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Neurobiology of Disease

Ionic Dynamics Mediate Spontaneous Termination of
Seizures and Postictal Depression State

Giri P. Krishnan and Maxim Bazhenov

Department of Cell Biology and Neuroscience, University of California, Riverside, Riverside, California 92521

Epileptic seizures are characterized by periods of recurrent, highly synchronized activity that spontaneously terminates, followed by
postictal state when neuronal activity is generally depressed. The mechanisms for spontaneous seizure termination and postictal depres-
sion remain poorly understood. Using a realistic computational model, we demonstrate that termination of seizure and postictal depres-
sion state may be mediated by dynamics of the intracellular and extracellular ion concentrations. Spontaneous termination was linked to
progressive increase of intracellular sodium concentration mediated by activation of sodium channels during highly active epileptic
state. In contrast, an increase of intracellular chloride concentration extended seizure duration making possible long-lasting epileptic
activity characterized by multiple transitions between tonic and clonic states. After seizure termination, the extracellular potassium was
reduced below baseline, resulting in postictal depression. Our study suggests that the coupled dynamics of sodium, potassium, and
chloride ions play a critical role in the development and termination of seizures. Findings from this study could help identify novel

therapeutics for seizure disorder.

Introduction

Epileptic seizures are defined as “abnormal, excessive, or syn-
chronous neuronal activity in the brain” (Fisher et al., 2005); the
occurrence of repetitive seizures is characteristic of epilepsy. A
seizure episode generally lasts from a few seconds to minutes and
terminates spontaneously, as seen in clinical (Niedermeyer,
2002) and electrophysiological (Steriade, 2003) observations. A
seizure that is nonterminating for >30 min or recurring within
30 min is called a status epilepticus. Any seizure lasting for >5
min is considered to be a medical emergency and could result in
permanent brain injury. The mechanisms of spontaneous seizure
termination or the cause of nontermination in status epilepticus
are poorly understood.

A particular type of paroxysmal activity called spike-wave
seizure, closely resembling the Lennox—Gastaut syndrome in
humans (Niedermeyer, 2002), was intensively studied in experi-
ments with anesthetized and nonanesthetized animals. These elec-
trographic spike-wave seizures originate within the neocortex and
consist of spike-wave/polyspike-wave complexes recurring at 2-3
Hz, often interrupted by fast runs at 10-15 Hz (Steriade, 2003).
Tonic and bursting states commonly occur several times during sei-
zure with spontaneous transitions between these states. One esti-
mate of duration of these states suggests that a typical spike-wave
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seizure episode includes ~80% of bursting activity and only 20% of
tonic spiking (Boucetta et al., 2008).

Ion concentrations inside the cell and in the extracellular
space are known to change during epileptic seizures. Particu-
larly, it was suggested that dynamics of extracellular potassium
([K*],) play a critical role in mediating neuronal activity during
seizure. It was first observed that the [K™], increased during
spreading depression (Grafstein, 1956). Based on several experi-
mental studies, it was proposed that a positive-feedback loop
between extracellular potassium concentration and neural activ-
ity could result in seizure (Fertziger and Ranck, 1970). Recent
computational studies incorporating extracellular K™ concen-
tration dynamics revealed existence of neuronal bistability (co-
existence of tonic and clonic states) for a range of [K ], (Frohlich
etal., 2006; Bazhenov et al., 2008). These findings explained tran-
sitions between tonic spiking and bursting commonly observed
during epileptic seizures in clinical [Lennox—Gastaut syndrome in
humans (Niedermeyer, 2002)] and experimental [electrographic
seizures (Steriade, 2003)] settings but failed to reveal mechanisms
involved in spontaneous termination of seizures.

In contrast to [K "], less is known about the changes in intra-
cellular sodium ([Na*];) during seizure. Nevertheless, the same
arguments explaining [K *], increase during seizure would sug-
gest a possibility of progressive [Na *]; increase because of the
slow nature of Na " ions removal mechanisms. Several lines of
experimental evidence suggest the role of [Na *]; in epileptogen-
esis. First, it was shown that extracellular sodium ([Na*],) de-
creases during epileptiform activity (Meyer et al., 1961; Kraig and
Nicholson, 1978; Dietzel et al., 1982; Somjen, 2002), which likely
corresponds to increase of [Na *|;. Second, evidence comes from
studies of conventional antiepileptic drugs. It has been shown
experimentally that, although phenytoin (conventional antiepi-
leptic drug affecting Na * channels) increases seizure threshold, it
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also increases seizure duration (Ebert et al., 1997). The last may
arise because of slower accumulation of [Na *]; from phenytoin-
mediated reduction of voltage-sensitive Na * currents. Third, in a
recent study, direct measurements of intracellular Na ™ concen-
tration using high-speed fluorescence imaging showed progres-
sive accumulation of Na™ ions during repetitive stimulation in
the axonal segment (Fleidervish et al., 2010). Increase of [Na "]
was removed by diffusion away from axonal hillock, which oc-
curred at the timescale of several seconds, suggesting a possibility
of progressive buildup of [Na *]; during seizure.

In this study, we explored possible mechanisms of spontaneous
seizure termination using a realistic computational model of the
cortical network, including variable extracellular and intracellular
concentrations for Na ™ and K * ions and variable intracellular con-
centrations for Cl~ and Ca>" ions. We found that progressive in-
crease in [Na ™]; over the course of seizure leads to the changes in
balance of excitatory and inhibitory currents that mediate sponta-
neous seizure termination and may explain postictal depression
state. Our results provide testable hypotheses for additional experi-
mental studies and suggest strategies for antiepileptic treatments.

Materials and Methods

Intrinsic properties of pyramidal cells and interneurons. The pyramidal cells
(PYs) and fast-spiking inhibitory interneurons (INs) were modeled as two-
compartment neurons with axosomatic and dendritic compartments de-
scribed using conductance-based approach. The following equations
describe the evolution of voltage in time for the two compartments (Mainen
and Sejnowski, 1996; Bazhenov et al., 2004; Frohlich et al., 2006):

Cded/dt — _Iént _ gg(vd _ Vs) _ Igeak _ Igump

V= V) = — I — 1= g,

where V, is the voltage of the dendritic compartment, I'{** includes so-
dium, potassium, and chloride leak currents (PY, g, = 0.044, g\, = 0.02,
g = 0.01; IN, g = 0.048, g, = 0.0215, gy = 0.003 mS/cm?), I=*
includes sodium and potassium leak (PY, g, = 0.042, g, = 0.0198;IN, g =
0.048, gy, = 0.0225 mS/cm?), I and I'™ are the sum of intrinsic cur-
rents for axosomatic and dendritic compartments, respectively. The
I8 and IP"™ are the sum of Na ¥ and K ionic currents (I%™P, IR*™P)
from the Na */K* exchange pump for each compartment. The axoso-
matic and dendritic compartments are coupled by axial current (PY, g. =
1.65 uS; IN, g. = 0.5 uS). As in previous studies (Mainen and Sejnowski,
1996; Bazhenov et al., 2004; Frohlich et al., 2006), the axosomatic cur-
rents are assumed to be strong enough to change the somatic membrane
voltage instantaneously; thus, there is no capacitance current for the
axosomatic compartment in this model. This assumption allows using a
larger integration time step size, resulting in increased computational
efficiency while still reproducing biophysically realistic neuronal activity.
The current from Na */K ™ pump was determined by [Na "], and [K "],
and was given by the following equations (Kager et al., 2000; Bazhenov et
al., 2004):

A= (1/(1 + (Koo [Ka]))*(1/(1+ (Najo/Nay]))?
IEump = = 2l A I)EI‘:\mp = 3L,

ax = 20 mA/cm %,
In general, all intrinsic currents were given by the following equation:

where K, = 2.5 mm and Na;, = 20 mm, and [,

I,= Gm*h"(V — E),

where G; is the maximal conductance, m and h are gating variables, and E;
is the reversal potential. The gating variables are given by either its steady-
state value (.., h..) or by the following differential equations:

dm/dt = [m..(V) — m]/7,,(V)
dh/dt = [h.(V) — h]/7,(V).
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The set of intrinsic currents of axosomatic compartment (I™) consisted of
voltage-gated sodium (PY, Gy, = 3450 mS/cm? IN, Gy, = 3800 mS/cm?)
and a delayed-rectifier potassium (PY and IN, G, = 200 mS/cm ) currents.
The axosomatic compartment of the pyramidal neuron also included persis-
tent sodium (Gy,p = 3.5 mS/cm?) and sodium-activated potassium chan-
nels (Gg, = 1.3 mS/cm?). The dendritic compartment had high-threshold
calcium, I, calcium-activated potassium I,, slowly activating potas-
sium, Iy, persistent sodium, I, p, hyperpolarization-activated depolar-
izing mixed cationic, I, voltage-gated sodium (I,), and leak conductances
(PY, G, = 0.0165; Gy = 2.5; Gy = 0.01; Gy = 3.5; G, = 0.1 mS/cm %
Gyna = L IN, G, = 0.1, G, = 1.0 mS/cm?).

The following set of equations describes the evolution of intrinsic
currents and gating variables over time:

Voltage-sensitive sodium current:

Ina = Guat’h(V — Ey,)
m, = a,/(a, +b,), 7, = (1/(a, + b,)/d,
a,, = 0.182(v + 25)/(1 — exp(( — V — 25)/9)),
b,, = 0.124( — V = 25)/(1 — exp((V + 25)/9)),
h. = 1/(1 + exp((V + 55)/6.2)), 7, = (1/(a,, + b))/ &,

where ¢ = 2.95.
Delayed-rectifier potassium current:

Iy = ¢Gm(V — eKs), m. = al(a + b), 7= 1/(dp(a + b)),

where a = 0.02(V — 25)/(1 — exp((=V + 25)/9)), b = —0.002(V —
25)/(1 — exp((V — 25)/9)).
Persistent sodium current (Alzheimer et al., 1993):

Ingy = Grapm(V — Ey,), m. = 1/1 + exp[(—V — 42)/5], 7, = 0.02,
Mixed cation current:
I, = Gym(V — E), 7,, = 38, m,, = 1/(1 + exp((V + 82)/7)),
Sodium-sensitive potassium current (Wang et al., 2003):
Inak = gnak(V—Ex), gnak = Grax0.37/(1 + (77.4/[Na;])*),
Slowly activating potassium current:
I = $Grum(V — Ey),
m, = a,l(a,+b,), 7, = 1/(d(a, + b,)),
a,, = 0.001(V + 30)/(1 — exp(—(V + 30)/9),
b, = —0.001(V + 30)/(1 — exp((V + 30)/9)),
High-threshold calcium current:
Ico = $Gean*h(V — Ec,),
m, = a,l(a, + b,), 7,=1/(d(a,+b,)),
a,, = 0.055(—=27 — V)/(exp((—27—-V)/3.8) — 1),
b,, = 0.94exp((—=75 — V)/17),
h. = ay/(ay, + by), 7, = 1/ (dla, + by)),
a, = 4.57 X 10~ *exp((—13 — V)/50),
b, = 6.5 X 107°/(exp((—V — 15)/28)+1),
Calcium-sensitive potassium current:
Ixca = Gream*(V — Ey)
m.. = (1600[cai]?)/(1600[cai]* + 1),

7= (1/(0.03(1600[cai]* + 1)))/4.6555.
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Ton concentration dynamics. The model included variable concentrations
for [Ca®" ], [K*],, [K"], [Na*],, [Na"], and [Cl ];. The concentra-
tion of each ion was determined by leak currents, intrinsic currents,
pump-mediated currents, extracellular diffusion, and glial activity. The
evolution of [K *], was modeled similar to previous studies (Kager et al.,
2000; Bazhenov et al.,, 2004; Frohlich et al., 2006) and was given by the
following:

d[K*]o/dt = (k/Fd)(Iix + ["™) + G + 8,(([K']o-
+[K+]o+1)/2 - [K+]o) + 60([K+]0c - [K+]0)

G = ki([Blmax — [BD/kin—k2[K"],[B]

d[B]/dt = ki([B]max — [B]) = k[K"]o[B],

where k (conversion factor) = 10, F = 96489 C/mol, d (=0.15) deter-
mined the ratio of the volume of the extracellular compartment to the
surface area, [K "], is the concentration of K * in the adjacent compart-
ment, [K*],_, and [K"],,, or [Na®] _, and [Na*]_,, are the con-
centration from neighboring cells. Glial K * uptake current was modeled
by a free buffer (total buffer [B] .. = 500 mm) with concentration [B],
which bound and unbound from K™ based on the first-order kinetics
with rates k, and k, given by k; = 0.008 and k, = k,/(1 + exp(([K "], —
[K ] 4)/—1.15)). The equations for the other three concentrations are
given as follows:

d[K*Jy/dt = —(K/E) (I + I*™) + §([K' ], — [K*],)
d[Na*]/dt = (K/Fd)(I8\, + R™) + 8,([Na™]-y + [Na'],.0)/
2 = [Na'],) + 8,(I[Na"],. — [Na'],)
d[Na*J/dt = = (kIF)(I8\, + I&™) + 8([Na"]ic — [Na'],).

The intracellular chloride concentration varied based on the following
equations:

d[CI")/dt = = (kP54 + ([C17]; — [Cl7 )/ 7q
Ta = (100 + TCIDC/(I + eXp(([Cli][x - [K+]u)/TK()d)))7

where [Cl ™ ];, = 5mM, Ty, q = 0.08, 7y, = 2 X 10*, and k = 100. These
parameter values were chosen to match the experimental data regarding
the effect of [K "], on the efficiency of KCC2 pump (Payne et al., 2003).
The last equation represents one of the isoforms of the K—Cl cotransport-
ers that uses electrochemical gradient of K™ to move both K* and C1~
ions outward. The intracellular calcium concentration was given by the
following:

d[Cal/dt = —5.1819 X 10 °Iyya/De, + (2.4 X 107" — [cai])/ T,

where 7., = 300 ms and D, = 0.85.

The reversal potential for each current was determined by Nernst equa-
tion for the ions passing through the respective channels [Ex = e,Log([K,]/
[Ki]), Ena = €oLog([Na,]/[Na;]), eH = e Log(([K,] + 0.2[Na,])/([K;] +
0.2[Na,])), E¢y = e,Log([CL;]/130.0), where e, = 26.64].

When Poisson noise was used in a network model, few changes were
made to the neuronal model. Changes that were made included increas-
ing conductance of the leak current (PY: soma, gKI = 0.047; dendrite,
gKl = 0.044; IN: soma, gKI = 0.048; dendrite, gKI = 0.047) as seen in the
study by van Welie et al. (2006), reduction of conductances for high-
threshold [Ca?"] (G, = 0.013) (O’Leary et al., 2010) and fast sodium
currents (PY and IN: Gy, = 3000) (Grubb and Burrone, 2010), and
increasing conductance for chloride leak current (PY: g = 0.014; IN: g =
0.013) and sodium leak current (PY: soma, g\, = 0.0212; dendrite, g, =
0.021; IN: soma and dendrite, g, = 0.024).

Synaptic connections and network topology. For both small and large
networks, synaptic connectivity was random (connection probability,
p = 0.1) with doubled value of p within local footprint (radii: PY-PY, 5;
PY-IN, 1; IN-PY, 5). All excitatory connections had a fast AMPA and
a slow voltage-dependent NMDA components [total conductances:
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Zampa(PY = PY) = 91S; gvipa(PY — PY) = 0.91S; g ppa(PY — IN) =
3.0 nS; gumpa(PY — IN) = 0.30 nS]. Inhibition was mediated by fast
GABA, synaptic conductances [g;apa(IN — PY) = 9 nS]. Afferent ex-
citatory input ( gpy = 1.1 nS; gy = 1.1 nS) was modeled with a Poisson
process with frequency f = 140 Hz for both PYs and INs in case of large
network. All synaptic currents were modeled by first-order activation
schemes (Destexhe et al., 1994; Timofeev et al., 2000) and are given by the
following:

Isyn = gs)n[o](v - Esyn)
d[O]/dt = a(1 = [O])[T] — B[O]
[T] = Ae(to + tmax - t)e(t - t(]))

where O(x) is the Heaviside function, and t, is the time of spike. The
parameters for the neurotransmitter pulse were amplitude A = 0.5 and
duration #,.,,, = 0.3 ms. The rate constants, a and 3, were & = 10 ms and
B = 0.25 ms for GABA, synapses and a = 0.94 ms and 3 = 0.18 ms for
AMPA synapses. In this model, postsynaptic events were generated only
when presynaptic membrane voltage exceeded zero threshold. There-
fore, synaptic transmission was absent during depolarization block. This
model dynamic was consistent with recent findings of the abolition of
evoked synaptic responses during experimental seizures (Seigneur and
Timofeev, 2011).

A short-term synaptic depression was included in which the max-
imal synaptic conductance was multiplied by a depression variable
(D = 1) (Tsodyks and Markram, 1997). This variable represents the
amount of available synaptic resources and was varied based on the
following equation:

D=1-(1—- D(1-U))exp(—(t — £)/7),

where U = 0.07 is the fraction of resources used per action potential, 7=
700 ms is the time constant of recovery of the synaptic resources, D; is the
value of D just before the ith event, and (¢ — t,) is the time since the ith
event.

A fourth-order Runge—Kutta method was used for all integration. For
the bifurcation analysis, XPP-AUTO (Ermentrout, 2002) was used.

To ensure structural stability of the model dynamics, the main prop-
erties of the model, including stability of the baseline asynchronous state,
existence of transitions between tonic and clonic activity, and termina-
tion of seizure, were tested against synaptic and intrinsic parameter
change. This included varying of synaptic coupling, maximal conduc-
tances of intrinsic currents, and parameters characterizing dynamics of
different ions.

Results
The neuron dynamics were modeled using a conductance-based
model, which included axosomatic and dendritic compartments
and was derived from the studies by Bazhenov et al. (2004) and
Frohlich et al. (2006). The selection of currents (see Materials and
Methods) was determined by the goal of describing the major
known electrical properties of cortical neurons. Specifically, we
used a model of regular spiking cells for excitatory neurons and
fast spiking cells for inhibitory interneurons (Mainen and Se-
jnowski, 1996). Reversal potentials for the ions passing through
the membrane were determined by the ion concentrations. The
change in ion concentrations was computed based on the cur-
rents entering and leaving the neuron through active channels,
Na /K™ exchange pump, KCC2 pump, and ion flow in the ex-
tracellular space mediated by diffusion. Additionally, glial buff-
ering was simulated to control [K 7],. To simulate electrogenic
properties of the Na*/K™* exchange pump, both cell compart-
ments included currents mediated by the pump.

Despite the complexity of the ionic dynamics, this model
achieved stable equilibrium with all the ion flows balancing each
other, and membrane voltage stabilized at the physiological rest-
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and show that this new model including
variable [Na™];., [K*];,, [CI7];, and
[Ca®*]; is capable of generating self-
sustained transient bursting and tonic
activity.

The [K "], progressively decreased af-
ter termination of DC input, reaching val-
ues slightly below baseline (Fig. 1B). The
[Na*]; increased during DC stimulation
and decreased after its termination. In
contrast to [K¥],, however, [Na™]; re-
turned slower to the baseline; since so-
dium and potassium ion concentrations
are coupled in our model through the
Na "/K™ exchange pump, that led to de-
crease of the [K ], below baseline after
termination of activity. The intracellular
calcium ([Ca®"];) increased during the

5sec
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-
=)
N
=]
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~129.5 hir! 0.008
I
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0.004
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stimulus and showed oscillatory activity
during the bursting period (Fig. 1B). Fi-
nally, the [Cl™]; increased during the
stimulation period reaching ~7.5 mm. In
normal physiological conditions, KCC2
pump uses the difference in K across the
membrane to transport Cl ~ and K" ions
to maintain alow level of [Cl ™ ];at ~5 mm
(DeFazio etal., 2000). Experimentally, in-
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Figure 1.

portions of the trajectory correspond to the color bars in 4.

ing potential, V,, = —65 mV. Sufficiently small external pertur-
bations decayed in time, and the membrane voltage returned to
the resting state.

State transitions mediated by ionic dynamics in a

single-cell model

To elaborate response properties of a single model neuron, direct
current (DC) input was applied to an isolated cell to elicit a brief
period of high-frequency spiking activity (Fig. 1 A). This resulted
in a flow of K™ ions to the extracellular space and a gradual
increase in the [K™], during the stimulation period (Fig. 1B).
After the termination of DC input, the neuron exhibited a period
of bursting activity (with transient depolarization block during
each burst) and then tonic spiking activity, before returning to
the resting state (Fig. 1 A). These findings are similar to our pre-
vious results with simpler model that only included [K ], and
[Ca**]; dynamics (Bazhenov et al., 2004; Frohlich et al., 2006)

10 20 30 40 50

Transient seizure-like activity in the isolated pyramidal neuron. 4, After brief (5 s) DC stimulation (green line at the
top), the neuron displayed self-sustained paroxysmal activity including bursting (indicated by blue line) and tonic spiking (red line)
episodes. B, Dynamics of ion concentrations over time. [K *], and [Na ], increased during DC stimulation (green bar) and then
progressively decreased while [Cl ~1; continued to build up until the end of paroxysmal state. The inset shows decrease of [K *],
below baseline immediately after termination of seizure. €, Three-dimensional projections of the state trajectory during transient
seizure-like activity indicate coupled dynamics of [K *1,, [Na *1, [Cl "], [Ca® "], and membrane voltage. The black, blue, and red

crease of [K *],, to 9 mM reduces efficiency
of this pump and can lead to increase in
[C17]; to ~10 mm (Payne et al., 2003).
Therefore, increase in [Cl ~ ], in our model
was attributable to the increase in Cl~
leak currents and inactivation of KCC2
pump by elevated [K "] . Approximately
1-2 s after termination of activity, the C1 ~
70 pump mediated [Cl™]; return to the
baseline.

The three-dimensional plots in Figure
1C show the evolution of voltage and ion
concentrations during DC input and self-
sustained activity from various projec-
tions of the state space (state space is
defined as a high dimensional space with
all the variables of the model as individual
dimensions). Notably, within these plots
are distinct regions in the state space that
correspond to different states of activity of the neuron. Such seg-
regation of regions, when plotted against the ion concentrations,
suggests a strong coupling between different ion concentrations
in our model. Indeed, the change in one ion concentration re-
sulted in change of neuronal activity, which in turn resulted in
changes in other ion concentrations, leading to a specific trajec-
tory in the state space. For example, increase in [K ], led to (1)
corresponding increase in [Na*]; (Fig. 1C, left) because of in-
creased firing of the neuron, and (2) nonlinear increase in [Cl " ];
and [Ca*"]; (Fig. 1C, middle and right).

Time (sec)

[K'L,(mM)

Spontaneous seizure termination in a network model

We previously found that when neuron models incorporating
[K"],and [Ca**], dynamics were connected to create a network,
it led to continuous transitions between slow bursting and tonic
firing mediated by slow [K ¥, oscillations (Frohlich et al., 2006).
Thus, this earlier model was able to describe experimental obser-
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vations of state transitions between tonic A
and clonic states of seizure (Steriade,
2003), although it failed to explain termi-
nation of paroxysmal oscillations.

To explore the effect of synaptic con-
nectivity in the new model incorporating
[Na "]/ [K* 1,0, [C1 15, and [Ca®* ], dy-
namics, a small network of 10 pyramidal
neurons and 2 inhibitory interneurons
was stimulated by DC input applied to all
pyramidal neurons. In this simple model,

-64.7 mV

=
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Pyramidal Neuron

20 mV
10 sec

200 msec

‘\‘ﬁ

Aw 0z

all excitatory pyramidal cells were con-
nected with AMPA- and NMDA-type
synapses and projected to two inhibitory
interneurons, which provided GABA,-
type feedback inhibition to pyramidal
cells. Figure 2, A and B, shows the activity
of a single representative pyramidal neu-
ron and a raster plot of activities of all py-
ramidal neurons in the network. After
stimulus offset (stimulus duration is C
marked with green bar in Fig. 2A), the
network exhibited a series of self-
sustained tonic and bursting periods last-
ing for ~100 s total before terminating,
with bursting lasting ~75% of the total
seizure duration. Excitatory cells dis-
played trains of single spikes or spike dou- D
blets during tonic phase and periodic
bursting with typical PDS waveform dur-
ing clonic phase of oscillations. These
bursts typically included few spikes at the
beginning of the burst depolarization, few
spikes at the end, with no spiking
throughout the middle of the burst. The
exact pattern depended on the level of
[K*], (Frohlich and Bazhenov, 2006).
This wave form is typical for paroxysmal
depolarization shift observed during corti-
cal epileptic seizures (Timofeev et al., 2002;
Timofeev and Steriade, 2004). Inhibitory in-
terneurons fired continuously during peri-
ods when pyramidal neurons were bursting but were usually silent
during tonic spiking epochs (Fig. 2C). This finding was in agreement
with experimental data (Timofeev et al., 2002) and suggested that
excitatory drive from pyramidal cells was not sufficiently synchro-
nized during tonic spiking to trigger reliable responses of inhibitory
interneurons (Fig. 2D). In contrast, during network bursting, all
pyramidal neurons fired synchronously, leading to large amplitude
excitatory currents from pyramidal to inhibitory neurons that me-
diated interneuron activity during bursting epochs.

Similar to results obtained with a single-cell model (Fig. 1),
the [K ], increased during transient network stimulation and
then oscillated for the duration of seizure (Fig. 3A). The dynam-
ics of [K™], was closely tied to the spiking frequency; thus, it
decreased during bursting and increased during tonic spiking
periods. A transition from tonic spiking to bursting occurred at
ahigher level of [K "], compared with a transition from bursting
back to tonic mode. This was a result of bistability: tonic spiking
and bursting regimens coexisted for a range of [K ], € [[K "], ),
[K+]0(2)] (Frohlich and Bazhenov, 2006) (for more details, see
Fig. 4). The neuron stayed in tonic spiking mode (in this state, the
outward flow of K™ was higher than K * regulatory mechanisms

B

Cell Index

-62.9 mV.

Figure 2.

=——

Spontaneous termination of self-sustained seizure-like activity in the network model. 4, After transient (green line)
DC stimulation, membrane voltage of a single pyramidal neuron from the network of 10 PY and 2 IN cells showed several state
transitions between tonic (fast runs) and clonic (bursting) periods before spontaneous termination. The bottom plots in A shows
activity of pyramidal neuron for 2 s during bursting and tonic periods. The blue line indicates reference potential. B, Space plot of
the membrane voltage of all pyramidal neurons shows highly synchronized firing during bursting episodes (light colors indicate
depolarized potentials). C, Inhibitory interneuron was active during bursting epochs and showed subthreshold oscillations during
tonic firing of pyramidal cells. D, Conductance mediated by AMPA-type synapse from a pyramidal cell to an inhibitory interneuron.
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could accommodate, which led to overall increase of [K *],) until
[K™], reached the high boundary of bistability region [K *], =
[K*],® when the neuron switched to periodic bursting. Since
the overall outward flow of K™ was lower in this state, [K "],
decreased until it reached the low boundary of bistability [K "], =
[K*],™, followed by switching back to tonic spiking; this led to
repetitive transitions. However, in this new model, transitions
between two active states did not last indefinitely but terminated
after only a few cycles. The total duration of the active state was
~100 s, which is consistent with typical seizure duration studied
in vivo (Timofeev and Steriade, 2004). After termination of sei-
zure, [K "], showed a reduction below baseline (Fig. 3A). Similar
reduction in [K *], below baseline has been observed experimen-
tally (Heinemann et al., 1977; Jensen and Yaari, 1997) (Fig. 3B).

To reveal factors contributing to termination of paroxysmal
oscillations, we examined the dynamics of sodium and chloride
ion concentrations (Fig. 3C-F). The [Na*]; rapidly increased
during stimulation phase and then showed oscillatory pattern
similar to [K "], along with an increment at every transition from
bursting to tonic states (Fig. 3C). In contrast to the single-cell
model (Fig. 1 B), both [K*], and [Na™]; increased during tonic
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Figure3.  lonic concentrations dynamics over the course of seizure. Data correspond to the simulation shown in the Figure 2. 4, [K ™1, in the extracellular space of one pyramidal neuron increased

during tonic states and decreased during bursting. [K *1, reduced below baseline (dashed line) immediately after seizure termination. B, In vivo [K ], dynamics during epileptic seizure shows
similar oscillations and decay below baseline after termination of seizure (Heinemann et al., 1977). (=G, Dynamics of [Na "1, [K 1, [Na *],, [CI "1, and [Ca*" ], during epileptic seizure-like
activity. Both [Na ], and [(] ~; increased progressively until termination of seizure. [Ca*]; shows large-amplitude oscillations during bursting and remains relatively low during tonic spiking.

phase of the network activity. This was a result of the higher
frequency of cell firing in the network and explained progressive
[Na*]; accumulation during seizure. The [Cl ~]; increased pri-
marily at the early stage of seizure within the first 50 s, and later
maintained a steady range of values ~9 mwm (Fig. 3F) in agree-
ment with experimental observations, showing elevation of
GABA, reversal potential during the early stage of seizure
(Timofeev et al., 2002). The increase of [Cl ~ |; was attributable to
the leak Cl ™~ currents, activation of GABA, conductances, and
reduction of KCC2 pump efficacy in conditions of elevated
[K *],. Since in normal physiological conditions, the extracellu-
lar C1~ concentration is much higher than the intracellular one,
we assumed in the model an infinite pool of extracellular Cl
with constant concentration. The [Na™], and [K™]; showed
changes opposite to their corresponding concentrations on the
other side of the membrane. Progressive increase of the mean
level of [Na *]; over the entire course of seizure suggests that this
may be a primary factor mediating termination of epileptiform
activity in our model. Possible role of [Na *]; dynamics in shap-
ing bursts of action potentials was previously shown using a sim-
plified neuronal model in the study by Cressman et al. (2009). In
the next section, we will apply bifurcation analysis to reveal the
specific role of [Na *]; in terminating paroxysmal states. Further-
more, we will show that changing [Na *]; dynamics to slow down
[Na *]; accumulation during seizure significantly extended sei-
zure duration (see Fig. 6 B).

After seizure termination, [Na ]; remained elevated before
returning to the baseline several seconds later. Since elevation of
[Na *]; above baseline leads to stronger activation of Na /K™
exchange pump, this [Na™]; dynamics mediated decrease of
[K™], below baseline after termination of paroxysmal activity
(Fig. 3A) and may explain experimental observations of under-
shooting [K "], level after seizures (Fig. 3B).

Bifurcation analysis explains mechanisms of seizure
termination

To understand how changes in ion concentrations may lead to
the termination of seizure, a reduced model of a single pyramidal
neuron with all ion concentrations fixed was studied. Since ion
concentration changes were much slower in our model than dy-
namics of membrane voltage or the gating variables of intrinsic
currents, we used fast-slow decomposition analysis (Rinzel and
Ermentrout, 1989) assuming all the ion concentrations to
be fixed model parameters. With this “open-loop” method
(Frohlich et al., 2008), the modulation of ionic concentrations by
neural activity was artificially removed. By choosing different
values for ion concentrations, the corresponding neuronal activ-
ity patterns for each set of ion concentrations can be determined
(“open loop” dynamics). Thus, the neuron activity was com-
puted for a given fixed set of values of all ion concentrations, and
we explored how neuronal dynamics depend on changes in ion
concentrations. The neuron dynamics were categorized into rest-
ing, spiking/bursting, and depolarization block state for each set
of ion concentrations. The resting state of the neuron corre-
sponded to the stable equilibrium of the model. [If neuron dy-
namics is described by a set of equations, dX/dt = F(X), where X
is a vector representing all dynamical variables of the model, then
equilibria (or fixed points) are defined as the values of X where
F(X) = 0]. A stable equilibrium represents stable resting state of
the neuron if any small perturbations (e.g., small transient cur-
rent injections) decay in time and neuron returns to the resting
state. As the model parameters (e.g., ion concentrations) change,
the stable equilibrium may become unstable at so-called bifurca-
tion points (these points represent critical values of the model
parameters when model dynamics changes); the latter may cor-
respond to transitions to the spiking activity (Fréhlich and Ba-
zhenov, 2006; Izhikevich, 2006; Cressman et al., 2009). Here, we
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and [Cl ]; = 5 mMm. Figure 4A shows
membrane voltage at equilibrium (resting
state of the neuron) for various values of
[K™],. A set of stable equilibria represent-
ing stable resting states was identified for
[K™], between 0 and 5.34 mm. The rest-
ing state of the neuron lost stability by a
saddle-node Dbifurcation (SN) (Kuz-
netsov, 1995) at [K™], = 5.34 mm. This
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corresponded to transition to the spiking
activity. For values of [K*], > 5.34 mm,
the silent state was unstable and the neu-
ron demonstrated various types of spiking
firing patterns. Another bifurcation point
was detected at [K*], = 11.42 mm. The
silent state of the neuron became stable
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again for values of [K™],
The bifurcation at [K™], = 11.42 mm

was identified to be Andronov-Hopf C
(AH) bifurcation (Kuznetsov, 1995). This [cr=
bifurcation corresponded to transition to
another silent state of the model neuron

[Nai’];

atively elevated level (—29.67 mV). This
state is commonly observed during epileptic
seizures (Ziburkus et al., 2006).

In the previous analysis, [K ], was
varied as a sole bifurcation parameter
(Fig. 4 A, left), and we found critical values
of [K¥], corresponding to transitions
from silent to active spiking states for a
fixed combination of other ion concentra-
tions ([Na*]; = 20 mm, [Na*], = 130
mm, [K*], = 130 mm, and [Cl 7], = 5
mM). The bifurcation analysis was then
extended to include two other ion con-
centrations ([Na™]; and [Cl],). Corre-
sponding two-parametric bifurcation diagrams were plotted in
Figure 4 A, middle and right panels. In these diagrams, the critical
values of [K™], corresponding transitions between silent and
spiking states (SN bifurcation points) and between spiking and
depolarization block states (AH bifurcation points) were traced
for varying concentrations of [Na™]; (Fig. 44, middle) and
[C17]; (Fig. 4A, right). Increasing the [Na ], moved the SN bi-
furcation point toward higher values of [K *]; at around [Na "]
= 23 mM, the SN point overlapped with the AH point (Fig. 4A,
middle). For [Na "], beyond this point, the neuron remained silent
(either at rest or in depolarization block) for any values of [K *]...
The shift of the SN bifurcation point to the higher values of [K*],
with increase in [Na ]; corresponded to increase of the minimal
[K "], level at which the neuron transitioned from resting state
to spiking activity. In contrast, increase of [Cl ~]; resulted in
the SN point shifting toward lower values of [K ], (Fig. 44,
right). This corresponded to earlier transition to spiking.

Figure4.
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Bifurcation analysis and Poincaré cross-sections explain termination of epileptic event. 4, Left, Bifurcation diagram as
afunction of [K ], (steady-state membrane voltage is plotted against parameter [K *],). Transitions between stable (solid line)
and unstable (dashed line) attractors occurred at the SN and the AH bifurcation points. Middle and right, Two parametric—
(K *1,, [Na *1,) in the middle and ([K *],, [Cl ~1,) on the right— bifurcation plots. SN and AH lines indicate bifurcation curves
corresponding transitions between spiking and silent states. B, The minimum and the maximum values of membrane voltage
plotted as a function of parameter [K *1,. Each plot was obtained under different fixed values for [Na *1;and [CI ~ .. All otherionic
concentrations remained fixed. The insets show sample voltage traces for two values of [K *1, (6.1and 9.5 mw). ¢, Amplitude of
[Ca?*7;oscillations plotted in the plane of [K 1, and [Na * ],. Separate plots correspond to different [Cl ], values. Each plot was
obtained for progressively increasing (left) and then decreasing (right) values of [K *1,.. The arrows point the direction of [K *1,
change. The asymmetry in the image (more prominent for high [CI 1) indicates hysteresis because of bistability in the model. The
dark blue color corresponds to the silent state of the neuron. Light blue, Tonic spiking. Purple/yellow, Bursting. Note expansion of
the tonic spiking region for higher [Cl ], values. Tonic spiking region disappeared for sufficiently large values of [Na * .

Together, these results suggest that changing of [Na*]; or
[C1 ], significantly affect minimal [K *], level that is required for
transition to spiking and it can potentially make transition to
paroxysmal state impossible.

To further illustrate how ion concentrations may affect neu-
ronal activity during seizure, we analyzed dynamics of a single
pyramidal neuron as a function of selected ion concentrations.
Figure 4 B shows minimum and maximum values of membrane
voltage of one pyramidal neuron for different combinations of
[K™], and [Na*].. In this type of analysis, existence of only one
value of membrane voltage indicates nonoscillatory state (either
atrest or in depolarization block). Oscillations are represented by
two voltage values (maximum and minimum). Finally, tonic
spiking and bursting states can be separated by analyzing minima
of membrane voltage—more negative minima correspond
to bursting. Alternatively, we plotted [Ca**]; level (Fig. 4C);
since accumulation of [Ca*™]; was significantly higher in burst-
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presented in the Figure 5A. The blue lines
2 in Figure 5B indicate SN bifurcation
points (critical values of [K ¥, for differ-
ent values of [Na™]; corresponding to
transition from silence to tonic spiking)
obtained for two different levels of [Cl ™ |;
(9 and 5 mM) as described above. This
analysis revealed that seizure was initiated
once the initial transient stimulation (Fig.
5, red portion of trajectory) forced the

SN line ([CI=5,
[Na*],=130,
[K'1i=130 mM)

/
4.0 5.0

20 sec

Figure 5.

ing state versus tonic spiking (Figs. 3G, 4C), we could use it to
differentiate between these network states. To reveal bistability
(i.e., coexistence of different dynamical states for the same range
of [K*],), we conducted analyses for progressively increasing
and decreasing values of [K *],, always starting from initial con-
ditions from the previous simulation (Fig. 4B, solid and dashed
lines; C, left and right half of each panel). We found that transi-
tions between different network states occurred at different
values of [K™], based on direction (increase or decrease) of
[K™], change; this indicates hysteresis arising because of bista-
bility (see, e.g., range of [K "] between 7.6 and 7.9 mm in Fig. 4 B,
middle/top). The existence of bistability leading to hysteresis was
shown in our previous studies (Frohlich and Bazhenov, 2006;
Frohlich et al., 2006). However, our new model revealed that (1)
an increase in [Na*]; reduced the range of [K™], where tonic
spiking regimen was possible (Fig. 4 B, compare top and bottom
plots; C, light blue region). It also eliminated bistability, so tran-
sitions between silent and bursting states occurred for the same
level of [K *], regardless of the direction of [K "], change. (2) An
increase of [Cl ™ ]; had an opposite effect, expanding tonic spiking
range and also increasing region of bistability (range of [K™],)
between tonic spiking and bursting.

This study shows that increase of [Na *]; makes neurons stay
in resting state at values of [K |, that would otherwise (for lower
values of [Na *];) result in tonic spiking activity. It suggests that a
slow increase of [Na *]; during seizure can lead to the disappear-
ance of bistability required for self-sustained periodic transitions
between tonic spiking and bursting and could result in termina-
tion of paroxysmal activity. In other words, during late phase of
seizure when [Na ™, is sufficiently elevated, a progressive de-
crease of [K ], that would normally lead to transition to tonic
spiking starting a new cycle of oscillations, would result in tran-
sition to silent state and termination of seizure.

To further elucidate the role of [Na *]; on seizure termination,
we again allowed all the ion concentrations to evolve freely
according to the model equations. This corresponds to “close-
loop” dynamics (Frohlich et al., 2008) with all the ion concen-
tration being updated based on the neuronal activity rather than
being fixed as we did in the bifurcation analysis on the Figure 4.
The entire episode of seizure was plotted in the state space of the
neuron model along with the bifurcation points. Figure 5B shows
the state trajectory in the space of [K 7], and [Na *]; correspond-
ing to the membrane voltage evolution during episode of seizure

[K*]o (mM)

Dynamics of the epileptic activity in the model state space. A, Membrane voltage trace of a pyramidal neuron from
small network (10 PY-2 IN). Different colors indicate different episodes of seizure. B, Top view of activity of pyramidal neuron in
three-dimensional space of [K *],, [Na ], and membrane voltage, along with lines of bifurcation boundaries indicating transi-
tion from resting state to spiking. The dashed blue line indicates bifurcation boundary for [Cl ~1, = 5 mw, [Na "], = 130 mw,
[K 1, = 130 mm (conditions similar to the resting state). The solid blue line indicates bifurcation boundary for [Cl ~J; = 9 mw,
[Na *]0 =120 mm, and [K +]i = 128 mwm (conditions similar to termination of seizure in the network).

state trajectory to cross the curve of SN
points and to move beyond a critical value
of [K*], corresponding to the left bound-
ary of the bistability region between tonic
and bursting modes. This initiated self-
sustained activity and the state trajectory
stayed in the region of [K ], that corre-
sponded to slow transitions between tonic
spiking and bursting (black portion of tra-
jectory). Epileptic activity was accompa-
nied by progressive increase of [Na*]; and [Cl~];. The [Na™];
increase tended to move state trajectory to the left; the seizure
would terminate once trajectory crosses the SN bifurcation
boundary. However, increase in [Cl ~ ]; moved the SN boundary
to the left, causing the trajectory to stay in the oscillatory state
longer. Nevertheless, once the [Na¥]; reached a high enough
value, the trajectory again crossed the SN bifurcation boundary.
At this point, the silent state became stable (green portion of
trajectory), which corresponded to seizure termination. This
analysis concisely describes the course of seizure and provides
additional evidence that [Na *]; increase leads to termination of
seizure.

Seizure duration depends on synaptic connectivity and
chloride buildup

Our analysis (Figs. 4, 5) suggests that duration of seizure may
depend on the speed of [Cl ™ ]; buildup that itself depends on the
strength of the cation-chloride channel KCC2 pump. In normal
physiological conditions, the KCC2 pump uses the difference in
[K ] across the membrane to maintain alowlevel of [Cl ~];at ~5
mM (Payne et al., 2003). In our model, the [Cl]; rapidly in-
creased during the early stage of seizure (Fig. 3), similar to results
of experimental studies (Timofeev et al., 2002). This increase in
[Cl™]; partly resulted from reduction of KCC2 pump efficacy in
conditions of elevated [K *]...

Increase of [Cl ™ ]; was crucial for sustaining paroxysmal activ-
ity. The range of [K "], in which the neuron was able to maintain
hysteresis between tonic spiking and bursting was extended in
conditions of elevated [Cl ™ ];, which significantly extended dura-
tion of seizure (Figs. 4B, 5). To directly test the role of KCC2
pump efficacy on seizure duration, we reduced the time constant
of KCC2 pump (Fig. 6 A). As a result, pump performance was less
affected by extracellular potassium concentration, leading to
slower [Cl ~ ]; buildup; this decreased seizure duration and could
even prevent initiation of seizure for the same strength of external
DC stimulation. When KCC2 pump time constant was small,
paroxysmal activity terminated almost immediately after offset of
DC stimulation, even though [K *], still reached high levels (Fig.
6A). In contrast, increasing KCC2 pump time constant allowed
[Cl7]; to rise higher and led to longer seizures.

According to our hypothesis, progressive increase of [Na "]
over the course of seizure leads to its termination. If correct, this
would suggest that changing the rate of [Na™]; accumulation
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would affect seizure duration. Below, we
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seizure-like activity (data not shown). The ermm |
seizure duration depended on both excit-
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connections; removing either excitation
or inhibition reduced seizure duration (Fig.
6C, left). For high values of PY-PY and
IN-PY connection strength, seizure-like ac-
tivity lasted continuously. The relative
strength of PY-PY and IN-PY connections
also determined the dominant state in
which neurons stayed during seizure. In-
crease in both PY-PY and IN-PY connection strength led to longer
burst duration (Fig. 6C, right). Since [Na *]; level remained rela-
tively low in bursting mode, it was not sufficient to promote termi-
nation of seizure when the model burst continuously, which
explains continuous oscillations for high synaptic strength.

Below baseline reduction of the extracellular potassium
mediates postictal depression state

The network model described in the previous sections included
only 10 excitatory pyramidal neurons and 2 inhibitory interneu-
rons. To test whether our results can be generalized to larger
networks, we simulated a model including 100 PY and 20 IN cells.
To make simulations more realistic, we also included back-
ground noise that was modeled as Poisson-distributed spike

Effect of KCC2 pump and rate of [Na ], buildup on seizure duration. A, Plot shows the seizure duration as a function
of the time constant of KCC2 pump, which inversely relates toits strength. The plots on the right show the activity of a single neuron
and [K ™1, and [Na "1 traces. B, Plot shows the seizure duration as a function of the rate of [Na *]; buildup. The last was varied by
changing the contribution to [Na ], from activity of the voltage-gated fast Na ™ channels mediating the action potentials.
Hundred percent mark corresponds to the [Na *1; change (per action potential) used in the rest of the simulations. €, The image
shows seizure duration (left) and the ratio of total bursting to tonic spiking duration (right) for various levels of AMPA and GABA,
synaptic conductance strength. The plots on the bottom show the activity of a single neuron and corresponding [K ], and [Na
traces. Stimulus duration was identical in all experiments as indicated by the green bar.

+]i

trains delivered through AMPA-type synapses to all neurons in
the network. To account for homeostatic changes found experi-
mentally in the neurons driven by external noise, we increased
slightly conductance of the [K *] leak current, as seen in the study
by van Welie et al. (2006), reduced conductances for high thresh-
old [Ca®"] (O’Leary et al., 2010) and fast sodium currents
(Grubb and Burrone, 2010), and increased conductance for Cl
leak current (see Materials and Methods). With these changes,
the network was stable and displayed spontaneous random spik-
ing activity at a mean rate of 0.5 Hz (Fig. 7).

The mean frequency of the external Poisson input was tran-
siently increased from 140 to 400 Hz for 2 s (Fig. 7B, red bar). This
initiated seizure-like oscillations, which included sequences of
bursting and tonic spiking episodes lasting for ~200 s total. Sim-
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gesting existence of the threshold for sei-
zure initiation as we previously reported
(Frohlich et al., 2010). Indeed, small pertur-
bations only led to short transient firing rate
increase followed by return to the baseline
firing, therefore indicating stability of the
physiological (random spiking) state in our
model including dynamics of different ion
concentrations.

Concentration of sodium, [Na*];,
increased progressively during seizure,
reaching it maximum just before activity
termination in agreement with our results
from smaller networks (Fig. 8 A). Interest-
ingly, [K ], displayed complex nonlinear
dynamics, reaching its peak soon after
seizure onset and remaining relatively
constant (except for low amplitude oscil-
lations associated with tonic-clonic tran-
sitions) during a later phase. Seizure
termination was followed by a period of
postictal depression. The last appeared as
a relatively small hyperpolarization of
membrane voltage after termination of
paroxysmal rhythm (Fig. 7B, inset). Pos-
tictal state lasted for several minutes. Neu-
ronal excitability was reduced during
postictal state that was sufficient to pre-
vent spontaneous spiking in the model. As
we previously described, this effect was

Cell Index

s

Figure 7.  Seizure termination in a large network with noise and postictal depression. A, Space—time plot of activity of 100
pyramidal neurons from a network over time. The red bar indicates transient increase of the external Poisson rate. B, Activity of a
single pyramidal neuron includes episodes of baseline low-frequency spiking before stimulation (a), self-sustained seizure-like
oscillations including slow bursting and tonic firing (see expanded plots) (b), and period of postictal depression after termination
of paroxysmal activity (c). Inset, Distribution of membrane potential from all cells before the onset of seizure and in postictal state.
C, Left, Peaks of cross-correlation computed between all pairs of pyramidal neurons for bursting and spiking periods. Right, Delays

corresponding to the peak of cross-correlation for all pairs of pyramidal neurons.

ilar to smaller networks (Fig. 2), this larger network displayed a
high level of synchrony across the entire population of neurons
during bursting episodes and reduced synchrony during tonic
spiking (Fig. 7A). Bursting episodes were primarily found dur-
ing earlier phases of epileptiform activity and were interrupted
by epochs of fast runs during later phases of the seizure (Fig. 7B).
To quantify the change in synchronization, cross-correlation was
computed between all pairs of pyramidal neurons separately for
bursting and spiking periods. Bursting periods were identified
as the periods when membrane potential was consecutively
above —20 mV for >200 ms; spiking periods were identified as
consecutive 500 ms periods with firing rate >10 Hz when there
was no bursting. Cross-correlation was higher during bursting
periods compared with spiking periods (Fig. 7C), with the nearby
cells showing highest cross-correlation as seen by increase in the
values near the diagonal in Figure 7C (left). Distribution of delays to
the main peak of the cross-correlation function suggests formation
of clusters during bursting periods while spiking periods showed
random pattern of delays (Fig. 7C, right).

To initiate self-sustained paroxysmal oscillations, transient in-
crease of the Poisson input had to exceed certain minimal level sug-

[ . . [ amm—— |
N o Y msee Na /K™ exchange pump forcing [K™]

mediated by residual elevation of intracel-
lular sodium concentration that activated

o

to remain below baseline (Figs. 34, 8 B).

Discussion

In this study, we used a detailed
conductance-based model of the neocor-
tical network, incorporating intracellular
and extracellular dynamics of Na™ and
K™ ions as well as intracellular C1~ and
Ca** dynamics to explore involvement of
ionic concentration dynamics in the de-
velopment and termination of paroxysmal seizure-like events.
Sufficiently strong transient network stimulation led to self-
sustained periodic transitions between tonic and clonic (burst-
ing) activities mediated by [K "] -dependent bistability between
tonic and clonic network states. The duration of bursting periods
was ~80% of the duration of the entire seizure episode, similar to
previous experimental findings (Nita et al., 2008). Progressive
increase of [Na *]; over the course of seizure reduced the range of
[K "], that allows bistability to exist, ultimately making it impos-
sible for paroxysmal oscillations to sustain after a few minutes of
activity. This resulted in seizure termination and neuronal silence
usually associated with postictal depression. The model revealed
how complex interactions between sodium, potassium, and chlo-
ride ionic concentrations involving Na “/K ™ and KCC2 pumps
and glial buffering may affect development of epileptiform
events. Although our results are built on the background of pre-
vious computational studies (Kager et al., 2000; Bazhenov et al.,
2004; Frohlich et al., 2006; Somjen et al., 2008; Cressman et al.,
2009; Ullah et al., 2009), this new study tied all of the past obser-
vations together to elucidate mechanisms of seizure dev-
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elopment, termination, and postictal de-
pression in a unified model. The use of
bifurcation analysis for exploring the
mechanisms of epileptogenesis provided a
way to generalize our findings across a
wide range of conditions, since the only
requirement for the existence of this
mechanism is the similarity (or topologi-
cal equivalence) of the state space between
different models. Thus, we speculate that
the ionic mechanism of seizure develop-
ment and termination proposed in this
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of neurons and provide an explanation
for termination of epileptic states in ex-
perimental conditions.

Studies have shown that [K™], in-
creases during seizure and that the
increase of [K "], associated with epilep-
tiform discharges in vivo may lead to seizure-like activity (Graf-
stein, 1956; Fertziger and Ranck, 1970; Heinemann et al., 1977;
Jensen and Yaari, 1997). Recent studies on the pathophysiology
of tissue from epileptic human patients (Hinterkeuser et al., 2000;
Schroder et al., 2000; Binder and Steinhiuser, 2006) and animal
epilepsy models (Grisar et al., 1992; Jansen et al., 2005; Ivens et al.,
2007) revealed aberrations in [K ], regulation. Furthermore,
recent computational studies revealed that a model pyramidal
neuron can exhibit either tonic firing or bursting (clonic) state
for the same level of [K "], (Bazhenov et al., 2004; Frohlich et al.,
2006; Cressman et al., 2009); such coexistence of different dy-
namical states is known as bistability. In the network model,
bistability caused persistent slow transitions between tonic firing
and bursting states (Frohlich et al., 2006), closely resembling seizure-
like activity seen in experimental studies (Timofeev and Steriade,
2004). More recently, it was shown that a sufficiently strong transient
network stimulation can produce an increase of [K ], followed by
activation of the positive-feedback loop between neuronal activity
and [K *], leading to self-sustained tonic-clonic seizure (Frohlich et
al,, 2010). These findings suggested [K "] -dependent mechanism
for the generation of realistic seizure-like activity but failed to explain
spontaneous termination of epileptic seizures.

Although changes of the intracellular [Na *] are difficult to
measure, studies suggest involvement of [Na ] ionic dynamics in
the development of seizures (Timofeev and Steriade, 2004). De-
crease of [Na™], has been reported during seizure-like activity
(Meyer et al., 1961; Kraig and Nicholson, 1978; Dietzel et al,,
1982) (for review, see Somjen, 2002). After seizure termination,
[Na™], then returned slowly to the baseline while [K*], first
reduced below its baseline level (Dietzel et al., 1982). Decrease of
[Na™], during seizures in these studies was likely associated with
increase of [Na ™];. Other indirect evidences support the role of
Na™ dynamics in seizure cessation. Many conventional antiepi-
leptics (like phenytoin) act by reducing the activity of voltage-
sensitive Na™ currents; although phenytoin increases seizure
threshold, it also increases seizure duration (Ebert et al., 1997). This
increase may arise because of slower accumulation of [Na *]; in con-
ditions of reduced voltage-sensitive Na™ currents. Membrane hy-
perpolarizations caused by an increase in [Na *]; after a burst of
spiking have been reported under normal physiological conditions
(Gustafsson and Wigstrom, 1983; Johnson et al., 1992), suggesting
that [Na™]; may accumulate during highly active epileptic states.
Direct optical measurements of [Na *]; showed that repetitive stim-
ulation results in progressive increase of [Na™]; by 4—10% over

Figure 8.
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lon concentration dynamics in a large network. A, Raster plots of the [K *],, [Na ¥, and [CI ~; dynamics over time.
Data correspond to the simulation shown in the Figure 7. B, Time course of [K *],, [Na *],, and [C| ~;forasingle pyramidal neuron
(no. 25) from the network shown in the Figure 7.

baseline, depending on the duration of the repetitive firing (Fleider-
vish etal., 2010). During the periods of simulated seizure, the [Na *];
increased by ~9% in our model, in agreement with results of this
experimental study. All these experimental data support our model
predictions that progressive increase of [Na*]; over the course of
seizure may be an important factor triggering termination of parox-
ysmal oscillation. From a biophysical perspective, the role of [Na *J;
accumulation in termination of seizure can be linked to the electro-
genic nature of Na /K * exchange pump (Rang and Ritchie, 1968).
This pump transports two K * ions into the cell for every three Na ™
ions that are removed; therefore, it generates outward electrical cur-
rent. Strong activation of Na*/K™ exchange pump by [Na*]; in-
crease may therefore change balance of excitatory and inhibitory
currents leading to termination of seizure.

Our model predicts the important role of intracellular Cl ™~
dynamics during seizure. Previous experimental studies have
shown that the reversal potential for GABA, changes signifi-
cantly from approximately —70 to —40 mV during the initial
stage of the seizure (Timofeev et al., 2002). In agreement with
these experimental data, the [Cl " |; increased in our model dur-
ing the initial phase of seizure. We found that increase in [Cl ]
had an opposite effect to seizure duration compared with in-
crease of [Na *],. For higher values of [Cl ~];, the range of extra-
cellular K* concentrations in which the neuron displayed
bistability was expanded, which promoted existence and stability
of epileptic state. Increasing the efficiency of KCC2 pump limited
increase of [Cl ™ ]; and reduced seizure duration in our model.

After termination of paroxysmal activity, [Na *]; remained
elevated and then slowly returned to its baseline level from the
action of Na*/K™ exchange pump. This slow timescale for re-
turning of [Na *]; to its baseline led to decrease of [K ], below its
baseline level. The lower than baseline [K "], and increased
[Na™];, immediately after termination of seizure, mediated low
excitability and relatively hyperpolarized membrane voltage state
resembling postictal depression state of neurons. Several experi-
mental studies previously confirmed the lower than baseline
[K ], level after termination of seizure (Fig. 3B) (Heinemann et
al., 1977; Jensen and Yaari, 1997). In the large-scale network
model with background low-rate spiking activity mediated by
external noise, the postictal depression state was evident as a
state of silence that lasted for a few minutes after termination
of seizure.

Other mechanisms could contribute to cessation of seizures. It
was proposed that increase in [Cl ~]; over the course of seizure
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may change the balance between synaptic excitation and inhibi-
tion toward excitation and promote termination of epileptic os-
cillations (Frohlich et al., 2005). However, this mechanism failed
to explain the cause for postictal depression state. Termination of
epileptiform activity in hippocampal slices in conditions of long
and stable elevation of [K "], was preceded by the episodes of
spreading depression (Bragin et al., 1997), suggesting transition
to depolarization block. It was proposed that depolarization
block would reduce outward flow of K™ leading to removal of
[K™], and seizure cessation. However, the question remains
whether similar conditions could exist in vivo when diffusion and
other factors are more efficient in controlling [K "], level during
seizures. A reduction in pH was also proposed to cause termina-
tion of epileptic events. Indeed, a recent study showed that a
genetic alteration in acidosis activated ion channels could prevent
seizure termination (Ziemann et al., 2008). Nevertheless, all these
observations do not rule out the mechanism of seizure termina-
tion depending on accumulation of [Na™]; proposed in our
study; rather, these results suggest that a combination of various
factors may promote termination of seizures in different experi-
mental conditions or clinical settings.

The model used in this study assumed fixed concentration for
the extracellular calcium ions. However, the [Ca?"] o 1s shown to
be progressively reduced during seizure (Heinemann et al.,
1977). This will decrease reliability of synaptic transmission and
can affect long-range synchronization properties of cell firing
during seizure (Boucetta et al., 2008). Nevertheless, the mecha-
nism of seizure cessation explored in this study depends on the
specific cellular properties, such as activation of Na*/K™ ex-
change pump. This pump is driven by ATPase and represents an
intrinsic factor that is not directly affected by the extracellular
calcium. Similarly, we assumed constant concentration for the
extracellular chloride ions. The main ground for this assumption
was relatively high concentration of the chloride ions in the ex-
tracellular space that is less affected by the ion dynamics. Reduc-
tion of the [Cl ], was shown, however, to reduce seizure-like
activity in the past experiments (Hochman and Schwartzkroin,
2000), which could also be a factor contributing to the termina-
tion of seizure. Chloride concentrations may be affected by chlo-
ride—bicarbonate exchanger; additional factors affecting calcium
dynamics include intracellular buffering and calcium release
form endoplasmic reticulum. Finally, dynamics of bicarbonate
and some other anions was omitted from the model. The precise
effect of all these factors during seizures need to be examined in
the future studies. Cell swelling during seizures (Jing et al., 1994;
Pérez-Pinzén et al., 1995) would restrict interstitial space and
further amplify increases of the extracellular concentration of
ions. Although these factors may affect quantitative results of the
model simulations, they should not, however, qualitatively alter
the predictions of this study, which are based on the electrogenic
property of Na */K * pump (Rang and Ritchie, 1968). The seizure
cessation observed in our model was reliable to the many param-
eter alternations including severe alternation of the model struc-
ture itself, suggesting the structural stability of this phenomenon.

Our study makes predictions for new antiepileptic drugs and
possible novel strategies for treating seizures. Since one of the
main objectives of antiepileptic treatment is to increase seizure
threshold, conventional antiepileptic drugs are designed to act on
reducing activity of various sodium channels. However, accord-
ing to our findings, such antiepileptic drugs would also increase
the seizure duration as indeed observed in experimental studies
(Ebert et al., 1997). Our model predicts that, after seizure initia-
tion, [Na*]; buildup is required for termination of epileptic
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events. This effect is reduced because of the action of existing
antiepileptic drugs, leading to increased duration of seizure.
Thus, we predict that, for seizures that are intractable to conven-
tional antiepileptic drugs, the treatment preventing [Cl ™ ]; buildup,
which is shown to modulate the duration of seizure, could provide a
better strategy to control epileptogenesis.
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