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Abstract11

The basal ganglia (BG), serving as an intermediate bridge between the cerebral cortex and thalamus,12

are believed to play crucial roles in controlling absence seizure activities generated by the pathological13

corticothalamic system. Inspired by recent experiments, here we systematically investigate the contribu-14

tion of a novel identified GABAergic pallido-cortical pathway, projecting from the globus pallidus externa15

(GPe) in the BG to the cerebral cortex, to the control of absence seizures. By computational modelling,16

we find that both increasing the activation of GPe neurons and enhancing the coupling strength of the17

inhibitory pallido-cortical pathway can suppress the bilaterally synchronous 2-4 Hz spike and wave dis-18

charges (SWDs) during absence seizures. Appropriate tuning of several GPe-related pathways may also19

trigger the SWD suppression, through modulating the activation level of GPe neurons. Furthermore, we20

show that the previously discovered bidirectional control of absence seizures due to the competition be-21

tween other two BG output pathways also exists in our established model. Importantly, such bidirectional22

control is shaped by the coupling strength of this direct GABAergic pallido-cortical pathway. Our work23

suggests that the novel identified pallido-cortical pathway has a functional role in controlling absence24

seizures and the presented results might provide testable hypotheses for future experimental studies.25
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Author Summary26

One prevailing viewpoint on the genesis of absence seizures is suggested to involve the pathological27

interactions within the corticothalamic system. As intriguing deep nuclei of brain, the basal ganglia28

are reported to play crucial roles in controlling absence seizures through multiple nigro-thalamic path-29

ways. Beside these nigro-thalamic pathways, recent experiments have identified a new direct GABAergic30

pallido-cortical pathway projecting from the globus pallidus externa (GPe) to the cerebral cortex. Does31

this novel identified inhibitory pallido-cortical pathway also participate in regulating absence seizures?32

By computational modelling, we demonstrated that this inhibitory pallido-cortical pathway indeed par-33

ticipates in the control of absence seizures. Specifically, both activating the GPe neurons and enhancing34

the strength of this pathway significantly inhibit the typical 2-4 Hz spike and wave discharges (SWDs)35

during absence seizures. Further investigation showed that appropriate tuning of several GPe-related36

pathways may trigger the SWD suppression by activating GPe neurons, and also the strength of this37

inhibitory pallido-cortical pathway may regulate the so-called bidirectional control of absence seizures38

caused by direct nigro-thalamic pathways. These results highlight the functional roles of the GABAergic39

pallido-cortical pathway in controlling absence seizures and have important physiological implications in40

the treatment of absence epilepsy.41

Introduction42

Epilepsy is a paroxysmal behavior caused by abnormal, excessive or hypersynchronous discharges of43

neurons in the brain [1, 2]. Absence epilepsy (AE) is a subtype of idiopathic generalized epilepsy and44

mainly occurs in the childhood years [3, 4]. Experimental studies showed that a typical attack of ab-45

sence seizures commonly causes a sudden onset and offset of spike-wave activities, accompanying with46

temporary loss of consciousness. As an electrophysiological hallmark of AE, the bilaterally synchronous47

spike and wave discharges (SWDs) with a slow frequency around 2-4 Hz is often observed on the elec-48

troencephalogram (EEG) of absence epileptic patients [5]. So far, a large number of studies have been49

performed to investigate the generation mechanisms of typical SWDs during absence seizures [6–8]. There50

is accumulating evidence that such type of SWDs is highly associated with the abnormal interactions51

between cerebral cortex and thalamus, and appropriately regulating the pathological corticothalamic52

system may control absence seizures [9–14].53

As key deep nuclei of brain, the basal ganglia (BG) consist of a collection of important subcortical54

structures, such as striatum, substantia nigra, globus pallidus and subthalamic nucleus [15]. In addition55

to the direct coupling, anatomical studies have revealed that the cerebral cortex and thalamus also56
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communicate indirectly via the BG [15, 16]. In particular, it has been found that the BG send output57

signals to thalamus through multiple direct and indirect inhibitory nigro-thalamic pathways. It is thus58

proposed that the BG may participate in the control of absence seizures through these nigro-thalamic59

pathways. Several existing experimental and computational results support this hypothesis [17–20]. For60

instance, previous experimental studies have indicated that pharmacological inactivation of the substantia61

nigra pars reticulata (SNr) may considerably suppress the generation of 2-4 Hz SWDs via the indirect62

nigro-thalamic pathway relaying at superior colliculus [17–19]. Moreover, using a biophysically based63

mean-field model, we have demonstrated that the BG can control and modulate typical absence seizure64

activities in a bidirectional manner, due to the competition between two direct inhibitory nigro-thalamic65

pathways [21].66

On the other hand, outputs from the BG to the cerebral cortex are traditionally thought to be relayed67

through the thalamus. This opinion, however, has been challenged by recent experimental observations68

[22, 23]. For example, lesions of the globus pallidus externa (GPe) in the BG produce significant increases69

in wakefulness [24], but lesions of the thalamus have a minimal effect on overall sleep-wake patterns [25].70

Given that the thalamus is the putative output relay for the BG, the thalamic lesion should also influence71

the sleep-wake patterns greatly. More importantly, combining both retrograde and anterograde tracing72

techniques, recent experiments have identified the existence of a direct efferent output from the GPe73

to both excitatory pyramidal neurons and inhibitory interneurons in the cerebral cortex [22, 23]. Such74

pallido-cortical projection is found to be mediated by GABAA receptors and its postsynaptic targets are75

primarily distributed in the frontal cortex. Because several subregions of the frontal cortex are reported to76

be highly associated with AE [26, 27], it is thus interesting to know whether this inhibitory pallido-cortical77

pathway can provide an alternative mechanism to regulate typical absence seizure activities. Thus far,78

the direct experimental evidence to support this function is still lacking, and computational modelling79

might outline several possible roles of this GABAA-mediated pathway in the control and modulation of80

absence seizures.81

Here we approach the aforementioned issue theoretically using a modified basal ganglia-corticothalamic82

(BGCT) network model [21, 28–30]. Our main finding is that both increasing the activation of GPe neu-83

rons and enhancing the coupling strength of the GABAergic pallido-cortical pathway can significantly84

suppress the typical 2-4 Hz SWDs during absence seizures. Several GPe-related pathways, which directly85

and indirectly modulate the activation level of GPe neurons, are also found to play important roles and86

suitably tuning their coupling strengths may trigger the SWD suppression. Further explorations confirm87

that the recently identified bidirectional control of absence seizures by the BG also exists in our modi-88

fied model [21], which is shaped by the strength of the pallido-cortical pathway. Together, these results89
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demonstrate an intriguing hypothesis that the BG may regulate absence seizures through the direct in-90

hibitory projection from the GPe to the cerebral cortex, and might provide meaningful insights into the91

pathogenesis and treatment of AE.92

Materials and Methods93

Network structure94

In recent studies, we have established a biophysically based BGCT model to investigate the bidi-95

rectional control of absence seizures by the basal ganglia through two direct inhibitory nigro-thalamic96

pathways [21, 30]. To explore the underlying functional roles of the novel identified inhibitory pallido-97

cortical pathway in controlling absence seizures, we implemented a modified version of this BGCT model98

by incorporating a new efferent pathway representing direct connection from the GPe to the cerebral cor-99

tex. The network architecture of our current BGCT model is derived from the anatomical data of rodents,100

which is schematically illustrated in Fig 1. Briefly, the model comprises nine neural populations: excita-101

tory pyramidal neurons, inhibitory interneurons, specific relay nuclei (SRN), thalamic reticular nucleus102

(TRN), striatal D1 neurons, striatal D2 neurons, substantia nigra reticulata (SNr), globus pallidus ex-103

terna (GPe) and subthalamic nucleus (STN). Similar to previous modelling studies [21, 28–30], the globus104

pallidus internal (GPi) segment is regarded as a single structure with SNr in our model, because they105

have the similar properties in both neural function and anatomical connectivity [28, 29]. For simplicity,106

we use mathematical notations a ∈ A = {e, i, s, r, d1, d2, p1, p2, ζ} to indicate above neural populations.107

Following previous work [21, 28–30], a non-specific external input φn is injected to the SRN to model the108

sensory input. As shown in Fig 1, three types of neural projections are considered in our modified BGCT109

model. The red lines with square heads represent the excitatory projections mediated by glutamate.110

The blue solid and dashed lines with arrow heads denote the GABAA- and GABAB-mediated inhibitory111

projections, respectively. Compared with other types of projections, a transmission delay is introduced112

to the GABAB-mediated inhibitory pathway projecting from TRN to SRN to mimic its relatively slow113

synaptic kinetics (see below).114

Mean-field model115

We use the mean-field model developed by Robinson and his colleagues to simulate the dynamics116

of neural populations [28, 29, 31–34]. This model was proposed to describe the macroscopic dynamics117

of neural populations in an effective way with low computational cost. In this mean-field model, the118

dynamics of each neural population is determined by three key variables: the mean membrane potential119
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Va, the mean firing rate Qa and the presynaptic activity φa. The relationship between the mean firing120

rate and the mean membrane potential satisfies a sigmoid function defined as [28–36]:121

Qa(r, t) ≡ F [Va(r, t)] =
Qmaxa

1 + exp[− π√
3

(Va(r,t)−θa)
σ ]

, (1)

where subscripts a ∈ A = {e, i, r, s, d1, d2, p1, p2, ζ} indicate different neural populations, r denotes the122

spatial position, and θa is the mean firing threshold. Parameters Qmaxa and σ refer to the maximum and123

standard deviation of the firing rate, respectively. For each neural population, the sigmoid-type function124

in Eq. (1) restricts the mean firing rate Qa in the range of 0 and Qmaxa , ensuring its physiological125

reasonableness. The fluctuations of the mean membrane potential Va at the position r are induced by126

the filtered incoming postsynaptic potentials from other neural populations in the dendrites, which are127

modelled as [28–36]:128

DαβVa(r, t) =
∑
b∈A

vab · φb(r, t), (2)

129

Dαβ =
1

αβ
[
∂2

∂t2
+ (α+ β)

∂

∂t
+ αβ]. (3)

Here the differential operator Dαβ represents the synaptic and dendritic filtering of incoming signals. α130

and β indicate the inverse decay and rise time constants of cell-body potential caused by received signals,131

respectively. vab represents the coupling strength from the neural population of type b to type a. φb(r, t)132

is the presynaptic activity of the neural population of type b. For the GABAB-mediated inhibitory133

projection, a delay parameter τ is introduced to its incoming pulse rate (i.e., φr(r, t − τ)) to simulate134

its slow synaptic kinetics [21, 35]. Besides, we do not consider the transmission delay for other types of135

neural projections in the current work. The above mathematical treatment leads to a delay differential136

equation in the final description of our modified BGCT model (see S1 Appendix).137

In the cerebral cortex, the outward propagation of excitatory firing rates Qe along the cortical surface138

obeys the damped wave equation [28–36]:139

1

γ2e
[
∂2

∂t2
+ 2γe

∂

∂t
+ γ2e − v2e∇2]φe(r, t) = Qe(r, t), (4)

Here φe represents the cortical excitatory axonal field and ∇2 denotes the Laplacian operator (the second140

spatial derivative). The parameter γe = ve/re governs the temporal damping rate of pulses, where ve141

and re are the conduction velocity and characteristic range of axons of excitatory neurons, respectively.142

Besides excitatory pyramidal neurons, the axons of all other neural populations are believed to be too143

short to support wave propagation on the respective scales in our model, indicating that φk = F [Vk], (k =144

i, s, r, d1, d2, p1, p2, ζ). Because AE is a subtype of idiopathic generalized epilepsy, its dynamical activities145

are typically regarded as global brain activities. Accordingly, it is reasonable to assume that the spatial146

activities during absence seizures are uniform in our model. This implies that the spatial derivative can147
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be ignored in Eq. (4). Therefore, the mathematical description of the cortical excitatory axonal field φe148

is rewritten as [31, 34–36]:149

1

γ2e
[

d2

dt2
+ 2γe

d

dt
+ γ2e ]φe(t) = Qe(t). (5)

Considering that the intracortical connectivity are proportional to the number of the involved synapses,150

we can further simplify our model by setting Vi = Ve and Qi = Qe for the inhibitory interneurons in the151

cerebral cortex. Such simplified method has been widely used in previous modelling studies [21, 28–36].152

Based on these critical assumptions, the detailed first-order formulations for all neural populations in our153

modified BGCT model are given in the Supporting Information (see S1 Appendix).154

Model parameters155

Most parameters in our BGCT model are estimated from experimental data and their values are156

adapted from previous modelling studies (see Table 1) [21, 28–37]. Unless otherwise stated, we use these157

default parameter values in the following numerical studies. Due to lack of quantitative data, the coupling158

strength of the direct efferent projection from the GPe to cortical neurons is unknown and requires to159

be estimated. Because the GPe neurons also send GABAergic projections to STN, GPi and itself, it160

is reasonable to infer that the coupling strengths of these different pathways projecting from the GPe161

are comparable. Accordingly, the coupling strength of the direct GABAergic pallido-cortical pathway is162

considered in the range of 0 to 0.2 mV s in the present work.163

Analysis of simulation data164

We now introduce several data analysis techniques used to quantitatively evaluate the dynamical165

states generated by our BGCT model. Most of these data analysis techniques are adapted from our166

previous studies [21, 30], which can be simply summarized as follows.167

First, both the bifurcation and frequency analysis are employed to characterize the critical dynami-168

cal transitions and neural oscillations generated by our model [21, 30]. To explore transitions between169

different dynamical states, the bifurcation analysis is performed for several critical parameters. The170

bifurcation diagram is obtained by plotting the stable local minimum and maximum values of cortical171

excitatory axonal fields by gradually changing a critical system parameter. For a specified parameter con-172

dition, a series of bifurcation analysis using different independent random initial conditions are performed173

to detect the possible bistability. For two combined parameters, the above bifurcation analysis allows us174

to identify different dynamical states in the two-dimensional parameter space (for example, see Fig 2A).175

To evaluate the dominant frequency of neural oscillations, the power spectral density is estimated using176

the fast Fourier transform for the time series φe. Then, the maximum peak frequency is defined as the177
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dominant frequency of neural oscillations. By combining both the bifurcation and frequency analysis178

techniques, the typical 2-4 Hz SWD oscillation region can be roughly outlined in the two-dimensional179

parameter space (for example, see the asterisk region in Fig 2A).180

Furthermore, two measurements related to the firing rate are utilized to explore the underlying mech-181

anism of the SWD suppression [21, 30]. In some figures, we compute the long-term mean firing rates182

(MFRs) for several critical neural populations. For a given neural population a, the long-term MFR183

is obtained by averaging the value of Qa in a sufficient long time interval. Such analysis enables us to184

understand the biophysical mechanism of the SWD suppression caused by the inhibitory pallido-cortical185

pathway. In some cases, we also calculate the critical triggering mean firing rate (TMFR) for the GPe186

and SNr neurons. Similar to our previous studies [21, 30], the TMFR can be determined by the mean187

firing rates of a specified type (GPe or SNr) of neurons occurring at the boundaries of the typical region188

of 2-4 Hz SWDs (for example, see Figs 4B and 4C).189

Finally, we also evaluate the relative ratio (RR) of the coupling strength for several important GPe-190

related pathways. For a given GPe-related pathway, the RR is defined as the critical coupling strength of191

this GPe-related pathway just triggering the suppression of 2-4 Hz SWDs to its default coupling strength.192

Theoretically, a RR value close to 1 indicates that the suppression of 2-4 Hz SWDs is easy to accomplish,193

thus having a relatively high biological plausibility. In several figures, we plot the RR value as a function194

of the coupling strength of the direct GABAergic pallido-cortical pathway (for example, see Fig 4D).195

Such a plot allows us to quantitatively estimate the capability of a specified GPe-related pathway in196

controlling absence seizures in a continuous parameter space.197

To obtain convincing results, we carry out 20 trails of simulations for each experimental setting. In198

the present study, all simulations are performed up to 25 seconds. In each simulation, an initial interval199

of 5 seconds is included to allow the dynamics of our BGCT model to reach its stable state, and the data200

from 5 to 25 seconds are used for statistical analysis.201

Simulation method202

All numerical simulations are performed using custom codes written in MATLAB (MathWorks, USA).203

The differential equations are solved by the standard fourth-order Runge-Kutta integration scheme. The204

temporal resolution of numerical integration is fixed at 0.05 ms. In additional simulations, we have demon-205

strated that the chosen integration step is small enough to ensure the numerical accuracy of our BGCT206

model, so that further lowing it does not appreciably affect numerical results. The computer codes used in207

the present work, combined with the implantation of our previously developed BGCT model, will be avail-208

able to download from ModelDB (https://senselab.med.yale.edu/ModelDB/showmodel.cshtml?model=209
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152113).210

Results211

Our BGCT model replicates typical absence seizure activities by introducing212

pathological mechanisms213

Past electrophysiological recordings in patients and animals have provided evidence that the abnormal214

interactions between cerebral cortex and thalamus are responsible for AE [5–8]. Thus, several pathological215

mechanisms in relation to the corticothalamic system have been proposed to explain the generation of216

the typical 2-4 Hz SWDs during absence seizures. In particular, recent modelling studies have revealed217

that both too strong coupling of the cortico-thalamic pathway and excessively slow dynamics of GABAB218

receptors in TRN play important roles in destroying the normal oscillatory pattern of the corticothalamic219

system and triggering the onset of absence seizures [33–35, 38].220

To investigate whether these pathological mechanisms can induce 2-4 Hz SWDs in our model, we221

focus on two relevant parameters vse and τ , and perform both bifurcation and frequency analysis in222

the combined parameter space (see Figs 2A and 2B). Similar to previous results [21, 30], four types of223

dynamical states appear in different parameter regions (Fig 2A). When the excitatory coupling vse is too224

strong and the GABAB delay τ is too long, the inhibition from the TRN has rather week effect on SRN225

neurons. Under this condition, the recurrent excitation between the cerebral cortex and SRN drives the226

firing of cortical pyramidal neurons to their saturation states in a short time (region I in Fig 2A, and227

Fig 2C). For appropriate combination of vse and τ , the suppression of SRN due to independent GABAA-228

and GABAB-mediated TRN-SRN pathways is effective and occurs at different time instants. Such double229

suppression effect shapes the firing of SRN, which further influences the dynamics of cortical neurons,230

leading to the generation of SWD oscillation state in which multiple pairs of maximum and minimum231

values are found within each periodic complex (region II in Fig 2A, and Fig 2D). Interestingly, we find232

that most of this region falls into the typical 2-4 Hz frequency range (asterisk regions in Figs 2A and 2B),233

which is of importance because 2-4 Hz SWDs have been widely observed on the EEG recordings of real234

AE patients [5]. Note that, for an intermediate vse, our model requires a minimal level of GABAB delay235

to ensure the occurrence of SWDs [21]. Theoretically, if the interval between the GABAA- and GABAB-236

induced inhibitions is too close, these two signals will fuse well together and the double suppression effect237

is considerably weakened. In this case, neural oscillations of cortical neurons are deteriorated to the238

simple oscillation state (region III in Fig 2A, and Fig 2E). When the excitatory coupling vse is too weak,239

the firing of SRN is almost completely inhibited by TRN neurons. Thus, the dynamics of our model is240
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pushed into the low firing state and no oscillation is observed anymore (region IV in Fig 2A, and Fig 2F).241

These results showed that the modified BGCT model with the new identified GABAA-mediated242

pallido-cortical pathway can mimic different types of dynamical states of the brain. In particular, we243

confirmed that our model can successfully replicate typical absence seizure activities by introducing244

suitable pathological mechanisms. In the following studies, we set vse = 2.2 mV s and τ = 50 ms by245

default, and explore whether and how the BG regulate typical absence seizure activities through the246

inhibitory pallido-cortical pathway.247

Controlling absence seizures through the direct GABAergic pallido-cortical248

pathway249

Recent experimental data identified the existence of direct GABAergic pallido-cortical pathway pro-250

jecting from GPe neurons to both excitatory and inhibitory neurons in the cerebral cortex [22, 23].251

Theoretically, outputs from this inhibitory pathway are able to shape the firing of cortical neurons, which252

might provide a potential mechanism to regulate absence seizures. To examine whether our hypothesis253

is correct, two relevant experimental approaches are designed. In the first approach, we focus on the254

inhibitory coupling strength of the pallido-cortical pathway −vcp2 and explore its effect on controlling255

absence seizures. In the second approach, we keep the value of −vcp2 as a constant and introduce a256

positive external stimulation Vstim to GPe neurons. Using this method, we can modulate the firing rate257

of GPe neurons in a highly controlled manner and investigate whether the activation level of GPe neurons258

also participates in the control of absence seizures.259

Fig 3A illustrates the bifurcation diagrams for parameters −vcp2 and Vstim. As expected, we observe260

that both increasing the coupling strength of the inhibitory pallido-cortical pathway and enhancing the261

intensity of the external stimulation to GPe neurons push the model dynamics from the SWD oscillation262

state into the low firing state. Unlike the typical SWD suppression presented in our previous studies [21,263

30], the transition between these two types of dynamical states is abrupt and does not undergo the simple264

oscillation state, indicating that the pallido-cortical pathway induced SWD suppression is somewhat265

strong. Further investigation using frequency analysis shows that the dominant frequency of SWDs266

oscillation is also influenced by −vcp2 and Vstim (Fig 3B). The increase in their strengths gradually267

reduces the dominant frequency of neural oscillations. As a consequence, even in the SWD oscillation268

region, the dominant frequency of SWDs is pushed below the typical frequency range of 2-4 Hz (gray269

regions in Fig 3) for sufficiently strong −vcp2 and Vstim. These results suggest that the BG can effectively270

terminate typical absence seizure activities by the strong inhibitory effect from the GABAA-mediated271

pallido-cortical pathway.272
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To mechanistically understand how the pallido-cortical pathway induced SWD suppression arises, we273

compute the long-term mean firing rates of several key neural populations within the BGCT system for274

these two designed approaches. As shown in Fig 3C, we find that increasing the coupling strength −vcp2275

slightly reduces the firing rate of GPe neurons, whereas enhancing the external stimulation Vstim solely276

improves the firing rate of GPe neurons. In these two cases, the average effective influences from GPe277

neurons to cortical neurons (i.e., −vcp2F [Vp2 ]) are overall enhanced with the growth of −vcp2 and Vstim,278

thus leading to the firing reduction for cortical neurons. The inactivation of cortical neurons tends to279

decrease the firing rate of SRN neurons, which in turn reduces the activation of cortical neurons through280

the local feedback excitation loop. Together, these chain reactions result in a pronounced inhibition of281

cortical neurons, further reducing the firing of TRN neurons. For sufficiently strong −vcp2 and Vstim, the282

inactivation of TRN greatly weakens the double peak shaping effect due to the slow kinetics of GABAB283

receptors in TRN. This GABAB weakening may thus provide an effective biophysical mechanism to cause284

the suppression of SWDs.285

Our above findings provide the first computational evidence that the BG may control and modulate286

absence seizures through the direct GABAergic pallido-cortical pathway. To be specific, we demonstrate287

that both increasing the coupling strength of the inhibitory pallido-cortical pathway and enhancing the288

activation of GPe neurons could significantly suppress the generation of typical 2-4 Hz SWDs. It is289

reasonable to further speculate that several GPe-related pathways, which directly and indirectly regulate290

the activation level of GPe neurons, may also trigger the SWD suppression through the inhibitory pallido-291

cortical pathway.292

Several direct GPe-related pathways play active roles in controlling absence293

seizures294

Here we explore the effects of the input and recurrent pathways of GPe on controlling typical absence295

seizure activities. As shown in Fig 1, the GPe receives excitatory and inhibitory projections from STN296

and striatal D2 neurons, and also it has recurrent inhibitory projection from itself. Outputs from these297

direct GPe-related pathways modulate the firing of GPe neurons directly, thus might play critical roles298

in regulating absence seizures.299

We first focus on the excitatory STN-GPe pathway and the inhibitory GPe recurrent pathway, and300

estimate their contributions to the control of absence seizures. To this end, two groups of state and301

frequency analysis are performed in the combined (−vcp2 , vp2ζ) and (−vcp2 ,−vp2p2) parameter spaces (see302

Figs 4A and 4B). Our results suggest that both the suppression of SWDs and the dominant frequency303

of neural oscillations are modulated by these two pathways. Theoretically, the increase in the excitatory304
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coupling strength of the STN-GPe pathway promotes the activation level of GPe neurons, whereas the305

increase in the inhibitory coupling strength of the GPe recurrent pathway inactivates the GPe neurons.306

In agreement with our above results, we observe that both increasing the excitatory coupling strength307

vp2ζ and decreasing the inhibitory coupling strength −vp2p2 reduce the dominant frequency of SWDs, and308

lead to SWD suppression in strong −vcp2 region. However, such SWD suppression greatly relies on the309

strength of the GABAergic pallido-cortical pathway. For a strong −vcp2 , outputs from the GPe neurons310

inhibit the firing of cortical neurons significantly. In this case, our BGCT model works in the low firing311

state for default values of vp2ζ and −vp2p2 (Fig 4A), and the SWD suppression occurs at relatively weak312

vp2ζ and strong −vp2p2 (compared to their default values).313

Because the activation of GPe neurons is improved by both increasing vp2ζ and decreasing −vp2p2 ,314

our above results also indicate that the developed model might have the corresponding critical triggering315

mean firing rates (TMFR) for GPe neurons (Fig 4A, single arrow). If the long-term mean firing rate of316

GPe neurons lower than this TMFR, our model can highly generate typical 2-4 Hz SWDs. In Figs 4C1317

and 4C2, we plot the value of TMFR as a function of −vcp2 for the STN-GPe pathway and the GPe318

recurrent pathway, respectively. For both cases, it is observed that this critical TMFR reduces basically319

with increasing the strength of the inhibitory pallido-cortical pathway. This is not so surprising because,320

during the growth of −vcp2 , the average effective influence from GPe neurons to cortical neurons still321

maintains a relatively high level, which is sufficiently strong to suppress the generation of 2-4 Hz SWDs.322

Note that the similar but more complicated TMFRs are also discovered for the SNr neurons in our323

previous work [21]. In that study, two types of TMFRs (i.e., the low and high TMFRs) are identified for324

SNr neurons, and both activating and inactivating the SNr neurons from the normal level may effectively325

terminate the generation of SWDs [21].326

To quantitatively estimate the underlying suppression capabilities of the excitatory STN-GPe pathway327

and the inhibitory GPe recurrent pathway, we further calculate the relative ratio of coupling strength328

as a function of −vcp2 for these two direct GPe-related pathways (see Fig 4D). For each pathway, it is329

found that only a slight tuning of the corresponding coupling strength from its default value is required to330

terminate the typical 2-4 Hz SWDs (Figs 4D1 and 4D2). This suggests that appropriately changing each331

of these two direct GPe-related pathways results in a pronounced firing enhancement in GPe neurons,332

which further strongly regulates absence seizures. To a certain extent, our above results obtained by333

quantitative evaluation indicate that the SWD suppression triggered by these two pathways has relatively334

high biological plausibility.335

We then turn to the inhibitory striatal D2-GPe pathway and investigate whether this pathway also336

takes part in controlling absence seizures. In Figs 4A3 and 4B3, we show the two-dimensional state and337
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frequency analysis in the (−vcp2 ,−vp2d2) parameter space, respectively. In contrast with our above results,338

we find that decreasing the inhibitory coupling strength −vp2d2 almost does not influence the dynamical339

states generated by our model. For insufficiently strong −vcp2 , the failure of the SWD suppression can340

be observed even when the striatal D2-GPe pathway is completely blocked (i.e., vp2d2 = 0 mV s, and341

see Fig 4E). Under this condition, the striatal D2 neurons do not inhibit the GPe neurons at all, so342

that the underlying modulation capability of the striatal D2-GPe pathway is theoretically amplified to343

the extreme. This finding suggests that inactivating striatal D2 neurons contributes limited to the firing344

enhancement in GPe neurons, thus failing to assist the triggering of the SWD suppression purely through345

the inhibitory pallido-cortical pathway.346

Our above computational data indicate that both the excitatory STN-GPe pathway and the inhibitory347

GPe recurrent pathway participate in controlling absence seizures as well. Appropriate tuning of these348

two direct GPe-related pathways may also trigger the SWD suppression by strongly modulating the349

activation level of GPe neurons. Therefore, we believe that the contributions of these two direct GPe-350

related pathways to absence seizure control are eventually accomplished through the GABAergic pallido-351

cortical pathway.352

Indirect GPe-related pathways have relatively weak effects on controlling ab-353

sence seizures354

In addition to direct GPe-related pathways, the activation level of GPe neurons might be also mediated355

by the firing activities from several indirect GPe-related pathways. Intuitively, there are two important356

underlying pathways in our model. The first one is the inhibitory GPe-STN pathway and the other one357

is the excitatory hyperdirect pathway from cortical pyramidal neurons to STN. Theoretically, outputs358

from these two pathways modulate the firing of STN in an direct manner, and then further influence the359

activation level of GPe neurons.360

To determine whether these indirect GPe-related pathways also contribute to the control of ab-361

sence seizures, we implement both the two-dimensional state and frequency analysis in the combined362

(−vcp2 ,−vζp2) and (−vcp2 , vζe) parameter spaces (see Figs 5A and 5B). As expected, the decrease in the363

inhibitory coupling strength of the GPe-STN pathway causes the firing enchantment of STN, which in364

turn improves the activation of GPe neurons. In accordance with our above findings, this leads to the365

suppression of typical 2-4 Hz SWDs in strong −vcp2 region (Figs 5A1 and 5B1). On the other hand, the366

increase in the excitatory coupling strength of the hyperdirect pathway activates both the STN and GPe367

neurons, thus also resulting in the suppression of typical 2-4 Hz SWDs in strong −vcp2 region (Figs 5A2368

and 5B2). Similar to our above results, we find that the model also exhibits the critical TMFR for GPe369
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neurons in the SWD suppression region for each pathway. For a given −vcp2 within the suppression370

region, the generation of 2-4 Hz SWDs can be highly triggered provided that the long-term mean firing371

rate of GPe neurons is lower than this critical TMFR. With the increasing of −vcp2 , this critical TMFR372

reduces rapidly for both the inhibitory GPe-STN pathway and excitatory hyperdirect pathway. However,373

compared to the results in Fig 4D, our results show that the suppression of typical absence seizure ac-374

tivities generally occurs at quite strong −vζp2 and vζe regions (several folds of their default values, see375

Fig 5D). To a certain degree, this finding might imply that the 2-4 Hz SWD suppression caused by these376

two indirect GPe-related pathways might be biophysical difficulty to realize, and thus has relatively low377

biological plausibility.378

By combining all results in these two subsections, we conclude that both the inhibitory GPe-STN379

pathway and excitatory hyperdirect pathway contribute to the regulation of typical 2-4 Hz SWDs, but380

they might play relatively weak roles in controlling absence seizures compared to those two direct GPe-381

related pathways identified above. For comparison, the effects of both direct and indirect GPe-related382

pathways on absence seizure control are simply summarized in Table 2.383

The GABAergic pallido-cortical pathway modulates the bidirectional control384

of absence seizures caused by direct inhibitory nigro-thalamic pathways385

Using a BGCT model developed previously, we have shown that the BG may control absence seizures in386

a bidirectional manner induced by the competition between the SNr-TRN and SNr-SRN pathways [21, 30].387

A natural question to ask is: can we observe the similar bidirectional control of absence seizures in our388

current BGCT model by incorporating the direct GABAergic pallido-cortical pathway? To answer this389

question, we introduce a scale factor K = vrp1/vsp1 , representing the relative strength between the SNr-390

TRN and the SNr-SRN pathways. Similar to our previous studies [21, 30], the coupling strength of the391

excitatory STN-SNr pathway (i.e., vp1ζ) is employed to control the activation level of SNr neurons. With392

this method, it is possible to determine whether the competition-induced bidirectional control of absence393

seizures also exists in our current model.394

The results of Figs 6A and 6B depict the state and frequency analysis in the (K, vp1ζ) panel. As we395

can see in Fig 6A, our current BGCT model mainly exhibits three types of dynamical states: the SWD396

oscillation region (II), the simple oscillation region (III) and the low firing region (IV), but occasionally397

displays the saturation state in the large K and strong vp1ζ region. Due to the competition between398

the SNr-TRN and SNr-SRN pathways, a typical bidirectional control feature is observed for intermediate399

scale factor K. In this bidirectional region, we find that both enhancing and lowing the excitatory400

coupling strength vp1ζ inhibit the generation of 2-4 Hz SWDs, but in different manners. Specifically, a401
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significant improvement in vp1ζ kicks the model dynamics into the low firing state, whereas a pronounced402

reduction in vp1ζ pushes the model dynamics into the simple oscillation state (Fig 6A). Because the403

activation level of SNr neurons is increased with the growth of the excitatory coupling strength vp1ζ ,404

our above observations thus suggest that the current BGCT model has both the low and high TMFRs405

for the SNr neurons in this bidirectional region. For a suitable scale factor K, the generation of SWDs406

within the typical 2-4 Hz can be highly triggered provided that the mean firing rate of SNr neurons is407

between these two critical TMFRs. Such two critical TMFRs are modulated by the relative strength408

between the SNr-TRN and the SNr-SRN pathways. As the growth of the scale factor K, the high TMFR409

is increased from a low value to saturation, whereas the low TMFR is reduced from a relatively high410

value to 0 (Fig 6C). Unsurprisingly, we find that the model also has both the low and high RRs for the411

STN-SNr pathway (Fig 6D). Indeed, these two RRs correspond to above identified two types of TMFRs,412

exhibiting the similar modulation trends as those observed for the low and high TMFRs (compared the413

results in Figs 6C and 6D).414

More interestingly, we observe that both the suppression of SWDs and the typical 2-4 Hz SWD region415

are shaped by the strength of the direct GABAergic pallido-cortical pathway. In Figs 7A and 7B, we416

plot a series of two-dimensional state and frequency analysis in the (K, vp1ζ) panel for different values of417

−vcp2 . From the theoretical perspective, the increase in the inhibitory coupling strength −vcp2 reduces418

the firing of both the TRN and SRN neurons, but contributes more to SRN neurons due to the local419

feedback excitation loop between pyramidal neurons and SRN (see Fig 3C1). To a certain degree, such420

imbalance inhibition to these two critical thalamic nuclei enlarges the relative effect of the inhibitory421

SNr-TRN pathway. It is obvious that the higher the coupling strength −vcp2 , the stronger the relative422

inhibition effect caused by the SNr-TRN pathway. With the increasing of −vcp2 , such strengthened423

inhibition drives the low TMFR toward higher values of vp1ζ (Fig 7A) and therefore shrinks the region424

of SWDs within the typical frequency range of 2-4 Hz (Fig 7B). Notably, we have also observed that the425

inhibitory strength of the TRN-SRN pathways has the similar shaping effect on bidirectional control of426

absence seizures in our previous work [21].427

These results confirm that the competition-induced bidirectional control of absence seizures also exists428

in our current BGCT model and is modulated by the strength of the direct GABAergic pallido-cortical429

pathway. Taking all recent computational evidence together [21, 30], we postulate that such bidirectional430

control caused by the BG is possible a generalized regulatory mechanism for absence seizures. However, it431

should be noted that the competition between the SNr-TRN and SNr-SRN pathways has a determinative432

role in the bidirectional control of absence seizures, and the typical bidirectional control feature only433

appears at appropriate levels of competition.434
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Discussion435

By adapting our previously developed mean-field BGCT model [21, 30], we have investigated the436

underlying roles of the novel identified GABAergic projection from the GPe to the cerebral cortex in437

controlling absence seizures in the present study. We demonstrated that both increasing the activation of438

GPe neurons from the normal level and enhancing the coupling strength of this direct inhibitory pallido-439

cortical pathway significantly suppress typical 2-4 Hz SWDs during absence seizures. Mechanistically,440

such SWD suppression is due to the GABAB weakening caused by strong inhibitory outputs from the441

pallido-cortical pathway. Moreover, we evaluated the effects of different GPe-related pathways on control-442

ling absence seizures. Our results showed that several important GPe-related pathways, which directly443

and indirectly regulate the activation level of GPe neurons, also contribute to the regulation of typical444

absence seizure activities. Specifically, both the excitatory STN-GPe pathway and the inhibitory GPe445

recurrent pathway were identified to play active roles in controlling absence seizures, whereas several446

indirect GPe-related pathways have relatively weak effects on the control of absence seizures. These447

findings provide the first theoretical evidence that the BG may regulate absence seizures through the448

direct GABAergic pallido-cortical pathway. Past experimental and computational studies have shown449

that applying suitable deep brain stimulations (DBSs) to several critical nuclei in basal ganglia, such450

as the STN and SNr, can inhibit the production of 2-4 Hz SWDs during absence seizures [39–41]. Our451

results might suggest that the GPe is possible an alternative DBS therapeutic target for treating absence452

seizures.453

In our previous studies, we have demonstrated the BG could control absence seizures in a bidirectional454

manner through the direct SNr-TRN and SNr-SRN pathways [21, 30]. Due to the competition between455

these two inhibitory nigro-thalamic pathways, both increasing and decreasing the activation of SNr neu-456

rons from the normal level could considerably suppress the occurrence of SWDs. Here we confirmed457

that the similar bidirectional control of absence seizures also exists in our modified BGCT model. To a458

certain extent, this finding suggests that such bidirectional control caused by these two inhibitory nigro-459

thalamic pathways may be a generalized regulatory mechanism for absence seizures. Taken together, our460

results presented here and previously emphasize the functional roles of several direct inhibitory pathways,461

emitting from important BG nuclei to the cerebral cortex and thalamus, in controlling and modulating462

absence seizures [21, 30].463

Moreover, we showed that inactivation of striatal D2 neurons might not improve the firing of GPe neu-464

rons in a significant manner, thus failing to assist the triggering of the SWD suppression purely through465

the inhibitory pallido-cortical pathway. Past experiments in genetic absence epilepsy rats, however, have466

demonstrated that activation of D2 receptors by intrastriatal injections of D2 agonists, resulting in cell467
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inhibition mediated by a decrease in adenylate cyclase activity through Gi proteins, can considerably468

suppress absence seizures [17]. Such antiepileptic effect was supposed to be attributed to the inhibition469

of SNr neurons by the indirect striato-nigral pathway relaying at GPe, which might further trigger the470

suppression of SWDs via both the direct and indirect nigro-thalamic pathways. Essentially, our compu-471

tational results are not collided with previous experimental findings, even though the SWD suppression472

was not observed by inactivating striatal D2 neurons. In this study, such failure might be caused by473

the lack of indirect nigro-thalamic pathway relaying at superior colliculus in our BGCT model, which474

is due to the lack of quantitative anatomical data and can be seen as a limitation of our model. In-475

stead, our computational results combined with the previous experimental findings in [17] might inspire476

that activating GPe neurons have complicated effects on controlling absence seizures through multiple477

pathways emitting from the BG to the cerebral cortex and thalamus. In the brain of absence epileptic478

patients, these multiple pathways might work together and play complementary roles, thus providing a479

stable mechanism to terminate the onset of absence epilepsy.480

In addition to the corticothalamic system, some persons might ask whether the basal ganglia also481

participate in the initiation of absence seizures. Theoretically, the BG have a central position in the482

brain and involve several important nuclei [15, 16], which may allow them to play crucial roles in the483

generation of typical absence seizure activities. However, we argue that this might be not true, because484

the generation of 2-4 Hz SWDs in our model is mainly caused by other two pathogenic factors: too485

strong coupling of the cortico-thalamic pathway and excessively slow dynamics of GABAB receptors in486

TRN. If these two pathogenic factors are removed, our model cannot reproduce typical absence seizure487

activities anymore. Taking all these evidence together, we feel that abnormal alterations from the BG to488

both the cerebral cortex and thalamus might assist the generation of absence seizures, but these abnormal489

interactions are not the major pathogenic factors of absence epilepsy. Remarkably, evidence from previous490

experimental data also failed to support a generator role for the basal ganglia in the initiation of absence491

seizure activities [42–44], which is consistent with our current viewpoint.492

Our modified BGCT model is originally developed for studying absence seizures, but it is extendable493

to investigate other mental illness and high-level brain functions related to GPe. For instance, the494

Parkinson’s disease is a brain disorder in relation to motor control, and the BG are believed to be495

centrally implicated in parkinsonism. Experimental data have suggested that the most important feature496

of parkinsonism is enhanced oscillations in the population neuronal activity in the beta band (13-30497

Hz) [45–47]. Recent modelling studies further implicated that such pronounced beta oscillations in the498

parkinsonian state might be produced by an abnormal enhancement of the interactions between the STN499

and GPe, with an oscillation frequency that depends on the excitatory cortical input to the STN and the500
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inhibitory input to the GPe from the striatum [48–50]. Thus, the identification of the inhibitory pallido-501

cortical pathway might provide a structural basis for understanding the pathological motor features and502

local neural circuit regulation of the Parkinson’s disease. Similar to previous work [28, 29], it is interesting503

to use the current BGCT model to explore the detailed roles of this novel identified inhibitory pallido-504

cortical pathway in mediating between parkinsonian and normal states. In addition to the Parkinson’s505

disease, the GPe has also been reported to contribute to several high-level brain functions, especially the506

decision making [50, 51]. For example, recent studies have uncovered the activities of GPe could modulate507

decision threshold in the striatum, thus affecting the final results of decision making [51]. Theoretically,508

the direct pallido-cortical pathway may also participate in the regulation of the striatal threshold during509

decision making, but whether such opinion captures the real fact is still unclear. The BGCT model510

established in the present study might provide a modelling framework for investigating the underlying511

functional roles of GPe in several high-level brain functions.512

Besides the indirect nigro-thalamic pathway relaying at superior colliculus that is not included in our513

current BGCT model, another possible model limitation is that the GPe neurons are not divided into514

subtypes according to their anatomical and firing proprieties [52–54]. As an important integrative hub for515

coordinating neuronal activity across the BG, the GPe is discovered to comprise a rich neural circuitry of516

diverse cell types [55–58]. In literature, two major groups of GPe neurons, termed the “prototypic” GPe517

neurons (PV-GPe) and the “arkypallidal” GPe neurons (Arky-GPe), were widely reported [53–58]. These518

two groups of GPe neurons make up more than 90% of all GPe neurons in rats and are responsible for519

communicating with different BG nuclei in anatomy, thus supporting different GPe-related functions [53–520

58]. However, due to the lack of detailed quantitative data, we considered all GPe neurons as a single521

neural population in our BGCT model. The similar method has been widely used in previous modelling522

studies [21, 28–30]. Such simplified modelling method allowed us to roughly evaluate the overall role of523

GPe in controlling absence seizures, but failed to discriminate the detailed roles contributed by different524

subtypes of GPe neurons. Further electrophysiological studies are needed to clarify the precise effects of525

these two groups of GPe neurons on the control of absence seizures.526

Since absence epilepsy is a subtype of idiopathic generalized epilepsies, its dynamical activities are527

regarded as global brain activities [31–34]. Accordingly, some researchers have been proposed that dif-528

ferent cortical areas, thalamic nuclei and their relevant neural projections might play different functional529

roles in the initiation, spreading and maintenance of 2-4 Hz SWDs during absence seizures. Despite530

that our developed BGCT model is powerful to inspire several functional roles of basal ganglia in con-531

trolling absence seizures, we have to admit that this biophysical model is idealized and cannot further532

identify the detailed contributions of different cortical areas, thalamic nuclei and neural projections to533
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the initiation, spreading and maintenance of the typical 2-4 Hz SWDs. Fortunately, recent whole-brain534

computational modelling techniques using both the structural and functional magnetic resonance imaging535

data might provide us an approach to establish the large-scale BGCT model including multiple cortical536

areas and more complicated substructures in thalamus and basal ganglia [59–61]. By implementing such537

a large-scale BGCT model, it is possible to further investigate more detailed generation and regulation538

mechanisms of 2-4 Hz SWDs in our future work.539

In summary, we have systematically performed computational studies to investigate the detailed roles540

of the novel identified GABAergic pallido-cortical pathway in controlling and modulating absence seizures.541

Our results demonstrated an intriguing hypothesis that the firing activities of GPe neurons indeed regulate542

the typical 2-4 Hz SWDs during absence seizures through this direct inhibitory pathway, indicating that543

the GPe might be an effective therapeutic target for treating absence seizures. Consistent with many544

previous experimental and modelling studies, our findings further emphasized the functional roles of545

BG in the control of absence seizures. In future studies, more direct electrophysiological evidence are546

required to experimentally validate the aforementioned hypothesis. Recent developments in optogenetic547

techniques, allowing selective activation/inactivation of specific groups of neurons, could be utilized to548

test the postulated control mechanism in a highly controlled manner [62, 63]. In addition, we expect that549

our computational results can inspire several underlying therapeutic strategies for real absence epileptic550

patients as well.551
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3. Durón RM, Medina MT, Mart́ınez-Juárez IE, Bailey JN, Perez-Gosiengfiao KT, Ramos-Ramı́rez564

R, et al. Seizures of idiopathic generalized epilepsies. Epilepsia. 2005;46:34–47.565

4. Tolaymat A, Nayak A, Geyer JD, Geyer SK, Carney PR. Diagnosis and management of childhood566

epilepsy. Curr Probl Pediatr Adolesc Health Care. 2015;45(1):3–17.567

5. Crunelli V, Leresche N. Childhood absence epilepsy genes, channels, neurons and networks. Nat568

Rev Neurosci. 2002;3(5):371–382.569
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13. Lüttjohann A, Schoffelen JM, van Luijtelaar G. Termination of ongoing spike-wave discharges584

investigated by cortico-thalamic network analyses. Neurobiol Dis. 2014;70(0):127–137.585

14. Paz JT, Davidson TJ, Frechette ES, Delord B, Parada I, Peng K, et al. Closed-loop optoge-586

netic control of thalamus as a tool for interrupting seizures after cortical injury. Nat Neurosci.587

2013;16(1):64–70.588

15. Albin RL, Young AB, Penney JB. The functional anatomy of basal ganglia disorders. Trends589

Neurosci. 1989;12(10):366–375.590

19



16. Parent A, Hazrati LN. Functional anatomy of the basal ganglia. I. The cortico-basal ganglia-591

thalamo-cortical loop. Brain Res Rev. 1995;20(1):91–127.592

17. Deransart C, Vercueil L, Marescaux C, Depaulis A. The role of basal ganglia in the control of593

generalized absence seizures. Epilepsy Res. 1998;32(1-2):213–223.594

18. Paz JT, Deniau JM, Charpier S. Rhythmic bursting in the cortico-subthalamo-pallidal network595

during spontaneous genetically determined spike and wave discharges. J Neurosci. 2005;25(8):2092–596

2101.597

19. Paz JT, Chavez M, Saillet S, Deniau JM, Charpier S. Activity of ventral medial thalamic neurons598

during absence seizures and modulation of cortical paroxysms by the nigrothalamic pathway. J599

Neurosci. 2007;27(4):929–941.600

20. Luo C, Li Q, Xia Y, Lei X, Xue K, Yao Z, et al. Resting state basal ganglia network in idiopathic601

generalized epilepsy. Hum Brain Mapp. 2012;33(6):1279–1294.602

21. Chen M, Guo D, Wang T, Jing W, Xia Y, Xu P, et al. Bidirectional control of absence seizures by603

the basal ganglia: a computational evidence. PLoS Comput Biol. 2014;10(3):e1003495.604

22. Chen MC, Ferrari L, Sacchet MD, Foland-Ross LC, Qiu MH, Gotlib IH, et al. Identification of a605

direct GABAergic pallidocortical pathway in rodents. Eur J Neurosci. 2015;41(6):748–759.606

23. Saunders A, Oldenburg IA, Berezovskii VK, Johnson CA, Kingery ND, Elliott HL, et al. A direct607

GABAergic output from the basal ganglia to frontal cortex. Nature. 2015;521(7550):85–89.608

24. Qiu MH, Vetrivelan R, Fuller PM, Lu J. Basal ganglia control of sleepCwake behavior and cortical609

activation. Eur J Neurosci. 2010;31(3):499–507.610

25. Fuller P, Sherman D, Pedersen NP, Saper CB, Lu J. Reassessment of the structural basis of the611

ascending arousal system. J Comp Neurol. 2011;519(5):933–956.612

26. Roche-Labarbe N, Zaaimi B, Berquin P, Nehlig A, Grebe R, Wallois F. NIRS-measured oxy- and613

deoxyhemoglobin changes associated with EEG spike-and-wave discharges in children. Epilepsia.614

2008;49(11):1871–1880.615

27. Westmijse I, Ossenblok P, Gunning B, Van Luijtelaar G. Onset and propagation of spike and slow616

wave discharges in human absence epilepsy: A MEG study. Epilepsia. 2009;50(12):2538–2548.617

28. van Albada SJ, Robinson PA. Mean-field modeling of the basal ganglia-thalamocortical system. I:618

Firing rates in healthy and parkinsonian states. J Theor Biol. 2009;257(4):642–663.619

20



29. van Albada SJ, Gray RT, Drysdale PM, Robinson PA. Mean-field modeling of the basal ganglia-620

thalamocortical system. II: Dynamics of parkinsonian oscillations. J Theor Biol. 2009;257(4):664–621

688.622

30. Hu B, Guo D, Wang Q. Control of absence seizures induced by the pathways connected to SRN623

in corticothalamic system. Cogn Neurodyn. 2015;9(3):279–289.624

31. Robinson PA, Rennie CJ, Wright JJ. Propagation and stability of waves of electrical activity in625

the cerebral cortex. Phys Rev E. 1997;56:826–840.626

32. Robinson PA, Rennie CJ, Wright JJ, Bourke PD. Steady states and global dynamics of electrical627

activity in the cerebral cortex. Phys Rev E. 1998;58:3557–3571.628

33. Robinson PA, Rennie CJ, Rowe DL. Dynamics of large-scale brain activity in normal arousal states629

and epileptic seizures. Phys Rev E. 2002;65:041924.630

34. Breakspear M, Roberts JA, Terry JR, Rodrigues S, Mahant N, Robinson PA. A unifying expla-631

nation of primary generalized seizures through nonlinear brain modeling and bifurcation analysis.632

Cereb Cortex. 2006;16(9):1296–1313.633

35. Marten F, Rodrigues S, Benjamin O, Richardson MP, Terry JR. Onset of polyspike complexes in a634

mean-field model of human electroencephalography and its application to absence epilepsy. Philos635

Trans A Math Phys Eng Sci. 2009;367(1891):1145–1161.636

36. Freyer F, Roberts JA, Becker R, Robinson PA, Ritter P, Breakspear M. Biophysical mechanisms637

of multistability in resting-state cortical rhythms. J Neurosci. 2011;31(17):6353–6361.638

37. Robinson PA, Rennie CJ, Rowe DL, O’Connor SC. Estimation of multiscale neurophysiologic639

parameters by electroencephalographic means. Hum Brain Mapp. 2004;23(1):53–72.640

38. Destexhe A. Spike-and-Wave oscillations based on the properties of GABAB receptors. J Neurosci.641

1998;18(21):9099–9111.642

39. Theodore WH, Fisher RS. Brain stimulation for epilepsy. Lancet Neurol. 2004;3(2):111–118.643

40. Vercueil L, Benazzouz A, Deransart C, Bressand K, Marescaux C, Depaulis A, et al. High-frequency644

stimulation of the sub-thalamic nucleus suppresses absence seizures in the rat: comparison with645

neurotoxic lesions. Epilepsy Res. 1998;31(1):39–46.646

41. Hu B, Wang Q. Controlling absence seizures by deep brain stimulus applied on substantia nigra647

pars reticulata and cortex. Chaos Solitons Fract. 2015;80(0):13–23.648

21



42. Deransart C, Depaulis A. The control of seizures by the basal ganglia? A review of experimental649

data. Epileptic Disord. 2002;4(3):61–72.650
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Table 1697

A: Maximum firing rate

Symbol Value Unit Description References

Qmaxe , Qmaxi 250 Hz Cortical maximum firing rate [21, 33–35]

Qmaxd1
, Qmaxd2

65 Hz Striatum maximum firing rate [21, 28, 29]

Qmaxp1 250 Hz SNr/GPi maximum firing rate [21, 28, 29]

Qmaxp2 300 Hz GPe maximum firing rate [21, 28, 29]

Qmaxζ 500 Hz STN maximum firing rate [21, 28, 29]

Qmaxs 250 Hz SRN maximum firing rate [21, 33–35]

Qmaxr 250 Hz TRN maximum firing rate [21, 33–35]

B: Mean firing threshold

Symbol Value Unit Description References

θe, θi 15 mV Mean firing threshold of cortical populations [21, 33–35, 37]

θd1 , θd2 19 mV Mean firing threshold of striatum [21, 28, 29]

θp1 10 mV Mean firing threshold of SNr/GPi [21, 28, 29]

θp2 9 mV Mean firing threshold of GPe [21, 28, 29]

θζ 10 mV Mean firing threshold of STN [21, 28, 29]

θs 15 mV Mean firing threshold of SRN [21, 33–35, 37]

θr 15 mV Mean firing threshold of TRN [21, 33–35, 37]

C: Coupling strength

Symbol Value Unit Source Target References

vee 1 mV s Excitatory pyramidal neurons Excitatory pyramidal neurons [21, 34, 35]

−vei 1.8 mV s Inhibitory interneurons Excitatory pyramidal neurons [21, 34, 35]

vre 0.05 mV s Excitatory pyramidal neurons TRN [21, 33, 35]

vrs 0.5 mV s SRN TRN [21, 33, 35]

−vA,Bsr 0.8 mV s TRN SRN [21, 33, 37]

vd1e 1 mV s Excitatory pyramidal neurons Striatal D1 neurons [21, 28, 29]

−vd1d1 0.2 mV s Striatal D1 neurons Striatal D1 neurons [21, 28, 29]

vd1s 0.1 mV s SRN Striatal D1 neurons [21, 28, 29]

vd2e 0.7 mV s Excitatory pyramidal neurons Striatal D2 neurons [21, 28, 29]

−vd2d2 0.3 mV s Striatal D2 neurons Striatal D2 neurons [21, 28, 29]

vd2s 0.05 mV s SRN Striatal D2 neurons [21, 28, 29]

−vp1d1 0.1 mV s Striatal D1 neurons SNr [21, 28, 29]

−vp1p2 0.03 mV s GPe SNr [21, 28, 29]

vp1ζ 0.3 mV s STN SNr [21, 28, 29]

−vp2d2 0.3 mV s Striatal D2 neurons GPe [21, 28, 29]

−vp2p2 0.075 mV s GPe GPe [21, 28, 29]

vp2ζ 0.45 mV s STN GPe [21, 28, 29]

−vζp2 0.04 mV s GPe STN [21, 28, 29]

ves 1.8 mV s SRN Excitatory pyramidal neurons [21, 33, 35]

−vcp2 0− 0.2 mV s GPe Cerebral cortex Estimated

vse 2.2 mV s Excitatory pyramidal neurons SRN [21, 33]

vζe 0.1 mV s Excitatory pyramidal neurons STN [21, 28, 29]

−vsp1 0.035 mV s SNr SRN [21, 28, 29]

−vrp1 0.035 mV s SNr TRN [21, 28, 29]

D: Other parameters

Symbol Value Unit Description References

γe 100 Hz Cortical damping rate [21, 33–35]

τ 50 ms Time delay due to slow synaptic kinetics of GABAB [21, 30, 35]

α 50 s−1 Synaptodendritic decay time constant [21, 33–35, 37]

β 200 s−1 Synaptodendritic rise time constant [21, 33–35, 37]

σ 6 mV Threshold variability of firing rate [21, 33, 34, 37]

φn 2 mV s Nonspecific subthalamic input onto SRN [21, 33, 34, 37]

Table 1: Default parameter values used in this study, which are adapted from previous modelling studies

[21, 28–37].
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Table 2698

Source Target Type Control manner Biological plausibility

STN GPe Direct Increase in vp2ζ High

GPe GPe Direct Decrease in −vp2p2 High

Striatal D2 neurons GPe Direct No significant effect Low

GPe STN Indirect Decrease in −vζp2 Low

Excitatory pyramidal neurons STN Indirect Increase in vζe Low

Table 2: Roles of several GPe-related pathways in the regulation of absence seizures, through modulating

the activation level of GPe neurons.
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Figure Legends699

Fig 1. Framework of the basal ganglia-corticothalamic (BGCT) network used in this700

work. The BGCT network contains three components: (I) the cerebral cortex, (II) the thalamus and701

(III) the basal ganglia. Neural populations include: e = excitatory pyramidal neurons, i = inhibitory702

interneurons, s = SRN, r = TRN, d1 = striatal D1 neurons, d2 = striatal D2 neurons, p1 = SNr/GPi,703

p2 = GPe and ζ = STN. Parameter φn denotes the non-specific external inputs to SRN. Excitatory704

projections are mediated by glutamate, which are shown by the red lines with square heads. Inhibitory705

projections are mediated by GABAA and GABAB, which are represented by the solid and dashed blue706

lines with arrow heads, respectively. Compared with the BGCT networks developed in previous studies,707

a new efferent pathway representing direct connection from the GPe to the cerebral cortex is incorporated708

in our current BGCT model.709

Fig 2. Absence seizures induced by strong coupling of the cortico-thalamic pathway710

and slow dynamics of GABAB receptors in TRN. A, B: Two-dimensional state analysis (A) and711

frequency analysis (B) in the (vse, τ) panel. Here vse represents the excitatory coupling strength of the712

cortico-thalamic pathway emitting from the pyramidal neurons to SRN, whereas τ denotes the GABAB713

delay. Similar to previous work, four types of dynamical state regions are observed: the saturation region714

(I), the SWD oscillation region (II), the simple oscillation region (III) and the low firing region (IV).715

The asterisk (“∗”) regions surrounded by black dashed lines in (A) and (B) represent the typical SWD716

oscillation regions falling into the 2-4 Hz frequency range. C-F: Typical time series of φe correspond to717

the above four dynamical states. Four symbols in the state analysis diagram (A) are linked to parameter718

values used for different typical time series in (C)-(F): I (“◦”), II (“�”), III (“�”), and IV (“O”). Note719

that we set vcp2 = −0.05 mV s for all simulations.720

Fig 3. Control of absence seizures by the direct GABAergic pallido-cortical pathway. A:721

Bifurcation diagrams of φe as a function of the inhibitory coupling strength of the GABAergic pallido-722

cortical pathway −vcp2 (A1) and the external stimulation Vstim to GPe neurons (A2). It can be seen723

that both increasing the values of −vcp2 and Vstim push the model dynamics from the SWD oscillation724

region (II) into the low firing region (IV). B: The dominant frequency of neural oscillations as a function725

of −vcp2 (B1) and Vstim (B2). C: The mean firing rates (MFRs) of several key neural populations as726

a function of −vcp2 (C1) and Vstim (C2). Here four neural populations are considered: GPe (“4”),727

excitatory pyramidal neurons (“∗”), SRN (“◦”) and TRN (“�”). Note that the gray regions in (A)-(C)728

denote the SWD oscillations falling into the typical 2-4 Hz.729
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Fig 4. Effects of direct GPe-related pathways on regulating absence seizures. A, B: Two-730

dimensional state analysis (A) and frequency analysis (B) in different parameter spaces. Here we consider731

three direct GPe-related pathways: the excitatory STN-GPe pathway (A1, B1), the inhibitory GPe recur-732

rent pathway (A2, B2) and the inhibitory striatal D2-GPe pathway (A3, B3), corresponding to parameter733

spaces (−vcp2 , vp2ζ), (−vcp2 ,−vp2p2) and (−vcp2 ,−vp2d2), respectively. In (A1)-(A3), two dynamical state734

regions are observed: the SWD oscillation region (II) and the low firing region (IV). The suppression735

of SWDs appears to the right of the white dashed line in (A1) and (A2), where the arrows denote the736

suppression directions of SWDs. The red lines in (A1)-(A3) represent the default coupling strengths737

of these direct GPe-related pathways. The asterisk (“∗”) regions surrounded by black dashed lines in738

(B1)-(B3) denote the typical 2-4 Hz SWD oscillation regions. C: The triggering mean firing rate (TMFR)739

as a function of −vcp2 for the excitatory STN-GPe pathway (C1) and inhibitory GPe recurrent pathway740

(C2). D: The relative ratios (RRs) as a function of −vcp2 for the excitatory STN-GPe pathway (D1)741

and inhibitory GPe recurrent pathway (D2). E: Typical time series of φe by changing −vcp2 under two742

conditions of the inhibitory striatal D2-GPe pathway (“default” and “block”). The pink region in (E)743

denotes the suppression of SWDs by increasing −vcp2 . Obviously, blockade of the inhibitory striatal744

D2-GPe pathway does not impact the model dynamics significantly.745

Fig 5. Effects of indirect GPe-related pathways on regulating absence seizures. A, B: Two-746

dimensional state analysis (A) and frequency analysis (B) in the combined (−vcp2 ,−vζp2) and (−vcp2 , vζe)747

parameter spaces. Two considered indirect GPe-related pathways are: the inhibitory GPe-STN pathway748

(A1, B1) and the excitatory hyperdirect pathway from pyramidal neurons to STN (A2, B2). Three749

dynamical state regions are observed in the state analysis diagrams: the saturation region (I), the SWD750

oscillation region (II) and the low firing region (IV). In (A1) and (A2), the red dashed lines stand for the751

default coupling strengths of these two indirect GPe-related pathways, the white dashed lines represent752

the boundaries of suppression regions of SWDs, and the arrows denote the suppression directions of753

SWDs. In (B1) and (B2), the asterisk (“∗”) regions surrounded by black dashed lines are the SWD754

oscillation regions falling into the 2-4 Hz frequency range. C: The TMFR as a function of −vcp2 for755

the inhibitory GPe-STN pathway (C1) and the excitatory hyperdirect pathway (C2). D: The RR as756

a function of −vcp2 for the inhibitory GPe-STN pathway (D1) and the excitatory hyperdirect pathway757

(D2). Compared to the results in Fig 4, these two indirect GPe-related pathways have relatively weak758

effects on controlling absence seizures.759

Fig 6. Bidirectional control of absence seizures due to the competition between the SNr-760

TRN and SNr-SRN pathways. A, B: The state analysis (A) and frequency analysis (B) in the761
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(K, vp1ζ) panel. Here K is the scale factor, and vp1ζ is the excitatory coupling strength of the STN-762

SNr pathway. The BGCT model mainly exhibits three types of dynamical states: the SWD oscillation763

region (II), the simple oscillation region (III) and the low firing region (IV), but occasionally displays the764

saturation state in the large K and strong vp1ζ region. For intermediate scale factor K, both increase and765

decrease in the activation level of SNr can inhibit the SWDs (double arrow, bidirectional suppression).766

In (A), the black dashed line represents the demarcation between the bidirectional (double arrow) and767

unidirectional suppression (single arrow) regions. The asterisk (“∗”) region surrounded by dashed lines768

in (B) denotes the SWD oscillation region that falls into the 2-4 Hz frequency range. C: The low and769

high TMFRs of SNr neurons as a function of K. D: The low and high RRs of the STN-SNr pathway as770

a function of K. In all simulations, we set τ = 45 ms and vcp2 = −0.06 mV s.771

Fig 7. Shaping effects of the direct GABAergic pallido-cortical pathway on the bidi-772

rectional control of absence seizures by the BG. A, B: Tow-dimensional state analysis (A) and773

frequency analysis (B) in the (K, vp1ζ) panel for different values of vcp2 . Similar to the results in Fig 6A,774

our BGCT model mainly exhibits three types of dynamical states: the SWD oscillation region (II), the775

simple oscillation region (III) and the low firing region (IV), but occasionally displays the saturation776

state in the large K and strong vp1ζ region. In (A1)-(A4), the double arrows denote the bidirectional777

suppression and the single arrows represent the unidirectional suppression. The black dashed lines in (A1)778

and (A2) stand for the demarcations between the bidirectional and unidirectional suppression regions.779

In (B1)-(B4), the asterisk (“∗”) regions surrounded by dashed lines denote the regions of 2-4 Hz SWDs.780

From left to right, the strengths of direct GABAergic pallido-cortical pathway are: vcp2 = −0.05 mV s781

(A1, B1), vcp2 = −0.055 mV s (A2, B2),vcp2 = −0.65 mV s mV s (A3, B3), and vcp2 = −0.07 mV s mV s782

(A4, B4), respectively. In all simulations, we set τ = 45 ms.783
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