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Abstract—The correlation was studied between the hemolymph pH value and the locomotion rate
in the mollusc Lymnaea stagnalis at different degree of activation of the food�procuring behavior. It
is established that the hemolymph pH value remains unchanged in the satiated (hungry), freely
moving Lymnaea individuals, and, hence, it does not determine the locomotor activity of molluscs
in these functional states. In the course of food consumption, locomotion decreases significantly,
which is due to an observed decrease of the hemolymph pH. This effect is realized through the cor�
responding changes of electrical activity of motoneurons of the locomotor network of the Lymnaea
nervous system (PeA�cluster). It is suggested that the pH value plays the modulating role in coordi�
nation of activities of the nervous centers of the mollusc nutrition and locomotion.
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INTRODUCTION

Locomotor acts are an essential component of
many stereotypic complexes of animal behavior.
In freshwater molluscs they participate in realiza�
tion of central programs of pulmonary respiration
[1], food�procuring [2], egg�laying [3], etc.

Earlier we have shown [4] the respiratory and
alimentary behavior of the pond snail Lymnaea
stagnalis to be modulated during changes of the
acid–base balance (pH) of the organism internal
medium (hemolymph). Pronounced fluctuations
of electrical activity of interneurons of central
rhythm generators (CRG) of respiration and food�
procuring are observed, including the giant dopam�
inergic neuron RpeD1. There is evidence that this
cell is integrated into central generators of the lo�
comotor rhythm of the Lymnaea nervous system.

The goal of this work was to find out the pres�
ence (the absence) of dependence of the mollusc

motor activity on the degree of expression of the
food�procuring behavior and, hence, on the
hemolymph pH value. There also were studied
motoneuron reactions of the Lymnaea stagnalis
locomotor network, which are due to pH changes.

MATERIALS AND METHODS

The work was carried out on a representative of
a fresh�water pulmonate mollusc, the pond snail
Lymnaea stagnalis. In laboratory the snails were
kept in an aquarium at the water temperature 24–
26°C. The food was salad leaves. The adult indi�
viduals weighing 2–4 g were used in experiments.

To determine locomotion rate, the mollusc was
removed from the aquarium and placed on the
bottom of a wide vessel (50 cm in diameter) filled
with several centimeters of settled tap water. The
animal was left in the quiet state for 15 min for ad�
aptation to new conditions. The aquarium with the
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experimental animals was placed on a sheet of mil�
limeter paper. Then, with the aid of a stop�watch,
the time of crossing by the mollusc of five squares
(1 × 1 cm) was determined. To determine the lo�
comotion rate during nutrition (the state of alimen�
tary excitation), the salad leaves marked to the 1 ×
1 cm squares were placed on the vessel bottom. The
mollusc active feeding during movements on the
leaf was evaluated from the presence of holes
formed by scraping movements of radula on the
substrate.

The state of alimentary excitation was produced
by providing approach to the food to hungry mol�
luscs after their 24�h long food deprivation.

After the end of experiments on determination
of the locomotion rate, the whole�body withdrawal
was produced by an intensive tactile stimulation
of the mollusc foot sole that was accompanied by a
release of the most part of hemolymph [6]. The pH
value of the obtained sample, 1–2 ml in volume,
was measured using a PerpHect Model 310 pH�
meter (ATI Orion, USA). The measurements were
performed at 25°C.

Electrophysiological experiments were per�
formed in preparations of the isolated nervous sys�
tem (n = 10). The standard method was used for
intracellular recording of electrophysiological pa�

rameters of PeA�cluster neurons included in the
Lymnaea locomotor network, according to data of
the works [7, 8]. Microelectrodes were filled with
2.5 M KCl and had resistance of 15–30 MOhm.
Before the electrophysiological study the nervous
system was treated by pronase (1 mg/ml of Ringer
solution). Then the preparation was washed for
30 min in the fresh Ringer solution of the follow�
ing composition (mmoles/l): 44.0 NaCl, 1.7 KCl,
4 CaCl2, 1.5 MgCl2, 10.0 HEPES (pH 7.8). The
Ringer solution (pH 6.8, 7.3, 7.8, 8.3, and 8.8) was
used. Neurons were identified by their location,
color, and pattern of spontaneous electrical activ�
ity. This perfusion system provided a fast, for 10 s,
change of solutions with the designed pH (as men�
tioned above) in the whole volume of the experi�
mental chamber (200 μl).

Experimental data (x ± Sx ) were processed by
the standard methods of variation statistics includ�
ing regression analysis. The numbers of the mol�
luscs used in the behavioral experiments and of the
studied hemolymph probes as well as of neurons
are indicated separately for each series. The statis�
tical significance of differences of the obtained re�
sults was evaluated using Student’s t�criterion.

RESULTS AND DISCUSSION

Locomotor behavior. The time of crossing five
squares (1 × 1 cm) was for the satiated, freely mov�
ing molluscs amounted to 73 ± 2.99 s (n = 80).
During nutrition the rate of the animals’ reloca�
tion decreased significantly, more than 1.5�fold.
The value of this parameter was 122.1 ± 5.95 s (n =
50) and differed statistically significantly ( p <
0.001) from control. The molluscs predominantly
move without using muscular locomotion, because
the leg protractions–retractions coordinated with
retraction of the body wall muscles and with the
shell movements, as a rule, are absent. No statisti�
cally significant correlation was revealed between
the hemolymph pH value and the locomotion rate
in the freely moving molluscs: r = –0.015, n = 80
(Fig. 1).

Electrophysiological experiments. In the case of
the tonic character of the electrical activity, alkal�
ization (use of Ringer solution, pH 8.3 or 8.8) leads
to a slight depolarization—by 10.2 ± 1.84 mV (n =
6) and to an increase (on average, 1.5 times) of the

Fig. 1. Correlation between pH value of hemolymph and
locomotion rate of Lymnaea stagnalis. Each dot corre�
sponds to the hemolymph sample obtained from one
mollusc. The resulting strait line and equation of the
linear regression are presented. Abscissa: the hemo�
lymph pH value, ordinate: time of crossing of 5 squares
(s).
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spontaneous impulsation of the PeA�cluster neu�
rons (Fig. 2), with no pronounced pattern trans�
formation observed. Normalization of the acid–
base balance (pH 7.8) leads to restoration of the
initial impulse activity of the PeA�cluster neurons.

Acidification of the incubation medium (pH 7.3
or 6.8) also results in a significant decrease of fre�
quency of the action potential generation, some�
times up to the complete cessation of the spike ac�
tivity, regardless of the initial regime (tonic/pha�
sic) of activity of motoneurons of the locomotor
network (Fig. 3). In the case of the initial phasic
activity, a marked decrease of the number of im�
pulses in the burst is observed (Fig. 3b) on the back�
ground of the significant (18.6 ± 1.78 mV, n = 6)
cell hyperpolarization. In several preparations
(4 out of the studied 10), acidification is found to
lead to a change of the pattern of the locomotor
neurons activity—transition from the tonic to the
phasic regime of the spontaneous activity (Fig. 4).
Normalization of the acid–base balance (pH 7.8)
leads to restoration of the spontaneous activity,
although in a somewhat reduced form (Fig. 3c).

These effects develop sufficiently quickly—for
30–40 s after the beginning of the change of the
solution with the designed pH level.

The cilia beating of the ciliar locomotor epithe�
lium of the leg sole is the main propeller of mol�
luscs at free movement at the water environment
on a horizontally oriented substrate [9]. Change of
the movement direction is realized as a result of

contraction of muscles of the leg and body wall in
the case of the mollusc contact with an object ap�
pearing on the way of the animal [8]. The shell
rhythmic movements connected with contraction
of the collumelar muscle complex are associated,
as a rule, with the locomotion muscle type [10].
However, these movements are suggested to be
connected to the greater degree with participation
in activity of the cardio�respiration network, rath�
er than with the locomotion itself [8]. Some PeA�
cluster neurons send processes to the leg (PeA4,
PeA8) and to the collumelar muscle (PeA10). The
phasic activity of the locomotor motoneurons, by
which the alternated potential fires are recorded
(the so�called PeA�cluster rhythm), is associated
with the locomotion motor type [11, 12], whereas
the tonic activity, on the contrary, with the ciliary
type [10, 12]. It is considered that under natural
conditions the pond snail shifts to the muscular
movement type, when the ciliary locomotion turns
out to be less effective and the necessity appears of
additional efforts for the translocation [11].

Different functional organism conditions are
characterized by difficult degree of energy expen�
ditures. Undoubtedly, with establishment of a new
level of metabolism, changes of the acid–base bal�
ance (pH) of the organism internal medium are ob�
served [13]. Earlier we have shown that satiated an�
imals are characterized by a decreased hemolymph
pH value as compared with hungry individuals [4].
The movement rate of hungry molluscs is higher

Fig. 2. Spontaneous electrical activity of motoneurons of the locomotor network of Lymnaea stagnalis (PeA�cluster) at
change of pH. (a), (b) Continuous recording. Arrow marks beginning of the solution replacement (pH from 7.8 to 8.8),
double arrow—return to initial conditions.



46

JOURNAL OF EVOLUTIONARY BIOCHEMISTRY AND PHYSIOLOGY   Vol.  42  No. 1  2006

SIDOROV

than that of the satiated ones [14]. The hemolymph
pH value remains unchanged in satiated and hun�

gry free moving Lymnaea individuals; hence, it does
not determine the mollusc locomotor activity in

Fig. 3. Spontaneous electrical activity of motoneurons of the locomotor network of the Lymnaea stagnalis (PeA�cluster)
at different pH. Synchronous recording. Upper line—non�identified neuron of the PeA cluster, lower line—RpeA8 neu�
ron; (a), (b) (continuation)—at acidulation of medium (beginning of the solution replacement from pH 7.8 to 6.8 is
marked by two�end arrow); (c) (continuation, pause 30 min) at normalization of conditions (beginning of the solution
replacement from pH 6.8 to 7.8 is marked by double two�end arrow).



JOURNAL OF EVOLUTIONARY BIOCHEMISTRY AND PHYSIOLOGY   Vol.  42  No. 1  2006

COORDINATION OF LOCOMOTOR ACTIVITY OF MOLLUSC 47

these functional states. In the course of food con�
sumption, locomotion decreased significantly,
which is due to a decrease of the hemolymph pH
value in the animals that are in the state of alimen�
tary excitation as compared with hungry individu�
als [4]. The results of the present work indicate that
motoneurons of the locomotor network are able to
react adequately to the pH value changes. With acid�
ification, their electrical activity increases marked�
ly, which correlates well with a decrease of the
movement rate in animals in the state of alimentary
excitation when the pH value also is shifted to the
acidic side. The revealed changes of the spontane�
ous activity patterns (transition from the tonic to the
phasic regime) indicate a possibility of involvement
of muscular component in the process of the mol�
lusc translocation, when it is necessary at movement
accompanied by significant energy expenditures, for
example, at nutrition with rude plant food.

Discovery of the phenomenon of the signal vol�
ume transmission has allowed a new insight into
processes of intercellular communication [15].
Undoubtedly, the H+ concentration belongs to
one of such organism paracrine components. Its
effects can be realized through activation of pro�
ton�gated ionic channels [16] belonging to the fam�

ily of the acid�sensitive ionic channels (ASIC) due
to the direct effect on calcium or sodium perme�
ability [17]. The existence of ligand�controlled
acid�sensitive ionic channels was established in the
RPeD1 neuron membrane in the Lymnaea cen�
tral nervous system some years ago [18]. Undoubt�
ed is a modulating pH effect on the FMRF�amid�
produced changes of the ionic membrane conduc�
tivity of RPeD1, the key neuron involved in regu�
lation of numerous physiological functions in Lym�
naea [19], including the locomotor activity [5, 11].

Thus, the organism functional state is charac�
terized by establishment of a new balanced state in
the internal media, which is due to different de�
gree of metabolic expenditures aimed at its main�
tenance. The H+ concentration is a factor coordi�
nating activity of nutrition and locomotion nervous
centers, while its effects are realized by a direct ef�
fect on neuronal correlates of different forms of the
Lymnaea behavior.
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Fig. 4. Spontaneous electrical activity of the motoneuron (RpeA8) of the locomotor network of Lymnaea stagnalis at
acidulation of medium. (a), (b) Continuous recording. Arrow marks beginning of the solution replacement (pH from 7.8
to 6.8).



48

JOURNAL OF EVOLUTIONARY BIOCHEMISTRY AND PHYSIOLOGY   Vol.  42  No. 1  2006

SIDOROV

REFERENCES

1. Moroz, L.L., Monoaminergic Control of Respira�
tory Behaviour in the Freshwater Pulmonate Snail,
Lymnaea stagnalis (L.), Signal Molecules and Be�
haviour, Winlow, W., Vinogradova, O.S., and Sa�
kharov, D.A., Eds., Manchester: Manchester
Univ., 1991, pp. 101–123.

2. Dawkins, M., Behavioural Analysis of Coordinat�
ed Feeding Movements in the Gastropod Lymnaea
stagnalis (L.), J. Comp. Physiol., 1974, vol. 92,
pp. 255–271.

3. Jansen, R.F. and ter Maat, A., Ring Neuron Con�
trol of Columellar Motor Neurons during Egg�Lay�
ing Behaviour in the Pond Snail, J. Neurobiol.,
1985, vol. 16, pp. 1–14.

4. Sidorov, A.V. and Polyanina, I.P., Acid–Base Bal�
ance Modulates Respiratory and Alimentary Be�
haviour of the Mollusc Lymnaea stagnalis (L.), J.
Evol. Biochem. Physiol., 2003, vol. 39, pp. 555–561.

5. Tsygankov, V.V., Coordination of Activity of Mo�
noaminergic Pedal Neurons in Freshwater Snails,
Ross. Fiziol. Zh., 2000, vol. 86, pp. 369–378.

6. Sakharov, D.A., Integration of High Threshold
Whole�Body Withdrawal in the Pond Snail, Signal
Molecules and Behaviour, Winlow, W., Vinogra�
dova, O.S., and Sakharov, D.A., Eds., Manches�
ter: Manchester Univ., 1991, pp. 124–130.

7. Slade, С.Т., Mills, J., and Winlow, W., The Neuro�
nal Organization of the Paired Pedal Ganglia of
Lymnaea stagnalis (L.), Сотр. Biochem. Physiol.,
1981, vol. 69A, pp. 789–803.

8. Syed, N.I. and Winlow, W., Morphology and Elec�
trophysiology of Neurons Innervating the Ciliated Lo�
comotor Epithelium in Lymnaea stagnalis (L.), Сотр.
Biochem. Physiol., 1989, vol. 93A, pp. 633–644.

9. Jones, H.D., Locomotion, Pulmonates, Seller, V.F.
and Peake, J., Eds., London: Acad., 1975, vol. 1,
pp. 1–32.

10. Winlow, W. and Haydon, P.G., A Behavioural and
Neuronal Analysis of the Locomotory System of
Lymnaea stagnalis, Сотр. Biochem. Physiol., 1986,
vol. 83A, pp. 13–21.

11. Tsygankov, V.V., Neuronal Correlations of Sero�
tonin�Depended Motor Behavior of the Snail Lym�
naea stagnalis, Cand. Sci. Dissertation, Moscow,
2001.

12. Syed, N.I., Harrison, D., and Winlow, W., Loco�
motion in Lymnaea: Role of Serotonergic Moto�
neurones Controlling the Pedal Cilia. A�Cluster
Neurons, Neurobiology of Invertebrates: Transmit�
ters, Modulators and Receptors, Salanki, J. and
Rosza, K.S., Eds., Symp. Biol. Hung., 1988, vol. 36,
pp. 387–402.

13. Prosser, K.L., Sravnitel’naya fiziologiya zhivotnikh
(Comparative Animals Physiology), vol. 2, Mos�
cow, 1977.

14. Kazakevich, V.B., Sidorov, A.V., and Gurin, V.N.,
Block of the Nitrogen Monoxide Synthesis Leads
to an Increase of Heart Rate and Locomotor Ac�
tivity of the Mollusc Lymnaea stagnalis, Izv. NAN
Belarusi, Ser. Med.�Biol. Nauk, 2001, no 2, pp. 34–
36.

15. Agnati, L.F., Cortelli, P., Biagini, G., et al., Dif�
ferent Classes of Volume Transmission Signals Ex�
ist in the Central Nervous System and Are Affect�
ed by Metabolic Signals, Temperature Gradients
and Pressure Waves, Neuroreport, 1994, vol. 6,
pp. 9–12.

16. Kellenberger, S. and Schild, L., Epithelial Sodium
Channel/Degenerin Family of Ion Channels: A
Variety of Functions for a Shared Structure, Phys�
iol. Rev., 2002, vol. 82, pp. 735–767.

17. Konnerth, A., Lux, H.D., and Morad, M., Proton�
Induced Transformation of Calcium Channel in
Chick Dorsal Root Ganglion Cells, J. Physiol.
(London), 1987, vol. 386, pp. 603–633.

18. Perry, S.J., Straub, V.A., Schofield, M.G., et al.,
Neuronal Expression of an FMRFamide�Gated Na
Channel and Its Modulation by Acid pH, J. Neu�
rosci., 2001, vol. 21, pp. 5559–5567.

19. Winlow, W., Haydon, P.G., and Benjamin, P.R.,
Multiple Postsynaptic Actions of the Giant Dop�
amine�Containing Neurons, R.Pe.D.l, of Lymnaea
stagnalis (L.), J. Exp. Biol., 1981, vol. 99, pp. 207–
221.


