
In the pond snail Lymnaea stagnalis, a firm phase-locked coupling of pneumostome movements to the
locomotor cycle was observed during terrestrial locomotion, thus demonstrating that the coordination
between locomotor and respiratory rhythms is a natural behavioral event in this animal. The results of
computational modelling suggest a possible scheme of coordination between these motor rhythms which
is based on inhibitory projection from the central pattern generator for locomotion to that for respiration.
These findings allow the neuronal mechanisms underlying coordination of two rhythmic behaviors to be
investigated.

Keywords: Motor rhythms – respiration – locomotion – modelling – Lymnaea stagnalis

INTRODUCTION

In the pond snail Lymnaea stagnalis, behavioral hierarchy between motor programs
for locomotion and respiration appears to be reversible. The standard, ciliary loco-
motion was described as being suppressed when the central program for air breath-
ing is generated [2]. In contrast, subordination of the respiratory rhythm to the loco-
motory one was observed during pharmacologically induced intense, muscular mode
of locomotion [3]. This raises some questions regarding the neuronal mechanisms
underlying the hierarchy reversal. However, it remained to be elucidated whether the
observed subordination of respiration to locomotion occurs in animals that were not
pretreated with neuroactive drugs. The aim of the present study was therefore to pro-
vide experimental evidence for rhythm interaction in natural behavior.
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MATERIALS AND METHODS

Specimens of Lymnaea stagnalis weighting 2–2.7 g were taken from an aquarial cul-
ture or obtained from the ponds near the Oka river. To induce muscular locomotion,
a snail was taken out of water and put on a hard plain mirror surface. The mirror was
used to facilitate visual recording of pneumostome (PN) opening and closure. To
minimize the mechanical influence of the shell on the PN during locomotion, an
additional series of experiments was conducted with the shell slightly lifted upwards
by means of an elastic thread; the other end of the thread was fixed 40 cm above the
mirror while its tension was manually adjusted during the snail locomotion. In
behavioral experiments, 35 specimens were used. Recording started as soon as a snail
began to move and lasted for 20 min.

To make the data comparable and measurable, we assumed the beginning of shell
forward movement to be the starting point of the locomotor cycle (LC), and desig-
nated phases as per cent of the normalized LC (NLC). For example, NLC50 means
the phase in the middle of the cycle when 50% of the full-cycle time has passed. In
behavioral experiments we recorded visually the moment when the shell was maxi-
mally accelerated which approximately corresponded to NLC10. The data obtained
were further processed to make the distributions of respiratory events (opening and
closure) against the NLC phase. All behavioral recordings and data processing were
made by means of home-made software. Assumptions that experimental data follow
normal or lognormal distributions were tested using chi-square test.

RESULTS

The results of simultaneous recording of locomotion and respiration are summarized
in Figure 1. Two motor programs noticeably differ both in the mean period and sta-
bility of the rhythm. The locomotion was faster and more stable than the respiration

Fig. 1. The summary distributions of locomotor and respiratory rhythms. Black histogram, locomotor
rhythm periods; unshaded histogram, respiratory rhythm periods. Horizontal axis is the period value, s.
The width of a histogram bin is 1 s for locomotion and 2 s for respiration. The distributions are normal-

ized by the amplitude



(the difference was significant according to Mann-Whitney U test, p < 0.01). In 10
cases of 35, individual LC data followed lognormal distribution. Strongly pro-
nounced maximum in the distribution of LC demonstrated the stability of the central
pattern generator for cyclic locomotion. At the same time, we observed significant
dispersion of LC among specimens: the maxima of individual distributions varied
from 6 to 13 s. The total distribution is evidently asymmetric, its geometric mean is
9.2 s, the mean is 10.2 s, the standard deviation is 7.1 s. The recordings of PN move-
ments demonstrated both periods of stable (5–6 consecutive cycles) and unstable
rhythmicity. The average respiratory period was 62.25 ± 5.2 s (normal terrestrial
locomotion) and 44.4 ± 3.9 s (the same with the shell lifted).

Episodes of cycle-to-cycle synchronization of two rhythms lasting for 3 or more
consecutive cycles appeared only in 7 specimens of 36. Sometimes there was multi-
ple-cycle synchronization (1 : 2, 1 : 3, etc.). During the rest of the recording time
which is more than 80 per cent of the total we could not mark out any stable ratio of
LCs and respiratory cycles.

Thus, at the first glance, the results seem to indicate no persistent coupling
between locomotion and respiration. A strong and persistent phasic coupling was,
however revealed when PN movements were plotted against the NLC. As can be
seen in Figure 2, both openings and closures of the PN always occured at certain
phases of the NLC. The position of the PN opening (maximum at NLC50–60) was
less strict compared to that of the PN closure (maximum at NLC5). The ravine in the
distribution of PN closure at NLC10–15 resulted from the visual recording of events:
it was harder to record exact times of two nearly simultaneous events, PN closure and
shell movement. There were no differences in phase distribution in the series with a
shell lifted.

Thus, although a stable cycle-to-cycle or multiple-cycle synchronization of loco-
motion and respiration did not occur in natural behavior, there existed a firm phase-
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Fig. 2. The distributions of respiratory events (openings and closures) plotted against the NLC. Black
bars, PN closure; unshaded bars, PN opening. Horizontal axis is the NLC phase, in %. A: Behavioral
data. B: Modelling of two independent rhythm generators. C: The same model including inhibitory

projection from respiration to locomotion starting at NLC90
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locked coupling of pneumostome movements to the locomotor cycle. This finding in
its part suggests that there exists a coordinating projection from the central pattern
generator for locomotion to that for respiration.

To test this suggestion, we developed a simple discontinuous computational model
which imitated simultaneous activity of two cyclic generators. A single one-way pro-
jection from one generator to the other was included in the model. Quantitative para-
meters were selected basing on behavioral data. Each of the model generators was
given a mean period and a standard deviation for its output data to follow normal or
lognormal distribution. The output of the model had the same format as that in
behavioral recordings and thus was analyzed similarly. 

As one would expect, two independent generators with different mean periods and
without coordinating projection showed evenly distributed events (Fig. 2B). The
subsequent search through the simple schemes of interaction between generators
allowed to find a satisfactory projection. It started to operate at NLC90 and was
designed as an inhibitory signal from the “locomotor” generator to the “respiratory”
one. This kind of coordination enabled a good fit of behavioral and model distribu-
tions (Fig. 2C). The distinctness of the model compared to the real behavior proba-
bly accounts for the difference between distributions. The proposed model is quite
simple and it does not rule out additional mechanisms of phasic coupling between
respiration and locomotion in Lymnaea.

DISCUSSION

Our results demonstrate that coordination of locomotor and respiratory rhythms,
which was earlier observed in reduced Lymnaea preparations following pharmaco-
logical treatment, is a natural behavioral event demonstrated by this freshwater snail
during intense (terrestrial) locomotion. Interestingly, various vertebrate species were
found similarly developing locomotor-respiratory coupling when fast gaits were
reached (for review, see [5]). Meanwhile, the underlying mechanisms remain con-
troversial, and a number of hypotheses accounting for the coupling in mammals has
recently been considered; these propose (i) direct interactions between the central
networks generating motor rhythms for locomotion and respiration, (ii) a common
drive originating from a third structure, (iii) involvement of proprioceptive afferents,
etc, or, finally, a combination of different mechanisms [1]. It is evidently clear that
the nervous system of Lymnaea offers a favourable preparation for testing the
hypotheses and investigating the locomotor-respiratory interactions at the neuronal
and network levels. Our recent neurophysiological findings in Lymnaea seem to sup-
port the hypothesis (i) [4]. The results of computational modelling suggest a possible
scheme of coordination between two motor rhythms which is based on inhibitory
projection from the central pattern generator for locomotion to that for respiration.
These findings allow the neuronal mechanisms underlying coordination of two
rhythmic behaviors to be investigated.
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