of
ion and water metabolism. MADLI-MS analysis of a single yellow
cell detected a peptide containing 76 amino acid residues, closely
related to the 77-residue sodium influx stimulating peptide (SIS),
although this assertion was only supported by the nominal
m/z 8,891 of the corresponding [M+H]™ ion. The light-yellow
cells, with a known role in heart modulation, are found in the
RPaG and VG. Multiple light-yellow cell peptides (LYCP) were
identified based on the nominal m/z values of the corresponding
ions (Vanveelen et al., 1993; Li et al., 1994b). The VD1 and
RPaD2 neurons are located within the VG and RPaG. MALDI-
MS analysis showed the presence of al, a2, and p peptides, where
the a peptides were known to modulate heartbeat.

Peptide identification in these early single cell studies could
not be purely attributed to the MS results. Nominal mass in
itself is insufficient to uniquely identify these large molecules.
Invariably, identification relied on known cDNA sequences
of the corresponding prohormones and Edman degradation-
based sequencing. For example, translating the genetic code to
the prepro-SIS protein precursor showed the presence of two
components, a signaling peptide and an active 77-residue SIS
neuropeptide (see the corresponding entry in Supplementary
Table 1). This peptide contained an extra lysine at the carboxyl
terminus compared to the 76-residue peptide found by Edman
degradation (Vanveelen et al, 1991; de With et al, 1993).
Interestingly, the m/z 8,891 value detected by MALDI-MS was
close to the calculated average m/z 8,887 for the protonated 76-
residue peptide (Vanveelen et al., 1993). The mass difference of
4 Da between calculated and detected m/z in the mass spectrum
reflected the limited mass accuracy of the MS instruments at the
time. The most important contribution of the MS results in these
studies was the information gleaned about the processing of the
protein precursors to produce the active peptides.

Significant progress was made when tandem MS became
available for single neuron studies. For example, the al, a2, and
B, peptide species that had been detected in VD1 and RPaD2
neurons were verified, and additional peptides were detected in
these cells (Jimenez et al., 1998). Some of these peptides were
sequenced and assigned as members of the SCP family. More
recently, capillary microsampling electrospray ionization (ESI)
tandem MS was used to identify the complete primary structure
of an unknown 28-residue peptide, and verify the presence of
the acidic peptide in the Fgp neuron cluster (see top panel of
Figure 4) (Zhang et al., 2018).

Single neuron MS analyses of different neuropeptide classes in
combination with patch clamp data enhanced our understanding
of the role specific neurons and their neuropeptides play in
relation to biological functions. The FMRFamide neuropeptide
family was associated with heart modulation, thus their presence
in cardio-regulatory neurons was explored. MALDI-MS analysis
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ease of neuropeptides (Benjamin, 2008). See text for abbreviations.

of an excitatory moto-neuron, Ej,, and an E group (Egp) neuron
found that these cells expressed tetrapeptides (FMRF/FLRF) from
this family, and the peptide pQFLRLI, whereas the visceral
white interneuron (VWI) and Bgp single neurons were shown

to express the heptapeptides GDPFLRF and SDPFLRF. The
dissimilarities found between the cardio-regulatory neurons
suggest differences in peptide functions, revealing the necessity
of single neuron analysis within the cardio-regulatory system
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(Vanveelen et al., 1993; Jimenez et al., 1994; Worster et al., 1998;
Santama and Benjamin, 2000).

The accumulating compositional data on single neurons
taken together with electrophysiological information enabled the
identification of neuronal networks responsible for physiological
functions, including the networks for heartbeat, whole-body
withdrawal, feeding, and respiration (Benjamin, 2008). The
heartbeat network of L. stagnalis consists of three interconnected
modulatory neurons (IP3, RPeD1, and VD4), four excitatory
(Hpe> Epes Spes and Tpe) and one inhibitory (Kj;) moto-neurons
(see bottom panel of Figure 4). Excitatory and inhibitory
regulation of these neurons and the heart occurs through the
release of specific neuropeptides and transmitters. For example,
FMRFamide released by the Ej;, moto-neuron increases the rate
of heartbeat. Conversely, acetylcholine released by the Kj; moto-
neuron inhibits heartbeat.

Another biological function of interest in L. stagnalis is gut
modulation. Analysis of single giant moto-neuron (B2) in the
BG revealed the presence of both SCP A and SCP B peptides.
With the use of in situ hybridization followed by MS analysis,
it was determined that the SCP neuropeptides have a role in
the co-modulation of gut motility (Perry et al., 1999). Analysis
of single B2 cells also revealed the presence of four of the five
myomodulin neuropeptides: SLSMLRLamide, SMSMLRLamide,
PMSMLRLamide, and pQIPMLRLamide. Correlating their
presence to their biological role, it was determined that the
application of these four neuropeptides modulated contraction
frequency and relaxation (Perry et al., 1998).

A uniquely useful tool to explore neuronal circuits and select
unidentified neurons for analysis is retrograde tracing. It uses a
dye, e.g., nickel-lysine, which is introduced into a neuron in the
circuit of interest. The dye is then taken up by the connected
neurons, thus labeling them for visual identification and sampling
(El Filai et al, 2003). By combining retrograde filling and
MALDI-MS analysis, multiple connected neurons from the
RPaG were analyzed for their neuropeptide components. It was
determined that neurons connected to the male copulation circuit
in the RPaG can be divided into two groups: neurons that
express FMRF heptapeptides and neurons that do not (El Filali
et al, 2015). The combination of retrograde filling with MS
technologies is becoming a powerful tool in exploring chemical
communication within neuronal circuits.

SUBCELLULAR LOCALIZATION

Biomolecules can play distinct roles and participate in different
sometimes conflicting processes in cells based on their subcellular
localization and compartmentalization (Villalobos et al., 2009;
Martin, 2010; Diekmann and Pereira-Leal, 2013). With improved
sampling techniques and more sensitive mass spectrometers,
subcellular MS analysis of organelles, e.g., secretory granules,
has become possible (Rubakhin et al., 2000, 2003; Miao et al.,
2005). Profiling metabolites and neuropeptides on a subcellular
level can face multiple challenges, such as fast molecular turnover
rates, low sample volumes, limited amounts of analytes as well
as the difficulties of isolating individual compartments with high
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FIGURE 5 | Optical micrograph and ME-SIMS based MSI of cerebral ganglia,
and mass spectra of CNS from L. stagnalis. Top panel A and B show the
morphology and distribution of APGWamide in the left (Cgl) and right (Cgr)
ganglia, respectively, with individual neurons in the right anterior lobe (Alr)
shown in the insets (Altelaar et al., 2005). Bottom panel A and B compares
the SIMS and ME-SIMS mass spectra, respectively. Only the latter detects the
protonated APGWamide at m/z 430.

purity. A novel family of approaches is based on subcellular
sampling via laser ablation, microdissection, and extraction
through microcapillaries. The combination of microdissection
and selective laser ablation revealed large metabolite gradients
between the nucleus and the cytoplasm (Stolee et al., 2012). Other
studies showed that subcellular compartments can be captured
by a nanoelectrospray tip inserted into the cell and the extracted
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m/z

material can be directly electrosprayed (Mizuno et al., 2008), e.g.,
to study the subcellular metabolism of a drug (Date et al., 2012).

The submicrometer spatial resolution of secondary ion
MS (SIMS) made this technique uniquely positioned to
study subcellular chemical composition. A major obstacle for
neuropeptide analysis by SIMS was the significant fragmentation
of the produced ions. This problem was alleviated by the
introduction of matrix-enhanced SIMS (ME-SIMS) that
significantly reduced fragmentation (Altelaar et al, 2005;
McDonnell et al., 2005). The method was based on combining
the high spatial resolution of SIMS with the organic matrix-based
sample preparation techniques in MALDI. Distributions of
cholesterol, lipids, and the APGWamide peptide (see Figure 5)
within neurons in the cerebral ganglia were captured using
ME-SIMS and the mass spectra were compared to MALDI-
MS. Results from ME-SIMS exhibited subcellular spatial
resolution and the spectra up to m/z 2,500 were consistent
with MALDI-MS data.

Capillary microsampling followed by ESI-IMS-MS showed an
improved ability to carry out the identification and quantitation
of neuropeptides from subcellular samples of L. stagnalis neurons
(Zhang et al., 2018). Subcellular analysis conducted on Fgp
moto-neurons in the visceral ganglion found differences in
neuropeptide composition and abundances between the nucleus
and the cytoplasm. The nucleus contained six neuropeptides at
different abundances within the FMRFamide-like class, whereas
the cytoplasm contained nine (see Figure 6). The differences in
neuropeptide composition between the nucleus and cytoplasm
indicated the presence of active transport, and/or differences
in neuropeptide production and degradation rates in each
compartment (Zhang et al., 2018).

Comparison of the different techniques and recent
improvements in the methods suggest that there is a significant

capacity to advance neuropeptide analysis and imaging enabling
molecular profiling at the subcellular level.

CONCLUSION

The neurons, neuronal circuits, ganglia, and the entire CNS of
L. stagnalis present an opportunity for MS based exploration
of neuropeptide expression and localization. Discovery and
profiling of neuropeptides by MS at the single neuron level is
facilitated by the relatively large 60 pL to 2 nL soma volumes
of their neurons. The new insights on peptide expression
are synergistic with the emerging genomic and transcriptomic
information, and a wealth of electrophysiological data. Therefore,
L. stagnalis, next to A. californica, remains an important model
organism for neuroscience.

Moving forward, a closer integration of genomic information
and MS-based peptide discovery is envisioned along the
lines of peptidogenomics (Kersten et al, 2011). With the
advent of spatially resolved single cell transcriptomics based
on multiplexed error-robust fluorescence in-situ hybridization
(MERFISH) cell types are identified with unprecedented
specificity (Close et al, 2021). Correlations between spatial
distributions of transcript-defined cell types and neuropeptides
can shed new light complex CNS functions.

Mass spectrometry offers the advantage of untargeted
exploration of peptides, ultimately covering the entire peptidome
of the CNS (Jimenez et al., 2006; Li and Smit, 2010). A full
complement of the expressed peptides and their posttranslational
modifications will help to unravel the chemical determinants of
the neuronal state. It is expected that sampling protocols and
techniques will continue to progress such that single cell and
subcellular analysis, and molecular imaging of neuropeptides
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are refined, and become available to the study of species with
more complex CNS.
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