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Abstract:  13 

The highly conserved oxytocin/vasopressin family of nonapeptides plays many roles across the 14 

animal kingdom, from osmoregulation to reproductive physiology. We investigated the expression 15 

patterns and pharmacological effects of the gastropod ortholog of this peptide, conopressin, along 16 

with another peptide involved in gastropod reproduction, APGWamide, in the nudibranch Berghia 17 

stephanieae. A brain transcriptome was used to identify and annotate the gene sequences for the 18 

peptides and one conopressin receptor. In-situ hybridization chain reaction showed that many 19 

neurons in the brain expressed these peptides. However, the peptide genes were co-expressed by 20 

only three neurons, which were in the right cerebral ganglion, the same side on which the 21 

reproductive organs are located. A conopressin receptor (BSCPR1) was expressed in a prominent 22 

population of APGWamide expressing neurons. Placing animals in a solution containing the 23 

APGWamide peptide caused minimal behavioral changes. However, exposure to conopressin 24 

reduced locomotion, increased gut contractions, and caused voiding at high concentration. The 25 

genes for these peptides and BSCPR1 were expressed in cells in the digestive system. BSCPR1 26 

was also expressed by a line of neurons on the anterior portion of the radula and would be contacted 27 

during feeding. APGWamide-expressing neurons were found in the genital ganglion. All three 28 

genes expressed in cells on sensory appendages. These results are consistent with the conopressin 29 

playing a variety of roles in the brain and the body and being involved in both reproduction and 30 

digestion. This study sheds light on the function of this ancient nonapeptide in a new-to-31 

neuroscience invertebrate species. 32 
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 36 

Highlights: 37 

 Gene sequences for conopressin, APGWamide, and a conopressin receptor were identified 38 

in a nudibranch brain transcriptome and labeled with in-situ hybridization chain reaction. 39 

 Conopressin was expressed by fewer neurons in the brain than APGWamide, with co- 40 

localization seen in only 3 lateralized neurons, suggesting a role in reproduction. 41 

 Bath application of conopressin reduced locomotion and caused gut contractions, with 42 

egestion in recently fed animals, whereas APGWamide had no effect. 43 

 Conopressin and conopressin receptor were also expressed in the gut, reflecting their role 44 

in digestion. 45 
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1. Introduction 46 

 The oxytocin/vasopressin family of nonapeptides is ancient, displaying strong sequence 47 

conservation across all of bilaterians [1]. In invertebrates, there is only one copy of the gene for 48 

this peptide family rather than the two named peptides seen in vertebrates, oxytocin and 49 

vasopressin [2]. In gastropod molluscs, it has been called conopressin. There are differential 50 

patterns of expression of these peptides and their receptors in specific brain regions and tissues in 51 

many organisms, which has functional significance [3]. Here we investigated the localization and 52 

behavioral actions of conopressin and another important molluscan reproductive peptide, 53 

APGWamide in a nudibranch. 54 

Conopressin has a variety of effects in gastropods.  In Lymnaea stagnalis, conopressin 55 

affects vas deferens contractions [4] similar to the effects of another neuropeptide, APGWamide 56 

[5]. Together these neuropeptides play a direct role in L. stagnalis reproduction, with 57 

APGWamide and conopressin working antagonistically to modulate activity in the vas deferens 58 

and penis musculature, and being secreted by neurons in the brain [5]. Both peptides are co-59 

localized in a region of the brain associated with reproduction, and occasionally co-expressed by 60 

the same neurons [6–8]. The role of conopressin is not limited to the physiology of semen 61 

release; in the land snail Theba pisana, conopressin is expressed in the dart sac, where it 62 

functions as an allo-hormone that increases paternity rates when darts are successfully injected 63 

into mates [9]. In Aplysia californica, conopressin has effects across non-reproductive bodily 64 

systems, modulating sensory neurons on the siphon [10] and respiratory behaviors [11]. 65 

Conopressin receptors have not been studied as extensively in gastropods. Sequences for 66 

two conopressin receptors (LSCPR1 and LSCPR2) have been found in L. stagnalis  [12]. 67 

Receptors for conopressin have also been identified in T. pisana [9] and most recently in A. 68 
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californica [13]. They have only been localized to specific neurons in the brain of L. stagnalis 69 

where they were expressed by neurons across all ganglia, but most densely in the right lobes 70 

associated with reproduction [14]. Quantitative PCR studies indicate that LSPCR1 might also be 71 

expressed by peripheral tissues in L. stagnalis [14] 72 

Here we focused on the nudibranch gastropod Berghia stephanieae, which we are 73 

developing as an accessible laboratory species.  Neurons in the central ganglion of B. 74 

stephanieae were recently characterized with single cell sequencing [15] and a high quality 75 

genome was recently published [16]. Here, we identified the gene sequences for conopressin, 76 

APGWamide, and a conopressin receptor, then created probes for in-situ hybridization chain 77 

reaction and located the neurons and cells expressing these genes in the brain and body of the 78 

nudibranch. Lastly, we used bath application of conopressin and APGWamide to examine their 79 

effects on various behaviors of B. stephanieae.  80 

 81 

2. Materials and methods 82 

2.1 Animals 83 

Live specimens of the nudibranch, Berghia stephanieae, were obtained commercially 84 

from Salty Underground. They were maintained and bred in artificial seawater (ASW, Instant 85 

Ocean) on a 12:12 LD cycle with aeration provided by an air stone. Animals were fed live 86 

Exaiptasia diaphana anemones (Carolina Biological) once every other day, and kept in groups of 87 

10-30 individuals, observed to be mating and laying eggs frequently. Mature adults of 3-6 88 

months of age were used for behavioral experiments and for labeling brain tissues. Large 89 

juveniles 6-8 weeks post-hatching were used for labeling peripheral tissues due to reduced 90 

autofluorescence. 91 
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2.2 Molecular identification of APGWamide, conopressin, and a conopressin receptor 92 

To identify the nucleotide sequences for the genes that code for APGWamide, 93 

conopressin, and the B. stephanieae conopressin receptor (BSCPR1), a recent B. stephanieae 94 

reference transcriptome [15] was searched using BlastP [17] with the amino acid sequences 95 

known from Lymnaea stagnalis, as well as other molluscs as queries (supplemental table 1). The 96 

major features of each of these proteins including signal peptides and transmembrane domains 97 

were annotated using InterProscan [18]. Because the BSCPR1 sequence was partial, missing 98 

several transmembrane domains, we identified an orthologous conopressin receptor in a neural 99 

transcriptome of a related nudibranch Melibe leonina (accession number SRX1889794) using the 100 

same methods. We then used MUSCLE [19] to construct a multiple sequence alignment between 101 

known sequences in molluscs (for APGWamide) as well as other invertebrates and vertebrates 102 

(for conopressin and the conopressin receptor), with Jalview [20] to curate the alignment. IQtree 103 

[21] was used to build phylogenetic trees based on maximum likelihood methods, and iTOL [22] 104 

was used for tree curation and visualization. 105 

2.3 Behavioral observations and analysis of bath-applied conopressin and APGWamide 106 

We utilized commercially available synthetic forms of gastropod conopressin and 107 

APGWamide (Phoenix pharmaceuticals). For behavioral assays, the neuropeptides were 108 

dissolved in artificial seawater to the concentrations indicated in the results. Animals were placed 109 

individually in one well of a 4-well plate on top of a light board and video recorded from above 110 

using a webcam (Logitech 615), for one hour in ASW to establish a baseline of behaviors. 111 

Conopressin or APGWamide was added to create a final concentration of 10-6 M and the video 112 

recording was continued for another hour. We chose 10-6 M as the concentration because studies 113 

in Aplysia californica [11] and Lymnaea stagnalis [5] showed that micromolar concentrations 114 
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had strong and consistent effects in reduced preparations for electrophysiological experiments. 115 

Because our study used bath-application on an intact individual and targeted behavioral effects, 116 

we decided that this high concentration would be where we would be most likely to see any 117 

behavioral effect at all. We used another group of B. stephanieae to determine dosage response 118 

to conopressin in a series from 10-7 M to 10-5 M. 119 

 All videos of individuals were manually scored for duration of active movement behavior 120 

(“exploration”) using the event logging software BORIS [23]. We defined exploration as 121 

locomoting at a steady pace with cephalic appendages extended and cerata relaxed. We noticed 122 

increased defecation and egestion during assays involving conopressin, so these behaviors were 123 

then scored as well. 124 

2.4 Statistical analysis of behavioral observations 125 

 We used R software for all statistical comparisons [24]. To compare bath application of 126 

APGWamide, conopressin, or the null, saline, we subtracted the first hour of baseline 127 

“exploration” from the second treatment hour and then divided by the baseline amount to get a 128 

percentage change in exploration for each individual. We compared these three groups using a 129 

one-way ANOVA for independent samples. For our conopressin dosages experiment, we 130 

compared the percentage of time spent exploring out of one hour of observation in the same 131 

groups of animals in a repeated measures ANOVA. Number of voiding events, also measured 132 

across conopressin dosages, were compared across groups also using a repeated measures 133 

ANOVA. All data visualization consisted of boxplots generated first in R, which were edited in 134 

Adobe Illustrator. 135 

2.5 In-situ hybridization chain reaction 136 
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 To visualize expression of the genes for APGWamide, conopressin, and BSCPR1, we 137 

used in-situ hybridization chain reaction (HCR) [25]. Procedures were the same as previously 138 

used in B. stephanieae [15,26]. Briefly, tissues were first dissected and then fixed in 4% 139 

paraformaldehyde. Short DNA probe pairs complementary with the gene sequences were 140 

generated by Molecular Instruments (for APGWamide and conopressin) or via a custom python 141 

script which were manufactured by IDTDNA as oligopools (for BSCPR1). These probes were 142 

applied to the fixed tissue, and incubated for 16-24 hours at 37° C.  This protocol has been found 143 

to be robust to degradation across many different organisms when applied to fixed tissues [25]. 144 

Probes for conopressin and BSCPR1 were used at 1 µL / 100 µL in hybridization buffer, for a 145 

final concentration of 0.01 M, whereas the probe for APGWamide was used at a final 146 

concentration of 0.001 M. The next day, samples were washed and then hairpins conjugated with 147 

fluorophores were added for 1 day (conopressin or APGWamide) or 2 days (BSCPR1), 148 

incubated in the dark at room temperature. In co-labeling experiments where APGWamide and 149 

BSCPR1 were multiplexed, the amount of hairpin solution used for APGWamide was halved 150 

(from 2 µL to 1 µL in 100 µL of amplification buffer) to account for differences in brightness 151 

driven by differences in expression level. After the HCR process, samples were incubated in 152 

DAPI at 1:1000 in 5X SSCT (saline sodium citrate tween) for 1 hour, then washed and mounted 153 

to slides in Vectashield mounting medium. 154 

2.6 Imaging and image quantification 155 

 Fluorescence micrographs were taken using 10x or 20x objectives on a Zeiss 710M or a 156 

Nikon A125R scanning confocal microscope. ZenBlack software (Zeiss) or NIS-Elements 157 

(Nikon), respectively, was used to acquire the images. Raw z-stacks were then processed into s 158 

using FIJI [27]. 159 
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 160 

3. Results 161 

3.1 Identification of genes for APGWamide, conopressin, and a conopressin receptor 162 

The gene for the APGWamide preprohormone in B. stephanieae was 215 amino acids in 163 

length, with a signal peptide and 8 repeats of the bioactive APGW, each flanked by proteolytic 164 

“KR” sequences and terminal glycines, as in other gastropod APGWamides (Fig. 1A, 165 

supplemental table 2). The number of APGW repeats varied, as seen in a multiple sequence 166 

alignment between B. stephanieae and several other gastropods; B. stephanieae lacked the first 167 

bioactive APGW repeat, having only eight repeats compared with nine in the other species 168 

shown (Figure 1A). In a molluscan gene tree of APGWamide, the B. stephanieae sequence 169 

grouped with other gastropods, away from bivalves (Figure 1B).  170 

The sequence for the conopressin preprohormone was 243 amino acids in length and 171 

similar in structure to reported invertebrate sequences, with a signal peptide, the bioactive 172 

nonapeptide, and a long domain coding for the neurophysin co-factor (Figure 1C, supplemental 173 

table 2). Conopressin for B. stephanieae grouped with other molluscan sequences in a gene tree 174 

(Figure 1D). 175 
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 176 

Figure 1: Molecular identification of conopressin and APGWamide peptides in Berghia 177 

stephanieae. A) Multiple sequence alignment of the predicted amino acid sequences of 178 

APGWamide in Berghia stephanieae (BS) and two other gastropods: Aplysia californica (AC) 179 

and Biomphalaria alexandria (BA). Amino acids are highlighted to show level of conservation 180 

across species. Yellow bars over the amino acid sequences indicate the APGW motif of the 181 
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bioactive peptide. B) Gene tree of molluscan APGWamides, showing the placement of the BS 182 

sequence with other gastropod sequences (yellow box). C) Multiple sequence alignment of the 183 

amino acid sequences of conopressin in BS, Lymnaea stagnalis (LS), Eisenia fetida (EF), and 184 

Homo sapiens (HS). The pink bar shows the oxytocin/vasopressin/conopressin orthologous 185 

nonapeptide; the green bar indicates the conserved neurophysin domain. D) Gene tree of the 186 

oxytocin/vasopressin/conopressin orthologs across taxa. Molluscs including Berghia stephanieae 187 

are grouped in a magenta box. Abbreviations of oxytocin/vasopressin orthologs are as follows: 188 

CP: conopressin, CT: cephalotocin, OP: octopressin, VT: vasotocin, MT: mesotocin, OX: 189 

oxytocin, VP: Vasopressin, AT: Annetocin 190 

 191 

The identity of the Berghia stephanieae conopressin receptor (BSCPR1) gene was more 192 

ambiguous than the genes for the peptides. A BlastP search resulted in a sequence that, when 193 

annotated by InterProscan, was found to be a partial G-protein coupled receptor (GPCR), lacking 194 

the full seven transmembrane domains that are necessary for function (supplemental table 2). We 195 

used BlastP to find the full-length ortholog conopressin receptor (CPR) in the transcriptome of a 196 

related nudibranch, Melibe leonina (supplemental table 2). The M. leonina CPR sequence 197 

aligned well with both the B. stephanieae sequence and the original Lymnaea stagnalis receptor 198 

gene (LSCPR1) at each of the included transmembrane domains, illustrating the truncated nature 199 

of the B. stephanieae sequence. (Figure 2A). The absence of a full sequence in B. stephanieae 200 

might be due to low coverage in the transcriptome and we therefore conclude that this transcript 201 

represents a B. stephanieae conopressin receptor. It also groups well with other gastropod CPRs 202 

(Figure 2B). 203 
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 204 

Figure 2: Molecular identification of a conopressin receptor, BSCPR1, in Berghia 205 

stephanieae. A) Multiple sequence alignment of conopressin receptors (CPRs) in three 206 

gastropods: BS, Melibe leonina (ML), and Lymnaea stagnalis (LS). Transmembrane domains are 207 
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numbered 1-7 and shown with blue bars above the sequences. B) Gene tree of vasopressin 208 

receptors (VR) and CPR orthologs across taxa. Molluscan CPRs group together (blue box). 209 

Abbreviations of oxytocin/vasopressin receptor orthologs are as follows: CPR: conopressin 210 

receptor, CTR: cephalotocin receptor, VR: vasopressin receptor 211 

 212 

3.2 Localization of APGWamide, conopressin, and BSCPR1 in the brain 213 

Neurons expressing APGWamide were labeled using in-situ hybridization chain reaction 214 

(HCR; N = 10 samples). Somata expressing APGWamide were found in the rhinophore ganglion 215 

(rhg), cerebral ganglion (ceg), pedal ganglion (pdg), pleural ganglion (plg), and buccal ganglion 216 

(bcg) (Figure 3A). The RNA expression levels were generally high as judged by the signal-to-217 

noise ratio of the fluorescence and by the presence of signal in the axons projecting from the 218 

somata. The most prominent neurons were medially located, bilaterally on the dorsal face of the 219 

ceg. 220 

Neurons expressing conopressin were present in the rhg and ceg, but not the plg or bcg 221 

(N = 16 samples, Figure 3B). There were three conopressin-expressing neurons asymmetrically 222 

located only in the right ceg, suggesting a potential role in reproduction because the reproductive 223 

organs are also on the right side in nudibranchs. In the distal lateral quadrant of the rhg, hundreds 224 

of very small (< 5 um) neurons expressed conopressin at low levels (Figure 3C). Each pedal 225 

ganglion had one large neuron with two visible neurite projections (Figure 3D). A cluster of 226 

small conopressin expressing neurons was also located only in the left pedal ganglion, near the 227 

connective to the cerebral ganglion (Figure 3B). 228 

Co-expression of APGWamide and conopressin is a hallmark of neurons in the brain of 229 

other gastropods that directly control male aspects of reproduction [7]. In B. stephanieae, only 230 

three neurons in the right ceg consistently expressed both conopressin and APGWamide (Figure 231 
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3Ei and 3Eii). These neurons lack counterparts in the left ceg, suggesting that they might be 232 

involved in reproduction. 233 

 234 

Figure 3: Localization of the genes for APGWamide and conopressin in the neurons of the 235 

nudibranch brain. A) APGWamide expression across the ganglia of the brain, with the most 236 

prominent and largest expression in the dorsal ceg (red arrowhead) and some neurons with 237 
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observable neurites (white arrowhead). B) Conopressin expression across the ganglia of the 238 

brain, with an asymmetrical cluster of three in the right ceg (white arrowhead) and an 239 

asymmetric cluster of >10 in the left pdg (green arrowhead). C) Conopressin is expressed in 240 

many small neurons in the lateral rhinophore ganglion (white arrowhead). D) A very large, 241 

lateral neuron in the pedal ganglion shows two neurites (arrowheads). E) A trio of neurons 242 

located only in the right ceg and not the left co-express APGWamide and conopressin 243 

(arrowheads to two of them). In all panels, APGWamide is yellow, conopressin is magenta, and 244 

DAPI is blue. 245 

 246 

Many neurons also consistently and strongly expressed BSCPR1 (Figure 4A). BSCPR1 247 

was expressed by more neurons than was conopressin, but fewer than those expressing 248 

APGWamide. BSCPR1-expressing neurons were in all ganglia of the brain, including the buccal 249 

ganglia, unlike conopressin. Two very large neurons in the left plg and one in the right plg were 250 

present in all samples (N = 6). 251 

Co-expression of BSCPR1 with APGWamide or conopressin was not common, occurring 252 

in only a small number of neurons in specific regions of the brain. BSCPR1 was always 253 

expressed in the large ventral medial APGWamide-expressing neurons (Figure 4B).  254 

Conopressin-expressing neurons in the pedal ganglion sometimes co-expressed BSCPR1 (Figure 255 

4C, N = 2 out of 4). 256 

 257 

Figure 4: Localization of the genes for conopressin receptor BSCPR1 in the neurons of the 258 

nudibranch brain. A. Conopressin receptor expression (cyan) in all ganglia of the brain, 259 
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including in very large neurons in the plg (white arrowheads) and neurons in the bcg (red 260 

arrowheads). B. The medial, ventral APGWamide neuronal clusters (yellow) consistently 261 

express BSCPR1 (cyan). C. Sometimes the large conopressin expressing neuron (magenta) in the 262 

pdg (arrowheads) expressed BSCPR1 (cyan). In all panels, APGWamide is yellow, conopressin 263 

is magenta, conopressin receptor is cyan, and DAPI is blue. 264 

 265 

3.3 The behavioral effects of APGWamide and conopressin peptides 266 

In the presence of conopressin versus normal seawater or APGWamide, there were 267 

several significant behavioral effects, including a decrease in locomotion and an increase in 268 

egestion (vomiting) or defecation behaviors. A percentage representing the change in movement 269 

between the first baseline hour and the second treatment hour was calculated for each individual, 270 

and a one-way ANOVA showed that these values significantly differed between the conopressin, 271 

seawater, and APGWamide groups (df = 2, F= 8.58, p= 0.0013, Figure 5A). The percent decrease 272 

in exploration did not differ between the untreated and APGWamide treated groups (one-way 273 

ANOVA, post-hoc Tukey’s test, P>0.05), but in the presence of bath-applied conopressin, 274 

Berghia stephanieae reduced its exploratory behavior (Figure 5A, N =12), with the difference 275 

significantly different from untreated animals and those treated with APGWamide (one-way 276 

ANOVA, post-hoc Tukey’s test, P<0.01).  277 

When viewing video playback, it was observed that conopressin-exposed individuals 278 

exhibited body contractions with cerata and oral tentacles raised and/or twisted versus relaxed 279 

postures of animals not dosed with conopressin (Figure 5B). When different dosages of 280 

conopressin were applied, exploration was significantly suppressed at all concentrations of 281 

conopressin tested (10-7 – 10 -5 M, Figure 5C). Instances of defecation or egestion/vomiting 282 

(“voiding”) increased with increasing concentrations of conopressin (Figure 5D), although only 283 

significantly at the highest dosage. In trials with individuals that had been fed in the previous 3 284 

hours, egestion/vomiting occurred strongly and almost immediately when exposed to 10-5 M 285 
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conopressin (as in supplemental video 1). The major observable changes at these high 286 

concentrations were a shortening of the body, raising of cerata, and pumping of the mouth visible 287 

via bobbing of the head. At times, contractions were very strong and characterized by rhythmic 288 

movements traveling from the bobbing head through the body and up through the cerata. The 289 

head also twisted back and forth during the stronger contractions, with this series of events often 290 

ending in a defecation or vomiting event, followed by a return to a quiescent but tensed state, as 291 

in figure 5B. 292 

 293 

Figure 5: Behavioral impacts of bath applied APGWamide and conopressin. A. Three 294 

groups of B. stephanieae were tested, first for their behavior for 1 hour in artificial seawater 295 

(ASW), then after saline, APGWamide, or conopressin was added. Shown is the percentage 296 

decrease in exploration behavior. In all groups, exploration behavior decreased, with this 297 

decrease significantly differing from saline treated animals only after conopressin treatment 298 

(one-way ANOVA; df=2, F=8.58, p=0.0013, Tukey’s Test; p<0.01). Lowercase letters show 299 

significantly different groups. B. Exploration behavior in ASW versus conopressin treatments – 300 

note the relaxed versus contractile bodily postures. C. Conopressin’s effect on exploration was 301 

tested across a range of dosages, showing that exploration behavior was suppressed across all 302 

concentrations in this range (repeated measures ANOVA; df=3, F= 69.11, p<0.0001, Tukey’s 303 

Test, p<0.01 for comparisons between ASW and each of the dosages). Colors of dots show the 304 

same individual across treatments. Lowercase letters show significantly different groups D. With 305 
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increasing dosages of conopressin, there was an increase in defecation or egestion, “voiding”, 306 

events, with one individual voiding 6 times within one hour at the highest concentration tested. 307 

The means were significantly different only at the highest concentration (repeated measures 308 

ANOVA; df=3, F=7.24, p= 0.0009, Tukey’s Test, p<0.05 for comparisons between 10-5 M and 309 

all other treatments). Colors of dots show the same individual across treatments. Lowercase 310 

letters show significantly different groups. 311 

 312 

3.4 Localization of APGWamide, conopressin, and BSCPR1 in peripheral tissues 313 

All three genes were expressed by cells outside of the brain. Neurons expressing 314 

APGWamide were found extensively across the peripheral epithelial surfaces, including on the 315 

cephalic sensory appendages (Figure 6Ai), and the foot. Many of these neurons had obvious 316 

dendritic projections to the epithelial surface. Conopressin-expressing neurons were found in 317 

many of the same areas, with putative sensory neurons on the rhinophore, oral tentacle (Figure 318 

6Aii) and foot expressing the gene. However, no peripheral neurons co-expressed the two 319 

peptides.   320 

Peptide expression was also visualized on the reproductive organ complex on the right 321 

side of the nudibranch’s body. APGWamide labeling extended into axons that projected through 322 

body wall nerves, especially on the right side (Figure 6B). A right-side asymmetrical cluster of 323 

large neurons outside of the cerebral ganglion expressed APGWamide (Figure 6B, seen in N = 3 324 

samples). Conopressin was not found in nerves projecting to this area or neurons present in this 325 

location. This is likely a dispersed genital ganglion, set along the genital nerve, as it is near the 326 

lateralized reproductive organs of Berghia stephanieae. A similar ganglion has been noted in 327 

Aplysia californica [28], though not the presence of APGWamide expressing neurons. 328 

Conopressin was extensively expressed in the cells lining the full length of the gut 329 

(Figure 6C); APGWamide was not expressed in the gut itself. Conopressin expression extended 330 

into each of the cerata (Figure 6D), novel appendages of aeolid nudibranchs that contain 331 
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diverticula of the gut and sequester nematocysts from cnidarian prey [29]. APGWamide was 332 

expressed along the outer layers of the structure, whereas conopressin expression was confined 333 

to deeper layers. The cerata themselves contained multiple types of conopressin expressing cells. 334 

Those with the most distinct morphology occurred at the distal cnidosac, where nematocysts are 335 

stored (Figure 6D). 336 

BSCPR1 expressing cells had a more restricted expression pattern. They were on the base 337 

of the oral tentacles and there was a distinct line of BSCPR1 neurons with sensory dendrites 338 

along the anterior of the radula, near the “teeth” (Figure 6E). Cells expressing BSCPR1 also 339 

lined the gut, immediately adjacent to the conopressin expressing cells (Figure 6C). Unlike in the 340 

central ganglia, the peptides and BSCPR1 were not co-expressed in cells in the periphery. 341 
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 342 

Figure 6: Localizing APGWamide, conopressin, and BSCPR1 expression in the body. A. 343 

Dense expression of i) APGWamide and ii) conopressin was seen on the oral tentacles, in 344 

putative sensory neurons (insets showing suspected dendritic projections through the epithelium, 345 

white arrowheads). B. The reproductive organs are located on the right side of the body, 346 

innervated by a nerve that leaves the right pedal ganglion (white arrowhead). Along this nerve 347 

are clusters of large APGWamide-positive cells, which are likely part of the peripheral genital 348 

ganglion (white circle). C. Conopressin and its receptor are shown in the digestive gland (gut) of 349 

the nudibranch in adjacent populations lining the structure. White circular structures are 350 

dinoflagellates from recent feeding on anemones. D. Conopressin expression continues into the 351 

cerata, novel nudibranch appendages, and at the distal tip of the cerata is the cnidosac (white 352 

circle), for storing and releasing nematocyst stinging cells for defense. Conopressin is expressed 353 

in a cell type with unique morphology in the cnidosac (arrowhead) versus that seen in the lower 354 

cerata and digestive gland, which possess larger, likely non-neuronal cells. APGWamide 355 
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expressing neurons (yellow) also occur on the surface of the cnidosac. E. BSCPR1 is expressed 356 

in a line of neurons on the front of the radula (white circle), likely contacting anything coming 357 

through the mouth and esophagus. In all panels, APGWamide is yellow, conopressin is magenta, 358 

conopressin receptor is cyan, and DAPI is blue. 359 

 360 

4. Discussion 361 

The nudibranch Berghia stephanieae expresses conopressin, a highly conserved 362 

oxytocin/vasopressin ortholog, as well as at least one conopressin receptor. Sequence homology 363 

for the APGWamide and conopressin genes was extremely high, as is characteristic across 364 

molluscs. Only one conopressin receptor was found in the transcriptome of B. stephanieae based 365 

on a homology search. In Lymnaea stagnalis, there are at least two conopressin receptors. Newly 366 

reported BSCPR1 is most similar in sequence to LSCPR1, rather than the other Lymnaea 367 

receptor, LSCPR2 [12]. LSCPR1 has a more specific binding affinity for conopressin, while 368 

LSCPR2 is thought to be more similar to the more broadly responding ancestral receptor 369 

between vertebrates and invertebrates and is more promiscuous in binding other nonapeptides 370 

beyond conopressin. In L. stagnalis, LSCPR1 is reported only from the brain and vas deferens, 371 

not the skin, using RT-PCR to measure levels of mRNA [12]. In B. stephanieae, we found 372 

BSCPR1 expressed in the brain, gut, and radula. Future studies could determine whether B. 373 

stephanieae has any other conopressin receptors expressed in different locations. 374 

Expression patterns of APGWamide and conopressin in Berghia stephanieae differed 375 

from other gastropods. In B. stephanieae, conopressin was rarely co-localized with the 376 

functionally related molluscan reproductive peptide APGWamide, although together these 377 

peptides have marked homologous reproductive lobes in other gastropods [5,7].  APGWamide 378 

was expressed by the largest number of neurons, across all ganglia of the brain. These neurons 379 

were diverse in size, ranging from 5 microns in diameter in the rhinophore ganglia to greater 380 
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than 50 microns in diameter in the cerebral ganglia. Such widespread expression is reminiscent 381 

of the widespread expression of APGWamide reported in A. californica, which indicates that the 382 

peptide might be a general neuromodulator rather than having a specific role in reproduction 383 

[30]. 384 

Conopressin was expressed in fewer total neurons of the brain of Berghia stephanieae 385 

than in other species, with none observed in the pleural or buccal ganglia. There was some 386 

asymmetry in location of conopressin neurons, with a cluster of small neurons seen only in the 387 

left pedal, and a prominent cluster of three neurons only seen in the lower right cerebral 388 

ganglion. On the right side of the brain, the same side as the reproductive organs, these three are 389 

also the only neurons that co-express APGWamide. This possibly marks them as homologous 390 

with reproductive clusters and lobes seen in other gastropods [7,8], which generally contain tens 391 

or hundreds more neurons than we saw in this nudibranch. In these earlier studies, traditional in 392 

situ hybridization techniques were used across these gastropods to verify expression patterns at 393 

the level of the mRNA, thus are directly comparable to the patterns we observed. The smaller 394 

number of neurons that co-express conopressin and APGWamide is likely biological. However, 395 

this does not mean that they do not interact. Alternatively, in B. stephanieae, 20 large 396 

APGWamide-expressing neurons in both the right and left ganglia on the ventral side of the 397 

cerebral ganglia express the conopressin receptor (Figure 4B). It may be that these two peptides 398 

interact indirectly to affect reproduction rather than being co-released by the same neurons. An 399 

indirect signaling system based on an invertebrate oxytocin/vasopressin ortholog has been found 400 

in the brain of the flour beetle, Tribolium castaneum [31]. 401 

The conopressin receptor also has a widespread distribution across all ganglia of the 402 

brain. Perhaps most interesting is its co-localization in many APGWamide-expressing neurons, 403 
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as noted above. It is also co-localized within a large conopressin-expressing neuron in each of 404 

the pedal ganglia, indicating that this neuron in particular is likely auto-excitatory, with 405 

conopressin playing a role in feedback activity for that neuron. In addition, the conopressin 406 

receptor is expressed in specific neurons within the buccal ganglion. In other gastropods, specific 407 

neurons of the buccal ganglion coordinate ingestion and egestion behaviors [32], with specific 408 

peptides seen to contribute to switching between these behaviors [33]. The buccal neurons of B. 409 

stephanieae that express a conopressin receptor may be key neurons in the egestion behavior 410 

evoked by conopressin. 411 

To examine how these peptides might interact outside of the brain, we also examined 412 

their expression peripherally . APGWamide and conopressin were both seen in large numbers of 413 

putative sensory neurons on the peripheral sensory appendages, the rhinophores and oral 414 

tentacles. A study reported APGWamide expressing sensory neurons in the olfactory organ of 415 

the fellow mollusc Octopus vulgaris [34], indicating either reproductive modulation of the 416 

sensory periphery, or, again, more widespread roles in signaling via these peptides. APGWamide 417 

was also noted in neurons in a peripheral genital ganglion similar to that seen in A. californica 418 

[28]. APGWamide has not yet been reported as a marker for that structure. The presence in the 419 

genital ganglion strongly indicates a reproductive function for APGWamide. We did not observe 420 

expression of conopressin or conopressin receptor in or near the area of the reproductive organs 421 

or genital ganglion, which differs from previous work in gastropods [4,9]. Fibers expressing both 422 

of these peptides are prominent in the vas deferens of Lymnaea stagnalis [5]. This difference 423 

may reflect the indirect nature of their interaction as now also seen in the neurons of the brain. It 424 

may indicate an increased role in reproductive physiology for APGWamide, perhaps with input 425 

coming from the genital ganglion, and a reduced role for conopressin, and conopressin instead 426 
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modulating digestive contractions. The lack of APGWamide and conopressin expressing cells on 427 

reproductive tissues may indicate that our in-situ hybridization reaction method could not capture 428 

the presence of fine fibers across these reproductive tissues, which was previously captured using 429 

immunohistochemistry and RT-PCR [5]. 430 

Instead, the most noted peripheral expression of conopressin and the conopressin receptor 431 

in B. stephanieae was associated with feeding and digestion. In nudibranchs, it is known that 432 

there are at least four different cell types in the gut: ciliated columnar cells throughout, with 433 

dense type A and type B tubule cells to absorb nutrients, and much sparser secretory cells [35]. 434 

Such cell type delineation has been enabled using electron microscopy to reveal ultrastructural 435 

details inside cells, which is beyond the scope of this study with in-situ hybridization in 436 

peripheral tissues labeling only the cell body immediately around the nucleus. Both conopressin 437 

and the conopressin receptor were seen to be expressed in cells throughout the gut, which winds 438 

through the body and into the cerata. Cerata are novel appendages that aeolid nudibranchs 439 

possess which sequester defensive stinging cells from the anemones they eat [29]. The presence 440 

of conopressin in the cerata and in the cnidosac indicates that the peptide may have been co-441 

opted for some function in the novel cerata. In the lower ceras, cells expressing conopressin 442 

match those of the gut in their morphology. Different conopressin-expressing cell types occur 443 

distally in and around the cnidosac. APGWamide is also present in cells with neuronal 444 

morphology (e.g. dendritic projections) along the tip of the cnidosac. The conopressin receptor is 445 

not seen in the ceras or cnidosac; future studies could investigate whether B. stephanieae has 446 

additional conopressin receptors that may occur in the novel structure. The conopressin receptor 447 

we have identified was expressed by cells near the radula, however, which also implies 448 

conopressin plays a role in digestion and feeding behavior.  449 
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Our behavioral results align with our in-situ labeling, implying an expanded role for 450 

conopressin beyond reproductive behavior. Conopressin has a strong impact on the behavior of 451 

B. stephanieae, causing a cessation of movement, especially in individuals that recently fed. 452 

Application of the hormone induced whole body contractions that ultimately led to vomiting or 453 

defecation at high concentrations (supplemental video 1). We speculate that conopressin is 454 

released by the gut itself to modulate the guts’ contractile activity, with auto-excitatory signaling 455 

noted to be evoked by conopressin in L. stagnalis [36] . In Berghia stephanieae, the conopressin 456 

receptor expressing cells also within the gut are the target of the secreted peptide, which could be 457 

secreted by conopressin cells in the gut or in the brain, allowing for more flexibility in evoking 458 

contractions in the gut. This would explain our results when bath-applying the peptide; we were 459 

seeing activation of the gut cells that express conopressin receptor. Increased voiding events, 460 

specifically urinary excretion have also been seen in arthropods including locusts and crickets, 461 

implying a role in water balance for their orthologs to conopressin [37]. Such a role is well 462 

known for mammalian vasopressin and supports wide-ranging effects of conopressin beyond 463 

reproduction in gastropods. 464 

Another finding was that both defecation and vomiting were seen, though not in the same 465 

animal, indicating some state-dependence of conopressin. Combined with the observation of 466 

conopressin receptor in the buccal ganglia of the brain, and peripheral localization of conopressin 467 

and its receptor in the gut, cerata, radula, and oral tentacles, it becomes unsurprising that 468 

conopressin plays a role in digestive behavior of this nudibranch. It was recently reported that in 469 

starfish the orthologous peptide to conopressin induces fictive feeding [38]. In ants as well, the 470 

ortholog included in the oxytocin/vasopressin family affects foraging behaviors [39]. 471 
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In contrast to conopressin, significant effects of bath applied APGWamide were not 472 

observed. It is possible an effect was too subtle to be seen with the resolution of our recording 473 

methodology. It is also possible that bath application of this peptide is not as effective as bath 474 

application of conopressin. 475 

 476 

5. Conclusions 477 

Here, we report that conopressin plays a more expansive role in digestion than previously 478 

observed in gastropods. Our evidence includes both localization of the genes in the brain and 479 

body as well as pharmacological experiments. Overall, the expression of this conserved 480 

nonapeptide and its receptors across various tissues and cell types is not well characterized in 481 

invertebrates. If expression patterns are determined in more invertebrate taxa alongside 482 

behavioral effects and sequence information, we may add to our understanding of how evolution 483 

has enabled one highly conserved nonapeptide sequence to become involved in such a wide 484 

range of pleiotropic functions. 485 

 486 

Acknowledgements 487 

This study utilized the confocal scanning microscopes of the Light Microscopy Facility and 488 

Nikon Center of Excellence at the Institute for Applied Life Sciences, UMass Amherst. We 489 

thank the center for all their support. The experiments contained in this study were funded by 490 

several grants award to Paul S. Katz including NIH U01NS108637, NIH U01NS123972, NIH 491 

R01NS133654, and NSF IOS 2227963. 492 



25 
 

Author contributions 493 

CCT and PSK envisioned the study and designed the experiments. MNO and CCT identified the 494 

genes. MNO, KN, and CCT performed HCR labeling for the genes. MNO, KN, EK, and CCT 495 

performed behavioral experiments and analyses. CCT and PSK drafted and wrote the 496 

manuscript. All authors revised and approved of the manuscript. 497 

Competing Interests 498 

The authors declare no competing interests. 499 

Data Accessibility 500 

Raw data will be made available upon request. Full gene sequences used for probe making are 501 

included in the supplemental materials. 502 

 503 

Citations 504 

[1] I. Beets, L. Temmerman, T. Janssen, L. Schoofs, Ancient neuromodulation by 505 

vasopressin/oxytocin-related peptides, Worm 2 (2013) e24246. 506 

https://doi.org/10.4161/worm.24246. 507 

[2] E.A. Odekunle, M.R. Elphick, Comparative and Evolutionary Physiology of Vasopressin/ 508 

Oxytocin-Type Neuropeptide Signaling in Invertebrates, Frontiers in Endocrinology 11 509 

(2020) 225. https://doi.org/10.3389/fendo.2020.00225. 510 

[3] L.J. Young, B. Huot, R. Nilsen, Z. Wang, T.R. Insel, Species differences in central oxytocin 511 

receptor gene expression: comparative analysis of promoter sequences, J Neuroendocrinol 8 512 

(1996) 777–783. https://doi.org/10.1046/j.1365-2826.1996.05188.x. 513 

[4] R.E. Van Kesteren, A.B. Smit, R.P.J. De Lange, K.S. Kits, F.A.V. Golen, R.C. Van Der 514 

Schors,’, N.D. De, J.F. Burke, W.P.M. Geraertsl, Structural and Functional Evolution of the 515 

Vasopressin/Oxytocin Superfamily: Vasopressin-Related Conopressin Is the Only Member 516 

Present in Lymnaea, and Is Involved in the Control of Sexual Behavior, 1995. 517 

[5] F.A.A. Van Golen, K.W.W. Li, R.P.J.P.J. De^Lange, R.E.E. Van Kesteren, R.C.C. Van Der 518 

Schors, W.P.M.P.M. Geraerts, Co-localized neuropeptides conopressin and ALA-PRO-519 

GLY-TRP-NH2 have antagonistic effects on the vas deferens of lymnaea, Neuroscience 69 520 

(1995) 1275–1287. https://doi.org/10.1016/0306-4522(95)00311-6. 521 

[6] R.P.J. De Lange, F.A. Van Golen, J. Van Minnen, Diversity in cell specific co-expression 522 

of four neuropeptide genes involved in control of male copulation behaviour in Lymnaea 523 

stagnalis, Neuroscience 78 (1997) 289–299. https://doi.org/10.1016/S0306-4522(96)00576-524 

3. 525 



26 
 

[7] J.M.M. Koene, R.F. Jansen, A. Ter Maat, R. Chase, et al., A CONSERVED LOCATION 526 

FOR THE CENTRAL NERVOUS SYSTEM CONTROL OF MATING BEHAVIOUR IN 527 

GASTROPOD MOLLUSCS: EVIDENCE FROM A TERRESTRIAL SNAIL, 2000. 528 

[8] R.P.J. de Lange, J. van Minnen, Localization of the Neuropeptide APGWamide in 529 

Gastropod Molluscs byin SituHybridization and Immunocytochemistry, General and 530 

Comparative Endocrinology 109 (1998) 166–174. 531 

https://doi.org/10.1006/GCEN.1997.7001. 532 

[9] M.J. Stewart, B.I. Harding, K.J. Adamson, T. Wang, K.B. Storey, S.F. Cummins, 533 

Characterisation of two conopressin precursor isoforms in the land snail, Theba pisana, 534 

Peptides 80 (2016) 32–39. https://doi.org/10.1016/J.PEPTIDES.2015.12.009. 535 

[10] M. Martinez-Padron, J. Edstrom, M. Wickham And, K. Lukowiak, MODULATION OF 536 

APLYSIA CALIFORNICA SIPHON SENSORY NEURONS BY CONOPRESSIN G, 537 

1992. 538 

[11] M. Martinez-Padron, K. Lukowiak, Conopressin G Increases Bursting Activity in 539 

Command Neurons Mediating Respiratory Pumping in Aplysia Californica, Journal of 540 

Experimental Biology 174 (1993) 375–380. https://doi.org/10.1242/jeb.174.1.375. 541 

[12] R.E. Van Kesteren, C.P. Tensen, A.B. Smit, J. van Minnen, L.F. Kolakowski, W. 542 

Meyerhof, D. Richter, H. van Heerikhuizen, E. Vreugdenhil, W.P.M. Geraerts, Co-543 

evolution of Ligand-Receptor Pairs in the Vasopressin/Oxytocin Superfamily of Bioactive 544 

Peptides (∗), Journal of Biological Chemistry 271 (1996) 3619–3626. 545 

https://doi.org/10.1074/jbc.271.7.3619. 546 

[13] J.-P. Xu, X.-Y. Ding, S.-Q. Guo, H.-Y. Wang, W.-J. Liu, H.-M. Jiang, Y.-D. Li, P. Fu, P. 547 

Chen, Y.-S. Mei, G. Zhang, H.-B. Zhou, J. Jing, Characterization of an Aplysia vasotocin 548 

signaling system and actions of posttranslational modifications and individual residues of 549 

the ligand on receptor activity, Frontiers in Pharmacology 14 (2023). 550 

https://www.frontiersin.org/articles/10.3389/fphar.2023.1132066 (accessed October 19, 551 

2023). 552 

[14] E.R. van Kesteren, C.P. Tensen, A.B. Smit, J. van Minnen, K.S. Kits, W. Meyerhof, D. 553 

Richter, H. van Heerikhuizen, E. Vreugdenhil, W.P.M. Geraerts, A novel G protein-coupled 554 

receptor mediating both vasopressin and oxytocin-like functions of Lysconopressin in 555 

Lymnea stagnalis., Neuron 15 (1995) 897–908. https://doi.org/10.1016/0896-556 

6273(95)90180-9. 557 

[15] M.D. Ramirez, T.N. Bui, P.S. Katz, Mapping neuronal gene expression reveals aspects of 558 

ganglionic organization in a gastropod mollusc, (2023) 2023.06.22.546160. 559 

https://doi.org/10.1101/2023.06.22.546160. 560 

[16] J.A. Goodheart, R.A. Rio, N.F. Taraporevala, R.A. Fiorenza, S.R. Barnes, K. Morrill, 561 

M.A.C. Jacob, C. Whitesel, P. Masterson, G.O. Batzel, H.T. Johnston, M.D. Ramirez, P.S. 562 

Katz, D.C. Lyons, A chromosome-level genome for the nudibranch gastropod Berghia 563 

stephanieae helps parse clade-specific gene expression in novel and conserved phenotypes, 564 

BMC Biology 22 (2024) 9. https://doi.org/10.1186/s12915-024-01814-3. 565 

[17] M. Johnson, I. Zaretskaya, Y. Raytselis, Y. Merezhuk, S. McGinnis, T.L. Madden, NCBI 566 

BLAST: a better web interface, Nucleic Acids Research 36 (2008) W2–W9. 567 

https://academic.oup.com/nar/article/36/suppl_2/W5/2505810 (accessed June 29, 2023). 568 

[18] M. Blum, H.-Y. Chang, S. Chuguransky, T. Grego, S. Kandasaamy, A. Mitchell, G. Nuka, 569 

T. Paysan-Lafosse, M. Qureshi, S. Raj, L. Richardson, G.A. Salazar, L. Williams, P. Bork, 570 

A. Bridge, J. Gough, D.H. Haft, I. Letunic, A. Marchler-Bauer, H. Mi, D.A. Natale, M. 571 



27 
 

Necci, C.A. Orengo, A.P. Pandurangan, C. Rivoire, C.J.A. Sigrist, I. Sillitoe, N. Thanki, 572 

P.D. Thomas, S.C.E. Tosatto, C.H. Wu, A. Bateman, R.D. Finn, The InterPro protein 573 

families and domains database: 20 years on, Nucleic Acids Research 49 (2021) D344–574 

D354. https://doi.org/10.1093/nar/gkaa977. 575 

[19] R.C. Edgar, MUSCLE: multiple sequence alignment with high accuracy and high 576 

throughput, Nucleic Acids Research 32 (2004) 1792–1797. 577 

https://doi.org/10.1093/nar/gkh340. 578 

[20] A.M. Waterhouse, J.B. Procter, D.M.A. Martin, M. Clamp, G.J. Barton, Jalview Version 579 

2—a multiple sequence alignment editor and analysis workbench, Bioinformatics 25 (2009) 580 

1189–1191. https://doi.org/10.1093/bioinformatics/btp033. 581 

[21] B.Q. Minh, H.A. Schmidt, O. Chernomor, D. Schrempf, M.D. Woodhams, A. von Haeseler, 582 

R. Lanfear, IQ-TREE 2: New Models and Efficient Methods for Phylogenetic Inference in 583 

the Genomic Era, Molecular Biology and Evolution 37 (2020) 1530–1534. 584 

https://doi.org/10.1093/molbev/msaa015. 585 

[22] I. Letunic, P. Bork, Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic tree 586 

display and annotation, Nucleic Acids Research 49 (2021) W293–W296. 587 

https://doi.org/10.1093/nar/gkab301. 588 

[23] O. Friard, M. Gamba, BORIS: a free, versatile open-source event-logging software for 589 

video/audio coding and live observations, Methods in Ecology and Evolution 7 (2016) 590 

1325–1330. https://doi.org/10.1111/2041-210X.12584. 591 

[24] R Core Team, R: A language and environment for statistical computing, R Foundation for 592 

Statistical Computing (2021). https://www.R-project.org/. 593 

[25] H.M.T. Choi, M. Schwarzkopf, M.E. Fornace, A. Acharya, G. Artavanis, J. Stegmaier, A. 594 

Cunha, N.A. Pierce, Third-generation in situ hybridization chain reaction: multiplexed, 595 

quantitative, sensitive, versatile, robust, Development 145 (2018). 596 

https://doi.org/10.1242/DEV.165753. 597 

[26] C.C. Tait, M.D. Ramirez, P.S. Katz, Egg-laying hormone expression in identified neurons 598 

across developmental stages and reproductive states of the nudibranch Berghia stephanieae, 599 

(2023) 2023.12.21.572887. https://doi.org/10.1101/2023.12.21.572887. 600 

[27] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S. 601 

Preibisch, C. Rueden, S. Saalfeld, B. Schmid, J.-Y. Tinevez, D.J. White, V. Hartenstein, K. 602 

Eliceiri, P. Tomancak, A. Cardona, Fiji: an open-source platform for biological-image 603 

analysis., Nature Methods 9 (2012) 676–82. https://doi.org/10.1038/nmeth.2019. 604 

[28] A.R. Kriegstein, Stages in the post-hatching development of Aplysia californica, Journal of 605 

Experimental Zoology 199 (1977) 275–288. https://doi.org/10.1002/JEZ.1401990212. 606 

[29] J.A. Goodheart, V. Barone, D.C. Lyons, Movement and storage of nematocysts across 607 

development in the nudibranch Berghia stephanieae (Valdés, 2005), Frontiers in Zoology 608 

19 (2022) 16. https://doi.org/10.1186/s12983-022-00460-1. 609 

[30] X. Fan, R.P. Croll, B. Wu, L. Fang, Q. Shen, S.D. Painter, G.T. Nagle, Molecular cloning 610 

of a cDNA encoding the neuropeptides APGWamide and cerebral peptide 1: Localization 611 

of APGWamide‐like immunoreactivity in the central nervous system and male reproductive 612 

organs of Aplysia, Journal of Comparative Neurology 387 (1997) 53–62. 613 

https://doi.org/10.1002/(SICI)1096-9861(19971013)387:1<53::AID-CNE5>3.0.CO;2-M. 614 

[31] M.J. Aikins, D.A. Schooley, K. Begum, M. Detheux, R.W. Beeman, Y. Park, Vasopressin-615 

like peptide and its receptor function in an indirect diuretic signaling pathway in the red 616 



28 
 

flour beetle, Insect Biochemistry and Molecular Biology 38 (2008) 740–748. 617 

https://doi.org/10.1016/J.IBMB.2008.04.006. 618 

[32] E.C. Cropper, C.G. Evans, I. Hurwitz, J. Jing, A. Proekt, A. Romero, S.C. Rosen, Feeding 619 

Neural Networks in the Mollusc Aplysia, Neurosignals 13 (2004) 70–86. 620 

https://doi.org/10.1159/000076159. 621 

[33] P.T. Morgan, J. Jing, F.S. Vilim, K.R. Weiss, Interneuronal and Peptidergic Control of 622 

Motor Pattern Switching in Aplysia, Journal of Neurophysiology 87 (2002) 49–61. 623 

https://doi.org/10.1152/jn.00438.2001. 624 

[34] G. Polese, C. Bertapelle, A. Di Cosmo, Olfactory organ of Octopus vulgaris: Morphology, 625 

plasticity, turnover and sensory characterization, Biology Open 5 (2016) 611–619. 626 

https://doi.org/10.1242/bio.017764. 627 

[35] M.P. Morse, Functional morphology of the digestive system of the nudibranch mollusc 628 

acanthodoris pilosa, The Biological Bulletin 134 (1968) 305–319. 629 

https://doi.org/10.2307/1539606. 630 

[36] P.F. van Soest, K.S. Kits, Vasopressin/Oxytocin-Related Conopressin Induces Two 631 

Separate Pacemaker Currents in an Identified Central Neuron of Lymnaea stagnalis, Journal 632 

of Neurophysiology 78 (1997) 1384–1393. https://doi.org/10.1152/jn.1997.78.3.1384. 633 

[37] C.W. Gruber, Physiology of invertebrate oxytocin and vasopressin neuropeptides, 634 

Experimental Physiology 99 (2014) 55–61. 635 

https://doi.org/10.1113/EXPPHYSIOL.2013.072561. 636 

[38] E.A. Odekunle, D.C. Semmens, N. Martynyuk, A.B. Tinoco, A.K. Garewal, R.R. Patel, 637 

L.M. Blowes, M. Zandawala, J. Delroisse, S.E. Slade, J.H. Scrivens, M. Egertová, M.R. 638 

Elphick, Ancient role of vasopressin/oxytocin-type neuropeptides as regulators of feeding 639 

revealed in an echinoderm, BMC Biology 2019 17:1 17 (2019) 1–23. 640 

https://doi.org/10.1186/S12915-019-0680-2. 641 

[39] I. Fetter-Pruneda, T. Hart, Y. Ulrich, A. Gal, P.R. Oxley, L. Olivos-Cisneros, M.S. Ebert, 642 

M.A. Kazmi, J.L. Garrison, C.I. Bargmann, D.J.C. Kronauer, An oxytocin/vasopressin-643 

related neuropeptide modulates social foraging behavior in the clonal raider ant, PLOS 644 

Biology 19 (2021) e3001305. https://doi.org/10.1371/JOURNAL.PBIO.3001305. 645 

 646 

 647 


