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Abstract We formulate a conductance-based model for a 3-neuron motif associ-
ated with Childhood Absence Epilepsy (CAE). The motif consists of neurons from
the thalamic relay (TC) and reticular nuclei (RT) and the cortex (CT). We focus
on a genetic defect common to the mouse homolog of CAE which is associated
with loss of GABA A receptors on the TC neuron, and the fact that myelination
of axons as children age can increase the conduction velocity between neurons.
We show the combination of low GABA » mediated inhibition of TC neurons and
the long corticothalamic loop delay gives rise to a variety of complex dynamics in
the motif, including bistability. This bistability disappears as the corticothalamic
conduction delay shortens even though GABA A activity remains impaired. Thus
the combination of deficient GABA s activity and changing axonal myelination
in the corticothalamic loop may be sufficient to account for the clinical course of
CAE.
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1 Introduction

One of the outstanding questions in computational neuroscience concerns the iden-
tity of the mechanisms for seizure generation in patients with epilepsy [23,74,40,
75,58,77,86]. Potential applications include the development of better methods to
predict seizure recurrence [61,63] and to abort seizures as they occur using care-
fully honed electrical stimuli [56,62]. Consequently, current research has begun
to focus on those epilepsies for which triggers for seizure onset, and sometimes
seizure abortion, have already been identified [64]. This communication focuses
on one such epilepsy, namely childhood absence (“3 Hz spike-and-wave”) epilepsy
(CAE) [58]. Other examples include nocturnal frontal lobe epilepsy [70] and the
reflex epilepsies [43]. For these epilepsies it becomes possible, at least in principle,
to directly compare observation to prediction not only in animal homologs, but in
humans as well.

CAE is a familial epilepsy in which seizures typically begin between the ages
of 4-6 years [4]. The seizures are typically short in duration (~ 9s [66]) and mani-
fest themselves as sudden cessation of movement with impaired consciousness (for
example, staring blankly) followed by an abrupt return to normal behavior. Hence
the term “absence”. A variety of molecular defects have been identified in CAE
[11], most commonly located in subunits of the GABAA [83] and voltage-gated
Ca™™ ion channels [7]. In monozygotic twins, the concordance does not reach
100% implying a small role for environmental factors [4].

The electroencephalogram (EEG) recorded using scalp electrodes during an ab-
sence seizures shows widespread, bilaterally synchronous ~ 3 Hz spike-and-wave
activity. Epileptic seizures are traditionally classified by the activity observed in
EEG recordings during the onset of a seizure. Widespread electrographic activity
at seizure onset corresponds to a generalized seizure while activity which is local-
ized in a particular region at seizure onset is called a focal seizure. From this point
of view the seizures in CAE are primary generalized seizures. However, with mod-
ern technologies including the magnetoencephalogram, it has become clear that
absence seizures have a focal cortical onset: layer VI of somatosensory cortex in a
rodent homolog of CAE [54,67], multiple cortical regions in humans with CAE [30,
80,87]. Thus it is more accurate to classify absence seizures in CAE as focal onset
with rapid secondary generalization, namely as secondarily generalized seizures.
This distinction is important because it means that the onset, maintenance and
cessation of seizures in CAE are controlled by an “epileptic system” that involves
the interplay between cortical and subcortical neurons [9,56,60]. Indeed, effective
generalization of seizure activity is not possible without the participation of the
thalamus, cingulum and mesencephalon [9,45,85]. In CAE the epileptic system
takes the form of reciprocal interactions between cortical neurons (CT) and two
nuclei located in the thalamus, namely the thalamic relay (TC) and reticular (RT)
nuclei. The importance of this three neuron motif, shown in Figure 1, for CAE
seizure generation has been established in numerous studies [6,8,14,15,72,78].

Much insight into CAE has been obtained through experimental work on ani-
mal homologs, that is, animals which spontaneously exhibit seizures with the same
EEG signature as CAE. It has been shown that the common mouse homolog ex-
hibits a defect in the a; subunit of the GABA 4 receptors [50,53,90], which results
in a decreased GABA 5 conductance. In the thalamus, only the TC neurons have
a1 subunit [34], thus the expected effect of this defect is to reduce the inhibition
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Fig. 1: Three neuron motif consisting of thalamic relay (TC) and thalamic reticular
(RT) and cortical (CT) neurons. The main parameters important in this study are
indicated. A self-feedback loop on RT accounts for the ability of RT neurons to
inhibit other RT neurons. The connection between RT and CT is dashed since it
is not included in this modeling study. See Section 2.1 for more details.

felt by the TC neurons due to the RT neurons. One rat homolog exhibits abnormal
behaviour of the T-type Ca2+ channels of the RT neurons. Electrophysiological
experiments show an increase in conductance [69] of these channels. Recent work
has shown there is a genetic defect which results in a decrease in the time con-
stant of inactivation, resulting in larger spikes during bursts [68]. It is proposed
that such changes would lead to an increase in synchronization between various
TC neurons in the thalamocortical circuit [69] giving rise the spike-and-wave EEG
activity of CAE.

Here we focus on the importance of two clinical observations for understanding
the dynamics of the 3-neuron CAE motif. First, absence seizures can be triggered
by hyperventilation and photic or auditory stimulation [33]. Often the seizures
can be aborted by sensory stimuli, e.g. a sudden sound, or by gently shaking the
patient. These clinical observations are suggestive of an underlying multistable
dynamical system in which switches occur between different basins of attraction
[26,40,74,75,59,78]. Second, there is the tendency for children with CAE to “out-
grow” their epilepsy [4,58]. On reaching adulthood many patients with CAE no
longer require anticonvulsant medications to remain seizure free, while others are
able to control their seizures with reduced levels of medications. The fact that
seizures can disappear even though the molecular defect persists strongly suggests
that other factors must be involved in seizure generation. One possibility is that
certain ion channel genes may be expressed in an age-specific way [7].

Another factor which changes as the brain matures is axonal myelination. In-
deed, it has been pointed out that the clinical course of CAE seems to follow the
active period for axonal maturation which nears completion by mid to late adoles-
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cence [58]. That is, the disappearance of seizures in adolescence could be attributed
to a loss of multistability in the network due the reduction of conduction time de-
lays. This is reminiscent of the properties exhibited by neural oscillators that are
influenced by time-delayed pulsatile coupling [27,28,29,48]. In these examples,
multistability becomes possible when the time delay, 7, becomes longer than the
intrinsic period, T, of the neural oscillator. This behavior has been demonstrated
using a conductance based model of a delayed recurrent inhibitory loop [48]. Here
we use numerical simulations to demonstrate that the same behaviors arise in a
conductance based model of the 3-neuron motif shown in Figure 1.

Our paper is organized as follows. First we develop a time-delayed conductance-
based model for the neuronal motif shown in Figure 1 using experimental obser-
vations obtained for the mouse homolog of CAE described above. We find that
the periodic bursting dynamics generated by the interaction between the reticular
(RT) and thalamic relay (TC) neurons within the thalamus [14,15] is insensitive to
changes in the conductance of the GABA o channel. Moreover there is no bistabil-
ity. Next we connect this 2-neuron circuit to a cortical neuron to form a 3-neuron
circuit with delay. The combination of low GABA mediated inhibition of TC
neurons and the long corticothalamic loop delay gives rise to a variety of complex
dynamics including bistability. This bistability disappears as the corticothalamic
conduction delay shortens even though GABA activity remains impaired. Thus
the combination of deficient GABA activity and changing axonal myelination
in the corticothalamic loop may be sufficient to account for the clinical course of
CAE.

2 Materials and Methods

All computer simulations were implemented with XPPAUT [24] using a 4'"-order
Runge-Kutta algorithm with a fixed step size. Source code is available in ModelDB
[52] at http://modeldb.yale.edu/247704.

2.1 3-neuron CAE motif

In view of studies on the mouse homolog for CAE the 3-neuron motif shown in
Figure 1 is different than in some other studies. First, we eliminate the connection
between CT and RT neurons (dashed line) since optogenetic studies [65] diminish
the importance of the feedforward inhibition component of the loop. We also note
that the RT GABA, receptors do not contain an «; subunit [34]. Since genetic
defects in this subunit are associated with CAE in mice, in our study only the
GABA A conductance on the TC neurons will be varied.

2.2 Conductance-based model

The neurons in Figure 1 are modeled as conductance-based (Hodgkin-Huxley type)
neurons [25,32], and are based on previous work on the thalamocortical loop [14,
15,20].
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The equations of the membrane potential, V, take the form

CTC% =—IL—INa— Ik —IT — In — Ix2 — IsTygaptic + 158 (1)
Vi

CCT% =—Iy—INa—Ix — I — Isggaptic + 15T
Vi

CRT% =—Iy — INa — Ix — ITs — Ispﬁaptic + 15D

where Cr¢ = Cor = Crr = 1pF/em? is the membrane capacitance [20] and
the units for the membrane potential is mV. The intrinsic membrane currents
include an external current (Iext), a leak current (Ir,), a transient voltage-gated
Na™ current (Ina), a transient voltage-gated K+ current (Ix), a low-threshold
Ca™™ current (Irg), a depolarization-activated K+ current (Ip), a low-threshold
Ca™™ current (I1), a mixed NaT-K™ current activated by hyperpolarization cur-
rent (I,) and a slow K* current (Ix2) [15,16,17,20]. The external currents, loxt’s,
represent input from other brain regions [3], and possibly brainstem [85], which
trigger activity in the motif. Without synaptic coupling, each of the three cells is
at rest when their respective external current is zero and exhibit periodic spiking
for a large range of nonzero values of external current input. With the param-
eters given in the Appendix the rheobases are 1.04 pA/cm?® (CT neuron), 1.78
pA/cm? (TC neuron) and 0.40 pA/cm? (RT neuron). Although it is clear that
Iext can be quite complex, for most simulations we used IL$ = 5 or 6 pA Jem?
and IST = IBT =0 pA/cm? and assume that this input is turned on a ¢t = 0. To
confirm the presence of multistability we added a 0.5s long 1.0uA/ cm? amplitude
square wave perturbation to Igg
The synaptic current for the neurons in the microcircuit are

TC

Igynaptic = IcT,AMPA + IRT,cABA, + IRT,GABAR (2)
cT

Isynaptic = ITC,AMPA (3)
RT

Isynaptic = IRT,GABA, + ITC,AMPA (4)

The AMPA and GABA A synaptic currents have the general form [21]
Isyn =g 5(t) (Vpost — Esyn)

where Egyn is the reversal potential, g is the (constant) maximal conductance and
s is the fraction of ion channels that are open due to neurotransmitter released by
the presynaptic neuron. This follows the model

ds
& a1 (1)1 - 5) — s (5)

where a, 3 are constants that depend only on the type of neurotransmitter and T'
is the concentration of transmitter released given by

B 2.84
1+ exp (2—vgrc(t>)

The excitatory neurotransmitter is glutamate and the membrane receptor is the

T(t)

(6)

ionotropic transmembrane AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic

acid) receptor. For Ianpa the parameter values in our model are: Eaypa = 0 mV,
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type location | g (mS/cm?)
AMPA TC—CT 4.138
CT—-TC 0.1
TC—RT 1.428
GABA, | RT—TC 0.1 -0.7
RT—RT 6
GABAgp RT—-TC 0.13793

Table 1: Maximal synaptic conductances used in the model.

aavpa = 0.94 ms™'mM™!, and Bampa = 0.18 ms™? [18,19]. For the GABA4 cur-
rent the parameter values are Egaa, = —85 mV, agaBa, =5 Jrnsflml\/lfl7 and
BGABAA =0.18 ms™ .

The Igapay current was modeled as [18]

4

_ S
IgapAr = 96ABAS g ¢ %, (Vpost — EGABAR) (7)
% = 0.5T(t)(1 —7) — 0.0012r (8)
ds
o = 0.18r — 0.034s (9)

where r represents the GABAp receptor, s the synaptic gating variable, T'(t) is
given by equation (6) and Egapa, = —95 mV.

The maximal synaptic conductances are given in Table 1. These are based on
values in [18] adjusted to account for the smaller network structure.

2.3 Time delay

It is important to distinguish between the effects of a lag and a time delay on the
dynamics of a neural circuit [57]. The response of a model described by ordinary
differential equation to an input lags behind the time course of the stimulus. In
other words, the time course of the stimulus overlaps that of the response. Thus,
the synaptic dynamics described by equation (5) or equations (8)-(9) contribute
a lag to the dynamics, related to the rise time and decay of the potential due to
activity in the synapse.

In the case of a time delay, there is a clear separation in time between the
stimulus and the response. For example, the separation between when the action
potential is generated at the axon hillock and the subsequent release of neurotrans-
mitter into the synaptic cleft. This separation between stimulus and response arises
because the axonal conduction velocity is finite. Here we model this by including
a explicit dependence on a delayed value of the voltage of the presynaptic neuron.
We include two conduction delays: the corticothalamic delay, 71, and thalamocor-
tical delay, 2. Thus for the AMPA synapse from the CT neuron to the TC neuron
(6) becomes

() = 2.84

o 2— Ve (t— ’ (10)
1+ exp (7“5( Tl))
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while for the AMPA synapse from the TC neuron to the CT neuron we have

2.84
1+ exp (427VT05@*7'2)) ’

T(t) = (11)

The thalamocortical delay, 72, measured using depth electrodes in a child with
CAE [88] and in adults undergoing invasive monitoring for evaluation for epilepsy
surgery [49] is 14 ms. Thus this delay does not change as the brain matures. The
thalamocortical delay is ~ 25% of the total corticothalamic loop delay [31,71], sug-
gesting that the corticothalamic delay, 71, is ~ 42 ms. A similar difference between
the thalamocortical and corticothalamic delay has been observed experimentally
in several species [71] and is attributed to larger conduction velocities in thalamic
axons vs cortical axons [79].

Since all of the parameters used in (1) have been determined for mouse and
rats it is necessary to modify the delay to account for the smaller brains of rodents.
The distance between the thalamus and brain in a rat and mouse is ~ 1 ¢cm and
in a human is about ~ 5 cm. Thus for a rodent the estimated thalamocortical
delay becomes ~ 2.8 ms and the corticothalamic delay in an rodent with absence
seizures would be ~ 8.4 ms.

Although time delays may exist between thalamic neurons, they are likely to be
very short especially in relation to the lags introduced by the slow GABAR recep-
tors. In addition it is likely that gap junctions exist between the thalamic neurons
[2,47]. Therefore we assumed that all conduction delays between intrathalamic
neurons were equal to 0 ms.

2.4 Initial conditions

The distinction between a time delay and a lag has important consequences for
the determination of the initial conditions for (1) [57]. Since a lag is modeled by an
ordinary differential equation, it is only necessary to specify the initial conditions
at a single instance in time, to. On the other hand, the presence of a conduction
time delay, 7, means that the model becomes a delay differential equation and the
initial condition becomes an initial function @(t) where t € [to — 7, to]. Hence the
initial condition space for a delay differential equation is a function defined on the
interval [—7,0]. Here we have two time delays so 7 = max(71, 72).

For most simulations we kept the initial functions for the RT and CT neurons
constant at the resting equilibrium values

Prr(t) = —89.40mV for t € [-7,0]
dar(t) = —70.56mV  for t € [—7,0]

and varied the initial function for the TC neuron as

Src(t) = —76.74mV  for ¢t € [-7,0)
=Vx(0) fort=0

Seven choices of Vx (0) were used to test for bistability: 0 mV, £20 mV, £40 mV,
+60 mV. We also considered initial conditions which corresponded to all the cells
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Fig. 2: Oscillation modes of the RT-TC motif. The motif exhibits bursting for
Izt < 5.6 ,uA/cm2 and tonic spiking for I.z+ > 5.6 uA/cmZ. Left two columns:
IS =5 pA/cm?, right two columns: ILS = 6 pA/cm?. Variation of the GABA 5
conductance from RT to TC has minimal effect on the bursting rhythm and a
strong effect on the tonic rthythm. Top row: g4 = 0.6 mS/cm?, middle row: g4 = 0.3
mS/cm?, bottom row: g4 = 0.1 mS/cm?. All other parameters are given in Section
2 and the Appendix. Black is RT neuron; Red is TC neuron.

be slightly depolarized

Prr(t) = —73.23mV for t € [-7,0]
Pt (t) = —61.26mV  for ¢ € [—7,0]
Sre(t) = —29.26mV  for t € [—7,0]

As the gating functions only require initial conditions at ¢ = 0 these were set to
correspond to the values of the (appropriate) voltage at t = 0.

3 Results

We interpret the three neuron motif shown in Figure 1 as a neural oscillator formed
by the RT-TC neurons under the influence of a delayed recurrent excitatory loop
formed by the connections between CT and TC neurons. Our goal is to examine
the behavior of this circuit as two parameters, namely the maximal conductance,
ga, for the GABA 4 mediated inhibition on TC neurons by RT neurons and the
conduction time delay, m1, between CT and TC neurons are varied. All other
parameters are held constant and are summarized in section 2.2 and the Appendix.

3.1 RT-TC oscillator

When a constant current is injected into the TC neuron, the RT-TC motif exhibits
two modes of rhythmic oscillation. If the current amplitude is less than ~ 5.6
pA/cm?, the circuit exhibits a slow (several Hz) periodic discharge. This rhythm
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Fig. 3: Response of the RT-TC motif to a square wave perturbation in applied
current. Input current (shown at bottom of plots) is 5 uA/cm? except from t = 2
s tot = 2.5 s where it is 6.5 uA/cm?. Left: g4 = 0.1 mS/cm?, middle: g4 = 0.4
mS/cm?, right: g4 = 0.7 mS/cm?. Black is RT neuron. Red is TC neuron.

is characterized by bursting of the RT neuron (black) with the TC neuron (red)
firing one spike per RT burst. The frequency of this oscillation slowly changes with
the amplitude of the applied current, I, and is not strongly dependent on the
strength of the GABA conductance, g4, input from the RT neuron to the TC
neuron over the range 0.1 — 0.7 mS/cm?. See the left two panels of Figure 2.

If the injected current amplitude is greater than ~ 5.6 uA/cm?, the rhythm is
tonic spiking in which both the TC and RT neurons have one spike per period.
The frequency of this rhythm rapidly changes with the strength of the applied
current and is strongly dependent on g4. See the right two panels of Figure 2.

The complexity of the dynamics of the RT-TC-CT motif, as we shall see later in
Section 3.2 is, in part, related to the applied current and ga dependent responses of
the RT-TC motif. Figure 3 shows the effect of applying a 0.5s long, 1.4 /cm? square
wave pulse of current to the TC neuron which is also receiving a 5uA/cm? tonic
current input (total TC neuron current input in the RT-TC motif is 6.5u4/cm?).
The response of the RT-TC motif to the square wave pulse current is to produce a
fast tonic spiking mode which terminates when the current pulse is over. Further,
as shown in the figure, the frequency of spiking during the current pulse increases
as ga increases. This behavior is consistent with the observation that a novel
stimulus can change thalamic neurons from a “burst mode” to a “tonic mode”

[42].

3.2 RT-TC-CT delayed recurrent excitatory loop

We next added the CT neuron to make the RT-TC-CT motif. The CT neuron
responds to an excitatory input with a burst of action potentials (typically 2).
Figure 4 illustrates the rich variety of spiking patterns that occur in the 3-neuron
CAE motif when 7, = 9ms, 72 = 2.8ms, IS = 51 A/cm? and g4 is varied. These
spiking patterns include regular and irregular bursting (Types 1 and 2) as well
as rapid tonic spiking (Type 3). For convenience, the bursting patterns generated
by the RT-TC-CT motif were further classified by the behavior of Vgyr which
followed the initial, short burst of action potentials. For Type 1, Vg returns to
its resting value. For Type 2 solutions Vgt remains depolarized after the initial
burst of spikes for varying lengths of time: Type 2a is followed by a single action
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Fig. 4: Variety of spiking patterns in the RT-TC-CT motif with CT-TC delay
of 9ms, TC-CT delay of 2.8ms, IL§ = 5uA/cm? and varying TC-RT GABAy4
conductance, g4. Top left g4 = 0.6 ms/cm?, top right g4 = 0.1 ms/cm?, middle
left g4 = 0.29 ms/cm?, middle right g4 = 0.25 ms/ch, bottom left g4 = 0.4
ms/cm?, bottom right g4 = 0.2 ms/cm?. All other parameters are as described in
Section 2 and the Appendix. Black is RT neuron; Red is TC neuron. For simplicity
the voltage of the CT neuron is not shown.

potential, for Type 2b there is a train of action potentials organized into a regular
bursting pattern of varying lengths, and for Type 2c there is an irregular bursting
pattern.

We carried out extensive numerical simulations of the model varying the max-
imal conductance, g4, of the GABA 4 synapse on the TC neurons in the range
0.1 — 0.7 mS/cm? and the time delay, 71, from the CT neurons to the TC neu-
rons in the range 2 — 9.2 ms. A range of initial conditions was explored including
with all the neurons starting from rest and with the TC and CT neurons starting
in various depolarized states. The results of the simulations are summarized in
Figure 5.

3.3 Bistability

For some large and small values of ga, only one type of rhythm was observed. In
particular, for g4 = 0.7 mS/cm?, the RT-TC-CT motif only exhibited the slow
rhythm (Type 1 in Figure 4) regardless of the size of the time delay. For values of
ga in the range 0.1 — 0.2 mS/cm2 one of Type 2a, 2b or 2c bursting rhythm was
observed. These bursting rhythms have various numbers of spikes per burst.

As shown in Figure 5, however, bistability occurred in two parameter regions.
There was co-existence of Type 1 and Type 2a spiking patterns for ga in the
range 0.3 — 0.4 mS/cm2 and 71 < 5 ms and co-existence of Type 1 and Type 3
spiking patterns when ga is in the range 0.3 — 0.6 mS/cm2 and 71 in the range
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Fig. 5: Summary of the numerical simulations of the RT-TC-CT motif as a function
of ga and 7. In the region marked Type 2, one of Type 2a, 2b or 2c¢ occurred.
For examples of the spiking patterns see Figure 4. The @ and B show parameter
values used in the simulations shown in Figure 6.

5.6 — 9.2 ms. Since the inter-spike and burst frequencies for the Type 1 and Type
2a patterns were about the same we did not identify this bistability with the
bistability observed in CAE. Instead we identified the bistability observed between
Type 1 and Type 3 spiking patterns with the behaviors observed in CAE.

Figures 6 and 7 illustrate our proposed clinical scenario. When g is in the
normal range there is no bistability and changes in 71 do not affect the spiking
pattern of the RT-TC-CT motif (Figure 6, left-hand panels). For this range of ga
and any value of 71 in the biological range, the application of a short, square wave
current pulse to the T'C neuron only produced fast spiking as long as the pulse
was applied (Figure 7, left-hand panels). In contrast, when ga is sufficiently lower
than normal and 7; is long enough, there is bistability between the slow bursting
rhythm and a state of high frequency tonic firing (Figure 6, right-hand panels).
In this case, the application of a brief square wave current pulse could switch the
system from the bursting mode to the high frequency spiking mode (top right
panel in Figure 7). In this same range of ga, when 7 is decreased (bottom right
panel) there is no bistability and the response of the RT-TC-CT motif to a square
wave current pulse is similar to the “normal case” (left panels in Figure 7). This
is what we interpret as “outgrowing” the CAE seizures.

4 Discussion

Current mathematical approaches to seizure generation are often motivated by
the identification of the bifurcation that occurs at seizure onset and offset [35,40].
However, time series analysis suggest less than 10% of seizure onsets have fea-
tures suggestive of known bifurcations [55]. Here we have focused on identifying
a mechanism for the clinically observed bistability of seizures in CAE in terms of
the properties of delayed recurrent loops. This approach draws attention to the
connectivity between neurons, the timing of neural spikes and the conduction time
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Fig. 6: Simulations of the model illustrating the behavior we interpret as normal
and CAE. Left hand column: when g4 is in the normal range, and any value of
71, there is no bistability when Vx(0) is changed. Top left: Vx(0) = +20 mV,
bottom left: Vx(0) =0 mV. Right hand column: when g, is not in normal range
and 71 is sufficiently large there is bistability when Vx (0) is changed. Top right:
Vx (0) = +20 mV, bottom left: Vx (0) = 0 mV. Parameter values: g4 =0.6 mS/cm?
and 71 = 4.2 ms (left column, @ in Figure 5); g4 =0.5 mS/cm? and 7; = 8.4 ms
(right column, B in Figure 5). For simplicity, only the voltage of the TC neuron
is shown.

delays between them. The effect of the time delays is to alter the timing in the
interaction between neurons. Although we have emphasized the role played by
recurrent loops between cortex and subcortical nuclei, it is quite possible that a
similar scenario can arise between sufficiently separated cortical regions intercon-
nected by association and commissural fibers [39,60].

The effect of the time delay on the behaviors of the RT-TC-CT motif can
be understood as follows. The two-neuron RT-TC circuit has two modes: slow
bursting and tonic spiking. Which mode is observed depends on the strength of
the input current into the TC neuron. In our simulations we chose the baseline
input to correspond to the slow bursting mode. When the CT neuron is added to
create the three neuron RT-TC-CT motif, it can provide more excitatory input to
the TC neuron causing it to spike if the timing is right. In particular, CT input
must arrive to TC neuron when it is not under inhibition by the RT neuron.

The input to the TC neuron induces a burst in the RT neuron and a burst
(after a short time delay of 2.8 ms) in the CT neuron. The CT neuron burst
can in turn induce a TC neuron spike if the delay between CT and TC is long
enough and/or the inhibition of RT is weak enough so that the TC neuron is no
longer inhibited when it feels the effect of the CT neuron burst. This leads to the
behavior summarized in Figure 5. In particular, if the inhibition is strong enough
(e.g. ga = 0.7), a single burst of CT is not enough to cause a spike in TC for
the biologically plausible range of delays we explored. This leads to the Type 1
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Fig. 7: Response of the RT-TC-CT circuit to a perturbation in applied current.
Left: g4 = 0.7 mS/cm?, right: g4 = 0.4 mS/cm?. Top: 71 = 8.4 ms, bottom:
71 = 2.8 ms. Input current (show at bottom of plots) is Ire =5 pA/em?, except
from t = 2.0 s to t = 2.3 s where IL{ =6 pA /em?. Initial conditions are chosen
so the system is on the slow bursting solution corresponding to 15§ =5 pA Jem?.
Black is RT neuron. Red is TC neuron. Blue is CT neuron. Other parameters are
as given in Section 2 and the Appendix.

behavior where the RT-TC motif remains in the slow bursting rhythm and the
effect of the CT neuron is negligible. On the other hand, if the inhibition is very
weak (ga = 0.1 —0.2), the CT burst can cause a second TC spike. This initiates
a network burst where the TC and RT neurons spike multiple times and the CT
neuron has multiple bursts, which we call Type 2 behavior. The number of spikes
depends on the level of inhibition and the size of the delay, but the overall bursting
is not strongly dependent on these parameters.

For midrange values of ga, the behavior becomes strongly dependent on the
delay. For small delay the system exhibits either Type 1 (stronger inhibition) or
Type 2 (weaker inhibition) behavior. With large delay the system can exhibit
bistability between the Type 1 and Type 3 behavior. In Type 3 the time delay
from the CT and TC neuron creates a reverberation between the CT neuron and
the RT-TC motif which is like a network burst with infinite period. In essence, the
CT neuron is acting like a continuous additional input to the RT-TC motif which
is pushing it into the fast spiking mode. Which behavior occurs is dependent on
initial conditions.

Due to the complexity of the behavior it is difficult to classify this as a bifur-
cation at the level of the individual neurons. However if we consider the network
averaged firing rate, then Type 3 behavior corresponds to a constant firing rate,
while Type 2 corresponds to a periodically varying firing rate. Thus, the loss of
Type 3 behavior with decreasing delay could be associated with a Hopf bifurcation
of the firing rate.
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We have attempted to choose values for the thalamocortical and corticotha-
lamic time delays that are realistic for the mouse model of CAE, however, the
mechanism we observe is robust to some variation in these values. We have carried
out simulations with other ranges of values for the time delay and even allowed two
delays to be the same. In all cases we found that low GABA s conductance with
large enough time delay led to bistability between type 1 and type 3 behaviors.

While our three neuron motif is clearly a vastly over simplified representation
of the thalamocortical system, we feel that the basic mechanism is likely to carry
over to larger networks with the same connectivity structure and delays. It is a
common theme that small motifs contain at least the germ of the behavior found
in larger networks and can often be used to determine the mechanisms of behavior
observed in larger networks [15,76]. One phenomenon that our small motif model
cannot address is how the parameter values affect the synchronization of neurons
in a population. This could be addressed by coupling several of our motifs together.
We leave this for future work.

Our work builds on past work on conductance-based models of the thalamocor-
tical loop [14,15,20]. Our contribution is the incorporation of time delays, which
lead to a natural mechanism (bistability) for seizures to spontaneously arise and
disappear. Our work is complementary to the majority of other recent work which
has focused on mean-field type models representing the activity level of entire
populations of neurons [6,8,26,71,72,89]. We share with many of these models an
emphasis on the importance of time delays in the generation of absence seizures.
Our work has shown that these ideas carry over to models which incorporate de-
tailed biophysical of individual neurons and elucidated the mechanisms involved in
the bistability associated with time delay. Lower level models such as ours will be
important to study other genetic defects associated with CAE, such as in calcium
channels, which affect excitability and firing properties at the individual neuron
level [7,68,69]. We leave this study for future work.

Often overlooked is the role played by subcortical nuclei located in the tha-
lamus, cingulum and brainstem in the maintenance, generalization and even ter-
mination of the seizure [1,9,45]. These subcortical nuclei are separated by a few
centimeters from the location of typical cortical epileptic foci. As a consequence,
the neurons in the epileptic system are pulse-coupled, namely the interactions be-
tween them take the form of discrete synaptic potentials driven by neural spikes.
One paradigm which is simple enough for mathematical insight into these cross-
scale neuro-dynamical systems is the delayed recurrent loop control of an oscillator
[27,28,29,48]. Here we have shown that the 3-neuron motif for CAE is equivalent
to an oscillator formed by the interaction between intrathalamic neurons (RT and
TC) and a delayed recurrent excitatory loop that involves corticothalamic interac-
tions. Just as in the case of a delayed recurrent inhibitory loop, bistability arises in
the delayed recurrent excitatory loop as the conduction delays become sufficiently
long. We anticipate that similar behaviors will even be observed in a large neural
network.

The thalamus has reciprocal connections with extensive regions of the cortex
[3]. This is the anatomical basis for the roles that the thalamus plays, for example,
in rapid seizure generalization and sleep [44]. It is tempting to identify the slow
bursting mode of the RT-TC motif as the “baseline state” (sleeping/inattentive
state) and the spiking mode as the “response to inputs”. From this point of view
delayed feedback from one part of cortex can cause malfunction in the interactions
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between the RT and CT neurons so that it does not “turn off” its response to an
input received from another area of cortex. If the input represented a seizure
starting in cortical epileptic focus, then this interaction could put in motion a
delay-induced reverberation that maintains the seizure. The slow bursting mode
of the RT-T'C motif might also lie at the basis of the central reaction time in motor
control [41,82] and the focusing of attention [10].

The importance of distinguishing between time delays and lags in models of
spatially extended neural networks has received little systematic attention. When
there is a clear distinction between the time that a stimulus is delivered and the
time the response occurs, it is necessary to model the time difference as a time
delay [57]. This is how 71 was estimated [71] and 72 was measured [49,88]. Even
in the case of a metabotropic ion channel, such as GABA 4, there is a time delay
involved, albeit very small. The numerical integration of neural networks with
delay is demanding since the memory requirements rapidly increase as the number
of time delays increase and the integration time step decreases. Thus it is tempting
to approximate all delays as lags. When the time delay is very small compared to
the characteristic times of the system (e.g. the et time), this approximation can
be mathematically justified [22,46]. However, this approximation is not necessarily
valid as the time delay becomes comparable to the system’s characteristic response
time (see, for example, [38]). In our investigation we purposely modeled delays
within the thalamus as lags in order to focus our attention on the effects of time
delays between thalamus and cortex on the dynamics exhibited by the RT-CT-TC
motif. This is because our goal was to obtain insight into the tendency of seizures
in CAE to decrease or even disappear with aging. The tendency to outgrow the
epilepsy appears to correlate with increased cortical axonal myelination as the
brain matures into adulthood [58]. As we have shown, modeling this effect via a
delay provides a possible explanation for this aspect of the clinical course of CAE.
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thony Burre for help with the numerical simulations. SAC and YL acknowledge
the support of the Natural Sciences and Engineering Research Council of Canada.
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5 Appendix: Intrinsic currents

We present here the details of the models for the intrinsic currents of the three
neurons of the model (1).

Leak currents:
TC neurons [17,20]: I, = g.(V — EL); gn= 0.01 mS/cm? and By, = -70 mV.

CT neurons [20]: I, = go(V — EL); gL = 0.1 mS/cm® and Er, = -70 mV.
RT neurons[18]: I, = gr,(V — EL); gr, = 0.05 mS/cm? and Er, = -90 mV.
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Transient voltage-gated KT current [81]

Ix = grmphg (V — Ex)

I — (V)1 = m) — B (V)m
dh
i an(V)(1 = h) = Br(V)h
. _ 0.032(15 - V)
) () -
e (V) = 05 exp(=50)
15-V 2

ap, (V) = 0.028 exp(

15 ) exp(851?)v)+1

0.4

Br, (V) = — 55—
h exp(4010V) +1

TC neurons: gx = 10 mS/cm?, Ex = -90 mV
CT neurons: gx = 5 mS/cm?, Ex = -90 mV
RT neurons: g = 20 mS/cm?, Ex = -80 mV

Transient voltage-gated Na™ current [81]

Ing = gNamI%IahNa(V - ENa)

T = an(V)(1=m) = (V)m
& = an(V)(1=h) = Bu(V)h
. 0.32(13-V)
amNa(V) - eXp(%) 1
_0.28(V —40)
5mNa(V) - exp(%) _ 1
Ay, (V) =0.128 exp(171_ V)
. 4
/BhNa(V) - exp(%) +1

for TC neurons: gna = 90 mS/cm?, Ex, = +45 mV
for CT neurons: gn, = 50 mS/cm?, En, = +45 mV
for RT neurons: gna = 200 mS/cm?, En, = +45 mV

(12)
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Low threshold Ca™™ current [37]

Irs = goamtshrs(V — Eca) (27)

dm _ mee(V)—m

AT (V) (28)
dh _ hoo(V) —h
P (1 (29)
1
moo(V) = ————g55t (30)
L+ exp(=57572)
0.33
m(V)=1+ — (31)
exp(*41) + exp(=5T)
1
hoo(V) = ————————%— 32
OO( ) 1+exp(v‘g80) ( )
0.33
(V) =283+ - (33)
exp(Y448) 4 exp(=UH10D)
where joa = 3 mS/cm?, Ec, = +120 mV.
Depolarization-activated KT current [51]
dm _ moo(V) —m
it~ (V) (35)
1
moo(V) = ———— 555 (36)
1+ exp(i(vlgss))
e 1000 (37)

3.3 exp(%) + exp(%)

where gy = 0.07 mS/CmQ, Ey = —100 mV

Low-threshold Cat™, depolarization-activated hyperpolarization and slow K+
currents [17,16,36,84]

IT = —ngSThT(V — ET) (38)
I, = gnSF(V — Ep) (39)
Ixo = gromk2(0.6hka1 + 0.4hka2)(V — Ex) (40)

where gt =2 mS/cm?, g =0.02 mS/cm?, giko =0.00005 mS/cm?, Ep =+120 mV,
Ej =43 mV, Egs =-90 mV. The dynamics for the gating variables mr, hp, S, F,
mgo, hka 1, hko o have non-standard forms, and can be found in Table 1 of [17].
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