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1. Introduction

Aestivativation and hibernation both represent forms 
of animal quiescence, characterized by a particular 
type of dormancy when the rates of metabolism, 
oxygen consumption and cellular energy demands are 
significantly suppressed (Navas and Carvalho, 2010). 
While hibernation is an adaptation to cold climates 

(Bui et al., 2023; Ugwuoke et al., 2022), aestivation is 
rather a strategy to cope with warm, dry conditions 
(Sheralieva et al., 2023; Zaitsev et al., 2024). In such 
circumstances, animals appear to enter a sleep-like state 
and cease feeding (Karmaliyev et al., 2023; Shevko et al., 
2023). This is strategy of surveillance mechanism to endure 
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ganglia for 1 hour. After removing the outer connective 
tissue sheath, neurons were carefully isolated from each 
other through repeated pipetting. The neurons were 
sedimented at 2000 rotations per minute and washed 
twice with Hank’s solution (200-220 mOsm) using the 
same sedimentation procedure (Santos and Boehs, 2021). 
These isolated neurons were subsequently placed in tissue 
culture dishes with cover glass for one hour, during which 
time the cells adhered to the glass surface.

Recording of current from isolated neurons were 
conducted using the single-electrode voltage clamp 
mode with an AxoPatch 200B amplifier. Electrodes with 
resistances ranging from 3.5 to 4.5 MΩ were prepared 
from fire-polished borosilicate glass capillaries (Satter 
Instrument) using a PC-100 (Narishige) drawing tube. These 
electrodes were filled with a pipette solution containing 
the following concentrations (in mM): 83 KCl, 10 MgCl2, 
5 EGTA, 10 HEPES, 2 MgATP, adjusted to a pH of 7.4. The bath 
solution contained the following (in mM): 85 NaCl, 9 KCl, 
5 CoCl2, 7 MgCl2, 10 HEPES, 5 Glucose, 0.003 tetrodotoxin, 
also adjusted to a pH of 7.4. In some experiments the 
solutions containing CaCl2 instead of CoCl2 and without 
tetrodotoxin were used.

Series resistance and membrane capacity were online 
compensated. Only the cells with a membrane potential 
more negative than -40 mV were included in analysis. 
The membrane capacity of the cells averaged 51.6 ± 
22.6 pF. Ion currents of each cell were normalized to the 
unit of membrane capacity and expressed as pA/pF. Data 
acquisition and analysis were performed using Axopatch, 
Clampfit 10.4, GraphPad Prism, and Excel software.

Ion channel conduction was calculated using the 
equation:

   
  
IG

Vm Ek
=

−
 (1)

In this Equation 1, G is conduction, I is the current 
density, Vm is clamped potential, and Ek is the equilibrium 
potential for potassium (K+). 

Ek was determined using the Nernst equation: 
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In this Equation 2, R is the gas constant, T is the 
temperature in Kelvin, F is Faraday’s constant, [K]out is the 
extracellular potassium concentration in the bath solution, 
and [K]in is intracellular potassium concentration in the 
pipette solution.

The data for K channel activation and inactivation were 
fitted by Boltzmann equation:
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In this Equation 3, f(V) represents the normalized to 
maximal value conduction, V50 is the membrane potential 
at which the ion current reaches half of its maximal value, 
Gmax is the maximal value of conduction, Vc is the slope 
factor, and C is a constant.

unfavorable environmental conditions (Kubenkulov et al., 
2018; Kussainova et al., 2023; Mukhamadiyev et al., 2023; 
Nokusheva et al., 2023; Rahim et al., 2023).

Both aestivated and hibernated animals undergo 
general changes in their organism including alterations in 
cell metabolism, signaling, ion composition (Wang et al., 
2015). In mammals, hibernation is associated with 
increasing activity of hippocampal neurons and inhibition 
of reticular formation neurons in the brain stem, leading 
to torpor bouts (Hamilton et al., 2017). The involvement 
of certain neuropeptides in regulating the hibernation 
state of mammals has been demonstrated. In response 
to decreased metabolic rate during aestivation of the 
African lungfish, there is an associated reduction in the 
activity of genes responsible for immune system function 
(Niu et al., 2023).

Dormancy is marked by alterations in ion channel 
activity. Studies on frog skin during hibernation 
demonstrated a decrease in Na+ and Cl- transport (Kosik-
Bogacka and Tyrakowski, 2007). Investigations by Kiss et al. 
(2014) revealed a reduction in the inward Na+ current in 
mollusk neurons during hibernation.

Inward ion currents, such as Na+ and Ca2+, play a crucial 
role in generating changes in membrane potential, including 
action potentials and gradual potentials (Jabeen et al., 
2021). These currents are integral to transmission, 
providing information transfer between cells. This 
function is particularly vital for nervous cells that control 
the functional activity of other cells within an organism 
(Lehmann-Horn and Jurkat-Rott, 2003; Senatore et al., 
2016). Conversely, outward current, provided by K+ 
channels contribute to restoring the membrane potential 
to its resting level and maintaining the resting membrane 
potential (Battonyai et al., 2014). To explore the potential 
association between changes in inward current during 
aestivation and outward current, we investigated the 
outward current in the aestivated land snail Achatina fulica. 
We hypothesize, that the decreased activity of inward 
current during aestivation may be linked to changes in 
outward K+ current.

2. Materials and Methods

Specimens of Achatina fulica were gathered from the 
vicinity of the MSUBIT University campus in Shenzhen 
in 2023 and categorized into two groups. The first group 
(16 animals) consisted of active snails housed in captivity 
and maintained on a lattice diet (Abdalla et al., 2023). 
The second group (12 animals) comprised aestivating 
individuals. Aestivation was induced by withholding water 
and food until a cork-like structure appeared, blocking the 
mollusk’s shell. A total of 84 cells from active animals and 
41 cells from aestivated animals were analyzed. The animals 
were studied two to three weeks after sealing their shells.

In electrophysiological researches the neurons of pedal 
ganglia were utilized. Deshelled animals were immersed for 
10 minutes in the bath solution containing 2.5% Listerine. 
The subesophageal neural ring was isolated, and the 
paired pedal ganglia were separated from the rest of the 
ring. Collagenases I, II, and IV (2.5%) were applied to the 
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Statistical significances were assessed using student 
unpaired and paired t-tests, with differences considered 
significant at p < 0.05.

3. Results

The outward currents of all investigated neurons 
exhibited heterogeneity in the kinetics of activation and 
inactivation in response to depolarization voltage steps 
(DVSs). Examples of typical responses of a cell are depicted 
in Figure 1. The holding potential was maintained at -80 mV. 
Activation of outward currents was induced by DVSs 
ranging from -100 mV to 100 mV in 10 mV increments. 
All components of the outward current showed an increase 
with enhanced depolarization.

Three main components of the outward current 
were identified: a very fast component Ia (Ito), and 
slower components Ikdr and KS. To activate the very 
fast Ia current, a hyperpolarization step to -110 mV was 
applied prior to the DVSs. To inactivate the Ia component, 
either a predepolarization 600 ms step to -50 mV or a 
predepolarization 200 ms step to -20 mV were applied 
prior to the DVS.

When a pre-depolarization to -50 mV (for 600 ms) 
was applied instead of hyperpolarization, the very fast 
component Ia became undetectable. The remaining 
currents are identified as Ikdr and KS components. The Ikdr 

component demonstrated fast inactivation but with a 
slower rate compared to the Ia component. The KS current 
demonstrated very slow inactivation and was analyzed at 
the end of recording protocol. Subtracting data recorded 
with hyperpolarizing and depolarizing steps prior to DVSs 
allowed isolating only the Ia component without Ikdr and Is. 
It is characterized by prominent fast inactivation during 
a short time.

The application of tetraethylammonium chloride (TEACl, 
30 mM) led to suppression of the Ikdr and KS components 
of the outward currents. The maximal inhibitory effect of 
TEACl was observed at DVS ranging from -30 to +100 mV, 
with the degree of inhibition reaching 57.8% ± 3.5% for Ikdr 
current and 63.3 ± 4.7% for KS current. The Ia current was 
not significantly inhibited by TEACl. Similar to experiments 
without TEACl, pre-depolarization to -50 mV or -20 mV in 
presence of TEACl resulted in the prominent suppression 
of the Ia current (Figure 1).

The I-V relationships of all three components of the 
outward currents are presented in Figure 2. The very 
fast Ia component is activated at voltage clamped above 
-50 mV, whereas higher (above -20 mV) depolarization 
is required to activate both Ikdr and KS components. 
To compare the responses of active and aestivated snails, 
we conducted a statistical analysis of current densities for 
Ia, Ikdr and KS in a general set of neurons. We also examined 
neuron populations with relatively high and low current 
densities, as well as groups of cells with higher and lower 

Figure 1. Outward currents recorded in the pedal ganglion neuron in response to the DVS application. 1 - Currents are recorded in a 
normal physiological solution. (A) Very fast outward currents (Ia) were activated by a prior hyperpolarization to -110 mV; (B) In the 
same cell, a 600 ms pre-depolarization to -50 mV causes inactivation of Ia component. Remaining currents represent Ikdr and slow Is 
components; (C) The isolated Ia component of the outward current was obtained by subtracting B from A. 2 - Application of TEACl (30 
mM). (A) Ia component of the outward current was initiated with a 200 ms hyperpolarization to -110 mV; (B) Outward currents were 
recorded with a 600 ms pre-depolarization to -50 mV. Compared with recording without TEACl (1B), Ikdr component is suppressed; 
(C) Isolated Ia component in presence of TEACl was obtained by subtracting A from B. 3 - Pulse protocols used to activate outward 
currents. (A) Pulse protocol for the activation of the Ia current; (B) Pulse protocol used to inactivate the Ika current for recording Ikdr 
and Is currents.
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membrane capacity. None of these approaches revealed 
any differences in Ia and Is responses between active and 
aestivated animals (Figure 2).

The same results were obtained for Ikdr when initiated 
by DVSs followed by pre-depolarization to -50 mV. Only 
Ikdr recorded in experiments when pre-depolarization 
to -20 mV was applied showed lower current density in 
aestivated animals compared to active animals at potentials 
higher than 40 mV. In fact, the current density of aestivated 
animals was lower by 26.9±9.5 pA/pF, 33.3±12.7 pA/pF, 
39.1±15.3 pA/pF at fixed potentials +40 mV, +60 mV and 
+80 mV respectively.

To compare K+ channel activation in neurons of active 
and aestivated snails, the conductions of fast and slow 
components of the outward current were calculated. 
The obtained values were used to plot normalized 
conduction as a function of membrane potential. These 
data were then fitted with the Boltzmann equation to 
determine the slope factor (Vc) and voltage causing 50% 
current activation (V50) (Figure 3).

Similar to I-V relationships, the V50value for Ikdr and 
Is components were shifted to more positive potentials 
compared to those for Ia current. The data indicated no 
differences in the V50 and Vc of Ia and Ikdr in the neurons of 
active and aestivated animals. The average value of V50 for 

the Ia component was -18 ± 7.1 mV and -27.6 ± 11 mV in 
active and aestivated animals, respectively. V50 for Ikdr 
component when a pre-depolarization step to -50 mV was 
applied, constituted 6.3 ± 4.3 mV in active animals and 
0.5 ± 2.9 mV in aestivated animals. V50 of Ikdr component 
stimulated by the application of a pre-depolarizing step 
to -20 mV resulted in V50 shifting to 17.8 ± 3.2 mV in active 
animals and 23.4 ± 5.9 mV in aestivated animals. The slope 
factor varied from approximately 30 (Ia component) to 
approximately 20 (Ikdr component) and also demonstrated 
similarities between active and aestivated animals. These 
data suggest that there are no changes in the activation 
kinetics of K+ channels when active animals enter 
aestivation.

To exam the steady-state inactivation of the fast 
component, we conducted experiments using the 
inactivation protocol. Initially, cells were depolarized 
to 30 mV (control response). This step was followed by 
DVSs applied to potentials ranging from -90 to +20, lasting 
for 5 seconds to inactivate the fast currents. These were 
followed by a test stimulus to 30 mV caused the activation 
of the rest of non-inactivated K+ channels. The results were 
plotted as Itest/Icontrol, demonstrating the steady-state 
inactivation (Figure 4).

Figure 2. I-V characteristics of the fast and slow outward current components in the neurons from both active and aestivated animals 
(mean ± SD). (A) Ia component of ion currents was recorded when hyperpolarization to -110 mV was followed by DVSs; (B) Ikdr 
component of ion currents was recorded when 600 ms depolarization to -50 mV was followed by DVSs; (C) Ikdr component of ion 
currents was recorded when 200 ms depolarization to -20 mV was followed by DVSs; (D) KS component was analyzed at the end of 
first recording currents.
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Figure 3. Activation of K+ channels was analyzed as normalized conductivity G/Gmax in respect to clamped potentials. (A) G/Gmax 
for the very fast component activated by a preceding hyperpolarizing step to -110 mV; (B) G/Gmax for the Ikdr component. A pre-
depolarization of 600 ms to -50 mV precedes the application of DVSs; (C) G/Gmax for the Ikdr component. Pre-depolarization of 200 
ms to -20 mV was followed by DVSs; (D) G/Gmax for the KS component.

Figure 4. Steady-state inactivation of the fast Ia and Ikdr outward current components. (A) The left part: pulse protocol employed for studying 
the process of inactivation. First depolarization step to 30 mV (control stimulus) is followed by DVSs and second depolarization step to 30 mV 
(test stimulus). The right part: recorded ion currents; (B) Steady-state inactivation of the Ia component in active animals compared to aestivated 
animals (Mean ± SD); (C) Steady-state inactivation of the Ikdr component in active animals compared to aestivated animals (Mean ± SD).
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The data revealed significant differences between the 
processes of inactivation for the Ia component and the Ikdr 
component. For active snails, half of the inactivation for 
Ia was observed at potentials between -51.3 ± 8.8, while 
half of the inactivation for Ikdr occurred at potentials 
-24.8 ± 9.9; the slope factor did not differ significantly 
between the Ia and Ikdr components (23.8 ± 8.2 and 
21.4 ± 11.2 respectively), Furthermore, we did not find 
any differences in the processes of inactivation between 
active animals and aestivated animals by analyzing V50 (in 
aestivated snails V50 values constituted -45.5 ± 9.8 for Ia 
component and -28.6 ± 7.9 for Ikdr component). Also we 
didn’t find any differences in Vc of Ia current (23.8 ± 8.2 in 
active animals vs. 21.9 ± 9.5 in aestivated animals). The Ikdr 
component demonstrated a decrease in Vc due to aestivation 
by 26.7% (respective Vc values for Ikdr current were 21.4 ± 
11.2 in active snails vs. 15.7 ± 8.1 in aestivated snails).

The process of deactivation was assessed with 
application the deactivation pulse protocol to the cells. 
This protocol involved a 200 ms depolarization to 50 mV, 
followed by returning the potential to values ranging from 
-90 to 0 mV in 10 mV steps (Figure 5). The deactivation 
process was well-fitted by an exponential equation with 
two time constants, τ1 and τ2, indicating its complexity, 
possibly due to the involvement of different types of 
potassium channels. No differences were discovered 
between aestivated and active animals when analyzing 
both τ1 and τ2. For example, τ1 values were 46.8 ± 15.2 and 
65.9 ± 12.8 in active and aestivated snails, respectively, 
when the subsequent depolarization step was -20 mV. 
The corresponding values of τ2 were 4.8 ± 2.3 and 4.9 ± 
4.2 in active and aestivated snails.

4. Discussion

The different aspects of the outward current in the 
pedal ganglia neurons of the land snail Achatina fulica 
were comprehensively analyzed. Mollusk neurons have 
long served as a classic model for investigation these 
ion currents (Kuroda and Abe, 2020; Zolfaghari and 
Vatanparast, 2020). The presence of several types of outward 
currents (Battonyai et al., 2014; Hofmeier and Lux, 1979) 
as well as inward Na+ currents (Gilly et al., 1990, 1997; 
Hernandez et al., 2017) and inward Ca2+ currents (Kits and 
Mansvelder, 1996; Pirger et al., 2010; Tosti et al., 2022) has 
been demonstrated in neurons of different snail species.

Our data reveal the complexity of outward current 
in the neurons. Identifying three main types of outward 
currents: a transitional very fast activating/inactivating 
component Ia (or Ito), Ikdr and KS. Similar components 
have been demonstrated in neurons of both invertebrates 
and vertebrates (Gilly et al., 1997; Koyama and Appel, 
2006a, b; Windley et al., 2011). In our experiments, Ikdr 
and KS components exhibited high sensitivity to TEACl 
(30mM) consistent with the findings of Thompson (1977) 
in Tritonia neurons and Hermann and Gorman (1981) 
in Aplysia neurons. Ia component was suppressed with 
predepolarization rather than with TEACl.

Prior studies have revealed that hibernation induces 
notable changes in the electrophysiological responses 
of various cells. In hibernating mammals, a significant 
decrease the Ca2+ current in cardiomyocytes has been 
detected (Wang et al., 2002). This decrease is attributed 
to the reduction in cAMP-dependent phosphorylation of 
Ca2+ channels. Additionally, neurons of hibernated mollusks 
have shown the suppression of Na+ current associated 

Figure 5. Kinetics of deactivation of outward current in neurons from both active and aestivated animals. (A) The left part: deactivation 
protocol: A 200 ms depolarization to 50 mV precedes the voltage steps ranging from -90 to 10 mV. The right part: recorded ion currents; 
(B) τ1 plotted against voltage steps (Mean ± SD); (C) τ2plotted against voltage steps (Mean ± SD).
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with a decrease in Na+ channels in the cell membranes 
(Kiss et al., 2014). While we didn’t conduct a detailed 
analysis of Na+ and Ca2+ currents in aestivated Achatina 
neurons, measurements of inward current density in 
several cells (n=9 for active animals and n=8 for aestivated 
animals) were carried out without discrimination of Na+ 
and Ca2+ components (Figure 6). Despite the insufficient 
number of cells for detailed statistical analysis, our records 
demonstrated a prominent decrease in inward current in 
aestivated animals compared with active animals, aligning 
with the findings of Kiss et al. (2014). Biological significance 
of inward current suppression is that both, Na+- and 
Ca2+- currents provide the action potential generation in 
pacemaker cells (Kononenko and Kostyuchenko, 2001; 
Lu and Feng, 2011). Such pacemaker activity decreasing 
may be associated with general decreasing locomotion of 
snails during aestivation.

The fast components of outward K+ are involved in action 
potential generation, especially in cells with spontaneous 
activity (Dougalis et al., 2017; Wu et al., 2008). Both Ia and 
Ikdr can be considered as components that are crucial for 
pacemaker cell functions, but we observed suppression 
only in Ikdr component when applied predepolarization 
step to -20 mV prior to DVSs. This suppression was evident 
from complex changes of K+ channel functions: decreasing 
the amplitude of the ion current density, changes of the 
parameters determined in processes of inactivation. 
For example, decrease in current density could suggest 
that fewer channels are contributing to the outward K+ 
current. This may be considered to be resulted from less 
expression of K+ channels in neurons during aestivation. 
The decrease in slope factor during inactivation may 
indicate that the remaining in the cell membrane channels 
become more sensitive to changes in voltage. The last is 
proposed due to changes in the ion channel composition 
or the ration of different types of ion channels.

5. Conclusion

In general given the association of the Ikdr component 
with spontaneous activity, we propose that changes in Ikdr 
components may be linked to the inhibition of pacemaker 
activity in pedal ganglion neurons, potentially contributing 
to the cessation of locomotion in aestivated animals.

The KS current was not affected during aestivation. 
Because the main function of the slow components of K+ 
current is to maintain the resting membrane potential, 
changes in slow components could initiate it’s alterations. 
Against the background of energy shortages in the cells 
of aestivated animals (and therefore, active transport 
through the cell membrane), possible depolarization 
due to membrane potential alterations can lead to the 
entrance of Ca2+ and Na+ ions into the cells (Wood and 
Baker, 2001), resulting in cell swelling and affecting Ca2+ 
signaling. Hence, it’s important or the cell to prevent the 
changes in membrane potential because the constancy of 
the slow component of outward K+ current is crucial for 
maintaining cell homeostasis.

In general, our data indicate the changes some 
components of Ikdr current initiated by snail Achatina 
transition to aestivation state.
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