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Keywords: epilepsy, Experimentally it has been found that around 20% of pyramidal cells in
KCC2, extracellular epileptogenic human subiculum do not have KCC?2 co-transporter. This
potassium, intracellular — pathology leads to the increased chloride level in pyramidal cells, what
chloride. changes the action of GABA synapses from inhibition to excitation. In

this work we propose the single neuron biophysical model to explain the
mechanisms of this pathology. We show that decreasing the activity of the
KCC2 brings the cell to the continuous spiking regime associated with
the seizure activity. Using a set of simplifications we show the minimal
biophysical model capable of describing this effect. The model proposed
in this work provides the explanation for KCC2 pathology in pyramidal
cells found in the temporal lobe.

Knrouesvie cnoga: snu-  DxcnepumenmansHo 0vin0 o6Hapyscero, umo oxono 20% nupamuoHix
nencus, KCC2, enexne-  Knemox 8 obnacmu uenogeyeckozo cyoukyiyma ne obnaoaiom XiopHo-
MOYHBLI KU, GHYM- kanuesviem kompancnopmepom KCC2. Jlannas namonozus npueooum K
PUKTIEMOYHDBLIL XTIOD. VBENUYEHU) KOHYEHMPAayuu Xaopa 6 Makux HetipoHax, Ymo ysenudueaen

ux 8030youmocmo. B nacmosweii pabome mvl npedcmagnsem ouopusu-
YecKylo MoOenb OaHHON NAmono2u U NOKA3bl6aeM, Ymo yMeHbueHue
axmuerocmu KCC2 mooicem nepesecmu akmugHOCb HEelPOHA 8 PelcUM
0071208peMeHHOIl 2eHepayuy CRAatKos, XapaKmepHblil 01 dnuienmudec-
Kux npucmynos. Hcnone3sys cepuio ynpowjenuti Mol Haxooum MUHUMAb-
HYI0 6UOpU3UYECKYI0 MOOeNb, CHOCOOHYIO ONUCAmMb OaHHbL d¢hdexm.
Ipeonazaemasn munumanshas Mooenb no36onaem ooObACHUMb NAMONO2UIO
HelpOHO8 BUCOUHOU KOpbl, ceazannyio ¢ omcymemeuem KCC2 kompanc-
nopmepa y nupamuOHbIX K1emox.
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1. Introduction

Epilepsy is one of the most common neurological disorders. Despite the fact
that there is a lot of research in the field, about 40% of patients do not respond
to medication [1]. In the latter case the only treatment is the surgical removal
of the tissue with the epileptogenic focus. This tissue could provide the key
insights into the mechanisms of epilepsy. Experimentally it has been found that
about 20% of pyramidal cells in the epileptogenic human subiculum do not have
functional KCC2 co-transporter [2]. In the normal conditions this molecule is
responsible for maintaining the baseline chloride homeostasis in neurons of the
central nervous system [3, 4]. Changes in the neuronal concentration induced
by the intense activation of GABA-synapses could lead to the transition from
inhibitory to excitatory neurotransmission [5, 6].

The KCC2 co-transporter is using the ion gradient created by the sodium-
potassium pump to transfer ions from the neurons to the extracellular space.
During each cycle of activity, it transmits chloride and potassium ions into the
extracellular space [7, 8]. Hereby the accumulation of the extracellular potassium
due to the neural activity and KCC2 could lead to the pathologic increase in
the excitability by the creation of the positive feedback loop between the neural
activity and the extracellular potassium [9]. Thus the dynamics of both ions
is important to maintain the physiological activity level.

In this work we study the pathology of the KCC2 co-transporter on the single
neuron level. We show that changes of the KCC2 activity could switch the cell to
the regime of the continuous spike generation for the tonic phase of the epileptic
activity [7, 8]. The consequences of KCC2 pathology on the network level are
studied in detail in our paper [3].

2. Material and Methods

Pyramidal cell model: The pyramidal cell consists of dendritic and somatic
compartments coupled with the dendritic current. The dynamics of the membrane
potential on both compartments is described using Hodgkin-Huxley type
equations. It is assumed that the membrane potential is changed instantaneously
due to the strong sodium and potassium currents [9]. The ion concentration is
dynamic in the model and updates at each time step. The reversal potentials for
potassium and chloride currents are calculated according to the Nernst equation.
The model equations are described in the following way [7, 9]:

Voltage on the Dendrite Compartment

dv, ;
TtDzzl int _gDC(VD _VS)+]DLeak
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Parameters

Active conductances: Gy,yp =3,5mS/em®, Gy, =0,0195mS/cm?,
Gy, =3450mS/cm? | Gy,p =1,1mS/cm* | Gy, = 0,01mS/cm?,
Gy, =200mS/cm?* | Gy, = 2,5mS/cm?
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Passive conductances: gDC =0,60mS/cm? gSC =100mS/cm?,

gk =0,042mS/cm? | g%, =0,0198mS/cm?, G*; =0,044mS/cm?,
G =0,0lmS/cm?, G*, =0,02mS/cm?

Synaptic conductances: G gypy = 2mS/cm? Goupy = 3mS/cm?
Sodium-potassium pump: 1 S =25uA/em? TP =25uA/cm?
Membrane capacitance: C,, =0,75uF/cm?

ITon concentrations: Cl™ oy =130mM | K; =150mM, K*, =3,5mM,
Na*, =20mM, K" =15mM, B, =500mM, Na',,; =130mM,
Na*,y =20mM

Reversal potentials: V jyp4 = 0mV | Vi, =140mV

Constants: ki =10 1000cm’® | kp, =100 1000cm®, d =0,15m,
F =96489C/mol, R=8,31J/mK, D, = 0,850m2mM/uA,
koff =0,0008mM 'ms™, ki =1mM™ | kppe =ImM™

Time constants: Tc, =300ms, TIE = rzE =5,4ms, Tl, =0,Ims, ‘cl, =8,3ms

Single neuron parameters are taken to present the standard pyramidal neuron
from [9], synaptic parameters are taken from [10] to describe the synaptic
conductances received by the neuron during the extracellular stimulation.

Simulations: All numerical results are done in the program XPPAUT 7.0
(http://www.math.pitt.edu/~bard/xpp/xpp.html). The bifurcation analysis of
the model is implemented using AUTO package. All simulations were carried
out with the numerical step equal to 0,05 ms using the 4™ order Runge-Kutta
method. We ensured the stability of the numerical results by comparing with
the smaller time steps.

3. Results

3.1. Minimal Neuron Model with Dynamic Ion Concentrations

We describe the following pathways of ion dynamics in the model, Fig. 1.
The extracellular potassium concentration is determined by the activity of the
delayed-rectifier potassium channel activated during spike generation, sodium-
potassium pump, astrocytic glial buffer, and the KCC2 co-transporter. The
intracellular chloride concentration is determined by the chloride leak current,
GABA synaptic current and the activity of the KCC2. Both ion concentrations
affect the reversal potential of potassium and GABA currents.

To describe the single neuron dynamics we take the existing model of the
pyramidal neuron [9] and simplify it. The original model consists of 14 dif-
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—
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Glia KCC2

Fig. 1. Scheme of ion connections in the biophysical model. PY — pyramidal cell,
AMPA, GABA — ampaergic and gabaergic synapses,
K* .. — extracellular potassium concentration,
Cli~;,, — intracellular chloride concentration,
V, — potassium reversal potential, V5, — gabaergic reversal potential,
7k — sodium-potassium pump, KCC2 — potassium-chloride co-transporter

ferential equations and describes the effect of multiple ionic currents on the
dendrite and somatic compartments. In order to find the most important param-
eters we reduce the model to 4 differential equations. In this simplified model
we describe only sodium and delayed-rectifier potassium as active currents
responsible for the spike generation. The model also has multiple leak currents,
including sodium, potassium and chloride ions. The derived minimal model has
biophysical interpretation, whereas it is significantly simpler and amenable to
the rigorous mathematical analysis.

The KCC2 co-transporter contributes to the ion concentration of potassium
and chloride. The intracellular potassium and extracellular chloride are kept
fixed, since their concentrations are very large [8]. In order to ensure that this
approximation makes sense, we performed additional simulations with dynamic
extracellular chloride and intracellular potassium (results not shown).

Since ion concentration changes are slow compared to the activity of
sodium and potassium currents during the spikes, we use fast-slow decom-
position and consider them as a parameter in the bifurcation analysis. We
performed this analysis for simplified and full models, Fig. 2 A, B. Then we
matched the excitability regions between these models by changing the den-
drite potassium leak conductance. We managed to obtain a good qualitative
accordance between the excitability area of the full and simplified models,
Fig. 2 B, C.
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Fig. 2. Comparison of the full and simplified model.
A, B — the scheme of the full and simplified models with intrinsic currents.
C, D — bifurcation diagram of the full and simplified models
for intracellular chloride and extracellular potassium.
Red line — saddle-node bifurcation, black line — Andronov-Hopf bifurcation

3.2. Effect of Reducing Activity of the KCC2 Co-Transporter

In the derived simplified model we consider the effect of reducing the
activity of the KCC2 co-transporter. To study the functional effect of this
pathology we reduce the extrusion speed via the KCC2 co-transporter in the
model. We define Ty = 100 ms for the normal cell and T, = 1000 ms for the
pathological cells. We should admit that the reduction in the speed of chlo-
ride extrusion is a reasonable model for our purpose, because the complete
absence of KCC2 leads to the constant chloride concentration, which is not
physiologically realistic [6, 11].

In order to model the synaptic input received by the neuron, we use the model
of extracellular synaptic stimulation from [10, 12] to qualitatively reproduce the
experimental conditions from [13]. In this experimental setup neurons are extra-
cellularly stimulated in the epileptogenic slice derived after the brain biopsy. In
this experiment the stimulation has triggered the generation of the pathologic
activity from the activity focus in the slice, characteristic for the tonic phase of
the epileptic activity.

We model the excitatory and inhibitory synaptic conductances received by
the neuron during the extracellular stimulation. Each time when the synaptic
stimulus is applied to the neuron, it generates a burst of spikes, Fig. 3 C, D.
This leads to the increase in the extracellular potassium due to spiking and
intracellular chloride due to the GABA input. The accumulation of these ions
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Fig. 3. Behavior of the model in the case of norm (A, C) and pathology (B, D) when
stimulated by the periodic synaptic stimuli.
A, B —trajectory of the model in the phase space of chloride and potassium in the case
of KCC2 norm (1 = 100 ms) and pathology (tco = 1000 ms).
C, D — the corresponding voltage trajectories.
Each burst of spikes corresponds to synaptic stimulation

brings the model to the spiking region on the state diagram, Fig. 3 A, B. When
the model trajectory is in this region, it starts generating spikes caused by
the increased concentration of potassium and chloride. In the case of KCC2
norm the model quickly moves to the baseline level of ion concentrations
due to KCC2, sodium-potassium pump and glial buffer activity. In the case
of KCC2 pathology due to the decreased chloride extrusion rate, the same
synaptic stimulation leads to higher concentration of potassium and chloride.
This brings the neuron to the spiking state for a longer period of time. In the
latter case the model continues generating spikes, even in the absence of the
synaptic stimuli, Fig. 3 B, D.

We should admit that spikes are possible in this model due to the synaptic
stimulation or due to the increased ion concentration. This results from the
fact that the phase space of the model is 4-dimensional, while in Fig. 3 A, B
presents only a 2-dimensional projection. This diagram is not fully applicable
to the analysis of the dynamics during the synaptic stimulation. But it precisely
describes the model behavior on the slow time scale of ion dynamics after the
synaptic stimulation.

3.3. Remark

In this work we presented the basic mechanism of KCC2 pathology found
in pyramidal cells of human subiculum. The detailed model of this pathology
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on the network level, as well as the comparison with the experimental data, is
presented in the following work [3].

4. Conclusions

Thereby based on the presented results we form the following conclusions:

1) The excitability area of the full biophysical model could be well approxi-
mated by the proposed simplified model in terms of the bifurcation diagram for
the extracellular potassium and intracellular chloride parameters.

2) Reduction of the chloride extrusion due to the KCC2 co-transporter pro-
vokes generation of persistent spiking activity in response to synaptic stimu-
lation due to the accumulation of the intracellular chloride and extracellular
potassium.
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