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Abstract—Rapid responses of the key interneurons identified in the respiratory (RPeD1),
locomotor (LPeD1) and cardioregulatory (VD1/RPaD2) networks of the CNS ganglia in a mollusk
Lymnaea stagnalis under the action of D�glucose (1 and 10 mM) were studied. Under acute
hyperglycemia (10 mM), an increase in the firing rate of VD1/RPaD2 neurons and its decrease in
LPeD1 neurons, as observed already within the first minute after exposure, were detected; at the
same time, the firing rate of RPeD1 neurons remained intact. Bath application of glucose at lower
concentrations (1 mM) led to no significant changes in the electrical activity of all these neurons.
The observed effects were not associated with an increased production of reactive oxygen species
(ROS) in the cytoplasm, since the fluorescent probe (2',7'�dichlorodihydrofluorescein diacetate)
failed to reveal their accumulation in the CNS ganglia cell suspension after glucose (10 mM)
application during the short�term period (5 min) as compared to the control. Action potential
shape analysis under conditions of hyperglycemia (glucose, 10 mM) revealed in highly glucose�
sensitive VD1/RPaD2 neurons an increase in the rate of slow membrane depolarization to reach a
threshold potential, while the other spike phases remained unchanged. It is assumed that the
glucose effects toward the frequency characteristics of the above L. stagnalis interneurons are
realized via modification (intensification) of the electrogenic Na+�coupled glucose co�transporter
and depend on their functional identity (incorporation into a specific neural network).
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INTRODUCTION

The ability to detect glucose levels in the sur�
rounding extracellular space is characteristic of a
number of central nervous system (CNS) neurons
in vertebrates [1, 2] and invertebrates [3, 4]. The

presence of such cells ensures the efficient opera�
tion of the functional system aimed at maintain�
ing a constant glucose level in the internal
environment of an organism [5], which is gener�
ally typical for vertebrates, and/or initiates certain
behavioral responses, mainly associated with for�
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aging, as noted for a number of invertebrates,
including mollusks [4]. In this regard, glucose can
be considered as a signaling molecule that spreads
diffusely in the internal environment of an organ�
ism (blood/hemolymph, interstitial fluid) and
provides nonspecific extrasynaptic effects toward
a whole complex of nerve cells, as is typical for the
volume transmission [6]. However, it is unclear
whether the effect of glucose on diverse neurons,
initially nonspecialized for its detection, within
different CNS neural networks is universal, i.e.,
always unidirectional (e.g., depolarization and
increased firing under hyperglycemia), or a multi�
directional pattern of neuronal responses should
be expected, depending, e.g., on the functional
identity or neurotransmitter specificity of the
nerve cell.

CNS ganglia of a mollusk Lymnaea stagnalis
comprise a number of large (soma diameter
~ 100 μm) identified neurons that differ from one
another both functionally (being incorporated into
neural networks involved in the regulation of dif�
ferent forms of behavior) and chemically (express
different neurotransmitters), which makes this
mollusk one of the model objects in neurobiologi�
cal studies [7]. Glucose�sensitive CNS neurons of
L. stagnalis concentrate mainly within the buccal
ganglia, neural networks of which provide the
functioning of the feeding central pattern genera�
tor and foraging in general [8, 9]. Isolation of the
buccal ganglia from the central ganglionic ring
represents is a simple procedure (transection of the
cerebrobuccal connectives). In turn, this makes it
possible to evaluate per se responses to metabolic
signals of cells beyond the feeding network (a
number of modulatory neurons of the feeding net�
work, e.g., cerebral giant cells enter into the com�
position of the central ring ganglia).

Various effects of glucose toward nerve cells can
be realized via an increase in the intracellular con�
centration of reactive oxygen species (ROS) due
to intensification of oxidative phosphorylation
processes in the mitochondrial electron transport
chain [10] in response to an increase in the level of
sugars (i.e. energy substrates) in the cytoplasm of
neurons. The glucose concentration in L. stagnalis
hemolymph, depending on the degree of food
consumption, can rise many times, from initial
57 mg/mL (hungry individuals) to 760 mg/mL

(satiated individuals) [11]. On the other hand,
hyperglycemia, moderate in its duration (hours)
and followed by the normalization of glucose
homeostasis, leads to a change in the antioxidant
status of nervous tissue as soon as a single day
[12], while the modulatory effect of ROS on the
identified neurons of both feeding [13, 14] and
cardiorespiratory [14, 15] networks of L. stagnalis
are well known. Nevertheless, the possibility of
intraneuronal accumulation of ROS within the
first minutes after a rise in the interstitial glucose
concentration, which may underlie rapid (min�
utes) neurotropic effects of glucose, remains
unclear.

Based on the above�said, we set ourselves the
task of evaluating in this study the rapid effects of
the elevation of extracellular glucose levels on the
parameters of electrical activity of functionally
different non�feeding CNS neurons in L. stagna�
lis, as well as elucidating the possible mechanism
behind these effects.

MATERIALS AND METHODS

Animals. The mollusks (pond snails Lymnaea
stagnalis L.) were collected in shallow reservoirs
with flowing water (land�reclamation and drain�
age canals). In the laboratory, the mollusks were
kept in aquaria with water volume of no less than
1 L per individual, at a temperature of 20 ± 1°C,
with ad libitum access to food (salad leaves). The
water was changed at a weekly basis. Unidimen�
sional mollusks (shell height, 3.5 ± 0.4 cm;
weight, 3.5 ± 0.5 g) were only used in experi�
ments.

Electrophysiology. Spontaneous electrical activ�
ity of the identified neurons was evaluated within
an isolated CNS preparation (central ring ganglia
without the buccal ones). To soften the perineural
sheath and thus facilitate the penetration of micro�
electrodes into neurons, the preparations were pre�
treated with a pronase solution (1 mg/mL;
Protease E, type XIV, Sigma, USA) for 5 min at
20°C. The electrical activity of neurons was
recorded after washing the pronase solution off
with fresh saline for 30 min. CNS preparations
were placed into a normal Ringer’s solution con�
taining (mmol) 44.0 NaCl, 1.7 KCl, 4.0 CaCl2,
1.5 MgCl2·6H2O, 10.0 HEPES (pH 7.6 ± 0.03).
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Intracellular recording of the neuronal electrical
parameters was carried out using Ag/AgCl elec�
trodes and an MC�01M amplifier (Lintech,
Belarus). Micropipettes were filled with 2.5 M KCl
(tip resistance, 10–20 M). Chlorinated silver
wire was used as an indifferent electrode.

For each preparation (neuron), electrical activity
was recorded under control conditions (at least
2 min after stabilization of the membrane potential
and spike frequency since microelectrode penetra�
tion into the cell) and immediately after glucose
addition (during the next 2 min). A freshly prepared
(Ringer’s solution�based) solution of D�glucose
(analytical grade; Analysis X, Belarus) was applied
onto the surface of the CNS preparation; its final
concentrations in a thermostabilized (20 ± 0.5°C)
experimental bath were 1 and 10 mM, respectively.
To record and analyze electrical signals, the Input�
Win electronic oscilloscope software was used [16].

Neurons were categorized by their size, location
within the CNS, color, and spontaneous activity
pattern. The effect of glucose on the CNS prepara�
tion was assessed by the influence it exerted on a
number of indicator cells in different ganglia. This
study was implemented on giant intercalated neu�
rons of the pedal ganglia: dopaminergic RPeD1
and serotonergic LPeD1, as well as peptide�con�
taining electrically coupled cells of the visceral and
right parietal ganglia VD1/RPaD2, integrated into
at least several neural networks, including the
locomotor and cardiorespiratory (location and
maps, basic characteristics, nomenclature princi�
ples, and identification features are presented,
e.g., in [17]. Recording of electrical activity from
neurons integrated into the whole CNS, i.e.,
under conditions of preserved relationships within
the neural network (in contrast to neurons iso�
lated by culturing or modifying synaptic transmis�
sion), enables assessment of glucose effects,
depending on the neuronal functional identity:
network rhythm generators that determine the
implementation of motor forms of animal behav�
ior make up a complex of co�working structures
[8]. In addition, a “lucky” feature of the selected
cells is the fact that the pattern of their electrical
activity can serve as an additional indicator allow�
ing the assessment of glucose effects in the CNS:
while regular discharges, as a rule, characterize
the neuron’s own rhythm, irregular activity is pre�

dominantly associated with synaptic inputs that a
given cell receives [17].

ROS accumulation in neurons. In the isolated
CNS, the connective tissue capsule of the ganglia
was torn with tweezers; a suspension of thus
released neurons was obtained in Ringer’s solution
with a volume of 200 μL (for a single CNS sample).
To assess ROS accumulation in the cytoplasm, the
fluorescent probe 2',7'�dichlorodihydrofluorescein
diacetate (DCFDA) with excitation and emission
maxima ex = 501, em = 525 nm, respectively
(Sigma�Aldrich, USA) was used at a final concen�
tration of 10 μM. The probe was added directly to
the cell suspension, which was then kept in the
dark for 1 h. After incubation, the cells were sedi�
mented by centrifugation (6000 rpm, 5 min), the
probe�containing saline was removed, and the
cells were resuspended with fresh Ringer’s solu�
tion. The cells were twice washed from probe
traces.

Ready�to�use samples (by 8 for each experi�
mental series) with a volume of 225 μL were allo�
cated in individual wells of a 24�well plate.
Fluorescence intensity was evaluated before
(0 min) and 5 min after experimental exposure.
The test group cells were added with 25 μL of
100 mM glucose (final concentration per well,
10 mM), while control group cells were added
with an equal volume of Ringer’s solution.
Hydrogen peroxide (final concentration, 1 mM)
was used as an additional (positive) control; it was
added to the suspension of cells pre�added with
FeSO4·7 Н2О and EDTA (both at a final concen�
tration of 10 μM), securing the initiation of ROS
production (primarily of the hydroxyl radical).

Fluorescence (excitation at 501 nm, emission at
529 nm) of the resultant product was measured
using a Cary Eclipse Fluorescence Spectropho�
tometer (Agilent Technologies, USA) in three
replicates of each measurement (a single arithme�
tic mean value was thereafter used). The averaged
fluorescence intensity of the wells containing
control cells (before exposure, 0 min) was taken as
100%.

Statistical analysis. The experimental data were
processed using the conventional methods of bio�
medical statistics and features of Statistica 6.0. The
normality of distribution for each series of experi�
mental data was pre�tested using the Shapiro–Wilk
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W�test. In the case of normality confirmed for all
comparison groups, the parametric paired sample
Student’s t�test was employed, and the data were
presented as M ± SEM. If normality was not con�
firmed for all experimental groups, the nonpara�
metric Wilcoxon matched pairs test or Friedman
chi�squared test (2) were used for one�way
ANOVA (Friedman ANOVA) when comparing
two or more dependent samples, respectively, and
the data were presented as a median (lower and
upper quartiles). The number of observations (n)
is indicated individually for each analyzed sample.
The intergroup differences were considered statis�
tically significant at p ≤ 0.05.

Compliance with ethical standards. All applica�
ble international, national and/or institutional
principles of handling and using experimental
animals for scientific purposes were observed.
This study did not involve human subjects as
research objects.

RESULTS

Electrical activity of neurons. The addition of
glucose (final concentration of 1 mM) led to no
statistically significant changes in the indicators of
spontaneous electrical activity (frequency, resting

potential level) within the short period (during the
1st and 2nd min after a rise in the bath glucose
level) in any of the neurons tested. Specifically,
the following 2 values (Fridman ANOVA) were
determined for the spike frequency: 0.51 (p =
0.99), 1.88 (p = 0.87), and 4.52 (p = 0.48) for
RPeD1, LPeD1, and the VD1/RPaD2 pair,
respectively.

In contrast, the increasing of the glucose level
in the bath solution to 10 mM led to a pronounced
modification of electrical characteristics of the
tested neurons immediately after glucose addition
(Figs. 1, 2). For instance, the dopamine�contain�
ing neuron RPeD1 shows a weakly pronounced
membrane hyperpolarization (by 5.4 ± 0.8 mV,
n = 8) as soon as the 1st min after glucose applica�
tion, which persists at this level afterwards, i.e., in
the 2nd min. Nevertheless, no statistically signifi�
cant changes in the spike frequency in compari�
son with the initial (control) conditions were
found for any of the time intervals studied
(Figs. 1, 2a). It is worth noting individually that
the electrical activity pattern of this neuron shows
some transformation from phasic activity, when
discrete spike bursts are separated by pronounced
time intervals of spikeless activity, to tonic activ�
ity, in which action potentials follow each other

Fig. 1. Frequency of action potential generation (spike frequency) in the identified neurons of Lymnaea stagnalis under fast�
developing hyperglycemia.The values of the studied indicators (median, numbers above the columns), interquartile ranges
(error bars), and the number of the studied neurons of each type (n) are indicated. The point at which glucose (Glucose,
10 mM) is applied is marked with an arrow. For all neurons, the χ2 value (Friedman ANOVA) and the significance level (p) are
shown. Statistically significant differences (p < 0.05, Wilcoxon matched pairs test) vs. control conditions (0–30 or 31–60 s)
are additionally marked with asterisk (*) and hash (#) symbols, respectively.
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continuously (compare the upper record with the
middle and lower ones in Fig. 2a).

The serotonin�containing LPeD1 neuron
demonstrates the invariability of the membrane
potential value in hyperglycemia throughout the
entire time interval studied. Nevertheless, the
spike frequency significantly decreases, most
notably (by 1.35 times) immediately (within the
first 30 s) upon glucose bath application to the iso�
lated CNS preparation (Figs. 1, 2b). No changes
in the electrical activity pattern were observed.

Progressive membrane depolarization in response
to an elevation of glucose levels is characteristic of a
pair of electrically connected, peptide�containing
VD1/RPaD2 neurons. For the VD1 cell, as soon

as the 1st min after glucose application, its value
was 5.6 ± 0.6 mV (n = 6) of the control value,
reaching 10.8 ± 0.8 mV (n = 6) in the second min�
ute of the experiment. In the VD1/RPaD2 neu�
ron, membrane potential fluctuations were not
that pronounced, 4.2 ± 0.6 and 8.8 ± 0.9 mV (n =
6) in the 1st and 2nd min of observation, respec�
tively, thus retaining the tendency noted for VD1.
The spike frequency in these cells increased
already in the first minute after glucose applica�
tion by 1.2 times compared to the initial for the
control conditions, remaining at the achieved
level later on (Figs. 1, 2c). As in the case of
LPeD1, no transformation of the pattern of spon�
taneous electrical activity in VD1/RPaD2 neuron

Fig. 2. Spontaneous electrical activity of the identified Lymnaea stagnalis neurons under hyperglycemia (glucose final concen�
tration, 10 mM). (a) Dopaminergic neuron RPeD1, (b) serotoninergic neuron LPeD1, (c) peptide�containing neuron
RPaD2. For each neuron: upper record—control conditions, middle record—1st min, lower record—2nd min after glucose
bath application (same neuron). Calibration: time—1 s, amplitude—25, 35, 60 mV for (a), (b), (c), respectively.
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was noted: cells firing showed a distinct tonic pat�
tern.

An additional spike shape analysis of the pace�
maker neuron VD1, as the cell most sensitive to
the effect of glucose among the neurons studied
herein, showed that, under conditions of hyper�
glycemia, the rate of slow membrane depolariza�
tion increases (the curve slope, which reflects a
change in the membrane potential during the
development of the action potential, rises,
Fig. 3b), decreasing thereby the time to reach a
threshold potential and predetermining the

enhancement of the spike activity (Fig. 3a). With
regard to the temporal indicators of other spike
phases (depolarization, repolarization, under�
shoot), no pronounced changes were revealed.

Analysis of ROS accumulation in neurons. The
use of a fluorescent probe allowed assessing the
possibility of ROS generation in isolated cells of
L. stagnalis nerve ganglia in the first minutes after
the creation of hyperglycemic conditions. The
addition of glucose (10 mM, final concentration)
to the cell suspension caused no increase in the
fluorescence intensity even after 5 min since the

Fig. 3. Spontaneous electrical activity of the Lymnaea stagnalis VD1 neuron under normal and hyperglycemic conditions
(glucose, final concentration 10 mM). (a) Record’s fragment, (b) when superimposing action potentials on each other (spike
alignment by the resting membrane potential). For (a): upper record—control conditions, lower record—after glucose appli�
cation (in the 2nd minute). For (b): gray line— control conditions, black line— after glucose application. Calibration: time—
1  s, amplitude—50 mV.

Fig. 4. Fluorescence in suspension of L. stagnalis isolated ganglionic cells. (a) Fluorescence at the initial time point (0 min) is
taken for 100 % (for each series individually), (b) fluorescence in the control group is taken for 100 % (for each time interval,
0 or 5 min, individually). “Ringer”—control (normal Ringer’s solution), “Glucose”—experimental conditions (glucose,
10 mM, final), “Peroxide”—positive control (hydrogen peroxide, 1 mM, final). Data presented as M ± SEM. The number of
samples (n)—8 for each experimental series. Statistically significant differences (Student’s t�test for dependent (a) or indepen�
dent (b) data groups) are marked with asterisk (*); the p level is indicated additionally.
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onset of glucose action, completely reproducing
cell responses under control conditions (Fig. 4).
At the same time, artificial initiation of oxidative
processes by adding hydrogen peroxide to the cell
suspension (positive control), without delay
(already by the 5th min), led to ~ 40% increase in
the fluorescence intensity, confirming thereby the
accumulation of ROS in the cytosol.

DISCUSSION

Our data confirm the ability of a number of
large CNS interneurons in L. stagnalis to act as at
least indicator cells that reflect rapid glucose sens�
ing in the CNS when its level in the extracellular
milieu goes up. The most significant shifts in the
spike frequency were observed in a pair of pep�
tide�containing (more than 10 forms) neurons
VD1/RPaD2 integrated into the cardiorespiratory
neural network [18, 19]. Their processes were
found, besides other regions, in the atrium of the
pond snail; some of their peptides share a similar�
ity with the cardioactive 1�peptide in Aplysia
[20], and under hyperglycemic conditions, there
is an increase in the heart rate in L. stagnalis [21].
VD1 is a leading neuron in the VD1/RPaD2 pair
and has pacemaker properties, in contrast to
RPaD2, which is connected with VD1 via an
electrical synapse [22]. Therefore, the effects of
glucose may be due to its action predominantly on
the VD1 plasma membrane, as indirectly evi�
denced by a greater degree of changes in its resting
potential compared to RPaD2. It is important to
emphasize that the invariability of the functional
pattern of these cells (tonic character, i.e., the
lack of evident synaptic inputs), under both con�
trol and experimental conditions, indicates that
the observed effects are due to intrinsic rearrange�
ments of their membranes, but are not induced by
extraneous neurons of the network through modi�
fication of synaptic transmission. Modulation in
the heart muscle performance is extremely
important in terms of the mollusk’s hydroskeleton
formation, largely determining the movements of
its body, including locomotion, which clearly
alter in the course of foraging. In this regard, the
noted decrease in the rate of locomotion of the
pond snail during its movement on the food sub�
strate in the satiated state [23] correlates well with

the observed decrease in the spike frequency in
the serotonin�containing neuron LPeD1, which
regulates the activity of the L. stagnalis locomotor
network [24]. A similar effect of suppressing spike
activity, as observed within the first minutes after
glucose application (250 μg/mL, i.e. 1.39 mM),
was also detected in isolated motor neurons of the
locomotor network (PeA cluster serotonergic
cells), although for the same cells within the inte�
gral CNS, this effect was weaker [25].

To remind, the influences being described now
were found in preparations of an isolated CNS that
contained no buccal ganglia. In this context, glu�
cose can have signaling properties and implement
its corrective effects toward CNS neurons as an
agent of volume transmission, supplementing
thereby true synaptic influences (inputs) from the
glucose�sensitive cells of the buccal ganglia and/or
their putative counterparts in the central ganglionic
ring. At the same time, some of the CNS structures
are relatively insensitive to this effect as can be
exemplified by the dopamine�containing neuron
RPeD1, a key element of the central respiratory
pattern generator [26], as there is no fast (within
minutes) modification (intensification or termina�
tion) of pulmonary respiration while foraging.

In this cell, glucose�induced membrane hyper�
polarization may be due to functional modification
of plasma membrane ion channels, which largely
determine the glucose uptake pattern, at least in
interstitial cells found in the gastrointestinal tract
[27]. As a rule, it concerns the cation�conducting
pathways of Na+, K+, and Ca2+ transfer across the
membrane, while the only cation, whose enhanced
transmembrane transport can lead to membrane
hyperpolarization, is K+. Nevertheless, in nerve
cells of both vertebrates [28] and invertebrates [29],
an increase in the interstitial glucose level is associ�
ated with inactivation of ATP�sensitive K+ chan�
nels that leads, at least theoretically, to membrane
depolarization. In this regard, the effect we have
noted for the membrane potential of RPeD1
(hyperpolarization) should probably be attributed
to the modification (presumably, attenuation) of
synaptic inputs to this cell, since the RPeD1 neu�
ron integrates signals from other neurons or their
groups located in the L. stagnalis CNS [17]. This
assumption is supported by the transformation of
its electrical activity pattern from phasic, usually
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reflecting the presence of synaptic inputs, to tonic,
as well as by the fact that membrane hyperpolariza�
tion in the RPeD1 of L. stagnalis was detected in a
calcium�free/high�magnesium solution, i.e. in the
case of blockade of chemical synaptic transmission
[30].

The glucose concentration in L. stagnalis
hemolymph relies largely on the animal’s feeding
pattern as an increase in glucose level serves a
stimulus to speed up growth and reproduction
processes [31]. According to the data obtained in
the mid 70’s, the basal glucose level in L. stagnalis
hemolymph is relatively low, 30 μg/mL
(0.16 mM), which is generally confirmed by our
data as well [12]. From this point of view, the
absence of the effects of glucose at a concentra�
tion of 1 mM, i.e. exceeding the basal level by
almost an order of magnitude, appears somewhat
surprising. However, it is remarkable that the ini�
tial glucose level in hemolymph is determined,
among other things, by a diet. High�carb foods
quickly elevate it up to 86 μg/mL (0.48 mM), i.e.,
fluctuations in the glucose level wthin the 1 mM
range do not look too surprising compared to the
jump up to 760 μg/mL (4.22 mM) recorded previ�
ously in satiated animals [11]. It would be relevant
to assume that the transient maximum glucose
concentration in the internal milieu of L. stagnalis
may well reach a level of about 10 mM, i.e., the
effects we have discovered are quite physiological.

Despite the intensification of oxidative pro�
cesses that accompany glucose uptake, we failed
to find a rapid, avalanche�like elevation of the
cytoplasmic ROS level in ganglionic neurons of
the pond snail. This may indicate both a relatively
slow accumulation of ROS (produced due to utili�
zation of “additional” glucose) and the presence
of a well�developed system of intracellular antiox�
idant defense (many neurons contain retinoids
[32]) able to arrest a sharp increase in the intracel�
lular free radical background, at least in the initial
period after exposure.

An increase in the rate of slow depolarization,
revealed in VD1 spike shape analysis, indicates a
modification (elevation) of the membrane Na+�con�
ductivity, probably due to the intensification of the
electrogenic Na+�glucose cotransport, as
observed in neuroendocrine light�green cells in
the cerebral ganglia [33]. An increase in glucose

levels (maximum effect was observed at 5 mM)
leads to depolarization and increased firing of
these cells, accompanied by a discharge of a
“cocktail” of various neuropeptides, including
insulin�like (molluscan insulin�related peptide),
which determine the implementation of meta�
bolic processes at CNS and whole organism levels
[34, 35]. Normalization of the glucose content, at
least with regard to its peak values, actually desen�
sitizes neurons, allowing implementation of a new
cycle of events initiated by a sharp increase in the
level of this metabolite in hemolymph.

CONCLUSION

A sharp increase in the extracellular glucose level
causes a modification of electrical activity of the
identified Lymnaea stagnalis interneurons, depend�
ing on their functional identity. The most sensitive
cells that respond to an increase in glucose levels in
the CNS extracellular space are peptidergic cardio�
regulatory neurons VD1/RPaD2 and serotonin�
containing neurons LPeD1 of the locomotor net�
work, while dopaminergic neurons of the respira�
tory central pattern generator (RPeD1) retain their
electrical characteristics practically unchanged.
This may indicate the ability of glucose, as a factor
of volume transmission, to act as a fast metabolic
signal that determines the functioning of neural net�
works in the mollusk brain and the realization of its
effects at the level of a whole organism.
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