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Abstract 

In genetic and refractory epileptic patients, seizure activity exhibits sleep-related 

modulation/regulation and sleep and seizure are intermingled. In this study, by using one het 

Gabrg2Q390X KI mice as a genetic epilepsy model and optogenetic method in vivo, we found that 

subcortical POA neurons were active within epileptic network from the het Gabrg2Q390X KI mice 

and the POA activity preceded epileptic (poly)spike-wave discharges(SWD/PSDs) in the het 

Gabrg2Q390X KI mice. Meanwhile, as expected, the manipulating of the POA activity relatively 

altered NREM sleep and wake periods in both wt and the het Gabrg2Q390X KI mice. Most 

importantly, the short activation of epileptic cortical neurons alone did not effectively trigger 

seizure activity in the het Gabrg2Q390X KI mice. In contrast, compared to the wt mice, combined 

the POA nucleus activation and short activation of the epileptic cortical neurons effectively 

triggered or suppressed epileptic activity in the het Gabrg2Q390X KI mice, indicating that the POA 

activity can control the brain state to trigger seizure incidence in the het Gabrg2Q390X KI mice in 

vivo. In addition, the suppression of POA nucleus activity decreased myoclonic jerks in the 

Gabrg2Q390X KI mice. Overall, this study discloses an operational mechanism for sleep-

dependent seizure incidence in the genetic epilepsy model with the implications for refractory 

epilepsy. This operational mechanism also underlies myoclonic jerk generation, further with 

translational implications in seizure treatment for genetic/refractory epileptic patients and with 

contribution to memory/cognitive deficits in epileptic patients. 
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Introduction 

Sleep and wake are daily physiological events in animals and humans1-4, while sleep spindles in 

the brain underlie memory consolidation5-8. Under pathological conditions in epileptic patients 

due to such as stroke, brain injury and genetic mutations, sleep can be altered resulting in 

memory/cognitive deficits9-16 in patients. Moreover, sleep disturbance has been associated with 

genetic and refractory epileptic patients as comorbid symptoms in epileptic patients9,11,14,15,17,18. 

Sleep rhythm seems to modulate epilepsy incidence in refractory epileptic patients9,11,14,19,20 and 

in genetic epileptic animal models21,22. Our genetic mouse model with het Gabrg2Q390X mutation 

exhibits seizure incident preference during non-rapid eye movement (NREM) sleep21. So far, 

thalamocortical circuitry23-25 underlies the circuitry basis to generate sleep spindles and epileptic 

spike-wave discharges (SWDs) in animal models10,24,26-28 and in human pathological 

conditions10,29. However, this thalamocortical circuitry mechanism does not explain epilepsy-

caused sleep disturbance or sleep-modulated ictal activity in genetic and refractory epileptic 

patients, suggesting that other cortical and subcortical circuitry may be involved.   

 Sleep is controlled by subcortical structures including preoptic area [both extended 

ventrolateral nucleus (VLPO) and median nucleus (MnPO)30, referred as POA together in this 

manuscript] and ventrolateral periaqueductal gray1,3,4,31. These nuclei suppress wake-promoting 

hypocretin/orexin neurons by their gabaergic neuronal output and cause the brain to switch to 

NREM sleep state1,3,31,32. At the same time, during sleep, cortical neurons within thalamocortical 

circuitry exhibit up/down-state alteration7,33-40. Our previous work indicates that sleep-related up-

states (in slow-wave oscillation during NREM sleep) selectively and balanced potentiate 

excitatory and inhibitory synaptic strength in cortical neurons from wild-type (wt) mice, while 

sleep-related up-states only potentiate excitatory synaptic strength in cortical neurons from one 

genetic mouse model with Gabrg2Q390X mutation21,41. Thus, we hypothesize that the subcortical 

POA can use this synaptic potentiation mechanism to trigger or regulate epilepsy incidence in the 

het Gabrg2Q390X knock-in(KI) mice. This mechanism is compatible with one study that 

stimulating MnPO nucleus can cause absence epilepsy in one rodent epileptic model42.  

 Using one genetic epilepsy mouse model with a Gabrg2Q390X mutation in gabaergic 

receptor γ-subunit in cortical neurons and optogenetic method21,41, we found that POA multi-unit 

activity preceded epileptic activity in the het Gabrg2Q390X KI mice and the POA neurons were 

active due to epileptic activity in the het Gabrg2Q390X KI mice. Further, manipulating of the POA 

activity triggered or suppressed epilepsy incidence in the het Gabrg2Q390X KI mice, supporting 

one operational mechanism that the subcortical POA can trigger or regulate epilepsy incidence in 

this genetic epilepsy model with implications in memory and cognitive deficits in epileptic 

patients.          

 

Methods 

Mouse surgery for EEG/optic cannula/tungsten electrode implantation With all procedures 

in accordance with guidelines set by the institutional animal care and use committee of 

Vanderbilt University Medical Center, homozygous cFos-tTA::TetO transgenic mice were 

created by crossing  cFos-tTA mice (#018306 from The Jackson Laboratory)43 and TetO mice 
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(#017906, Tg(tetO-hop/EGFP,-COP4/mCherry)6Kftnk/J, from The Jackson Laboratory)44. The 

homozygous mice then crossed with  het Gabrg2Q390X KI mice to breed cFos-tTA::TetO::wt 

littermates and cFos-tTA::TetO::het Gabrg2Q390X KI mice (shortened as wt and het mice unless 

specified) to activity-dependently express both halorhodopsin (NpHR) and channelrhodopsin 

(ChR2) proteins in neurons within cerebral cortex and subcortical structures for the optogenetic 

manipulation of cortical/subcortical activity. In the cFos-tTA:tetO::wt and cFos-tTA::tetO::het 

Gabrg2Q390X KI mice, the NpHR protein expression in the brain was confirmed by checking 

green GFP expression in neurons and the ChR2 protein expression by red mCherry expression in 

neurons (further with antibody against mCherry) within brain slices or post-PFA fixed brain 

sections (see cell counting section). cFos-GFP mice (#014135, from The Jackson Laboratory) 

were also used to breed cFos-GFP::wt and cFos-GFP::het Gabrg2Q390X KI mice for tracking 

cFos-GFP positive neurons within the whole brain. After anesthetized with 1–3% isoflurane 

(vol/vol) during aseptic surgery, these wt and het mice (both genders, 2-5 month old) were 

implanted three EEG screw electrodes (each for one hemisphere and one for grounding above 

cerebellum, Pinnacle Technology, #8201). Meanwhile, depending on experiments, two fiber 

optic cannulas (0.2-0.4 mm diameter, Thorlabs Inc., Newton, New Jersey) for laser light delivery 

in vivo were also implanted in somatosensory cortex and subcortical preoptic area [POA, 

extended ventrolateral(VLPO) and median preoptic(MnPO) nuclei32] (brain atlas coordinates: 

somatosensory cortex range, anterior-posterior between -1.82 and -0.46 mm, midline-lateral 

between +2.0 and +4.0 mm reference to bregma, dorsal-ventral 0.7-1.1 mm reference to pia 

surface; POA, anterior-posterior between +0.4 and +0.2 mm, midline-lateral between 0.3-0.5 mm 

reference to bregma, dorsal-ventral 5.5-5.7 mm reference to pia surface). When necessary, EEG 

screw electrode positions were adjusted for the space of optic cannula implantation. In addition, 

one bipolar tungsten electrode was implanted into the POA nucleus in some experiments. 

Tungsten electrode/optic cannula placements within the brain were checked after euthanasia. 

One pair of EMG leads were inserted into the trapezius muscles to monitor mouse motor activity 

such as head movements and staring along with simultaneous videos.  

EEG/multi-unit recordings in vivo As the methods before21, post-surgery mice were 

continuously monitored for recovery from anesthesia and remained in the animal care facility for 

at least 5 days or 1 week (normal wake/sleep circadian rhythm) before simultaneous EEG/multi-

unit activity recordings in vivo, along with epileptic behavior being video-recorded for Racine-

stage scoring. Two-channel EEG (band filtered at 0.1~100Hz) and one-channel POA multi-unit 

recordings (band filtered 300-10K Hz) along with one channel EMG(band filtered 10-400Hz) 

were collected by using two multiClamp 700B amplifiers (total 4 channels and all in current-

clamp mode) (Molecular devices Inc., Union City, CA) and Clampex 10 software (Molecular 

Devices Inc., Union City, CA), and digitized at 20 kHz using a Digidata 1440A. An optic fiber 

cable was connected to the optic cannula to deliver laser, which was controlled by a yellow 

DPSS laser for NpHR [MGL-III-589-50 (50mW, Ultralazers Co., Inc)] or a blue DPSS laser for 

ChR2 [MBL-III-473-100 (100mW, Ultralazers Co., Inc)]. And the laser delivery timing was 

controlled by Clampex 10 software with continuous 0.5 Hz yellow laser for NpHR activation or 

20 Hz blue laser (1 ms for each pulse duration) for ChR2 activation (20-30 ms duration similar 

as sleep spindle duration24). The intensity was determined by slice experiments ex vivo (see brain 

slice section). Single mice could be conducted with both POA activation and suppression with at 
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least 1-2 hour intervals and without specific temporal sequels. Thus, pre-control SWD/PSD data 

in mice were mixed from fresh start mouse pre-control data and post-optogenetic manipulation 

mice for summary data. 

Mouse epileptic EEG activity was defined as bilateral synchronous (poly)spike-wave 

discharges(PSDs)(SWDs, 6-12Hz) with duration >1 s and voltage amplitudes at least twofold 

higher than baseline amplitude. During NREM sleep period, SWD/PSD amplitudes were set as at 

least 1.5X of baseline amplitude due to large delta EEG amplitude. All atypical and typical 

absence epilepsy and general tonic-clonic seizures (GTCS) started with SWD/PSDs, 

accompanied by characteristic motor behaviors. The behavior associated with SWD/PSDs 

consisted of immobility, facial myoclonus and vibrissal twitching. The SWD/PSDs and animal 

epileptic behaviors were also checked and confirmed by persons blind to animal genotypes. The 

onset times of SWD/PSDs were determined by their leading edge points crossing (either upward 

or downward) the precedent EEG baseline. PSDs will be identified as very brief (< 0.5 second), 

high frequency (approximately 50 ms interspike interval) complexes45,46 with voltages at least 

twice the background voltage. SWDs have a lower spike frequency (interspike interval 125-166 

ms), and a much higher rhythmicity than the PSDs46. PSDs often coincide with myoclonical jerks 

and SWDs. Epileptic myoclonic jerks46-48 will be identified as very brief (<1 s), lightening-like 

body spasms associated with PSDs49. Interictal spikes(IS) will be detected by at least 5x standard 

deviation (with durations <100ms) above baseline EEG mean amplitudes50,51 to prevent false 

positive detection48. Unlike IS, myoclonic seizures(jerks) are associated with head/body/tail-

limbs jerks48. Due to the short experiment time of optogenetic manipulation, GTCSs in the het 

Gabrg2Q390X KI mice were very rare and not examined in this study. High-frequency tungsten 

multi-unit activity was obtained by post-experiment band-filtering(400~800Hz) originally 

recorded tungsten electrode activity band-filtered at 300-3K Hz in vivo. One threshold detection 

method (at least 2X baseline amplitude) was used to detect high-frequency activity events using 

Clampfit 10 software (Molecular Devices Inc., Molecular Devices Inc., Union City, CA) and 

their duration was analyzed. Any high-frequency activity associated with motor behaviors (video 

monitored) was removed from this analysis.  

Sleep period was determined as period without nuchal EMG activity(active sleep) or just 

twitch activity(quiet sleep), while wake period was defined as large amplitude EMG activity21. 

The spike-sorting method was used to identify multi-unit activity within POA (including both 

VLPO and MnPO nuclei) during sleep period, by using the spike amplitudes and spike width52. 

These units were confirmed as sleep-selective POA firings and they were further examined 

whether or not they preceded and/or synchronized with SWD/PSDs. The intervals were defined 

as the time between the end of the POA multi-unit activity and the adjacent SWD/PSDs (shorten 

as POA-SWD/PSDs). If multiple SWD/PSDs followed the POA multi-unit activity, we used the 

first SWD/PSD for the POA-SWD/PSD intervals. In a similar way, if multiple POA multi-unit 

activities preceded the SWD/PSDs, only the last POA activity were used to determine the 

intervals. If the POA multi-unit activities synchronized with the SWD/PSDs, we would use the 

leading point of the POA multi-units and the leading points of the SWD/PSDs.     

cFos-positive puncta/cell counting Some mice were cardiacally perfused with 

paraformaldehyde (PFA, 4% in PBS) to fix brain tissues and fixed mouse brains were sectioned 

in 70µm thickness to examine cFos-GFP positive neurons within somatosensory cortex and 
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subcortex preoptic area regions (which included the implantation area of optic cannulas) from 

both cFos-GFP::wt (or cFos-tTA:tetO::wt) and cFos-GFP::het Gabrg2Q390X KI mice (or cFos-

tTA::tetO::het Gabrg2Q390X KI mice). Neurons were also stained with DAPI (VECTASHIELD® 

mounting media H-1500, Vector Laboratories Inc. Burlingame CA) for nucleus stainings. Under 

one fluorescence microscope(Leica dm6000B, Leica Microsystems Inc., Buffalo Grove, IL) or 

Zeiss LSM-710 inverted confocal microscope, the cFos-GFP positive neurons within the same 

brain sections were be counted within a fixed size counting box. Within mouse brain atlas S1 

cortex coordinates between -1.82 and -0.46 mm (anterior-posterior), three coronal sections (for 

each mouse, anterior-posterior) around the -1.5mm (optic cannula implantation site) were used 

with 200 mm apart. Within mouse brain atlas POA coordinates between anterior-posterior 

+0.5~+0.2 mm that cover the implantation coordinates of optic cannulas, the MnPO nucleus was 

framed by the top of 3rd ventricle and the ventral side of medium septum53 and the VLPO 

nucleus was framed by the lateral edge of 3rd ventricle and extended 250 µm dorsallly and 

300~800 µm laterally in three coronal sections32. These neuron counts (total within 3 

sections/both sides) were further analyzed with Image-J program (downloaded from NIH 

website), with different thresholding levels.   

Mouse brain slice preparation and recordings Brain slice preparation has been described in 

our previous work41. Both wt littermates and het Gabrg2Q390X KI mice aged P60-15054 were used 

in this study. After mice were deeply anesthetized and decapitated, mouse brains were sectioned 

with a vibratome(Leica VT 1200S, Leica Biosystems Inc) for coronal brain slices (300-320 µm 

thickness,  containing somatosensory cortex or VLPO/MnPO nuclei) in a sucrose-based ice-cold 

solution (containing [in mM]): 214 sucrose, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 10 MgSO4, 24 

NaHCO3, and 11 D-glucose, pH 7.4) and brain slices were incubated in a chamber at 35-36°C for 

40 min with continuously oxygenated ACSF (see below for components). Finally slices 

remained at room temperature for at least 1 h before electrophysiological recordings at 32°C. By 

using a Nikon infrared/DIC microscope (Eclipse FN1, Nikon Corp. Inc), whole-cell patch-clamp 

recordings (voltage- or current-clamp) were made from somatosensory cortical cFos-GFP 

positive layer V pyramidal neurons or VLPO/MnPO neurons while slices were continuously 

superfused (flow speed 1-1.5 ml/min) with ACSF (containing (mM):  126 NaCl, 2.5 KCl, 1.25 

NaH2PO4, 2 CaCl2, 2 MgCl2, 26 NaHCO3, 10 D-glucose, pH 7.4) bubbled with 95% O2/5% CO2. 

Using an internal solution [consisted of (in mM): 120 K-gluconate, 11 KCl, 1 MgCl2, 1 CaCl2, 

0.6 EGTA, 10 HEPES, 2 Na-ATP, 0.6 Na-GTP, 10 K-creatine-phosphate, pH 7.3 and filled 

electrodes with resistances of 2~5 MΩ], sEPSCs were recorded at a holding potential -55.8mV 

(Cl- reversal potential). The internal solution for sIPSCs contained (in mM): 65 K-gluconate, 65 

KCl, 10 NaCl, 5 MgSO4, 0.6 EGTA, 10 HEPES, 2 Na-ATP, 0.6 Na-GTP, 10 K-creatine-

phosphate, pH 7.3. For action potential recordings, the same internal solution was used as that 

for sEPSC recordings. Access resistance Ra was continuously monitored and recordings with Ra 

larger than 25MΩ or 20% change were discarded.   

Data were collected by using one multiClamp 700B amplifier (filtered at 2 kHz) and 

digitized at 20 kHz by using one Digidata 1440A(Molecular Devices Inc., Union City, CA), 

along with Clampex 10 software (Molecular Devices Inc., Union City, CA). Both sEPSCs and 

action potentials were analyzed with a threshold detection method (2.5X baseline RMS for 

sEPSC) by using Clampfit 10.0 software program55,56. All detected sEPSC events were checked 
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by eye to ensure that their waveforms had normal rising and decaying phase. All figures were 

prepared with both Microsoft Excel, SigmaPlot and Adobe Photoshop softwares. Data were 

expressed as mean ± SEM(standard error). Statistics were performed with student paired t-test or 

one/two-way ANOVA with p<0.05 as significance.   

 

Results  

Epilepsy-related cFos-GFP positive neurons are present in somatosensory cortex and 

preoptic nucleus (POA, both MnPO and VLPO) in het Gabrg2Q390X KI mice  

Sleep has been shown to modulate epilepsy activity in human patients, particularly for refractory 

epilepsy9,11,14,19,20 and genetic epileptic animal models21,22. Thus, we used cFos-GFP transgenic 

mice to examined whether cFos-GFP positive neurons57,58 were present within cortex and 

subcortical structures for epileptic network and sleep circuitry43,59. By using cFos::wt and 

cFos::Gabrg2Q390X KI mice, we identified the cFos-GFP positive neurons within the 

somatosensory cortex (epileptic network) and the subcortical POA (sleep circuitry). Compared to 

wt mice (n=6 mice, cortex S1 wt 20X 438.00±63.29 and extended VLPO wt 20X 278.6±64.35), 

the het Gabrg2Q390X KI mice (n=7 mice) exhibited more GFP-positive neurons within the 

somatosensory cortex (Fig. 1, cortex S1 20X het GFP-positive puncta 684.75±67.81, t-test 

p=0.021) and the subcortical extended VLPO (Fig. 1, extended VLPO 20X het 518.00±51.10, t-

test p=0.016), indicating that sleep-circuitry was more active due to epileptic activity from the 

het Gabrg2Q390X mice, compatible with our recent work on the NREM sleep preference of 

epileptic activity incidence in the genetic Gabrg2Q390X KI epilepsy model21. 

POA neuronal firings precede epileptic discharges in het Gabrg2Q390X KI mice 

Furthermore, we wanted to examine whether POA neuronal activity was real-time correlated 

with epilepsy incidence in the het Gabrg2Q390X KI mice. Multi-unit recordings were used to 

record neuronal activity within the POA from mice and single-unit activity was spike-

sorted/isolated53 for those neurons being active during NREM/REM sleep and even wake period. 

In both the wt and het Gabrg2Q390X KI mice, some POA neurons were selectively active during 

NREM sleep (wt 2.19±0.37 Hz, n=8 from 4 mice; het 3.00±0.509 Hz, n=9 from 5 mice) and 

much less active during REM sleep (wt 0.06±0.04 Hz; het 0.02±0.02 Hz) and wake period (wt 

0.50±0.14 Hz; 0.32±0.08 Hz) (Fig. 2A/C), suggesting that these POA neurons were sleep-related 

and involved in sleep regulation32,53,60. In addition, some POA neuronal firings do not show sleep 

or wake preference (wt n=3, het n=4).  

 In the het Gabrg2Q390X KI mice, some POA neurons were active and immediately 

preceded (627.09±150.60 ms, n=7 from 5 het mice) or synchronized with ictal SWD/PSDs 

discharges (Fig. 2C arrowheads), indicating that these POA neurons were likely involved in the 

ictal discharge incidence in the het Gabrg2Q390X KI mice. 

Sleep and arousal/awake states can be altered by sole optogenetic manipulation of POA 

nucleus in vivo in mice 
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To establish the causal role of the precedent POA neurons in sleep state and further in epilepsy 

incidence from het Gabrg2Q390X KI mice, we crossed the het Gabrg2Q390X KI mice with cFos-

tTA::TetO mice43 to express ChR2 or NpHR proteins in cFos-GFP/mCherry positive neurons 

within the cortex and subcortical POA from the wt and het Gabrg2Q390X KI mice. The cFos-GFP 

protein expression patterns in the het cFos-tTA::TetO::Gabrg2Q390X KI mice were very similar to 

the those in the het cFos::Gabrg2Q390X mice (Fig. 3A het). By delivering blue laser light, cFos-

GFP/mCherry positive neurons within brain slices exhibited action potential firings riding upon 

depolarization ramp (n=5 neurons from the wt or het tTA::TetO::Gabrg2Q390X KI mice)(Fig. 3B), 

while  by delivering yellow laser light, the cFos-GFP/mCherry positive neurons within brain 

slices exhibited no action potential firings upon depolarization ramp (n=6  neurons from the wt 

or het cFos-tTA::TetO::Gabrg2Q390X KI mice)(Fig. 3C), confirming that blue or yellow laser 

lights could effectively activate or suppress cortical/subcortical neurons in the brain from the 

mice.  

  Furthermore, with optic cannulas implanted within the POA from the cFos-tTA::TetO::wt 

and het cFos-tTA::TetO::Gabrg2Q390X KI mice, we examined whether activation or suppression 

of the POA could causally alter brain states in the wt or het Gabrg2Q390X KI mice. As we 

expected, in both the wt and het Gabrg2Q390X mice, the blue-laser activation of the POA by 

expressed ChR2 channels (POA-ChR2), the mice significantly exhibited more NREM sleep/less 

wake period (Fig. 4A/C) [wt (n=7 mice) NREM pre 62.42±5.45% vs post 73.53±4.99%, paired t-

test p=0.022; REM pre 0.28±0.23% vs post 1.39±0.89%, paired t-test p=0.24, wake pre 

37.30±5.49% vs post 25.08±5.25%, paired t-test p=0.018; het (n=10 mice) NREM pre 

79.12±1.47% vs post 83.56±1.48%, paired t-test p=0.036; REM pre 3.5±1.02% vs post 

5.83±2.23%, paired t-test p=0.306; wake pre 17.38±2.33% vs post 12.00±1.69%, paired t-test 

p=0.042]. In contrast, the yellow-laser suppression of the POA by expressed NpHR channels 

(POA-NpHR), the mice significantly exhibited less NREM or/and more wake period (Fig. 4B/D) 

[wt (n=7 mice) NREM pre 74.13±3.38% vs post 64.65±4.29%, paired t-test p=0.0006; REM pre 

3.23±1.55% vs post 6.18±1.66%, paired t-test p=0.027, wake pre 22.64±3.98% vs post 

29.17±5.10%, paired t-test p=0.012; het (n=10 mice) NREM pre 83.15±1.87% vs post 

78.57±2.14%, paired t-test p=0.043; REM pre 4.40±1.41% vs post 5.33±0.78%, paired t-test 

p=0.60; wake pre 11.74±1.59% vs post 14.58±2.50%, paired t-test p=0.394]. Only REM sleep in 

the wt mice seemed to be increased by POA-NpHR activation, which might be due to our 

recordings during daytime period (mouse sleeping period).  

Sole short optogenetic activation of somatosensory cortex does not effectively trigger 

epileptic activity in vivo in het Gabrg2Q390X KI mice  

Our previous work has indicated that sleep-related up-states (in slow-wave oscillations) induced 

synaptic potentiation in cortical neurons can trigger epileptic activity in het Gabrg2Q390X KI mice 

in vivo41. Thus, we examined whether the manipulation of subcortical POA activity could 

interact with cortical epileptic neurons within epileptic network to generate ictal activity in the 

het Gabrg2Q390X KI mice. By using cFos-tTA::TetO::wt and het cFos-tTA::TetO::Gabrg2Q390X 

KI mice, we activated epileptic cortical cFos-GFP/mCherry neurons within somatosensory 

cortex (shortened as S1-ChR2) from mice in a very short period (30 ms, simulating sleep 

spindles duration in cortical neurons24,41) through blue-laser delivery. In the wt mice, we did not 
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find any epileptic activity, while we did observe epileptic activity in the het Gabrg2Q390X KI 

mice. However, blue laser delivery did not significantly evoke epileptic activity in the het 

Gabrg2Q390X KI mice [supplemental Fig. 1, wt (n=7 mice) S1-ChR2: SWD/PSDs/hr pre 

7.14±3.71 vs post 5.57±2.69, paired t-test p=0.18; SWD/PSD duration seconds(s) pre 11.17±5.84 

vs post 9.52±4.99, paired t-test p=0.19; het (n=7 mice) S1-ChR2: SWD/PSDs/hr pre 66.14±16.07 

vs post 85.14±23.06, paired t-test p=0.08; SWD/PSD duration(s) pre 228.49±87.89s vs post 

307.12±114.78, paired t-test p=0.063]. This suggests that without the subcortical POA activity, 

sleep-spindle like short activation of epileptic cortical neurons within somatosensory cortex is 

not sufficiently to trigger epileptic activity in the het Gabrg2Q390X KI mice.  

 

Combined optogenetic manipulation of the subcortical POA activity and somatosensory 

cortex activation regulates epilepsy incidence in vivo in het Gabrg2Q390X KI mice  

However, when the manipulation of the POA activity was combined with short cortical 

activation by S1-ChR2 in the het Gabrg2Q390X KI mice, epileptic activity in the het Gabrg2Q390X 

KI mice could be significantly influenced, while combined POA ChR2-activation/NpHR-

suppression and cortical S1-ChR2 activation in the wt mice did not show any effect on epileptic 

activity except sleep or wake period alteration, similar to results as Fig. 4 (in wt)[Fig. 5, wt (n=8 

mice) POA-ChR2/S1-ChR2: SWD/PSDs/hr pre 8.625±3.34 vs post 7.75±3.13, paired t-test 

p=0.317; SWD/PSD duration(s) pre 13.28±5.25 vs post 11.28±4.78, paired t-test p=0.053] [Fig. 

6, wt (n=8 mice) POA-NpHR/S1-ChR2: SWD/PSDs/hr pre 12.5±5.38 vs post 12.91±5.43, paired 

t-test p=0.791; SWD/PSD duration(s) pre 25.41±11.34 vs post 20.02±9.49, paired t-test 

p=0.379]. Specifically, from the het Gabrg2Q390X KI mice, when the POA was ChR2-activated 

along with a short cortical S1-ChR2- activation, epileptic SWD/PSD incidence was significantly 

increased with longer duration, compared to prior epileptic events before laser delivery [Fig. 5, 

het Gabrg2Q390X KI mice (n=11 mice) POA-ChR2/S1-ChR2: SWD/PSDs/hr pre 78.38±14.19 vs 

post 132.27±22.60, paired t-test p=0.001; SWD/PSD duration(s) pre 221.56±54.25 vs post 

538.43±148.09, paired t-test p=0.026]. Furthermore, from het Gabrg2Q390X KI mice, when the 

POA was NpHR-suppressed along with the short cortical S1-ChR2-activation, epileptic 

SWD/PSD incidence was significantly reduced with shorter duration, compared to prior epileptic 

events before laser delivery [Fig. 6 het Gabrg2Q390X KI mice (n=9) POA-NpHR/S1-ChR2: 

SWD/PSDs/hr pre 129.22±34.61 vs post 74.56±14.98, paired t-test p=0.029; SWD/PSD 

duration(s) pre 490.96±157.26 vs post 249.89±60.60, paired t-test p=0.043]. Moreover, the effect 

of epileptic incidence caused by the combined activation of the POA and the cortex S1-ChR2 in 

the het Gabrg2Q390X KI mice could be reversed by combined the POA-suppression with cortical 

S1-ChR2 or in reverse, compared to the precedent POA-activity (see Fig.5G/6G or 5H/6H), 

indicating that the POA activity can dynamically controls the cortical epileptic activity in the het 

Gabrg2Q390X KI mice, compatible with our previous findings and other study.  

 In addition, sleep spindle generation depends on brain sleep state and cortical neuron 

ensemble activation. With combined POA-ChR2 and S1-ChR2 optogenetic manipulation in wt 

littermate mice in vivo, sleep spindle density was increased (supplemental Fig. 1 wt, pre 

0.0095±0.0010 vs post 0.0170±0.0020, n=6 mice, paired t-test p=0.015), while  in het 

Gabrg2Q390X KI mice, sleep spindle density was reduced (supplemental Fig. 1 het, pre 

0.0081±0.0007 vs post 0.0060±0.0005, n=11 mice, paired t-test p=0.015), indicating that the 
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generation of epileptic activity may occlude the generation of sleep spindles in in het 

Gabrg2Q390X KI mice. 

Meanwhile, we did not observe the effect of POA activation (except suppression) on 

myoclonic jerk activity(MJs)46 in the het Gabrg2Q390X KI mice, suggesting that myoclonic jerks 

may have different incident mechanism47,48 than SWD/PSDs in the het Gabrg2Q390X KI mice[Fig. 

7, wt, (n=8 mice) POA-ChR2/S1-ChR2: MJs/hr pre 2.37±0.94 vs post 3.75±1.47, paired t-test 

p=0.073; POA-NpHR/S1-ChR2: MJs/hr pre 2.75±1.11 vs post 2.88±1.20, paired t-test p=0.59] 

[het Gabrg2Q390X KI mice (n=9 mice) POA-ChR2/S1-ChR2: MJs/hr pre 11.25±2.55 vs post 

11.75±1.89, paired t-test p=0.789; (n=10 mice) POA-NpHR/S1-ChR2: MJs/hr pre 13.56±3.27 vs 

post 9.44±2.02, paired t-test p=0.042].   

      

 

Discussion 

In this study we have found that the subcortical POA neurons were active within epileptic 

network from the het Gabrg2Q390X KI mice and the POA activity preceded the epileptic 

SWD/PSDs in the het Gabrg2Q390X KI mice. Meanwhile, manipulating of the POA activity could 

alter NREM sleep and wake periods in both wt and het Gabrg2Q390X KI mice. Most importantly, 

the short activation of epileptic cortical neurons alone did not effectively to trigger seizure 

activity in the het Gabrg2Q390X KI mice. In contrast, combined the POA nucleus activation or 

suppression along with the short activation of epileptic cortical neurons effectively enhanced or 

suppressed epileptic activity in the het Gabrg2Q390X KI mice, indicating that the POA activity can 

alter the brain state to effective trigger seizure activity in the het Gabrg2Q390X KI mice in vivo, 

plus to influence myoclonic jerk activity in the het KI mice. Overall, this study discloses an 

operational mechanism for sleep-related seizure incidence in this genetic epilepsy model, also for 

refractory epilepsy.  

 In this study, the data support an operational mechanism by which subcortical POA 

circuitry interacts with epileptic cortical neuron ensembles/engrams to generate seizure activity 

in the het Gabrg2Q390X mice. We have shown that the short activation of cortical epileptic 

neurons alone(supplemental Fig. 1, S1-ChR2 30 ms, simulating sleep spindle duration) cannot 

effectively trigger epileptic activity in the het Gabrg2Q390X KI mice. Only when NREM sleep 

state is induced by subcortical POA-ChR2 activation, the short activation of cortical epileptic 

neurons (S1-ChR2, 30ms) can effectively trigger epileptic activity with longer duration in the het 

Gabrg2Q390X KI mice (Fig. 5G/H, POA-ChR2/S1-ChR2). In contrast, when the POA activity is 

suppressed, the short activation of cortical epileptic neurons(S1-ChR2, 30 ms) becomes less 

effectively to trigger epilepsy and remaining epilepsy activity shows much shorter in the het 

Gabrg2Q390X KI mice (Fig. 6G/H, POA-NpHR/S1-ChR2). Moreover, this operating mechanism 

also contributes to myoclonic jerk generation in het Gabrg2Q390X KI mice, suggesting that sleep 

spindles23,24,27,61 within thalamocortical circuitry interact with other subcortical circuitry than 

thalamus to evolve into epileptic (poly)spike-wave discharges in epileptic patients. Consistent 

with this, MnPO/VLPO have been indicated to induce absence seizures in one WAG/Rjj rodent 

model42. In addition, we think that up-state dependent synaptic potentiation in cortical neurons 
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during NREM sleep contributes to underlying cellular mechanisms41 for this operational 

mechanism leading to sleep-related epilepsy incidence in animal models and human patients. As 

the subcortical POA functions as the sleep switch2, this operational mechanism can underlie 

sleep-related epilepsy incidence in refractory epilepsy14,62,63. Beyond this, this mechanism 

suggests the translational implication in epilepsy field. In treating genetic epilepsy and refractory 

epilepsy, we may have to suppress the up-state dependent synaptic potentiation within cortical 

neurons in epileptic patients to decrease the sleep-related seizure incidence, in addition to direct 

antiepileptic medicine to suppress cortical neuron excitability only64-67. This is indicated by the 

results of the POA suppression in the het Gabrg2Q390X KI mice (Fig. 6D-H for POA-NpHR/S1-

ChR2), which essentially prevents sleep-related epilepitogenesis in the het Gabrg2Q390X KI mice 

[also myoclonic jerks(Fig. 7)]. One of drug 4-(diethylamino)-benzaldehyde (DEAB) to suppress 

up-state dependent synaptic potentiation in cortical neurons41 from the het Gabrg2Q390X KI mice 

can be used for this treatment. Compatible with this, DEAB administration (i.p.) does attenuate 

epilepsy incidence21 in our mouse het Gabrg2Q390X KI model (in its Fig.5 E-H21). 

 In addition, works on myoclonic seizures in mouse model have indicated that both 

somatosensory and motor cortex are involved to generate myoclonic jerks47,48. Although our 

cortex activation by blue laser focuses on the somatosensory cortex, due to reciprocally 

connection between the somatosensory and the motor cortex in the mouse brain68-70, epileptic 

activity within somatosensory cortex can influence motor cortex for myoclonic jerk generation48. 

Thus, this sleep-related seizure operational mechanism can contribute to myoclonic jerk 

generation which is implied by our data (Fig. 7B). However, we may need more experiments to 

support the subcortical POA circuitry involvement of myoclonic jerk generation within the motor 

cortex.           

 The sleep-dependent seizure incidence mechanism also influences the sleep spindle 

generation in epileptic patients. NREM sleep period is when sleep spindles occur and sleep-

spindle dependent memories are consolidated in the brain5,6,8,71. And our data indicate that the 

POA nucleus is active within het Gabrg2Q390X KI mice (Fig. 1). In the wt mice, the POA nucleus 

activation by ChR2 can increase NREM sleep period (Fig. 4A/C) to promote sleep spindle 

generation in wt mice (supplemental Fig. 1) (also in our recent work21), while in the het 

Gabrg2Q390X KI mice, the POA nucleus activation by ChR2 increases NREM sleep period to 

trigger epileptic activity (Fig. 5E-H POA-ChR2/S1-ChR2). Most importantly, increased NREM 

sleep in the het Gabrg2Q390X KI mice does not accompany sleep spindle increase (supplemental 

Fig. 1) (also in our recent work, Fig. 6C21), unlike the sleep spindle increase in the wt mice24,72. It 

clearly suggests that, in the het Gabrg2Q390X KI mice during sleep period, epileptic cortical 

neurons seem to compete with nonepileptic/normal cortical neurons in the brain to generate ictal 

activity and suppress sleep spindle generation for memory consolidation5,72. Thus, in epileptic 

patients, suppressing sleep spindles’ for memory consolidation in the brain may explain 

cognitive deficits due to genetic and refractory epilepsy. 

 All together in this study, we show that the subcortical POA (VLPO and MnPO) sleep 

circuitry is active in the het Gabrg2Q390X KI mice and can effectively trigger epileptic activity in 

the het Gabrg2Q390X KI mice. This operational mechanism through the POA nucleus activation 

and epileptic cortical neuron activation underlies the sleep-related seizure incidences in genetic 

epilepsy and refractory epilepsy. Moreover, it also indicates the necessity to address sleep 
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disturbance in refractory epilepsy patients for seizure treatment and this mechanism may 

contribute to memory/cognitive deficits in epileptic patients.   
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Figure Legend 

Figure 1 More cFos-GFP positive neurons are present within the preoptic area (POA, 

MnPO and VLPO) and somatosensory cortex (S1) from het cFos-GFP::Gabrg2Q390X KI 

mice. Left panels show 4x DIC images brain sections with counting boxes within the 

somatosensory cortex (S1 cortex) and the POA and landmarks (hippocampus for S1 cortex and 

ventral 3rd ventricles/anterior commissure for extended VLPO nucleus32), with mouse brain atlas 

bregma coordinates in the far left. Middle and right panels show wt and het 20x sections (with 

cFos-GFP positive neurons) containing areas within the counting boxes from the cFos-GFP::wt 

and het cFos-GFP::Gabrg2Q390X KI mice (wt n=6 and het n=7 mice) (counting from total 3 

sections/both sides). * significant change with t-test p<0.05. Otherwise, not significant.      

 

 

Figure 2 POA neuron firings precede epileptic SWD/PSDs in het Gabrg2Q390X KI mice 

during NREM sleep. Panels A-D show simultaneous representative EEG (band filtered 0.1-

100Hz)/POA multi-unit tungsten electrode recordings (band filtered 300-10KHz) and EMG 

recordings (band filtered 10-400Hz) from wt and the het Gabrg2Q390X KI mice during NREM 

sleep, REM sleep and wake periods. In panel C, one SWD event is expanded in small temporal 

scale form EEG traces and one isolated single-unit before/during the SWD event is expanded in 

small temporal/amplitude scales for spike-sorting method. The arrowheads in the POA multi-unit 

trace indicate the same detected single-unit firings from the het Gabrg2Q390X KI mice during 

NREM sleep. Scale bars are indicated as labeled. Panel E shows firing change of the same spike-

sorted single-units across NREM/REM sleep and wake periods (n=5 single-units each from wt 

and het mice)(n=4, wt and n=5 het mice). * significant change with one-way ANOVA.    

 

 

Figure 3 cFos-GFP positive neurons in POA (VLPO) neurons and somatosensory cortical 

neurons from cFos-tTA::tetO::wt and het cFos-tTA::tetO::Gabrg2Q390X  KI mice. Panel A 

shows the brain atlas for VLPO (left) and cFos-GFP positive neurons (40X GFP) within VLPO 

nucleus from wt and the het Gabrg2Q390X  KI mice with more GFP-positive neurons in the het 

mice. Panel B shows that ChR2-activation by 20 Hz Blue laser (473nm, 1 ms duration) evokes 

action potentials riding on the depolarization ramp (n=5 cortical neurons from wt or het mice). 

Panel C shows that NpHR-activation by continuous yellow laser (590nm) completely suppresses 

the action potential generation by depolarization pulse (n=6 cortical neurons from wt and het 

mice). Scale bars are indicated as labeled. 

 

 

Figure 4 Optogenetic activation/suppression of POA nucleus alone alters NREM/REM 

sleep and wake periods in wt and het Gabrg2Q390X  KI mice. Panels A/B show the relative 
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changes of NREM/REM sleep and wake period following POA-ChR2 activation (n=8 mice) or 

POA-NpHR suppression in the wt mice (n=7).  Panels C/D show the relative changes of 

NREM/REM sleep and wake periods following POA-ChR2 activation (n=10 mice) or POA-

NpHR suppression in the het Gabrg2Q390X  KI mice (n=8). * significant change with paired t-test 

p<0.05. Otherwise, paired t-tests are not significant. 

 

 

Figure 5 ChR2-activation of POA nucleus along with short activation of cortical neurons 

increases epileptic SWD/PSDs and duration in het Gabrg2Q390X KI mice. Panels A/C and D/F 

show simultaneous representative EEG (band filtered 0.1-100Hz)and EMG recordings (band 

filtered 10-400Hz) from the wt and the het Gabrg2Q390X  KI mice. Panels B/E show the combined 

POA-ChR2 activation and somatosensory cortex S1-ChR2 short activation for down/up-states 

within slow-wave oscillation in the brain from the wt and het Gabrg2Q390X KI mice in vivo. In 

panel F, one SWD event is expanded in small temporal scale from EEG traces. The arrows 

between panels show experimental procedure and arrowheads in EEG traces (panels D/F) 

indicate detected epileptic SWD/PSDs from the het Gabrg2Q390X KI mice. Scale bars are 

indicated as labeled. Panel G/H shows summary data of epileptic SWD/PSDs and their duration 

changes following POA-ChR2/S1-ChR2. In panel G, one inset shows the experimental design 

for laser delivery. Wt n=8 mice and het n=11 mice. * significant change with paired t-test 

p<0.05. Otherwise, paired t-tests are not significant. 

 

 

Figure 6 Suppression of POA nucleus by NpHR along with short activation of cortical 

neurons decreases epileptic SWD/PSDs and duration in het Gabrg2Q390X KI mice. Panels 

A/C and D/F show simultaneous representative EEG (band filtered 0.1-100Hz) and EMG 

recordings (band filtered 10-400Hz) from the wt and the het Gabrg2Q390X KI mice. Panels B/E 

show the combined POA-NpHR suppression and S1-ChR2 activation in the brain from the wt 

and het Gabrg2Q390X KI mice in vivo. In panel F, one SWD event is expanded in small temporal 

scale from EEG traces. The arrows between panels show experimental procedure and 

arrowheads in EEG traces (panels D/F) indicate detected epileptic SWD/PSDs from the het 

Gabrg2Q390X KI mice. Scale bars are indicated as labeled. Panel G/H shows summary data of 

epileptic SWD/PSDs and their duration changes following POA-NpHR/S1-ChR2 manipulation. 

In panel G, one inset shows the experimental design for laser delivery. Wt n=8 mice and het n=9 

mice). * significant change with paired t-test p<0.05. Otherwise, paired t-tests are not significant. 

 

 

Figure 7 Suppression of POA nucleus along with short activation of cortical neurons 

decreases myoclonic jerks in het Gabrg2Q390X KI mice. Panel A shows summary myoclonic 
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jerk changes following POA-ChR2/S1-ChR2 activation. The inset shows the one representative 

myoclonic jerk with EEG/EMG traces. Scale bars are indicated as labeled. Wt n=8 mice, het 

n=10 mice. No significant change with paired t-test. Panel B shows summary myoclonic jerk 

changes following POA-NpHR suppression and S1-ChR2 activation. Wt n=8 mice, het n=9 

mice. * significant change with paired t-test p<0.05. Otherwise, paired t-tests are not significant.  

 

 

 

Supplemental Figure 1 Short optogenetic activation of somatosensory cortex alone does not 

effectively trigger epileptic activity in vivo in het Gabrg2Q390X KI mice. Panels A/B show 

summary data of epileptic SWD/PSDs and their duration changes following somatosensory 

cortex ChR2 (S1-ChR2) activation. The inset in panel A shows the one representative 

experimental design for laser delivery. Wt n=7 mice, het n=7 mice. No significant changes with 

paired t-test.   
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