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Neurotrophic factors

and target-specific retrograde
signaling interactions define
the specificity of classical

and neuropeptide cotransmitter
release at identified Lymnaea
synapses

Angela M. Getz"%*, Tara A. Janes™®, Frank Visser’, Wali Zaidi' & Naweed I. Syed'**

Many neurons concurrently and/or differentially release multiple neurotransmitter substances to
selectively modulate the activity of distinct postsynaptic targets within a network. However, the
molecular mechanisms that produce synaptic heterogeneity by regulating the cotransmitter release
characteristics of individual presynaptic terminals remain poorly defined. In particular, we know
little about the regulation of neuropeptide corelease, despite the fact that they mediate synaptic
transmission, plasticity and neuromodulation. Here, we report that an identified Lymnaea neuron
selectively releases its classical small molecule and peptide neurotransmitters, acetylcholine and
FMRFamide-derived neuropeptides, to differentially influence the activity of distinct postsynaptic
targets that coordinate cardiorespiratory behaviour. Using a combination of electrophysiological,
molecular, and pharmacological approaches, we found that neuropeptide cotransmitter release
was regulated by cross-talk between extrinsic neurotrophic factor signaling and target-specific
retrograde arachidonic acid signaling, which converged on modulation of glycogen synthase kinase
3. In this context, we identified a novel role for the Lymnaea synaptophysin homologue as a specific
and synapse-delimited inhibitory regulator of peptide neurotransmitter release. This study is among
the first to define the cellular and molecular mechanisms underlying the differential release of
cotransmitter substances from individual presynaptic terminals, which allow for context-dependent
tuning and plasticity of the synaptic networks underlying patterned motor behaviour.

Most neurons use more than one type of neurotransmitter to mediate synaptic transmission"2 The use of mul-
tiple neurotransmitters enhances a neuron’s capacity to encode information within a circuit, allowing for more
complex patterns of synaptic interactions to emerge, and the opportunity to differentially influence the activity
of synaptic partners over multiple timescales®. Many neurons form hundreds of presynapses, innervate a variety
of postsynaptic targets, and modulate their transmitter output in response to a wide range of intracellular and
extracellular signals*. There is accumulating evidence that a neuron’s individual presynaptic terminals can exhibit
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distinct cotransmitter composition and release characteristics, and that this can be dynamically regulated in
order to meet the spatiotemporal functional requirements of each synapse®*. However, our understanding of
the cellular and molecular mechanisms that allow a neuron to regulate the use of its cotransmitters at distinct
synaptic sites is considerably lacking.

The concurrent use of classical small molecule and peptide neurotransmitters is common throughout the
nervous system and across evolution. Neuropeptides are important modulatory signals that regulate numerous
aspects of synaptic development, plasticity and network function, as well as animal physiology and behaviour®'.
Although peptide neurotransmitters are traditionally viewed as slow-acting neuromodulators released from
perisynaptic sites in response to Ca?* diffusion during high-frequency bursting'®, their release has been demon-
strated to occur over a wide range of firing frequencies'®'®. Peptidergic large dense-core vesicles (LDCVs) have
also been shown to cluster directly at presynaptic active zones and be released by single action potentials'®?.
Furthermore, several studies have indicated that postsynaptic target identity influences the selective use of classi-
cal and peptide neurotransmitters at the different presynaptic terminals of a given neuron®!*?"2, Taken together,
these observations suggest that the peptidergic characteristics of cotransmitting terminals can be highly variable,
although the molecular mechanisms that give rise to such differences are yet to be defined.

In this study we sought to identify the cellular and molecular mechanisms underlying presynaptic specific-
ity, with a focus on two unresolved questions: (i) how does a neuron establish functionally distinct presynapses
with specific postsynaptic targets, and (ii) how does a presynaptic neuron generate the appropriate patterns of
cotransmitter release that are required for the coordinated actions of neurons in behaviourally-relevant networks?
To address these outstanding questions, we used cardiorespiratory neurons from the central nervous system
(CNS) of the invertebrate mollusc Lymnaea stagnalis to study how the selective use of cotransmitters at synapses
with distinct postsynaptic targets influences the assembly and function of the neuronal circuits involved in
cardiorespiratory regulation. Reductionist approaches using the simple nervous systems of invertebrate models
have enabled fundamental insights into cotransmission because their large identified neurons with known trans-
mitter phenotypes participate in behaviourally-defined synaptic networks that can be studied directly in situ or
reconstructed and manipulated in vitro****. Moreover, invertebrate models are especially valuable for functional
studies on peptidergic transmission because they are one of the few systems in which electrophysiologically
measurable synaptic responses can be directly attributed to the actions of identified peptide neurotransmitters
at individual synapses.

Here, we found that presynaptic neuropeptide release competency was regulated in a target- and context-
dependent manner. This involved an interplay between extrinsic neurotrophic factors (NTF) and synapse-specific
retrograde arachidonic acid (AA) signaling interactions, which converged on glycogen synthase kinase 3 (GSK-3)
activity. In this context, we identified a surprising role for the Lymnaea synaptophysin (Syp) homologue in the
inhibitory regulation of peptide neurotransmitter release. These findings on the regulation of cotransmitter use
at individual synapses uncover a previously undefined mechanism for presynaptic cotransmitter specificity in
synaptic networks, with implications for the appropriate expression and plasticity of patterned motor behaviours.

Results

Synaptic transmission via classical and peptide cotransmitters is target-specific. To investi-
gate the mechanisms that differentiate cotransmitter use at individual synapses, and the consequences of this
for specifying network function and behaviour, we first sought to monitor synaptic transmission by classical
and peptide transmitters at functionally-defined synapses. The Lymnaea cardiorespiratory interneuron visceral
dorsal 4 (VD4) was of interest for this study as it is well known to use the classical small molecule neurotrans-
mitter acetylcholine (ACh) alongside a mixture of neuropeptides derived from the heptapeptide transcript of
the FMRFamide gene (primarily G/SDPFLRFamide; discussed in subsequent text as FMRF neuropeptides)>25.
VD4 is integrated into a three-neuron network via reciprocal inhibitory synapses with the FMRFamidergic
input 3 interneuron (IP3I) and the giant dopaminergic neuron right pedal dorsal 1 (RPeD1). These neurons and
their reciprocal synapses establish Lymnaea’s respiratory central pattern generator (rCPG) network in vivo, are
indispensable for the expression of respiratory behaviour, and recapitulate appropriate synaptic networks and
rhythmic activity when reconstructed in vitro?*. VD4 is also known to form one-way excitatory synapses with
a number of other identified neurons that act to coordinate cardiorespiratory behaviour, including the FMRFa-
midergic visceral F group cells (VF) and the serotonergic neuron left pedal dorsal 1 (LPeD1)?**%-* (Fig. 1A-C).
In Lymnaea neurons, both ACh and FMRF neuropeptides can elicit synaptic excitation or inhibition. For ACh,
this is due to NTF-regulated expression of cationic or anionic nicotinic ACh receptors (AChR)*~*. For FMRF
neuropeptides, this is due to cell type-specific coupling of FMRF G protein-coupled receptors (GPCRs) to dis-
tinct G protein complexes and metabotropic signaling cascades®”*®. FMRF neuropeptides have also been shown
to occlude transmitter release from target neurons by inhibitory regulation of Ca** influx and neurosecretory
mechanisms®. We therefore wondered whether the release of ACh and FMRF neuropeptides might be selec-
tively tuned at VD4's presynaptic terminals to establish the target-specific formation of one-way or reciprocal,
and inhibitory or excitatory synapses that are required for the appropriate expression and modulation of cardi-
orespiratory behaviour.

To investigate this question, we first performed simultaneous intracellular recordings from the isolated intact
CNS to determine the classical vs peptidergic nature of synaptic transmission at endogenous synapses between
VD4 and the identified cardiorespiratory neurons VF and RPeD1. Synaptic transmission was assessed in response
to a~4 s burst induced in VD4, first under control conditions to assay cotransmission, and then in the pres-
ence of an AChR antagonist cocktail (see “Methods” section) to isolate the peptidergic component of synaptic
transmission. We found that excitatory transmission with VF was mediated primarily by FMRF neuropeptides,
as the mean number of action potentials induced in VF in response to VD4 stimulation was unchanged after
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Figure 1. Synaptic transmission via classical and peptide cotransmitters is target-specific. (A). Schematic of the
Lymnaea CNS, depicting in situ locations of the neurons used in this study. Dorsal surface of the ganglia: L/R,
left and right; Ce, cerebral; Pe, pedal; P, pleural; P, parietal; V, visceral. Adapted from?. (B). Summary diagram
of the neurons and synaptic connections that form the respiratory central pattern generator (rCPG) circuit, and
the associated motor neurons that drive opening (expiration) and closing (inspiration) of the pneumostome.
(C). Summary diagram of the cardioregulatory network, and the motor neurons implicated in modulating the
rate and amplitude of auricular and ventricular contractions. (D). Simultaneous intracellular current clamp
recordings of endogenous synapses from an isolated intact CNS preparation, performed in control conditions
(i; Lymnaea normal saline), or with AChR antagonists (ii; 5 tM MLA, 10 uM TC, 20 uM TEA) to isolate
peptidergic transmission. N=11. Stimulation of VD4 elicits primarily cholinergic inhibition of RPeD1 (i¢, in

i, antagonized in ii) and primarily peptidergic excitation of VF (e in i and ii). Lucifer yellow dye injections
illustrate the morphology of identified cardiorespiratory neurons and their projections (iii). N >3 each. Scale
bar, 1 mm. (E). Summary data, mean synaptic response of VF is unchanged by addition of AChR antagonists,
indicating primarily peptidergic transmission (excitation of VF measured as number of action potentials
induced in response to VD4 burst). P=0.813 (Paired Samples T-test). (F). Summary data, mean synaptic
response of RPeD1 is attenuated by AChR antagonists, indicating primarily cholinergic transmission (inhibition
of RPeD1 measured as duration of hyperpolarization and firing cessation (s) induced in response to VD4 burst).
**P=0.003 (Wilcoxon Signed Ranks test). Error bars, SEM. (G). Summary diagram illustrating that synaptic
transmission at distinct postsynaptic targets is differentially mediated by classical and peptide neurotransmitters.

LY dye injection

the addition of AChR antagonists. Inhibitory transmission with RPeD1, however, was mediated primarily by
ACh, as the duration of RPeD1 inhibition in response to VD4 stimulation was reduced with AChR antagonists
(Fig. 1D-F; Table S1). This suggests that synaptic transmission with distinct postsynaptic targets is not equiva-
lently mediated by VD4's classical and peptide cotransmitters (Fig. 1G).

Target-specific regulation of cotransmission is modulated by extrinsic NTF signaling. Because
the identified cardiorespiratory neurons and their synaptic networks cannot be easily resolved or manipulated
in the intact brain preparation, we turned to in vitro reconstruction of these synapses to uncover the regulatory
mechanisms that specify transmission by classical and peptide neurotransmitters. To this end, we isolated the
identified neurons from the CNS and paired VD4 in a soma-soma configuration with RPeD1 or VF in culture.
As in the intact preparation, we made simultaneous intracellular recordings from cultured neurons, first under
control conditions to study cotransmission, and then in the presence of AChR antagonists to isolate peptidergic
transmission.

When cultured in CNS-conditioned media (CM), a NTF-rich media that recapitulates the in vivo environ-
ment, VD4-VF exhibited mixed cholinergic-peptidergic cotransmission, whereas most VD4-RPeD1 pairs exhib-
ited primarily cholinergic transmission (Fig. 2A,C,D; Table S2A-B). As NTFs are well known to modulate synaptic
function®, we next cultured pairs in NTF-deficient defined media (DM) to ask whether regulated cotransmission
is solely target dependent, or whether it might also be influenced by extrinsic factors. Surprisingly, we observed a
reversal of peptidergic phenotype, where most VD4-VF pairs exhibited primarily cholinergic transmission, and
most VD4-RPeD1 pairs exhibited mixed cotransmission (Fig. 2B,C,D; Table S2A-B; see Fig. S2A-B). Analysis
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Figure 2. Target-specific use of cotransmitters is modulated by extrinsic neurotrophic factor signaling. (A-B).
Characterization of cotransmission and isolated FMRF transmission by simultaneous intracellular current
clamp recordings in soma-soma paired neurons (image inserts; scale bar, 50 um), performed in CM or DM
control (Aiiii and Bi,iii), or with AChR antagonists (Aii,iv and Bii,iv; 5 uM MLA, 10 uM TC, 20 uM TEA) to
isolate peptidergic transmission. Inserts show ACh-PSPs (i,iii; — 100 mV holding potential), inhibited by AChR
antagonists (ii,iv). Mixed cholinergic-peptidergic cotransmission is observed at VD4-VF synapses in CM, with
biphasic cholinergic and excitatory peptidergic responses (Aiii; excp ixcn> €pmre)> and at VD4-RPeD1 synapses
in DM, with biphasic cholinergic and inhibitory peptidergic responses (Biii,iv; €cp, iach ipmre)- Primarily
cholinergic transmission is observed at VD4-RPeD1 synapses in CM (Aiii,iv; ¢y, iacn, absence of ipygp), and
VD4-VF synapses in DM (Biii; iycy, absence of epypp), demonstrating that peptide cotransmitter specificity is
determined by postsynaptic target identity and extrinsic NTF signaling. (C). Summary data, mean peptidergic
excitation of VF (number of action potentials induced) is unchanged by AChR antagonists, and influenced

by NTFs. N29. **P<0.002 (Independent Samples Kruskal-Wallis test). (D). Summary data, mean inhibition
of RPeD1 (duration in s, reflects ACh+FMREF cotransmission or isolated FMRF transmission) is reduced by
AChHR antagonists in CM but not DM, indicating differential peptidergic inhibition influenced by NTFs. N > 10.
*P<0.010; ***P<0.001 (Independent Samples Kruskal-Wallis test). (E). Summary data, mean amplitudes of
ACh-PSPs are unchanged in CM or DM control. N>9. P=0.490 (Independent Samples Kruskal-Wallis test).
(F). Summary data, mean cholinergic excitation (number of action potentials induced), primarily biphasic
cholinergic responses are observed in CM, and primarily inhibitory cholinergic responses are observed in DM.
N=29.**P=0.001; ***P<0.001 (Independent Samples Kruskal-Wallis test). Error bars, SEM.

of the amplitudes of ACh-mediated postsynaptic potentials (PSPs) suggests that ACh release does not vary
amongst VD4-VF and VD4-RPeD1 pairs cultured in CM or DM (Fig. 2E; Table S2B), while analysis of the
postsynaptic ACh biphasic response indicates that excitatory, but not inhibitory, AChR expression is regulated
by NTFs (Fig. 2F; Table $2B), in line with previous findings?”*>*!~%, Taken together, these observations suggest
that cholinergic and peptidergic transmission are tuned by distinct mechanisms.

The next question was whether the specificity of classical and peptide cotransmission would be observed if
VD4 innervated multiple postsynaptic targets in vitro. We therefore cultured VD4 simultaneously with VF and
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RPeDl1 in a triple-soma configuration in CM, and found that the VD4-VF synapse exhibited mixed cotransmis-
sion, while the VD4-RPeD1 synapse exhibited primarily cholinergic transmission (Fig. 3A,C,D; Table S3A-B).
Similarly in DM, the VD4-VF synapse exhibited primarily cholinergic transmission, while the VD4-RPeD1
synapse exhibited mixed cotransmission (Fig. 3B-D; Table S3A-B). In contrast to the single-synapse prepara-
tion, we found that the amplitude of ACh-mediated PSPs was smaller at VD4-VF than VD4-RPeD1 synapses
in both CM and DM (Fig. 3E,F; Table S3B). This parallels the limited ACh transmission observed at VD4-VF
synapses in situ (see Fig. 1 and Fig. S3), and suggests that ACh release in the context of synaptic competition is
selectively modulated.

As FMRF neuropeptides have been shown to inhibit transmitter release®, we hypothesized that the degree of
FMRE neuropeptide transmission would be inversely correlated with the degree of dopamine (DA) transmission
at the reciprocal inhibitory synapse between VD4-RPeD1. Therefore, in parallel with monitoring ACh and FMRF
neuropeptide transmission from VD4, we also evaluated DA transmission from RPeD1 in the above experiments.
Most RPeD1-VD4 synapses exhibited strong inhibitory DA transmission when cultured in CM, whereas in DM
most did not (Fig. 4A; Table S4). When we analyzed the duration of RPeD1 peptidergic inhibition vs the dura-
tion of VD4 dopaminergic inhibition, we found a significant negative correlation (Fig. 4B; Pearson correlation,
R= - 0.534, P=0.001; R*=0.2849). This suggests that the context- and target-dependent regulation of FMRF
neuropeptide transmission observed above may reflect differences in VD4's FMRF neuropeptide release propen-
sity, such that high-releasing synapses would occlude DA release from RPeD1 and low releasing synapses would
facilitate DA release. If so, this NTF-dependent regulation of neuropeptide release holds important implications
for the assembly, plasticity, and function of the Lymnaea rCPG network, and how the rhythmic network activity
required for breathing behaviour is established and modulated®%.

Presynaptic inhibition of neuropeptide release defines cotransmitter specificity. Considering
the above observations, we postulated three scenarios to account for the apparent specificity of VD4's FMRF
neuropeptide release: (i) the translational expression of FMRF neuropeptides changes; (ii) FMRF neuropep-
tides are selectively targeted to specific presynaptic sites; or (iii) FMRF neuropeptides are selectively released
from specific presynaptic sites. To explore these possibilities, we cultured VD4 neurons alone or with VF and/
or RPeD1 postsynaptic targets in CM or DM, using an axon-axon configuration to facilitate visualization of
synaptic sites. Using immunocytochemistry (ICC) and an antibody against the RF-NH, moiety common to
FMREF neuropeptides, we found a uniform intensity of somatic neuropeptide immunolabel amongst the culture
conditions, suggesting that the translational expression of FMRF neuropeptides does not change (Fig. 5A,B;
Table S5A). In paired neurons, conditions that exhibited limited peptidergic transmission (VD4-RPeD1 CM and
VD4-VF DM) were characterized by a ‘hyper-innervation’ phenotype in which the intensity of the synaptic neu-
ropeptide immunolabel was increased relative to the conditions that exhibited strong peptidergic transmission
(VD4-VF CM and VD4-RPeD1 DM) (Fig. 5A,C,D; Table S5B). These results reveal that FMRF neuropeptides
accumulate at presynaptic terminals with low release propensity, and that an inhibitory presynaptic mechanism
regulates the target- and context-dependent specificity of peptidergic transmission.

A Lymnaea synaptophysin homologue selectively inhibits neuropeptide release. We next
sought to identify the molecular switch responsible for the selective facilitation and inhibition of peptider-
gic LDCV release. We focused on two synaptic vesicle protein (SVP)-dependent mechanisms that have been
reported to selectively inhibit transmitter release. The first was the synaptotagmin (Syt) family of Ca®* sensor
SVPs, considering that different isoforms selectively facilitate or inhibit small synaptic vesicle (SSV) and LDCV
release characteristics*~*®. This has also been reported in the invertebrate literature*’-*°, indicating that the use
of alternative Syt isoforms as selective regulators of transmitter release is an evolutionarily conserved strategy.
The second was the vesicle integral membrane protein synaptophysin (Syp), which reversibly complexes with
the v-SNARE synaptobrevin (Syb) when phosphorylated, rendering Syb unable to enter the fusogenic SNARE
complex®-32,

To determine the influence of the Lymnaea homologues of Syt and Syp on cotransmitter release, we first iden-
tified and cloned them from a Lymnaea CNS cRNA library (see Fig. S6A-C), then microinjected synthetic mnRNA
into VD4 to evaluate the effects of their overexpression on classical and peptidergic transmission. VD4-VF pairs
were cultured in CM and VD4-RPeD1 pairs were cultured in DM to facilitate formation of synapses with high
neuropeptide release propensity. In both cases, overexpression of Syp reduced FMRF neuropeptide transmission
relative to H,O vehicle control (Fig. 6A,B,D,E; Table S6A), but had no effect on the amplitude of ACh-mediated
PSPs (Fig. 6C,F; Table S6B), whereas Syt isoforms affected ACh, but not FMRF neuropeptide transmission (see
Fig. S6D). Using ICC in axon-axon pairs, we found that Syp overexpression increased the intensity of the somatic
and synaptic FMRF neuropeptide immunolabel relative to H,O vehicle control (Fig. 6G-I; Table S6C), while the
Syt isoforms had no effect (see Fig. S6E). These data suggest that Syp acts as an inhibitory regulator of LDCVs,
which tunes synaptic cotransmission by selectively attenuating neuropeptide release.

Next, if Syp mediates target-specific inhibition of FMRF neuropeptide release, we reasoned it would sort to
synapses in a manner resembling the distribution patterns observed for FMRF neuropeptides. To characterize
Syp localization, we generated a C-terminal mCherry tagged construct. VD4 was microinjected with synthetic
Syp-mCherry mRNA and paired in a dual synapse axon-axon configuration with VF and RPeD1 in CM. We
performed ICC using an a-mCherry antibody, and found that Syp synaptic fluorescence intensity was higher
at synapses with RPeD1 than with VF (Fig. 6J-L; Table S6D), mimicking the selective accumulation of FMRF
neuropeptides observed at low release propensity synapses (see Fig. 5).
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Figure 3. Target-specific use of classical and peptide cotransmitters is established by distinct mechanisms. (A-
B). Characterization of cotransmission and isolated FMRF transmission by simultaneous intracellular current
clamp recordings in neurons plated in a triple-soma configuration (image inserts; scale bar, 20 pm), performed
in CM or DM control (Ai and Bi), or with AChR antagonists (Aii and Bii; 5 uM MLA, 10 uM TC, 20 uM
TEA) to isolate peptidergic transmission. Inserts show ACh-PSPs (i; — 100 mV holding potential), inhibited
by AChR antagonists (ii). Mixed cholinergic-peptidergic cotransmission is observed at VD4-VF synapses in
CM, with inhibitory cholinergic and excitatory peptidergic responses (Aifii; ixcp, epyre)> and at VD4-RPeD1
synapses in DM, with inhibitory cholinergic and peptidergic responses (Bi,ii; ixcp, ipmre) Primarily cholinergic
transmission is observed at VD4-RPeD1 synapses in CM (Aiii; excp, iach absence of ipype), and VD4-VE
synapses in DM (Bi,ii; icy, absence of epyge), (C). Summary data, mean peptidergic excitation of VF (number
of action potentials induced) is unchanged by AChR antagonists, and influenced by NTFs. N>9. **P<0.002
(Independent Samples Kruskal-Wallis test). (D). Summary data, mean inhibition of RPeD1 (duration in s,
reflects ACh + FMRF cotransmission or isolated FMRF transmission) is reduced by AChR antagonists in CM
but not DM, indicating differential peptidergic inhibition influenced by NTFs. N2>9. **P<0.009 (Independent
Samples Kruskal-Wallis test). (E). Summary data, mean amplitudes of ACh-PSPs are unchanged in CM or
DM control, but are larger at VD4-RPeD1 synapses than VD4-VF synapses, indicating that the use of classical
and peptide cotransmitters in synaptic transmission are tuned by distinct synapse-specific mechanisms. N>9.
*P<0.012 (Independent Samples Kruskal-Wallis test). (F). Summary data, mean cholinergic excitation (number
of action potentials induced), primarily biphasic cholinergic responses are observed in CM, and primarily
inhibitory cholinergic responses are observed in DM. N>9. *P=0.023 (Independent Samples Kruskal-Wallis
test). Error bars, SEM.

Taken together, these observations support a Syp-dependent mechanism for the inhibitory regulation of
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Figure 4. Reciprocal inhibitory transmission between VD4-RPeD1 is attenuated by FMRF neuropeptide
transmission from VD4. (A). Simultaneous intracellular current clamp recordings in soma-soma paired VD4-
RPeD1 neurons. Stimulation of RPeD1 induces DA-mediated inhibition in VD4 when pairs are cultured in
CM (i; ip,), but not in DM (ii; absence of i, ), indicating that NTF-dependent regulation of FMRF peptidergic
transmission (see also Figs. 2, 3) tunes the function of the reciprocal inhibitory synapse between VD4-RPeD1,
which underlies respiratory central pattern generator (rCPG) activity and breathing behaviour in Lymnaea
(see also Fig. 1). (B). Summary data, correlation of the mean dopaminergic synaptic response at RPeD1-VD4
synapses (y axis; VD4 inhibition) with the mean peptidergic synaptic response at VD4-RPeD1 synapses
measured in the presence of AChR antagonists (x axis; RPeD1 inhibition; see also Figs. 2, 3). **P=0.001;
R=-0.534; R?=0.2849 (Pearson correlation).
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Figure 5. Presynaptic inhibition of neuropeptide release defines cotransmitter specificity. (A). ICC labeling of
FMREF neuropeptides in VD4 neurons unpaired (i,v), VF-paired (ii,vi), RPeD1-paired (iii,vii), and dual RPeD1/
VE-paired (iv,viii), cultured in CM (i-iv) or DM (v-viii). Images are merged with the nuclear stain DAPI. N >8.
Scale bars, 50 pm. (B). Summary data, mean fluorescence intensity of somatic FMRF neuropeptides is uniform
amongst various NTF and target cell contact conditions, indicating that translational FMRF neuropeptide
expression in VD4 is unchanged (one-way ANOVA; P=0.512). (C). Summary data, mean fluorescence intensity
of synaptic FMRF neuropeptides (e.g. arrows) is increased in conditions that do not exhibit peptidergic
transmission when VD4 is paired with a single postsynaptic target (VD4-VF DM, VD4-RPeD1 CM; see also
Fig. 2). *P<0.031 (one-way ANOVA). (D). Summary data, mean fluorescence intensity of synaptic FMRF
neuropeptides (e.g. arrows) is selectively increased at synapses that do not exhibit peptidergic transmission
when VD4 is paired simultaneously with two postsynaptic targets (VD4-VF DM, VD4-RPeD1 CM; see

also Fig. 3). **P<0.008 (one-way ANOVA), indicating that FMRF neuropeptides accumulate at presynaptic
terminals with low neuropeptide release propensity. Error bars, SEM.

neuropeptide release, and suggest that presynaptic peptide cotransmitter specificity requires synapse-specific
populations of release-competent and -incompetent LDCVs.

NTF and target-specific regulation of GSK-3 activity determine neuropeptide release compe-
tency. We next sought to identify the molecular signaling cascades that define FMRF neuropeptide release
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Figure 6. The Lymnaea synaptophysin homologue selectively inhibits neuropeptide release. (A). Simultaneous
recordings of VD4-VF neurons paired in CM, made before and after the application of AChR antagonists

(5 UM MLA, 10 uM TC, 20 uM TEA). VD4 was microinjected with H,O (i; vehicle control), or synthetic L-Syp
mRNA (ii). Main panels show recordings made with AChR antagonists to isolate peptidergic transmission.
Inserts show ACh-PSPs recorded in control conditions (left; -100 mV holding potential), which are inhibited by
AChR antagonists (right). (B). Summary data, mean peptidergic excitation of VF (number of action potentials
induced, AChR antagonist isolated), Syp overexpression reduces FMRF neuropeptide transmission. N> 7.
***P<0.001 (Mann-Whitney U test). (C). Summary data, mean ACh-PSP amplitudes of VD4-VF synapses,

Syp overexpression does not affect ACh transmission. N>10. P=0.613 (Independent Samples T-test). (D).

VD4 neurons paired with RPeD1 in DM, as in (A). (E). Summary data, mean peptidergic inhibition of RPeD1
(duration in s, AChR antagonist isolated), Syp overexpression reduces FMRF neuropeptide transmission. N> 9.
*P=0.025 (Mann-Whitney U test). (F). Summary data, mean ACh-PSP amplitudes of VD4-RPeD1 synapses,
Syp overexpression does not affect ACh transmission. N>9. P=0.898 (Independent Samples T-test). (G). ICC
labeling of FMRF neuropeptides in VD4 neurons microinjected with H,O (i; vehicle control) or synthetic L-Syp
mRNA (ii) and paired with VF in CM. Images are merged with the nuclear stain DAPI. Scale bars, 50 pm. (H).
Summary data, mean fluorescence intensity of somatic FMRF neuropeptides is increased by Syp overexpression.
N=26.*P=0.017 (Independent Samples T-test). (I). Summary data, mean fluorescence intensity of synaptic
FMREF neuropeptides is increased by Syp overexpression. N >6. *P=0.028 (Independent Samples T-test). (J).
ICC labeling of VD4 neurons microinjected with synthetic L-Syp-mCherry mRNA and paired with VF and
RPeD1 in CM. Scale bar, 50 um. (K). Summary data, mean fluorescence intensity of somatic Syp-mCherry

is higher in microinjected VD4 than non-injected VF and RPeD1. N=3. *P<0.023 (one-way ANOVA). (L).
Summary data, mean fluorescence intensity of synaptic Syp-mCherry is selectively enhanced at synapses with
RPeD1, which do not exhibit peptidergic transmission and show accumulation of FMRF neuropeptides (see also
Figs. 2, 3,5). ***P<0.001 (Independent Samples T-test). Error bars, SEM.
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Figure 7. GSK-3 activity defines neurotrophic factor-dependent regulation of presynaptic neuropeptide
release competency. (A). Recordings of VD4-VF soma-soma paired neurons cultured in CM (i,ii) or DM
(iii,iv), in the presence of 0.1% DMSO (i,iii; vehicle control) or 5 uM SB 216763 (ii,iv; GSK-3 inhibitor).
Recordings were made in the presence of AChR antagonists (5 uM MLA, 10 uM TC, 20 uM TEA) to isolate
peptidergic transmission. In CM, where GSK-3 is inhibited by NTF/RTK signaling, SB 216763 has no effect on
the incidence of peptidergic transmission. In DM, where basal GSK-3 activity is high, inhibition by SB 216763
induces neuropeptide release. This indicates that neuropeptide release at VD4-VF synapses is defined by the
effect of NTF/RTK signaling on GSK-3 activity. (B). Summary data, mean peptidergic synaptic response in VF
measured in the presence of AChR antagonists. N>10. *P=0.013 (Independent Samples Kruskal-Wallis test).
(C). Recordings of peptidergic transmission between VD4-RPeD1 neurons, as in (A). In CM, GSK-3 inhibition
by SB 216763 induces peptidergic transmission, whereas it is inhibited in DM. This indicates that a molecular
signaling interaction between VD4-RPeD1 induces an atypical regulation of GSK-3 activity and neuropeptide
release. (D). Summary data, mean peptidergic synaptic response in RPeD1, as in (B). N> 8. **P<0.009
(Independent Samples Kruskal-Wallis test). Error bars, SEM.

characteristics, reasoning that it likely involves synapse-delimited post-translational modification (PTM) of Syp.
GSK-3 has been shown to promote Syp-Syb complexing via phosphorylation of Syp*?, and GSK-3 activity is
known to be high under basal conditions and inhibited in response to receptor tyrosine kinase (RTK) activa-
tion, which transduce NTF signaling®*#*°. This implicates a model for context-dependent inhibitory regulation
of neuropeptide release in which (i) GSK-3 activity is high in the absence of NTFs, causing phosphorylation of
Syp and enhancing formation of the Syp-Syb complexes that inhibit LDCV fusion, and (ii) GSK-3 activity is
low in the presence of NTFs, reducing Syp phosphorylation and promoting Syp-Syb dissociation that promotes
neuropeptide release.

To test this experimentally, we cultured VD4-VF and VD4-RPeD1 pairs in CM or DM, in the presence of a
GSK-3 inhibitor (5 uM SB 216763 ) or vehicle control (0.1% DMSO). When cultured in CM, VD4-VF peptidergic
transmission was not impacted by GSK-3 inhibition, while in DM, GSK-3 inhibition induced peptidergic trans-
mission (Fig. 7A,B; Table S7A). This suggests that neuropeptide release characteristics at VD4-VF synapses are
defined by NTF-dependent regulation of GSK-3 activity. In VD4-RPeD1 pairs, however, we found that GSK-3
inhibitors reversed neuropeptide release characteristics in both CM and DM (Fig. 7C,D; Table S7B). This suggests
that GSK-3 activity at VD4-RPeD1 synapses is not regulated by the conventional NTF/RTK pathway, and impli-
cates a target-dependent molecular signaling interaction that acts to define neuropeptide release competency.

Target-specific retrograde arachidonic acid signaling defines neuropeptide cotransmitter
release. The release of FMRF neuropeptides from VD4 produces excitation in VF and inhibition in RPeD1,
and the metabotropic receptors are coupled to distinct G proteins in these two postsynaptic targets (see Fig. S2B).
As GPCRs activate a range of metabolic signaling cascades that act locally and trans-synaptically, we reasoned
that cotransmitter specificity was elicited by differences in FMRF transmitter-receptor interactions and cell-cell
signaling. Retrograde signaling by membrane-permeable second messengers is well known to influence synaptic
function®. In particular, the generation of arachidonic acid (AA) metabolites has been linked to the actions of
FMRF neuropeptides®”8, and was previously implicated in the function of reciprocal VD4-RPeD1 synapses™.
Since we observed an atypical GSK-3 signature at VD4-RPeD1 synapses, we wondered whether target-specific
retrograde AA might influence neuropeptide release. Therefore, VD4-VF and VD4-RPeD1 pairs were cultured
in DM, to avoid NTF/RTK signaling, and supplemented with free arachidonic acid (AA, 5 uM), ETYA (10 pM,
an inhibitor of AA metabolism), or vehicle control (0.1% DMSO +0.1% Tocrisolve 100). Relative to control,
AA induced peptidergic transmission at VD4-VF pairs, while the inhibitor ETYA had no effect (Fig. 8A,B;
Table S8A), indicating that AA metabolism is not endogenous to FMRF neuropeptide signaling between VD4-
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Figure 8. Retrograde arachidonic acid signaling defines target-dependent regulation of presynaptic
neuropeptide release competency. (A). Recordings of VD4-VF soma-soma paired neurons cultured in

DM + vehicle control (i; 0.1% DMSO +0.1% Tocrisolve), DM + 5 uM Arachidonic Acid (ii; free AA), or

DM +10 uM ETYA (iii; inhibitor of AA metabolism). Recordings were made in the presence of AChR
antagonists (5 uM MLA, 10 uM TC, 20 uM TEA) to isolate peptidergic transmission. AA exposure induces the
release of neuropeptides, whereas the inhibitor ETYA has no effect, indicating that VD4-VF pairs do not exhibit
retrograde AA signaling interactions. (B). Summary data, mean peptidergic synaptic response in VF measured
in the presence of AChR antagonists. N>13. **P=0.001; **P<0.001 (Independent Samples Kruskal-Wallis
test). (C). Recordings of peptidergic transmission between VD4-RPeD1 neurons, as in (A). AA exposure has no
effect, whereas the inhibitor ETYA inhibits neuropeptide release, indicating that a target-specific retrograde AA
signal from RPeD1 regulates neuropeptide release from VD4. (D). Summary data, mean peptidergic synaptic
response in RPeD1, as in (B). N>15. *P=0.010 (Independent Samples Kruskal-Wallis test). Error bars, SEM.

VE. By contrast, AA supplementation did not influence peptidergic transmission in VD4-RPeD1 pairs, whereas
ETYA inhibited peptidergic transmission (Fig. 8C,D; Table S8B), indicating that FMRF neuropeptide signaling
between VD4-RPeD1 induces AA metabolism.

Since AA has been shown to activate protein kinase C (PKC) family kinases®’, which have been reported to
influence GSK-3 activation®®, we suspected that target-specific retrograde AA signaling influenced peptidergic
transmission via PKC. VD4-VF and VD4-RPeD1 pairs were cultured in DM in the presence of the inhibitor
Chelerythrine chloride (Ch ClI7; 1 uM) to determine whether PKC is a molecular target for AA. Relative to vehicle
control (0.1% DMSO), PKC inhibition prevented peptidergic transmission at VD4-RPeD1 synapses (Fig. 9A,B;
Table S9A). We found no effect of PKC inhibition on peptidergic transmission at VD4-VF synapses; however, it
negated the induction of peptide release via AA (Fig. 9C,D; Table S9B).

These data reveal that target-specific retrograde AA signaling acts via a PKC family kinase to define the
cotransmitter release properties of innervating presynaptic terminals. Taken together, our observations on the
regulation of peptide cotransmitter use at individual synapses uncover a previously undefined molecular signal-
ing network that tunes the cotransmitter release characteristics of individual presynaptic terminals (Fig. 10).

Discussion

In this study we sought to identify the cellular and molecular mechanisms that specify the differential use of neu-
rotransmitters at the individual presynaptic terminals formed by a cotransmitting neuron—a key mechanism for
synaptic heterogeneity that underlies the selective processing and relay of information within neuronal circuits.
Here, using Lymnaea cardiorespiratory neurons, we have identified (i) a new component of NTF-dependent
plasticity that selectively defines peptidergic cotransmission, (ii) a novel function for the Lymnaea synaptophysin
homologue in the inhibitory regulation of neuropeptide release, and (iii) a role for AA metabolites as a target-
specific retrograde signaling mechanism that establishes cotransmitter specificity. While we do not exclude the
possibility that there may be concurrent changes in the expression or function of postsynaptic receptors, our
observations of presynaptic neuropeptide accumulation and the inhibitory role of synaptophysin identify the
presynaptic terminal as an important locus for target- and context-dependent regulation of cotransmission.
Taken together, our findings define a molecular signaling network that underlies presynaptic cotransmitter
specificity, and can allow for the context-dependent tuning of synaptic network function underlying the plasticity
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Figure 9. A PKC family kinase mediates arachidonic acid-dependent regulation of presynaptic neuropeptide
release competency. (A). Recordings of VD4-RPeD1 soma-soma paired neurons cultured in DM + vehicle
control (i; 0.1% DMSO), or DM + 1 uM Chelerythrine Chloride (ii; Ch Cl-, PKC inhibitor). Recordings

were made in the presence of AChR antagonists (5 uM MLA, 10 pM TC, 20 uM TEA) to isolate peptidergic
transmission. Antagonism of PKC inhibits neuropeptide release, indicating that it perturbs retrograde AA
signaling interactions between VD4-RPeD1. (B). Summary data, mean peptidergic synaptic response in RPeD1
measured in the presence of AChR antagonists. N > 8. **P=0.007 (Mann-Whitney U test). (C). Recordings of
peptidergic transmission between VD4-VF neurons, as in (A). VD4-VF neurons were cultured in DM + vehicle
control (i; 0.1% DMSO +0.1% Tocrisolve; data in part is repeated here from Fig. 8A), DM +1 uM Ch CI" (ii),
DM +5 uM AA (iii; data is repeated here from Fig. 8A), or DM +5 uM AA +1 uM Ch CI” (iv). Antagonism

of PKC inhibits the induction of neuropeptide release by AA, but otherwise has no effect on peptidergic
transmission between VD4-VE. (D). Summary data, mean peptidergic synaptic response in VE as in (B). N> 10.
**P<0.002, **P<0.001 (Independent Samples Kruskal-Wallis test). Error bars, SEM.

of patterned motor behaviours. Through this pathway, the release characteristics of individual synapses can
be tuned to meet the dynamic functional requirements of neuronal networks set by an animal’s demand for
behavioural plasticity.

Peptidergic cotransmission. One particular question in the field of cotransmission that has remained
unresolved is whether the synaptic colocalization of multiple neurotransmitter substances necessarily implies
their corelease®. Here, we show that peptide cotransmitter release at inter-neuronal synapses is regulated by
context-dependent inhibition. FMRF neuropeptides accumulated at functionally non-peptidergic presynapses,
while functionally peptidergic presynapses showed comparatively little localization, indicating that colocaliza-
tion does not imply cotransmission®. Consistent with this notion, a previous study on the Drosophila neuro-
muscular junction showed that neuropeptide stores are low in resting terminals, where they are supplied in a
use-dependent manner by the activity-dependent capture of rapidly transiting LDCVs®. This suggests that, in
contrast to classical transmission, peptidergic transmission may be sufficiently maintained in the absence of a
sizeable reserve of LDCVs in the presynaptic bouton.
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Figure 10. Proposed model for the molecular signaling network underlying presynaptic neuropeptide
cotransmitter specificity.

The main focus of our study was to define the molecular mechanisms that selectively regulate neuropeptide
cotransmitter release, however, our observation that the release of ACh from VD4 is tuned independently from
FMREF neuropeptide release warrants further investigation to advance our understanding of the dynamic regula-
tion of cotransmitter release and presynaptic heterogeneity. We suspect that there are a number of mechanisms,
likely involving target-specific signaling interactions and cross-talk amongst signaling networks, at play. First,
work in Drosophila has demonstrated that neuropeptide autoreceptor signaling via presynaptic convergence
adjusts cotransmitter output by enhancing the release of classical transmitters to accelerate the circadian rhythm
directing sleep-wake behaviour®. Second, we have previously reported that ACh release competency in VD4
is scaled by presynaptic cAMP/PKA activation during competition for postsynaptic innervation®. Third, in the
murine hippocampus, target-specific retrograde AA signaling has been found to induce presynaptic spike broad-
ening by local inhibition of voltage-gated potassium channels, leading to synaptic facilitation®”. Taken together,
these observations indicate that a variety of mechanisms differentiate the function of individual presynaptic
terminals to establish synaptic heterogeneity and enable selective information processing in neuronal circuits.

Synapse-specific inhibition of neuropeptide release by synaptophysin. Considering our obser-
vations on role of the Lymnaea Syp homologue in inhibiting LDCV release, it is important to note that mamma-
lian Syp has been widely regarded to be specifically localized to SSVs, and absent from LDCVs®. If the mecha-
nism described here is conserved, one possibility is that inhibitory regulation of LDCV's in mammals is mediated
by another member of the Syp protein family. Another possibility raised by studies in neuroendocrine cells is
that Syp is present at varying concentrations in LDCVs, and at lower concentrations than in SSVs®”°. This is
consistent with a study on the protein composition of single SVs reporting that some SVPs, including Syt I, are
sorted with high precision, whereas others, including Syp and Syb, show significant intervesicle variability”". In
view of our findings on the inhibitory regulation of neuropeptide release by Lymnaea Syp, it seems that synaptic
cotransmitter specificity might be achieved by two complementary mechanisms: the differential trafficking of
release competent (Syp-) or release incompetent (Syp+) LDCVs to presynaptic terminals; and synapse-delim-
ited PTM of Syp that alters the release competency of Syp +LDCVs.

Regarding the differential trafficking of Syp + and Syp— LDCV’s, N-glycosylation, a PTM that occurs in the
endoplasmic reticulum and affects protein sorting and trafficking, has been shown to be essential for targeting
Syp, but not other SVPs such as Syt, out of the cell body and to the synapse””. This suggests that N-glycosylation
might act as a selectivity filter to govern the amount of Syp incorporated during LDCV biogenesis, which
could regulate the release competency of LDCV's and also account for the controversial and variable presence
of Syp on LDCVs. Downstream of biogenic sorting, the synapse-specific targeting of cargo, including LDCVs,
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is a second highly regulated process that differentiates the composition and function of individual presynaptic
terminals during synaptogenesis and synaptic plasticity®*’>’%. Considering our findings, it may be that NTF/
RTK and retrograde AA signaling establish synapse-specific populations of release-competent and -incompetent
LDCVs by influencing Syp N-glycosylation and the selective trafficking or capture of Syp +vs Syp- LDCVs at
presynaptic terminals.

Regarding synapse-delimited PTM of Syp, Syp-Syb affinity has been reported to be modulated by GSK-3
activity, where phosphorylation of Syp by GSK-3 inhibits Syb dissociation and attenuates transmitter release®.
Here, we found that target-dependent regulation of neuropeptide release involved the regulation of GSK-3
activity by NTF/RTK signaling, and PKC family kinase activity by retrograde AA signaling. The inhibition of
GSK-3 by RTKs is known to involve the Par3-Par6-aPKC cell polarity complex®'. During CNS development,
the asymmetric accumulation of these polarity proteins mediates neurogenic divisions by neural progenitors,
and regulates microtubule dynamics underlying axogenesis and directed outgrowth®'. An attractive mechanism
for the local regulation of neuropeptide release by GSK-3-dependent phosphorylation of Syp would be the dif-
ferential localization of the Par3-Par6-aPKC cell polarity complex underlying the functional heterogeneity of
individual presynaptic terminals.

Functional implications for context-dependent tuning of peptidergic transmission. In Lym-
naea, NTF-dependent synaptic network plasticity has been proposed to mediate the seasonal regulation of heart
rate and breathing behaviour during aestivation”. The regulation of FMRF neuropeptide release described here
identifies a new mechanism with significant potential to underlie the plasticity of cardiorespiratory behaviour
induced by NTFs. Increases or decreases in NTF/RTK signaling would differentially affect FMRF neuropeptide
release at VD4's excitatory synapse with VF to promote or inhibit cardiac drive, and the reciprocal inhibitory
synapse with RPeD1 to facilitate or attenuate rCPG rhythmogenesis and breathing behaviour.

In the stomatogastric ganglion (STG) of the crab Cancer borealis, a cotransmitting projection neuron (MPN)
selectively activates and inhibits the expression of pyloric and gastric mill motor patterns using its neuropeptide
cotransmitter at synapses within the STG network and its small molecule cotransmitter at synapses with projec-
tion neurons in the commissural ganglia®. Thus, it seems that the selective use of neuropeptide and classical small
molecule cotransmitters with distinct postsynaptic targets is a common mechanism underlying the expression
of patterned motor behaviour in invertebrates. It would next be pertinent to determine whether an analogous
mechanism involving target-specific retrograde AA signaling and Syp-dependent inhibition of LDCV fusion may
be involved in expressing gastric mill motor patterns in the Cancer STG, and whether this may be a more general
mechanism for the target-specific regulation of cotransmitter release underlying the appropriate expression and
context-dependent plasticity of patterned motor behaviours across species.

The regulated complexing interactions of Syp and Syb have been suggested to act in establishing a reserve
pool of SV's that can be recruited by synaptic activity’®. Applied to the regulated secretion of neuropeptides, this
adjustable reserve function would have interesting implications for our understanding of the dynamic propensity
of neurons to modulate the release of their neuropeptides. In Lymnaea, release of the ovulation hormone requires
priming by a prolonged period of coordinated network spiking activity””. Activity-dependent dephosphorylation
of Syp might switch release-incompetent LDCVss to release-competent ones, perhaps involving activity-depend-
ent NTF/RTK signaling. This mechanism would allow resting secretory terminals to accumulate neurohormones
to levels sufficient for sustaining endocrine signaling, and maintain the system in an energetically favorable
‘primed-but-off” state that would decouple neurohormone release from slower somal-dependent processes.

In mice Syp knockout does not result in any readily apparent structural or synaptic deficits, however, changes
in short- and long-term plasticity and hippocampus-dependent behaviour have been reported’®-*. These find-
ings suggest that mammalian Syp is an essential regulator of synaptic plasticity, although previous studies have
been unable to elucidate the underlying mechanism. Moreover, Syp is one of the genetic mutations implicated in
human X-linked intellectual disability®'. A compelling possibility raised by our work is that the synaptic plastic-
ity deficits linked to mammalian Syp family proteins may involve the aberrant release of peptide cotransmitters.
Further characterization of this Syp-dependent mechanism for regulated neuropeptide release, as it pertains to
synaptic specificity and plasticity, is therefore likely to offer new fundamental insights into neurological disorders.

Methods

Animals and neuronal cell culture.  Lymnaea stagnalis were raised under standard conditions in freshwa-
ter aquaria at room temperature (~22 °C) on a diet of lettuce. Animals (6-8 weeks old) were anesthetized with
a 10% Listerine solution (10 min) and sacrificed by dissection of the CNS in normal Lymnaea saline. Identified
neurons VD4, VF and RPeD1 were isolated from trypsinized CNS by suction applied through a glass pipette and
then cultured on poly-L-lysine coated glass culture dishes, as previously described in detail?*%%. Neurons were
maintained overnight (15-20 h) in defined media (DM, NTF-deficient media; L-15; Life technologies; special
order) or NTF-rich CNS conditioned media (CM, CNS-incubated DM), as described elsewhere*!.

Molecular biology. The Lymnaea Syp homologue was identified from the Lymnaea EST library®® using
a BLAST search (blastn, NCBI) against mouse Syp (Accession number NM_009305), which revealed a single
hit containing a complete protein-coding sequence (Accession number ES572211). We screened clones of the
Lymnaea Syt I homologue (Accession number AF484090)%, and identified C2B-a (Syt-a) and C2B-f (Syt-p)
isoform splice variants, each with a frequency of ~50%, suggesting that both transcripts are abundant in the
CNS. The coding sequences for Syp, Syt-a, and Syt-B were cloned from Lymnaea CNS cDNA using Platinum Taq
DNA polymerase (Invitrogen), and then subcloned into pBlueScript SK- (Clontech), as described elsewhere™®.
A C-terminal mCherry tag was introduced to Syp with site overlap extension (SOE) PCR using the KAPA HiFi
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HotStart ReadyMix PCR kit (Kapa Biosystems), as described previously®. See Supplementary Experimental
Procedures for primer sequences (Table S10).

Synthetic mRNA was made with the mMESSAGE mMACHINE T7 Ultra transcription kit, according to
manufacturer’s instructions (Ambion). Purified synthetic mRNA was dissolved in molecular-grade water (3—6 pg/
pL) and microinjected into VD4 neurons using a sterile low resistance glass electrode (10 pulses, 250 ms, 10 PSI).
Molecular-grade water was used as a vehicle control. Microinjections were performed shortly after neurons were
plated, allowing time for the cells to adhere to the poly-L-lysine coated coverslip (~2 h). Synapses developed
overnight in CM or DM.

Immunocytochemistry and imaging. Neurons were fixed for 30 min with 1% paraformaldehyde and
0.2% picric acid in 1xPBS, then permeabilized for 1 h with incubation media (IM) containing 0.2% Triton, 5%
fetal calf serum, and 0.25% fish gelatin in 1xPBS. Primary antibodies against FMRF neuropeptides (detects the
common Arg-Phe-NH, moiety®), or mCherry (BioVision, 5993) were used at 1:500 in IM for 1 h. The second-
ary antibody (Invitrogen, Alexa Fluor 546 Goat a Rabbit) was used at 1:100 in IM for 1 h. Three 15 min washes
in 1xPBS were performed between each incubation, and all incubations were performed at room temperature.
Cells were mounted with MOWIOL containing DAPL

Samples were imaged with an A1IR MP microscope using a CFI Plan Fluor 20x/0.75 MI objective (Nikon).
Laser excitation wavelengths were 402 and 561, in series, and emission wavelengths were collected through
450/50 and 595/50 filter cubes (Nikon). For quantitative analysis, imaging parameters were kept the same
amongst relevant samples. Images were acquired with NIS Elements v4.13.00 (Nikon), and intensity analysis
was performed with Image] (NIH). To determine the synaptic localization of FMRF neuropeptides and Syp-
mCherry, we measured the mean fluorescence intensity at 3 presynaptic varicosities per pair. Presynapses were
defined by their distinct morphology coincident with FMRF or mCherry immunoreactivity. We have previously
combined this approach with FM1-43 dye uptake to verify that morphologically defined varicosities are func-
tional presynaptic terminals®. A small number of samples in which presynaptic varicosities were not apparent
were excluded from analyses.

Electrophysiology. Simultaneous intracellular current clamp recordings and Lucifer yellow (LY) dye injec-
tions were performed as previously described for in vitro*' and in situ®® preparations. Briefly, for cultured neu-
rons, cells were maintained in CM or DM (in mM: 40 NaCl; 1.7 KCI; 4.1 CaCl,; 1.5 MgCl,; 5 HEPES; pH 7.9),
and glass microelectrodes (resistance 20-50 MQ) were filled with a saturated solution of K,SO,. Cells were visu-
alized under an inverted microscope (Axiovert; Zeiss), and impaled using micromanipulators (Narishige). VD4,
VF and RPeD1 neurons were identified by size, plating position, and electrophysiological signature. Signals
were amplified with a Neuro data dual channel intracellular recording amplifier (Neuron Data Instruments),
digitized (Digidata 1440; Molecular Devices), and recorded with Axoscope 10.2 (Molecular Devices). For in situ
recordings, Lymnaea CNS were dissected as above and briefly treated (5-10 s) with focally applied Protease Type
XIV (Sigma-Aldrich) to soften and remove the inner sheath. Isolated CNS were maintained in normal Lymnaea
saline (in mM: 51.3 NaCl; 1.7 KCI; 4.1 CaCl,; 1.5 MgCl,; 5 HEPES; pH 7.9), and neurons were visualized under
a Wild stereoscope (Wild Leitz AG), identified by size, position and color, then impaled with K,SO,-filled glass
microelectrodes (resistance 20-50 MQ) using micromanipulators (Sutter Instruments). Signals were amplified
with a Neuro data amplifier, digitized (NI DAQPad; National Instruments), and recorded using custom Electro-
Lite software.

To determine ACh release characteristics from VD4, the mean amplitude of 5 consecutive PSPs, recorded in
VF or RPeD1 neurons at a holding potential of — 100 mV was measured in response to single action potentials
elicited by brief depolarizing current injection in VD4. Peptidergic transmission via FMRF neuropeptides was
isolated pharmacologically using an AChR antagonist cocktail containing 5 uM methyllcaconitine (MLA), 10 pM
tubocurarine (TC), and 20 puM tetraethylammonium (TEA), incubation time 5-10 min®. To determine FMRF
neuropeptide release characteristics from VD4, the excitation of VF at holding potentials of — 60 mV in vitro or
— 70 mV in situ (below firing threshold), or inhibition of RPeD1 at — 50 mV in vitro or — 60 mV in situ (at firing
threshold), was measured in response to a~4 s burst elicited by depolarizing current injection in VD4. These
holding potentials were used for in vitro and in situ recordings because ionic differences between the external
recording solutions shift neuronal firing thresholds. Peptidergic transmission was deemed to have occurred
if stimulation of VD4 resulted in the induction of action potentials in VF (exhibits an excitatory response to
FMREF neuropeptides from VD4) or the cessation of firing and hyperpolarization of RPeD1 (exhibits an inhibi-
tory response to FMRF neuropeptides from VD4). To determine DA release characteristics from RPeD1, the
inhibition of VD4 at a holding potential of — 50 mV was measured in response to a ~4 s burst elicited by depo-
larizing current injection in RPeD1. Dopaminergic transmission was deemed to have occurred if stimulation of
RPeD1 resulted in the cessation of firing and hyperpolarization of VD4 (exhibits an inhibitory response to DA
from RPeD1). In presynaptic neurons neither the duration nor the number of action potentials per burst were
significantly different amongst experimental conditions (see Supplementary Information). Data analysis was
performed using AxoScope 10.3 (Molecular Devices).

Chemicals. TC, MLA, TEA and pertussis toxin (PTX) were purchased from Sigma-Aldrich. AA, Cheleryth-
rine chloride (Ch CI'), 3-(2,4-Dichlorophenyl)-4-(1-methyl-1H-indol-3-yl)-1H-pyrrole-2,5-dione (SB 216763)
and Tocrisolve 100 were purchased from Tocris. 5,8,11,14-Eicosatetraynoic acid (ETYA) was purchased from
Santa Cruz Biotech. Drugs were dissolved in dimethyl sulfoxide (DMSO) or DM according to solubility, and
then added to culture media shortly after neurons were plated (~ 1 h). The next day, three washes with DM fol-
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lowed by replacement with fresh DM or CM was performed to remove drugs prior to experiments (~ 1 h). 0.1%
DMSO and Tocrisolve 100 vehicle controls were performed for all experiments, as appropriate.

Experimental design and statistical analysis. All reported results are derived from>2 independent
experiments, to ensure reliability and replicability of the data. Sample sizes were limited by uncontrollable fac-
tors inherent to the cell culturing techniques used. Data analysis was performed blinded by acquisition file num-
ber. Statistical analyses were performed using SPSS Statistics v26 (IBM). Data sets were assessed with Shapiro-
Wilk test for normality, and parametric (P>0.05) or non-parametric (P<0.05) statistical tests were performed
as appropriate. Non-parametric data sets were analyzed with Wilcoxon Signed Ranks tests, Mann-Whitney U
tests, or Kruskal-Wallis tests. Parametric data sets were analyzed with Student’s Paired or Independent Samples
T-tests, or One-way ANOVA with Games-Howell (unequal variance; Levene statistic P<0.05) or Tukey’s HSD
(equal variance; Levene statistic P>0.05) post hoc tests, as appropriate (see Supplementary Information).

Data availability

All data generated or analyzed during this study are included in this published article and its Supplementary
Information file. Materials generated during the current study are available from the corresponding authors on
reasonable request.

Received: 13 May 2020; Accepted: 22 July 2020
Published online: 11 August 2020

References
1. Burnstock, G. Do some nerve cells release more than one transmitter?. Neuroscience 1, 239-248 (1976).
2. Kupfermann, I. Functional studies of cotransmission. Physiol. Rev. 71, 683-732 (1991).
3. Nusbaum, M. P, Blitz, D. M. & Marder, E. Functional consequences of neuropeptide and small-molecule co-transmission. Nat.
Rev. Neurosci. 18, 389-403. https://doi.org/10.1038/nrn.2017.56 (2017).
4. Sudhof, T. C. The synaptic vesicle cycle. Annu. Rev. Neurosci. 27, 509-547. https://doi.org/10.1146/annurev.neuro.26.041002.13141
2 (2004).
5. Sossin, W. S., Sweet-Cordero, A. & Scheller, R. H. Dale’s hypothesis revisited: different neuropeptides derived from a common
prohormone are targeted to different processes. Proc. Natl. Acad. Sci. U.S.A. 87, 4845-4848 (1990).
6. Blitz, D. M. & Nusbaum, M. P. Distinct functions for cotransmitters mediating motor pattern selection. J. Neurosci. Off. J. Soc.
Neurosci. 19, 6774-6783 (1999).
7. Samano, C.,, Cifuentes, F. & Morales, M. A. Neurotransmitter segregation: functional and plastic implications. Prog. Neurobiol. 97,
277-287. https://doi.org/10.1016/j.pneurobio.2012.04.004 (2012).
8. Dulcis, D., Jamshidi, P,, Leutgeb, S. & Spitzer, N. C. Neurotransmitter switching in the adult brain regulates behavior. Science 340,
449-453. https://doi.org/10.1126/science.1234152 (2013).
9. Casadio, A. et al. A transient, neuron-wide form of CREB-mediated long-term facilitation can be stabilized at specific synapses
by local protein synthesis. Cell 99, 221-237 (1999).
10. Rosenmund, C., Clements, J. D. & Westbrook, G. L. Nonuniform probability of glutamate release at a hippocampal synapse. Science
262, 754-757 (1993).
11. Maccaferri, G., Toth, K. & McBain, C. J. Target-specific expression of presynaptic mossy fiber plasticity. Science 279, 1368-1370
(1998).
12. Pelkey, K. A., Lavezzari, G., Racca, C., Roche, K. W. & McBain, C. ]. mGluR7 is a metaplastic switch controlling bidirectional
plasticity of feedforward inhibition. Neuron 46, 89-102. https://doi.org/10.1016/j.neuron.2005.02.011 (2005).
13. Lee, S., Kim, K. & Zhou, Z. ]. Role of ACh-GABA cotransmission in detecting image motion and motion direction. Neuron 68,
1159-1172. https://doi.org/10.1016/j.neuron.2010.11.031 (2010).
14. van den Pol, A. N. Neuropeptide transmission in brain circuits. Neuron 76, 98-115. https://doi.org/10.1016/j.neuron.2012.09.014
(2012).
15. Verhage, M. et al. Differential release of amino acids, neuropeptides, and catecholamines from isolated nerve terminals. Neuron
6,517-524 (1991).
16. Whim, M. D. & Lloyd, P. E. Frequency-dependent release of peptide cotransmitters from identified cholinergic motor neurons in
Aplysia. Proc. Natl. Acad. Sci. USA. 86, 9034-9038 (1989).
17. Vilim, E. S., Cropper, E. C,, Price, D. A., Kupfermann, I. & Weiss, K. R. Peptide cotransmitter release from motorneuron B16 in
aplysia californica: costorage, corelease, and functional implications. J. Neurosci. Off. J. Soc. Neurosci. 20, 2036-2042 (2000).
18. Whim, M. D. Near simultaneous release of classical and peptide cotransmitters from chromaffin cells. J. Neurosci. Off. J. Soc.
Neurosci. 26, 6637-6642. https://doi.org/10.1523/JNEUROSCI.5100-05.2006 (2006).
19. Whim, M. D., Niemann, H. & Kaczmarek, L. K. The secretion of classical and peptide cotransmitters from a single presynaptic
neuron involves a synaptobrevin-like molecule. J. Neurosci. Off. J. Soc. Neurosci. 17, 2338-2347 (1997).
20. Ohnuma, K., Whim, M. D,, Fetter, R. D., Kaczmarek, L. K. & Zucker, R. S. Presynaptic target of Ca2+ action on neuropeptide and
acetylcholine release in Aplysia californica. J. Physiol. 535, 647-662 (2001).
21. Schacher, S., Rayport, S. G. & Ambron, R. T. Giant Aplysia neuron R2 reliably forms strong chemical connections in vitro. J.
Neurosci. Off. J. Soc. Neurosci. 5,2851-2856 (1985).
22. Kueh, D. &Jellies, J. A. Targeting a neuropeptide to discrete regions of the motor arborizations of a single neuron. J. Exp. Biol. 215,
2108-2116. https://doi.org/10.1242/jeb.067603 (2012).
23. Syed, N. I, Bulloch, A. G. & Lukowiak, K. In vitro reconstruction of the respiratory central pattern generator of the mollusk
Lymnaea. Science 250, 282-285 (1990).
24. Marder, E., Christie, A. E. & Kilman, V. L. Functional organization of cotransmission systems: lessons from small nervous systems.
Invert. Neurosci. 1,105-112 (1995).
25. Smit, A. B. et al. A glia-derived acetylcholine-binding protein that modulates synaptic transmission. Nature 411, 261-268. https
://doi.org/10.1038/35077000 (2001).
26. Skingsley, D. R. et al. A molecularly defined cardiorespiratory interneuron expressing SDPFLRFamide/GDPFLRFamide in the
snail Lymnaea: monosynaptic connections and pharmacology. J. Neurophysiol. 69, 915-927 (1993).
27. Woodin, M. A., Munno, D. W. & Syed, N. I. Trophic factor-induced excitatory synaptogenesis involves postsynaptic modulation
of nicotinic acetylcholine receptors. J. Neurosci. Off. J. Soc. Neurosci. 22, 505-514 (2002).
28. Saunders, S. E., Kellett, E., Bright, K., Benjamin, P. R. & Burke, J. E. Cell-specific alternative RNA splicing of an FMRFamide gene
transcript in the brain. J. Neurosci. Off. J. Soc. Neurosci. 12, 1033-1039 (1992).

SCIENTIFIC REPORTS |

(2020) 10:13526 | https://doi.org/10.1038/s41598-020-70322-5


https://doi.org/10.1038/nrn.2017.56
https://doi.org/10.1146/annurev.neuro.26.041002.131412
https://doi.org/10.1146/annurev.neuro.26.041002.131412
https://doi.org/10.1016/j.pneurobio.2012.04.004
https://doi.org/10.1126/science.1234152
https://doi.org/10.1016/j.neuron.2005.02.011
https://doi.org/10.1016/j.neuron.2010.11.031
https://doi.org/10.1016/j.neuron.2012.09.014
https://doi.org/10.1523/JNEUROSCI.5100-05.2006
https://doi.org/10.1242/jeb.067603
https://doi.org/10.1038/35077000
https://doi.org/10.1038/35077000

www.nature.com/scientificreports/

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Syed, N. L, Ridgway, R. L., Lukowiak, K. & Bulloch, A. G. Transplantation and functional integration of an identified respiratory
interneuron in Lymnaea stagnalis. Neuron 8, 767-774 (1992).

Flynn, N., Getz, A, Visser, F, Janes, T. A. & Syed, N. I. Menin: a tumor suppressor that mediates postsynaptic receptor expres-
sion and synaptogenesis between central neurons of Lymnaea stagnalis. PLoS ONE 9, e111103. https://doi.org/10.1371/journ
al.pone.0111103 (2014).

Syed, N. L, Harrison, D. & Winlow, W. Respiratory behavior in the pond snail Lymnaea stagnalis. J. Comp. Physiol. A. 169, 541-555.
https://doi.org/10.1007/bf00193545 (1991).

Buckett, K. J., Peters, M., Dockray, G. J., Van Minnen, J. & Benjamin, P. R. Regulation of heartbeat in Lymnaea by motoneurons
containing FMRFamide-like peptides. J. Neurophysiol. 63, 1426-1435. https://doi.org/10.1152/jn.1990.63.6.1426 (1990).
Buckett, K. J., Peters, M. & Benjamin, P. R. Excitation and inhibition of the heart of the snail, Lymnaea, by non-FMRFamidergic
motoneurons. J. Neurophysiol. 63, 1436-1447. https://doi.org/10.1152/jn.1990.63.6.1436 (1990).

van Nierop, P. et al. Identification of molluscan nicotinic acetylcholine receptor (nAChR) subunits involved in formation of cation-
and anion-selective nAChRs. J. Neurosci. Off. ]. Soc. Neurosci. 25, 10617-10626. https://doi.org/10.1523/J]NEUROSCI.2015-05.2005
(2005).

Getz, A. M. et al. Two proteolytic fragments of menin coordinate the nuclear transcription and postsynaptic clustering of neu-
rotransmitter receptors during synaptogenesis between Lymnaea neurons. Sci. Rep. 6, 31779. https://doi.org/10.1038/srep31779
(2016).

van Nierop, P. et al. Identification and functional expression of a family of nicotinic acetylcholine receptor subunits in the central
nervous system of the mollusc Lymnaea stagnalis. J. Biol. Chem. 281, 1680-1691. https://doi.org/10.1074/jbc.M508571200 (2006).
Cottrell, G. A. & Davies, N. W. Multiple receptor sites for a molluscan peptide (FMRFamide) and related peptides of Helix. J.
Physiol. 382, 51-68 (1987).

Wang, Z., Lange, A. B. & Orchard, I. Coupling of a single receptor to two different G proteins in the signal transduction of
FMRFamide-related peptides. Biochem. Biophys. Res. Commun. 212, 531-538 (1995).

Man-Son-Hing, H., Zoran, M. J., Lukowiak, K. & Haydon, P. G. A neuromodulator of synaptic transmission acts on the secretory
apparatus as well as on ion channels. Nature 341, 237-239. https://doi.org/10.1038/341237a0 (1989).

Park, H. & Poo, M. M. Neurotrophin regulation of neural circuit development and function. Nat. Rev. Neurosci. 14, 7-23. https://
doi.org/10.1038/nrn3379 (2013).

Xu, E, Hennessy, D. A, Lee, T. K. & Syed, N. I. Trophic factor-induced intracellular calcium oscillations are required for the
expression of postsynaptic acetylcholine receptors during synapse formation between Lymnaea neurons. J. Neurosci. Off. J. Soc.
Neurosci. 29, 2167-2176. https://doi.org/10.1523/J]NEUROSCI.4682-08.2009 (2009).

Luk, C. C. et al. Trophic factor-induced activity “signature” regulates the functional expression of postsynaptic excitatory acetyl-
choline receptors required for synaptogenesis. Sci. Rep. 5, 9523. https://doi.org/10.1038/srep09523 (2015).

van Kesteren, R. E. et al. Postsynaptic expression of an epidermal growth factor receptor regulates cholinergic synapse formation
between identified molluscan neurons. Eur. J. Neurosci. 27, 2043-2056. https://doi.org/10.1111/j.1460-9568.2008.06189.x (2008).
Fernandez-Chacon, R. et al. Synaptotagmin I functions as a calcium regulator of release probability. Nature 410, 41-49. https://
doi.org/10.1038/35065004 (2001).

Zhang, Z., Bhalla, A., Dean, C., Chapman, E. R. & Jackson, M. B. Synaptotagmin IV: a multifunctional regulator of peptidergic
nerve terminals. Nat. Neurosci. 12, 163-171. https://doi.org/10.1038/nn.2252 (2009).

Jackman, S. L., Turecek, J., Belinsky, J. E. & Regehr, W. G. The calcium sensor synaptotagmin 7 is required for synaptic facilitation.
Nature 529, 88-91. https://doi.org/10.1038/nature16507 (2016).

Martin, K. C. et al. Evidence for synaptotagmin as an inhibitory clamp on synaptic vesicle release in Aplysia neurons. Proc. Natl.
Acad. Sci. U.S.A. 92,11307-11311 (1995).

Nakhost, A., Houeland, G., Castellucci, V. F & Sossin, W. S. Differential regulation of transmitter release by alternatively spliced
forms of synaptotagmin I. J. Neurosci. Off. J. Soc. Neurosci. 23, 6238-6244 (2003).

Nakhost, A., Houeland, G., Blandford, V. E., Castellucci, V. F. & Sossin, W. S. Identification and characterization of a novel C2B
splice variant of synaptotagmin I. J. Neurochem. 89, 354-363. https://doi.org/10.1111/j.1471-4159.2004.02325.x (2004).

Sollner, T., Bennett, M. K., Whiteheart, S. W,, Scheller, R. H. & Rothman, J. E. A protein assembly-disassembly pathway in vitro
that may correspond to sequential steps of synaptic vesicle docking, activation, and fusion. Cell 75, 409-418 (1993).
Washbourne, P, Schiavo, G. & Montecucco, C. Vesicle-associated membrane protein-2 (synaptobrevin-2) forms a complex with
synaptophysin. Biochem. J. 305(Pt 3), 721-724 (1995).

Edelmann, L., Hanson, P. L., Chapman, E. R. & Jahn, R. Synaptobrevin binding to synaptophysin: a potential mechanism for
controlling the exocytotic fusion machine. EMBO J. 14, 224-231 (1995).

Zhu, L. Q. et al. GSK-3 beta inhibits presynaptic vesicle exocytosis by phosphorylating P/Q-type calcium channel and interrupting
SNARE complex formation. J. Neurosci. Off. J. Soc. Neurosci. 30, 3624-3633. https://doi.org/10.1523/J]NEUROSCI.5223-09.2010
(2010).

Hughes, K., Nikolakaki, E., Plyte, S. E., Totty, N. F. & Woodgett, J. R. Modulation of the glycogen synthase kinase-3 family by
tyrosine phosphorylation. EMBO J. 12, 803-808 (1993).

Saito, Y., Vandenheede, J. R. & Cohen, P. The mechanism by which epidermal growth factor inhibits glycogen synthase kinase 3
in A431 cells. Biochem. J. 303(Pt 1), 27-31 (1994).

Regehr, W. G., Carey, M. R. & Best, A. R. Activity-dependent regulation of synapses by retrograde messengers. Neuron 63, 154-170.
https://doi.org/10.1016/j.neuron.2009.06.021 (2009).

Piomelli, D. et al. Lipoxygenase metabolites of arachidonic acid as second messengers for presynaptic inhibition of Aplysia sensory
cells. Nature 328, 38-43. https://doi.org/10.1038/328038a0 (1987).

Roszer, T. et al. A possible stimulatory effect of FMRFamide on neural nitric oxide production in the central nervous system of
Helix lucorum L. Brain Behav. Evol. 63, 23-33. https://doi.org/10.1159/000073757 (2004).

Lovell, P., McMahon, B. & Syed, N. I. Synaptic precedence during synapse formation between reciprocally connected neurons
involves transmitter-receptor interactions and AA metabolites. . Neurophysiol. 88, 1328-1338 (2002).

Schaechter, J. D. & Benowitz, L. I. Activation of protein kinase C by arachidonic acid selectively enhances the phosphorylation of
GAP-43 in nerve terminal membranes. J. Neurosci. Off. J. Soc. Neurosci. 13, 4361-4371 (1993).

Hur, E. M. & Zhou, F. Q. GSK3 signalling in neural development. Nat. Rev. Neurosci. 11, 539-551. https://doi.org/10.1038/nrn28
70 (2010).

Chen, R. H,, Ding, W. V. & McCormick, F. Wnt signaling to beta-catenin involves two interactive components. Glycogen synthase
kinase-3beta inhibition and activation of protein kinase C. J. Biol. Chem. 275, 17894-17899. https://doi.org/10.1074/jbc.M9053
36199 (2000).

Marder, E. Neural signalling: Does colocalization imply cotransmission?. Curr. Biol. 9, R809-811 (1999).

Shakiryanova, D., Tully, A. & Levitan, E. S. Activity-dependent synaptic capture of transiting peptidergic vesicles. Nat. Neurosci.
9, 896-900. https://doi.org/10.1038/nn1719 (2006).

Choi, C. et al. Autoreceptor control of peptide/neurotransmitter corelease from PDF neurons determines allocation of circadian
activity in drosophila. Cell Rep. 2, 332-344. https://doi.org/10.1016/j.celrep.2012.06.021 (2012).

Munno, D. W,, Prince, D. J. & Syed, N. I. Synapse number and synaptic efficacy are regulated by presynaptic cAMP and protein
kinase A. J. Neurosci. Off. J. Soc. Neurosci. 23, 4146-4155 (2003).

SCIENTIFIC REPORTS |

(2020) 10:13526 | https://doi.org/10.1038/s41598-020-70322-5


https://doi.org/10.1371/journal.pone.0111103
https://doi.org/10.1371/journal.pone.0111103
https://doi.org/10.1007/bf00193545
https://doi.org/10.1152/jn.1990.63.6.1426
https://doi.org/10.1152/jn.1990.63.6.1436
https://doi.org/10.1523/JNEUROSCI.2015-05.2005
https://doi.org/10.1038/srep31779
https://doi.org/10.1074/jbc.M508571200
https://doi.org/10.1038/341237a0
https://doi.org/10.1038/nrn3379
https://doi.org/10.1038/nrn3379
https://doi.org/10.1523/JNEUROSCI.4682-08.2009
https://doi.org/10.1038/srep09523
https://doi.org/10.1111/j.1460-9568.2008.06189.x
https://doi.org/10.1038/35065004
https://doi.org/10.1038/35065004
https://doi.org/10.1038/nn.2252
https://doi.org/10.1038/nature16507
https://doi.org/10.1111/j.1471-4159.2004.02325.x
https://doi.org/10.1523/JNEUROSCI.5223-09.2010
https://doi.org/10.1016/j.neuron.2009.06.021
https://doi.org/10.1038/328038a0
https://doi.org/10.1159/000073757
https://doi.org/10.1038/nrn2870
https://doi.org/10.1038/nrn2870
https://doi.org/10.1074/jbc.M905336199
https://doi.org/10.1074/jbc.M905336199
https://doi.org/10.1038/nn1719
https://doi.org/10.1016/j.celrep.2012.06.021

www.nature.com/scientificreports/

67. Carta, M. et al. Membrane lipids tune synaptic transmission by direct modulation of presynaptic potassium channels. Neuron 81,
787-799. https://doi.org/10.1016/j.neuron.2013.12.028 (2014).

68. Navone, E et al. Protein p38: an integral membrane protein specific for small vesicles of neurons and neuroendocrine cells. J. Cell
Biol. 103, 2511-2527 (1986).

69. Schmidle, T. et al. Synaptin/synaptophysin, p65 and SV2: their presence in adrenal chromaffin granules and sympathetic large
dense core vesicles. Biochem. Biophys. Acta. 1060, 251-256 (1991).

70. Obendorf, D., Schwarzenbrunner, U,, Fischer-Colbrie, R., Laslop, A. & Winkler, H. In adrenal medulla synaptophysin (protein
p38) is present in chromaffin granules and in a special vesicle population. J. Neurochem. 51, 1573-1580 (1988).

71. Mutch, S. A. et al. Protein quantification at the single vesicle level reveals that a subset of synaptic vesicle proteins are trafficked
with high precision. J. Neurosci. Off. ]. Soc. Neurosci. 31, 1461-1470. https://doi.org/10.1523/JNEUROSCI.3805-10.2011 (2011).

72. Kwon, S. E. & Chapman, E. R. Glycosylation is dispensable for sorting of synaptotagmin 1 but is critical for targeting of SV2 and
synaptophysin to recycling synaptic vesicles. J. Biol. Chem. 287, 35658-35668. https://doi.org/10.1074/jbc.M112.398883 (2012).

73. Barkus, R. V., Klyachko, O., Horiuchi, D., Dickson, B. J. & Saxton, W. M. Identification of an axonal kinesin-3 motor for fast antero-
grade vesicle transport that facilitates retrograde transport of neuropeptides. Mol. Biol. Cell 19, 274-283. https://doi.org/10.1091/
mbc.E07-03-0261 (2008).

74. Puthanveettil, S. V. et al. A new component in synaptic plasticity: upregulation of kinesin in the neurons of the gill-withdrawal
reflex. Cell 135, 960-973. https://doi.org/10.1016/j.cell.2008.11.003 (2008).

75. Copping, J., Syed, N. I. & Winlow, W. Seasonal plasticity of synaptic connections between identified neurones in Lymnaea. Acta
Biol. Hung. 51, 205-210 (2000).

76. Becher, A. et al. The synaptophysin-synaptobrevin complex: a hallmark of synaptic vesicle maturation. J. Neurosci. Off. J. Soc.
Neurosci. 19, 1922-1931 (1999).

77. ter Maat, A., Geraerts, W. P, Jansen, R. E. & Bos, N. P. Chemically mediated positive feedback generates long-lasting afterdischarge
in a molluscan neuroendocrine system. Brain Res. 438, 77-82 (1988).

78. McMahon, H. T. et al. Synaptophysin, a major synaptic vesicle protein, is not essential for neurotransmitter release. Proc. Natl.
Acad. Sci. US.A. 93, 4760-4764 (1996).

79. Schmitt, U., Tanimoto, N., Seeliger, M., Schaeffel, F. & Leube, R. E. Detection of behavioral alterations and learning deficits in mice
lacking synaptophysin. Neuroscience 162, 234-243. https://doi.org/10.1016/j.neuroscience.2009.04.046 (2009).

80. Janz, R. et al. Essential roles in synaptic plasticity for synaptogyrin I and synaptophysin I. Neuron 24, 687-700 (1999).

81. Tarpey, P.S. et al. A systematic, large-scale resequencing screen of X-chromosome coding exons in mental retardation. Nat. Genet.
41, 535-543. https://doi.org/10.1038/ng.367 (2009).

82. Ridgway, R. L., Syed, N. I, Lukowiak, K. & Bulloch, A. G. Nerve growth factor (NGF) induces sprouting of specific neurons of the
snail, Lymnaea stagnalis. J. Neurobiol. 22, 377-390. https://doi.org/10.1002/neu.480220406 (1991).

83. Feng, Z. P. et al. Transcriptome analysis of the central nervous system of the mollusc Lymnaea stagnalis. BMC Genom. 10, 451.
https://doi.org/10.1186/1471-2164-10-451 (2009).

84. Spafford, J. D. et al. Calcium channel structural determinants of synaptic transmission between identified invertebrate neurons. J.
Biol. Chem. 278, 4258-4267. https://doi.org/10.1074/jbc.M211076200 (2003).

85. Schot, L. P. & Boer, H. H. Immunocytochemical demonstration of peptidergic cells in the pond snail Lymnaea stagnalis with an
antiserum to the molluscan cardioactive tetrapeptide FMRF-amide. Cell Tissue Res. 225, 347-354 (1982).

86. Janes, T. A., Xu, E & Syed, N. I. Graded hypoxia acts through a network of distributed peripheral oxygen chemoreceptors to produce
changes in respiratory behaviour and plasticity. Eur. J. Neurosci. 42, 1858-1871. https://doi.org/10.1111/ejn.12940 (2015).

87. Kehoe, J. Three acetylcholine receptors in Aplysia neurones. J. Physiol. 225, 115-146 (1972).

Acknowledgements

This work was supported by Canadian Institutes of Health Research (CIHR; Grant Number 10000255) and
Natural Sciences and Engineering Research Council of Canada (NSERC; Grant Number 155078) grants to N.S.
A.G. was funded by Alberta Innovates—Health Solutions (AI-HS; Grant Number 201000307) and NSERC stu-
dentships (Grant Number 490106). This work was supported by the Hotchkiss Brain Institute Molecular Biology
Core Facility and Regeneration Unit in Neurobiology Advanced Microscopy Platform (RUN/HBI-AMP) of the
University of Calgary (Calgary, Canada).

Author contributions
Experimental design: A.G., N.S. Manuscript preparation: A.G., N.S. Cell Culture: W.Z. Electrophysiology: A.G.,
T.J. Molecular Biology: A.G., EV. ICC and Imaging: A.G., T.J. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-70322-5.

Correspondence and requests for materials should be addressed to A.M.G. or N.L.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:13526 | https://doi.org/10.1038/s41598-020-70322-5


https://doi.org/10.1016/j.neuron.2013.12.028
https://doi.org/10.1523/JNEUROSCI.3805-10.2011
https://doi.org/10.1074/jbc.M112.398883
https://doi.org/10.1091/mbc.E07-03-0261
https://doi.org/10.1091/mbc.E07-03-0261
https://doi.org/10.1016/j.cell.2008.11.003
https://doi.org/10.1016/j.neuroscience.2009.04.046
https://doi.org/10.1038/ng.367
https://doi.org/10.1002/neu.480220406
https://doi.org/10.1186/1471-2164-10-451
https://doi.org/10.1074/jbc.M211076200
https://doi.org/10.1111/ejn.12940
https://doi.org/10.1038/s41598-020-70322-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Neurotrophic factors and target-specific retrograde signaling interactions define the specificity of classical and neuropeptide cotransmitter release at identified Lymnaea synapses
	Anchor 2
	Anchor 3
	Results
	Synaptic transmission via classical and peptide cotransmitters is target-specific. 
	Target-specific regulation of cotransmission is modulated by extrinsic NTF signaling. 
	Presynaptic inhibition of neuropeptide release defines cotransmitter specificity. 
	A Lymnaea synaptophysin homologue selectively inhibits neuropeptide release. 
	NTF and target-specific regulation of GSK-3 activity determine neuropeptide release competency. 
	Target-specific retrograde arachidonic acid signaling defines neuropeptide cotransmitter release. 

	Discussion
	Peptidergic cotransmission. 
	Synapse-specific inhibition of neuropeptide release by synaptophysin. 
	Functional implications for context-dependent tuning of peptidergic transmission. 

	Methods
	Animals and neuronal cell culture. 
	Molecular biology. 
	Immunocytochemistry and imaging. 
	Electrophysiology. 
	Chemicals. 
	Experimental design and statistical analysis. 

	References
	Acknowledgements


