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Improved control effect of absence seizures by autaptic connections to the subthalamic nucleus
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We presently propose a modified basal ganglia–corticothalamic (MBGCT) mean-field network of neural
populations by incorporating the autaptic connection to subthalamic nucleus (STN) (termed ACS). The network
connection is through the pulse field generated by the incoming pulse rate from the prepopulation, which is
functioned into postpopulation. And then, we study the control effect of STN deep brain stimulation (DBS)
on epileptic absence seizures characterized by 2–4 Hz spike and wave discharges (SWD) as the modulation of
ACS is applied. For the slow dynamical effect of STN on cortical seizure activity, DBS electrodes are employed
to generate sustaining input pulse of electrical potential field. In particular, the continuous symmetrical and
asymmetrical charge-balanced biphasic pulse DBS with interphase gap, i.e., S-CBBP-IPGx and AS-CBBP-IPGx
stimulations, are used due to their less charge and multiply adjustable stimulation parameters, to evaluate their
effect on the suppression of SWD occurrence. Based on the percentage of control for the SWD number, it is
shown that strong ACS directly contributes to the abatement of SWD. In contrast, weak ACS can significantly
improve the control effects of CBBP DBS, which are particularly dependent on the stimulation shapes; i.e.,
(i) AS-CBBP-IPGx is less beneficial than S-CBBP-IPGx, (ii) CBBP DBS in frequency-dependent manner can
bidirectionally modulate the SWD occurrence, and (iii) CBBP DBS with moderate interphase gap (IPG) is
more effective to suppress the SWD occurrence than that with no or large IPGs. These results are basically
consistent with the experimental findings, which computationally supports the involvement of STN in the control
mechanism of epileptic absence seizures.
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I. INTRODUCTION

Absence seizures are characterized by bilaterally synchro-
nized and well structured ∼2–4 Hz spike and wave discharges
(SWD) in the electroencephalogram (EEG) observations
of absence epilepsy [1–3]. The main clinic manifestation of
absence seizures is the transient and sudden deprivation of
consciousness [4]. It is believed that SWD is the reflection of
the abnormally synchronous oscillations in the corticothala-
mic (CT) loop. In particular, experimental findings have sug-
gested the pacemaker role of thalamic reticular nucleus (RE)
in initiating SWD during seizure process [5–8]. In addition,
accumulating evidences show that the basal ganglia (BG) is
involved in the controlling of the SWD [9–13]. Thus, basal
ganglia-corticothalamic circuit (BGCT) has been prevailingly
hypothesized to play a major role in the modulation of absence
seizures. It also provides a framework to understand the role of
these circuits in modulating the generalized seizures. Accord-
ingly, most theorists base the generations and modulations of
SWD on the BGCT circuit.

Epileptic seizures that appear and disappear almost in-
stantly are intermittent periods of the brain’s activity. There-
fore, the interruption of the normal activity may be due to
bistable dynamics consisting of background state and seizure
rhythm [14–17]. In such a scenario, seizures can be induced or
stopped, in theory at least, by a single counterpulse delivered
at the right instances. In addition to the bistability, epileptic
seizure rhythms can also be induced from background activity

by a change of parameter to a pathological value, i.e., crossing
a bifurcation point [15,18]. However, these two situations
are uniformly down to the parameter changes but due to
the random fluctuations of parameters on a fast and slow
timescale, respectively. In particular, this parameter distur-
bance could be caused by the change of mutual interaction
(e.g., coupling strength) between various nuclei within the
cortex, cortex-thalamus, or cortex–basal ganglia–thalamus
circuits. In fact, there is accumulating evidence that absence
epilepsy is highly associated with the abnormal interactions
between the cerebral cortex and thalamus. Besides the direct
coupling, anatomical evidence also suggests the key roles
of the basal ganglia in the modulation of absence seizures.
Therefore, in this paper, based on the BGCT circuit model
we will outline the bifurcation curves between the various
dynamical states using the interactive function parameters and
shape the parametric region of seizures.

The biophysically realistic mean-field model, which was
proposed to study the macroscopic dynamics of neural pop-
ulations in a simple yet efficient way, is used to describe the
population dynamics of the BGCT circuit. In this circuit, each
neural population gives rise to a field of pulses, which travels
to other neural population at a mean conduction velocity. The
network connection is through the pulse field generated by
the incoming pulse rate from the prepopulation which is func-
tioned into postpopulation. The network framework of this
model is inspired by recent modelling studies [10,11], which
is shown schematically in Fig. 1. As seen from Fig. 1, BGCT

2470-0045/2018/98(5)/052414(9) 052414-1 ©2018 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.98.052414&domain=pdf&date_stamp=2018-11-28
https://doi.org/10.1103/PhysRevE.98.052414


DENGGUI FAN AND QINGYUN WANG PHYSICAL REVIEW E 98, 052414 (2018)

FIG. 1. Schematic of the modified basal ganglia–corticothalamic
(MBGCT) model with the introduction of autaptic connections to
subthalamic nucleus (STN), indicated by the red arrow. The other
connectivity of MBGCT network is the same as that of the original
BGCT model [10,11]. That is, the arrows depict the glutamate-
mediated excitatory synapses. The solid and dashed lines with filled
circles represent the GABAA- and GABAB -mediated inhibitory pro-
jections, respectively. The framework of MBGCT model network
is composed of cortical subnetwork, thalamic subnetwork and the
subnetwork of basal ganglia. p-excitatory pyramidal neurons (PY)
and i-inhibitory interneurons (IN) belong to cortical subnetwork;
r-thalamic reticular nucleus (RE) and t-specific relay nuclei (TC)
belong to thalamic subnetwork; and the basal ganglia subnetwork
consists of d1-striatal D1 neurons, d2-striatal D2 neurons, g1-globus
pallidus internal (GPi) segment, g2-globus pallidus external (GPe)
segment, and s-subthalamic nucleus (STN). φn denotes the non-
specific background noise entering the TC neuronal populations.
Vstim indicates the external electrical stimulation input. The brown
[10] and green [11] shade lines represent the potential forward and
backward projection pathways from STN to cortex.

circuit consists of three modules: (1) cortex, which is com-
posed of excitatory pyramidal neuronal populations (PY, p)
and inhibitory interneuronal populations (IN, i); (2) thalamus,
which comprises the thalamic reticular nucleus (RE, r) and
specific relay nuclei (TC, t); and (3) basal ganglia including
striatal neurons D1/D2(d1/d2), globus pallidus interna and
externa segments (GPi/GPe, g1/g2) and subthalamic nucleus
(STN, s). Based on the works conducted by Chen et al.
[10,11], these nine neuronal populations are anatomically and
topologically connected through three types of neural projec-
tions. The solid lines with circle head and arrows represent
the GABAA mediated inhibitory projections and glutamate
mediated excitatory projections, respectively. The dashed line
denotes the GABAB mediated inhibitory projection with a
transmission delay due to the relatively slow kinetics. In
addition, TC receives a nonspecific external input indicated
by φn. In addition to the interconnections between various
neuronal populations within BGCT, as shown in Fig. 1, self-
connection, known as autapses meaning a synaptic connection
from a neuron onto itself, is also very common in neuronal
networks [19–22]. For example, the self-synaptic dynamics
of PY, IN, and GPe have been introduced into the BGCT
network dynamics. Also, in the reduced corticothalamic loop

model, Guo et al. [22] investigated the effect of self-inhibition
of RE neurons on the seizure suppressions. In fact, autapses
has been found from pyramidal neurons [23,24] of cat visual
cortex and the developing rat neocortex, more commonly from
the inhibitory neurons [25,26]. The self-stimulating nature
of autapses may offer the effective approach or economical
method to affect neuronal activity dynamics and control net-
work dynamics toward specific states. However, in the BGCT
circuit, besides the existed several types of self-synaptic func-
tions, the self-excitation of STN has never been involved in the
seizure dynamics. It might also offer insights into regulating
absence seizures. Motivated by this, STN self-excitation will
be considered in this paper as shown with the red arrow
in Fig. 1. We thereby propose a modified BGCT (MBGCT)
network (see Fig. 1).

Deep brain stimulation (DBS) has been developed for
the surgical approach of neurological disorders [27–35]. In
particular, clinical evidences have also suggested that STN
DBS could be a promising treatment for patients with drug-
resistant epilepsy who would not benefit from conventional
surgery [36]. More importantly, past experimental and com-
putational studies have shown that applying suitable DBS
to STN can inhibit the production of SWD during absence
seizures [13,27,37,38]. As shown in the work of Suffczynski
et al. [14], bistability can be present in the thalamic network
without input from the cortex, the cortical network without
thalamic involvement, as well as the thalamo-cortical cir-
cuit network [16]. However, basal ganglia was not shown
to be directly involved in the bistability of basal ganglia-
corticothalamic circuit. Therefore, the modulation of basal
ganglia for the cortical seizure activity may involve in the pa-
rameter fluctuation between corticothalamic circuit and basal
ganglia on the slow timescale. This also suggests that when
the stimulation is set on basal ganglia, e.g., STN, to activate
STN, the single-pulse stimulation may not generate effect
strong enough to affect the cortical seizure activities through
upstream projections. Thus, the continuous long-lasting stim-
ulations which can generate the accumulative effect may be
the preferred choice to effectively affect the cortical seizures.
In addition, experimental evidence also suggests the effect of
continuous high-frequency on the seizure abatement [39–41].
In particular, Ref. [38] showed that bilateral 5-s high-
frequency stimulations (130 Hz) of STN could suppress on-
going spontaneous absence seizures in rats and [13] analyzed
the frequency-dependent effects of DBS in STN on SWD of
absence seizure in tg mice. Therefore, in this paper, the control
effect of STN-DBS with continuous electric input pulse on
epileptic absence seizures is investigated.

However, it is difficult to optimize the DBS parameters
for each specific patient, which is generally adopted by ex-
perimental or clinical experiences. In addition, it is reported
that DBS cannot be equally effective for all the pathological
symptoms and at all the time, due to the intrinsic complex-
ity of epilepsy. The mechanism underlying the effects of
DBS is still enigmatic and under debate. However, to obtain
the desired curative effect, it is needed to constantly adjust the
stimulation therapies and stimulation parameters. Besides the
stimulation efficacy, how to extend battery life and potentially
reduce the side effects should also be considered in designing
the stimulus patterns. In light of this, in this paper we will
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FIG. 2. Overview of four types of charge-balanced biphasic
pulse deep brain stimulation (CBBP-DBS) with a leading phase
(anodic pulse) and a lagging phase (cathodic pulse): (a) asymmetrical
CBBP with no interphase gap (IPG) (AS-CBBP-IPG0), (b) AS-
CBBP with IPG (AS-CBBP-IPGx), and symmetric CBBP without
(c) or with (d) IPG (S-CBBP-IPG0 or S-CBBP-IPGx), respectively.

apply periodic charge-balanced biphasic pulse deep brain
stimulation (CBBP-DBS) to STN. This stimulation pattern
has the advantage of less charge and broad adjustable stim-
ulation parameters [42]. As shown in Fig. 2, the asymmetrical
and symmetrical CBBP-DBS with and without inter-phase
gap, i.e., AS-CBBP-IPGx, AS-CBBP-IPG0, S-CBBP-IPGx,
and S-CBBP-IPGx are mainly considered, respectively. The
red line with rhombus in Fig. 1 indicates the applied DBS.
However, research on DBS for epilepsy is actively pursuing
multiple avenues simultaneously. Hence, in this paper, based
on the MBGCT model we mainly investigate the comprehen-
sive effects of autaptic connection to STN (ACS) and STN
CBBP DBS on the SWD occurrence and suppression. Our
aim is to computationally examine the involvement of STN in
modulating epileptic absence seizures and provide the testable
hypotheses for future clinical research.

II. MATHEMATICAL MODEL AND SETUP

A. Mathematical model of modified basal
ganglia–corticothalamic (MBGCT) circuit

The dynamic of each nucleus within the MBGCT loop
is described by the neurophysiologically relevant mean-field
model of neural population [10,11,43–47]. The spatiotem-
poral mean firing rate Rx (r, t ) of neural populations can be
estimated by their corresponding mean membrane potential
Vx (r, t ) at the spatial position r and time t with the sigmoid
function

Rx (r, t ) = �[Vx (r, t )] = Rmax
x

1 + exp
[−π (Vx (r,t )−�x )√

3σx

] , (1)

where x ∈ � = {p, i, d1, d2, g1, g2, s, r, t}, indicating the dif-
ferent neural populations, Rmax

x represents the maximum firing
rate. Following the previous works [10,11], Rmax

x is set within
the physiological parameter ranges, i.e., Rmax

p = Rmax
i =

Rmax
g1

= Rmax
t = Rmax

r = 250 Hz, Rmax
d1

= Rmax
d2

= 65 Hz,
Rmax

g2
= 300 Hz, Rmax

s = 500 Hz. �x and σx are the threshold
variables of mean firing rate. Here, �p = �i = �t = �r =

15 mV, �d1 = �d2 = 19 mV, �g1 =�s =10 mV, �g2 =9 mV,
and σ = 6 mV. The Vx (r, t ) is ulteriorly determined by the
incoming postsynaptic potentials from other neuronal popula-
tions, which can be modeled as

DabVx (r, t ) = �
y∈�

υxyφy (r, t ). (2)

Here, Dab is a differential operator having the form

Dab = 1

ab

[
∂2

∂t2
+ (a + b)

∂

∂t
+ ab

]
, (3)

which can represent the dendritic filtering of incoming sig-
nals. φy (r, t ) is a field generated by the neural population
y to represent the incoming pulse rate functioned into other
neural populations. Note that φn=2 mVs is the nonspecific
subthalamic input onto TC. υxy is the coupling strength from
the neural population y to x. a = 50 s−1 and b = 200 s−1 are
the decay and rise times of responses to incoming signals,
respectively.

In particular, when the external stimulation is applied on
STN, the potential of STN, Vs (r, t ), is determined by

DabVs (r, t ) = �
y∈�

υsyφy (r, t )+υsφDBS(r, t ), (4)

where φDBS(r, t ) is the input pulse of electrical field generated
by the stimulation electrodes, i.e., the working electrode (WE)
and counterelectrode (CE). υs is the intensity of stimulation
electrical field having the unit of V.

A delay parameter τ is particularly considered in the
incoming pulse rate of RE, i.e., φr (r, t − τ ), to describe
its slow synaptic kinetics due to that GABAB functions via
second messenger processes. Following the previous setting,
τ is scanned in [20,70] with the unit of ms. In addition,
compared to other neural populations, the axons of cortical
excitatory pyramidal neurons are sufficiently long to yield
significant projection effects when φp travels to other neural
populations. In our system, we assume the spatial activity
is uniform because absence seizures are believed to occur
simultaneously throughout the brain. Hence, the projection
effect of φp is governed by

1

γ 2
p

[
∂2

∂t2
+ 2γp

∂

∂t
+ γ 2

p

]
φp = Rp(t ) = �[Vp], (5)

where γp = 100 Hz controls the temporal damping rate
of cortical pulse. For the rest of the neural popula-
tions, the projection effect can be ignored due to the
too short axons, which gives φz = �(Vz) = Rz(t ), z ∈
{i, d1, d2, g1, g2, s, r, t}. In particular, we assume Vi = Vp and
Ri = Rp because of the fact that intracortical connectivities
are proportional to the numbers of synapses involved.

Thus, according to the Eqs. (1)–(4) the MBGCT model
with external electric stimulus applied on STN can be written
as the following nonautonomous system:

dφ
′′
p(t )

dt
= −2γpφ

′
p(t ) − γ 2

pφp(t ) + γ 2
p�[Vp(t )], (6)

dX
′′
(t )

dt
= abY (t ) − (a + b)X

′
(t ), (7)
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where

X(t ) = [Vp(t ), Vd1 (t ), Vd2 (t ), Vg1 (t ), Vd2 (t ), Vs (t ), Vr (t ), Vt (t )]T , (8)

Y (t ) =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

υppφp + υpi�(Vp ) + υpt�(Vt ) + υpg2�(Vg2 ) − Vp(t )

υd1pφp + υd1d1�(Vd1 ) + υd1t�(Vt ) − Vd1 (t )

υd2pφp + υd2d2�(Vd2 ) + υd2t�(Vt ) − Vd2 (t )

υg1d1�(Vd1 ) + υg1g2�(Vg2 ) + υg1s�(Vs ) − Vg1 (t )

υg2d2�(Vd2 ) + υg2g2�(Vg2 ) + υg2s�(Vs ) − Vg2 (t )

υspφp + υsg2�(Vg2 ) + υss�(Vs ) − Vs (t ) + υsφDBS(t )
��������

υrpφp + υrg1�(Vg1 ) + υrt�(Vt ) − Vr (t )

υtpφp + υtg1�(Vg1 ) + υA
tr�(Vr )

+υB
tr�[Vr (t − τ )] − Vt (t ) + φn

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (9)

Therein, the term with the single underline is introduced by
Chen et al. in Ref. [11] based on Ref. [10]. The terms with
double underline and wave line are introduced in this paper
based on Ref. [11] to represent the ACS and CBBP DBS,
respectively.

B. CBBP stimulation with interphase gap (IPG) setup

Charge injection from an electrode into the extracellu-
lar space is commonly controlled by one of three meth-
ods [48,49]: (i) the current-controlled method, i.e., a current
source is attached between the WE and CE where a user-
defined current is passed; (ii) the voltage-controlled method,
i.e., current is driven between WE and CE, which refers to
a third electrode; and (iii) the VWE−CE controlled method,
i.e., a voltage source is applied between WE and CE. The
method used in this paper mainly refers to the third one,
which is the simplest method to implement, where only the net
potential between WE and CE needs to be controlled. What is
more, voltage stimulation is most suitable for the case that the
extracellular conductivity of neural tissue is unstable or the
extracellular resistance is unrealistically high and may also
change during the experiment [42,50,51].

The basic unit of stimulation with DBS is a brief and
regularly repeating voltage difference between anode and
cathode. This pulse is expressed as a rectangular waveform
of adjustable amplitude (voltage: 0–1.25 V), duration (pulse
width: 0–2.2 ms) and frequency (10–230 Hz). In particular,
the four stimulation paradigms of CBBP can be computation-
ally expressed as follows:

φDBS(t ) = DS/AS(t ), (10)

where

DS(t ) =

⎧⎪⎨
⎪⎩

δ kT < |t | � kT + δ

−δ kT + δ + IPG < |t | � kT + 2δ + IPG

0 else

(11)

and

DAS(t ) =

⎧⎪⎪⎨
⎪⎪⎩

δ kT < |t | � kT + δ

0 kT + δ < |t | � kT + δ + IPG

−δ
T −δ−IPG kT + δ + IPG < |t | � (k + 1)T

(12)

represent the symmetric and asymmetric CBBP with IPG,
respectively. T and δ is the period and duration of pulse
current, k ∈ N.

C. Simulation method and data analysis

The standard fourth-order Runge-Kutta integration scheme
under the MATLAB simulating environment was employed
with Eqs. (5)–(9). Following the previous studies [10,11], all
simulations are performed up to 25 s with a fixed temporal res-
olution of 0.05 ms. The data in stable state from 5 to 25 s are
used for statistical analysis. We perform the bifurcation and
frequency analysis for several key parameters of the model
to characterize the critical state transitions and neural oscil-
lations. The bifurcation diagram is obtained by calculating
the stable local minimum and maximum values of time series
φp to identify the different dynamical state types. The power
spectral density is estimated using the fast Fourier transform
for the time series φp, the maximum peak frequency of which
is defined as the dominant frequency of neural oscillations.
The typical 2–4 Hz SWD oscillation region can be roughly
outlined in the two-dimensional parameter space [e.g., see
the region II in Fig. 3(a)], by combining the bifurcation and
frequency analysis. To observe the control effect for SWD,
the percentage of control for the SWD number is expressed as
follows:

η = M (SWD) − N (SWD)

M (SWD)
× 100. (13)

Here, M(SWD) represents the maximum of parametric grid
points in the 2D parameter panel where the system show-
ing SWD. Therein, the 2D parameter panel is covered by
the uniformly fine-meshed n × n parametric grid points. In
addition, N (SWD) in this paper represents the SWD number
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FIG. 3. Two-dimensional state analysis (a) and frequency
analysis (b) in the (vss, τ ) plane. (I) Saturation, (II) SWD, (III)
low firing, (IV) simple oscillations. The parameters used are
set as (similarly hereafter): vpp = 1 mVs, vpi = −1.8 mVs,
vrp = 0.05 mVs, vrt = 0.5 mVs, vA

tr = vB
tr = −0.8 mVs,

vd1p = 1 mVs, vd1d1 = −0.2 mVs, vd1t = 0.1 mVs, vd2p = 0.7 mVs,
vd2d2 = −0.3 mVs, vd2 t = 0.05 mVs, vg1d1 = −0.1 mVs, vg1g2 =
−0.03 mVs, vg1s = 0.3 mVs, vg2d2 = −0.3 mVs, vg2g2 =
−0.075 mVs, vg2s = 0.45 mVs, vsg2 = −0.04 mVs, vpt =
1.8 mVs vpg2 = −0.05 mVs, vtp = 2.75 mVs, vsp = 0.1 mVs,
vtg1 = vrg1 = −0.035 mVs. The parameters corresponding to the
time series of four states in the lower panels are particularly
taken as: (I) τ = 65 ms, vss = 0.05 mVs; (II) τ = 45 ms,
vss = 0.05 mVs; (III) τ = 45 ms, vss = 0.14 mVs, and (IV) τ = 25
ms, vss = 0.05 mVs, respectively.

by the actions of the excessive autaptic excitation of STN or
the external intervention (e.g., DBS). Hence, η represents the
fraction of SWD abatements.

III. RESULTS

A. SWD abatement induced by the autaptic connections to STN
through both the forward and backward pathways

Previous experimental and computational evidences have
demonstrated that autaptic connections to typical nuclei of
basal ganglia may be involved into the epileptogenesis mech-
anisms. In addition, modeling studies [10,11,22,52] have
revealed that an excess of the slow dynamics of GABAB

receptors in thalamic RE plays important roles in triggering
both the onset and offset of absence seizures. To investigate
the absence seizure activities induced by the slow kinetics of
GABAB receptors in RE combined with the modulations of
ACS, we focus on the parametric space (vss, τ ), composed of
the autaptic coupling and slow dynamic parameters. And then,
both the bifurcation and frequency analysis are performed. As
shown in Fig. 3(a), there are four types of dynamical states
that appear in different parameter regions, that is (I) saturated
state, (II) SWD discharges, (III) low firings, and (IV) simple
oscillations (also see the lower panels of Fig. 3). When the
inhibition projected from GPe to cortex is much less (e.g.,
vpg2 = 0.05 mVs) and the GABAB delay is too long, the
autaptic excitation of STN and inhibition from the RE have

rather weak effects on TC neurons. Under these conditions,
the recurrent excitation between the cerebral cortex and TC
drives the firing of cortical pyramidal neurons to their satura-
tion states in a short time (region I). For appropriate GABAB

delay and the less vss (e.g., vss <≈ 0.075 mVs), STN has
weak effect to cortex through the two pathways of forward
STN → GPi → TC → PY projection and backward STN →
GPe → PY projection. But, TC can be effectively suppressed
at different time instants due to the independent mediation
of GABAA and GABAB through RE-TC pathway. This can
resultantly shape the firing of TC. When this effect propagates
to the cortex, SWD oscillations are generated (region II).
Compared to the Fig. 3(b), the frequency of SWD is within
the 2-4Hz oscillations, which is consistent with the recorded
EEG of patients with absence epilepsy. However, for the
short GABAB delay, the interval between the two independent
mediations of GABAA and GABAB is close enough to fuse
these two signals together. This hence leads to the simple
oscillation (region IV). For the large vss , it is noted that there
exists competitive relations between inhibitions to TC through
pathways of the GPi → TC and GPi → RE → TC. However,
the inhibition of GPi → TC dominates due to the indirect
modulation functions of GPi → RE. Therefore, we mainly
consider the forward projection pathway of STN → GPi →
TC → PY. As a result, as vss further increasing from vss =
0.075 mVs, the excessive excitation from STN can induce too
much inhibitions to the cortex through the forward projection
STN → GPi → TC → PY pathway [10] and the backward
projection STN → GPe → PY pathway [11]. This ultimately
push the system into the low firing state (region III).

B. Enhanced effect of backward projection pathway
on the control of SWD number

In this section, we quantitatively investigate the effect
of excessive vss on the control of SWD through the two
types of forward and backward projection pathways (indi-
cated by Refs. [10,11]). For illustration purposes, we esti-
mate the state regions of absence seizures in the (vtp, τ )
panel. As disposed in Eq. (13), this panel is covered by
n × n uniformly fine-meshed parametric grid points. With-
out loss of generality, in the following simulations, we al-
ways take n = 10. In particular, we count the number of
parametric grid points, N (SWD), with which the system
shows the SWD. Similar to previous result in Fig. 2 of
Ref. [11], in Fig. 4(a), we reproduce the three types of
dynamical states appear in different parameter regions (up-
per panel), i.e., saturation (I), SWD (II), and simple oscil-
lations (IV), with fixing vss = 0.04 mVs, vpg2 = 0.05 mVs,
and (vss, τ ) ∈ [1.8 mVs, 3.2 mVs] × [20 ms, 70 ms], respec-
tively. It is clearly seen that the weak autaptic excitations of
STN can not push the system to the low firing state. However,
as shown in the lower panel of Fig. 4(a), the excessive autap-
tic excitations of STN (e.g., vss = 0.1 mVs) can induce the
low firings (region III). This is due to the double inhibitory
suppressions from the forward and backward projection path-
ways.

In Fig. 4(b), we systematically give the percentages of
control for the SWD number with vss continuously increasing
from 0.075 to 0.15 mVs. According to Eq. (13), M(SWD)
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FIG. 4. (a) Two-dimensional state analysis in the (vtp, τ ) plane with vss = 0.04 mVs (upper panel) and vss = 0.1 mVs (lower panel),
respectively. (I) saturation, (II) SWD, (III) low firing, (IV) simple oscillations. (b) The effect of vss on the percentage of control for SWD
regulated by the vpg2 .

here represents the maximum of parametric grid points show-
ing SWD in the (vss, τ ) panel. In particular, M(SWD) is
calculated by fixing vss = 0.075 mVs, which cannot drive the
SWD into low firing. In contrast, N (SWD) represents the
SWD number at various values of vss when the excessive
autaptic excitation of STN takes effect on the system. Then
η represents the fraction of successful inhibitions of SWD
into low firings. As shown with pink break line in Fig. 4(b),
we fixed vpg2 = 0.05 mVs keeping the backward projection
STN → GPe → PY pathway effective in control SWD. It is
clearly seen that with vss gradually increasing, the SWD is
gradually controlled under the functions of both the forward
and backward projection pathways. In particular, as vss =
0.138 mVs, the excessive autaptic excitation of STN can
totally drive the system from SWD into the low firing. That
is, the absence seizures have been fully abated. To verify that
the backward projection pathway is reliably to take effects
for the control of SWD, we particularly set vpg2 = 0 mVs
(green line), i.e., fully interdicting the inhibition of backward
projection pathway. Compared to pink line, the green line
clearly shows that ultimately the SWD can not completely
controlled (about ten percent remained) due to the single
pathway control effect of the forward projection. On the other
hand, as indicated by blue break line, for the stronger in-
hibitory projection from GPe to PY, the SWD can be relatively
easier fully controlled at vss = 0.108 mVs.

C. Bidirectional modulation of S-CBBP-IPG stimulation
frequency on the number of SWD

STN has been demonstrated to be involved into the oc-
currences and abatements of absence seizures. In particular,
it is found that the membrane excitability in the subthalamic
nucleus (STN) neurons can be changed by the deep brain
stimulation (DBS) applied through a concentric bipolar elec-
trode inserted into the STN [13,36]. Hence, in this section we
investigate the control effect of STN DBS with different stim-
ulation parameters on absence seizures under the modulations

of autaptic connection to STN. According to the experimental
setting of Ref. [36], symmetric charge balanced biphasic pulse
DBS with fixing inter-phase gap (S-CBBP-IPGx, x = T −
2δ) is considered in this section. Note that the periodical
switch between positive and negative pulses of CBBP-DBS
stimulations to STN can result in the recurrent oscillations of
membrane excitability of STN neurons. In most therapeutic
DBS conditions, rectangular monophasic voltage pulses of
adjustable amplitude (1–10 V), duration (0.06–0.45 ms) and
pulse rate (2–250 pulses per second) are used [42,48,53].
However, in this paper, to decrease the side effects of overhigh
currents to the brain, as a compromise we increase the pulse
duration (i.e., 1.2–2 ms) to reduce the stimulation amplitude.
As shown in Figs. 5a1, 5a2, the relatively weak stimulation
amplitude of 0.1–1.25 V can generate significant effect on
SWD occurrence. In addition, we fix the pulse frequency
within 10–230 Hz. During the simulations, stimulus trains
were made by the Eqs. (10)–(12) [see also the Fig. 2(d)].
As shown in Fig. 5, we evaluate the effects of stimulation
strength (Figs. 5a1, 5a2), pulse duration (Figs. 5b1, 5b2), and
stimulation frequency (Figs. 5c1, 5c2) of STN S-CBBP DBS
on the absence seizures. Responses to both the ACS and STN
S-CBBP DBS are examined in the panels of (vss, A), (vss, δ),
and (vss, f ), respectively.

It is seen from Figs. 5a1, 5a2 that for the weak autaptic
strength, the total number of SWD occurrences was high
around 50 and only high stimulation amplitude can eventually
decrease the SWD occurrences. With the autaptic function
increasing, for example, vss = 0.05 mVs, the number of SWD
can be gradually abated with the stimulation amplitude (SA)
being augmented from lower SA values. In particular, 1 V
of SA can completely control SWD. Similar results can also
be observed in Figs. 5b1, 5b2 where we stimulated the STN
with 1.2 to 2 ms of stimulation pulse duration (SD) as well
as 1 V and 100 Hz of SA and stimulation frequency (SF),
respectively. It clearly indicates that under the weaker modu-
lation of autaptic functions, SWD occurrence can be enhanced
during low SD stimulations but gradually suppressed during
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FIG. 5. Evolutions of SWD number (left panel) and the corre-
sponding contour plots (right panels) driven by both the autaptic
connection strength of STN, vss , and the parameters of STN CBBP
stimulation, i.e., stimulation amplitude (A, a1 and a2), pulse duration
(δ, b1 and b2), and stimulation frequency (f , c1 and c2), with fixing
(f = 100 Hz, δ = 2 ms), (A = 1 V, f = 100 Hz) and (δ = 2 ms,
A = 1 V), respectively.

high SD stimulations. In addition, previous studies have sug-
gested that DBS effects depend on the stimulus frequency
employed [13,36,54]. To investigate the sensitivity of STN
to the stimulation frequency, we applied S-CBBP DBS to
STN at different stimulus frequencies in Fig. 5c1, 5c2 with
autaptic modulations. It is clear seen that under the moderate
autaptic modulation both the low frequency (e.g., <50 Hz)
and high frequency (e.g., >150 Hz) stimulations enhance
SWD occurrence, while the moderate frequency stimulation
decreases the number of SWD occurrences. In particular,
the number of SWD occurrence can be largely controlled
using the stimulation with around the 100 Hz of frequency.
This result indicates that stimulation in frequency-dependent
manner can bidirectionally modulate the SWD occurrence.
Briefly, this is because low frequency stimulation can not
affect the intrinsic activity of STN neurons. As the stimulation
frequency increases, it is superposed to enhance both the
intrinsic activity of STN neurons and the transmission of
the neural activity [54], which then further abates the SWD
through both the forward and backward projection pathways
of STN. However, with the frequency further getting larger
and larger, the number of SWD gradually increases back
again due to that the high frequency stimulation can mask the

intrinsic activity of STN [54], which leads to an informational
lesion and weakens the control effect of DBS.

To further evaluate the beneficial effects of typical stim-
ulation frequency on the control of SWD number, we first
stimulate the STN with the fixed pulse duration of 2 ms,
as well as the incrementally increased stimulation amplitude
(SA = 0.7, 0.75, 0.8, 0.85, and 0.9 ms) and stimulation
frequency (SF = 40, 70, 100, and 130 Hz) in Fig. 6(a). The
statistic result also shows that SWD occurrence is gradually
suppressed when the SA increases from 0.7 to 0.9 V. How-
ever, it is clearly seen that the SWD number is significantly
smaller at moderate frequency stimulations (i.e., 70 Hz and
100 Hz) than that of both the low frequency (40 Hz) and
high-frequency (130 Hz) stimulations. That means the control
effect of SWD is particularly frequency-dependent. Thereby,
we then stimulate the STN with the fixed frequency of 100
Hz, to observe the effect of the incrementally increased
stimulation pulse duration (SD = 1.1, 1.5, 1.8, 2, and 2.2
ms) and stimulation amplitude (SA = 0.8, 1, and 1.2 V)
in Fig. 6(b). It clearly indicates that SWD occurrence is
gradually suppressed when the SD changes from 1.1 to 2.2
ms. Also of note, the larger SA is more easily suppress the
occurrence of SWD. In particular, as shown in Fig. 6(c), when
we stimulate the STN with the fixed SA of 0.8V, as well as
the incrementally increased pulse duration (SD = 1.8, 2, and
2.2 ms) and stimulation frequency (SF = 40, 70, 100, 130, and
160 Hz), the number of SWD first descends then rises with SF
increasing. The smallest number of SWD is obtained at both
the 70 and 100 Hz frequency stimulations. This means that the
SWD occurrence is firstly suppressed and then enhanced with
the SF incrementally increasing, which implies that the SWD
occurrence can be bidirectionally modulated. In particular,
the bidirectional modulating effects can be further improved
with SD incrementally increasing. Finally, to examine the
contribution of autaptic functions to the control effect of DBS
on SWD, we fix δ = 2 ms from Fig. 6(c) (corresponding to the
red line in Fig. 6(d) with vss = 0.05 mVs), and additionally
incrementally increase vss in Fig. 6(d) (0.01, 0.03, 0.05, and
0.07 mVs). It is obviously observed that the control effect of
DBS on SWD can also be significantly further improved at the
70 and 100 Hz frequency stimulations.

In sum, these results suggest that STN is involved in main-
taining the rhythmic activity of SWD through changing the
STN activity using both the autaptic and DBS modulations.

D. Control effect of CBBP DBS IPG on the number of SWD

Most experimental studies have investigated the effect of
pulse shapes on stimulus efficacy [42,55,56]. It is particularly
shown that adding an IPG between the leading and the lagging
phase of CBBP DBS significantly increased the stimulus
efficacy, compared to the case that lack an IPG [42]. In
addition, they also found that symmetrical CBBP DBS
with IPG (S-CBBP-IPGx) is more effective than asymmet-
rical CBBP DBS with IPG (AS-CBBP-IPGx). Therefore, S-
CBBP-IPGx is appealing for DBS. To explore whether these
stimulation strategies are still valid in controlling absence
seizures, in this section we set out to compare the effects of
two types of AS-CBBP-IPGx and S-CBBP-IPGx stimulations
on the SWD number evolutions. We particularly set the value
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FIG. 6. The STN S-CBBP-IPGx DBS effects on the number of SWD by changing the various stimulation parameters with fixing δ = 2 ms
(a), f = 100 Hz (b) and A = 0.8 V (c), respectively. (d) The effect of stimulation frequency (SF) on the number of SWD, where δ = 2 ms,
A = 0.8 V, and vss = 0.01 mVs, 0.03 mVs, 0.05 mVs, and 0.07 mVs, respectively.

of IPG, i.e., x, incrementally increase from 0 to 6 ms and
decrementally decrease from 6 to 0 ms, respectively. Statis-
tical analysis in Fig. 7 clearly indicates that the responses to
AS-CBBP-IPGx and S-CBBP-IPGx stimulations are qualita-
tively same. That is CBBP DBS with no and large IPG can
enhance the SWD occurrence, while the moderate IPG (e.g.,
IPG = 2, 3, and 4 ms) can effectively suppress the SWD
occurrence. In particular, the stronger autaptic functions can
further improve the SWD control effect of CBBP-IPGx stim-
ulations. However, on the whole, AS-CBBP-IPGx is signif-
icantly less beneficial than S-CBBP-IPGx. These results are
consistent with the responses to two types of AS-CBBP-IPGx

and S-CBBP-IPGx stimulations employed in the previous
experimental models.

IV. CONCLUSION

Based on a modified basal ganglia–corticothalamic
(MBGCT) network model, we have computationally

FIG. 7. The effect of IPG of CBBP stimulations on the num-
ber of SWD. Stimulation amplitude is 0.8V, stimulation frequency
f = 100 Hz, the duration of leading phase is 2 ms.

examined the involvement of STN in modulating SWD
occurrence using the methods of autaptic connection to STN
(ACS) and STN DBS. Results showed that the strong ACS can
effectively control SWD occurrence, while the weak ACS,
even though having no effect in itself on SWD suppression,
could reduce the DBS intensity to basically induce the
same efficacy. Also, results demonstrated the experimental
findings that stimulation in frequency-dependent manner can
bidirectionally modulate the SWD occurrence. Furthermore,
we investigated the effect of CBBP-DBS shapes, i.e.,
AS-CBBP-IPGx and S-CBBP-IPGx stimulations, on SWD
occurrence under the weak modulation of ACS. It is shown
that CBBP DBS with the moderate IPG (e.g., IPG = 2, 3,
and 4 ms) can effectively suppress the SWD occurrence.
However, AS-CBBP-IPGx is significantly less beneficial than
S-CBBP-IPGx. These results are basically consistent with the
previous experimental findings. Our work, on the other hand,
supports the idea that the STN is involved in the maintenance
mechanism of SWD occurrence. This might offer a clue
for uncovering the mechanism underlying STN DBS for
treatment of absence seizures. Hopefully, this work is helpful
in finding the best compromise between clinical effect and
power consumption as well as the potentially reduced side
effects of the stimulus generator, and eventually provides
testable hypotheses for future clinical research.
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