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Abstract Epilepsy has been found to be modulated by the astrocyte systems in experiments, and 

tremendous modeling studies have unveiled the roles of astrocyte cellular functions such as the 

calcium and potassium channels in the epileptic seizures. However, little attention has been paid to 

the structure changes of astrocytes in the epileptic seizures in the scale of networks. This paper first 

constructs a neuron-astrocyte network model to explain the experimental observation that astrocytes 

mainly induce epilepsy by blocking the channels of the astrocyte gap junction in the network scale. 

Such model is used to discuss potential seizure induction process in the network by changing the 

connection intensity of the astrocyte gap junction. The simulation results show that a decrease of 



 

the gap junction intensity changes the firing pattern of the population of neurons from slow 

periodical firing to high-frequency epileptic seizures, featuring epileptic patterns of depolarization 

blocks. This further verifies that epileptic seizures are experimentally induced via the channel block 

of the astrocyte gap junctions. Because of the heterogeneous structure of the real neuron-astrocyte 

network, the effect of changing astrocyte network structures on the seizure activities is then studied 

in two typical network structures: the regular neighboring connection and the random connection. 

The results show that an increase of the number of regular connections of the regular neighboring 

astrocyte network could inhibit the induction and spread of the epileptic seizures. The epileptic 

inhibition can be achieved similarly by increasing the connection probability of the random 

astrocyte network. These findings further provide evidence for the experimental phenomena of the 

protective response of gliosis to epilepsy with increasing gap junctions. Above all, the simulation 

results suggest a potential pathway of epilepsy treatment by targeting the astrocyte gap junctions. 

Keywords dynamic transition, epileptic seizures, random networks, gap junction, inositol 

triphosphate  

1 Introduction 

Epilepsy has long been accepted as a refractory brain disorder, characterized by recurrent seizures. 

However, the underlying mechanisms of its induction are not fully understood, which negatively 

affects anti-epileptic clinical trial [1]. Initial experimental studies merely focused on abnormal states 

of different types of neuronal cells and their connection structures [2–4], and modeling studies 

investigated the same topics [5–11]. For instance, in modeling studies, epilepsy was demonstrated 

to be mainly caused by the abnormality in synaptic topology such as network hubs [5] and abnormal 

ganglia [6]. Wang et al. constructed a mass model of excitatory and inhibitory neurons and found 



 

that defects in inhibitory chemical synapses between interneurons contributed to epilepsy [7]. 

Furthermore, epilepsy has also been shown to be highly sensitive to changes of connections of both 

electrical synapses [8,9] and chemical synapses [10] among neurons [9,10]. The synchronized firing 

among population neurons was reported to be crucial for experimental induction of epilepsy [11]. 

However, epilepsy not only involves different types of neurons and synapses, but also astrocytes 

[12–15]. How astrocytes affect epilepsy at the network scale has not been reported to date. 

Astrocytes are star-shaped glial cells in the central nervous system (CNS), the proportion of which 

ranges within 20–40% in different regions in the brain [16]. Astrocytes were understood as 

supporting topology and energy provision for neurons. Then, they were found to be excitable with 

oscillations of the calcium concentration (Ca2+) in the cytoplasm [17–19]. The activated Ca2+ 

oscillation was found to induce neuronal discharges by releasing chemical neurotransmitters such 

as glutamate, gamma-aminobutyric acid, and adenosine triphosphate [20–22]. This neuron-astrocyte 

loop forms specific circuits of neurons and astrocytes termed “tripartite synapses” [14].  

Utilizing the concept of “tripartite synapses”, many researchers have utilized modeling tools to 

investigate the dynamic transitions of seizures modulated by astrocytes and their released chemicals 

in single cells as well as networks of astrocytes and neurons [23–29]. Ullah and his colleagues 

constructed the neuron-astrocyte model in the scale of single cell [23] and network [24] to have 

unveiled that the astrocytes play significant role in modulating extracellular potassium concentration 

to ease epileptic seizures. Wei et al. have unfold the intrinsic mechanisms of astrocytes modulating 

the blood oxygen that is related to brain epilepsy or cerebral stroke spread[25], Our team have 

modeled the gliotransmittor dynamic model to have proved a specific epileptic pathway dominated 

by the degradation abnormality of the astrocyte-released glutamate[26]. Moreover, the experiment 



 

has found that the astrocyte gap junction can induce epileptic seizures in its channel blocking state 

[27]. Some modeling studies have given evidence to prove that the astrocyte network inhibit 

epilepsy mainly by buffering the potassium ions through their connecting gap junctions [23,29]. 

While the inositol triphosphate (IP3), the main chemical flux in the gap junctions, has also been 

addressed to show the potential protective role of astrocyte for neurons in epilepsy [30], but has 

received little attention. 

To unravel the effects of IP3-flux gap junctions of the astrocyte network and its topology on the 

neuronal network firing dynamics, this paper constructs a neuron-astrocyte network model. This 

model includes pyramidal cells with electrical connections and astrocytes coupled with gap 

junctions. Based on this model, the network seizure phenomena were investigated by discussing the 

intensity and topology changes of astrocyte gap junctions. The mechanism underlying the astrocyte 

gap junction modulation of seizure activities has been identified. 

2 Model and Scheme 

2.1 Neuron-astrocyte models 

The present study constructed a ring-shape network of neurons (each two-compartment neuron 

(TCN) includes a pyramidal soma and a dendrite) and astrocytes in consideration of the in vivo 

common ring-shaped networks of neurons and astrocytes [17]. Astrocytes are coupled by IP3-flux 

gap junctions [17] and neurons are coupled with electrical synapses [9], as shown in Fig. 1. Each 

astrocyte receives neuronal glutamate stimulation, and in return, imposes excitatory feedback by 

releasing astrocytic glutamate [14].  

The astrocytes were modeled so that the IP3-induced Ca2+ oscillation in the cell body increased. 

The dynamic Ca2+ model is described as [31]:  
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where [Ca2+]ER = (c0−[Ca2+]i)/c1 represents the equilibrium concentration of Ca2+ in the astrocyte 

(i.e., its endoplasmic reticulum (ER)). The increase of the astrocyte second messager [IP3]i in each 

astrocyte is modulated by pyramidal dendrite action potentials, which were modeled as [31]: 

3
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where gA-A represents the coupling intensity between astrocytes. This coupling intensity (or 

permeability) gA-A depends on the number of gap junction channels and their unitary permeability. 

The decrease of gA_A represents the channel block of the gap junction, and the smaller gA_A which 

is close to 0 represents a higher degree the channel block. 

Astrocytes release a constant glutamate flux into the extracellular space when [Ca2+]i > 0.2. During 

this synaptic-like exocytosis process, the astrocyte release glutamate in the Extracellular Space(ECS) 

is modeled by a dynamical form of astrocyte glutamate defined in our previous work in [26]: 

*
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([Ca ] 0.2),i i
aglu i

aglu

d
r

dt 
−

= +  −                                        (5) 

, [Aglu] ,astro i aglu iI =                                                              (6) 

where λaglu corresponds to the expression level of the neuronal receptor that binds to glutamate, and 

[Aglu]* represents the equilibrium concentration of the astrocyte glutamate which is mainly 

dependent on the expression of the astrocyte glutamate intaking function− the astrocyte glutamate 

transporter[26]. Iastro,i represents the feedback current induced by the glutamate from the astrocyte 

[32–34].  



 

In the neuronal network, each pyramidal soma was subjected to Gaussian noise to simulate the 

heterogeneous condition among neurons. The neuron model is a two-compartment model of a CA-

3 pyramidal neuron [31]. The original model describes three basic dynamical types of responses to 

either somatic or dendritic stimulation: very low frequency bursting (<8 Hz) (VLF), low frequency 

bursting (8–20 Hz) (LF), and periodic somatic spiking. The amplitude of the voltages varies among 

about [−20 80 ] mV according to the bifurcation map of the voltage versus t external current in [31].  

The pyramidal soma models are shown as follows [31]: 
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where gn-n represents the coupling intensity among neurons. The variable ξi(t) is a Gaussian white 

noise with a mean value of zero, defined by < ξ(t)> = 0, and the noise correlations are described by< 

ξ(t) ξ(t’)> = δ(t−t’) [9]. S corresponds to the intensity of the Gaussian noise. Iastro,i represents the 

slow inward current induced by the astrocytic glutamate ([Aglu]) released from the astrocyte. The 

variable Iastro,i and [Aglu] have been described by the Eqs. (6) and (5) respectively.  

The ions channel currents are defined as: 
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The dendrite action potential is modeled as [31]: 
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At the end of the dendrite, the dynamic activity of the neuronal calcium concentration is modulated 

by the dendrite action potential Vd,i, which is described by: 

2neuron
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neuron

i
Ca i d i Ca i

d
g s V V

dt
= − − −                                  (14)                    

where Vca represents the reversal potential of the calcium channel at the dendrite terminal. 

2.2 Synchronization factor 

Neuronal population synchronization has long been discussed in previous dynamical studies [32–

34]. Amiri also emphasizes the significance of neuronal synchronization under the modulation of 

astrocytes [35–37]. The present study introduces the spike synchronization factor [38]. To alleviate 

the noisy signals, the voltages of each neuron were firstly transformed into the new form V* of 1 for 

V > 50 mV, and 0 for V < 50 mV. The threshold 50mV was selected based on the actual voltages 



 

scale shown in Fig.2 upper firing figures, where 50mV is efficient to get rid of the low-amplitude 

noisy voltages. The fundamental equation of the synchronization factor has the basic form of: 
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Where R*
ij represents the synchronization degree between the ith and jth neuronal voltages for the 

total step number (Ts) = 100 00000 in the entire time of 100 seconds. Each Vi ( or Vj ) is the discrete 

instaneous voltage at time t. To describe the changing trend of the synchronization factor across 

time, we have performed a non-overlap time window(bin=250*100, simulation time step =0.01ms) 

for Equation(15) by replacing the “1” and “Ts” with “(τ-1)*bin+1” and “(τ)*bin” respectively, and 

τ = 1, 2, 3, ... , Ts/bin(400). Finally, we assigned the center time of each time window, that is ((τ-

1)*bin+1+ (τ)*bin)/2*0.00001 seconds, to the time t, then R(t) is obtained by an average of all 

synchronization degrees cross all the pairs of neurons in the corresponding time t window.  

Table 1 The parameters of the formulas above are listed below, the parameters of the two-compartment neuron and astrocyte are 

selected from the original single neuron-astrocyte model [31], and the astrocyte glutamate-related parameters were selected from 

astrocyte glutamate dynamical model in [26]. 

Parameters Value Parameters Value 

*
3IP  0.16 μM[31] K DRg −  15 mS cm−2[31] 

3
 IP

 7.14 s[31] −K AHPg  0.8 mS cm−2[31] 

3IPr  0.8 μM s−1[31] −K Cg  15 mS cm−2[31] 

[Aglu]* 0.5 μM [26] 
neuronCag  10 mS cm−2[31] 

aglu  6 s[26] cg  2.1 mS cm−2[31] 

aglur  1 μM s−1[26] NaV  115 mV[31] 

aglu  2.11[26] KV  −15mV[31] 

mC  3 μF cm−2[31] CaV  140 mV[31] 

Lg  0.1mS cm−2[31] LV  0 mV[31] 

Nag  30 mS cm−2[31] p  0.5[31] 

 



 

3 Results of Numerical Simulations  

3.1 Glutamate released by the astrocyte network sustains seizure induction   

In the numerical studies, we have applied the constant-step fourth-order Runge-Kutta algorithm to 

simulate the neuron-astrocyte network models directly in the original platform of C++ for saving 

the simulation time. Also, for the simplification of the coding process in this platform, the form of 

the fourth-order Runge-Kutta algorithm has been chosen as the constant step type with time step. 

Although the constant step algorithm involves limitation in solving some abrupt changes in fast-

slow dynamics, we have set constant step as small as 0.01ms to reduce the potential computation 

error. The total integration time was as long as 100 000 ms to guarantee obtaining complete slow 

dynamics of astrocyte signals. The initial conditions were given as: Vs,i=–4.6, ni=0.001, hi=0.999, 

Vd,i=–4.5, si=0.009, wi=0.6, ci=0.007, [Caneuron]i=0.2 [31]. The initial gaps between dendrite and 

somas simulate the biological condition referred in [31]. The astrocyte initial conditions for systems 

are all the same as: [Ca2+]i=0.1, [IP3]i=0.2, qi=0.1. 

The astrocytes have been found to explain the epileptic seizures when their functions come into 

abnormality [39–44], the blocked gap- junction channels between astrocytes emerges to be one of 

the main causes for the astrocyte-related epilepsy [45,46]. However, there remains to be unknown 

how the IP3-dependent gap junctions modulate the epileptic seizures. For unfolding underlying 

mechanisms of the blocked gap- junction channels in epilepsy, we have studied the decreases of the 

astrocyte gap junction intensity gA-A on epileptic seizures. The relevant results are shown in Fig. 2. 

As is shown in Fig. 2, when gA-A decreases from 0.3, 0.2, and 0.1 to 0.025, the firing pattern of the 

neuronal population transits into seizure-like firing from regular spiking. This is termed seizure-like 



 

firing, as shown in the upper right panel of Fig. 2, for the reason that it involves epileptic 

depolarization blocks as well as the high-frequency characteristics discussed below. Fig. 2 shows 

that the smaller gA-A is, the earlier the epileptic seizures are induced in the neuronal network. In 

other words, the less gap junctions among astrocytes are active, the more this contributes to the 

presence of seizures in the neuronal networks. This explains the experimental phenomena well, i.e., 

that the channel blocking state of astrocyte gap junctions contributes to epilepsy in vitro [27].  

Moreover, the population firing rate of the neuronal network fneuron as gA-A decreases was analyzed 

by averaging the firing rates of all neurons in the network. The firing frequency of the neuronal 

population firing is the mean of the firing frequency for all the neurons. For each neuron, the firing 

frequency is obtained by dividing the entire time of 100 s by the peaking number. Here, the peaking 

number is the filtered one by introducing a proper voltage threshold to get rid of the noisy low-

amplitude waves. Fig. 3 shows that when gA-A < 0.175, the population firing rate remains lower than 

10 Hz. However, when the epileptic seizures emerge at gA-A = 0.175, the firing rate of the neuron 

population abruptly increases to about the gamma band of 40-100 Hz. The human 

Electroencephalography (EEG) seizure signals were observed to be significant in the gamma band 

firing oscillation [47,48]. Therefore, the simulated results still portray the characteristic epileptic 

seizures and shows reasonable frequency. 

Although the relationship of astrocyte Ca2+ and neuronal epileptic seizures has been addressed by 

many studies [39–44], little attention has been focused on the statistical relationship between the 

astrocyte Ca2+ frequency and the neuronal state. Therefore, this study also investigated the Ca2+ 

population peaking rate fastro of the astrocyte network, and the mean and standard deviation of all 

astrocytes were computed and contrasted with the epileptic region of the Ca2+ peaking rate in vitro 



 

[40]. The population peaking rate of astrocyte fastro is the mean peaking rate for all the peaking rate 

of each astrocyte. In order to get rid of the initial instaneous Ca2+ resting state, for each astrocyte, 

the peaking rate is obtained by using the peaking number to divide the peaking duration rather than 

the whole time. We have presented the mean peaking rate and the corresponding standard deviations 

in Fig. 4(b), together with the astrocyte population map in Fig. 4(a) to show the properties of the 

astrocyte population Ca2+ oscillations. It can be seen that as the gap junction intensity increases, the 

mean peaking rate of the astrocyte population Ca2+ oscillations gradually decrease until gA-A = 0.175 

at which it becomes 0. fastro being close to 0 means that the astrocytes remain in resting mode and 

the neurons show slow periodical spiking. Meanwhile, the astrocyte population map shows a 

transition from oscillating state to the resting state when gA-A increases from 0.025 to 0.275. This 

suggests that astrocytes play a critical role in maintaining the epileptic seizure of neurons during 

active Ca2+ oscillation that was found in experiments [39]. Furthermore, the simulated fastro of the 

seizure state was compared with the state in vitro [40]. We can see from the figure that the seizure 

state- Ca2+ peaking rate stays higher than the Ca2+ peaking rate during seizure in in vitro mice (0.4 

± 0.05 peak/min, selected from the most active astrocyte by referring the Fig. 3 and Table 2 of ref. 

[40]). Because the in vitro Ca2+ peaking rate was obtained by averaging in a ROI (Region of interest), 

therefore, it should include some astrocytes in resting state, therefore, the actual Ca2+ peaking rate 

should be bigger. Then the simulated Ca2+ peaking rate would be closer to the in vivo condition.  

Furthermore, a previous experiment showed that astrocyte aberrance causes neuronal seizure 

activity that highly depends on neuronal synchronization [35]. However, the underlying mechanism 

is not clear. Generally, epileptic seizures were observed in human brain EEG signals, where they 

showed synchronized population firing [5], in addition to the depolarization block (DB)-type firing 



 

of single neurons [23]. Therefore, to statistically analyze the neuronal synchronization trend of the 

neuronal population in the conditions of DB-type firing of single neurons, the spike synchronization 

index is introduced as described in Eq. (15). R(t) represents the synchronization time series of the 

neuronal population. Fig. 5 shows the spiking patterns of neuronal populations and the 

corresponding synchronization time series as gA-A decreases. 

The upper panel of Fig. 5 presents the corresponding spiking patterns using the threshold Vs > 50 

mV. Because there are some noisy voltages during the block depolarization of the epileptic seizures, 

a relatively high value of 50mV was selected to get rid of the noisy part based on the certain firing 

shown in Fig.2 upper figures. Here, changes of the neuronal spiking map are consistent with the 

neuronal firing shown in Fig. 2. Therefore, spiking map-based synchronization not only retains the 

original firing information, but also can clean the noisy low-amplitude firing. By analyzing these 

spikes, the time series of the synchronization R(t) are shown in the lower panel of Fig. 5 when gA-A 

= 0.3, 0.2, 0.1 and 0.025 respectively. The results show that regular firing corresponds to a very low 

R(t) value, while seizure-like bursting phases have a very high R(t) value. These results suggest that 

the astrocyte gap junction channel blocking process causes the epileptic state of neuronal networks 

not only with their high frequency and depolarization block characteristics, but also with the 

synchronized trends. This has been accepted as the typical characteristic of epileptic seizures [5, 11]. 

 3.2 Epileptic seizure of changed astrocyte network structure and connection intensity  

The astrocyte network is heterogeneous in different regions, even in different brain states. For 

example, epilepsy is associated with the typical gliosis, implying increases of astrocyte gap junction 

topology. There is still no direct evidence for how the astrocyte network modulates this epileptic 



 

state. Therefore, this study focuses on the regular network topology, and the neighboring 

connections with more than one connection number. Fig. 6 presents the astrocyte network 

connection forms under different network connection numbers(KA-A) = 2, 4, and 6. 

When KA-A = 2, the IP3-flux gap junction model can be written as: 

3
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when KA-A = 4, the IP3-flux gap junction model can be written as: 
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when KA-A = 6, the IP3-flux gap junction model can be written as: 
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Because the astrocyte connection is sparse, based on the experimental observations [16,17], a larger 

KA-A over six was not further discussed. Then, this was studied under different KA-A to identify how 

gap junction channel blocks (i.e., a decrease of gA-A) affect epileptic seizures. The results are shown 

in Fig. 7. From Fig. 7 we can see that under different network connection numbers KA-A, gap junction 

channel blocks of decreasing gA-A can consistently induce epileptic seizures. Representative 

population firing patterns are shown in detail in the inserted panels of Fig. 7. The three cases of KA-

A differ in that denser astrocyte junctions obtain a larger KA-A, while slower neuronal population 

firing transits into an epileptic state when gA-A decreases. This suggests that the increase of astrocyte 

gap junction topology protects the neuronal network firing from the epileptic state. In fact, an 

epileptic brain always shows increasing gap junctions, which is commonly termed gliosis in clinical 

trials [49]. This has been termed as the protective response of the brain to epilepsy [50]. However, 

if the gliosis grows beyond a certain threshold, other studies demonstrated that gliosis still 

contributes to a more severe epileptic brain state [51,52].  



 

The above astrocyte topology has been discussed in relation to regular networks, but not close to 

the real physiological state of the brain astrocyte network topology. Therefore, this study further 

introduces a random connection into the astrocyte network with the connection probability PA-A.  
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Where pij =1 with the probability PA-A and pij=0 with the probability 1−PA-A, consequently, a larger 

PA-A represents an increasing gap junction topology density. Based on the random astrocyte network, 

the effects of increasing the connection probability on the epileptic states of the neuronal network 

have been studied. First, the case of fixed gA-A when KA-A increases was studied. The results are 

shown in Fig. 8. The decrease of PA-A induces transitions of neuronal population firing into the 

epileptic state (e.g., the epileptic firing of the 20th single neuron in the inserted figure panels). This 

suggests that the increasing topology of astrocyte network gap junctions could protect the brain 

from epilepsy. However, the location of the boundary of transitions of the neuronal population as 

both PA-A and gA-A change remains unknown. To identify this boundary, the variation in statistical 

neuronal population rate fneuron was analyzed as PA-A and gA-A changes. The choice of fneuron as 

detection parameter of epileptic state arises from the reason that the firing rate represents the 

neuronal population firing state: high gamma frequency 40-100 Hz represents the epileptic state and 

the population firing lower than 10 Hz corresponds to regular state of neuronal firing. As Fig. 9 

depicts, the frequency of high gamma and slow oscillations region are distinguishable. The slope of 

this boundary is steep, but rapidly becomes zero as gA-A > 0.075. This indirectly suggests that 

increasing the number of gap junctions of the astrocyte network makes the emergence of epileptic 

state more difficulty. Although we have obtained the boundary for the epileptic seizures in the two-



 

dimensional space of PA-A and gA-A, some critical factors such as the electromagnetic induction 

effect were not included[53,54], there must be some gaps between the simulation results and the 

real ones. Therefore, these factors should be considered in the future studies.  

4 Conclusions and Discussions 

Previous experimental and modeling studies [26–30,55,56] showed that astrocytes exert an 

inevitable effect on epilepsy. However, whether astrocytes modulate epileptic seizures into severer 

or lesser strength remained unknown. In this paper, we have constructed a network model of neurons 

and astrocytes, and investigated the effect of intensity changes of the astrocyte IP3-depedent gap 

junction on the epileptic seizures. The results showed that decreasing the intensity of astrocyte gap 

junctions more easily induces a dynamic transition of neuronal population firing into epileptic 

seizures. The simulated epileptic seizure patterns involve not only the depolarization blocks [23,39] 

but also the high frequency ripple firing [47]. Therefore, our model has been proved to be reasonable 

to study the effect of astrocyte gap junction block on the epilepsy. Moreover, by taking advantages 

of the synchronization theory, we have investigated the dynamical evolution of the synchronization 

of the neuronal population firing, another epileptic characteristic. The results support the 

experimental observation that the epileptic seizures arise with an abrupt synchronization degree 

increase of the neuronal population firing [5]. 

Based on this constructed model, the dynamic transition of epileptic seizures was further 

investigated under different connection forms of the gap junctional astrocyte network: the regular 

neighboring connection and the random connection with the changes of the corresponding 

connection parameters. The results showed that both the increase of the regular neighboring 

connection number and the random connection probability could respectively inhibit the transition 



 

of the neuronal population firing into epileptic seizures. The above increases of the astrocyte 

network connection also reflect the phenomena of the gliosis, one specific brain protective response 

to the epileptic induction [50]. Therefore, the simulated results have consistently supported the 

protective role of gliosis by showing the inhibitory effect of gap junctions on the epileptic induction. 

Moreover, because the real neuronal network is complex and contains both regular and random 

astrocyte networks, this comprehensively suggests the astrocyte gap junction as a promising target 

for epilepsy inhibiting treatment. 

Moreover, because the energy metabolism in brain plays critical role in brain function [57], the gap 

junctional astrocyte network has been shown to not only buffer IP3 [30,40], but also transferred 

energy metabolism substances, such as glucose [58–60]. This will be further investigated in the 

future. Moreover, to further identify the network topology effect on seizure dynamics, the potential 

intervention of the inter-networks among various subnetworks should also be considered in the 

topological networks of astrocytes [61–63]. 

Acknowledgements We thank Dr. Yeyin Xu for helpful comments. This work is supported by the 

National Natural Science Foundation of China (Grant Nos. 11772242, 1197020421, and 12002251), 

the Natural Science Basic Research Plan in Shaanxi Province of China (2020JM-472, and 2020JM-

473).  

Data Availability Statement Some or all data, models, or code generated or used during the study 

are available from the corresponding author by request. 

Conflict of Interest The authors declare that they have no conflict of interest. 

References 



 

1. Manford, M.: Recent advances in epilepsy. J. Neurol. 264(8), 1811–1824 (2017) 

2. Köhlingm, R., Wolfartm, J.: Potassium channels in epilepsy. Cold Spring Harb. Perspect. Med. 

6(5), a022871 (2016) 

3. Shah, B.S., Shimell, J.J., Bamji, S.X.: Regulation of dendrite morphology and excitatory 

synapse formation by zDHHC15. J. Cell Sci. 132(13), jcs230052 (2019) 

4. Hanada, T.: Ionotropic glutamate receptors in epilepsy: A review focusing on AMPA and 

NMDA receptors. Biomolecules 10(3), 464 (2020) 

5. Prinz, A.A.: Understanding epilepsy through network modeling. Proc. Natl. Acad. Sci. 

105(16), 5953 (2008) 

6. Fan, D., Wang, Q.: Closed-loop control of absence seizures inspired by feedback modulation 

of basal ganglia to the corticothalamic circuit. IEEE T. Neur. Sys. Reh. 28(3), 581–590 (2020) 

7. Fan, D., Liu, S., Wang, Q.: Stimulus-induced epileptic spike-wave discharges in 

thalamocortical model with disinhibition. Sci. Rep. 6, 37703 (2016) 

8. Ma, J., Wang, C., Ying, H., et al.: Emergence of target waves in neuronal networks due to 

diverse forcing currents. Sci. China-Phys. Mech. Astron. 56(6), 1126–1138 (2013). 

9. Wu, Y., Li, J., Liu, S., et al.: Noise-induced spatiotemporal patterns in Hodgkin–Huxley 

neuronal network. Cogn. Neurodyn. 7(5), 431–440 (2013) 

10. Jiao, X., Wang, R.: Synchronous firing patterns of neuronal population with excitatory and 

inhibitory connections. Int. J. Nonlin. Mech. 45(6), 647–651 (2010) 

11. Burns, S.P., Santaniello, S., Yaffe, R.B., et al.: Network dynamics of the brain and influence 

of the epileptic seizure onset zone. Proc. Natl. Acad. Sci. 111(49), E5321–E5330 (2014) 

12. Verkhratsky, A., Butt, A.: Neuroglia: Definition, classification, evolution, numbers, 

development. Glial Physiology and Pathophysiology. John Wiley & Sons, Ltd, 73–104 (2013) 

13. Parpura, V., Basarsky, T.A., Liu, F., et al.: Glutamate-mediated astrocyte-neuron signalling. 

Nature 369, 744–747 (1994) 

14. Araque, A., Carmignoto, G., Haydon, P.G.: Dynamic signaling between astrocytes and 

neurons. Annu. Rev. Physiol. 63, 795–813 (2001) 

15. Parri, H.R., Gould, T.M., Crunelli, V.: Spontaneous astrocytic Ca2+ oscillations in situ drive 

NMDAR-mediated neuronal excitation. Nat. Neurosci. 4 (8), 803–812 (2001) 



 

16. Ben, Achour, S., Pascual, O.: Astrocyte-neuron communication: Functional consequences. 

Neurochem. Res. 37 (11), 2464–2473 (2012) 

17. Giaume, C., Koulakoff, A., Roux, L., et al.: Astroglial networks: A step further in neuroglial 

and gliovascular interactions. Nat. Rev. Neurosci. 11 (2), 87–99 (2010) 

18. Volterra, A., Liaudet, N., Savtchouk, I.: Astrocyte Ca2+ signalling: An unexpected complexity. 

Nat. Rev. Neurosci. 15 (5), 327–335 (2014) 

19. Durkee, C.A., Araque, A.: Diversity and specificity of astrocyte-neuron communication. 

Neuroscience 396, 73–78 (2019) 

20. Sloan, S.A., Barres, B.A.: Looks can be deceiving: Reconsidering the evidence for 

gliotransmission. Neuron 84 (6), 1112–1115 (2014) 

21. Kofuji, P., Araque, A.: Swelling gliotransmission by SWELL1 channels. Neuron 102(4), 711–

713 (2019) 

22. Durkee, C.A., Covelo, A., Lines, J., Kofuji, P., Aguilar, J., Araque, A.: Gi/o protein-coupled 

receptors inhibit neurons but activate astrocytes and stimulate gliotransmission. Glia 67(6), 

1076–1093 (2019) 

23. Ullah, G., Schiff, S.J.: Assimilating seizure dynamics. PLoS Comput. Biol. 6(5), e1000776 

(2010) 

24. Ullah, G., Cressman, J.R. Jr., Barreto, E., et al.: The influence of sodium and potassium 

dynamics on excitability, seizures, and the stability of persistent states: II. Network and glial 

dynamics. J. Comput. Neurosci. 26(2), 171–183 (2009) 

25. Wei, Y., Ullah, G., Ingram, J., et al.: Oxygen and seizure dynamics: II. Computational 

modeling. J. Neurophys. 112(2), 213–223 (2014) 

26. Li, J., Tang, J., Ma, J., et al.: Dynamic transition of neuronal firing induced by abnormal 

astrocytic glutamate oscillation. Sci. Rep. 6(1), 32343 (2016) 

27. Bedner, P., Dupper, A., Hüttmann, K., et al.: Astrocyte uncoupling as a cause of human 

temporal lobe epilepsy. Brain 138(Pt 5), 1208–1222 (2015) 

28. Tang, J., Zhang, J., Ma, J., et al.: Astrocyte calcium wave induces seizure-like behavior in 

neuron network. Sci. China Tech. Sci. 60 (7), 1011–1018 (2017) 



 

29. Du, M., Li, J., Chen, L., et al.: Astrocytic Kir4.1 channels and gap junctions account for 

spontaneous epileptic seizure. PLoS Comput. Biol. 14 (3), e1005877 (2018) 

30. Boison, D., Steinhäuser, C.: Epilepsy and astrocyte energy metabolism. Glia 66(6), 1235–

1243 (2018) 

31. Nadkarni, S., Jung, P.: Dressed neurons: Modeling neural-glial interactions. Phys. Biol. 1(1–

2), 35–41 (2004) 

32. Tiesinga, P.H., Sejnowski, T.J.: Rapid temporal modulation of synchrony by competition in 

cortical interneuron networks. Neur. Comput. 16, 251–275 (2004) 

33. Gu, X., Han, F., Wang, Z.: Dependency analysis of frequency and strength of gamma 

oscillations on input difference between excitatory and inhibitory neurons. Cogn. Neurodyn. 

(2020) https://doi.org/10.1007/s11571-020-09622-5 

34. Xie, Y., Kang, Y., Liu, Y., Wu, Y.: Firing properties and synchronization rate in fractional-

order Hindmarsh-Rose model neurons. Sci. China Tech. Sci. 57, 914–922 (2014) 

35. Amiri, M., Bahrami, F., Janahmadi, M.: Functional contributions of astrocytes in 

synchronization of a neuronal network model. J. Theor. Biol. 292, 60–70 (2012) 

36. Amiri, M., Bahrami, F., Janahmadi, M.: On the role of astrocytes in epilepsy: A functional 

modeling approach. Neurosci. Res. 72 (2), 172–180 (2012) 

37. Amiri, M., Hosseinmardi, N., Bahrami, F., et al.: Astrocyte- neuron interaction as a 

mechanism responsible for generation of neural synchrony: A study based on modeling and 

experiments. J. Computat. Neurosci. 34(3), 489–504 (2013) 

38. Wang, X.J., Buzsaki, G.: Gamma oscillation by synaptic inhibition in a hippocampal 

interneuronal network model. J. Neurosci. 16(20), 6402–6413 (1996) 

39. Kang, N., Xu, J., Xu, Q.W., et al.: Astrocytic glutamate release-induced transient 

depolarization and epileptiform discharges in hippocampal CA1 pyramidal neurons. J. 

Neurophys. 94(6), 4121–4130 (2005) 

40. Heuser, K., Nome, C.G., Pettersen, K.H., et al.: Ca2+ Signals in astrocytes facilitate spread of 

epileptiform activity. Cereb. Cortex 28(11), 4036–4048 (2018) 

41. Carmignoto, G., Haydon, P.G.: Astrocyte calcium signalling and epilepsy. Glia 60(8), 1227–

1233 (2012) 



 

42. Clasadonte, J., Dong, J.H., Hines, D.J., et al.: Astrocyte control of synaptic NMDA receptors 

contributes to the progressive development of temporal lobe epilepsy. Proc. Natl. Acad. Sci. 

110 (43), 17540–17545 (2013) 

43. Szabo, Z., Heja, L., Szalay, G., et al.: Extensive astrocyte synchronization advances neuronal 

coupling in slow wave activity in vivo. Sci. Rep. 7, 18 (2017) 

44. Kekesi, O., Ioja, E., Szabo, Z., et al.: Recurrent seizure-like events are associated with coupled 

astroglial synchronization. Front. Cell. Neurosci. 9, 12 (2015) 

45. Deshpande, T., Li, T., Herde, M.K., et al.: Subcellular reorganization and altered 

phosphorylation of the astrocytic gap junction protein connexin43 in human and experimental 

temporal lobe epilepsy. Glia 65(11), 1809–1820 (2017) 

46. Witthoft, A.E., Filosa, J.A., Karniadakis, G.E.: Potassium buffering in the neurovascular unit: 

Models and sensitivity analysis. Biophys. J. 105(9), 2046–2054 (2013) 

47. Bragin, A., Wilson, C.L., Almajano, J., et al.: High-frequency oscillations after status 

epilepticus: Epileptogenesis and seizure genesis. Epilepsia 45(9), 1017–1023 (2004) 

48. Li, L., Patel, M., Almajano, J., et al.: Extrahippocampal high-frequency oscillations during 

epileptogenesis. Epilepsia 59(4), e51–e55 (2018) 

49. Robel, S.: Astroglial scarring and seizures: A cell biological perspective on epilepsy. 

Neuroscientist 23(2), 152–168 (2017) 

50. Linnerbauer, M., Rothhammer, V.: Protective functions of reactive astrocytes following 

central nervous system insult. Front. Immunol. 11, 573256 (2020) 

51. Robel, S., Buckingham, S.C., Boni, J.L., et al.: Reactive astrogliosis causes the development 

of spontaneous seizures. J. Neurosci. 35(8), 3330–3345 (2015) 

52. Vargas-Sanchez, K., Mogilevskaya, M., Rodriguez-Perez, J., et al.: Astroglial role in the 

pathophysiology of status epilepticus: an overview. Oncotarget 9 (42), 26954–26976 (2018) 

53. Ge, M., Jia, Y., Xu, Y. et al. Mode transition in electrical activities of neuron driven by high 

and low frequency stimulus in the presence of electromagnetic induction and radiation. 

Nonlinear Dyn. 91, 515–523 (2018) 



 

54. Fu, Y.X., Kang, Y.M., Xie, Y. Subcritical hopf bifurcation and stochastic resonance of 

electrical activities in neuron under electromagnetic induction. Front. Comput. Neurosci. 12, 

6 (2018) 

55. Reato, D., Cammarota, M., Parra, L.C., Carmignoto, G.: Computational model of neuron-

astrocyte interactions during focal seizure generation. Front. Computat. Neurosci. 6, 81 (2012) 

56. Volman, V., Bazhenov, M., Sejnowski, T.J.: Computational models of neuron-astrocyte 

interaction in epilepsy. Front. Computat. Neurosci. 6, 10 (2012) 

57. Wang, Y., Xu, X., Wang, R.: The place cell activity is information-efficient constrained by 

energy. Neural Networks 116, 110–118 (2019) 

58. Hertz, L., Chen, Y.: Glycogenolysis, an astrocyte-specific reaction, is essential for both 

astrocytic and neuronal activities involved in learning. Neuroscience 370, 27–36 (2018) 

59. Corcoran, E., Hemkin, S.: Calcium(II) oscillations to glucose: An astrocyte relation. Biophys. 

Chem. 252, 106195(2019) 

60. Du, M., Li, J., Yuan, Z., et al.: Astrocyte and ions metabolism during epileptogenesis: A 

review for modeling studies. Chin. Phys. B 29(3), 38701–038701 (2020) 

61. Yuniati, A., Mai, T. L., Chen, C. M.: Synchronization and inter-layer interactions of noise-

driven neural networks. Front. Computat. Neurosci. 11, 2 (2017) 

62. Zhao, Z., Wu, J., Fan, M., Yin, D., Tang, C., Gong, J., Xu, G., Gao, X., Yu, Q., Yang, H., Sun, 

L., Jia, J.: Altered intra- and inter-network functional coupling of resting-state networks 

associated with motor dysfunction in stroke. Hum. Brain Mapp. 39(8), 3388–3397 (2018) 

63. Sun, X., Perc, M., Kurths, J, Lu, Q: Fast regular firings induced by intra- and inter- time delays 

in two clustered neuronal networks. Chaos 28(10), 106310 (2018) 

 

 

 

  



 

 

 

Fig. 1 Network scheme of astrocytes and neurons, including 50 astrocytes and 50 two-compartment 

neurons (TCNs) in a ring-shape network in (a); the astrocytes are connected by the astrocyte gap 

junction to diffuse IP3 in (b); each TCN includes an pyramidal soma and its dendrite in (c). 

 

Fig. 2 Neuronal population firing versus decrease of the gap junction intensity gA-A. The single 

neuron firing pattern, presented at the upper panel, is selected from the 20th neuron. 



 

  

Fig. 3 Evolution of the firing frequency of the neuronal population versus the astrocyte gap junction 

intensity. gA-A. The increment of gA_A is 0.025 for x-axis. 

 

Fig. 4 The evolutions of astrocyte Ca2+ population in response to the increase of gA_A. (a) Astrocyte 

population Ca2+ oscillating map versus decrease of the gap junction intensity gA-A; (b) Statistical 

evolution of the mean and standard deviation of astrocyte Ca2+ population peaking rate versus gA-A. 

The astrocyte Ca2+ rate during in vivo is 0.4 ± 0.05 peak/ min[40], and the astrocyte population map 

in (a) were selected based on the gA_A parameters of the red rectangles in (b). 



 

 

Fig. 5 Spiking patterns and the dynamical synchronization of the neuron populations versus gA-A = 

0.3, 0.2, 0.1 and 0.025 (i.e., channel blocking states for the astrocyte network), in Fig. 5 upper panel, 

the updated firing series are: 1 for Vs,i>50mV with black area, 0 for other cases with white area. 

 

Fig. 6 The changed connection number of the regular neighboring connection astrocyte network 

with KA-A = 2, 4, 6. The black lines represent the gap junctions between pairs of astrocytes. 



 

 

Fig. 7 Astrocyte population peaking rate under different neural network structural topologies with 

different KA-A = 2, 4, 6, The inserted maps represent the neuronal threshold-spiking firing patterns 

at the relevant initial parameter point. 



 

 

Fig. 8 Neuronal population firing rates under different neural network connection probabilities PA-

A. The mean firing rate of the neuronal population in the upper panel were computed by counting 

the firing peaks that exceed 50 mV to exclude the noise. 

 

Fig. 9 Neuronal population firing frequency distribution versus the random astrocyte network 

parameters PA-A and gA-A. 


