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Introduction

Epilepsy and seizures have been recognized as brain diseases in antiquity. Since
then enormous progress in understanding pathophysiology of epilepsy has taken
place. It led to the development of effective treatments, such as antiepileptic drugs
[1], resective surgery [2], neuromodulation [3] and neurostimulation [4]. Despite
these advances many patients still experience seizures or suffer from side effects
of antiepileptic medications. Further progress in understanding mechanisms of
epileptic brain activity is needed but the brain complexity at various scales of
neuronal organization is the main challenge that needs to be overcome to achieve
this goal. There is no existing technology that could possibly measure complex
behaviours of thousands of individual neurons synchronizing their electrical
activities during seizure. That’s why, many properties of neurons, neuronal popu-
lations and activities of their networks can be best studied in computational models,
where each neuronal element and overall activity may be observed simultaneously.
Furthermore, in the case of the brain, a model as complex as the real system would
probably be just as hard to investigate. Instead, a wise distinction between essential
and irrelevant components of the observed phenomenon may lead to a simplified in
silico representation of the complex neuronal system, that may be studied more
efficiently. Computational epilepsy research is relatively new but rapidly growing
field. Although seizure-like neuronal behaviour has been recreated in a number of
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computational models [5], their applications towards improved clinical practice has
been very limited so far. One of the possible reasons is that most of the models of
epileptic neuronal networks consider neurons and their connections isolated from
the external neuronal environment. Although membrane and synaptic currents are
generated by flow of ions across membranes, modelled intra- and extracellular ion
concentrations are typically assumed, e.g. in Hodgkin and Huxley formalism [6], to
be constant in time and in space. This assumption might hold during normal activity
when ion fluxes are moderate and ion homeostasis can be maintained by a number
of mechanisms including ion pumps and transporters, buffering and diffusion.
However, during periods of increased neuronal discharges, such as seizures,
activity-induced changes in ion concentrations may largely deviate from their
baseline values [7]. These alterations in intra- and extracellular ion concentrations
can impact a number of neuronal processes, such as maintenance of resting
membrane potential, operation of voltage-gated channels, synaptic transmission,
volume regulation and ion transport mediated by ionic pumps and cotransporters. In
particular, extracellular K* concentration changes have been directly implicated in
epilepsy and seizures [8]. Potassium accumulation hypothesis proposed by Fertzi-
ger and Ranck [9] suggests that increased neuronal discharges lead to an increase of
extracellular K* concentration, which depolarizes neurons leading to their increased
firing, what in turn contributes to further increase in extracellular K*. Such positive
feedback mechanism was suggested to be at play during seizures development but
also was deemed responsible for seizure termination  through
depolarization-induced inactivation of Na* currents. To date, a lot of experimental
data on ion dynamics associated with seizure activity has been accumulated.
Nonetheless, these findings are usually not incorporated into computational models,
with few notable exceptions (e.g., Durand and Park [10], Kager et al. [11], Krishnan
and Bazhenov [12], Wei et al. [13]). These highly realistic models are usually
dedicated to particular epilepsy or seizure models. Accordingly, their electro-
physiological and ionic patterns might not be similar and it is not yet clear, to what
extent these individual results may be generalized.

In this chapter we explore the influence of ionic dynamics on specific seizure
generation pattern using computational model with activity-dependent ion con-
centration changes. The model is based on the experimental data obtained in in vitro
isolated guinea pig brain preparation, which is considered an animal model of
human focal epilepsy [14]. We show that combined experimental and modelling
approach allowed to obtain new insight into functional role played by various ionic
components, especially potassium, in focal seizure generation. We also suggest that
such better understanding of basic mechanisms underlying epileptic seizures may
advance translation of research findings into novel therapeutic applications.
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The Scientific Problem

As mentioned above, among four main ions shaping electrical activities of neurons,
i.e., Na*, K*, CI™ and Ca*", dynamics of potassium has been suggested to play an
important role in seizure generation. Therefore, we explain the scientific problem by
first considering the mechanisms by which extracellular K™ concentration ([K*],)
may modulate neuronal excitably. Next, we describe experimentally observed
seizure pattern and associated [K*], changes and finally, we formulate the aim of
this modelling study.

Effects of Extracellular K™ Concentration on Neural Activity

Resting Potential

Resting membrane potential is given by the Goldman-Hodgkin-Katz equation
(GHK):

v _EIHPK[K+}0+PNE[NCI+]0+PC[[CZ_]1'
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For ion concentrations and permeability in typical mammalian cell [15], as
shown in Table 1, the resting membrane potential is —66 mV.

Figure 1 shows the influence of concentrations of K*, Na™ and CI~ on resting
membrane potential, calculated according to GHK equation. On each graph, vari-
ation of the resting membrane potential is shown (solid line) when given concen-
tration is being varied and all others are kept constant, at their baseline values. The
reference value of a concentration being varied is shown on each graph by broken
vertical line. Intersection of solid and broken lines on each graph marks the ref-
erence resting membrane potential, that is V,, = —66 mV. The slope of the solid
line on each graph corresponds to sensitivity of the resting membrane potential to
changes of the given concentration. One can see that resting membrane potential
depends on all concentrations but it is most sensitive to change of extracellular
potassium, as suggested by largest slope of the solid line in Fig. 1 left bottom panel,
as compared to other panels. It suggests that even moderate increase of [K*], leads
to significant change of the resting potential of the cell into depolarized direction.

Table 1 Ion concentrations

. ] | Ton Inside (mM) Outside (mM)
in a typical mammalian cell K 140 5

Na* 10 145

Cl™ 4 110

Ca** 1#107* 2.5
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Effects of ionic concentrations on resting potential

. K, : : [Na], 0y [Ch,
T 50 | E-s0f g5 __—
100550 100 150 %% 50 100 150 %0 50 100 150
mM mM mM
K Na Cl
o (K] o [Na] . [ ]ui
Z -50 Z -50 Z -50

10,50 100 150 %% 50 100 150 %0 50 100 150
mM mM mM

Fig. 1 Influence of K*, Na* and Cl~ concentration changes on the resting membrane potential.
On each graph, black solid line shows the resting membrane potential calculated with GHK
equation while red vertical broken line shows the reference value of the given concentration.
Crossing of these lines marks the resting membrane potential for the reference conditions, that is
about —66 mV. The resting membrane potential is sensitive to changes of all concentrations but it
most sensitive to change of potassium extracellular concentration. Even minor change of
extracellular K* concentration around its reference value leads to significant change of the resting
membrane potential

Driving Force

The main role of all potassium currents is to control excitability and stabilize
membrane potential around potassium reversal potential Ey, typically around
—90 mV. Ionic current is proportional to the channel conductance and the ionic
driving force, which is the difference between the membrane potential and the ion
reversal potential. The ionic reversal potential in turn depends on the intra- and
extracellular ion concentrations. When extracellular potassium increases, both
potassium reversal potential and the resting membrane potential move to more
positive level. However, Eg grows more considerably than membrane potential V,,,
because change of V,, is limited by the presence of Na* and C1~ leak currents. As a
result, Ex moves towards V,, leading to reduction of the driving force of all
potassium currents. Accordingly, the cell’s capability to resist membrane depolar-
ization is diminished and may lead to increased action potential firing.



Extracellular Potassium and Focal Seizures ... 53
Synaptic Transmission

Effect of extracellular potassium on synaptic transmission is not trivial as both pre-
and postsynaptic part of the synapse depend on membrane depolarization and
therefore on [K*],/[K*];. It is established experimentally [16] that moderate
increase of [K™], enhances excitatory synaptic transmission while above certain
level of [K*], both excitatory and inhibitory synaptic transmission is abolished due
to presynaptic depolarization-related inactivation of Na* and Ca®* channels. Yet
another effect is related to interaction between potassium and chloride. GABA
inhibitory potentials are associated with chloride influx that hyperpolarizes the cell.
The CI™ and K" ions are coupled by potassium-chloride co-transporter KCC2,
which usually extrudes K™ and Cl~ ions from neurons [17]. The KCC2
co-transporter operates at thermodynamic equilibrium defined by [K*],[CI7], =
[K*J;[C17]; [18]. Under this condition, large increase of extracellular K concen-
tration must be compensated by increase of intracellular C1~ and the direction of
transport of K* and C1~ ions reverses. It leads to intracellular CI~ accumulation and
elevation of the GABA, reversal potential. Accordingly, GABA, inhibitory
potentials will be reduced or may even become depolarizing if Egagasa surpasses
membrane potential of the cell [19].

Focal Seizure Dynamics

Many types of epileptic seizures are not stationary processes but exhibit intrinsic
dynamics. From the clinical point of view, seizure onset patterns are most impor-
tant, as they are relevant for seizure early detection and localisation. However,
seizure evolution may provide important clues regarding the mechanism involved
in seizure generation. The typical pattern observed with intracranial electrodes in
mesial temporal lobe epilepsy patients consists of low-voltage fast activity
(>25 Hz) at the seizure onset, irregular activity phase with some increase of
amplitude followed by synchronous quasi-rhythmic pattern that increases in spatial
synchrony towards the end of the seizure. These focal seizure patterns can be
reproduced and studied in animal in vitro models, which offer an additional
advantage of performing intracellular and ion-selective recordings together with
extracellular LFP measurements in the intact, whole brain networks.

In in vitro isolated guinea pig brain preparations [20] seizures may be induced
acutely by arterial application of proconvulsant drugs [21]. Seizure patterns in this
model resemble very much those observed in human focal epilepsy [14]. Intracellular
recordings from entorhinal cortex (EC) neurons showed that seizures were initiated
with increased firing of inhibitory interneurons and neuronal silence of principal
cells, which correlated with low-voltage fast LFP oscillations (20-30 Hz). Neuronal
firing of principal cells was subsequently restored with an acceleration-deceleration
firing pattern followed by rhythmic burst activity. Increased firing of principal
neurons correlated with ictal discharges in the LFP signal. An increase of



54 P. Suffczynski et al.

extracellular potassium concentration was observed throughout the seizure. Typical
intracellular seizure pattern and associated extracellular potassium concentration
time course observed in isolated guinea pig brain is shown in Fig. 3a.

Aim of This Work

Despite the fact that the synaptic and non-synaptic mechanisms mediating seizure
pattern observed in isolated guinea pig brain have been suggested, the specific roles
played by various neural elements during seizures are not fully understood. During
seizure states many mechanisms are interacting in complex ways, making it difficult
to study experimentally. It is becoming recognized that studying these interactions
may contribute to a better understanding of seizure generation. The aim of the
present chapter is to investigate the link between ionic dynamics and experimen-
tally observed seizure pattern, using a computational model, in order to provide
such a synthetic view.

Computational Methods

Model Description

The model consists of two multicompartmental EC cells, a pyramidal neuron and an
inhibitory interneuron, embedded in the common extracellular space (ECS) sur-
rounded by a bath. The size of ECS was estimated by the extracellular volume
fraction o defined by the ratio volume of extracellular space/volume of intracellular
space. lonic dynamics of K*, Na', Ca’* and Cl~ was incorporated and
activity-dependent changes in their concentrations were computed. Concentration
changes in a given extra- or intracellular compartment were dependent on a number
of mechanisms such as: active and passive membrane currents, inhibitory synaptic
GABA, currents, Na™/K™ pump, KCC2 cotransporter, glial K* buffering, radial
diffusion between ECS and bath, and longitudinal diffusion between dendritic and
somatic compartments. At each simulation step all ionic concentrations were updated
and their reversal potentials were computed. The model setup is shown in Fig. 2.
Simulations were performed using NEURON simulator with a fixed integration step
of 0.05 ms. The parameters’ values and units together with their sources are given in
Gentiletti et al. [22]. Modifications in the present model, with respect to original
publication include: (i) simplified cells’ morphology, (ii) leak currents for K*, Na*,
and C1~ (instead of K*, Na™ and fixed leak), (iii) modification of radial diffusion
coefficients to better reproduce experimental results, (iv) taking into account bicar-
bonate and C1™ concentrations for calculation of Eg4p44 (instead of considering only
CI™). These changes are described in the subsequent sections, where modified
parameter values are provided.
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Fig. 2 Schematic diagram of the model. Two entorhinal cortex cells, a pyramidal cell and an
interneuron are synaptically coupled and are embedded in the common extracellular space, which
is surrounded by a bath. The model includes ionic regulation mechanisms: Na*/K* pump in both
cells, KCC2 cotransporter in pyramidal cell, glial buffering of K* ions and diffusion of K*, Na™
and CI” ions between compartments and between extracellular space and surrounding bath. The
activity in the model can be triggered by excitatory synaptic input to pyramidal cell and current
input to the interneuron

Cells’ Morphology

The cells in our model were adapted from the compartmental model of the EC cells
by Fransén et al. [23]. In the original model the pyramidal cell was composed of six
compartments, one representing the soma, three representing the apical dendrite and
two representing basal dendrites. The interneuron was composed of six compart-
ments, one representing the soma, three representing a principal dendrite, and two
representing remaining dendrites. In order to simplify the given models we lumped
together all dendrites in both cells using Rall’s rule. Therefore, the simplified model
of pyramidal cell is composed of two compartments: one representing soma with
length 20 pm and diameter 15 pm, and one representing lumped dendrites with
length 450 pm and diameter 6.88 pm. The interneuron is also composed of two
compartments, one representing soma with length 20 pm and diameter 15 pm and
one representing lumped dendrites with length 700 pm and diameter 3 pm. The
extracellular space is common for both cells, but is physically modelled around the
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interneuron. It consists of two cylindrical compartments, one surrounding the soma
and one surrounding the dendrite. Each extracellular compartment communicates
with the corresponding intracellular compartment of the modelled neurons,
neighbouring extracellular compartment, glial buffer and bath. To account for the
fact that each extracellular compartment corresponds to common ECS of pyramidal
cell and interneuron and that each cell contributes roughly similar extracellular
volume, the volume of each common extracellular compartment is given by twice
the volume of the corresponding extracellular compartment of the interneuron.

Cells’ Biophysics

Reversal Potentials and Passive Electrical Properties

The reversal potential of the ions is given by Nernst equation:

Br= f_;l“([[xx]f)

1

where [X]; and [X], represent intra and extracellular concentrations, respectively of
the ionic species X = {Na*, K¥, Ca®*, CI7}, F is Faraday’s constant, R is the gas
constant, z is the valence of the species X and T = 32 °C is temperature (as
specified in Gnatkovsky et al. [24]). Leakage currents were present in all the
compartments of both cells and had the following, standard expressions:

INa,leak = &Na, leak(Vm - ENa)
IK,leak ng,leak(Vm _EK)

Ict, teak = &ct, teak(Vin — Ect)

The resting membrane potential was set to —65 mV in the pyramidal cell and
—75 mV in the interneuron. In pyramidal cell we set initial potassium and chloride
concentrations at the thermodynamic equilibrium of KCC2, i.e., [K*],[CI7], =
[K*];[C17];. In this way, potassium and chloride cotransporter currents were zero
initially and membrane potential was more stable. Specific axial resistance in both
cells was set to R, = 100 Ohm X cm and specific membrane capacitance was set
to C,, = lpF/cmz, as in Fransén et al. [23]. It should be noted that under back-
ground excitatory synaptic input, ionic concentrations and membrane potentials
deviated slightly from the equilibrium conditions.
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Active Currents

The pyramidal cell model included the following active membrane currents: the
Na* and K* currents present in both compartments and responsible for fast action
potentials (Iy,7 and Ix,, respectively); a persistent Na* current Iy,p in the soma; a
high-threshold Ca** current I,; in both compartments; a calcium-dependent K*
current Ix4yp in both compartments; a fast calcium- and voltage-dependent K*
current g in both compartments; and a noninactivating muscarinic K* current Iy,
in the soma. The interneuron model had the Na™ and K™ currents, Iy, and I Kar, 1N
both compartments, responsible for fast action potentials. All the models of active
currents were based on Fransén et al. [23]. Some changes of the parameters were
required in order to compensate the additional ionic regulation mechanisms that
were not present in the original model. Implemented modifications together with all
the currents’ formulas and parameters are given in Gentiletti et al. [22].

Synaptic Connections and Network Inputs

The pyramidal cell and inhibitory interneuron are synaptically coupled, as shown in
Fig. 2. An inhibitory synapse is placed in the middle of somatic compartment of the
pyramidal cell, and an excitatory synapse is placed in the middle of dendritic compart-
ment of the interneuron. The synaptic conductances are modelled according to NEU-
RON’s built-in Exp2Syn mechanism with a double-exponential function of the form:

8 =gmax[exp( —1/r2) — exp(— t/rl)]

The 7; and 7, are the rise and decay time constants respectively, taking values 2 ms
and 6 ms for all synapses. The reversal potential of excitatory postsynaptic currents
(EPSC) was set to 0 mV. In order to investigate the impact of chloride concentration
changes the inhibitory GABA postsynaptic currents were explicitly mediated by
chloride influx. Because GABA 4 receptor pore conducts both CI~ and HCO;™ in a
4:1 ratio [25], Egapasa Was calculated using the Goldman-Hodgkin-Katz equation
[26]:

_ RT1 4[CI~),+ [HCO5 |,
Foamn =" “(w—h, = [Hco;]o)

For simplicity, HCO3;™ concentrations were assumed to be constant and equal to
[HCO;7]; = 15 mM and [HCO;3 ], = 25 mM. Excitatory and inhibitory synaptic
weights w,, w; were equal to 0.001 and 0.002 pS, respectively. With these settings,
the unitary excitatory postsynaptic potential had amplitude of ~2.3 mV at the
soma, while the unitary inhibitory postsynaptic potential had amplitude of ~1 mV
at the soma. A synaptic response was generated in a postsynaptic cell when
presynaptic membrane potential in the soma crossed the threshold of —10 mV.
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Pyramidal cell received excitatory background synaptic input via dendritic excita-
tory synapse activated by a Poisson spike train with 66 Hz rate. In order to
reproduce enhanced interneuronal firing at seizure onset, the inhibitory interneuron
was stimulated by the somatic injection of a depolarizing current with initial
amplitude of 1.3 nA at second 13 that was linearly decreasing toward 0.5 nA at
second 60.

Ion Accumulation

Changes in ion concentrations due to transmembrane currents are described by the
following equation:
diX] _ Y Ix

dt — zFV’

where [X] is the concentration of the ionic species X, XIx is the net ion trans-
membrane current, F is Faraday’s constant, V the compartment volume, and z the
valence of the species X. The right-hand side is positive if the net flow is outward
(for positive z), negative, if inward. The longitudinal diffusion contribution is
calculated using the built-in mechanism in the NEURON simulation environment:
dixil _ (X1 = [Xi])Si
C = py 3 S,
dt n szVz
where [X;] is the ion concentration in the compartment i, Dy is the longitudinal
diffusion constant of the ionic species X, S;; is the flux area between the adjacent
compartments i and j, L; is the distance between the centers of the compartments
i and j, and V; is the volume of the compartment i. The right-hand side is positive if
the net flow is increasing the ion concentration of the given compartment, negative
otherwise. The sum is made over the total number of contributions to ionic con-
centration in the i-th compartment. For our two compartmental cells and ECS 7 is
equal to 1. The ions accumulated in the extracellular space can diffuse radially to
the bath representing the extracellular space and vasculature not included in the
model. Radial diffusion represents the net effect of various processes such as
extracellular diffusion to more distant areas of the brain, potassium transport into
capillaries and potassium regulation by the network of glial cells coupled by gap
junctions. The time constant of these joint processes is likely to be much slower
than that of lateral diffusion. Therefore radial diffusion constant is assumed to be
equal to the longitudinal diffusion constant Dy, divided by a scale constant
s = 5000. Bath concentrations are assumed to be constant and equal to the initial
extracellular concentrations. For the sake of simplicity, radial ion diffusion was
modelled only for K*, Na™ and CI™, as Ca®* fluxes were much smaller than these of
other ion types. The equation implemented to account for radial diffusion is as
follows:
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diXil, 1 (X]pm — [Xil,)Si

o

il _ 2 p Mbah — [Bilo)01
dt s X drp)yvi

where [X],.., 1s ion X concentration in the bath, §; is radial flux area corresponding
to the i-th compartment, V; is the volume of the i-th extracellular compartment, and
dr is the thickness of the extracellular space. The values of radial diffusion constants
(in [pmz/ms]) for K*, Na® and CI~ were 1.96, 0.226 and 2.03, respectively. The
electrostatic drift of ions was neglected, as the ion movement due electrical
potential gradient in extracellular space is small compared to diffusion.

Na*/K* Pump

The Na*/K* pump is moving Na* and K* ions across the membrane in order to
maintain their concentration gradients and exchanges 2 K™ ions for 3 Na™ ions. The
Na* and K* pump currents are as is [27]:

Ing = 3Imaxﬂux([Na+]iv [K+]o)
Ix = 2Imaxﬂ”x([Na+]i’ [K+]a)

flux([Na™ ] [K™],) = (1 + [I[§L+I]:> _2<1 + [Ilffl:—fﬁ i

using maximal flux 7,,,, = 0.0013 mA/cm?, Kmg = 2 mM and Kmy, = 10 mM.

Glial Buffer

Potassium buffering is modelled with a first-order reaction scheme simulating glial
potassium uptake system. It involves three variables: [K*],—extracellular potas-
sium concentration, [B]—free buffer, [KB]—bound buffer, and backward and
forward rate constants k; and k,, respectively. The set of differential equations
solved is as follows [27]:

d[’;]o = —la[K*],[B] + i [KB]
%: —Iko[K*],[B] + ki [KB]
d[KB)

. —ko[K*],[B] = ki [KB]
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KCC2 Cotransporter

In adult hippocampal cells low intracellular CI~ concentration is maintained by
means of potassium-chloride cotransporter KCC2 that mediates K — CI cotransport
across the membrane. The transport process involves one for one extrusion of C1~
ion together with K™ ion. The KCC2 cotransporter currents are modelled according
to Wei et al. [13]:

[K+]i[Cl‘]i>

Ix=yU I
7 "“”([Kﬂ,,[cz—]

o

Io=—Ix

where Ugccr = 0.3 mM/s is the cotransporter strength and y = Si/(FV;) is a con-
version factor from the concentration per second units (mMY/s) to the current density
units (mA/cm?). For pyramidal compartments, soma and dendrite, y takes the value
v, and y4, respectively. The parameters S;, V;, are the total surface area and total
intracellular volume of the respective cell compartment and F is Faraday’s constant.

Results

In Silico Test of the Whole Brain In Vitro Hypothesis

Experimental studies of seizures in the entorhinal cortex of the in vitro isolated
guinea pig brain [14, 24] showed that onset of ictal episodes is associated with
strong discharge of inhibitory interneurons and initial silence of principal cells,
which are subsequently recruited into progressively synchronized discharges. It was
proposed that interneuronal firing-related increase of extracellular potassium toge-
ther with intracellular chloride accumulation and reduction of GABA , inhibition
results in hyperexcitability of principal cells and progression of a seizure. We tested
this hypothesis using our computational model. A comparison of experimental and
modelling results is shown in Fig. 3. In the model the seizure-like event was
initiated by depolarizing current applied to soma of the inhibitory interneuron as
shown by red trace in Fig. 3b middle panel. Current stimulation triggered strong
interneuronal discharge at the initial rate of about 300 Hz. The membrane potential
of the pyramidal cell transiently decreased and the cell ceased firing following onset
of strong inhibitory drive (considered as the beginning of the seizure). After gap in
firing lasting about 7 s, pyramidal cell resumed its activity reaching maximal firing
rate of about 8 Hz in about 11 s from seizure onset. Throughout the seizure,
inhibitory interneuron exhibited tonic discharges with gradually decreasing spike
amplitude. These changes were accompanied by increase of extracellular potassium
concentration, which increased sharply, reached maximal value of 9 mM within
first seconds of the seizure and slightly decreased afterwards. These simulation
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Fig. 3 Comparison between experimental data (a) and model simulation (b), Experimental
recordings obtained in entorhinal cortex of in vitro isolated guinea pig brain show intracellular
traces of pyramidal cell (top panel), interneuron (middle panel) and extracellular potassium
(bottom panel). Seizure onset is associated with increased firing of the inhibitory interneuron and
cessation of firing in pyramidal cell for few seconds. Afterwards, principal cell resumes its tonic
activity that progressively transforms into bursts. Extracellular potassium is elevated up to 9 mM
within first few seconds of the seizure and remains elevated throughout the seizure. Activity
patterns of both cells (except bursting) and extracellular potassium time course are reproduced by
the model. In the model discharge of the interneuron is triggered by somatic injection of the
depolarizing current, shown in red in part (b), middle panel

results agree qualitatively and quantitatively in many respects with the experi-
mentally observed seizures in the isolated guinea pig brain (Fig. 3a). To make the
role of inhibitory interneurons more evident the pyramidal cell shown in Fig. 3a
was stimulated by a steady positive current delivered via the intracellular pipette.
The resulting depolarization was responsible for fast discharge present before the
seizure. Initial discharge of interneurons at a rate about 400 Hz transiently inhibited
pyramidal cells, which stopped firing but resumed their activity within few seconds,
reached maximal firing rate of 9 Hz about 13 s from seizure onset and gradually
decreased afterwards. Strong firing of the interneuron gradually decreased and
exhibited reduction of spike amplitude. Extracellular potassium concentration
attained its maximal value of 9.5 mM few seconds after seizure onset and slowly
decreased subsequently.

End of the seizure, characterized by bursting firing pattern of pyramidal cells, is
not yet captured by the model. If the simulation is prolonged beyond second 60, the
interneuron enters depolarization block (around second 80) and pyramidal cells
exhibits slow and steady decrease of the firing rate, reaching initial background
firing rate around second 120.
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Relationship Between Intracellular Seizure Patterns and Ion
Concentration Changes

The distinctive firing patterns observed in the model during seizure-like events
result from the interplay between synaptic mechanisms, membrane currents and ion
concentration changes. Summary of changes of concentration gradients and cor-
responding reversal potentials of K™, Na*™ and C1~ is shown in Fig. 4. Seizure onset
is associated with fast rise of extracellular potassium concentration and increase of
potassium reversal potentials in both interneuron and pyramidal cell (Fig. 4a, b, first
column). Initially pyramidal cell is inhibited by strong GABA receptor-mediated
currents and ceases firing. Slowing down of interneuron discharge and intracellular
chloride accumulation in pyramidal cell (Fig. 4a, third column) both contribute to
reduction of IPSPs and increase of membrane potential of pyramidal cell. Addi-
tionally, amplitude of action potentials generated by the interneuron gradually
declines due to decrease of sodium reversal potential (Fig. 4b, second column).
When the spike amplitude in the interneuron falls below —10 mV the inhibitory
synaptic transmission is prevented. An increase of extracellular potassium

(a) Pyramidal cell

K* Na* cr
s F——— s s @
E 50 K] £ 50 i fr— 0

[K]e [ci

IEx
0 20 40 60 0 20 40 60 0 20 40 60
Time(s) Time(s) Time(s)

(b) Interneuron
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0 100 -20
50 [, Z 50 [Ew 2705
10055 40 60 % 20 40 e0 0 20 40 60
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Fig. 4 Summary of changes of ionic activities in pyramidal cell (a) and interneuron (b) during
modelled seizure episodes. For each cell and ion type, intra- and extracellular concentrations are
shown in upper panel and reversal potentials are shown in bottom panel. Seizure-like activity is
associated with significant ion concentration changes in both cells. Accordingly, in pyramidal cell
potassium, chloride and GABAA reversal potentials are elevated, while that of sodium is reduced.
In interneuron potassium reversal potential increases while sodium potassium reversal exhibits
markedly declines
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concentration together with loss of inhibition causes pyramidal cell to resume its
activity within few seconds from seizure onset. Initially strong pyramidal cell
discharge slows down as a result of slow decrease of extracellular potassium
leading to decrease of potassium reversal potential and associated increase of
outward potassium leak current.

Neuronal [K'], Sources and Regulation

The dynamic increase of extracellular potassium concentration seems to be a pri-
mary factor leading to development of seizure-like events in the model. Accord-
ingly, we investigated the sources of [K™], accumulation in pyramidal cell and
interneuron. To this end, we computed time integral of various potassium mem-
brane currents and divided the result by the volume of the corresponding extra-
cellular space. The contributions of [K*], from the interneuron soma are shown in
Fig. 5, while those from the pyramidal cell soma are shown in Fig. 6. One can
notice that the dominant [K™], contribution comes from action potential firing in the
interneuron (Fig. 5, upper panel, red diamonds), while contribution from potassium
leak current in the interneuron is negligible (Fig. 5, upper panel, blue circles).
Potassium current due to Na™/K* pump contributes to [K*], removal (Fig. 5, upper
panel, green stars), but cannot balance potassium outflow and the net result is
positive (Fig. 5, lower panel). In the pyramidal cell, contributions from leak and all
voltage-gated potassium membrane currents are negligible. The dominant influence
comes from KCC2 cotransporter, which due to high [K*], conditions, lowers [K*],
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Fig. 5 Upper panel cumulated potassium fluxes in the interneuron. The largest outward flux
corresponds to I, current (red diamonds), while the inward flux is mediated by potassium current
generated by the Na*/K* pump (green stars). Lower panel total accumulated potassium in
extracellular space due to potassium fluxes in the interneuron



64 P. Suffczynski et al.

Cumulated [K*]_ contributions from pyramidal cell

3 B e b

0 A = ; 3 . l " . . " £
- '\g\g\v\v\ ] —e—

|
|
= -10 ek
E IKnHP
20+ ‘V\V\V\; |
7 KC
e 20 40 60 ' :""
Kpump
" Total cumulated [K*]o contribution from pyramidal cell (.
O L
=
E '1 0
20
- 20 40 60
Time (s)

Fig. 6 Upper panel cumulated potassium fluxes in the pyramidal cell. The outward fluxes
mediated by potassium membrane currents are negligible. The inward fluxes are mediated by
potassium current generated by the Na*/K* pump (green stars) and KCC2 (black triangles).
Lower panel: total cumulated potassium is negative, what means that potassium is up-taken from
extracellular space by pyramidal cell

by cotransport of K™ and C1™ ions into the cell (Fig. 6, upper panel, black triangles).
The transport of K* by Na*/K™* pump in pyramidal cell is inward and reduces [K*],
as in interneuron (Fig. 6, upper panel, green stars). Because in pyramidal cell
potassium inward flux is of larger magnitude than the outward flux the net amount
of [K™], regulated by that cell is negative (Fig. 6, lower panel).

The [K'], Balance

Apart from membrane contributions and regulation of [K*],, potassium accumu-
lation is additionally regulated by a glial uptake, lateral diffusion to neighbouring
compartment and radial diffusion to the bath. The net effect of membrane currents
and these additional mechanisms is responsible for time course of [K*], observed
during model activity. The individual components shaping [K*], time course in the
somatic extracellular compartment are shown in Fig. 7 (upper panel), while the
resulting extracellular potassium balance is shown in Fig. 7 (lower panel). This
trace is equivalent to that shown in Fig. 3b (lower panel). The dominant contri-
bution to [K*], comes from the interneuron (Fig. 7, upper panel, red diamonds).
Extracellular potassium clearance is mediated by uptake by glia and pyramidal cell
and by lateral and radial diffusion. Initially glial uptake (Fig. 7, upper panel, green
stars) plays a dominant role but as [K™], builds up and remains elevated, diffusion
processes (Fig. 7, upper panel, pink circles and black crosses) become main
mechanisms of potassium regulation. Despite both the inward and outward flows of
potassium produce cumulated extracellular concentrations of the order of hundreds
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Fig. 7 Upper panel cumulated potassium fluxes mediated by the pyramidal cell, interneuron, glial
buffer and diffusion. The outward flux is mediated by potassium action potential currents in the
interneuron (red diamonds). Potassium clearance is mediated initially by glial buffer (green stars)
and subsequently by lateral- and radial diffusion (magenta circles and black crosses). Lower panel
total cumulated potassium due to all potassium fluxes in the model

of mM, the total cumulated extracellular potassium is of the order of 10 mM,
showing that the processes of potassium release and clearance operate at a fine
balance.

Selective Impairment of Potassium Homeostasis Mechanisms

To investigate the effects of various components of potassium homeostasis
implemented in the model, the potassium clearance mechanisms were selectively
removed and simulations of such altered models were performed. These hypo-
thetical manipulations show how impairment of a certain neuronal process may
affect behaviour of cells and extracellular potassium.

When the glial buffer was removed, [K*], increased rapidly up to around
25 mM causing depolarization block in pyramidal cell during the whole simulation
(Fig. 8, top trace). Interneuron continued to fire but within few seconds spike
amplitude was severely reduced (Fig. 8, middle trace), limiting further release of
potassium. Consequently [K*], started to decrease due to clearance by Na*/K*
pump and diffusion (both lateral and radial), reaching a final value of ~10 mM.

The effect of removal of potassium diffusion in the model is shown in Fig. 9. In
this case, [K*], increased rapidly up to around 10 mM causing depolarization block
in pyramidal cell during the whole simulation (Fig. 9, top trace). Interneuron fired
with gradually decreasing spike amplitude until second 40 and entered depolar-
ization block afterwards (Fig. 9, middle trace). [K*], was increasing throughout the
simulation showing limited ability of glial buffer and Na™/K* pump to clear
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potassium effectively (Fig. 9, bottom trace). When glial buffer was filled-up around
second 40, [K*], rose to the level of around 25 mM causing depolarization block of
the interneuron.

Finally, Fig. 10 shows the model behaviour in the absence of the Na*/K*
pump. Absence of the pump caused abnormal firing of the pyramidal cell (Fig. 10,
top trace), associated with small build-up of [K*], even before the application of the
depolarizing current to the interneuron (Fig. 10, bottom trace). When interneuron
started to fire, [K™], rose sharply to a value above 10 mM causing depolarization
block in pyramidal cell. Interneuron fired with gradually decreasing spike amplitude
until second 45 and entered depolarization block afterwards (Fig. 10, middle trace).
The overall time course of [K*], was similar to that obtained for the reference
conditions but [K™], levels were slightly higher. Here [K*], reached maximal and
final value of ~10.5 mM and ~7.5 mM, respectively (vs. ~9.3 mM and ~7.2 mM
for the intact model).

In summary, removal of any of the potassium regulatory mechanisms had sig-
nificant effect on the model dynamics. Blocking of the diffusion process or glial
buffering system led to depolarization block of pyramidal cell and high extracellular
potassium reaching concentration above 25 mM, what may correspond to spreading
depression episode. Impairment of the Na*/K™ pump led to depolarization block of
both cells but extracellular potassium concentration was similar to that in the intact
model. It shows that in the model, diffusion process and glial buffering is more
effective in potassium clearance that the Na*/K* pump. This result is in agreement
with earlier observations of relative role of potassium regulatory mechanisms,
illustrated in Fig. 7.
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Fig. 9 Model simulations
with removed diffusion
mechanisms. Soon after
seizure onset pyramidal cell
enters permanent
depolarization block. [K*],
gradually increases and
reaches maximal value about
25 mM around second 40.
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afterwards

Fig. 10 Model simulations
with removed Na*/K*
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[K*], and associated strong
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cell enters permanent
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to one observed in Figs. 8 and
9. Interneuron enters
depolarization block around
second 45, while extracellular
potassium time course is
similar and only slightly
elevated as compared to
simulation of the intact model
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Future Therapies

Currently 38% of newly diagnosed adult patients with localisation related epilepsy
are drug resistant [28]. This number remains almost unchanged since the discovery
of the first modern antiepileptic drug over hundred years ago [29]. It shows that new
concepts and investigation of other therapeutic strategies is necessary. Using the
model we investigated whether introduction of artificial extracellular potassium
regulation mechanism might successfully control neuronal excitability. Potassium
regulation was implemented as additional potassium buffer with the activation
threshold 3.5 mM and buffering speed 0.8 mM/ms. Such a mechanism could be
possibly realized in practice by a nanoparticle system as innovative applications of
nanomaterials in medicine continue to emerge [30]. Model simulations with
nanoparticle buffering agent present in the extracellular space are shown in Fig. 11.
Strong interneuronal firing (Fig. 11, middle trace) that would normally cause
increase of extracellular potassium and abnormal pyramidal cell discharges was
ineffective in triggering seizure-like episode in the presence of the artificial buffer.
Potassium remained at its baseline level (Fig. 11, bottom trace) and when inhibition
decreased following [Cl™]; accumulation, pyramidal cell resumed normal activity
(Fig. 11, top trace). It shows that such artificial [K*], regulation mechanism might
lead to successful seizure control.
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The Model with Constant Ion Concentration Gradients

In the absence of extracellular space, i.e., with constant ion concentrations, the cells
communicate only through the synaptic connections and [K*], remains constant
throughout the whole simulation and is equal to the initial value of 3.5 mM
(Fig. 12, bottom trace). The inhibitory interneuron exerts strong inhibition on the
pyramidal cell, which remains hyperpolarized and silent (Fig. 12, top trace). It
shows that firing patterns observed experimentally and in reference simulation
(Fig. 3a, b) indeed depend on activity-induced changes in intra- and extracellular
ion concentrations.

“Take Home” Message for Neurologists, Psychiatrists

This computational study confirms experimentally based hypothesis that focal
seizures may be triggered by strong discharges of the inhibitory interneurons. When
firing-associated potassium release exceeds potassium clearance, potassium accu-
mulates in the extracellular space, leading to generation of pathological discharges
in pyramidal cells and seizure progression. This scenario challenges the traditional
view of alteration in excitation/inhibition balance being the cause of epilepsy. Our
study points to importance of non-synaptic mechanisms in epilepsy, especially
changes in extracellular potassium. Additionally, simulations reveal the very fine
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balance that exists between potassium release and uptake and identify dominant
processes responsible for observed overall potassium dynamics. Insight into these
mechanisms would be difficult to grasp by purely experimental observations.

We also show proof-of-concept of the feasibility of seizure control by a novel
antiepileptic nanoparticle treatment. The proposed hypothetical mechanism would
be able to recognize the level of extracellular potassium concentration in a sur-
rounding medium, buffer excess of potassium if it exceeded a certain threshold and
possibly release accumulated potassium back to the neuronal environment if the
normal extracellular potassium level was restored by natural potassium homeostasis
mechanisms. Nanoparticle therapies already exist as alternative means for drug and
gene delivery and their applications towards ion absorption, like the one hypoth-
esized here, might be possible in the future.

“Take Home” Message for Computationalists

Our modelling study, as well as some other models mentioned earlier, suggest that
accurate modelling of seizure activity should include activity dependent changes in
intra- and extracellular concentrations and ion homeostasis mechanisms. Significant
shifts in ion concentration gradients are observed during epileptic seizures [7] and it
is reasonable to assume that seizure initiation, maintenance and termination are
causally related to the ionic dynamics. Our model with constant ion concentrations
cannot reproduce experimental results (Fig. 12) and couldn’t contribute to under-
standing the key mechanisms that determine seizure initiation and evolution. It
shows that in order to explain pathophysiology of seizures in terms of realistic
mechanisms, models should incorporate ion concentration dynamics. Such models
may help to elucidate the complex interactions between neurons and their envi-
ronment during seizures and may ultimately lead to development of new therapeutic
strategies targeting regulation of ion concentration gradients.
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