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The RPa1 neuron identified in the snail, Helix pomatia, produced a variety of electrical activities (e.g. 
bursting and spiking). a previously developed mathematical model, which described these activities, 
revealed bistability between bursting and chaotic spiking, where chaotic spiking was transformed into 
bursting by a short-lasting external stimulus, and vice versa. the present study used this model to detect 
other types of bistability, i.e. bistability between bursting and period-2 spiking and between bursting and 
period-4 spiking (period-2 and -4 spiking are generated by period-doubling bifurcation). this contributes 
to our understanding of the electrophysiological properties of rpa1. 
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oscillatory neuronal activity is involved in the generation of rhythms in the central 
nervous system (cNs), which constitute important factors of normal brain function-
ing, as well as of pathological processes in the cNs [4]. different types of oscilla-
tory neuronal activity (e.g. bursting and spiking) were observed in a bursting pace-
maker neuron rpa1 in the snail, Helix pomatia (fig. 1 in [3]). based on experimental 
data, a previous study constructed a mathematical model of the rpa1 neuron, which 
reproduced various experimental phenomena [1, 3]. the model consisted of four 
components: (1) a slow-wave generating mechanism; (2) a spike-generating mecha-
nism; (3) intracellular calcium ions (their concentration is indicated as [ca2+]in), their 
fast buffering and uptake by intracellular calcium stores; and (4) two types of calcium 
currents (a transient voltage-dependent calcium current and a [ca2+]in-inhibited cal-
cium current) (appendix in [3]). a peptidergic interneuron having synaptic input to 
rpa1 releases biologically active substances, which leads to the activation of chemo-
sensitive conductance gb* that participates in a slow-wave generating mechanism in 
the model [3]. taking this into account, the previous study used the model to demon-
strate different states of electrical activity (e.g. bursting and spiking) based on varia-
tion in the gb* value. in particular, the previous study revealed four types of spiking 
states (i.e. period-1, period-2, period-4, and chaotic spiking) that depend on the gb* 
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Fig. 1. simulation results with gb* = 0.1240 μS. The time course of membrane potential for RPa1 is 
indicated in a, b, c1, d1 and e1, while the time course of [ca2+]in is indicated in c2, d2 and e2. the 
initial value of [ca2+]in was 7.5 × 10−5 mm in a, c1-2 and d1-2, and 13.0 × 10−5 mm in b and e1-2.  
Iinj = 0 na in a and b. (Iinj, t1, t2) = (0.5 na, 15 s, 18 s) in c1-2, (–0.5 na, 13 s, 16 s) in d1-2, and (–0.3 
nA, 10 s, 13 s) in E1-2. Horizontal bars indicate the period of current injection. “   ” indicates 

period-2 spiking
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value (fig. 5 in [3] and fig. 4 in [3] for a diagram of the period-doubling bifurcation). 
in addition, the effects of a transient stimulus on the model were investigated in cha-
otic and period-1 spiking states (fig. 9 in [3] and fig. 2 in [4]). however, the effect 
of a transient stimulus on the model with period-2 and period-4 spiking states was not 
clearly elucidated in these studies. it is important to investigate this effect because it 
is useful for a detailed understanding of the effect of synaptic transmission onto rpa1 
on the electrical behavior of rpa1. therefore, the present study investigated this 
effect.

the model consists of ordinary differential equations (odes), which describe the 
time evolution of eight state variables: membrane potential of rpa1 (denoted as V 
(mv)), [ca2+]in (mm), and six gating variables (mb, hb, m, h, n and mca). a detailed 
model description was provided in the appendix in [3]. Parameter values were fixed 
as stated in the appendix in [3] (gb* was set to 0.1240 μS (Fig. 1) or 0.1300 μS  
(Fig. 2), while other conductance values were the same as the “chaotic mode” in the 
appendix in [3]). the free software scilab (http://www.scilab.org/) was used to 
numerically solve odes (initial values: V = −42 mv, mb = 0.95, hb = 0.77, m = 0.14, 
h = 0.1, n = 0.048, mca = 0.0002. the initial value of [ca2+]in is shown in the figure 
legend). The current that was injected externally into the neuron model was set to 
zero, except between t1 (s) and t2 (s), when a constant depolarizing or hyperpolarizing 
current (Iinj (nA)) was injected (exact values of Iinj, t1 and t2 are shown in the figure 
legend). 

the initial simulation was performed under gb* = 0.1240 μS. Period-2 spiking 
(fig. 1a) was reproduced in conditions where the initial value of [ca2+]in was 
7.5 × 10–5 mm (as compared with fig. 5 in [3]). however, bursting (fig. 1b) was also 
observed by changing only the initial value of [ca2+]in. transient depolarization  
(fig. 1c) or hyperpolarization (fig. 1d) transformed the activity mode from period-2 
spiking into bursting. transient hyperpolarization (fig. 1e) transformed the mode 
from bursting into period-2 spiking. the next simulation was performed using 
gb* = 0.1300 μS (Fig. 2). A reversible transformation between period-4 spiking and 
bursting was revealed, which was similar to that in fig. 1. 

if a neuron model can demonstrate the coexistence of two different states of elec-
trical activity under conditions in which the model parameter values are fixed, this 
model is judged to exhibit bistability between these two states. The present study 
revealed two types of bistability between period-2 spiking and bursting and between 
period-4 spiking and bursting in the RPa1 model. This was a novel finding because 
these two types of bistability have not been demonstrated clearly in previous studies 
[only two types of bistability between chaotic spiking and bursting (fig. 9 in [3]) and 
between period-1 spiking and bursting (fig. 2 in [4]) have been reported]. a previous 
study describes that the multistability sets a remarkable framework for potential 
dynamical plasticity of neurons with implications for dynamical memory, informa-
tion processing and motor control [2]. based on this point of view, there is a possibil-
ity that rpa1 neuron might be involved in formation of memory for certain types of 
external stimulus when this neuron is under period-2 and -4 spiking states. 
interestingly, as found in another neuron model, attention is paid to the bistability 



134 T. ShirahaTa

Acta Biologica Hungarica 64, 2013

Fig. 2. simulation results with gb* = 0.1300 μS. The time course of the RPa1 membrane potential is 
indicated in a, b, c1, d1 and e1, while the time course of [ca2+]in is indicated in c2, d2 and e2. the 
initial value of [ca2+]in was 7.0 × 10−5 mm in a, c1-2 and d1-2, and 13.0 × 10−5 mm in b and e1-2.  
Iinj = 0 na in a and b. (Iinj, t1, t2) = (0.5 na, 15 s, 18 s) in c1-2, (–0.575 na, 6.5 s, 10.98 s) in d1-2, and 
(–0.8 nA, 15 s, 18 s) in E1-2. Horizontal bars indicate the period of current injection. “   ” indicates 

period-4 spiking
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related to period-2 and -4 spiking, where bistability between period-2 spiking and 
period-1 spiking (fig. 3b1-3 in [2]) and between period-4 spiking and period-1 spik-
ing (fig. 3c1-3 in [2]) was reported in a model of leech interneurons, which form part 
of the leech heartbeat central pattern generator. in combination with previous results, 
the present study will provide a more detailed understanding of the electrophysiolog-
ical properties of neuron rpa1 in a snail.

ackNowledgemeNt

the author would like to thank enago (www.enago.jp) for the english language review.

refereNces

1. berezetskaya, N. m., kharkyanen, v. N., kononenko, N. i. (1996) mathematical model of pace-
maker activity in bursting neurons of snail, Helix pomatia. J. theor. Biol. 183, 207–218.

2. cymbalyuk, g., shilnikov, a. (2005) coexistence of tonic spiking oscillations in a leech neuron 
model. J. Comput. Neurosci. 18, 255–263.

3. komendantov, a. o., kononenko, N. i. (1996) deterministic chaos in mathematical model of pace-
maker activity in bursting neurons of snail, Helix pomatia. J. theor. Biol. 183, 219–230.

4. komendantov, a. o., kononenko, N. i. (1998) Nonlinear dynamics and information processing in 
pacemaker neurons. Neurophysiology 30, 330–333.




