
INTRODUCTION

Absence seizures (AS) are generalized non-convulsive seizures, 
accompanied by a brief loss of consciousness with bilateral spike-
and-wave discharges (SWD) at a frequency of 2.5~4 Hz in a hu-
man electroencephalogram (EEG) and are generally associated 

with mild impairments in cognition [1, 2]. A number of patho-
physiological animal models have been developed to explain the 
mechanisms of AS generation, because human studies can only 
provide limited information using non-invasive whole brain 
techniques. Multiple lines of evidence strongly suggested that ab-
normally hypersynchronized oscillations within the thalamocorti-
cal circuitry are the primary underlying mechanisms for SWD 
generation [3, 4]. However, recent developments in genetic rodent 
models have effectively argued that the cortex may play the prima-
ry role in the generation of SWDs [5-8]. In clinic, it is known that 
absence seizures are predominantly genetic in etiology. While the 
brain activities recorded in the EEG are the standard exam for the 
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diagnosis of absence seizure, significant differences in the SWD 
patterns were found leading a difficulty in building heuristic treat-
ment or therapeutic strategies. A direct cross-specicies comparison 
of cortical topographies of SWD between human and mouse EEG 
is expected to correlate the EEG topographies with causes at the 
neuronal levels but has been limited due to lack of spatial informa-
tion of mouse EEG. 

Multiple lines of evidence have suggested that SWDs are not 
primarily generalized despite its definition, and rather involve par-
ticular neuronal networks with focal cortical onset [9-12]. In hu-
man magnetoencephalography (MEG), the distribution of SWDs 
appeared to involve a prefrontal-insular-thalamic network [13]. 
EEG with functional MRI (EEG-fMRI) has also identified a com-
mon network of structures involved in AS generation [13], com-
prising the thalamus, midline and lateral parietal cortex (a subset 
of default mode network, DMN), and striatum (predominantly 
caudate nuclei) [1]. These networks are known to be a large-scale 
network of heteromodal associative parietal and frontal cortical 
areas, engaged in internalized cognitive activity, such as random 
reflective thoughts and free associations of ideas and memories 
[1, 14, 15]. Furthermore, pharmacological or genetic studies us-
ing animal models demonstrated that thalamic complex neurons 
have been strongly suggested to be important for SWD generation 
[16-20], but the spatiotemporal aspects of thalamocortical (TC) 
interactions that underlie seizure manifestations have not yet been 
thoroughly explained. The physiological role of TC networks in 
the maintenance of the sleep-wake cycle in relation to sleep spin-
dles is well-established [21]. However, its relevance to SWDs has 
been questioned, as ASs predominantly occur during wakeful and 
drowsy states but rarely in NREM sleep [22-24]. The dissimilarity 
between sleep spindles and SWDs was also noted but poorly an-
swered in genetic rodent AS models [24-26], challenging the long-
standing concept of initiation of bilateral epileptic discharges from 
sleep spindle within the thalamic complex in network models. 

Our aim in this study was to characterize the topographical pat-
terns of SWD in mouse model. Compared to widely explored ro-
dent genetic models (WAG/Rij and GAERS) – which were instru-
mental in establishing much of what we know about the circuitry 
and molecular mechanisms underlying the epileptogenic process 
and effectiveness of anticonvulsant drugs – monogenic mutations 
(Stargazer, tottering and lethargic) or pharmacological models 
(gamma-butyrolactone and pentylenetetrazole) give insights into 
the mechanism of epileptogenesis with a level of precision to a 
singular pathogenic molecular defect, as only genes related to 
ion channels have so far been linked to absence phenotypes [27-
31]. As the gamma-butyrolactone induced absence seizure model 
(GHB model) and the phospholipase beta4 knock out mice model 

(PLCβ4 model) are known to heavily target TC circuits, we sought 
to determine the relative roles of the different components of TC 
circuits using the whole cortical activity, simultaneously moni-
tored by a high-density EEG (hd-EEG) [32] and local field poten-
tial (LFP) electrodes. By applying this functional brain mapping 
technique, our results from the GHB model and the PLCβ4 model 
reveal different spatiotemporal patterns of SWDs, as well as dif-
ferent relationships between the cortex and thalamus during par-
oxysmal epileptic seizures. In the two AS models, we also consider 
the functional significance of cortical networks engaged in seizure 
initiation and manifestations during epileptic seizure generation 
within the brain network. 

MATERIALS AND METHODS

Ethics statement 

All surgical and experimental procedures were followed by 
Korean Animal and Plant Quarantine Agency Publication No. 
12512, partial amendment 2014, conforming to NIH guidelines 
(NIH Publication No. 86-23, revised 1985). All the procedures 
were approved by Korea Institute of Science and Technology and 
Institutional Animal Care and Use Committee of Korea Institute 
of Science and Technology (AP-2014L7002).

Absence seizure models 

For the experiments, the PLCβ4 knock-out mice were generated 
according to a previous report, derived from mating heterozygous 
mice of 129S4/SvJae and C57BL/6J genetic backgrounds [33]. The 
PLCβ4 is highly expressed in thalamus, isocortex, hypothalamus, 
brainstem, and cerebellum according to ISH data in Allen Brain 
Atlas (http://mouse.brain-map.org/). Male heterozygous mutant 
PLCβ4-/- mice (N=6) and wild-type littermates (N=5) were used 
for EEG recordings for a genetic model of AS and a drug-induced 
AS model, respectively. GBL (50 mg/kg, Millipore Sigma, St. Louis, 
MO, USA), pro-drug of GHB (γ-hydroxybutyric acid, a weak GA-
BABR agonist), was dissolved in saline (0.9% NaCl), then admin-
istered by intraperitoneal injection to the wild-type mice [33-35]. 
Mice were maintained with free access to food and water under a 
12-h light/12-h dark cycle with the light cycle beginning at 8 AM. 

Implantation of EEG and LFP electrodes

The surgery and experiments were performed in 10- to 14-week 
old male mice. Animals were anesthetized with a ketamine and xy-
lazine cocktail (120 and 6 mg/kg, respectively) by intraperitoneal 
injection, and positioned in a stereotaxic apparatus (Model 900, 
David Kopf Instruments, Tujunga, CA, USA). Whenever whisker 
movements were observed during the surgery, supplemental an-
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esthetic (a third of the original dose) was given. After skull exposi-
tion, the high-density EEG microarray was placed on the skull 
as previously described in detail [32] with video demonstration 
[36]. In addition to the microarray, two Teflon-coated tungsten 
electrodes (ϕ=115 μm, A-M systems, Everett, WA, USA) were im-
planted into the ventroposterior thalamus (VP, AP: -1.6 mm, ML: 
-1.7 mm, DV: 3.4~3.7 mm) and the thalamic reticular nuclei (nRT, 
AP: -0.6 mm, ML: 1.3 mm, DV: 3.0~3.2 mm). Two microscrews 
(chrome-plated stainless steel, Asia Bolt, Seoul, Korea) were fixed 
onto the skull above the right cerebellum (AP: -5.7 mm, ML: 1.7 
mm) and the right olfactory bulb (AP: 4.5 mm, ML: 1.5 mm) for 
reference and ground electrodes for LFP electrodes respectively. 
The electrodes were secured to the skull with dental acrylic cement 
(Vertex-Dental, Vertex Self-Curing, Zeist, The Netherlands). The 
incised skin was sutured and antibiotic cream was applied. After 
surgery, the mice were allowed to recover in individual cages for at 
least a week. The montage of high density EEG and the histologi-
cal confirmation are in Fig. 1A. The locations of LFP tips were 
confirmed after experiments (Fig. 1B and 1C) and wrong positions 
were excluded in further analysis. 

EEG recording and movement monitoring

The high-density EEG and thalamic LFP were simultaneously 
recorded using a SynAmp2 amplifier (Neuroscan Inc., El Paso, 
TX, USA). All signals were digitized with 1 kHz sampling rate and 
band-pass filtered from 0.1 to 100 Hz. The impedance of microar-
ray channels was maintained < 100 kΩ (at 30 Hz test frequency). 
All recordings were performed in a clean beaker to prevent any ex-
cessive explorative behaviors, and videos were recorded to observe 
animal behaviors. Recordings were performed for 1 and 2 hours 

in the case of the GHB model mice and the PLCβ4 model mice, 
respectively. 

Detection of SWDs

Before detection of SWDs, visual inspection was performed on 
the hdEEG and the periods of contaminated signals were excluded 
prior to applying the algorithm. SWDs in each channel were de-
tected automatically with the following steps: 1) we normalized the 
signals with average power in the frequency range of 90~100 Hz 
to set the impedance levels of electrodes to a similar level, then a 
band-pass filter with cutoff frequency of 1 and 30 Hz was applied 
with a 8th order zero-phase delay Butterworth filter. 2) The stan-
dard deviation of the signals during the quiescent awake baseline 
period was calculated and used as the threshold for event detec-
tion. 3) In individual channels, all peaks above the threshold were 
detected using peak detection algorithm. 4). The periods with a 
repetition of more than two peaks with inter-peak distance in the 
range of 100~500 ms were selected, and those periods longer than 
0.5 s were classified as potential SWD events. 5) The coefficients of 
multiple correlation, R ij was calculated for all channels, i  and j . The 
periods with R ij exceeding the upper value of a 95% confidence 
interval of the correlation coefficients obtained from surrogate 
dataset were assigned as SWD events. The moments of SWD on-
set and termination were defined as the moments that the instan-
taneous amplitude first and last crossed the threshold value. The 
duration of SWDs was defined from the earliest SWD onset to the 
last SWD termination found in the cortical EEG channels. Peak-
to-peak amplitude was defined as the voltage difference between 
the negative and positive peaks of the spike in the SWD event. Nu-
merical data were presented as mean±s.e.m.

Fig. 1. (A) Montage of high density EEG electrodes. The cortical regions were colored according to the coordinates in the Mouse Brain in Stereotaxic 
Coordinates (Keith B.J. Franklin, George Paxinos, 3rd Ed, Academic Press). The numbers represent the electrode number of EEG electrode. FrA, frontal 
association cortex; M1, primary motor cortex; M2, secondary motor cortex; S1, primary somatosensory cortex; V1, primary visual cortex; V2, secondary 
visual cortex. (B) Histological verification of the tip of reticular thalamic LFP electrode. RT, thalamic reticular nucleus; sm, stria medullaris of the thala-
mus; f, fornix; st, stria terminalis; IC, internal capsule. (C) Histological verification of the tip of ventral basal LFP electrode. VB, ventrobasal nucleus.
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Determining existence of waxing and waning patterns in 

SWD 

To investigate whether the SWD presents a waxing and waning 
morphology with round peaks and valley, we applied the linear 
and quadratic regression models on the sequence of peak-to-
peak amplitude in the spikes and then compared the goodness-
of-fit between two models. We used polyfit  function in MATLAB 
(Mathworks, Inc. Natick, MA, USA) to find the coefficients for 
the linear and quadratic regression models and calculated the R-
squared for each model. If the sign the quadratic term is negative 
and R-squared for the quadratic regression model is larger than R-
squared for the linear regression model, we determined that the 
SWD presents waxing and wanning pattern. 

Spectral analysis and topography

The high-density EEG data was analyzed with a custom-made 
MATLAB (Mathworks, Inc. Natick, MA, USA) program. The 
channels with contact impedance higher than 1 MΩ were exclud-
ed from the analysis. Spectral analysis was performed by Welch’s 
method with a 1-s Hanning window and a 0.25-Hz frequency bin 
size. Mean power of peak frequency (3~5 Hz and 6~8 Hz in the 
GHB model and the PLCβ4 model, respectively) was presented 
as topography. The topographical mapping was represented by a 
color map on the mouse brain surface which was rendered by a 
‘spm_surf ’ function in SPM8 (Wellcome Trust Centre for Neuro-
imaging, UCL, London, UK) using the mouse magnetic resonance 
microscopy atlas (downloadable in http://www.loni.ucla.edu/). 
The fictitious points for the surface were estimated with a cubic 
spline interpolation method on an imaginary 2-D 250×250 mesh-
grid based on the coordinates of the microarray. 

Histological analysis

For histology, the post-recorded mice were deeply anesthetized 
with 2% avertin and transcardially perfused with 200~300 ml of 
0.9% NaCl followed by 200 ml of 4% paraformaldehyde in 1 X 
PBS. Perfused brains were removed and fixed overnight in the 
same fixative at 4℃. Brains were then frozen in freezing media and 
coronal sections (30 μm) were cut by cryostat HM525 (Thermo 
Scientific Inc. Microm, Walldorf, Germany). The brain slices were 
collected in tissue storage buffer and images were visualized with 
BX50 (Olympus Cor., Tokyo, Japan) to verify electrode positions. 

Statistical analysis 

For identifying the channels with significantly increased power 
compared to baseline fluctuation, Student’s paired t-test was em-
ployed. For comparing SWD variables (e.g. event duration, and the 
duration and amplitude of spikes) between the two models, a non-

parametric hypothesis test, Kolmogorov-Smirnov test was used. 
The difference was considered to be significant if p<0.05.

Data availability 

The raw data that support the findings of this study are available 
from the corresponding author upon reasonable request but re-
strictions apply to the availability of these data publicly. 

RESULTS

Spike and wave discharge patterns 

Spike-wave-discharge bursts of typical absence seizures were 
observed in high-density EEG data across a total of 43 SWDs in 5 
of the GHB model mice and a total of 47 SWDs in 6 of the PLCβ4 
model mice. The mean occurrence rate of seizures in the GHB 
model was 2.5±2.6 per min. Typically, SWDs started to occur 5 
to 10 min after the injection of gamma-butyrolactone (GBL, pro-
drug of GHB), and only the episodic SWDs were counted for data 
analysis. In the PLCβ4 model, all the SWD events have similar 
waveform characteristics in terms of spike and wave patterns. On 
the other hand, the SWDs observed in GHB model have relatively 
dissimilar waveform characteristics compared to PLCβ4 model. 
The occurrence rate was 4.1±2.4 per permin in the awake PLCβ4 
model, which was not significantly different from the GHB model 
(Two-sample Komogorov-Smirnov test, p-value=3.98E-21). The 
mean durations of SWDs were 1.48±0.61 sec and 1.13±0.30 sec in 
the GHB model and the PLCβ4 model respectively (Two-sample 
Kolmogorov-Smirnov test, p-value=1.88E-5). We double-checked 
the thalamic LFPs to avoid any false detection of swing noise pro-
duced by abrupt moves in the interface between wires and con-
nector board of microarray. The raw traces of high-density EEG 
and LFP signals containing SWDs are exemplified in Fig. 2C and 
2D. 

Wave patterns of SWDs were clearly distinguishable be-

tween the two models

First, the PLCβ4 model had sharper spikes with a positive polar-
ity compared to the spikes observed in the GHB model. The spike 
width (i.e. the time interval between a pair of successive nega-
tive and positive peaks) in the GHB model was 82.1±15.0 msec, 
whereas it was 25.6±5.4 msec in the PLCβ4 model (Two-sample 
Kolmogorov-Smirnov test, p-value=1.80E-14). Conversely, the 
overall peak amplitudes (i.e. the voltage difference between the 
negative and positive peaks) in the two models were not signifi-
cantly different: 255±427 μV in the GHB model and 208±258 μV 
in the PLCβ4 model (Two-sample Kolmogorov-Smirnov test, p-
value=0.6851). 
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Fig. 2. High-density EEG (hd-EEG) and thalamic LFP montage and absence seizure events in model mice. (A) Cortical hd-EEG and thalamic LFP 
montage. Black dots indicate EEG channels and red dots indicates thalamic regions. BP, bregma point; LP, lambda point; VP, ventroposterior thalamic 
nucleus; nRT, thalamic reticular nuclei; REF, reference; GND, ground. (B) Three-dimensional visualization of electrode locations with anatomical details 
through a transparent surface. (C, D) Representative raw traces of hd-EEG and LFP signals of SWD in the GHB model and the PLCβ4 model, respec-
tively. (E, F) Representative spectrograms of SWD EEG recorded in primary somatosensory cortex in the GHB model and the PLCβ4 model, respec-
tively.
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Second, the traces of SWDs in the GHB model mice tended to 
have a waxing and waning rhythmic pattern [37, 38] that is at-
tributed to a progressive entrainment of spikes into the oscillation, 
followed by a progressive desynchronization [39]. A comprehen-
sive analysis based on nonlinear regression of the quadratic curve 
revealed that 35 out of 43 SWD events in the GHB model showed 
waxing and waning patterns, although not in all of the channels. 
A total of 24.2±19.8% of SWD-detected channels showed waxing 
and waning SWD patterns. Conversely, in the PLCβ4 model, 34 
out of 47 SWDs events showed waxing and waning patterns in 
2.0±4.1% of SWD-detected channels. 

Third, the mean frequency of SWDs, calculated by the inverse 
of peak intervals, was significantly different between the two 
mouse models: the frequency in the GHB model was 4.16±1.12 
Hz, whereas in the PLCβ4 model it was 7.37±0.74 Hz. Fig. 1E and 
1F showed the representative spectrogram of EEG in the primary 
somatosensory cortex. 

Topographical analysis of power and spike amplitude 

High-density EEG data in a large area of the mouse cortex was 
examined in a topographic presentation on the mouse brain sur-
face. First, the spatial distribution of spectral power in the seizure 
bands (3~5 Hz and 6~8 Hz in the GHB and PLCβ4 models re-
spectively) were plotted over the cortex (Fig. 3A and 3B). The EEG 
channels with significantly increased spectral power compared to 
the baseline fluctuations were marked as black dots. In both mod-
els, the significantly altered channels were located in the prefrontal, 
motor, and anterior side of the somatosensory cortex, while more 
temporal channels were affected in the PLCβ4 model. Generally, 
the spectral power was larger in the GHB model compared to the 
PLCβ4 model. By applying the Fourier transform, the spectral 
power measures the signal levels of waves with wavelength of 
200~333 ms and 125~167 ms for the GHB and the PLCβ4 models 
respectively. The waves with these wavelength ranges were the 
discharges followed by spikes, suggesting that the wave discharges 
followed by spikes were stronger in the GHB model than in the 
PLCβ4 model. 

In order to estimate the magnitude of the spikes, we calculated 
the voltage difference between the negative peak and the following 
positive peak of the spikes, and depicted their topography in Fig. 
3C and 3D. In the GHB model, the the highest amplitude spikes 
were found in the medial frontal cortex, while the lateral parietal 
cortex presented the largest amplitude spike in the PLCβ4 model. 
The channel with the largest spike amplitude is on top of the 
somatosensory cortex (see the EEG montage in Supplementary 
information 1A). As the spikes in the SWDs corresponds to the 
synchronous neuronal firings [7], it indicates conclusively that the 

Fig. 3. Topographical comparison of SWD in the GHB and the PLCβ4 
models. (A, B) Topographical maps of the power of the seizure frequency 
in the GHB model (3~5 Hz) and the PLCβ4 model (6~8 Hz), respectively. 
(C, D) Topographical maps of peak-to-peak amplitudes in the GHB and 
the PLCβ4 models, respectively. (E, F) Seizure onset probability maps in 
the GHB and the PLCβ4 models, respectively. (G, H) Rank of the onset 
probability for each channel in the GHB and the PLCβ4 models, respec-
tively. Black dots in (A~D) indicate the EEG channels with significantly 
increased spectral power compared to the baseline power.
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cortical regions of synchronous neuronal firings are different for 
both models. 

Spatial distributions of seizure onset 

The onset patterns indicating the initiation of SWDs were in-
vestigated by pinpointing the temporal point of the first peak in 
each EEG channel after the moment of crossing a preset threshold. 
Fig. 2E and 2F displays the probability map of the seizure onset. 
Although multiple foci were observed in both models, the so-
matosensory regions were highly likely to be the initiating regions 
of SWDs in the PLCβ4 model, whereas the onset patterns were 
more scattered in the GHB model. The onset probability ranking 
of each channel showed that most SWDs were initiated within the 
somatosensory cortex in the PLCβ4 model, whereas the SWDs in 
the were initiated most likely in the prefrontal cortex in the GHB 
model (Fig. 3G and 3H). In addition, foci were also observed in 
other cortical areas in the GHB model.

DISCUSSION

Spike and wave discharge patterns

In this paper, we studied the topographical patterns of spike-
wave discharges in transgenic and pharmacologically induced 
absence seizure models. The origin of the SWDs remains con-
troversial. Some studies propose the cortical onset, and others 
the subcortical one (diencephalon), both based on animal and 
human data [40]. While “thalamic clock” theories support the 
hypothesis that sleep-like spindles give rise to the absence-related 
SWDs that originate in the subcortical structures, particularly in 
the thalamic complex, “cortical focus” theories suggest that lead-
ing spikes may originate around the cortical somatosensory areas 
and the thalamus provides a resonant circuitry to amplify and 
sustain the discharges [5, 41, 42]. “Cortical reticular” theory, which 
is still widely accepted, suggests that hyperexcitable cortex trans-
forms normal sleep spindles into the paroxysmal oscillation of the 
SWDbut the relative contributions of the cortex and the thalamus 
and their interactions are still a matter of debate [42, 43]. Together 
with lesion studies of the reticular thalamic nucleus [26], various 
findings in thalamocortical neurons in absence models – such as 
the upregulations of the various types of Ca2+ channels, anomalies 
of Ih, and the lack of some of the GABA-subunits in the reticular 
thalamic neurons – imply that the thalamic complex may still be 
an important site for the pathophysiology of SWD generation [17, 
19, 30, 44, 45]. PLCβ4, a downstream signaling molecule of type 
1 metabotropic glutamate receptors, is highly expressed in TC 
neurons but far less in nRT and the cortex in whole brain quanti-
fication of knock-out model [46]. Global deletion of PLCβ4 in the 

whole brain caused changes in the intrinsic properties of TC neu-
rons, SWD generation in thalamocortical networks, and absence-
like behavioral changes [33, 47]. The excitatory synaptic inputs 
in TC and nRT neurons from the cortex through the cortico-
thalamic feedback loop would increase in the PLCβ4 model [48], 
due to the decreased tonic firing of TC neurons [49]. Given the 
scarcity of rebound T-channel bursts in TC neurons in vitro and in 
intact animal studies [50, 51], increased T-channel bursts in these 
neurons may not be relevant to SWD generation in the PLCβ4 
model, whereas the bursts of nRT neurons play a key role in SWDs 
development and their cycles, due to their feedforward inhibition 
of TC neurons [52, 53]. The combination of increased excitatory 
inputs to TC and nRT from the cortex on the one hand, and the 
resultant enhanced bursts in nRT on the other, may contribute to 
the generation of the phase-locked paroxysmal oscillations and 
the more rapid synchronous spreading of SWDs in the cortex.

Considering that the oscillations on a large-scale level reflect the 
membrane resonant states on a cellular level, the different frequen-
cies in SWDs, i.e. spike width differences, imply that the two mod-
els have different underlying mechanisms for driving the resonant 
oscillations. Strong similarities in the firing dynamics and neuro-
nal interactions in cortico-thalamo-cortical circuits between the 
two models suggest that similar mechanisms may underlie SWD 
generation in the thalamic complex. The complex dynamics of TC 
and nRT neuron firings were similarly demonstrated in the rodent 
GAERS and the GHB models recently, where a selective blockade 
of T-channels in NRT and cortical neurons decreased ASs, empha-
sizing the importance of nRT in SWD generation [54]. The injec-
tion of GBL in PLCβ4 knock-out mice reportedly induced slower 
SWDs (2~5 Hz) in the frontal cortex and the ventrobasal thalamic 
complex – the same frequency as observed in the GHB model [33]. 
This intervention masked faster kinetics of innate resonance (ap-
prox. 7 Hz) in the PLCβ4 model, rather than generating two dif-
ferent frequency oscillations. This finding implies that the SWDs 
from both the GHB model and the GBL injected PLCβ4 knock-
out mice, governed by the slow kinetics of GABAB receptors, share 
certain common networks which underlie SWD generation [18]. 
Targeting extrasynatpic GABAA receptors by the GHB in TC and 
layer IV cortical neurons may also lead to slower kinetics of SWDs 
compared to the faster kinetics of SWDs in genetic models [55]. 
However, it was not known whether these innate resonant SWDs 
in the PLCβ4 model were also attenuated in other brain regions. 
It should be emphasized that GBL only induced ASs in human 
subjects with a history of epileptic seizures, but never without such 
a history. That the humans without a history of seizures reportedly 
retained minimal consciousness implies that the GHB does not 
completely affect consciousness networks in humans. It would be 
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interesting to compare an epileptogenic network in GBL treated 
AS patients with SWD generation networks in the rodent GHB 
model. 

Spatial distribution of seizure onset 

Prior research suggested that cortical initiation sites were local-
ized in layers V~VI of the somatosensory cortex or the perioral 
region of the somatosensory cortex in genetic AS rodent models 
[2], but few studies have explored SWD’s spatial distribution in the 
GHB model [29, 56]. A recent study suggested that the SWDs are 
focal in onset, evolving from the somatosensory cortex [32] and 
spreading to other cortical areas and the thalamus with a reverber-
ating pattern. In this study, the power of the SWDs in the posterior 
parietal or occipital lobes did not increase significantly during 
SWDs. 

Evaluating cortical high-density EEG and thalamic LFP signals 
of both models in this study, we found that most SWDs were 
initiated within the somatosensory cortex in the PLCβ4 model, 
whereas in the GHB model the initiation of SWDs was dispersed 
throughout the cortex, although initiation sites were distinctly 
localized within the cortex. We did not observe that SWD initia-
tion is linked to prior sleep spindle generation. It seemed nRT 
was not affected by both the GHB and the deletion of PLCβ4. 
Topographical spatiotemporal patterns of SWD were clearly dis-
cernible between the two models, even though multiple foci were 
observed in both models: widely spreading SWDs (GHB model) 
vs. relatively focal SWDs (PLCβ4 model). In consideration of the 
dispersive perfusion of the drug into the brain and the global 
distribution of GABAB and GHB receptors [57] throughout the 
brain, it is interesting to note that the power of the SWDs in the 
GHB model is mostly confined to the frontal regions rather than 
being generalized, and that the onset patterns were more scat-
tered than the PLCβ4 model. Conversely, in the case of the PLCβ4 
model, relatively confined cortical areas engaging SWD genera-
tion strongly indicates that the particular cortical networks are in-
volved in the generation of spontaneous SWDs, because very low 
levels of expression of PLCβ4 in the cortex imply this region is not 
affected by pathophysiological changes by the deletion of the gene. 
The analysis of SWD powers indicated that SWDs occurred pre-
dominantly in the medial prefrontal cortex in the PLCβ4 model. 
That the maximum latency from the initiator was much slower in 
the GHB model than the PLCβ4 model indicates fast propagated 
epileptogenic networks of the PLCβ4 model, whereas widespread 
networks are involved in SWD generation in the GHB model. 

Comparison of topography

The pharmacological and genetic models used in this study 

showed markedly different spatiotemporal patterns in the propa-
gation of SWDs in the brain. In the GHB model, the topographi-
cal analysis showed global and large-scale changes in power but 
the peak-to-peak amplitudes of spikes were relatively weaker. 
Interestingly, the spikes were confined primarily to the frontal 
cortex indicating increase of functional connectivity in this region. 
In contrast, topographical maps of the PLCβ4 model showed a 
strong signal in the prefrontal cortex, with a large spike ampli-
tude in the parietal cortex, although the SWD was initiated in the 
somatosensory cortex. Increased functional connectivity in the 
prefrontal cortex is noticeable in the PLCβ4 model. In absence 
seizures in humans, functional connectivity increased between the 
frontal, parietal, and temporal lobes, whereas it decreased in the 
DMN, which may be attributed to the loss of consciousness [58]. 
In consciousness patients, the functional connectivity within the 
DMN has been known to be negatively correlated with the level 
of consciousness [59]. A consistent and reproducible observations 
in human absence seizure patients is a reduction in the activa-
tion of DMN structures and an enhancement in the activation 
of thalamus [1]. The blood oxygen level dependent signals in the 
medial and lateral prefrontal cortex, the posterior cingulate and 
the precuneus, the hub structures of DMN, were reported to be 
decreased during absence seizure [1, 13, 60]. Our data showed that 
the medial prefrontal cortex and parietal cortex belong to DMN 
experience frequent SWD in PLCβ4 model suggesting the model 
as consciousness patient model. But further analysis of functional 
connectivity between thalamus and cortex is required to translate 
this genetic model to human patients. Still, these finding indicates 
the possibility of developing therapeutics specifically to treat the 
consciousness patients. Relatively little activity of epileptic seizures 
in the parietal region and different spatiotemporal patterns in the 
GHB model may reflect that this pharmacological model repre-
sents conspicuously different SWD generation networks from the 
genetic models. The identification of an epileptogenic network 
is clinically important to improving the planning of surgery and 
targeted therapy to control abnormal activities in the relevant hubs 
and nodes of this network. We think comparisons between net-
works involved in absence generation in different animal models 
are valuable and relevant to clinical absence investigation in terms 
of identification of epileptogenic network and therapeutic target. 
Our data suggests that only parts of the consciousness networks 
seems to be involved in the GHB model; therefore, further veri-
fication is needed to establish that the GHB model is a clinically 
relevant absence epileptic model in future studies.
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