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Abstract

Serotonin (5-HT) influences locomotion in many animals, from flatworms to mammals. This 

study examined the effects of 5-HT on locomotion in the nudibranch mollusc Melibe leonina 

(Gould, 1852). M. leonina exhibits two modes of locomotion, crawling and swimming. Animals 

were bath-immersed in a range of concentrations of 5-HT or injected with various 5-HT solutions 

into the hemolymph and then monitored for locomotor activity. In contrast to other gastropods 

studied, M. leonina showed no significant effect of 5-HT on the distance crawled or the speed of 

crawling. However, the highest concentration (10−3 mol l−1 for bath immersion and 10−5 mol l−1 

for injection) significantly increased the time spent swimming and the swimming speed. The 5-HT 

receptor antagonist methysergide inhibited the influence of 5-HT on the overall amount of 

swimming but not on swimming speed. These results suggest that 5-HT influences locomotion at 

the behavioral level in M. leonina. In conjunction with previous studies on the neural basis of 

locomotion in M. leonina, these results also suggest that this species is an excellent model system 

for investigating the 5-HT modulation of locomotion.

5-HT is a ubiquitous chemical messenger within the animal kingdom. Among its many 

functions, it appears to be highly conserved as a modulator and initiator of locomotor 

systems in both vertebrates (1) and invertebrates (2). In gastropods, 5-HT increases the 

frequency of pedal cilia beating (3), increases the frequency of muscular waves in the foot 

(4, 5), and initiates and modulates swimming (6–9). This current study examines the role of 

5-HT in locomotion (specifically crawling and swimming) in the nudibranch mollusc Melibe 

leonina. While M. leonina is a well-studied model organism for neurophysiology, nothing is 

yet known about the effects of serotonin at the behavioral level.

M. leonina crawls using a combination of muscular contractions of the foot and beating of 

pedal cilia (pers. obs.), and it swims by alternating lateral body flexions (10). In this animal, 

swimming is an important behavior that it uses for many purposes, including to escape from 

predators (10). The central pattern generator (CPG) responsible for the swimming behavior 

consists of only two types of interneurons, swim interneuron 1 (Si1) and swim interneuron 2 

(Si2) (11). These swim interneurons synapse on follower neurons in the pedal ganglia that 

carry the neural signal to the periphery (12). The relative simplicity of this CPG makes it an 
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excellent system for studying the neural basis of behavior. The neural control of crawling, 

unlike that of swimming, has yet to be determined in M. leonina.

In addition to swim interneurons, putative serotonergic neurons have been identified in the 

central nervous system of M. leonina (13). About 175 neurons in the brain are serotonergic, 

but these do not include Si1 or Si2 (13, 14). However, in isolated brain preparations 5-HT 

elicits swim motor patterns in the swim CPG and accelerates ongoing swim motor patterns 

(14). Thus, in M. leonina, 5-HT may have a role in locomotion similar to that in other 

gastropods, but this has not been tested at the behavioral level.

This study tests the effects of 5-HT on locomotion in intact, freely behaving animals. Two 

methods were used: immersion of animals in a solution containing 5-HT and injection of 5-

HT into the hemolymph.

The mean latency to locomotion (i.e., length of time after exposure to 5-HT before the 

animal started crawling or swimming) gradually decreased as a result of immersion in 

increasing concentrations of 5-HT—10−7 mol l−1 to 10−3 mol l−1—chosen on the basis of 

prior research (4, 6, 8, 14; Fig.1A). However, these differences were not significant. There 

was also no significant effect of 5-HT on the distance crawled (Fig. 1B). These results 

suggest that 5-HT does not have a general excitatory effect on locomotion or crawling.

In contrast, 5-HT did significantly increase the number of swim cycles (Fig. 1C). In artificial 

seawater (ASW) and the two lowest concentrations of 5-HT, the prevalence of swimming 

was nearly zero. However, in 10−3 mol l−1 5-HT, a prevalence of 6.5 ± 4.5 swim cycles/min 

(mean ± standard deviation) was observed, which was significantly greater than in the other 

bath solutions. In ASW and the two weaker 5-HT concentrations, there were no irregular 

swim cycles. In contrast, irregular swim cycles (typically incomplete swim cycles) occurred 

with a mean frequency of 0.4 ± 1.1 cycles/min in the highest concentration of 5-HT (Fig. 

1D). However, this was not statistically different than in the less concentrated 5-HT bath 

solutions or ASW.

As with bath immersion, injection with increasing concentrations of 5-HT had no significant 

effect on the distance crawled during the observation period (Fig. 2A) or on the speed of 

crawling when it occurred (Fig. 2B). However, injection with the highest concentration of 5-

HT (10−5 mol l−1) significantly increased the amount of swimming observed during the 

experiment (9.73 ± 6.32 cycles/min) when compared to other 5-HT concentrations and ASW 

(Fig. 2C). Furthermore, when swimming did occur, animals that had been injected with 10−5 

mol l−1 5-HT exhibited a significantly higher frequency of swimming (24.23 ± 1.9 cycles/

min) than animals injected with lower concentrations of 5-HT or with ASW (Fig. 2D). This 

confirms previous experiments demonstrating excitatory effects of 5-HT on the swim motor 

program in isolated brains of M. leonina (14).

The number of swim cycles exhibited by animals in the presence of ASW or relatively dilute 

concentrations of 5-HT was very low. This is probably due to the fact that these animals are 

generally nocturnal (15) and these experiments were purposely done during the daytime to 

limit normal locomotion. However, immersion or injection with the highest concentration of 

5-HT resulted in a sharp increase in the number of swim cycles. This result is similar to 
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responses in Aplysia brasiliana (6), another opisthobranch that, like M. leonina, uses 

swimming as more than just an escape behavior. Serotonin may be acting as a trigger for 

initiation of swimming. This would coincide with neurophysiological studies in M. leonina 

that suggest that the serotonergic CeSP-A neurons are triggers for swimming (14).

Injection of animals with 10−5 mol l−1 5-HT had some additional noticeable effects. Five of 

the eight animals injected with this concentration of 5-HT autotomized at least two cerata 

(dorsal outgrowths), suggesting that 5-HT may also play a role in this defensive response. 

Three of the eight animals also exhibited some instances of atypical crawling behavior. 

Instead of crawling with the whole foot attached to the substrate, the rear half of the foot 

was detached from the substrate and moved in a motion similar to swimming while the front 

half of the foot remained attached and exhibited the muscular contractions typical of 

crawling. In other words, the animals appeared to be exhibiting elements of both crawling 

and swimming simultaneously. These effects may be due to specific activation of particular 

circuits and actions, or they could be the result of a 5-HT-induced increase in general 

arousal (16, 17).

Additional experiments were done using the 5-HT receptor antagonist methysergide (Meth), 

which has been successfully used in M. leonina (14) and other opisthobranchs (6, 8) to 

inhibit the effects of serotonin. When Meth was injected either alone or along with 5-HT (at 

two different concentrations), there were no significant effects on the distance crawled 

during the experiment (Fig. 3A). This is not surprising, considering that 5-HT itself had no 

effect on crawling distance (Fig. 2A). Although there was also no effect of Meth on the 

speed of crawling in animals with exogenously applied 5-HT, the speed of crawling in 

animals injected only with Meth was significantly less than in animals injected only with 5-

HT (Fig. 3B). This suggests that even though endogenous 5-HT may not be involved with 

the prevalence of crawling (Fig. 3A), it may be important in the speed of crawling.

Meth also influenced swimming. When injected alone or with 5-HT (at two different 

concentrations), the number of swim cycles was significantly lower than when just 5-HT 

was used (Fig. 3C). This suggests that Meth was capable of blocking 5-HT’s influence on 

the prevalence of swimming. Interestingly, Meth was not able to significantly block the 

effects of 5-HT on swimming speed (Fig. 3D). This may be the result of only partial 

inhibition of 5-HT receptors but still contradicts results in isolated brain preparations of M. 

leonina where Meth significantly reduced 5-HT’s ability to increase the cycle frequency of 

ongoing swim motor patterns (14). However, in intact A. brasiliana, Meth does not alter the 

frequency of 5-HT-induced swimming (6). It should also be noted that swimming in the 

current study still occurred after injection with just Meth (right bars in Fig. 3C, D). This 

suggests that 5-HT was not necessary for swimming to occur (i.e., it was only important for 

modulation).

In contrast to studies in other molluscs, our study found that exogenous 5-HT did not 

influence crawling in M. leonina. Pharmacological application of similar concentrations of 

5-HT excite pedal cilia in the relatively closely related nudibranch Tritonia diomedea, both 

in isolated patches of foot and in intact animals (3). The opisthobranch sea hare Aplysia 

californica crawls in a manner similar to M. leonina, and 5-HT increases the speed of 
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muscular waves in the foot (4). Even the more distantly related pulmonate gastropod Helix 

lucorum increases its crawling speed (muscular waves) after injection of 5-HT (5). 

However, it is notable in the current study that Meth alone did significantly reduce the speed 

of crawling (Fig. 3B), suggesting that endogenous serotonin release may play a role in this 

aspect of crawling even though exogenous application of 5-HT did not increase the speed 

further. Considering that serotonergic innervation of the foot has been demonstrated in a 

number of gastropods (2, 18–20), it would be informative to examine whether there is 

serotonergic innervation of the foot in M. leonina as well.

In regard to swimming, 5-HT appears to be important in eliciting this behavior as well as in 

its speed. It is likely that these two effects of 5-HT are produced by distinct neural 

mechanisms, especially considering that Meth reduced the number of swimming episodes 

but not the swimming speed (Fig. 3C, D). Similar to exogenous application of 5-HT in this 

study, stimulation of the serotonergic CeSP-A neurons in M. leonina elicits a swim motor 

program in quiescent preparations (14). Therefore, the CeSP-A neurons may be at least part 

of the endogenous serotonergic system responsible for influencing the likelihood of 

swimming. However, stimulation of these same neurons during an ongoing swim motor 

pattern has no effect on burst frequency of swim interneurons (14). Thus, the neural 

mechanisms underlying the speed of swimming noted in this study remain to be determined.

Serotonin has similar excitatory roles in locomotion in other invertebrates, such as the 

flatworm Dendrocoelum lacteum (2), the nematode Caenorhabditis elegans (21), the 

freshwater mussel Anodonta cygnea (2), and the arthropod Drosophila melanogaster (22). 

Serotonin also elicits swim motor programs in isolated nerve cords of the leech Hirudo 

medicinalis (23), similar to the results in the current study on M. leonina. The excitatory 

effects that 5-HT has on locomotion in invertebrates is similar to that in vertebrates, such as 

the zebrafish Danio rerio (24), the frog Xenopus laevis (25), neonatal mice (26), and 

spinalized cats (27). Serotonin can also elicit locomotor patterns of activity in rabbits (28) 

and rats (29). Thus, 5-HT influences locomotion in at least six phyla, suggesting that this is a 

highly conserved or convergent feature of nervous systems.

The current study indicates that 5-HT affects locomotion in Melibe leonina, adding 

behavioral data on 5-HT to prior experiments at the neural level. This more complete story 

suggests that M. leonina is therefore an excellent model system for exploring the 

mechanisms underlying serotonergic modulation of locomotion. Because 5-HT modulates 

locomotion in many phyla, determining the role of 5-HT in a relatively simple CPG, such as 

in M. leonina, can potentially be helpful in understanding its role in more complex neural 

networks.
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Abbreviations

ASW artificial seawater

CPG central pattern generator

5-HT serotonin

Meth methysergide

Si1 swim interneuron 1

Si2 swim interneuron 2
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Figure 1. 
Immersion in serotonin (5-HT) increased swimming but not crawling in Melibe leonina. 

Animals were placed individually in a small, clear plastic container containing artificial 

seawater (ASW). The container had a 1-cm grid pattern drawn on the bottom and sides to 

track the distance that animals crawled. Each animal was allowed to acclimate to the 

container for at least 30 min before the experimental solution was added. One hundred 

milliliters of 5-HT solution (Sigma-Aldrich, St. Louis, MO), or ASW, was added to the 

container such that the final concentration of 5-HT in the container was 10−3 mol l−1, 10−5 

mol l−1, or 10−7 mol l−1. Animals were then visually monitored for at least 45 min. (A) 

Increasing concentrations of 5-HT resulted in a trend toward decreased latency to 

locomotion (i.e., the amount of time before the animal exhibited locomotor behavior). 

However, this trend was not significant (P = 0.29, F3,44 = 1.30). (B) Serotonin had no 

significant effect (P = 0.34, F3,44 = 1.14) on the distance crawled, which was calculated as 

the number of centimeters crawled in 45 min. (C) In contrast, the highest concentration of 5-

HT significantly increased the average number of swim cycles observed during the 

experiment (P < 0.001, F3,44 = 22.25). A swim cycle was determined as a bend to one side, 

followed by a bend to the other side, and then a return to the central longitudinal axis. (D) In 

the highest concentration of 5-HT, some animals exhibited some irregular swim behavior, 

which typically consisted of incomplete swim cycles. However, the frequency of these 

irregular swim cycles was not significantly different between bath solutions (P = 0.23, F3,44 

= 1.50). Forty-eight animals were used, with 12 in each treatment group. Error bars indicate 

standard deviation. Statistical comparisons of means here and elsewhere were made in InStat 

ver. 3 (GraphPad Software, San Diego, CA) with ANOVAs and Tukey post hoc analysis. 

For all statistical tests, a P value less than 0.05 was considered significant.
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Figure 2. 
Serotonin injected through the ventral surface of the foot increased swimming but not 

crawling in Melibe leonina. Solution concentrations based on animal volume were injected 

such that final internal hemolymph concentrations were as indicated on the graphs. Injection 

with ASW served as a negative control. Serotonin had no effect on the distance crawled (A) 

(P = 0.97, F3,27 = 0.08) or the speed of crawling when it did occur (B) (P = 0.22, F3,27 = 

1.57). (C) However, the highest concentration of 5-HT significantly increased the average 

swimming rate (P < 0.001, F3,27 = 15.78). (D) 5-HT at 10−5 mol l−1 also caused a significant 

increase in the speed of swimming during bouts of this behavior (*P < 0.001, **P < 0.05, 

F3,27 = 6.86). Thirty-two animals were used, with 8 in each treatment group.
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Figure 3. 
The serotonin receptor antagonist methysergide (Meth; Sigma-Aldrich, St. Louis, MO), 

blocked some of 5-HT’s excitation of swimming in Melibe leonina. Meth was injected into 

animals either alone (negative control) or with 5-HT. Serotonin injections without Meth 

were also used as a positive control. (A) There was no significant difference between any of 

the groups in the distance crawled during the experiments (P = 0.18, F3,21 = 1.81). (B) Meth 

did not significantly affect the speed of crawling in the presence of exogenously applied 5-

HT, but when injected alone, did significantly reduce the speed of crawling compared to 5-

HT alone (P = 0.05, F3,21 = 3.08). (C) Meth was able to significantly block the overall 

excitatory effect of 5-HT on swimming (P = 0.0004, F3,21 = 9.37) but not the rate of body 

flexions during swimming bouts (D) (P = 0.16, F3,21 = 1.90). Thirty-two animals were used, 

with 8 in each treatment group.
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