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Abstract 13 

Human and animal EEG data demonstrate that focal seizures start with low-voltage fast activity, 14 

evolve into rhythmic burst discharges and are followed by a period of suppressed background 15 

activity. This suggests that processes with dynamics in the range of tens of seconds govern focal 16 

seizure evolution. We investigate the processes associated with seizure dynamics by 17 

complementing the Hodgkin-Huxley mathematical model with the physical laws that dictate ion 18 

movement and maintain ionic gradients. Our biophysically realistic computational model closely 19 

replicates the electrographic pattern of a typical human focal seizure characterized	 by	 low 20 

voltage fast activity onset, tonic phase, clonic phase and postictal suppression. Our study 21 

demonstrates, for the first time in silico, the potential mechanism of seizure initiation by 22 

inhibitory interneurons via the initial build-up of extracellular K+ due to intense interneuronal 23 

spiking. The model also identifies ionic mechanisms that may underlie a key feature in seizure 24 

dynamics, i.e., progressive slowing down of ictal discharges towards the end of seizure. Our 25 

model prediction of specific scaling of inter-burst intervals is confirmed by seizure data recorded 26 
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in the whole guinea pig brain in vitro and in humans, suggesting that the observed termination 27 

pattern may hold across different species. Our results emphasize ionic dynamics as elementary 28 

processes behind seizure generation and indicate targets for new therapeutic strategies.  29 

Introduction 30 

Focal seizure patterns recorded with intracranial and intracerebral electrodes in patients 31 

submitted to presurgical evaluation often consist of distinct phases (Franaszczuk et al., 1998; 32 

Spencer et al., 1992; Velascol et al., 2000). A frequently observed onset pattern in patients with 33 

temporal lobe epilepsy (TLE) is characterized by low-voltage fast (LVF) activity in the gamma 34 

range (30–80 Hz) (Avoli et al., 2016; de Curtis & Gnatkovsky, 2009; Lagarde et al., 2019; 35 

Perucca et al., 2014). LVF seizure onset is followed by the recruitment of irregular spiking 36 

behavior which evolves into periodic burst discharges that gradually decrease in frequency and 37 

suddenly cease. Seizures are often followed by a period of reduced EEG amplitude known as 38 

postictal EEG suppression. The traditional view on epileptic seizures is that they result from an 39 

imbalance of synaptic excitation and inhibition (Bradford, 1995; Bragin et al., 2009). It is unclear 40 

how this concept may account for the electroencephalographic complexity of TLE seizures and 41 

their characteristic progression from one phase to the next. The findings of several studies have 42 

not confirmed the role of synaptic interaction in seizure generation or progression. It has been 43 

shown that blocking synaptic transmission via a low Ca2+ solution led to the development of 44 

synchronized seizure-like events (SLE) in hippocampal CA1 slices (Jefferys & Haas, 1982; 45 

Yaari et al., 1983) and in the intact hippocampus (Feng & Durand, 2003). Moreover, the 46 

synchronized epileptiform activity can be recorded across two hippocampal regions separated 47 

by a mechanical lesion, without the involvement of electrochemical synaptic communication 48 

(Lian et al., 2001). Finally, in photosensitive baboons, light-induced neocortical seizure 49 

discharges were accompanied by depletion of extracellular Ca2+ to levels incompatible with the 50 

chemical synaptic transmission (Pumain et al., 1985). Additionally, a paradoxical increase in 51 

inhibitory cell firing and a decrease in pyramidal cell activity at seizure onset was documented 52 

in in vitro rodent slices (Derchansky et al., 2008; Fujiwara-Tsukamoto et al., 2007; Lévesque et 53 

al., 2016; Lillis et al., 2012; Ziburkus et al., 2006), in the in vitro whole guinea pig brain 54 

(Gnatkovsky et al., 2008; Uva et al., 2015), and in human and animal in vivo recordings (Elahian 55 

et al., 2018; Grasse et al., 2013; Miri et al., 2018; Toyoda et al., 2015; Truccolo et al., 2011). 56 

The above-mentioned studies suggest that processes at the network level related to changes in 57 
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synaptic gains cannot be the sole mechanisms that control seizure generation and progression, 58 

and that other factors must be involved in the process of ictogenesis.  59 

Although several non-synaptic mechanisms have been proposed to influence abnormal 60 

synchronization (Blauwblomme et al., 2014; de Curtis et al., 2018; Jefferys et al., 2012; 61 

Raimondo et al., 2015), the specific mechanisms responsible for seizure induction, evolution and 62 

termination remain unclear. Specifically, the relative contribution of raised extracellular 63 

potassium (Avoli et al., 1996; Gnatkovsky et al., 2008) vs. increased intracellular chloride 64 

leading to depolarizing GABA responses (Alfonsa et al., 2015; Lillis et al., 2012) remains to be 65 

established. In the present study, we investigated the possible mechanisms of the LVF seizure 66 

pattern using a realistic computational model of the hippocampal network that included activity-67 

dependent ion concentration changes. We based our simulations on the data recorded in the in 68 

vitro isolated guinea pig brain preparation because SLE in this model closely resemble human 69 

temporal lobe seizures (de Curtis et al., 2006; de Curtis & Gnatkovsky, 2009) and are initiated 70 

by enhanced firing of inhibitory interneurons	 (Gnatkovsky et al., 2008). We used these 71 

experimental recordings to guide our in silico study due to the availability of data at the network, 72 

cellular and ionic levels. A computer model showed that simulated seizures initiated via 73 

increased interneuron discharges, evolved and terminated autonomously due to activity-74 

dependent ion concentration shifts and homeostatic mechanisms that worked continuously to 75 

restore physiological transmembrane ion levels. Our modelling results suggest a link between 76 

the seizure termination mechanism and postictal suppression state and predict a specific scaling 77 

law of inter-bursting intervals observed at the end of seizures, which was validated 78 

experimentally. 79 

Results 80 

The model consisted of five cells, four pyramidal neurons (PY) and a fast-spiking inhibitory 81 

interneuron (IN), arranged as a chain structure (Figure 1). The ionic dynamics of K+, Na+, Ca2+ 82 

and Cl− were incorporated and activity-dependent changes in their concentrations were 83 

computed. Concentration changes in each extracellular or intracellular compartment were 84 

dependent on several mechanisms such as active and passive membrane currents, inhibitory 85 

synaptic GABAa currents, Na+/K+-pump, KCC2 cotransporter, glial K+ buffer, Ca2+ pump and 86 

buffer, radial diffusion, longitudinal diffusion and volume changes. Additionally, we included 87 
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impermeant anions (A-) with concentration-dependent volume changes and bicarbonate ions 88 

(HCO3-) that contributed to GABAa currents.  89 

 90 

Figure 1. Model diagram. The model consisted of four pyramidal cells (orange) and an 91 

interneuron (green) linked by excitatory (AMPA) and inhibitory (GABAa) synaptic connections. 92 

Each cellular compartment was surrounded by an interstitial compartment. The interstitial space 93 

was enclosed in a common bath (blue) which represented the surrounding tissue and vasculature 94 

not included in the model. The model included variable intracellular and extracellular ion 95 

concentrations computed according to ionic currents flowing across neuronal membranes, 96 

longitudinal diffusion between the dendritic and somatic compartments, radial diffusion between 97 

neighboring interstitial compartments and diffusion to/from the bath. Additionally, the model 98 

included ionic regulation mechanisms: a Na+/K+-pump, a KCC2 cotransporter and K+ buffering 99 

by astrocytes. 100 

Three phases of an LVF onset SLE  101 

Brief perfusions (3 minutes) of 50 microM bicuculline in the isolated guinea pig brain transiently 102 

reduces GABAergic inhibition to 60-70% and leads to strong interneuron bursting in the absence 103 

of principal cells activity (Gnatkovsky et al., 2008; Uva et al., 2015). Therefore, to initiate a SLE 104 

in the model we choose to selectively and transiently enhance discharge of the inhibitory 105 
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interneuron. In this way we made our model more general and applicable to other experimental 106 

data in which paradoxical increase in GABAergic cell firing is observed at seizure onset.  107 

A simulated seizure emerging from normal background activity is shown in Figure 2. The SLE 108 

was triggered by depolarizing current applied to the IN at second 60 (Figure 2C, yellow trace). 109 

Strong firing (initial rate of 150 Hz) of the IN (Figure 2C) led to small amplitude fast activity in 110 

the LFP signal (Figure 2A between the 60 and 68-second timestamps) associated with the onset 111 

of the simulated SLE.  After approximately 10 seconds, the PY cells began to generate a strong 112 

tonic discharge, resulting in an irregular LFP spiking signal with increased amplitude typically 113 

associated with the SLE tonic phase (Figure 2B; 65–80 seconds). Approximately 20 seconds 114 

after the onset of the SLE, the cellular firing pattern of PY cells switched from tonic to bursting 115 

discharge, leading to LFP oscillations which corresponded to the bursting phase (Figure 2A, after 116 

80 seconds). The three types of PY cell activity are shown in an extended time scale in Appendix 117 

I – figure 1A. As the SLE progressed, the burst rate gradually decreased and ictal discharges 118 

spontaneously terminated. Postictally, the SLE was followed by a period of silence for 119 

approximately 90 seconds which was visible in the LFP signal and in the PY and IN traces 120 

(Figure 2A–C). After the postictal depression, the background firing reappeared and gradually 121 

returned to a baseline level. The SLE discharges were accompanied by significant changes in the 122 

intracellular and extracellular ionic concentrations. At the onset of the seizure, extracellular 123 

potassium concentration ([K+]o) increased sharply in the somatic compartment, remained 124 

elevated throughout the SLE and slightly decreased toward the end of the episode (Figure 2D). 125 

Intracellular sodium concentration ([Na+]i) steadily increased during the bursting phase in both 126 

somatic and dendritic compartments and reached a plateau around the offset of the SLE (Figure 127 

2E). Intracellular chloride concentration ([Cl-]i) exhibited a gradual increase from the beginning 128 

of the SLE and was highest at the end of the paroxysmal firing (Figure 2F). 129 
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 130 

Figure 2. Model behavior during an SLE. (A) Local field potential (LFP) signal. (B) 131 

Pyramidal cell (PY) membrane potential. (C) Interneuron (IN) membrane potential. (D) 132 

Extracellular potassium concentration. (E) Intracellular sodium concentration. (F) Intracellular 133 

chloride concentration. In the interictal phase (0–60 seconds), the model generated irregular 134 

background firing and the ion concentrations were at their resting values (A–F). The current 135 

injected into the interneuron at second 60 (C, yellow) triggered fast IN spiking (C, black) which 136 

also manifested as low voltage fast activity in the LFP signal (A). Approximately 10 seconds 137 

after the initiation of the SLE, PY cells initiated tonic firing that subsequently shifted to bursting 138 

(B). The behavior of the PY cells was reflected in the LFP trace which showed irregular activity 139 

and synchronized bursting (A). The SLE terminated at approximately second 120 and was 140 

followed by a period of reduced excitability (A–C). The cellular activity was accompanied by 141 

significant ion concentration shifts. Extracellular potassium in the somatic compartment 142 

increased sharply and remained elevated throughout the SLE (D, dark blue). The [K+]o increase 143 

in the dendritic compartment was slower and less pronounced (D, violet). The intracellular 144 

sodium increased gradually toward a plateau (E). The intracellular chloride accumulated steadily 145 

throughout the SLE (F). 146 

A comparison of the simulation results with the available experimental data is shown in 147 

Figure 3. In the isolated guinea pig brain, the SLE activity with an LVF onset pattern (Figure 148 
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3A, top trace) was induced by 3-min arterial application of bicuculine. The transition from 149 

preictal to ictal state which occurred at approximately second 10 was associated with a strong 150 

discharge of fast-spiking interneurons (Figure 3A, third trace) and transient silencing of the PY 151 

cells (Figure 3A, second trace). Within a few seconds from the initiation of the sustained 152 

interneuron discharge, the principal PY cells were recruited first into tonic firing and 153 

subsequently into bursting discharges which were visible in the PY membrane potential and LFP 154 

signals. [K+]o sharply increased at the onset of the SLE and remained elevated afterward (Figure 155 

3A, bottom trace). The in silico results (shown for comparison in the same timescale in Figure 156 

3B) replicated the experimental data in many respects including LFP signal characteristics, 157 

cellular firing pattern and [K+]o time course. 158 

 159 

Figure 3. A comparison between the experimental data and the model simulation. (A) 160 

Experimental recordings of a seizure-like event (SLE) in the in vitro isolated whole guinea pig 161 

brain preparation (de Curtis et al., 2006; Gnatkovsky et al., 2008; Uva et al., 2015). From top to 162 

bottom: LFP signal, intracellular recording of the pyramidal cell (PY) and interneuron (IN), 163 

extracellular potassium. The onset of the SLE was associated with increased IN firing, silencing 164 

PY and low-voltage fast (LVF) activity in the LFP signal. Approximately 10 seconds after the 165 

onset of the SLE, the PY exhibited a tonic and then burst firing behavior. The extracellular 166 

potassium increased up to approximately 10 mM at the onset of the SLE and remained elevated 167 
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afterward. (B) The activity patterns in the LFP signal, pyramidal cells, interneuron and [K+]o 168 

were reproduced accurately by the model. Signals presented in Figure 3A were recorded in 169 

different experiments. LFP and interneuron data have been published previously (Gentiletti et 170 

al., 2017; Gnatkovsky et al., 2008) while pyramidal cell and [K+]o data have never been published 171 

before. 172 

In the simulations, the excitatory and inhibitory synaptic conductances were “clamped” 173 

throughout the entire simulation period, hence, they could not contribute to the progression from 174 

one phase to another. Conversely, variations in ion concentrations were expected to affect 175 

neuronal excitability. For example, an increase in [K+]o reduces the driving force of K+ currents 176 

responsible for hyperpolarized resting membrane potential and spike repolarization. [Cl-]i 177 

accumulation causes depolarizing shift in EGABAa reducing the efficacy of GABAa inhibition. 178 

[Na+]i and [K+]o affect the rate of the Na+/K+-pump that transports three Na+ ions out of the cell 179 

for every two K+ ions pumped into the cell, thus producing an outward current. Accumulation of 180 

[K+]o and [Na+]i increases the pump rate and enhances the hyperpolarizing pump current. Hence, 181 

to determine the intrinsic mechanism that modulates excitability, we first investigated the 182 

behavior of the model in response to variations in extracellular potassium and intracellular 183 

sodium concentrations and next we considered the role of chloride dynamics. 184 

The effects of [K+]o and [Na]i on the network model  185 

Activity-dependent changes in ion concentrations are slow compared to neuronal dynamics, 186 

which are relatively fast. To analyze such a system, with slow and fast timescales, it is possible 187 

to decouple the fast variables (e.g., membrane potential) from the slow variables (e.g., ionic 188 

concentrations). Accordingly, to analyze the role of [K+]o and [Na+]i in shaping single-cell and 189 

network dynamics, we disabled all mechanisms controlling ionic concentrations and analyzed 190 

the behavior of the model for different values of [K+]o and [Na+]i. The values of these variables 191 

were modified externally and treated as control parameters. To obtain improved affinity with the 192 

reference simulation (Figure 2), the chloride concentration in the somatic and dendritic 193 

compartments of the PY cells was set to 7 mM, which corresponded to its mean value during the 194 

SLE (Figure 2F). In the single cell analysis, all synaptic connections were removed. In the 195 

network analysis, all synaptic connections were intact except afferent excitatory input, which 196 

was removed from PY cells to eliminate the stochastic component from the analysis; 197 

depolarizing current injection was removed from the interneuron. The behavior of a single PY 198 

cell was analyzed for different values of extracellular potassium concentration in the dendritic 199 
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([K+]o,dend) and somatic compartments ([K+]o,soma). During the analysis, for each fixed value of 200 

[K+]o,dend, we performed simulations when sweeping the [K+]o,soma value from 3 mM to 12 mM 201 

(in steps of 0.25 mM) in the forward and backward direction. The initial conditions for each 202 

[K+]o,soma value corresponded to the final states in the previous step. For each [K+]o,soma step, we 203 

simulated 5 seconds of activity. After a full sweep with all [K+]o,soma steps in both directions, the 204 

[K+]o,dend was increased and the analysis was repeated. The analysis was performed for the 205 

[K+]o,dend values in the range of 3–6 mM, in steps of 0.5 mM (or 0.25 mM and 0.125 mM if a 206 

better resolution was required). We found that the behavior of the single cell and network models 207 

was the same for increasing and decreasing steps of [K+]o,soma with small domains of bistability 208 

not larger than one step (0.25 mM) between the activity phases. Analysis of the dynamics of a 209 

single isolated cell for a reference value of [Na+]i at 10 mM can be found in Appendix I – figure 210 

1. In the network analysis, a full sweep with all [K+]o,soma and [K+]o,dend steps (as described above) 211 

was performed for three different values of [Na+]i,soma namely, 10 mM, 11 mM and 12 mM. 212 

Following Figure 2E we assumed, that corresponding values of [Na+]i,dend were lower and were 213 

10 mM, 10.5 mM and 11 mM, respectively. The analysis results are shown in Figure 4A, in 214 

which the various activity patterns, i.e., rest, tonic firing and bursting are color-coded (as shown 215 

on the right). A comparison of the network activities for different values of [Na+]i in the three 216 

graphs in Figure 4A demonstrates that the main effect of an increase in [Na+]i was a shrinking of 217 

the tonic and bursting domains and an expansion of the resting domain due to upregulation of 218 

the hyperpolarizing effect of increased [Na+]i on the pump current. 219 

The evolution of the SLE mediated by [K+]o and [Na]i  220 

In the previous section, the influence of [K+]o and [Na]i on network behavior was examined 221 

without accounting for the time factor. Here, we present a fast-slow system analysis approach 222 

that considers the time evolution of ionic concentrations, as shown in Figure 2. Hence, we 223 

assessed the dependence of the evolution of an SLE on externally manipulated changes in [K+]o 224 

and [Na]i with fixed concentrations of all other ions. As in Figure 4A, the chloride concentration 225 

in the somatic and dendritic compartments of the PY cells was set to 7 mM. To schematically 226 

describe the extracellular potassium concentration time course from preictal to postictal state (as 227 

shown in Figure 2D), we identified four distinct stages (as shown in Figure 4B top panel): I) a 228 

sharp increase in [K+]o,soma, II) elevated [K+]o,soma, a slow increase in [K+]o,dend, III) a slow 229 

decrease in [K+]o,soma and [K+]o,dend, IV) a decrease in [K+]o,soma and [K+]o,dend back to their resting 230 

values. Variations in potassium concentrations were accompanied by changes in [Na+]i (Figure 231 
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2E). In the preictal period and during the SLE tonic firing phase, [Na+]i in the soma and dendrite 232 

was stable, while it increased during the burst firing phase and reached a plateau toward the end 233 

of the episode. In the postictal period, [Na+]i in both compartments slowly returned to the initial 234 

value. The time course of [Na+]i approximating intracellular somatic and dendritic sodium 235 

evolution is shown in Figure 4B (middle panel). The corresponding representative PY cell 236 

activity is shown in Figure 4B (bottom trace). To distinguish different SLE phases, the PY cell 237 

activity pattern was marked using a color-code, as in Figure 4A. As [K+]o and [Na+]i followed 238 

their predefined time course, PY cells exhibited transition from rest to tonic firing, progressed 239 

into bursting with a slowing-down pattern and eventually returned to the resting state. In the 240 

postictal period (after stage IV), the [Na+]i remained elevated for more than 40 seconds (Figure 241 

4B middle panel) giving rise to an enhanced hyperpolarizing Na+/K+-pump current that reduced 242 

the excitability of the network and contributed to postictal depression, as described in the last 243 

paragraph (Figure 7). To further observe the time evolution of the SLE in the [K+]o,soma, [K+]o,dend 244 

parameter space, we superimposed potassium changes on the bifurcation diagrams in Figure 4A. 245 

The distinct stages of the potassium time course are marked by arrows. The crossing of a color 246 

border by an arrow corresponds to a transition between different firing regimes. The initial 247 

increase of somatic [K+]o (stage I) led to a transition from the resting state to tonic firing (Figure 248 

4A, first panel), while a subsequent increase of dendritic [K+]o (stage II) led to a transition from 249 

tonic firing to bursting (Figure 4A, middle panel). A subsequent decrease in somatic and 250 

dendritic [K+]o (stage III) led to the termination of the SLE, as the cell activity reentered the 251 

resting state region (Figure 4A, last panel). After termination of the SLE, [K+]o,soma and [K+]o,dend 252 

returned to their resting values (stage IV in Figure 4A, last panel). 253 
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254 
Figure 4. Analysis of the model. In the bifurcation analysis extracellular potassium and 255 

intracellular sodium concentrations in the PY and IN cells were control parameters. 256 

Concentrations of all other ions were fixed at their reference values (except chloride: [Cl-]i,soma, 257 

[Cl-]i,dend equal to 7 mM), all ion accumulation mechanisms were blocked and background input 258 

was removed. (A) Bifurcation diagrams showing the dependence of the behavior of the model 259 

on [K+]o,dend and [K+]o,soma for varying values of [Na+]i,soma, [Na+]i,dend. The diagram colors 260 

correspond to types of activity shown on the right: rest (yellow), tonic firing (violet) and bursting 261 

(dark blue). An increase in [Na+]i progressively decreased the domains of tonic firing and 262 

bursting and increased the resting domain indicating a general decrease in network excitability. 263 

The black and gray arrows correspond to the evolution of [K+]o,soma, [K+]o,dend during different 264 

phases of the SLE, shown in part B. (B) A simulation of the model with [K+]o,soma, [K+]o,dend and 265 

[Na+]i,soma, [Na+]i,dend as the external control parameters, that illustrated the occurrence of 266 

transitions between different types of activity during the SLE. The top two panels show the time 267 

course of [K+]o,soma, [K+]o,dend and [Na+]i,soma, [Na+]i,dend and approximate their evolution during 268 

the SLE (Figure 2). The third panel shows the resulting PY cell behavior. The parameter 269 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2021.03.18.435995doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.18.435995
http://creativecommons.org/licenses/by/4.0/


 12 

evolution is divided into four phases indicated by the arrows denoted as I–IV in part A and B. 270 

Phase I corresponds to a sharp increase in [K+]o,soma which led to a transition from rest to tonic 271 

firing (marked as a black arrow ‘I’ in the first panel in A). Phase II corresponds to a slow increase 272 

in [K+]o,dend which led to a transition from tonic firing to bursting (marked as a black arrow ‘II’ 273 

in the first and second panels in A). Phase III represents a period of increased [Na+]i,soma, 274 

[Na+]i,dend and decreasing [K+]o,soma and [K+]o,dend which led to the termination of the SLE 275 

(represented by a black arrow ‘III’ with its tip in the yellow domain in the third panel in A). 276 

Phase IV corresponds to the postictal period with elevated [Na+]i and a return of [K+]o,soma, 277 

[K+]o,dend to their baseline values (marked as a black arrow ‘IV’ in the third panel in A). 278 

The role of [Cl-]i 279 

Chloride accumulation depends on Cl- influx through chloride leak and GABAa receptor 280 

channels, but it is also affected by variations in potassium concentrations mediated via KCC2 281 

cotransport. Hence, chloride and potassium could not be considered as independent control 282 

parameters in the fast-slow system analysis approach. Furthermore, visualization of the results 283 

with five control parameters ([K+]o,soma, [K+]o,dend, [Na+]i,soma, [Na+]i,dend and [Cl-]i) is challenging. 284 

Therefore, to evaluate the role of chloride accumulation, we compared the reference model with 285 

the model in which chloride dynamics was excluded (Figure 5). When considering the role of 286 

chloride homeostasis mediated via KCC2, the direction of K–Cl cotransport depends on the ECl 287 

vs EK or the ratio [K+]i[Cl-]i/[K+]o[Cl-]o (Payne et al., 2003). If the ratio is greater than 1, KCC2 288 

extrudes Cl- and K+. If EK is greater than ECl, the KCC2 flow is reversed and Cl- and K+ ions are 289 

transported into the cell. When chloride accumulation was removed (Figure 5A), the reversal 290 

potentials of the Cl- and GABAa currents (ECl and EGABAa) were fixed (blue and light blue lines 291 

in Figure 5A, second panel). Under such conditions, the firing of the interneuron (Figure 5A, 292 

third panel) exerted a steady inhibitory influence on the PY cells. Additionally, it increased [K+]o 293 

above fixed [Cl-]i level (Figure 5A, fourth panel). As a result, EK exceeded ECl and the KCC2 294 

transported K+ and Cl- into the cells (Figure 5A, fifth panel) and reduced the external K+ 295 

concentration. All these effects transiently increased the PY cells tonic firing but the bursting 296 

SLE phase was not manifested (Figure 5A, first and second panel). Conversely, activation of the 297 

IN in the reference model, with chloride dynamics intact, led to a typical SLE (Figure 5B, top 298 

panel). The [Cl-]i accumulation was dominated by Cl- influx through GABAa receptors and to 299 

lesser degree by KCC2 cotransport (Figure 5B, fifth and bottom panel). It led to enhanced 300 

excitability in two ways: i) by increasing the chloride reversal potential (blue line in Figure 5B, 301 
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second panel) toward the PY membrane potential, reducing the hyperpolarizing chloride leak 302 

current; ii) by increasing the GABAa reversal potential (Figure 5B, second panel, light blue) that 303 

approached the PY cell membrane potential, reducing the postsynaptic inhibitory current. These 304 

changes led to the stronger tonic firing of the PY cells, which contributed to enhanced [K+]o 305 

accumulation (Figure 5B, third panel) leading to the transition into the SLE bursting phase.  306 

307 
Figure 5. A comparison of the model without and with chloride accumulation. The six 308 

panels in each column show respectively (from top to bottom): the LFP signal, the PY cell 309 

membrane potential, the IN membrane potential, the extracellular potassium concentration and 310 

intracellular chloride concentration, the chloride and potassium KCC2 currents in the somatic 311 

compartments and the GABAa synaptic currents (Cl- and HCO3-) together with the leak chloride 312 
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current. Additionally, the equilibrium potential of chloride and GABAa are shown in the second 313 

panel from the top. (A) When the [Cl-]i accumulation mechanism was blocked, the chloride 314 

concentration was fixed at the reference value (fourth panel, blue). Without chloride 315 

accumulation, the PY cell (second panel) fired tonic train of spikes due to transient rise in [K+]o 316 

(fourth panel, red) mediated by the IN discharge triggered by the current injection (third panel, 317 

yellow). Elevated [K+]o and fixed [Cl-]i promoted K+ influx via KCC2 (fifth panel, red), thus 318 

lowering [K+]o and further preventing the generation of the full SLE. (B) With chloride 319 

accumulation, the IN discharge led to an increase in ECl and EGABAa (second panel, blue and light 320 

blue) which reduced the hyperpolarizing ICl,leak and IGABAa currents and enhanced excitability. 321 

The increase in firing rate of the PY cells led to prolonged [K+]o accumulation (fourth panel, red) 322 

leading to the full SLE. 323 

Model predictions 324 

The computer model generated predictions about features that were not explicitly implemented 325 

but were consequences of the elementary neurobiological mechanisms used to create the model. 326 

These phenomena are described below. The experimental confirmation of features predicted by 327 

a model is an essential step in model validation. 328 

The evolution of the inter-burst interval duration 329 

It is well known that muscle jerking during the clonic phase of a tonic-clonic seizure slows down 330 

before ceasing when seizure ends (Bromfield et al., 2006). Frequency slowing has also been 331 

observed in video sequences (Kalitzin et al., 2016) and electrographic counterparts of a seizure 332 

revealed by either EEG (Franaszczuk et al., 1998; Schiff et al., 2000) or EMG (Conradsen et al., 333 

2013). In the model, a gradual increase in the interval between ictal bursts (IBI) was visible 334 

(Figure 2A and 3B). To observe the evolution of the IBI more precisely and identify the scaling 335 

pattern, the background noise was removed from the simulation. The absence of excitatory 336 

dendritic synaptic input was compensated with a steady depolarizing DC current of 1.85 pA 337 

injected into the dendrites of all PY cells. Current intensity was adjusted to preserve the original 338 

duration of the SLE as observed in the model with the background noise present. A simulated 339 

SLE trace and the detected ictal bursts (short bars) are shown in Figure 6A (top panel). The 340 

evolution of the IBI is shown below with either linear (Figure 6A, middle panel) or a logarithmic 341 

(Figure 6A, bottom panel) y-axis. The IBI on the semi-log graph laid on a straight line suggesting 342 

an exponential relationship. The evolution of the IBI during an SLE in a whole-brain in vitro 343 
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preparation (Figure 6B) and a human TLE seizure (Figure 6C) exhibited the same characteristics. 344 

Based on literature we considered four different scenarios of IBI evolution: linear, exponential, 345 

square root and logarithmic. The fits were evaluated by the root mean square error (RMSE). 346 

Exact RMSE values depended on the duration of the analyzed IBI sequence. In the model, RMSE 347 

values for logarithmic and exponential fits were often comparable. In the experimental data the 348 

exponential fit always had the lowest RMSE. Next, we used the fast-slow system analysis 349 

approach, as in Figure 4, to demonstrate how separate variations in [K+]o, [Na+]i and [Cl-]i affect 350 

IBI slowing towards the end of an SLE. Linear decrease in [K+]o led to exponential IBI evolution, 351 

while linear increase in [Na+]i or decrease in [Cl-]i led to SLE termination with logarithmic 352 

scaling of IBI as determined by RMSE (Figure 6 – figure supplement 1). Note, that in this figure 353 

we simulated a decrease in [Cl-]i unlike increasing trend in [Cl-]i seen in Figure 2F. We observed 354 

that a linear increase in [Cl-]i didn’t lead to IBI slowing and SLE termination, when simulated 355 

for up to 20 min (not shown). These results suggest that in the model, slowing of inter-burst 356 

interval towards the end of an SLE is mediated by simultaneous changes in [K+]o and [Na+]i.  357 

358 
Figure 6. The evolution of inter-burst intervals (IBI) in the model and experimental data. 359 

(A) In the simulation, the background input was removed and compensated with a small 360 

depolarizing current injected into the PY cells to preserve the duration of the SLE. A decreasing 361 

rate of bursting is visible in the LPF signal and in the detected bursts marked above the trace (top 362 

panel). The evolution of the IBI is shown with the y-axis on a linear scale (middle panel) and a 363 
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log scale (bottom). On a linear y-axis plot, the data appear curved while on a semi-log plot they 364 

lay on a straight line, suggesting exponential scaling of the IBI with time. The red line in each 365 

plot represents the best fit for the detected IBI; linear function (middle panel) and exponential 366 

function providing a linear relationship on a semi-log plot (bottom panel). The root mean square 367 

error (RMSE) between the data points and fitted function is shown in each window. The 368 

exponential function fit yielded a smaller RMSE compared to the linear, logarithmic or square 369 

root fits (see Methods), providing quantitative confirmation that at the end of the simulated SLE, 370 

the IBI duration increased exponentially with time. (B) The evolution of the IBI during the SLE 371 

induced by application of bicuculline in the whole-brain in vitro preparation (Boido et al., 2014; 372 

Gnatkovsky et al., 2008). (C) IBI evolution during a seizure recorded with intracerebral 373 

electrodes positioned in the temporal lobe in a patient submitted to presurgical evaluation 374 

(courtesy of Laura Tassi, Epilepsy Surgery Center, Niguarda Hospital, Milano, Italy). In B and 375 

C, the detected IBI lay on a straight line on the semi-log plot and the exponential fit resulted in 376 

a smaller RMSE compared to the linear, logarithmic or square root fits, validating the model 377 

prediction of an exponential increase in the IBI at the end of a seizure. Only linear and 378 

exponential fits are shown. The results for all considered fits are provided in Figure 6 – source 379 

data 1. 380 

The postictal period 381 

An additional model prediction concerned the postictal period which is characterized by reduced 382 

excitability and firing. As shown in Figure 2A–C, after the termination of an SLE there was an 383 

approximate 90-second period during which firing was either absent or reduced with respect to 384 

the interictal period. The exact duration of the postictal period was difficult to assess, as the gap 385 

in firing after the SLE was dependent on background fluctuations. To directly investigate the 386 

network excitability, we analyzed the responsiveness of the model to external periodic 387 

stimulation (see Boido et al. (2014)). The background noise was removed and was compensated 388 

with a steady depolarizing current, as in Figure 6. Stimulation was delivered by activating the 389 

excitatory synapses every 5 seconds at each PY soma (arrows in Figure 7B). The amplitude of 390 

the excitatory postsynaptic current was set at just above the threshold for triggering the spike in 391 

the interictal period (before the timestamp at 60 seconds). The external stimulation triggered a 392 

burst and two single spike responses after the SLE termination (Figure 7, vertical broken line) 393 

and failed to trigger a suprathreshold response for approximately 90 seconds afterwards. In line 394 

with the PY response pattern, no response to the simulated stimulation was observed in the LFP 395 
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signal during the postictal suppression period (Figure 7A). The high excitability immediately 396 

after termination of the SLE (timestamps between seconds 110 and 125) was correlated with 397 

elevated [K+]o which was present shortly after the SLE (Figure 7C). The subsequent postictal 398 

reduction of excitability was associated with decay of [K+]o and an increased hyperpolarizing 399 

Na+/K+-pump current in somatic and dendritic compartments. The pump current decayed with a 400 

slower time constant associated with a gradual clearance of [Na+]i by the pump (Figure 7DE). 401 

 402 

Figure 7. An analysis of network excitability in the postictal period. In this figure, the 403 

background input was removed from the simulation and compensated with a small depolarizing 404 

current injected into the PY cells, as in Figure 6. (A) The LFP signal. (B) The PY cell membrane 405 

potential with external periodic stimulation delivered every 5 seconds, marked by the arrows 406 

(violet, stim.). The amplitude of the stimulation was set at just above the threshold for triggering 407 

a spike in the interictal period. (C) The extracellular potassium in the somatic and dendritic 408 

compartments. (D and E) The net Na+/K+-pump current in the somatic and dendritic 409 

compartment, respectively. The vertical broken line (blue) in all panels marks the SLE offset 410 

time without periodic stimulation. Immediately after termination of the SLE, the network was 411 

still excitable due to increased [K+]o. Shortly afterward, the excitability decreased due to an 412 
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increased Na+/K+-pump current that outlasted the increase in [K+]o. Increased Ipump and decreased 413 

[K+]o which occurred shortly after the termination of the SLE, led to a postictal period during 414 

which the network did not respond to external stimulation for approximately 90 seconds. 415 

Discussion 416 

The present study aimed to better define the mechanisms underlying focal seizures. The ictal 417 

pattern most frequently observed in human and experimental TLE, i.e., the LVF onset pattern, 418 

exhibits a stereotypical sequence of fast activity, irregular spiking and periodic bursting (as 419 

shown in Figure 3A, first panel) (Avoli et al., 2016; de Curtis & Avoli, 2016; Devinsky et al., 420 

2018; Velascol et al., 2000). We successfully reproduced this pattern in the computer model by 421 

transiently increasing the firing of the IN. After this trigger, the simulated SLE phases evolved 422 

autonomously. Our study suggests that various seizure phases and transitions from one phase to 423 

another are mediated by feedback mechanisms between neuronal activities, ion concentration 424 

changes and ion homeostasis processes. The distinct mechanisms that shape the activities at 425 

various seizure stages are discussed below.  426 

Seizure initiation 427 

There is increasing evidence showing that seizures with LVF onset are initiated by discharges of 428 

fast-spiking GABAergic interneurons (de Curtis & Avoli, 2016; de Curtis & Gnatkovsky, 2009; 429 

Devinsky et al., 2018). Increased interneuron discharges and decreased PY activity around the 430 

time of seizure onset were first evidenced in in vitro and in vivo animal models (Gnatkovsky et 431 

al., 2008; Grasse et al., 2013; Lévesque et al., 2016; Lopantsev & Avoli, 1998; Miri et al., 2018; 432 

Toyoda et al., 2015; Ziburkus et al., 2006). A similar scenario was observed with single-unit 433 

recordings performed during intracerebral presurgical monitoring in neocortical and temporal 434 

lobe epilepsy patients (Elahian et al., 2018; Truccolo et al., 2011). Causal relationship between 435 

increased interneuron firing and ictogenesis may include intracellular chloride accumulation 436 

resulting in a shift in EGABAa and/or the elevation of [K+]o, which leads to subsequent 437 

depolarization of PY cells and seizure development (Magloire, Mercier, et al., 2019). The 438 

hypothesis suggested by Jensen & Yaari (1997) that seizure initiation is related to an elevation 439 

in [K+]o caused by a strong initial discharge has been tested in computational models with ion 440 

concentration changes. In these simulations, seizure-like activity has been induced by DC 441 

stimulation of the PY cells alone (Bazhenov et al., 2004; Buchin et al., 2016; Kager et al., 2002), 442 
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by a brief increase in [K+]o (Fröhlich et al., 2006), by stimulation of the IN and PY cells (Ho & 443 

Truccolo, 2016) or by varying the extracellular concentration of K+ and O2 (Wei, Ullah, & Schiff, 444 

2014). However, as mentioned above, transitions to spontaneous seizures that begin with LFV 445 

pattern were not associated with increased excitatory activity, but with increased firing of 446 

inhibitory interneurons. Pyramidal cell – interneuron interplay during SLE was first investigated 447 

in the computational model of Wei, Ullah, Ingram, et al. (2014) which mimicked 4-448 

aminopyridine (4-AP) and decreased magnesium in vitro conditions (Ziburkus et al. 2006). They 449 

showed that when potassium diffusion rate around the IN was lower than around the PY cell, the 450 

IN depolarized and increased its activity and eventually entered depolarization block giving way 451 

to the strong firing of the PY cell during an SLE. The following in silico tests on seizure initiation 452 

by selective involvement of fast-spiking interneurons were conducted by us (Gentiletti et al., 453 

2017) and others (González et al., 2018). We demonstrated that an increase in interneuron firing 454 

triggered a transition to a self-sustained SLE during which both IN and PY cells were active 455 

simultaneously. González et al. (2018) showed that interneuron stimulation by current pulses led 456 

to the development of an SLE via a gradual increase in [K+]o mediated the KCC2 cotransporter. 457 

Activation of the KCC2 pump was [Cl-]i dependent, while [K+]o influenced cotransporter time 458 

constant.  459 

In the current study, an SLE was initiated by increased IN firing rate in response to 460 

depolarizing current injection. We didn’t attempt to demonstrate the mechanism leading to 461 

increase in IN activity following bicuculline application in the isolated guinea pig brain, as the 462 

mechanisms underlying this phenomenon are not fully understood. A decrease in GABAa 463 

conductance by bicuculline likely affects interneuron-interneuron inhibition more than 464 

interneuron-principal cell inhibition (Gnatkovsky et al., 2008). Accordingly, reciprocal release 465 

of inhibition between the IN cells (i.e., disinhibition) may lead to preictal interneuronal spikes 466 

contributing to increase in extracellular potassium. It would further depolarize interneuronal 467 

network and initiate SLE (de Curtis & Avoli, 2016; Figure 4). In an alternative scenario, 468 

increased excitability of interneurons could lead to a transition in a bistable IN network, from 469 

asynchronous low firing mode to synchronous high firing rate mode due to small perturbation 470 

(Rich et al., 2020). In order to fully investigate these effects using a model, one should consider 471 

extended interneuronal network with mutual inhibitory interactions. In the current study we 472 

focused on SLE initiation mediated by increased discharge of interneurons, without simulating 473 

the underlying processes. It makes the model more general and corresponding to commonly 474 

observed paradoxical increase in GABAergic cell firing at the LVF seizure onset. In our present 475 
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model, the IN was activated by a depolarizing, decreasing current ramp of 40 seconds. The IN 476 

discharge initially led to the silencing of the PY cells, which was correlated with low amplitude 477 

fast activity in the LFP signal. The sustained interneuron activity caused a gradual increase in 478 

[Cl-]i and [K+]o in the PY cells. The increase in [K+]o produced a positive shift in the K+ reversal 479 

potential which led to a reduction in the K+ leak current and membrane depolarization. The 480 

accumulation of [Cl-]i increased the Cl- reversal potential and decreased the driving force of the 481 

Cl- ions, which led to a reduction in GABAa IPSC and the Cl- leak current. A depolarization in 482 

the EK, ECl and EGABAa, and a weakening of the associated hyperpolarizing currents resulted in a 483 

gradual depolarization of the PY cells and sustained firing, which was correlated with the tonic 484 

SLE phase. 485 

To address the role of potassium and chloride accumulation in seizure initiation, we 486 

considered the elevation of [K+]o and [Cl-]i separately. As shown in Figure 5, a selective increase 487 

in [K+]o with a fixed concentration of Cl- did not trigger full SLE. When [Cl-]i was increased and 488 

the concentration of K+ remained fixed at the reference level the PY cells exhibited normal 489 

background firing (not shown). This suggests that in our model a change in both [K+]o and [Cl-490 

]i act in synergy to mediate full SLE. These findings corroborate the results of a study by Alfonsa 491 

et al. (2015) which demonstrated that optogenetic chloride loading of PY cells did not trigger 492 

ictal events, while the addition of a subictal dose of 4-AP led to full ictal activity. Our results 493 

don’t contradict in vitro experimental observations that elevated [K+]o alone is sufficient to 494 

induce epileptiform activity (Jensen & Yaari, 1997; Traynelis & Dingledine, 1988). As shown 495 

by a bifurcation diagram (Figure 4A and Appendix I – figure 1) an increase in [K+]o may lead to 496 

a transition from a silent state to tonic and burst firing.  497 

Although in our model chloride accumulation increased EGABAa and lowered synaptic 498 

inhibition contributing to full-blown SLE, we didn’t observe depolarizing GABA responses as 499 

seen in some in vitro studies (Cossart et al., 2005; Miles et al., 2012; Ellender et al., 2014). It 500 

should be kept in mind that depolarizing GABA responses were found mainly in immature 501 

neurons, which have more depolarized Cl- gradient (Cherubini et al., 1991). Another possible 502 

explanation of the limited shift in EGABAa in the model may be related to somatic localisation of 503 

inhibitory input from the IN. Following the observation that activation of parvalbumin-positive 504 

(PV) interneurons was implicated in spontaneous seizures (Toyoda et al., 2015) we simulated 505 

soma-targeting, PV interneurons but not dendrite-targeting, somatostatin-expressing (SST) 506 

interneurons. To see if a more pronounced shift in EGABAa could be observed in SST interneuron 507 
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mediated dendritic responses we reduced the size of all model compartments to account for distal 508 

dendrites. Under these conditions, strong activation of inhibitory interneuron as in Kaila et al. 509 

(1997) led to biphasic, hyperpolarizing-depolarizing GABAa response shown in Appendix I – 510 

figure 3. These results are in agreement with other studies suggesting that [Cl-]i can change 511 

rapidly and contribute to depolarizing GABAa responses especially in the structures with low 512 

volume to GABAa receptor density ratio (Staley et al., 1995; Staley & Proctor, 1999). 513 

 The observation that the development of seizures may be related to an increase in [K+]o 514 

beyond the physiological values suggests that the modulation of [K+]o by the use of K+ chelators 515 

is a potential strategy for the control of seizures. In our previous work, we demonstrated that an 516 

artificial potassium buffer, which mimicked the function of astrocytes by balancing neuronal K+ 517 

release, could reduce neuronal excitability and prevent an SLE (Suffczynski et al., 2017). 518 

The mechanisms of [K+]o accumulation 519 

A question arises: what causes [K+]o accumulation? The buildup of Cl- inside the PY neurons 520 

during interneuron-induced GABA release results in the activation of the KCC2 cotransporter, 521 

which extrudes Cl- and K+ into the extracellular space. This hypothesis is supported by in vitro 522 

experiments which showed that activation of GABAa receptors led to an increase in [K+]o and 523 

cell depolarization, which were eliminated by the KCC2 inhibitor, furosemide (Viitanen et al., 524 

2010). The above-mentioned hypothesis is also consistent with the findings that the application 525 

of the KCC2 blockers VU0240551 and bumetanide prevented SLEs during 4-AP application in 526 

rat brain slices (Hamidi & Avoli, 2015). However, it is not clear whether the ictal activity is 527 

consistently based on K+ efflux through KCC2. In the pilocarpine model, the enhancement of 528 

KCC2 in principal cortical neurons is associated with a reduction in seizure duration (Magloire, 529 

Cornford, et al., 2019). Based on these results, the authors suggested that KCC2 activity does 530 

not affect seizure initiation, but influences seizure maintenance during a prolonged period of Cl- 531 

accumulation. The antiepileptic role of enhanced KCC2 activity has also been suggested by 532 

Moore et al. (2018), who showed that KCC2 potentiation delayed the onset of an SLE after 4-533 

AP application in vitro and reduced the severity of kainate-induced seizures in vivo. When 534 

considering the role of KCC2 in [K+]o and [Cl-]i accumulation, it is necessary to note that the 535 

direction and magnitude of KCC2 transport depend on the concentration gradients of Cl- and K+ 536 

(Kaila et al., 2014). Under normal conditions, when [K+]o is sufficiently controlled by 537 

homeostatic mechanisms, GABAergic activity leads to the extrusion of Cl- and K+ by KCC2. 538 

However, an increase in [K+]o may reverse the K+–Cl- cotransport, thus contributing to [K+]o 539 
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buffering rather than accumulation (Payne, 1997; Thompson & Gahwiler, 1989) The activation 540 

of IN in our model led to a rapid increase in [K+]o in the narrow extracellular interstitial 541 

compartments, while intracellular Cl- accumulation was more gradual (Figure 2). This generated 542 

an influx of K+ and Cl- via KCC2 (Figure 5B), which led to [K+]o buffering and [Cl-]i 543 

accumulation. The exclusion of KCC2 involvement in the increase in [K+]o suggests that the 544 

primary mechanism of [K+]o accumulation in our model was due to other processes, such as the 545 

outward K+ current that repolarizes action potentials in activated IN and PY cells. This 546 

observation is consistent with in vivo experimental evidence that showed a significant local [K+]o 547 

rise due to increased spiking activity following electrical stimulation of the cat cerebral cortex 548 

(Heinemann & Lux, 1975).  549 

It is worth noting that in our model KCC2 resumes extruding Cl- shortly after SLE 550 

termination (Figure 5B). Accordingly, [Cl-]i build up is observed over the whole SLE. 551 

Intracellular chloride imaging during SLE induced in vitro by Mg2+-free solution showed that 552 

[Cl-]i started to decline before the end of SLE (Raimondo, 2013), while during SLE induced in 553 

vivo by 4-AP [Cl-]i recovery begun instantly after SLE offset (Sato et al., 2017). These dissimilar 554 

observations might be related to distinct firing patterns of inhibitory and excitatory neurons in 555 

4-AP and low Mg2+ seizure models (Codadu et al., 2019), which in turn could lead to different 556 

Cl- and K+ and accumulation patterns.  557 

The tonic-to-bursting transition 558 

Potassium ions released by interneuron discharges initially diffused to the somatic extracellular 559 

compartments of the PY cells and contributed to PY soma depolarization and tonic firing, as 560 

described above. The initial fast rise of [K+]o in the somatic compartment and slower rise in 561 

dendritic segment (Figure 2D) was related to the localization of inhibitory neuron near the PY 562 

soma. Subsequently, K+ diffusion from the somatic to dendritic compartments promoted 563 

regenerative dendritic spikes in PY cells. In the model, the dendritic conductance of voltage-564 

gated K+ currents associated with spiking was about 10% of the somatic conductance (Fransen 565 

et al., 2002) hence release of K+ ions into the dendritic interstitial space was smaller than in the 566 

somatic compartment. On the other hand, radial diffusion and glial buffering processes had the 567 

same efficiency in both compartments maintaining lower dendritic [K+]o. This model prediction 568 

appears to agree with experimental data of simultaneous recordings of [K+]o in somatic and 569 

dendritic layers during hippocampal seizures in anesthetized rats. During paroxysmal firing 570 
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induced by electrical stimulation, [K+]o in dentate gyrus reached significantly higher levels in 571 

cell body layers than in the layers containing dendrites (Somjen & Giacchino, 1985).	High [K+]o 572 

in the soma and moderately increased [K+]o in dendrites favored burst firing (Figure 4A and 573 

Appendix I – figure 1) through the reduction of repolarizing K+ currents, the activation of a Na+ 574 

persistent current, and a shift from spike after-hyperpolarization toward depolarizing after-575 

potentials. Prolonged depolarization led to the activation of slow M-type K+ conductance 576 

(Appendix I – figure 2), which hyperpolarized the PY cells after a series of fast spikes. The 577 

bursting mechanism in our model originated from currents used in the original entorhinal cortex 578 

cells model (Fransen et al., 2002) and was similar to the mechanism in CA1 neurons (Golomb 579 

et al., 2006).	580 

We note that in our model a transition from resting to tonic and then to bursting activity 581 

in PY cells was not critically dependent on perisomatic inhibition and would be also observed if 582 

we simulated dendrite-targeting, SST interneurons. As shown by the bifurcation diagram in 583 

Figure 4A (first panel) an increase in either somatic or dendritic [K+]o may lead to a transition 584 

from rest to tonic spiking and then bursting. This observation is in agreement with the study 585 

showing that optogenetic activation of either PV or SST inhibitory interneurons can trigger SLE 586 

(Yekhlef et al., 2015). 587 

Seizure termination  588 

Various mechanisms underlying seizure termination have been suggested (Lado & Moshé, 2008; 589 

Zubler et al., 2014), however, researchers have not yet reached a consensus regarding which one 590 

plays a dominant role. In our model, the SLE terminated spontaneously. Following the fast-slow 591 

analysis approach (Fröhlich et al., 2006) we created a simplified model in which [K+]o,soma, 592 

[K+]o,dend together with [Na+]i, soma and [Na+]i, dend were treated as control parameters. Hence, the 593 

influence of neuronal activity on ionic variations was removed and the dependence of network 594 

activity on K+ and Na+ concentrations was analyzed (Figure 4A). When the time course of the 595 

concentration changes of these two ions were tuned to reproduce the decrease in [K+]o and 596 

maintained increased level of [Na+]i observed in the late SLE phase, the ictal activity 597 

spontaneously terminated (Figure 4B). This indicates that SLE cessation in the model can be 598 

explained by two coincident factors, namely the decrease in [K+]o during stable levels of 599 

increased [Na+]i. An increase in [Na+]i led to an increased hyperpolarizing Na+/K+-pump current, 600 

which increased the firing threshold in the neurons. The increased pump activity also contributed 601 
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to a progressive decrease in [K+]o. Potassium repolarization currents increased after each burst 602 

and eventually prevented the initiation of a new cycle of the oscillation. The idea that negative 603 

feedback between [Na+]i accumulation and neuronal firing is responsible for seizure termination 604 

was first formulated by Jensen & Yaari (1997). Even though it has not been tested 605 

experimentally, this hypothesis is consistent with the observation that the inhibition of Na+/K+-606 

pump activity occurring during hypoxia prolongs SLE discharges and shortens post-SLE period 607 

in hippocampal slices with blocked synaptic transmission (Haas & Jefferys, 1984). It was also 608 

observed that a decrease in Na+ channel conductance via the antiepileptic drug phenytoin, 609 

increased the seizure threshold but prolonged the afterdischarges and seizure durations in the rat 610 

kindling model of epilepsy (Ebert et al., 1997). In the computational model developed by the 611 

Bazhenov team (Krishnan et al., 2015; Krishnan & Bazhenov, 2011) and Chizhov et al. (2018), 612 

a progressive increase in [Na+]i and activation of the electrogenic Na+/K+-pump were identified 613 

as the primary factor of SLE termination. The seizure termination mechanism in the above-614 

mentioned studies is similar to the mechanism observed in the present study, even though 615 

different specifications of neuronal mechanisms, network characteristics and seizure 616 

morphologies were used.  617 

It should be also noted that activation of the Na+/K+-pump by [Na+]i is not the only 618 

proposed mechanism of seizure termination. An alternative mechanism, also linked to an 619 

increase in [Na+]i, is dependent on the Na+-activated K+ channels (Igelström, 2013). Moreover, 620 

many other mechanisms such as acidosis (Ziemann et al., 2008), the upregulation of inhibitory 621 

neurons (Wen et al., 2015), glutamate depletion (Lado & Moshé, 2008), the depolarization block 622 

of neurons mediated by K+ release from astrocytes (Bragin et al., 1997), after-hyperpolarization 623 

due to K+ channels (Timofeev & Steriade, 2004), postburst depression (Boido et al., 2014), 624 

increased synchrony (Schindler et al., 2007) and the release of adenosine (During & Spencer, 625 

1992; Uva & de Curtis, 2020) have been suggested to play a role in seizure termination.   626 

The abrupt termination of a seizure across the entire brain (Salami et al., 2022) requires 627 

long-range communication which may involve thalamocortical interactions (Aracri et al., 2018; 628 

Evangelista et al., 2015), travelling waves (Martinet et al., 2017; Proix et al., 2018) and ephaptic 629 

interactions (Jefferys, 1995; Shivacharan et al., 2019). Multiple neuromodulatory, ionic, synaptic 630 

and neuronal components likely cooperate to terminate a seizure. Further insight into these 631 

mechanisms may be obtained by their selective blockage (Uva & de Curtis, 2020), the tracking 632 
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of EEG signal changes as seizure offset approaches (Boido et al., 2014; Saggio et al., 2020) and 633 

from analysis of the duration of postictal suppression (Payne et al., 2018). 634 

Frequency Slowing 635 

The approach of seizure termination is often (but not always) accompanied by an increase in the 636 

intervals between successive bursts that form the late seizure phase. Saggio et al. (2020) analyzed 637 

frequency slowing in human focal onset seizures and estimated that approximately 40% 638 

exhibited unequivocal discharge slowing down toward the end. Burst frequency slowing was 639 

confirmed in a study on the entorhinal cortex of the isolated brain preparation during bicuculline- 640 

and 4AP-induced SLE (Boido et al., 2014). Our model prediction of the exponential increase in 641 

the IBI toward the SLE offset (Figure 6A) was confirmed with experimental data (Figure 6BC). 642 

These findings are also consistent with those of Bauer et al. (2017), which demonstrated that 643 

inter-burst intervals in focal epilepsy patients were predominantly described by the exponential 644 

scaling law. Conversely, it has been suggested that depending on the bifurcation which leads to 645 

seizure termination, the burst oscillation frequency can be constant or decrease according to the 646 

logarithmic or square root relationship (Izhikevich, 2000; Jirsa et al., 2014). This theory has not 647 

been confirmed by our model and experimental seizure data (Figure 6). On the other hand, when 648 

specific ion types were varied linearly and led to linearly decreasing membrane current (not 649 

shown), logarithmic increase in IBI was observed (Figure 6 – figure supplement 1BC). It shows 650 

that when the assumption of slow linear membrane current dynamics was satisfied, the IBI 651 

evolved according to the bifurcation theory. However, when various processes influenced 652 

seizure termination and the current changed non linearly, the IBI slowing deviated from the 653 

predicted scaling laws. 654 

In our model, progressive decrease in neuronal excitability related to simultaneous 655 

decrease in [K+]o and increase in [Na+]i, was responsible for the IBI slowing towards an SLE 656 

end. Alternative explanations for the increasing inter-burst intervals have been proposed. Bauer 657 

et al. (2017) included a plasticity parameter that progressively decoupled spatially distributed 658 

neural mass units based on the synchrony level. This mechanism accounted for seizure 659 

termination, exponential IBI increase and the presence of a transient postictal state. In the model 660 

of Liou et al. (2020) the IBI was constant during seizure expansion and only when the spatial 661 

propagation of ictal discharge ceased, the seizure entered the pre-termination stage with a 662 

slowing-down trend. An increase in the IBI in this phase was related to the recovery of inhibition 663 
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and restoration of the Cl- concentration gradient. These studies indicate that spatial properties 664 

related to seizure propagation and synchrony are other factors that may affect the evolution of 665 

the IBI.  666 

The postictal period 667 

Seizures are followed by the suppression of physiological rhythms known as postictal EEG 668 

suppression (PES) that lasts for seconds or minutes (Pottkämper et al., 2020). Using the 669 

stimulation protocol, we investigated the duration of PES in the model. Our results showed that 670 

shortly after termination of the SLE, burst responses were still triggered, however, after few 671 

seconds, the excitability decreased and remained reduced for approximately 90 seconds (Figure 672 

7B). The PES duration in our model is consistent with a typical ‘seconds to minutes’ timescale 673 

although available estimates depend on the PES duration assessment method. In single-unit 674 

recordings in epileptic patients with neocortical seizures neuronal spiking was fully suppressed 675 

for 5 to 30 seconds after seizure termination (Truccolo et al., 2011). Average duration of postictal 676 

suppression based on EEG features in focal seizure patients was estimated at 17 s (Grigorovsky 677 

et al., 2020; Table 1), 120 s (D. E. Payne et al., 2018; Table 1) and around 50-100 s (Bauer et 678 

al., 2017; Figure 5). Our in silico-derived prediction that postictal ‘silence’ depends on the 679 

increased rate of hyperpolarizing Na+/K+-pump has been previously suggested (Fisher & 680 

Schachter, 2000) and simulated (Krishnan et al., 2015; Krishnan & Bazhenov, 2011). In these 681 

models, postictal state was generated via both, reduced [K+]o to below baseline level and 682 

increased [Na+]i after termination of an SLE. [K+]o decrease below baseline resulted in a negative 683 

shift in EK and membrane hyperpolarization, while elevated [Na+]i increased Na+/K+-pump 684 

hyperpolarizing current. A below-reference value of [K+]o was indeed observed after seizure 685 

termination (Heinemann et al., 1977). On the other hand, in other studies, [K+]o decayed to 686 

baseline level after an SLE offset (Fisher et al., 1976; Futamachi et al., 1974) and couldn’t 687 

contribute to the postictal state. Also in our model [K+]o undershoot was not observed (Figure 688 

7C), suggesting that the main cause of postictal reduction in excitability was hyperpolarizing 689 

effect of the Na+/K+-pump current, which remained elevated above baseline for about 100 s after 690 

SLE termination (Figure 7DE). The findings generated by our computational model suggest that 691 

ion homeostatic processes activated and sustained by the excessive seizure discharges provide a 692 

negative feedback mechanism, eventually leading to the cessation of the seizure itself and to the 693 

restoration of the normal state after a transitional period of postictal silence. 694 
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Methods 695 

Geometry 696 

The cell morphology was based on entorhinal cortex PY cells and an interneuron model (Fransen 697 

et al., 2002), further reduced to equivalent cylinder models. The PY consisted of two 698 

compartments: a soma with a length of 20 μm and a diameter of 15 μm, and a dendrite with a 699 

length of 450 μm and a diameter of 6.88 μm. The interneuron only had a somatic compartment 700 

with a length of 20 μm and a diameter of 15 μm. Each compartment was surrounded by its own 701 

extracellular space (ECS). The extracellular compartments were embedded in a common bathing 702 

medium which represented the surrounding neural tissue and vasculature. The size of the ECS 703 

was estimated by the extracellular volume fraction, α defined as the ratio volume of extracellular 704 

space/volume of tissue. We used α = 0.131 which corresponded to the CA1 st. pyramidale and 705 

a K+ concentration of 3.5 mM (McBain et al., 1990).  706 

Biophysics 707 

The active membrane currents in the PY were the fast Na+ and K+ currents (INa and IKdr, 708 

respectively) in both compartments and were responsible for action potential generation; a 709 

persistent Na+ current, INaP in the soma; a high-threshold Ca2+ current, ICaL in both compartments; 710 

a calcium-dependent after-hyperpolarization K+ current, IKAHP in both compartments; a fast 711 

calcium- and voltage-dependent K+ current, IKC in both compartments; and a noninactivating 712 

muscarinic K+ current, IKM in the soma. The IN included only the INa and IKdr currents responsible 713 

for spike generation. All the equations for the active currents were initially based on those 714 

described by Fransen et al. (2002), however, an additional modification of the parameters 715 

described below was required to account for ionic regulation mechanisms. Simulations were 716 

performed using the NEURON simulator with a fixed integration step of 0.05 ms.  717 

 718 

Passive properties 719 

The reversal potentials were obtained via the Nernst equation: 720 

𝐸! = 2.3
𝑅𝑇
𝑧𝐹 log -

[𝑋]"
[𝑋]#

1 721 

where [X]i and [X]o are intra- and extracellular concentrations, respectively, of the ions. X = 722 

{Na+, K+, Ca2+, Cl-, HCO3-}, F is the Faraday constant, R is the gas constant, z is the valence of 723 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2021.03.18.435995doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.18.435995
http://creativecommons.org/licenses/by/4.0/


 28 

the ions and T = 273,16 + 32 is the absolute temperature (Gnatkovsky et al., 2008). A leak 724 

current, Ileak, was present in all compartments of both cells and was a sum of the leak currents of 725 

Na+, K+ and Cl-, modelled as: 726 

𝐼#,%&'( = 𝑔#,%&'((𝑉 − 𝐸#) 727 

where gi,leak is the leak current conductance of the ion of interest i = {Na+, K+, Cl-}. The resting 728 

membrane potential was -61 mV in the pyramidal cell and in the interneuron. The specific axial 729 

resistance in both cells was set to Ra = 100 Ohm*cm and the specific membrane capacitance was 730 

set to Cm = 1μF/cm2, as in Fransen et al. (2002). Based on the Ra and PY cell geometry, the 731 

somato-dendritic coupling conductance, gc, was calculated as 1.5 mS.  732 

 733 

Active currents 734 

The original equations used time constant units in seconds (s) and voltage units in volts (V), with 735 

0 V corresponding to the resting membrane potential. All equations were modified to account 736 

for the millivolt (mV) and millisecond (ms) units used in our model and the voltage was shifted 737 

by -60 mV to correspond to the membrane potential relative to the extracellular space, which 738 

was assumed to be 0 mV. Additional modifications of the parameters were required to account 739 

for the ionic regulation mechanisms that were not present in the original model. INaP: the 740 

activation gate exponent was 2 and the inactivation gate time constant, th, was estimated by 741 

fitting the activation function form described by Fransen et al. (2002) to the experimental data 742 

(Magistretti & Alonso, 1999). IKdr: the steady-state activation function, ninf, and the activation 743 

gate time constant, tn, were estimated by empirical fit to the experimental data (Sah et al., 1988). 744 

To increase the firing threshold, the activation curve was shifted toward positive potentials by 745 

18 mV in the soma and 10 mV in the dendrites. The model generated spontaneous fast spiking 746 

otherwise. IKAHP,  IKC: these Ca2+-dependent currents were modelled according to the model 747 

described by Traub et al. (2003) and were implemented in ModelDB 748 

(https://senselab.med.yale.edu/ModelDB/), accession number 20756. Due to the arbitrary units 749 

for Ca2+ concentration in Traub’s model, we modified the current formula to correspond to mM 750 

units and resting level of [Ca2+]i used in our model. In pyramidal cells, the soma and dendrite 751 

membrane potentials, Vs and Vd, respectively, were governed by the following Hodgkin-Huxley 752 

equations: 753 

𝐶
𝑑𝑉)
𝑑𝑡 = −𝐼*',)"+' − 𝐼*', − 𝐼-./,)"+' − 𝐼0'1 − 𝐼-23, − 𝐼-0 − 𝐼-4754 

− 𝐼%&'( − 𝐼*'-56+5−𝐼0'56+5 − 𝑔7(𝑉) − 𝑉.) − 𝐼)89 755 
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𝐶
𝑑𝑉.
𝑑𝑡 = −𝐼*',.&9. − 𝐼-./,.&9. − 𝐼0'1 − 𝐼-23, − 𝐼-0 − 𝐼*'-56+5−𝐼0',6+5 − 𝑔7(𝑉. − 𝑉))756 

− 𝐼)89 757 

Transient sodium current 758 

𝐼*',)"+' = 𝑔*',,:)"+'𝑚;ℎ(𝑉 − 𝐸*') 759 

𝐼*',.&9. = 𝑔*',,:.&9.𝑚<ℎ(𝑉 − 𝐸*') 760 

Persistent sodium current: 761 

𝐼*', = 𝑔*',𝑚<ℎ(𝑉 − 𝐸*') 762 

Delayed rectifier: 763 

𝐼-./,)"+' = 𝑔-./,,:)"+'𝑛=(𝑉 − 𝐸-) 764 

𝐼-./,.&9. = 𝑔-./,,:.&9.𝑛<(𝑉 − 𝐸-) 765 

High-threshold Ca2+ current: 766 

𝐼0'1 = 𝑔0'1𝑚<(𝑉 − 𝐸0') 767 

Ca2+-dependent K+ (afterhyperpolarization) current: 768 

𝐼-23, = 𝑔-23,𝑚(𝑉 − 𝐸-) 769 

Fast Ca2+- and voltage-dependent K+ current 770 

𝐼-0 = 𝑔-0min([𝐶𝑎<>]# 250,1⁄ )𝑚(𝑉 − 𝐸-) 771 

Muscarinic current: 772 

𝐼-4 = 𝑔-4𝑚(𝑉 − 𝐸-) 773 

Equations of gating variables are given in Table 1. Conductance values are given in Table 2. 774 

 775 

Table 1. Gating variables of the ionic currents in pyramidal cell model 776 
Current  Kinetics/time constant (ms) 

INa,soma 𝛼! =
0.8(−𝑉 − 39.8)

exp /−𝑉 − 39.84 1 − 1
 𝛽! =

0.7(𝑉 + 14.8)

exp /𝑉 + 14.85 1 − 1
 

𝛼" = 0.32 exp8
−𝑉 − 15
18 9 𝛽" =

10

exp /−𝑉 − 155 1 + 1
 

INa,dendrite 𝛼! =
0.32(−𝑉 − 48.9)

exp /−𝑉 − 48.94 1 − 1
 𝛽! =

0.28(𝑉 + 21.9)

exp /𝑉 + 21.95 1 − 1
 

𝛼" = 0.128 exp 8
−𝑉 − 44
18 9 𝛽" =

4

exp/−𝑉 − 215 1
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INaP 

 
𝑚# =

1

1 + exp /−48.7 − 𝑉4.4 1
 𝜏!

=
1

0.091(𝑉 + 38)
1 − exp	 /−𝑉 − 385 1

− 0.062(𝑉 + 38)
1 − exp	 /𝑉 + 385 1

 

ℎ# =
1

1 + exp/48.8 + 𝑉9.98 1
  if 𝑉! ≤	−60: 

𝜏! = 3700 + $%%%
!.!#$(&'(!)

$*+,-.*&*(!/ 0
& !.!(1(&'(!)

$*+,-.&'(!/ 0

  

if 𝑉! >	−60: 

𝜏! = 1200 + '%%%
!.!#$(&'23)

$*+,-.*&*23/ 0
& !.!(1(&'23)

$*+,-.&'23/ 0

  

IKdr,soma  𝑛# =
1

1 + exp/−20.8 − 𝑉13.6 1
 𝜏! =

(.*+,-./0+&/11

2exp+& &
3!1+,-./0+

&
/11-%.%(* ./0+

&
/1(*4.5-6)

	  

𝐶 = −0.00000230599; 	𝐷 = 	0.0338338  

IKdr,dend 𝑛# =
1

1 + exp/−11.8 − 𝑉13.6 1
 𝜏! =

(.*+,-89:+&/11

2exp+& &
3!1+,-89:+

&
/11-%.%(* 89:+

&
/1(*4.5-6)

	  

𝐶 = −0.00000230599; 	𝐷 = 	0.0338338 

ICaL 

 
𝛼! 	=

1.6
1 + 𝑒𝑥𝑝H−0.072(𝑉 − 5)I

 𝛽! =
0.02(𝑉 + 8.9)

exp /𝑉 + 8.95 1 − 1
 

IKAHP 𝛼! 	= 2000H[𝐶𝑎]; − [𝐶𝑎];,=8>?I 𝛽! 	= 	0.01 

IKC, if 𝑉! ≤	−10 
𝛼! =

𝑒𝑥𝑝 /𝑉 + 5011 − 𝑉 + 53.527 1
18.975  

𝛽! = 2𝑒𝑥𝑝 8−
𝑉 + 53.5
27 9 − 𝛼! 

IKC, if 𝑉! >	−10 𝛼! = 2𝑒𝑥𝑝 8−
𝑉 + 53.5
27 9 

 

𝛽! = 0 

IKM 𝑚# =
1

1 + 𝑒𝑥𝑝 /−𝑉 + 355 1
 

 

𝜏! = (%%%

@.@A89:+&'4/3! 1B-A89:+&&'4/1! 1B
  

 777 

Membrane potential of the interneuron was governed by the following Hodgkin-Huxley 778 

equations: 779 

𝐶
𝑑𝑉
𝑑𝑡 = −𝐼*' − 𝐼-./ − 𝐼%&'( − 𝐼*'-56+5 − 𝐼)89 − 𝐼)?#+ 780 

Current equations, kinetics and time constants of these currents were the same as in pyramidal 781 

cell soma. To prevent depolarization block of the IN during current stimulation, activation curve 782 

of INa was shifted 3 mV towards more negative potential values, while activation curve of IKdr 783 

was shifted 19 mV towards more negative potential values. 784 

 785 

Table2. Conductances used in the model 786 
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Current conductance Description Values (S/cm2) 

gNa,leak,PYsoma INa,leak conductance in PY soma  1.5*10-5 

gNa,leak,PYdend INa,leak conductance in PY dendrite 1.1*10-5 

gK,leak,PY IK,leak conductance in PY soma and dendrite 3*10-5 

gCl,leak,PY ICl,leak conductance in PY soma and dendrite 1*10-5 

gNa,PYsoma INa conductance in PY soma 0.014 

gNa,PYdend INa conductance in PY dendrite 0.0014 

gKdr,PYsoma IKdr conductance in PY soma 0.032 

gKdr,PYdend IKdr conductance in PY dendrite 0.0032 

gNaP INaP conductance in PY soma 60*10-5 

gCaL ICaL conductance in PY soma and dendrite 15*10-5 

gKAHP IKAHP conductance in PY soma and dendrite 5*10-5 

gKC IKC conductance in PY soma and dendrite 0.196*1e3 

gKM IKM conductance in PY soma 0.006 

gNa,leak,IN INa,leak conductance in IN 2.9*10-5 

gK,leak,IN IK,leak conductance in IN 6*10-5 

gCl,leak,IN ICl,leak conductance in IN 1*10-5 

gNa,IN INa conductance in IN 0.013 

gKdr,IN IKdr conductance in IN 0.027 

 787 

 788 

Ionic dynamics 789 

The model included six types of ions (K+, Na+, Cl-, Ca2+, A- and HCO3-) with variable intra- and 790 

extracellular concentrations, except for HCO3-, which equilibrium is rapidly attained 791 

(Theparambil et al., 2020). The evolution of the ion concentrations was based on the following 792 

equations: 793 

𝑑[𝐾>]#
𝑑𝑡 = 𝐽-# + 𝐽-,%"9@#?6.#9'%# + 𝐽-,-00<# + 𝐽-,,6+5# + 𝐽-,A"%#  794 
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𝑑[𝐾>]"
𝑑𝑡 = 𝐽-" + 𝐽-,/'.#'% + 𝐽-,%"9@#?6.#9'%" + 𝐽-,B'?C + 𝐽-,-00<" + 𝐽-,,6+5" + 𝐽@%#' + 𝐽-,A"%"  795 

𝑑[𝑁𝑎>]#
𝑑𝑡 = 𝐽*'# + 𝐽*',%"9@#?6.#9'%# + 𝐽*',,6+5# + 𝐽*',A"%#  796 

𝑑[𝑁𝑎>]"
𝑑𝑡 = 𝐽*'" + 𝐽*',/'.#'% + 𝐽*',%"9@#?6.#9'%" + 𝐽*',B'?C + 𝐽*',,6+5" + 𝐽*',A"%"  797 

𝑑[𝐶𝑙D]#
𝑑𝑡 = 𝐽0%# + 𝐽0%,E2F2'# + 𝐽0%,%"9@#?6.#9'%# + 𝐽0%,-00<# + 𝐽0%,A"%#  798 

𝑑[𝐶𝑙D]"
𝑑𝑡 = 𝐽0%" + 𝐽0%,E2F2'" + 𝐽0%,%"9@#?6.#9'%" + 𝐽0%,B'?C + 𝐽0%,-00<" + 𝐽0%,A"%"  799 

𝑑[𝐶𝑎<>]#,?"?
𝑑𝑡 = 𝐽0'# + 𝐽0',%"9@#?6.#9'%# + 𝐽0',6+5# + 𝐽0',A"%#  800 

𝑑[𝐶𝑎>]"
𝑑𝑡 = 𝐽0'" + 𝐽0',%"9@#?6.#9'%" + 𝐽0',6+5" + 𝐽0',A"%"  801 

𝑑[𝐴D]#
𝑑𝑡 = 𝐽2,A"%#  802 

where [Ca2+]i,tot is the total intracellular calcium concentration (see calcium buffer below). All 803 

fluxes (mM/ms) are specified below. 804 

 805 

Membrane currents 806 

The contribution of transmembrane currents to variations in intra- and extracellular ion 807 

concentrations was obtained via the following equations: 808 

𝐽!# = −
∑𝐼!𝑆
𝑧𝐹𝑉#

 809 

𝐽!" =
∑𝐼!𝑆
𝑧𝐹𝑉"

 810 

where the sum of IX is a net membrane current carrying ion X, S is the surface area of the 811 

compartment, z is the valence of the ions, F is the Faraday constant and Vi and Vo are the volumes 812 

of the intra- and extracellular compartments. 813 

 814 

Longitudinal diffusion.  815 

Longitudinal diffusion of K+, Na+, Ca2+ and Cl− was implemented between the somatic and 816 

dendritic compartments in the intracellular and extracellular space of the same cell. It was 817 

described by Fick’s first law:   818 

𝐽!,%"9@#?6.#9'%#" = 𝐷G
P[𝑋]#",' − [𝑋]#"Q𝑆

𝐿𝑉#"
 819 
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where Dx is the diffusion coefficient for the ion X, [X]io is the ion concentration in a given intra- 820 

or extracellular compartment, [X]oi,a is the ion concentration in the adjacent compartment, S is 821 

the cross-sectional area between the compartments, Vio is the compartment volume, L is the 822 

distance between the centers of the compartments. The diffusion coefficients were (in um2/ms): 823 

DNa = 1.33, DK = 1.96, DCa = 0.6, DCl = 2.03 (as in Somjen et al., 2008).  824 

 825 

Radial diffusion.  826 

Na+ and K+ ions diffused radially between adjacent extracellular compartments modeled as 827 

concentric shells around the neurons. The radial exchange of ions between adjacent shells was 828 

described by Fick’s first law: 829 

𝐽!,/'.#'% = 𝐷G
∑P[𝑋]",' − [𝑋]"Q𝑆

𝑑𝑟𝑉  830 

where [X]o is the ion concentration in a given shell and the sum goes over all adjacent shells 831 

having concentrations [X]o,a, V is a given shell volume, dr is the distance between the centers of 832 

the shells and S is the surface contact area between the shells calculated at 16% of the total outer 833 

shell surface. The electrostatic drift of ions was neglected as the ion movement due to the 834 

electrical potential gradient in the extracellular space was small compared to the diffusion. 835 

 836 

Diffusion to/from the bath 837 

Radial diffusion of K+, Na+ and Cl− between the ECS and the bath was described by Fick’s first 838 

law: 839 

𝐽!,B'?C =
1
𝑠 𝐷G

([𝑋]B'?C − [𝑋]")𝑆
𝑑𝑟𝑉  840 

where Dx is the diffusion coefficient for the ion X, s is the scaling constant, S is the outer surface 841 

of the shell, [X]bath is the bath concentration of the ion X, [X]o is the ion concentration in a given 842 

shell, V is the shell volume, dr is the distance between the extracellular space and the bath 843 

(assumed to be half of the shell thickness). Flux Jbath represents various processes such as 844 

diffusion to more distant areas of the brain and cerebrospinal fluid, active transport of potassium 845 

into capillaries and potassium spatial buffering by astrocytes. The effective time constant of these 846 

joint processes is likely to be much slower than that of radial and longitudinal diffusion and is 847 

described by the scaling constant s = 4.4*104.  848 

 849 

The Na+/K+ pump 850 
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The Na+/K+ pump was modelled as the sodium and potassium transmembrane currents (Kager 851 

et al., 2000): 852 

𝐼*',,6+5 = 3𝐼+'G𝑓𝑙𝑢𝑥([𝑁𝑎>]# , [𝐾>]") 853 

𝐼-,,6+5 = −2𝐼+'G𝑓𝑙𝑢𝑥([𝑁𝑎>]# , [𝐾>]") 854 

𝑓𝑙𝑢𝑥([𝑁𝑎>]# , [𝐾>]") = X1 +
𝐾𝑚-

[𝐾>]"
Y
D<

X1 +
𝐾𝑚*'

[𝑁𝑎>]#
Y
D;

 855 

with KmK = 2 mM and KmNa = 10 mM. Imax values were computed for each cell and compartment 856 

to balance Na+ and K+ membrane currents at rest and were as follows (in mA/cm2): 0.014 (PY 857 

soma), 0.009 (PY dendrite), 0.025 (IN). 858 

 859 

KCC2 cotransport  860 

The KCC2 cotransporter currents were modelled according to Wei et al. (2014):  861 

𝐼-,-00< = 𝑈-00< log -
[𝐾>]#[𝐶𝑙D]#
[𝐾>]"[𝐶𝑙D]"

1 862 

𝐼0%,-00< = −𝐼-,-00< 863 

with cotransporter strength adjusted to balance chloride leak current at rest, UKCC2 = 0.002 864 

mA/cm2.  865 

 866 

Glial uptake 867 

Potassium uptake by the glia was modelled as a set of differential equations (Kager et al., 2000): 868 

𝐽@%#' = −𝑘<[𝐾>]"[𝐵] + 𝑘H[𝐾𝐵] 869 

𝑑[𝐵]
𝑑𝑡 = −𝑘<[𝐾>]"[𝐵] + 𝑘H[𝐾𝐵] 870 

𝑑[𝐾𝐵]
𝑑𝑡 = 𝑘<[𝐾>]"[𝐵] − 𝑘H[𝐾𝐵] 871 

where [B] is the free buffer, [KB] is the bound buffer (= [B]max–[B]), Bmax = 1100 mM. k1 = 872 

0.0008 ms-1 and  𝑘< =
(C

H>IJKL[E]GHCIHC.JK M
 are backward and forward rate constants, respectively.  873 

 874 

The calcium pump and buffer 875 

The calcium pump and buffer which altered the intracellular Ca2+ were modelled according to 876 

the model implementation of Somjen et al. (2008) in ModelDB, accession number 113446. The 877 

calcium pump which extruded Ca2+ from the cells was modelled as a Ca2+ transmembrane 878 

current: 879 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2021.03.18.435995doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.18.435995
http://creativecommons.org/licenses/by/4.0/


 35 

𝐼0',6+5 =
𝐼+'G

1 +
𝐾56+5
[𝐶𝑎<>]#

 880 

with Imax = 2.55 mA/cm2 and Kpump = 0.0069 mM. Intracellular Ca2+ was buffered by first-order 881 

chemical Ca2+ buffer with a total concentration of [B]i and an equilibrium constant of Kd. 882 

Calcium buffering was fast and under the assumption of equilibrium conditions, the relationship 883 

between the total and free intracellular calcium concentrations, [Ca2+]i,tot and [Ca2+]i, was given 884 

by (Borgdorff, 2002, pg. 27): 885 

[𝐶𝑎<>]#,?"? = [𝐶𝑎<>]#
[𝐵]# + 𝐾. + [𝐶𝑎<>]#

𝐾. + [𝐶𝑎<>]#
 886 

where [B]i = 1.562 mM*(Vi0/Vi), Vi is the intracellular compartment volume, Vi0 is the 887 

intracellular compartment volume at rest and Kd = 0.008 mM. 888 

 889 

Volume changes 890 

Volume changes were modelled according to Somjen et al. (2008). The rates of intra- and 891 

extracellular volume changes were proportional to the difference in osmotic pressure between 892 

the intra- and extracellular compartments and fulfilled the conservation of total volume. 893 
𝑑𝑉#
𝑑𝑡 = 𝛥 894 

𝑑𝑉"
𝑑𝑡 = −𝛥 895 

where 896 

𝛥 =
𝑐(𝜋# − 𝜋")

𝜏  897 

𝜋# = [𝑁𝑎>]# + [𝐾>]#+[𝐶𝑙D]#+[𝐶𝑎<>]#+[𝐻𝐶𝑂;D]#+[𝐴D]# 898 

𝜋" = [𝑁𝑎>]" + [𝐾>]" + [𝐶𝑙D]" + [𝐶𝑎<>]"+[𝐻𝐶𝑂;D]" + [𝐴D]" 899 

Vi and Vo are the volumes of the intra- and extracellular compartments and t = 250 ms. The 900 

constant c is introduced for unit conversion and is equal to 1 um3/mM, hence units of D are 901 

um3/ms. The extracellular volume was initially 13.1% of the cellular volume and was allowed to 902 

shrink maximally down to 4%. Volume changes affected concentrations but not the total mass 903 

of each ion within a compartment. The conservation of mass required additional fluxes: 904 

Intracellular 905 

𝐽!,A"%# = −
𝛥
𝑉#
[𝑋]# 906 

Extracellular 907 
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𝐽!,A"%" =
𝛥
𝑉"
[𝑋]" 908 

Extracellular space (ES) volume shrinks maximally by about 27%, comparable to average 909 

reduction of 30% during self-sustained epileptiform discharges (Dietzel et al., 1980). 910 

Intracellular space (IS) volume expands about 4%, being a consequence of constant total volume 911 

(ES+IS = const). Volume changes and resulting shifts in representative ion concentrations are 912 

shown in Appendix I – figure 4. We note that volume changes in our model didn’t have big 913 

impact on the observed model dynamics. Shifts in ionic gradients contributed by slow volume 914 

changes were efficiently compensated by other homeostatic mechanisms, which acted on a faster 915 

time scale. In the real tissue astrocyte swelling may be significant and may reduce flow of ions 916 

and oxygen (affecting Na+/K+-pump activity) contributing to seizures and spreading depression 917 

(Hübel & Ullah, 2016). In our model glial cell swelling was not included and its effects on 918 

diffusion and the Na+/K+-pump were not simulated which is one of the model limitations.  919 

 920 

Initial ion concentrations 921 

The initial concentrations were based on existing literature: [Na+]i, [Ca2+]i, [Na+]o, [K+]o, [Ca2+]o 922 

and [A-]o (Somjen et al., 2008); [Cl-]i, [HCO3-]i, [HCO3-]o (Doyon et al., 2011); [K+]i [Cl-]o 923 

(Payne et al., 2003). In setting chloride and potassium concentrations we additionally aimed to 924 

fulfill EK < ECl and EGABAa ~ -70 mV (Andersen et al., 1980). The [A-]i concentration was set to 925 

fulfill osmotic equilibrium condition. Hence, the initial concentrations were as follows (in mM): 926 

[Na+]i = 10, [Na+]o = 140, [K+]i = 87, [K+]o  = 3.5, [Cl-]o = 135, [Cl-]i = 6, [Ca2+]i  = 5e-5, [Ca2+]o 927 

= 2, [A-]i = 187.5, [A-]o = 0, [HCO3-]i = 15,  [HCO3-]o = 25. These values gave the following 928 

Nernst potentials (in mV): ENa = 69.4, EK = -84.5, ECl = -81.8, ECa = 139.3, EHCO3 = -13.4, EGABAa 929 

= -69.5. 930 

 931 

Resting state 932 

Steady-state conditions at rest were characterized by no net flux of the ions at the resting potential 933 

(-61 mV). These conditions were determined separately for each cell and compartment. For 934 

chloride, KCC2 cotransport strength UKCC2 was adjusted to balance Cl- leak current at rest, i.e.: 935 

𝐼0%,%&'( = −𝐼0%,-00< 936 

For sodium and potassium, first, Na+ leak current conductance gNa,leak  was adjusted to ensure 937 

that at rest all passive and voltage-gated membrane currents INa and IK are in the ratio -3/2, i.e.,:  938 

𝐼*' = −
3
2 𝐼- 939 
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Next, the Na+/K+-pump strength Imax was adjusted such that INa and IK currents were balanced by 940 

equal and opposite pump currents: 941 

−𝐼*' = 𝐼*',56+5 942 

−𝐼- = 𝐼-,,6+5 943 

 944 

Synaptic connections and model inputs 945 

The pyramidal cells created excitatory AMPA synaptic connections with the interneuron and all 946 

other pyramidal cells. The interneuron created an inhibitory GABAa synaptic connection with 947 

each pyramidal cell. Excitatory synapses were placed in the middle of the PY dendrite and the 948 

middle of the IN soma. Inhibitory synapses were placed in the middle of the PY soma. The time 949 

course of synaptic conductance was modelled with a built-in NEURON mechanism Exp2Syn, 950 

implementing a dual exponential function: 951 

𝑔 = 𝑔+'G cexp g−
?
NJ
h − exp g− ?

NC
hi  952 

where the rise and decay time constants, τ1 and τ2, were 2 ms and 6 ms, respectively, for all 953 

synapses. gmax = weight*factor, where the factor was defined so that the normalized peak was 1. 954 

The weights for the synapses between the PY and from the PY to the IN were wee = 0.0002 μS 955 

and wei = 0.0017 μS, respectively. The inhibitory synaptic weight, wie, was 0.0005 μS. All 956 

pyramidal cells received background input modelled as a Poisson spike train, which was different 957 

in each cell, activated an excitatory synapse at a rate of 5 Hz and had a synaptic weight winput = 958 

0.0004 μS. To initiate the SLE, a depolarizing ramp current, Iinj, was injected into the 959 

interneuron, with the initial amplitude of 0.35 nA linearly decreasing toward 0 over 40 seconds. 960 

The inhibitory GABAa postsynaptic currents were carried by Cl− and HCO3− ions (Jedlicka et 961 

al., 2010): 962 

𝐼E2F2' = 𝐼0%	E2F2' + 𝐼30P;	E2F2' 963 

𝐼0%	E2F2' = (1 − 𝑃)𝑔(𝑉 − 𝐸0%) 964 

𝐼30P;	E2F2' = 𝑃𝑔(𝑉 − 𝐸30P;) 965 

𝐸E2F2' = (1 − 𝑃)𝐸0% + 𝑃𝐸30P; 966 

where relative permeability P was 0.18. 967 

 968 

Calculation of the LFP 969 

The local field potentials were calculated based on all transmembrane currents in all cells using 970 

the following equation (Nunez & Srinivasan, 2006): 971 
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𝜙(𝑟, 𝑡) =
1
4𝜋𝜎n

𝐼9(𝑡)
|𝑟 − 𝑟9|

*

9QH

 972 

Where In is a point current source at position rn (taken as the position of a mid-point of a 973 

compartment) and r is the position of the electrode. s  =  0.3 S/m is the extracellular conductivity 974 

(Lindén et al., 2014). The electrode was located in the middle of the somatic layer of the PY and 975 

IN cells, approximately 16 um from the centers of the somas of two neighbouring PY cells. The 976 

currents from the interneuron were taken with a weight of 0.2 to decrease their contribution. 977 

Also, the influence of the injected current on the LFP was removed. The amplitude of the 978 

simulated LFP signal was an order of magnitude smaller than the experimental data. This was 979 

due to current point-source approximation and the small number of cells in the modeled network. 980 

 981 

Inter-burst interval fitting 982 

Inter-burst intervals were fitted in Matlab with linear, exponential, logarithmic and square root 983 

relationships. The linear function, IBI(t) = A + Bt, was fitted using the polyfit procedure. The 984 

exponential function, IBI(t) = A+Bexp(Ct), was fitted using the fminsearch procedure. The 985 

logarithmic and square root fits were based on the bifurcation theory, which suggests that close 986 

to bifurcation, the oscillation frequency may be constant or decay as square root or inverse of a 987 

logarithm of the distance to the bifurcation (Izhikevich, 2000). Accordingly, we fitted IBI (i.e., 988 

inverse of frequency) with logarithmic and inverse square root functions IBI(l) = A + Blog(l), 989 

where log() denotes the natural logarithm function, and IBI(l) = A + B/sqrt(l), where sqrt( ) 990 

denotes the square root function. Both functions were fitted using the polyfit procedure with 991 

log(l) and 1/sqrt(l) treated as a predictor variable. The distance to the bifurcation point was 992 

computed as l = tend – t + 1, where tend denotes bifurcation point, i.e., time of an SLE end while 993 

t is time since the beginning of an SLE. One second offset in l was necessary to avoid infinity 994 

in the predictor variables when t = tend. The goodness of fit was evaluated by Root Mean Square 995 

Error (RMSE). 996 

 997 

Software Accessibility 998 

If accepted, the model will be publicly available in the ModelDB 999 

(https://senselab.med.yale.edu/modeldb/) 1000 
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 1431 

Figure legends 1432 

Figure 1. Model diagram. The model consisted of four pyramidal cells (orange) and an 1433 

interneuron (green) linked by excitatory (AMPA) and inhibitory (GABAa) synaptic connections. 1434 

Each cellular compartment was surrounded by an interstitial compartment. The interstitial space 1435 

was enclosed in a common bath (blue) which represented the surrounding tissue and vasculature 1436 

not included in the model. The model included variable intracellular and extracellular ion 1437 

concentrations computed according to ionic currents flowing across neuronal membranes, 1438 

longitudinal diffusion between the dendritic and somatic compartments, radial diffusion between 1439 

neighboring interstitial compartments and diffusion to/from the bath. Additionally, the model 1440 

included ionic regulation mechanisms: a Na+/K+-pump, a KCC2 cotransporter and K+ buffering 1441 

by astrocytes. 1442 

Figure 2. Model behavior during an SLE. (A) Local field potential (LFP) signal. (B) 1443 

Pyramidal cell (PY) membrane potential. (C) Interneuron (IN) membrane potential. (D) 1444 
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Extracellular potassium concentration. (E) Intracellular sodium concentration. (F) Intracellular 1445 

chloride concentration. In the interictal phase (0–60 seconds), the model generated irregular 1446 

background firing and the ion concentrations were at their resting values (A–F). The current 1447 

injected into the interneuron at second 60 (C, yellow) triggered fast IN spiking (C, black) which 1448 

also manifested as low voltage fast activity in the LFP signal (A). Approximately 10 seconds 1449 

after the initiation of the SLE, PY cells initiated tonic firing that subsequently shifted to bursting 1450 

(B). The behavior of the PY cells was reflected in the LFP trace which showed irregular activity 1451 

and synchronized bursting (A). The SLE terminated at approximately second 120 and was 1452 

followed by a period of reduced excitability (A–C). The cellular activity was accompanied by 1453 

significant ion concentration shifts. Extracellular potassium in the somatic compartment 1454 

increased sharply and remained elevated throughout the SLE (D, dark blue). The [K+]o increase 1455 

in the dendritic compartment was slower and less pronounced (D, violet). The intracellular 1456 

sodium increased gradually toward a plateau (E). The intracellular chloride accumulated steadily 1457 

throughout the SLE (F). 1458 

Figure 3. A comparison between the experimental data and the model simulation. (A) 1459 

Experimental recordings of a seizure-like event (SLE) in the in vitro isolated whole guinea pig 1460 

brain preparation (de Curtis et al., 2006; Gnatkovsky et al., 2008; Uva et al., 2015). From top to 1461 

bottom: LFP signal, intracellular recording of pyramidal cell (PY) and interneuron (IN), 1462 

extracellular potassium. The onset of the SLE was associated with increased IN firing, silencing 1463 

PY and low-voltage fast (LVF) activity in the LFP signal. Approximately 10 seconds after the 1464 

onset of the SLE, the PY exhibited a tonic and then burst firing behavior. The extracellular 1465 

potassium increased up to approximately 10 mM at the onset of the SLE and remained elevated 1466 

afterward. (B) The activity patterns in the LFP signal, pyramidal cells, interneuron and [K+]o 1467 

were reproduced accurately by the model. Signals presented in Figure 3a were recorded in 1468 

different experiments. LFP and interneuron data have been published previously (Gentiletti et 1469 

al., 2017; Gnatkovsky et al., 2008) while pyramidal cell and [K+]o data have never been published 1470 

before. 1471 

Figure 4. Analysis of the model. In the bifurcation analysis extracellular potassium and 1472 

intracellular sodium concentrations in the PY and IN cells were control parameters. 1473 

Concentrations of all other ions were fixed at their reference values (except chloride: [Cl-]i,soma, 1474 

[Cl-]i,dend equal to 7 mM), all ion accumulation mechanisms were blocked and background input 1475 

was removed. (A) Bifurcation diagrams showing the dependence of the behavior of the model 1476 
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on [K+]o,dend and [K+]o,soma for varying values of [Na+]i,soma, [Na+]i,dend. The diagram colors 1477 

correspond to types of activity shown on the right: rest (yellow), tonic firing (violet) and bursting 1478 

(dark blue). An increase in [Na+]i progressively decreased the domains of tonic firing and 1479 

bursting and increased the resting domain indicating a general decrease in network excitability. 1480 

The black and gray arrows correspond to the evolution of [K+]o,soma, [K+]o,dend during different 1481 

phases of the SLE, shown in part B. (B) A simulation of the model with [K+]o,soma, [K+]o,dend and 1482 

[Na+]i,soma, [Na+]i,dend as the external control parameters, that illustrated the occurrence of 1483 

transitions between different types of activity during the SLE. The top two panels show the time 1484 

course of [K+]o,soma, [K+]o,dend and [Na+]i,soma, [Na+]i,dend and approximate their evolution during 1485 

the SLE (Figure 2). The third panel shows the resulting PY cell behavior. The parameter 1486 

evolution is divided into four phases indicated by the arrows denoted as I–IV in part A and B. 1487 

Phase I corresponds to a sharp increase in [K+]o,soma which led to a transition from rest to tonic 1488 

firing (marked as a black arrow ‘I’ in the first panel in A). Phase II corresponds to a slow increase 1489 

in [K+]o,dend which led to a transition from tonic firing to bursting (marked as a black arrow ‘II’ 1490 

in the first and second panels in A). Phase III represents a period of increased [Na+]i,soma, 1491 

[Na+]i,dend and decreasing [K+]o,soma and [K+]o,dend which led to the termination of the SLE 1492 

(represented by a black arrow ‘III’ with its tip in the yellow domain in the third panel in A). 1493 

Phase IV corresponds to the postictal period with elevated [Na+]i and a return of [K+]o,soma, 1494 

[K+]o,dend to their baseline values (marked as a black arrow ‘IV’ in the third panel in A). 1495 

Figure 5. A comparison of the model without and with chloride accumulation. The six 1496 

panels in each column show respectively (from top to bottom): the LFP signal, the PY cell 1497 

membrane potential, the IN membrane potential, the extracellular potassium concentration and 1498 

intracellular chloride concentration, the chloride and potassium KCC2 currents in the somatic 1499 

compartments and the GABAa synaptic currents (Cl- and HCO3-) together with the leak chloride 1500 

current. Additionally, the equilibrium potential of chloride and GABAa are shown in the second 1501 

panel from the top. (A) When the [Cl-]i accumulation mechanism was blocked, the chloride 1502 

concentration was fixed at the reference value (fourth panel, blue). Without chloride 1503 

accumulation, the PY cell (second panel) fired tonic train of spikes due to transient rise in [K+]o 1504 

(fourth panel, red) mediated by the IN discharge triggered by the current injection (yellow, third 1505 

panel). Elevated [K+]o and fixed [Cl-]i promoted K+ influx via KCC2 (fifth panel, red), thus 1506 

lowering [K+]o and further preventing the generation of the full SLE. (B) With chloride 1507 

accumulation, the IN discharge led to an increase in ECl and EGABAa (second panel, blue and light 1508 

blue) which reduced the hyperpolarizing ICl,leak and IGABAa currents and enhanced excitability. 1509 
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The increase in firing rate of the PY cells led to prolonged [K+]o accumulation (fourth panel, red) 1510 

leading to the full SLE. 1511 

Figure 6. The evolution of inter-burst intervals (IBI) in the model and experimental data. 1512 

(A) In the simulation, the background input was removed and compensated with a small 1513 

depolarizing current injected into the PY cells to preserve the duration of the SLE. A decreasing 1514 

rate of bursting is visible in the LPF signal and in the detected bursts marked above the trace (top 1515 

panel). The evolution of the IBI is shown with the y-axis on a linear scale (middle panel) and a 1516 

log scale (bottom). On a linear y-axis plot, the data appear curved while on a semi-log plot they 1517 

lay on a straight line, suggesting exponential scaling of the IBI with time. The red line in each 1518 

plot represents the best fit for the detected IBI; linear function (middle panel) and exponential 1519 

function providing a linear relationship on a semi-log plot (bottom panel). The root mean square 1520 

error (RMSE) between the data points and fitted function is shown in each window. The 1521 

exponential function fit yielded a smaller RMSE compared to the linear, logarithmic or square 1522 

root fits (see Methods), providing quantitative confirmation that at the end of the simulated SLE, 1523 

the IBI duration increased exponentially with time. (B) The evolution of the IBI during the SLE 1524 

induced by application of bicuculline in the whole-brain in vitro preparation (Boido et al., 2014; 1525 

Gnatkovsky et al., 2008). (C) IBI evolution during a seizure recorded with intracerebral 1526 

electrodes positioned in the temporal lobe in a patient submitted to presurgical evaluation 1527 

(courtesy of Laura Tassi, Epilepsy Surgery Center, Niguarda Hospital, Milano, Italy). In B and 1528 

C, the detected IBI lay on a straight line on the semi-log plot and the exponential fit resulted in 1529 

a smaller RMSE compared to the linear, logarithmic or square root fits, validating the model 1530 

prediction of an exponential increase in the IBI at the end of a seizure. Only linear and 1531 

exponential fits are shown. The results for all considered fits are provided in Figure 6 – source 1532 

data 1. 1533 

Figure 6 – supplementary figure 1. Inter-burst interval slowing mediated by ion 1534 

concentration changes. The SLE was simulated by variations in K+, Na+ and Cl- concentrations. 1535 

For the first 50 seconds ion concentrations varied as in Figure 4B. Afterwards, the concentration 1536 

of only one ion type was varied, while concentrations of all other ions were held constant. (A) 1537 

In the bursting phase, discharges of PY cells were synchronous and the network dynamics was 1538 

well captured by the membrane potential of a single PY cell, shown in the top panel. After second 1539 

50, a linear decrease in [K+]o (second panel) and constant [Na+]i and [Cl-]i (third and fourth panel, 1540 

respectively) led to IBI slowing and SLE termination. The detected bursts are marked above the 1541 
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trace. Blue bars mark analyzed IBI epoch. Four bottom panels show evolution of IBI (black 1542 

points) fitted with linear, exponential, square root and logarithmic functions (red lines, see 1543 

Methods), as marked on the left of the figure. The root mean square error (RMSE) between the 1544 

data points and fitted function is shown in each window. Among all four fits, exponential fit 1545 

marked by blue rectangle, provided the lowest RMSE. (B) Linear increase in [Na+]i or (C) linear 1546 

decrease in [Cl-]i led to logarithmic IBI scaling (blue rectangle). 1547 

Figure 7. An analysis of network excitability in the postictal period. In this figure, the 1548 

background input was removed from the simulation and compensated with a small depolarizing 1549 

current injected into the PY cells, as in Figure 6. (A) The LFP signal. (B) The PY cell membrane 1550 

potential with external periodic stimulation delivered every 5 seconds, marked by the arrows 1551 

(violet, stim.). The amplitude of the stimulation was set at just above the threshold for triggering 1552 

a spike in the interictal period. (C) The extracellular potassium in the somatic and dendritic 1553 

compartments. (D and E) The net Na+/K+-pump current in the somatic and dendritic 1554 

compartment, respectively. The vertical broken line (blue) in all panels marks the SLE offset 1555 

time without periodic stimulation. Immediately after termination of the SLE, the network was 1556 

still excitable due to increased [K+]o. Shortly afterward, the excitability decreased due to an 1557 

increased Na+/K+-pump current that outlasted the increase in [K+]o. Increased Ipump and decreased 1558 

[K+]o which occurred shortly after the termination of the SLE, led to a postictal period during 1559 

which the network did not respond to external stimulation for approximately 90 seconds. 1560 

Appendix I figure legends 1561 

Appendix I - figure 1. A bifurcation diagram of a single PY cell. The 2D bifurcation diagram 1562 

demonstrates the behavior of a single PY cell as a function of extracellular potassium 1563 

concentration in the dendritic ([K+]o,dend) and somatic compartments ([K+]o,soma) used as control 1564 

parameters. Concentrations of all other ions were fixed at their reference values (except chloride: 1565 

[Cl-]i,soma, [Cl-]i,dend equal to 7 mM), all ion accumulation mechanisms were blocked and all 1566 

synaptic connections were removed. (A) The three graphs show the PY cell activity traces for 1567 

different values of the control parameters: resting (yellow, [K+]o,soma = 3.5 mM, [K+]o,dend =  3.5 1568 

mM), tonic firing (violet, [K+]o,soma = 4.5 mM, [K+]o,dend =  4 mM) and bursting (dark blue, 1569 

[K+]o,soma = 6.5 mM, [K+]o,dend =  4 mM). In each panel, 2 seconds of activity is shown. (B) The 1570 

colors of the 2D diagram correspond to the types of activity shown above in (A). For low 1571 

[K+]o,dend and [K+]o,soma the cell was at rest. A moderate increase in either [K+]o,dend or [K+]o,soma, 1572 
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or both, led to tonic firing. Subsequent increases in these parameters led to bursting. 1573 

Appendix I - figure 2. A comparison of tonic firing (A) and bursting (B) of a PY cell. In 1574 

each column, the membrane potential of a cell (top) and the activation gate of IKM (bottom) is 1575 

shown. During tonic firing, the activation gate of the M-type potassium current was closed. The 1576 

prolonged depolarization of the cell during bursting led to the opening of the activation gate m 1577 

and activation of the IKM current, which eventually terminated the burst. The simulation was 1578 

performed using an isolated PY cell model with the concentrations of all ions fixed at their 1579 

reference values, except [Cl-]i,soma= 7, [Cl-]i,dend = 7 mM and (A): [K+]o,soma = 3.5 mM, [K+]o,dend 1580 

= 4.5 mM, (B): [K+]o,soma = 5.25 mM and [K+]o,dend = 4.5 mM. 1581 

Appendix I - figure 3. A simulation of biphasic GABAa response. In this simulation size of 1582 

both PY compartments was scaled down by factor 10, to represent small dendritic compartments. 1583 

Single GABAa synapse was located in a segment having diameter 1.5 um and length 2 um (i.e., 1584 

having volume 1000 times smaller and GABAa conductance density 100 times larger than soma 1585 

in the original model). (A) High frequency IN firing (shown schematically by VIN, yellow; not 1586 

to scale) was induced by IN current stimulation of 100 ms duration. GABAa receptor-mediated 1587 

postsynaptic potential response consisted of the initial hyperpolarization followed by a long-1588 

lasting depolarization (VPY, black). Chloride accumulation ((B), blue) was mediated by large Cl- 1589 

influx via GABAa receptor as compared to Cl- extrusion via KCC2 ((C) vs. (D)). Accordingly, 1590 

the biphasic potential resulted from positive shift in ECl ((A), blue) and relatively high EHCO3 1591 

((A), violet) leading to depolarizing shift in EGABAa ((A), light blue). During GABAa receptor 1592 

activation VPY was clamped to EGABAa due to large GABAa conductance density. 1593 

Appendix I - figure 4. Volume changes during an SLE in the model. The panels show from 1594 

top to bottom: LFP, relative volume changes and representative changes in intracellular A- ion 1595 

and extracellular Cl- concentration in the PY somatic compartment during an SLE. [A-]i was 1596 

affected only by volume changes while [Cl-]o was additionally affected by inward chloride leak 1597 

and GABAa currents, KCC2 and Cl- diffusion to the bath. It can be seen that an increase in 1598 

intracellular space (IS) volume (second panel, dark blue) is exactly mirrored by a decrease in [A-1599 

]i. A decrease in extracellular space (ES) volume (third panel, violet) gives rise to an increase in 1600 

[Cl-]o above baseline despite Cl- influx into the cells, in agreement with the experimental data 1601 

(Dietzel et al., 1982). 1602 
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Source data files 1603 

Figure 3 – source data 1 1604 

Source files for an SLE recordings in the in vitro isolated whole guinea pig brain 1605 

This zip archive contains experimental data shown in Figure 3. Seizure-like events were induced 1606 

by 3-min arterial perfusion of 50 microM bicuculline and were recorded in the entorhinal cortex 1607 

of the in vitro isolated whole guinea pig brain. The data are in the Matlab format (.mat). Matlab 1608 

script (.m) loads the data from the file and creates the plot.   1609 

Figure 6 – source data 1 1610 

Source files for seizure data used in the analysis of inter-burst interval slowing. 1611 

This zip archive contains simulated and experimental data shown in Figure 6. The source data 1612 

are in the Matlab format (.mat). Separate Matlab scripts (.m) are provided for the analysis of 1613 

inter-burst interval distribution at the end of a seizure in the Model, Whole guinea pig brain and 1614 

TLE patient. Each script loads the data, calculates linear, exponential, logarithmic and square 1615 

root fits with root mean square error and creates the plots for each fit. 1616 
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