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In this paper, we use a model modified from classic corticothalamic network(CT) to explore the
. mechanism of absence seizures appearing on specific relay nuclei (SRN) of the thalamus. It is found
. that typical seizure states appear on SRN through tuning several critical connection strengths in the
. model. In view of previous experimental and theoretical works which were mainly on epilepsy seizure
. phenomena appearing on excitatory pyramidal neurons (EPN) of the cortex, this is a novel model
: to consider the seizure observed on thalamus. In particular, the onset mechanism is different from
. previous theoretical studies. Inspired by some previous clinical and experimental studies, we employ
. the external stimuli voltage on EPN and SRN in the network, and observe that the seizure can be well
. inhibited by tuning the stimulus intensity appropriately. We further explore the effect of the signal
. transmission delays on seizures, and found that the polyspike phenomenon appears only when the
delay is sufficiently large. The experimental data also confirmed our model. Since there is a complex
network in the brain and all organizations are interacting closely with each other, the results obtained
. inthis paper provide not only biological insights into the regulatory mechanisms but also a reference for
: the prevention and treatment of epilepsy in future.

© Absence epilepsy, a kind of primary generalised seizure diseases, has a strong relationship with the pathological
. discharge rhythms of bilateral corticothalamic network’, and closely associated with action abort, loss of aware-
ness, muscle rigidity, and behavioural arrest, etc.>*. Clinically, it is usually characterized by a brief interference
in consciousness, along with typical synchronous and bilateral spike-and-wave discharges (SWDs) with slow
frequency (approximately 2-4 Hz) on electroencephalography (EEG) of epilepsy patients**. This disorder primar-
ily affects children and young adolescents. Although there have been different viewpoints on the origin regions
of absence seizures, the ex act initial positions are still unknown. Many results have supported the opinion that
seizures arise from abnormal interactions among the specific relay nuclei (SRN) of the thalamus, the thalamic
* reticular nucleus (TRN) and the cerebral cortex structure®-$, which constitute the corticothalamic network (CT).
. A variety of experimental evidence is presented in Section 8.1 of’. Additionally, the classical clinical electroen-
© cephalogram (EEG) waveform often appears in the corticothalamic circuit, especially in the cortex'®!', Many
. theoretical studies have investigated the mechanism of epilepsy onset in the cortex structure, particularly, by
. using the mean field model, and the results agree well with the relative experiments!?-%.

The thalamus is composed of the TRN and SRN, which play an important role in the production of sei-
zures®?2, The typical epileptic seizure EEG waveform has also been observed on the thalamus in some clinical
medical experiment*>?%. In addition, many experiments support the theory that disrupting aminobutyric acid
(GABAergic) inhibition role within the thalamus may be a critical factor to produce abnormal oscillations during
seizures?®~%’. For instance, increased thalamic tonic GABA inhibition has recently been observed in a model*
and in human childhood absence epilepsy?. Seo observed that there are region-specific changes in both pha-
sic and tonic GABA,R subunit expression in the thalamus of an epileptic model, which occur prior to seizure
onset®. Therefore, the thalamus organization has gradually been selected as the target region for deep brain
stimulation (DBS), and the control effect was remarkable for some intractable seizures®-**, For example, Klinger
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Figure 1. The framework of the CT network. The neural masses are abbreviated as follows: r = reticular nuclei;
s = specific relay; i = inhibitory cortical; e = excitatory cortical. Each box represents a nerve nuclei. Arrow heads
represent excitatory inputs mediated by glutamate; round heads represent inhibitory connections regulated by
the GABA , (solid lines) and GABAj (dashed lines) receptors.

et al. reviewed the patient outcomes and adverse events related to DBS with various stimulation targets and deter-
mined that the DBS may be a safe and effective treatment option for refractory epilepsy**. However, there are few
theoretical studies that evaluate the generation mechanism of seizures originating from the thalamus directly.
Therefore, the underlying physiological processes of these seizures are still unclear, leading to limited understand-
ing of the effect caused by various onset mechanisms.

Another interesting question is whether or not the seizure obtained in the theoretical model can be controlled.
As is well known, the brain has a complex network where all organizations closely interact with each other. For
instance, the oscillating activity of the basal ganglia (including the substantia nigra pars reticulata (SNr), striatal
neurons, globus pallidus tissue and subthalamic nucleus) may exert a great effect on physiological states appear-
ing in CT, especially in epilepsy seizure activity*>*”. Recently, Chen et al. reported that absence seizures observed
on excitatory pyramidal neurons (EPNs) may be well controlled by tuning the activation level of the SNr*” and by
changing the coupling weigh of the direct pallido-cortical pathway***. Hu et al. explored the generation mecha-
nism of absence epilepsy appearing on EPN, which is caused by some excitatory pathways projected to the SRN,
and they observed that these seizures can be well controlled by appropriately tuning the output from the basal
ganglia to the thalamus*’. Additionally, Hu ef al. used an external DBS voltage on the EPN, striatum, SNr and
thalamus in a basal ganglia-corticothalamic mean field network and reported that seizures appearing on EPN
may be inhibited through changing the period and duration of the current into suitable ranges**-*2. However, the
controlling problem on seizures in the thalamus has not been involved by now.

Inspired by the previous study, the current study is based on a model modified from the classic CT net-
work!2-2037-43 ‘W first evaluate the onset mechanism of seizures appearing on the SRN and then explore the control
mechanism by employing external stimuli on the EPN and SRN. We observe that the typical absence seizure may
appear on the SRN upon changing several critical coupling strengths and delays in the model. The polyspike wave
can only be induced when the delay is sufficiently large. All of seizures can be controlled by tuning the strength of
external stimulus appropriately. Through careful analysis, we also find that the TRN could not show obvious attack
phenomena based on our model, and hence the discussion on TRN was omitted in the paper. Due to the com-
plicated internal environment and anatomical structure of the brain, our results may provide not only biological
insights into the regulatory mechanisms but also a theoretical reference for the prevention and treatment of epilepsy.

Model description and numerical calculation method
Many previous studies have demonstrated the predictive and descriptive validity of the mean-field approach for
modelling a wide range of healthy states as well as generalized seizures in human'-2**7-%3, In this paper, we also
use the mean-field equation to describe the corticothalamic network. Here, we provide the schematic diagram
of the model used in the paper in Fig. 1, which is modified from the classic CT network with four neural popula-
tions!'2-2%¥7-%3_ For simplicity, these populations are denoted as follows: s = SRN; r = TRN; i = inhibitory interneu-
rons (IIN); e=EPN. We employ different types of lines to represent various projections between populations.
Arrow heads represent excitatory inputs mediated by glutamate; round heads represent inhibitory connections
regulated by the GABA, (solid lines) and GABAj (dashed lines) receptors. We first study the generation mech-
anism in the corticothalamic network and then evaluate the controlling mechanism by using external voltage
stimuli on the EPN and SRN. Finally, the effect of the delay on seizures is discussed.

Now, we derive equations to describe the dynamic characteristics of nerve nuclei.

The mean firing rate Q, of “a” (a=s, 1, , e) is a sigmoid function of the cell-body potential V,,

Q) = FIV(®)] = I
1+ exp| — N } 1)
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Q,"* represents the maximum ﬁrmg rate of “@’; 0, represents the mean threshold potential, and o is the standard
deviation of firing thresholds. - is a normalizing parameter obtained by fitting Formula (1) to the error func-

tion'. It is indicated that the populatlon “a” will discharge at the rate Q, when the V, exceeds the 6,. The sigmoid
function can ensure that the firing rate of “a” does not exceed Q. It is in line with biological significance,
because real neurons cannot fire infinitely quickly.

The variation of the cell-body potential V, is described by the following differential equations,

DugValt) = 2pepS(ap) - Vap- 93(t) )

Daﬁ_@a + (o +B) +a6 .

D, ;s a differential operator representing dendritic and axon integrals of pulse signals. e and (3 represent the
decay and rise rates of V,. v, is the coupling weight in the pathway “b — a”. B represents a set of all neural masses
projected to “a”. S(v,;,) = 1 means the projection in the pathway “b — a” is excitatory; otherwise, we let S(v/,,) = —1.
¢(1) represents the output pulse rate of the mass “b”. Below, we will introduce a delay 7 to describe the slow syn-
aptic kinetics on the pathway “TRN — SRN’, which is induced by the second messenger process.

We employ the following damped wave equation to depict the propagation effect of the axonal field ¢,,

d* 0

8 02 +2 Waa + ,7112 ¢a(t) = Qa(t)

4)

where v, =v,/r, is the damping rate of the population, v, represents the velocity of pulse conduction, and r,
represents the characteristic axonal range. Inhibitory neurons have only short range projections, compared to
excitatory neurons'?*. Therefore, we suppose that the axons of IIN and TRN are both too short to support pulse
conduction; it is suggested that ¢, = F(V,;)(d=1, r). The pulse propagation effects of EPN and SRN are represented

as follows,
1|8? d 2
| + 27— + f) = Qt
%Zlatz Tegp T 0,(1) = Q,(t) )
i 22 4 () = Q.(t)
52 Y ’Ysa Y% |Ps s ©)

Because such a large system of DDE:s is still computationally expensive, it is naturally desirable to make further
simplifications. As suggested by the anatomy of the brain, cortical inhibitory interneurons are relatively sparse
compared to pyramidal cells (a ratio of 1:4 in favour of inhibitory interneurons). Therefore, we set Q;= Q, and
V,=V, in our model, as similarly treated in many previous studies!>2%374041,

Finally, we rewrote equations (1)-(6) in the first-order form, as delay differential equations, to describe the
model in Fig. 1. By implementing this reduction, our model clearly becomes computationally more tractable.

d¢;(t) = 4,1) (7)
d%t(f) = 2= ) + EV()] — 27,6,(0) ®)
dgz (1) _ ) )
dﬂj;:t) = = (1) + F(V()] — 27d(0) (10)
% = X(1), X(1) = [V,(0), V1), Vi(oI" (11)
DD _ 1,0, + V) + vt) — VD) — (o + BV
dt "
d\;/;:t) = @B, + 10 — V(1) — (a + BV (13)
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Figure 2. (A) The transition process of ¢, by changing the coupling strength v,.. (1), (2), (3) and (4) represent
the low firing state, the simple oscillation state, the seizure state and the saturation state, respectively. (B-E)
Four specific time sequences of ¢, simulated by setting v,,=0.6mV s, v,,=1.05mV s, v/,,=1.4mV s and

v, =1.8mV s, respectively. (F) The linear increase in v,. (G) The time series bifurcation diagram of ¢, with a
linear increase in v,

av _
dt

Calculation methods of previous studies involving the mean field model of the corticothalamic system
were mainly based on the numerical continuation-tools, such as the matlab package DDE-BIFTOOL and
PDDE-CONT?**. In contrast to the study in?>*, all simulations in this paper are performed in the Matlab envi-
ronment by employing the standard fourth-order Runge-Kutta method, with a integral step of At=0.00005s.
First, we performed the bifurcation analysis for several critical coupling strengths to explore the transition mech-
anism between four states. The bifurcation parameter diagram was obtained by taking the local maximum and
minimum values of ¢, through changing one parameter. All numerical calculations are performed for a suf-
ficient time, and the values taken from the stable time series are adopted. Similarly, we can easily obtain the
two-dimensional state bifurcation diagram by adopting the above analysis technology. By using the fast Fourier
transform on the time series of ¢,, we can obtain the power spectral density of the SRN. Generally, the spike-wave
discharge frequency is the highest at the beginning of the burst and decreases through the seizure, as observed in
the experiment. Therefore, we taken the maximum peak frequency as the oscillation dominant frequency in this
paper. Unless otherwise noted, all parameter values employed in numerical calculation are listed in the appendix.
The external stimuli are small voltages applied on the SRN and EPN directly.

aB(v,$, + vaF(V,) + vEF(V(t — 7)) — V(1)) — (a + B)Vi(t) (14)

The generation mechanism of seizures by changing several critical coupling strengths
Figure 2A is the bifurcation diagram of ¢, obtained by varying the coupling strength v,. With an increase in v,,,
four states (1)-(4) appear. With each fixed v,,, a different oscillatory frequency and number of points in the dia-
gram represent four different states. Figure 2B-E are four specific time sequences of ¢, obtained by setting
Vee=0.6mV's, 1,,=1.05mV s, 1/,,=1.4mV s and v,,= 1.8 mV s in Fig. 2A, respectively. State (1) is the low firing
state with a relative low discharge frequency, which usually represents the normal state of the brain. State (2) is the
simple oscillation state, consisting of periodic sinusoidal-like activity; it is a transition state between the normal
state and the epileptic seizure state in the brain, which is often observed on the EEG of patients. State (3) indicates
the typical epileptic seizure state, which represents a type of periodic activity, with four extreme points of oscilla-
tion frequency in one period. State (4) represents the saturation state with an oscillation frequency of 250 Hz (i.e.,
Q."™). When v,, increases to approximately 0.9 mV s, the low firing state is transferred to the simple oscillation
state by a Hopf bifurcation. With a further increase in v,,, to approximately 1.1 mV s, the simple oscillation state
is transferred to the typical epileptic seizure state. This mechanism is often defined as the spike bifurcation,
induced by an inflection point of the vector field'*?. Finally, if v,, is too large, such as beyond 1.6 mV s in Fig. 2A,
the SRN enters into a saturation state. The mechanism of these transitions may be easily explained in Fig. 1. With
an increase in v,,, the firing level of the EPN is enhanced, which will lead to increased excitability output from the
EPN to the SRN. Moreover, the firing activation level of SRN is enhanced with an increase in v,,. Therefore, the
SRN shows states (1), (2), (3) and (4) in order, as shown in Fig. 2A. Figure 2F exhibits the linear increase in v,,
with time. Figure 2G is the time series bifurcation diagram of ¢, with linearly increasing v,,, which compares very
well with Fig. 2A.
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Figure 3. (A) The bifurcation diagram of ¢, obtained by varying the coupling strength v,,. We set 7=1.8s,
—v,;=3.6mV sand v, =1.4mV s. (B) The bifurcation diagram of ¢, obtained by varying the coupling strength
v, Here, we set 7=0.7 s and v,,=2.4mV s. (C) The bifurcation diagram of ¢, obtained by changing the coupling
strength v,,. We set 7=2.7s and v,,=2.4mV s in (C). (D) The bifurcation diagram of ¢, obtained by varying

the coupling strength v,,. We set —v,=1.2mV s. (E) The bifurcation transition of ¢, obtained by tuning v,,. (F)
The bifurcation process of ¢, with increasing in —v,,. We set 7=0.06s and v,,=2.4mV s in (F). (G) The state
transition diagram in (v,,, —v,,). By varying the parameter values, four states (1)-(4) appeared. (H) Dominant
frequency calculation results in the panel (v,,, —v,). The 2-4 Hz epileptic seizure region is marked as “SWD”,
which is surrounded by the white dotted lines. In all simulations of (G,H), we set v,,=1.2mV s.

Similarly, we next evaluate the effect of several other critical coupling strengths on the oscillation state of
the SRN. Figure 3A presents the bifurcation diagram of ¢, obtained by varying the coupling strength v,,. The
enhanced strength of v,, can increase the activation level of the EPN, which in turn improves the firing level
of the SRN. Therefore, states (1), (2), (3) and (4) appear in order with an increase in v,,. Figure 3B presents the
bifurcation diagram of ¢, obtained by varying the coupling strength v,;. v,; is the inhibitory coupling strength
from the IIN to the EPN; thus, increasing v,; can decrease the firing level of the EPN, which in turn reduces the
activation level of the SRN. Therefore, the saturated state (4) only appears when the v,; is relative small. When the
v,; increases sufficiently (approximately —4mV s), the SRN enters into the low firing state. Therefore, states (4),
(3), (2) and (1) appear successively in Fig. 3B. The increase in v,, can enhance the activation level of TRN, which
strengthens the inhibitory output from the TRN to the SRN, and hence, the firing activity of the SRN is reduced
in this case. Therefore, the qualitative bifurcation diagram of ¢, obtained by varying v, is similar to Fig. 3B, as
shown in Fig. 3C. Figure 3D is the bifurcation diagram of ¢, obtained by changing v,,, which is the excitatory cou-
pling strength from the SRN to the TRN. The increase in v,, can enhance the activation level of the TRN, which
leads to enhanced inhibition from the TRN to the SRN. Therefore, the seizure may appear only when the v, is
relatively small. When the v, is sufficiently large, approximately to 0.6 mV s, the SRN is pushed into the low firing
state. Because the v,, is the direct excitatory coupling strength from the EPN to the SRN, similar to Figs 2A and
3A, the four states (1), (2), (3) and (4) appear in sequence with an increase in v,,, as shown in Fig. 3E. —v, is the
direct inhibitory coupling strength from the TRN to the SRN. Therefore, increasing the —v,, can reduce the acti-
vation level of the SRN. As shown in Fig. 3F, the saturated state only appears when —v,, is relatively small; when
the —v,, increases to approximately 0.85mV s, the seizure state appears. If the inhibition is too large (approx-
imately 1.5mV s), SRN shocking occurs with a low constant frequency. By combining two arbitrary coupling
strengths from the above single parameter bifurcation diagram, we can obtain the bifurcation diagram in the
two-dimensional plane. For example, Fig. 3G is the state bifurcation analysis obtained in (v,, —v,,). By varying
the parameter values, states (1)-(4) appeared, denoted by different colours. Figure 3H is the corresponding dom-
inant frequency analysis in the panel (v,,, —v,,). We find that the epileptic seizure frequency falls approximately
in 2-4Hz, denoted as “SWD” in Fig. 3H.

Inhibit of seizures by using the external stimulation

An additional question is whether or not the epileptic seizure observed on the SRN can be controlled in our
model. As is well known, the seizure is primarily induced by abnormal interactions between the cortex and the
thalamus, i.e., the corticothalamic system. Therefore, the epileptic seizure may be regulated by other brain tis-
sues that are closely related to the corticothalamic system, such as the basal ganglia. Considering the anatomical
structure of the brain, the globus pallidus externa (GPe) may project the direct GABAergic inhibitory connection
to the cortex®®?, the SNr demonstrates inhibitory projections to the thalamus by the direct pathway*’~*? and
the indirect pathway*®, and the subthalamic nucleus (STN) usually has a constant nonspecific input onto the
SRN*7-2, The typical absence seizures appearing on the cortex can be well controlled by these connections to the
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Figure 4. (A,B) The state and dominant frequency bifurcation results in (v, S). S represents the external
stimuli applied on the SRN. The seizure may be inhibited by both increasing and decreasing the strength of S,
implied by bidirectional arrows in (A). The dominant frequency of seizures falls approximately in the range
of 2-4Hz, easily found in (B). Here, we set —v,=1.2mV s. (C) A typical transition process of ¢, obtained by
setting ,,=0.4mV s in (A). (D,E) The MFRs of the SRN, obtained by setting v,,=0.4mV s and v,,=1.5mV
s in Fig. 4A, respectively. They show that the changing trend of MFRs is consistent with that in the bifurcation
diagram in Fig. 4A.

corticothalamic system*-*2. Inspired by the above studies, in this section, we employ some external stimulations
on the EPN, TRN and SRN, to explore whether or not the seizures observed in our model can be inhibited and to
determine its controlling mechanism.

Regulation of seizures by the external stimulation acting on the SRN. Figure 4A,B are the state
and dominant frequency analysis in (v,,, S), respectively. S represents the external stimulus voltage applied on the
SRN. It is shown that the seizure may be inhibited by both increasing and decreasing the strength of S, as implied
by the bidirectional arrows in Fig. 4A. This is an obvious bidirectional control phenomenon. The dominant fre-
quency of the state (3) almost falls in 2-4 Hz, as shown in Fig. 4B. Figure 4C is a typical bifurcation process of
¢, by setting v,,=0.4mV s in Fig. 4A. Here, we can more clearly see the state transition process among the four
states. To better understand the control mechanism, we simulated the mean firing rates (MFRs)* of the SRN by
increasing S. Figure 4D,E were obtained by setting v/,,=0.4mV s and v,,=1.5mV s in Fig. 4A, respectively. The
figures show that the trend of MFRs is consistent with that in the bifurcation diagram.

Figure 5A,B are the state and dominant frequency analysis in the plane (—v,, S), respectively. S represents
the external stimuli voltage applied on the SRN. It is also clear that epilepsy can be inhibited by either increas-
ing or decreasing the value of S, as shown by the bidirectional arrows in Fig. 5A. This is a bidirectional control
phenomenon as well. The dominant frequency of the seizure falls approximately in 2-4 Hz, denoted as “SWD” in
Fig. 5B. Figure 5C is a typical bifurcation transition of ¢, obtained by setting —v,,=2.6 mV s in Fig. 5A. Figure 5D
presents the MFRs of the SRN, obtained by setting —v,=2.6 mV s in Fig. 5A. Figure 6A exhibits the linear
increase of V. Figure 6B is a time series bifurcation process of ¢, with a linear increase in V, obtained by setting
—v,=2.6mV sin Fig. 5A. It is shown that the time series bifurcation diagram Fig. 6B compares very well with
the state bifurcation diagram Fig. 5C.

S is an excitatory input to the SRN, which can induce two different effects when it is applied on the SRN.
S1: it enhances the activation level of the SRN by transferring the signal along with the excitatory path-
way “SRN — EPN — SRN”; S2: it may reduce the activation level of SRN by two inhibitory pathways
“SRN — TRN — SRN” and “SRN — EPN — TRN — SRN” at the same time. Therefore, the bidirectional control
phenomenon is exhibited by the competition mechanism between S1 and S2.

Control of absence seizures by the external stimulation on the TRN and EPN.  Figure 7A demon-
strates the state transition analysis in the plane (—v,,, C). C represents the external voltage employed on the EPN.
C is an excitatory input to the EPN, which may also induce two different effects. C1: it will enhance the activation
level of SRN by the excitatory pathway “EPN — SRN”; C2: it may also reduce the activation level of SRN by both
inhibitory pathways “EPN — SRN — TRN — SRN” and “EPN — TRN — SRN". Therefore, the bidirectional control
phenomenon is also observed in Fig. 7A by the competition mechanism between C1 and C2.

Figure 7B is the state bifurcation diagram in the panel (—v,, T). T is the external stimulus voltage employed
on TRN. Because T is an excitatory stimulus to the TRN, it can reduce the activation level of SRN. Therefore,
SRN enters into the low frequency firing when T is sufficiently large. However, when —v, is relatively small (less
than approximately 1 mV s, as shown in Fig. 7B), the SRN may be in the saturated state or the simple shock state.
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obtained by setting —v,,=2.6 mV s in Fig. 5A. It is consistent with Fig. 5C.
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Figure 6. (A) The linear increase of V. (B) The time series transition process of ¢, with a linear increase in
V, obtained by setting —v,=2.6mV s in Fig. 5A. It is shown that the time series bifurcation diagram Fig. 6B
compares very well with the state bifurcation diagram Fig. 5C.

Therefore, in this case, the bidirectional control effect appears by tuning T, as indicated by the bidirectional arrow
in Fig. 7B.

The effect of the delay 7 on absence seizures

The transmission of signals often has hysteresis effects, especially in inhibitory pathways. As shown in many pre-
vious studies involving the epileptic seizure appearing on the EPN'*!52037-43 after the GABA , receptor-induced
inhibition begins to inhibit the SRN neurons by the inhibitory pathway “TRN — SRN”, we know that they require
some time to recovery their firing rates to the rising state in each oscillation period of the SRN. Thus, the next
spiking peak can be produced on the SRN when the delay 7 is longer than this restore time, which caused by the
GABAj receptor-induced inhibition. Therefore, the model needs a sufficiently long 7 to guarantee that the gen-
eration of SWDs; on the other hand, a longer delay may result in relatively more active firing of the EPN in the
second messenger process. In this section, we introduce the delay parameter in the pathways “IIN — EPN” and
“TRN — SRN” to study the effect of 7 on absence seizures observed on the SRN. The model used in this section is
shown in Fig. 8, and the revised equations are presented as follows,
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Figure 7. (A) The state transition analysis in the plane (—v,, C). C represents the external stimuli on the EPN.
(B) The state transition analysis in the panel (—v,, T). T is the external stimuli applied on the TRN. The seizure
may be inhibited by both decreasing and increasing the strength of C or T, as indicated by the bidirectional
arrows in A and B.
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Figure 8. The framework structure of the model modified from Fig. 1. 7, and 7, are two delay parameters on
the pathway “TRN — SRN” and “IIN — EPN’, respectively.

% = 4.1) (15)
% = 2= t) + FOV(D)] — 29,6,(0) (16)
% = 4 (17)
% = 1= (0 + FV(O)] — 296(8) (18)
% = X(), X(t) = [V(), V.(t), V.(O)I" (19)
DD B0, + v + v — ) + 6 — VD) — (a + BV
dt >
d\gt) = B, + v b — V(1) — (a + BVI(E) (1)
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Figure 9. (A) The bifurcation diagram of ¢, by varying the parameter 7,. 7, represents the information transfer
delay from the TRN to the SRN, induced by the GABA receptor. The state (3) appeared by tuning the 7, to
approximately 0.16 s. (B-F) Five specific time sequences of ¢, obtained by setting 7, =0.07s, 7, =0.18s,
7,=0.26s, 7,=0.29s and 7, = 0.355, respectively. We observe that the poly-spike wave appears when 7, is
sufficiently large, such as in Fig. 9D-F. In all simulations, we set —1,=0.95mV s, v,,=1.5mV s, 7, = 160 Hz,
and 7,=0s.

dS:t) = af(v$, + stF(V;) + VSEF(V;(t — ) — V() — (a + B)V()

Figure 9A is the bifurcation diagram of ¢, by varying the parameter 7, on the pathway “TRN — SRN”. When
the 7, is larger than 0.16s, the typical SWDs will appear, such as in Fig. 9C, obtained by setting 7, =0.18s. When
7, is sufficiently large, the poly-spike waves will appear on the SRN. For example, Fig. 9D is a three-poly-spike
wave time sequence diagram obtained by setting 7, =0.26 5. Figure 9E is a four-poly-spike wave time sequence
diagram obtained by setting 7, =0.29s. Figure 9F is obtained by setting 7, =0.35s.

Figure 10A is the state transition of ¢, by changing the parameter 7, on the pathway “IIN — EPN”. With
increasing 7,, three states (1), (2) and (3) appear on the SRN. The typical SWDs emerge only when T, is larger than
0.165s. Figure 10B-E are four specific time sequence diagrams of ¢, obtained by setting 7,=0.02s, 7,=0.14s,
7,=0.18s and 7, =0.225s, respectively.

Figure 11A is the state bifurcation diagram of ¢, obtained by varying the parameter 7, on the pathway
“IIN — EPN” with relatively large delays. Figure 11B-E are four specific time sequence diagrams of ¢, obtained by
setting 7,=0.024s, 7,=0.145s, 7,=0.3 s and 7, = 0.8 s, respectively. We can see that the poly-spike wave appears
when 7, is sufficiently large, such as in Fig. 11D, which is a three-poly-spike wave. The SRN shows the period
transfer process between the typical absence seizure state and the saturated shock state (PTAS) when 7, is further
increased, such as in Fig. 11E.

(22)

Conclusion

In this paper, we used a model modified from mean-field network composed of the thalamus and cortex to
study the mechanism of the absence seizures appearing on the SRN. In this model, the nonspecific subthalamic
input!*!>% onto SRN is omitted, and this does not affect the qualitative dynamical behavior of populations. The
axons of SRN neurons are set to be sufficiently long to produce obvious spike waves on SRN, which has not been
considered in previous studies. Through numerical calculations, we find that the typical SWDs appear on SRN
by tuning all of coupling strengths of the thalamocortical network and the delay on the two inhibitory pathways.
The onset mechanism can be well explained from model itself, and we have described it in details in Sections 3-5.
Though these similar phenomena also appeared in some previous studies, such as?, they all considered the sei-
zure appearing in the cortex. But they may have different onset mechanisms, which are studied in this paper. For
example, the pathway “TRN — SRN” can induce seizures both in our model and in®, but it affects the activity of
SRN directly, and affects the activity of cortex indirectly through the pathway “TRN — SRN — EPN”, which may
represent different mechanisms. On the other hand, the change of synaptic connection strengths will affect the
firing activities of neurons through the coupling strength between neural populations, or the activation level of
different neural populations. Therefore, the seizure appearing in the cortex may be generated independently, or
spread from the SRN. And, in our simulations, we find that the cortex and thalamus population could appear to
have synchronous resonance activities, such as Fig. 12, which also indicate that the amplitude and frequency of
firing activities may be reduced when transferred from SRN to EPN. Thus, sometimes, the cortex and thalamus
may form a resonance system to affect the activity of epilepsy, which supports previous theoretical results. These
seizures all can be controlled by the external stimulation acted on EPN, SRN and TRN, and the bidirectional con-
trol phenomenon is obvious. The control mechanisms are interesting and are different from the previous model
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Figure 10. (A) The state bifurcation diagram of ¢, obtained by changing the parameter 7,. 7, is the information
transfer delay from inhibitory interneurons IIN to the EPN, which may be induced by the GABA receptor in
IIN. The SRN enters the seizure state when 7, is increased to approximately 0.15s. (B-E) Four specific time
sequence diagrams of ¢, are obtained by setting 7, =0.02s, 7,=0.14s, 7,=0.18 s and 7, = 0.22 s, respectively. In
all simulations, we set —v,=0.95mV s, v,,=1.5mV s, 7,= 160Hz, and 7, =0s.
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Figure 11. (A) The bifurcation transition of ¢, by increasing the parameter 7,. 7, represents the information
transfer delay from inhibitory interneurons IIN to the EPN, which may be caused by the GABAj receptor in
IIN. (B-E) Four typical time sequence diagrams of ¢, obtained by setting 7,=0.024s, 7,=0.145s, 7,=0.3s and
T,=0.8s, respectively. It is shown that the poly-spike wave is produced only when 7, is sufficiently large, such as
in Fig. 11D,E. We set —,=0.95mV s, v/,=1.5mV s, 7, = 160 Hz, and 7, = 0s in all simulations.

studies!?-27-%3, which have been discussed details in Section 4. It should also be pointed out that v,, and —v,,

are selected as two representative pathways to explore the control mechanism. Moreover, our method can also be
extended to control seizures induced by other coupling strengths and delays.

The delay is the critical factor for producing a poly-spike wave. As reported in many previous studies involving
the epileptic seizure appearing on the EPN, such as?, and as analyzed in the section of 5, in the second messenger
process, the number of pulse extremum points will increase in one period with a longer delay, such as in Fig. 4(a)
in?. However, we observed that the minimum delay to produce seizures is larger in the current study (>0.16s)
than in*® (>>0.04 s). As is well known, the output of the TRN affects the activation level of the SRN through
the direct inhibitory pathway “TRN — SRN”; however, it affects the stability of the EPN through the inhibitory
pathway “TRN — SRN” and the excitatory pathway “SRN — EPN”. The signal transmitted from the TRN to the
EPN requires a relatively longer time than that from the TRN directly to the SRN. Thus, the delay is required to
generate seizures, and it is longer in this paper than in?’. Moreover, in this paper, we observed additional complex
spike-wave phenomena, such as four-poly-spike-waves. We think that they may be more prone to appear on the
SRN than on the EPN; otherwise, when the seizure activity is transferred from the SRN to EPN, the number of
poles would decrease. The GABA receptor pathways have been reported as the basic mechanisms mediating
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Figure 12. The synchronous resonance behaviours of SRN and EPN populations, which were obtained by
setting v/,,=0.4mV s, v,,=1mV s, v,,=1.4mV s and v,,=2.5mV s, respectively. They show that the amplitude
and frequency of firing activities may be reduced when transferred from the SRN to the EPN.

epilepsy seizures in many studies***>. However, after careful investigation, we find that there are few studies on
GABAj in the cortex inducing absence seizure; thus, we hope that the results obtained in Figs 10, 11 and 12 can
inspire further experimental studies.

The source of data employed in simulations has been denoted in appendix. They are all taken in the reasonable
biology range, which can also be found in previous studies. For example, the physiologically allowed ranges for
QM™,Q™™, Q"™ and Q"™ are 100-1000 Hz'2, and in this model, they are standardized as 250 Hz. The physiolog-
ical values of 6,, 6, 6, and 6, are about 15 mV'2 Generally, the rational biology range of -, is 70-150 Hz'2, and we
take it as 100 Hz in our simulations. 7, is estimated to be 150 Hz in the model; however, it was not thoroughly
evaluated in previous studies. We think this value is reasonable, as referred to the range of 7,. The time delays are
varied by changing the brain environment; unless otherwise noted, we take 7=0.07 s in simulations, which is
appropriate as described in?. a, 5 and o are usually set as constants, and the values used in the paper also
appeared in previous studies when considering absence epilepsy, such as in**. The reasonable biological range of
the coupling strengths v,,, Ve, Ve, Vg Vs Ves and 1, is 0.05-10mV s'2, and hence, we think that these values were
reasonably used in this new model.

In*, Hu et al. first explored the control mechanism of absence epilepsy appearing in the SRN in a
corticothalamic-basal ganglia network in which the seizure was induced by the inhibitory pathway “TRN — SRN”
and inhibited by the basal ganglia. However, as described in the introduction, absence epilepsy seizures are caused
by abnormal interactions in the CT network, and accurate onset mechanisms are still unclear. Therefore, in this
paper, we first systematically explore the onset mechanism of absence epilepsy seizures appearing in the SRN
in a modified CT mean-field network. We find that absence seizures can also be induced by other excitatory
and inhibitory pathways in the CT network, which may represent different mechanisms and which have been
explained in detail in the paper. It is noted that the effect of delay in the pathway “IIN — EPN” on seizures has not
been involved in previous model studies, the mechanisms of which have been explored in depth in our CT model.
Furthermore, we also study the control effect by directly employing the external stimulus voltage on the TRN,
SRN and EPN, the mechanism of which has not been discussed in the previous study. Therefore, in this paper, we
may provide a unified theoretical framework to study the mechanism of absence seizures appearing in the SRN
in the CT model in the future.

It should be noted that the mean-field model is an idealized mathematical model, generally used to facilitate
the numerical calculation and to study the qualitative properties of neuron firing activity. The brain environment
is very complicated, and several other factors, such as, the synaptic plasticity, the connection structure between
neurons, and the delay on excitatory pathways, may all have great influences on seizures in the brain. For example,
in our model, we find that the damping rate of the SRN has little effect on seizures (Fig. 13); however, as is well
known, the damping rates of different neurons are different and may have important effects on neuronal activity.
These studies can only be resorted to the spiking neural network model in the future. Another important ques-
tion is the control of epileptic seizures. There are many theoretical research results on the control mechanism of
epileptic seizures appearing on the cortex by the basal ganglia®’-*2. Although, we have observed some qualitative
control mechanisms in our model by employing external stimuli, more refined studies through the internal regu-
lation of the brain need to be conducted in our future studies.

Finally, the main work of the paper is to provide the generation and inhibition mechanisms of absence epi-
lepsy appearing on the SRN, and our model and methods can also be applied to study other types of seizures,
such as spasmodic attacks, secondary generalized seizures and juvenile myoclonic epilepsy. They might also be
generated on the SRN and have been rarely studied in previous literatures. The transfer between different types of
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Figure 13. The transition process of ¢, as the increase of 7,. , is the damping rate of SRN. We set —v,=1.2mV
s in the simulation.

epileptic seizures may also be an interesting research topic in the future. In light of all the parameters used in the
numerical calculation taken from real experimental data, the result obtained in this paper might help us to better
understand the mechanism of absence epilepsy appearing in the CT network. On the other hand, in addition to
the model-driven approaches described in this paper, data-driven approaches, such as network biomarkers*->?
and dynamic network biomarkers**->® based on the high throughput omics data, can also be applied to this field.

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

21.
22.
23.
24.
25.
26.

27.

Crunelli, V. & Leresche, N. Childhood absence epilepsy: genes, channels, neurons and networks. Nature Reviews Neuroscience 3,
371-382(2002).

Marescaux, C., Vergnes, M. & Depaulis, A. Genetic absence epilepsy in rats from Strasbourg a review//Generalized Non-Convulsive
Epilepsy: Focus on GABA; Receptors. Springer Vienna 37-69 (1992).

Coenen, A. M. L. & Van Luijtelaar, E. Genetic animal models for absence epilepsy: a review of the WAG/Rjj strain of rats. Behavior
genetics 33, 635-655 (2003).

. CoCaTotILA, E. Proposal for revised classification of epilepsies and epileptic syndromes. Commission on Classification and

Terminology of the International League Against Epilepsy. Epilepsia 30, 389-399 (1989).

. Cheong, E. & Shin, H. S. T-type Ca2+ channels in absence epilepsy. Biochimica et Biophysica Acta (BBA)-Biomembranes 1828,

1560-1571 (2013).

. Sysoeva, M. V. et al. Application of adaptive nonlinear Granger causality: Disclosing network changes before and after absence

seizure onset in a genetic rat model. Journal of neuroscience methods 226, 33-41 (2014).

. Ji, G.J. et al. Identifying corticothalamic network epicenters in patients with idiopathic generalized epilepsy. American Journal of

Neuroradiology 36, 1494-1500 (2015).

. Shi, R., Schroeder, G. M. & Nimarko, A. E Dissecting the Role of P/Q-Type Calcium Channels in Corticothalamic Circuit

Dysfunction and Absence Epilepsy. Journal of Neuroscience 36, 5677-5679 (2016).

. Destexhe, A. & Sejnowski, T. J. Thalamocortical Assemblies: How Ion Channels, Single Neurons and Large-Scale Networks Organize

Sleep Oscillations. Oxford University Press (2001).

Chatrian, G. E., Shaw, C. M. & Leffman, H. The significance of periodic lateralized epileptiform discharges in EEG: an electrographic,
clinical and pathological study. Electroencephalography and clinical neurophysiology 17, 177-193 (1964).

Chipaux, M. et al. Persistence of cortical sensory processing during absence seizures in human and an animal model: evidence from
EEG and intracellular recordings. PloS one 8, 58180 (2013).

Robinson, P. A, Rennie, C. J. & Rowe, D. L. Dynamics of large-scale brain activity in normal arousal states and epileptic seizures.
Physical Review E 65, 041924 (2002).

Rodrigues, S., Terry, J. R. & Breakspear, M. On the genesis of spike-wave oscillations in a mean-field model of human thalamic and
corticothalamic dynamics. Physics Letters A 355, 352-357 (2006).

Takeshita, D., Sato, Y. D. & Bahar, S. Transitions between multistable states as a model of epileptic seizure dynamics. Physical Review
E 75, 051925 (2007).

Rodrigues, S. et al. Transitions to spike-wave oscillations and epileptic dynamics in a human cortico-thalamic mean-field model.
Journal of computational neuroscience 27, 507-526 (2009).

Marten, F. et al. Derivation and analysis of an ordinary differential equation mean-field model for studying clinically recorded
epilepsy dynamics. Physical Review E 79, 021911 (2009).

Wilson, M. T. et al. General anesthetic-induced seizures can be explained by a mean-field model of cortical dynamics. The Journal of
the American Society of Anesthesiologists 104, 588-593 (2006).

. Case, M. & Soltesz, I. Computational modeling of epilepsy. Epilepsia 52, 12-15 (2011).
. Dadok, V. M. et al. Interpretation of seizure evolution pathways via a mean-field cortical model. BMC Neuroscience 13, 95 (2012).
. Marten, E et al. Onset of polyspike complexes in a mean-field model of human electroencephalography and its application to absence

epilepsy. Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences 367, 1145-1161 (2009).
Zhou, C. et al. Altered intrathalamic GABA, neurotransmission in a mouse model of a human genetic absence epilepsy syndrome.
Neurobiology of disease 73, 407-417 (2015).

Barron, D. S. et al. Thalamic structural connectivity in medial temporal lobe epilepsy. Epilepsia 55, e50-e55 (2014).

Gibbs, E. L. & Gibbs, E A. Electroencephalographic evidence of thalamic and hypothalamic epilepsy. Neurology (1951).

Pinault, D. et al. Intracellular recordings in thalamic neurones during spontaneous spike and wave discharges in rats with absence
epilepsy. The Journal of Physiology 509, 449-456 (1998).

Huntsman, M. M. et al. Reciprocal inhibitory connections and network synchrony in the mammalian thalamus. Science 283,
541-543 (1999).

Bessa, H. T. et al. Nucleus-specific abnormalities of GABAergic synaptic transmission in a genetic model of absence seizures. Journal
of neurophysiology 96, 3074-3081 (2006).

Seo, S. & Leitch, B. Synaptic changes in GABA , receptor expression in the thalamus of the stargazer mouse model of absence
epilepsy. Neuroscience 306, 28-38 (2015).

SCIENTIFICREPORTS | (2018) 8:4953 | DOI:10.1038/s41598-018-23280-y 12



www.nature.com/scientificreports/

28. Cope, D. W. et al. Enhanced tonic GABA  inhibition in typical absence epilepsy. Nature medicine 15, 1392-1398 (2009).

29. Leal, A. et al. Dynamics of epileptic activity in a peculiar case of childhood absence epilepsy and correlation with thalamic levels of
GABA. Epilepsy & behavior case reports 5, 57-65 (2016).

30. Seo, S. Thalamic GABA 4 Receptor Subunit Expression in the Stargazer Mouse Model of Absence Epilepsy. University of Otago (2016).

31. Kerrigan, J. E et al. Electrical stimulation of the anterior nucleus of the thalamus for the treatment of intractable epilepsy. Epilepsia
45, 346-354 (2004).

32. Fisher, R. et al. Electrical stimulation of the anterior nucleus of thalamus for treatment of refractory epilepsy. Epilepsia 51, 899-908
(2010).

33. Fisher, R. S. & Velasco, A. L. Electrical brain stimulation for epilepsy. Nature Reviews Neurology 10, 261-270 (2014).

34. Krishna, V. et al. Anterior nucleus deep brain stimulation for refractory epilepsy: insights into patterns of seizure control and
efficacious target. Neurosurgery 78, 802-811 (2016).

35. Klinger, N. V. & Mittal, S. Clinical efficacy of deep brain stimulation for the treatment of medically refractory epilepsy. Clinical
Neurology & Neurosurgery 140, 11-25 (2015).

36. Paz,]. T. et al. Activity of ventral medial thalamic neurons during absence seizures and modulation of cortical paroxysms by the
nigrothalamic pathway. The Journal of neuroscience 27, 929-941 (2007).

37. Chen, M. M. et al. Bidirectional Control of Absence Seizures by the Basal Ganglia: A Computational Evidence. PLoS Comput Biol
10, e1003495 (2014).

38. Chen, M. M. et al. Critical roles of the direct GABAergic pallido-cortical pathway in controlling absence seizures. PLoS Comput Biol
11, 1004539 (2015).

39. Chen, M. M. et al. Possible Critical Roles of Globus Pallidus Externa in Controlling Absence Seizures//Advances in Cognitive
Neurodynamics (V). Springer Singapore 633-640 (2016).

40. Hu, B., Guo, D. & Wang, Q. Control of absence seizures induced by the pathways connected to SRN in corticothalamic system.
Cognitive neurodynamics 9, 279-289 (2015).

41. Hu, B. & Wang, Q. Controlling absence seizures by deep brain stimulus applied on substantia nigra pars reticulata and cortex. Chaos,
Solitons & Fractals 80, 13-23 (2015).

42. Hu, B. et al. Controlling absence seizures by tuning activation level of the thalamus and striatum. Chaos Solitons & Fractals 95, 65-76
(2017).

43. Breakspear, M. et al. A unifying explanation of primary generalized seizures through nonlinear brain modeling and bifurcation
analysis. Cerebral Cortex 16, 1296-1313 (2006).

44. Snead, O. C. Evidence for GABAB-mediated mechanisms in experimental generalized absence seizures. European journal of
pharmacology 213, 343-349 (1992).

45. Snead, O. C. Basic mechanisms of generalized absence seizures. Annals of neurology 37, 146-157 (1995).

46. Hu, B. et al. Control of absence epilepsy seizures in specific relay nuclei of thalamus. Journal of Theoretical Biology 435, 5061 (2017).

47. Zhang, W. et al. Diagnosing phenotypes of single-sample individuals by edge biomarkers. Journal of Molecular Cell Biology 7, 231
(2015).

48. Zhao, J. et al. Part mutual information for quantifying direct associations in networks. Proc Natl Acad Sci USA 113, 5130-5135
(2016).

49. Liu, X. P. et al. Personalized characterization of diseases using sample-specific networks. Nucleic Acids Research 44, e164-e164
(2016).

50. Chen, L. et al. Detecting early-warning signals for sudden deterioration of complex diseases by dynamical network biomarkers.
Scientific Reports 2, 342 (2012).

51. Li, M. et al. Dysfunction of PLA2G6 and CYP2C44 associated network signals imminent carcinogenesis from chronic inflammation
to hepatocellular carcinoma. Journal of Molecular Cell Biology, https://doi.org/10.1093/jmcb/mjx021, (2017).

52. Liu, X. P. et al. Quantifying critical states of complex diseases using single-sample dynamic network biomarkers. Plos Computational
Biology 13, €1005633 (2017).

53. Robinson, P. A. et al. Estimation of multiscale neurophysiologic parameters by electroencephalographic means. Human brain
mapping 23, 53-72 (2004).

Acknowledgements

This research was supported by the National Science Foundation of China (Grant Nos 11602092, 91529303,
91439103, 81471047, 31771476); The Fundamental Research Funds for the Central Universities(Grant Nos
2662015QD040) and The National Undergraduate Training Program for Innovation and Entrepreneurship of
Huazhong Agricultural University (Grant No. 201710504092).

Author Contributions

B.H., L.C, Y.G. and ES. conceived the research; B.H. and L.C. wrote the main manuscript text; X.Z., ].D., L.P,
M.Y. and C.Z. designed the numerical simulation and data analysis; Z.C., W.T. and H.S. prepared the figures; All
authors wrote the paper and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-23280-y.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:4953 | DOI:10.1038/s41598-018-23280-y 13


http://dx.doi.org/10.1093/jmcb/mjx021,
http://dx.doi.org/10.1038/s41598-018-23280-y
http://creativecommons.org/licenses/by/4.0/

	The generation mechanism of spike-and-slow wave discharges appearing on thalamic relay nuclei

	Model description and numerical calculation method

	The generation mechanism of seizures by changing several critical coupling strengths

	Inhibit of seizures by using the external stimulation

	Regulation of seizures by the external stimulation acting on the SRN. 
	Control of absence seizures by the external stimulation on the TRN and EPN. 

	The effect of the delay τ on absence seizures

	Conclusion

	Acknowledgements

	Figure 1 The framework of the CT network.
	Figure 2 (A) The transition process of φs by changing the coupling strength ves.
	Figure 3 (A) The bifurcation diagram of φs obtained by varying the coupling strength vee.
	Figure 4 (A,B) The state and dominant frequency bifurcation results in (νes, S).
	Figure 5 (A,B) The state and dominant frequency bifurcation diagram in the two-dimensional panel (−νsr, S).
	Figure 6 (A) The linear increase of V.
	Figure 7 (A) The state transition analysis in the plane (−νsr, C).
	Figure 8 The framework structure of the model modified from Fig.
	Figure 9 (A) The bifurcation diagram of φs by varying the parameter τ1.
	Figure 10 (A) The state bifurcation diagram of φs obtained by changing the parameter τ2.
	Figure 11 (A) The bifurcation transition of φs by increasing the parameter τ2.
	Figure 12 The synchronous resonance behaviours of SRN and EPN populations, which were obtained by setting νes = 0.
	Figure 13 The transition process of φs as the increase of γs.




