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2 LIST OF ABBREVIATIONS 

 

AP:  anteroposterior 

CA: Cornu Ammonis 

CSD: current source density 

DAPI: 4′,6-diamidino-2-phenylindole 

EEG: electroencephalography 

ETX: ethosuximide 

GABA: gamma-aminobutyric acid 

GAERS: Genetically Absence Epilepsy Rat from Strasbourg 

HCN: hyperpolarization-activated cyclic nucleotide-gated 

LFP: local field potential 

LTS: low-threshold spike 

ML: mediolateral 

NREM: non-rapid eye movement sleep 

NRT: nucleus reticularis thalami 

REM: rapid eye movement sleep 

SWD: spike-and-wave discharge 

SWS: slow-wave sleep 

TC: thalamocortical 

TES: transcranial electrical stimulation 

WAG/Rij: Wistar Albino Glaxo rats from Rijswijk 
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3 INTRODUCTION 

 

Absence epilepsy – the most common type of epilepsy of the childhood (Glauser et al., 

2010) – is an idiopathic, primary generalized, non-convulsive epilepsy with a polygenic 

background. It is characterized by sudden, transient loss of consciousness, behavioral arrest, 

and an EEG pattern dominated by spike-and-wave discharges (SWDs) of thalamocortical origin 

(Crunelli and Leresche, 2002). Although absence epilepsy is considered a relatively benign 

form of epilepsy, as in most cases seizures vanish during late infancy, this condition is often 

accompanied by comorbidities, such as attentional deficit, depression, learning difficulties 

(Caplan et al., 2008), which might even persist when the patients become seizure-free. 

Furthermore, antiepileptic drugs fail to adequately treat a substantial portion of the patient and 

in addition, sufficient seizure control often fails to improve comorbid disorders (Glauser et al., 

2013). 

Despite the great advances of the recent decades in understanding the pathomechanism 

of absence epilepsy, still there are fundamental caveats regarding epilepsy research and clinical 

practice. From the clinical perspective, since the introduction of ethosuximide and valproic acid 

in the 1960s, there was no significant improvement of the pharmaceutical possibilities 

(Vrielynck, 2013). Furthermore, as by the time of the diagnosis most patients were already 

exposed to frequent seizures for a substantial amount of time, we still have scarce knowledge 

on the epileptogenesis of the seizure-susceptible brain. The pre-existing epileptogenic 

conditions and the seizure induced alterations of the brain have yet to be separated. 

Thus a better understanding of the seizure-related changes of brain function and new 

therapeutic approaches are needed to overcome these shortages. For these and other reasons, 

my present work is focusing on the cortical aspects of seizure development and possible 

treatment alternatives of the absence epilepsy. 

 

ANATOMY AND CONNECTIVITY 

 

The thalamo-cortico-thalamic system consists of highly interconnected loops of neurons 

of the thalamic relay nuclei located in the dorsal thalamus, the nucleus reticularis thalami (NRT) 

of the ventral thalamus and the cerebral cortex (Jones, 2007). The cells of the thalamic relay 
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nuclei (thalamocortical (TC) or relay cells) receive their inputs either from subcortical sources 

such as sensory or motor systems (first order relay nuclei) or from cortical domains (higher 

order nuclei) and send their axons to their target cortical area together with collaterals to the 

NRT (Sherman, 2005). They receive feedback excitation from cortical pyramidal cells and 

inhibition from their target NRT cells. Axons of the NRT remain exclusively intrathalamic and 

serve as a powerful modulatory and inhibitory system of the thalamus. GABAergic inhibitory 

cells within the NRT are highly interconnected via both axon collaterals and gap junctions, 

making it possible to both powerfully synchronize and desynchronize thalamic activity 

depending on the precise timing of their firing patterns (Fuentealba and Steriade, 2005).  

 

 

Figure 1. The anatomy of the thalamocortical loop. Modified from McCormick et al. (2015) 

 

Cortical pyramidal cells provide feedback and feed-forward excitation to their peers in 

the thalamic relay nuclei, innervate NRT via collaterals and also project to other cortical 

regions. Thus, the convergence and divergence inside the thalamocortical loop combined with 

the extensive reciprocal connections between the thalamus and the cortex allow a highly 
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confined topographic cortico-thalamic communication among subsets of cells (Sherman and 

Guillery, 2002), but also provides opportunity for a widespread, bidirectional, generalized 

activation which may entrain large domains of the cerebral cortex simultaneously (Steriade et 

al., 1993; Lewis et al., 2015). Furthermore, the thalamocortical circuitry is greatly influenced 

by neuromodulatory systems of the brain, which shape the thalamocortical activity in a brain-

state dependent manner (Steriade et al., 1986; Steriade et al., 1993; McCormick and Bal, 1997; 

McCormick et al., 2015). 

Altogether, the structure of the dorsal thalamus not only allows it to relay sensory 

information to the cortex, but with its recurrent connectivity it also participates in sensory 

processing. Importantly, governed by its neuromodulatory inputs, it can gate sensory flow to 

the cortex. Thus it has a critical role in governing attention and orchestrating sleep, when 

cortical computation is greatly isolated from the external environment. Preventing cortical 

processing from being contaminated with online sensory information is a key element of 

memory consolidation during sleep. 

 

SINGLE CELL AND NETWORK PHYSIOLOGY OF THE 

THALAMOCORTICAL CIRCUITRY 

 

The electrophysiological properties of both the thalamocortical relay cells and NRT 

cells enable them to respond to incoming excitation with two different firing patterns: burst and 

tonic modes. Especially the high density of low threshold T-type calcium channels and the 

hyperpolarization-activated cyclic nucleotide–gated (HCN) channels (responsible for Ih 

currents) attributes them to work in these strikingly different manners, depending on their actual 

membrane potential and on their past activity (Figure 2). 

In burst mode, cells are relatively hyperpolarized, that de-inactivates T-type calcium 

channels and so called low-threshold calcium spikes (LTS) might occur, which are relatively 

long-lasting, high amplitude depolarization events of the individual cells. These are frequently 

accompanied by bursts of ‘regular’ sodium action potentials. Hence, cells are able to respond 

to inhibition with postinhibitory rebound burst.  

In tonic mode, relatively depolarized cells respond to activation with single action 

potentials as the T-type channels are inactivated, providing a linear input-output characteristics 
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of the cells. Thus, hyperpolarization of thalamic cells facilitate the occurrence of LTS and burst 

firing, capacitating cells to respond to inhibition with postinhibitory rebound burst, while 

depolarization might switch cells to tonic firing mode. As the actual membrane potential of 

thalamic cells is greatly influenced by subcortical neuromodulatory inputs, firing mode of 

thalamic cells is largely brain-state dependent. 

 

Figure 2. Brain-state dependent neuronal firing patterns within the thalamocortical circuitry. 

(A) Single-cell recordings of neurons of the cortex, NRT and thalamic relay nuclei during periods of 

slow-wave sleep and waking in behaving animals showing the different firing modes within the 

thalamocortical loop. (B) Slow-wave sleep activity in multiple depth of the cortex. Inlet highlights a 

sleep spindle with representative intracellular traces. Note the interweaving activity patterns of the NRT 

and TC cells. (A) is reproduced from Steriade et al. (1993), single cell traces on (B) are modified from 

Bonjean et al. (2011) and Astori et al. (2013) 

 
These firing modes (and particularly burst firing) supported with the high density 

intrathalamic and cortical interconnectivity is ideal for the emergence of oscillatory patterns. 

Indeed, the thalamocortical loop gives rise to sleep related oscillations (when the overall 

neuromodulatory influence on the thalamus results in hyperpolarization favoring the burst firing 

mode), such as sleep spindles, delta and slow waves. During sleep spindles, activity of NRT 

cells impose bursts of inhibition on TC cells, which in turn greatly hyperpolarize, responding 

with postinhibitory rebound bursts, activating NRT cells to fire again. These periodic 

inhibitory-excitatory bursts via thalamocortical projections relayed to the cortex shaping its 
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activity rhythmically. Furthermore, rhythmic alteration of firing modes within the thalamus are 

thought to be one of the main contributors of cortical UP and DOWN states. 

 

PATHOPHYSIOLOGY OF THE THALAMOCORTICAL CIRCUITRY 

 

Beside the diverse physiological functions, the high degree of anatomical 

interconnectivity and the cellular features of the thalamocortical loop is in favor of easily 

spreading pathologic (e.g. seizure) activity. In principle, hyperexcitation at any point of the 

thalamocortical loop can result in absence-like spike-and-wave seizures (Meeren et al., 2002; 

Sorokin et al., 2016b; Makinson et al., 2017) and selective interventions at various points of the 

thalamocortical loop are able to reduce ongoing seizure activity (Berenyi et al., 2012; Paz et al., 

2013; Sorokin et al., 2016b). Indeed, absence epilepsy is thought to be disorder of the 

thalamocortical loop. However, no gross anatomical alteration can be identified as a source of 

seizure activity, many different channel deficiencies were identified as possible causes or 

contributors of the absence epilepsy both in human and in animal models (van Luijtelaar et al., 

2000; Crunelli and Leresche, 2002; Reid et al., 2012). 

Although both thalamus and cortex are required to have fully developed seizures, a large 

body of evidence suggests that a hyperexcitable initiating zone located in the fronto-parietal 

region of the cortex drives the thalamocortical loop into seizure activity (Meeren et al., 2002; 

Holmes et al., 2004; Polack et al., 2007; Studer et al., 2018). To our current understanding, 

seizures emerge as local paroxysmal activity of hyperactive deep layer pyramidal cells of the 

cortical focus (Polack and Charpier, 2006) that excite cells of the relay nuclei and the NRT; this 

excitation drives NRT cells to periodically impose bursts of inhibition on TC cells, which in 

turn send rebound excitatory feedback to cortex and NRT (Steriade et al., 1993; McCormick 

and Contreras, 2001). There are ample experimental demonstrations on the spiking dynamics 

of the major components of the thalamocortical loop during absence seizures. However, the 

pathophysiological mechanism of seizure initiation is still under debate and the relative 

contribution of the different structures to seizure initiation and ictal activity still remains elusive 

(Blumenfeld, 2005). 
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Figure 3. Ictal firing within the thalamocortical loop. A schematic depiction shows single-

unit traces of a cortical pyramidal cell (PY, red), a reticular cell (RT, yellow) and a 

thalamocortical cell (TC, blue) together with cortical LFP activity of the seizure onset zone. 

Modified from Huguenard (2019) and McCafferty et al. (2018) 

 

One main criticism of the current model is that it oversimplifies the thalamocortical 

circuitry. It treats the thalamic nuclei as a homogeneous mass of identical cells and omits all 

but the pyramidal cells of the hyperexcitable core in the cortex. Very little to nothing is known 

about the way how cortical microcircuitry participates in seizure activity, particularly the role 

of cortical interneurons remains to be elucidated. Furthermore, fully developed absence seizures 

are generalized, thus the contribution of non-focus areas should not be neglected. 

Channel and receptor deficiencies (Crunelli and Leresche, 2002) – which are thought to 

be the underlying cause of the seizures – might not explain all the features of absence epilepsy 

and the co-occurring morbidities. It is plausible to assume, that the cortical microcircuitry might 

be altered as a consequence of frequent seizing, which affects cortical processing (Studer et al., 

2018; Kozak, 2019). Altogether, despite the genotypic and phenotypic variations of absence 

epilepsy are relatively well studied, we still have scarce knowledge on the epileptogenesis in 

the seizure-susceptible brain. Therefore the pre-existing epileptogenic conditions and the 

seizure induced alterations of the thalamocortical circuitry have yet to be separated, if possible. 

Beyond giving a mechanistic insight into seizure generation, these investigations can help to 
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identify possible nodes of the epileptic circuitry as potential pharmacological targets for new 

treatments. 

 

POSSIBLE TREATMENTS FOR ABSENCE EPILEPSY 

 

Being the most common type of epilepsy of the childhood, absence epilepsy imposes a 

huge societal burden worldwide. To date, there are some drugs, such as ethosuximide, valproic 

acid and lamotrigine (Glauser et al., 2010), which can effectively make ~70% of the patients 

seizure free either in monotherapy or in combination, however, regardless of the intensive 

efforts to develop new pharmacotherapies, antiepileptic drugs fail to adequately treat 

approximately one-third of the patients (Kwan et al., 2010; Glauser et al., 2013), and even 

responsive subjects often suffer from side effects (Walia et al., 2004). Surgical removal of 

epileptic foci is not an option for patients with pharmaceutically-resistant absence seizures. 

Various studies have developed methods to implement different intervention strategies in the 

recent years: i) optical (Krook-Magnuson et al., 2013; Paz et al., 2013; Krook-Magnuson et al., 

2014; Krook-Magnuson et al., 2015), ii) intracranial electrical stimulation (Fountas and Smith, 

2007), and iii) transcranial electrical stimulation (TES) (Berenyi et al., 2012). 

Since optically driven seizure disruption requires the expression of genetically 

engineered foreign proteins by the targeted cells, there are substantial barriers to its use in the 

short term for human medical applications. Electrical stimulation techniques are more 

accessible, but require extensive investigation of the effects of time-targeted electrical 

perturbation of epileptic seizures in animal experiments. Importantly, most studies have not 

expanded beyond the acute effects of the treatment. Given the chronic nature of the epilepsy in 

the majority of patients, understanding the long-term effects of a stimulation paradigm is 

critical. Those few studies focusing on longer time scales involve exclusively intracranial 

electrical stimulation (Fountas and Smith, 2007; Salam et al., 2015; Salam et al., 2016; van 

Heukelum et al., 2016). This method has the disadvantage of being more invasive compared to 

the TES and more importantly, the specific targeting of intracranial electrodes requires the clear 

initial identification of a small number of key seizure choke points (Vercueil et al., 1998; 

Feddersen et al., 2007; Nelson et al., 2011; Blik, 2015; Paz and Huguenard, 2015; Sorokin et 

al., 2016b). 
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TES has already been proven to effectively reduce the duration of spike-and-wave 

discharges in rats with absence epilepsy. However, the clinical applicability of TES has not yet 

been realized, as this treatment effect was reported only on short timescales so far and it has 

been suggested that electrical treatments might be ineffective over longer timescales due to 

habituation (Vercueil et al., 1998; Feddersen et al., 2007; Blik, 2015). 

 

RAT MODELS OF SPONTANEOUS ABSENCE EPILEPSY 
 

Genetic models of absence epilepsy (Genetic absence epilepsy rats of Strasbourg, 

GAERS; Wistar Albino Glaxo rats from Rijswijk, Wag/Rij) (Marescaux et al., 1992; Coenen 

and Van Luijtelaar, 2003), which are inbred strains from the Wistar rats, can express 

spontaneous spike-and-wave discharges and these animals also show the behavioral correlates 

of absence seizures like sudden behavioral arrest, vibrissal twitches and facial myoclonus. 

Importantly, some study confirmed that genetic strains also show similar pharmacological 

responses to anti-epileptic treatment as human patients (Coenen et al., 1992; Danober et al., 

1998), making them useful models of epilepsy research, with an emphasis on testing new 

pharmaceutics for absence epilepsy. 

Beside the inbred genetic models, it is known that Long-Evans rats can express spike-

and-wave discharges with similarity to absence seizures on the cellular (Polack and Charpier, 

2006), behavioral (Semba et al., 1980) and pharmacological (Shaw, 2004) levels. Thus Long-

Evans rats meet all the criteria for being an absence model like GAERS and Wag/Rij.  

Interestingly, the WAG/Rij, GAERS and Long-Evans strains show a different age 

characteristics regarding seizure development (Coenen and Van Luijtelaar, 1987; Shaw, 2007; 

Jarre et al., 2017). In genetic rodent models, absence epilepsy possess an early age-related quick 

onset with persistent ictal activity during the adulthood (Stafstrom, 2014; Jarre et al., 2017). 

The evolution of absence seizures spans months in Long-Evans rats that capacitates this strain 

to be an ideal model to investigate how seizure emergence impacts other oscillations of the 

thalamocortical circuitry parallel to the progression of the epileptic condition. Although the 

persisting incidence of seizures in rat models are in contrast with those observed in human, 

where thalamocortical epilepsy disappears in the majority of the cases by the adulthood, 

understanding what makes the rodents progressively more susceptible to seizures may be a very 

valuable tool to understand how seizures develop in human.  
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4 AIMS OF THE STUDY 

The aims of the present study were to examine and evaluate the development of absence 

seizures within the thalamocortical circuitry in freely moving Long Evans rats and to investigate 

the long-term outcome of on-demand transcranial electrical seizure interruption. The concrete 

goals of my work were the following: 

To design and build a closed-loop intervention system, which continuously supervises 

brain activity for months and provides on demand seizure interruption for the early termination 

of seizures. 

To determine whether the effective on-demand TES treatment of epileptic seizures over 

an extended period of time leads to a long-term therapeutic effect. 

To describe the evolution of spontaneous seizures and the related co-occurring 

alterations of sleep architecture. 

To causally investigate the cortical mechanisms of SWD generalization and to 

understand how maturation influences seizure susceptibility. 
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5 MATERIALS AND METHODS 

 

All experiments were performed in accordance with European Union guidelines 

(2003/65/CE) and the National Institutes of Health Guidelines for the Care and Use of Animals 

for Experimental Procedures. The experimental protocols were approved by the Ethical 

Committee for Animal Research at the Albert Szent-Györgyi Medical and Pharmaceutical 

Center of the University of Szeged (XIV/218/2016 and XIV/471/2012). 

 

FABRICATION OF THE STIMULATION ELECTRODES 

 

Double stranded, miniature hook-up wires (Phoenix Wire Inc., South Hero, VT, USA), 

peeled at both ends were introduced through the holes of a strip of the tape packaging of an 

integrated circuit with SOT-353 case (74HC1G00GW, Nijmegen, Netherlands). Dental cement 

(Duracryl™ Plus, Spofa Dental, Jičín, Czech Republic) was put on the holes to fix the wires 

and a thin layer of cyano-acrylic glue (Loctite 401, Henkel, Düsseldorf, Germany) was 

dropped into the hole to form a watertight sealing towards the porous cement (Kozák and 

Berényi, 2017; Kozak et al., 2018). 

 

FABRICATION OF THE INTRACORTICAL ELECTRODES 

 

Tripolar electrodes were prepared to record neocortical and hippocampal local field 

potentials (LFP). Three 50-μm diameter polyimide-insulated tungsten wires (Tungsten 99.95%, 

California Fine Wire, Grover Beach, CA, USA) were inserted into a 180-μm inner diameter 

stainless steel tube (Vita Needle Company, Needham, MA, USA), and their tips were spaced 

400 μm vertically from each other (Figure 4C-D). Impedances of the wire electrodes varied 

between 30–90 kΩ at 1 kHz. Bipolar stimulation electrodes for intracortical stimulation 

experiments consisting of two insulated tungsten wires were inserted into a 180-μm inner 

diameter stainless steel tube, each peeled at the tip for 200 μm (inter-wire spacing, 0.5 mm). 

Impedances of the wire electrodes varied between 10–30 kΩ at 1 kHz. 
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Figure 4. Steps of stimulation and recording electrode fabrication. (A) Twisted wires 

stitched through the holes and fixed to the packaging. (B) Final form of the stimulation 

electrodes. Inset: wrapped wires inside the packaging. (C) Side view of the recording electrodes 

(D) Top view of the recording electrodes. Inset: tip of the recording sites, 400 µm spacing. (E) 

Intraoperative picture of the transcranial stimulation electrode placement. The stimulation 

electrodes are already in position, together with some of the anchoring screws (Kozak et al., 

2018). 

 

SURGERY 

 

All animals were operated under isoflurane anesthesia and chronically implanted with 

intracortical recording and intracortical/transcranial stimulating electrodes according to the 

following procedure: For long term experiments and for pharmacological experiments rats were 

implanted with multiple tripolar electrodes (Figure 4C-D), which targeted the frontal and 

parietal cortical areas of both hemispheres and over the right hippocampus. The electrodes were 

vertically advanced through individual holes in the skull, until the most superficial wire of the 

electrode reached the surface of the cortex. The holes around the electrodes were filled in with 

non-conductive silicone (Dow Corning Corporation, Auburn, MI, USA) and the electrodes 
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were fixed carefully with dental cement (Duracryl™ Plus, Spofa Dental, Jičín, Czech 

Republic). Rats for seizure interruption experiments were additionally equipped with 

transcranial stimulating electrodes. Transcranial stimulation electrodes were glued onto the 

temporal bone bilaterally, using cyano-acrylic glue (Loctite, Henkel, Germany). Pockets were 

filled with conductive paste (Super Visc, Brain Products, Gilching, Germany) and were 

electrically isolated with cyanoacrylic glue and dental cement from the tissues (Figure 4E). 

Unilateral pockets were wired together serving as a single pole (Figure 4B). 

Unit recordings and intracortical stimulation experiments were performed in rats 

divided into two age groups: young (~3 months, n = 5) and adult (~6 months, n=4) animals. 

Rats were implanted with tripolar electrodes, which targeted the frontal and parietal cortical 

areas of the left hemisphere and unilaterally the CA1 subfield of the hippocampus and a silicone 

probe (Neuronexus, Poly2, 32 channels) with a custom-built microdrive (Vandecasteele et al., 

2012) allowing for the vertical adjustment during targeting the prefrontal cortex (AP: +2.7 mm 

from bregma; ML: +1.5 mm, angled at 10° from the sagittal plane) or motor cortex (AP: -2 mm 

from bregma, ML: +1.5 mm in the sagittal plane) of the right hemisphere. A custom-built 

bipolar electrode was implanted in the left neocortex (AP: +2 mm; ML: −2 mm; DV: −1.5 mm 

from the dura (motor area)(Maingret et al., 2016). In all surgeries miniature stainless steel 

screws (serving as reference and ground) were implanted bilaterally above the cerebellum. A 

copper mesh (serving as a Faraday cage) was built around the probes and electrodes and 

enforced with dental cement. 

 

ELECTROPHYSIOLOGICAL RECORDINGS AND STIMULATION 
 

All recording sessions took place in the same room in 12h light-dark cycles. The rats 

were housed individually in plastic cages (42x38 cm, 18 cm tall), the walls were made of clear 

plexiglas and food and water were given ad libitum. After recovery from the surgery (minimum 

3 days), the rats were connected to the recording system. To avoid the twisting and overtension 

of the cables, a very thin, lightweight recording cable (40 AWG Nylon Kerrigan-Lewis Litz 

wire, Alpha Wire, Elizabeth, NJ, USA) and a suspended commutator (Adafruit, New York, NY, 

USA) sliding vertically on guide rails with the help of a counterweighted trolley system were 
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used. The recorded signals were preamplified, amplified 400×, multiplexed on head and stored 

after digitalization (KJE-1001, Amplipex, Szeged, Hungary). 

 

SEIZURE INTERRUPTION EXPERIMENTS 
 

The preamplified signals of all parallel recorded rats (up to 8) were analyzed on-line by 

a programmable digital signal processor (RX-8, Tucker-Davis Technologies, Alachua, FL, 

USA) using a custom made seizure detection algorithm, as follows. The LFP of pre-selected 

tripolar electrodes were demultiplexed (one triplet for each rat) in real time, and the current 

source density (CSD) of those triplets were calculated [(CSD= 2 x intermediate - (deep + 

superficial electrode))]. The manual selection of the triplet was based on the consideration of 

the anatomical location of the electrodes, earliest seizure appearance and the signal-to-noise 

ratio of the triplets. The derived signal was bandpass-filtered, rectified and integrated in a time 

window of 20 ms (reflecting the monotonicity of the signal within the temporal window). 

Threshold crossing for both the raw CSD and the integrated signal (coincidence) were 

monitored. Synchronous multiple threshold crossing (minimum 2, separated by 40–50 ms, 

regularity) triggered a charge neutral, triphasic single-pulse (100 ms) stimulation (STG4008; 

Multi Channel Systems, Reutlingen, Germany). The thresholds of the detection algorithm were 

set for each rat separately and were periodically fine-tuned based on the variance of the signal, 

when it was necessary. The stimulation was performed either in voltage or current controlled 

mode, the stimulus intensity was titrated until a reliable seizure-stopping effect was observed 

(approx. 1.5–2 mA in all animals). The generated intracranial electrical gradient was 

approximated as the stimulus induced voltage difference measured between multiple recording 

triplets divided by the intertriplet distance. During the long-term observations, the stimulus 

intensity was regularly re-adjusted to maintain the same intracranial gradient. 

 

PHARMACOLOGICAL EXPERIMENTS 
 

To investigate the effect of antiepileptic treatment on sleep spindles, animals received 

an intraperitoneal injection of saline (control day) then on the following day an intraperitoneal 

injection of ethosuximide (treatment day, 100 mg/kg body weight). Injections were given at 8 
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a.m. and animals were monitored for 12 hours in daylight. These sessions were repeated three 

times, with leaving 2 days rest between the consecutive control-treatment sessions to ensure the 

elimination of ethosuximide between measurements (Bachmann et al., 1988). 

 

SEIZURE INDUCTION 
 

In intracortical stimulation experiments the optimal stimulation voltage was determined 

in advance for each animal as the minimum voltage (7-15 V) necessary to reliably induce delta 

waves during non-REM (NREM) sleep. During stimulation a monophasic single-pulse (0.1 ms) 

was delivered by an isolated stimulator generator (STG4008; Multi Channel Systems, 

Reutlingen, Germany) to the deep layers of the motor cortex (anode: −1.5 mm from the dura, 

cathode: -1.0 mm from the dura).During stimulation sessions intracortical pulses were delivered 

every 10 seconds, with no respect to the behavioral states. 

 

HISTOLOGY 
 

For histological verification of the recording locations and possible pathologic changes, 

i.e. stimulus induced gliosis, animals were deeply anaesthetized with 1.5 g/kg urethane (i.p.) 

and transcardially perfused with saline followed by 4% paraformaldehyde and 0.2% picric acid 

in 0.1 M phosphate buffer saline. After overnight postfixation, 50-μm thick coronal sections 

were prepared with vibratome. The sections were then either immunostained for GFAP with 

DAPI counterstaining (Millipore Cat# MAB360, RRID:AB_2109815), or subjected to cresyl 

violet staining with standard histological techniques (Takeuchi et al., 2014). GFAP signaling 

were examined with a Zeiss laser scanning microscopy (LSM880) from sections every 1 mm 

throughout the entire anterior–posterior extent of the cerebrum. 

 

OFF-LINE ANALYSIS 
 

Off-line detection of the epileptic activity was performed in a similar way to the online 

method. SWD episodes were detected from the off-line calculated CSD signals. The LFP was 

band-pass filtered with a 4th order zero phase lag Butterworth filter between 8 and 12 Hz (low 

BW) and 30 and 200 Hz (high BW), and the peaks of the spike components were detected if 
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the high BW signal and the low BW signal conjunctively exceeded +5 standard deviation of 

their corresponding baseline activity. The results of the automated algorithm were manually 

revised and the threshold of the spike detection was manually re-adjusted in cases when the 

automatic detection generated false positives or missed events. Consecutive SWD episodes 

were merged if they followed each other within 1 second. For aging experiment, one randomly 

chosen day’s recording of each week was included. For delta wave and sleep spindle detections, 

we used only non-theta epochs. Non-theta epochs were detected automatically using the ratio 

of the FFT power in theta band (5-11 Hz) to the power of nearby bands (1-4 Hz, 12-14 Hz) of 

hippocampal LFP. Threshold was manually adjusted for all animals. To detect global delta 

waves, the LFPs recorded bilaterally in the somatosensory were filtered (0–6 Hz) and Z-scored. 

Zero-crossings of the first temporal derivatives were calculated. Consecutive upward-

downward-upward zero-crossings within a temporal window of 150 and 500 ms were 

considered as putative delta events. Delta waves corresponded to epochs where Z-score 

exceeded 2 at the peak, or exceeded 1 and fell below −1.5 at the end of the event bilaterally 

(Maingret et al., 2016). Segmentation of the recording sessions into slow-wave sleep (SWS), 

transition to SWS, transition from SWS and awake/REM was performed as follows. Recordings 

were segmented into 1 min long epochs. Those epochs, in which delta wave occurrence rate 

exceeded 10/min, were considered as SWS. SWS epochs separated by less than 1 min, were 

merged. The first minutes of SWS with the previous non-SWS epochs were labeled as 

‘Transition to SWS’. Similarly we identified the last minutes of SWS sessions and the first 

minutes of non-SWS as ‘Transition from SWS’. Remaining epochs were labeled as 

‘Awake/REM’. Spindle detection was performed as follows. The LFP recorded in the 

somatosensory cortex was band-pass filtered (10-20 Hz) and Z-scored. Spindles corresponded 

to epochs where Z-score exceeded 2 for more than 0.2 s and peaked at >4. Events separated by 

less than 0.4 s were merged, and combined events lasting more than 3 s were discarded 

(Maingret et al., 2016). The events induced by intracortical stimulation were classified 

manually. Continuous wavelet spectra and power spectra were calculated in Matlab using 

Wavelet Toolbox and Chronux Toolbox (http://chronux.org/), respectively.  

The spike sorting was performed using Kilosort with its default settings and were 

manually curated in Phy (Rossant et al., 2016). Putative interneurons and pyramidal cells were 

discriminated based on their spike widths and autocorrelograms. For all individual units, 
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spiking activity in a [-88, +88] ms window centered around the peak of spike-and-wave 

discharges were collected and firing rate histograms (0.8 ms time bin) were constructed. The 

firing rate histograms were Z-scored for each unit individually and smoothed with a Gaussian 

filter. Raster plots were constructed with all the smoothed Z-scored histograms of individual 

units. 

 

STATISTICAL ANALYSIS 
 

All statistical analyses were performed in MATLAB (Mathworks, Natwick, MA). No 

statistical methods were used to pre-determine sample sizes, but the number of animal and 

recorded cells were similar to those employed in previous works. All tests were two-tailed. 

Non-parametric Wilcoxon’s signed rank test, Kruskal-Wallis one-way analysis of variance, 

repeated measures analysis of variance, Kolmogorov-Smirnov-test, Rayleigh’s tests were used. 

To investigate the spindle characteristics’ change over time, from each analyzed recording 

sessions we randomly sampled 500 events of each animal and applied repeated measures 

ANOVA. To perform similar analysis on seizures, we randomly sampled 200 seizure events in 

each animal. Box-plots represent median and 25th, 75th percentiles and their whiskers the data 

range. Outlier values are not displayed on the figures, but they were always included in the 

statistical analysis. Linear regressions were performed using robust-linear regression and p-

values for linear regressions tests the hypothesis that true correlation exists against a null-

correlation. Modulation strength was calculated using mean resultant length of the phases 

(peaks of spike component of SWDs are at 180°) and units were considered to have phase-

locking to SWDs when α < 0.05 and κ > 0.1 on Rayleigh’s test of non-uniformity using the 

circular statistics toolbox provided by P. Berens (Berens, 2009).  
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6 RESULTS 
 

REAL-TIME DETECTION AND INTERRUPTION OF EPILEPTIC 

SEIZURES 
 

We developed an unsupervised closed-loop intervention system, which is capable of monitoring 

brain activity and automatically terminates epileptic seizures for durations comparable to the 

life expectancy of the animals (Figure 5A, Methods). In addition, we designed and built a cage 

system that allowed us to record electrophysiological signals 0-24 h for months without 

disconnecting the animals during the replacement of bedding and cages. Furthermore, we 

established a fabrication and surgical protocol of stimulation and recording electrodes that 

provides sufficient mechanical stability and signal-to-noise ratio to perform long-term 

stimulation experiments (Figure 5B, Methods). 

 

Figure 5. Overview of the closed loop system. (A) Cortical LFP from every rat (up to 8 

simultaneously, max. 32 channel each) is amplified and multiplexed on-head, and fed to the 

digital signal processor (TDT RX-8) running a custom designed seizure detection algorithm. 

The signals were first digitally demultiplexed and CSD of one preselected tripolar electrode 

was calculated in each rat. Pre-set threshold crossings of the raw CSD and the bandpass 

filtered, integrated CSD was detected and in case of fulfilling the predetermined seizure criteria 

(coincidence, regularity) a single isolated, triphasic, charge neutral stimulus pulse was 
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delivered. All LFP signals and the on-line seizure triggers were continuously recorded for every 

rat. (B) Horizontal schematics shows triplet recording electrodes implanted in the parietal 

cortex and stimulation electrodes placed bitemporally on the skull. (C) Representative LFP 

traces of a preselected tripolar electrode and the corresponding CSD during a spontaneously 

emerging interrupted spike-and-wave seizure. 

 

Intracortical recording electrodes and transcranial stimulating electrodes were implanted in 

Long-Evans rats (n = 13). All animals were showing the electrophysiological and behavioral 

symptoms of absence epilepsy. Seizures were detected based on specific ECoG parameters 

(Methods) and after each single detected SWD-event a charge-balanced, triphasic stimulus 

pulse was applied transcranially to interrupt the ictal activity (Figure 5C). 

 

Figure 6. Experimental protocol for short-term seizure intervention. (A) Experimental 

timeline shows a day-by-day alternation of sham and stimulated sessions. This pattern was 

repeated for 6 days. (B) Representative examples of LFP traces for the sham, pseudorandom 

and closed-loop seizure interruption protocols. Shaded bars and red ticks indicate the identified 

seizures and stimuli, respectively. 

 

First, for validation purposes we demonstrated the short-term (day-long) effects of our seizure 

intervention system. Animals were divided randomly into three groups: control (n = 3), open-

loop stimulated (n = 5) and closed-loop stimulated (n = 5) rats. The control animals were not 
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stimulated at all, the open-loop and closed-loop stimulated animals received treatment in an 

alternating fashion: each non-stimulated day (SHAM) was followed by a stimulated day 

(STIM) (Figure 6A-B). The stimulation timing of every open-loop treated animal was driven 

by the stimulation timing of a randomly chosen closed-loop treated animal (known as “yoked” 

stimulation). 

The overall time spent in seizure per day (Time in Seizure - TiS) only changed significantly in 

the closed loop stimulated group (5 of 5 animals showed a significant decrease, p < 0.05, paired 

two sample t test, STIM TiS was 33.0 ± 13.2% of SHAM TiS on the group level, p < 0.01, 

paired two sample t-test), confirming the effectiveness of the on-demand treatment on the short 

timescale (Figure 7A). Furthermore, the stimulation significantly shortened the duration of the 

seizures in the closed-loop group (5 of 5 animals showed a significant decrease, p < 0.05, 

Wilcoxon rank sum test, STIM seizure durations were 32.1 ± 16.1% of SHAM seizure 

durations, p < 0.01, Wilcoxon rank sum test), but had no effect in the other group (Figure 7B). 

These observations suggest that the timing of the TES is a critical factor in achieving an 

effective seizure control. 

Stimulation, either open- or closed-loop protocols, had a variable effect on the occurrence rate 

of seizures, but resulted no significant change on the group level (significant decrease in one of 

the open-loop treated animals (n = 5 rats) and significant increase in two of the open-loop and 

two of the closed-loop treated animals (n = 5 rats), p < 0.05, paired two sample t-test, no change 

on the group level, p = 0.2494 for open loop and p = 0.5418 for closed loop animals, Figure 

7C), pointing out the likeliness of a rebound effect after stimulation. 

 

 

Figure 7. Results of the short-term intervention protocol. (A) Time in seizure, (B) Average 

seizure duration and (C) Seizure rates during the SHAM and STIM days (normalized to the 

average seizure rate during the SHAM days for each animal). Grey lines denote individual 

animals, while black lines represent the population data. Error bars represent SEM. 
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There was a marked, but not significant increase in the TiS for some open loop animals, but the 

mean seizure duration did not change in this group (Figure 7B). These results raise the 

possibility that the randomly delivered stimulation may induce seizures, but it does not prolong 

them. Furthermore, considering the higher seizure rate that can be observed in some animals 

with the open-loop and closed-loop stimulation (Figure 8), we tested if the TES exerts a pro-

convulsive effect. 

 

Figure 8. Possible pro-convulsive effect of stimulation. Peri-stimulus time histogram of the 

SWDs of a (A) closed-loop and an (B) open-loop stimulated rat across all the stimulated days. 

Black lines denote the average SW occurrence rate along the whole recording period and 

dashed blue lines refer to the confidence intervals (95%). 

 

The peri-stimulus time-histogram of the SWs in the open loop animals revealed that following 

the random transcranial stimuli, the probability of SW occurrence is substantially lower than 

the baseline for approximately 30 seconds, but later the probability raises above the mean 

occurrence probability and can be even become significantly higher. In contrast to this, in case 

of the closed loop stimulation, the SW occurrence rate remains significantly higher following 

the first stimulus approximately for a minute, reflecting that the first stimulus cannot always 

stop the seizure activity or seizures may quickly recur in cases of incomplete termination and 

importantly, closed loop seizure intervention found to have no proconvulsive effect. These 
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findings suggest that there is no large direct seizure inducing effect of the stimulation and 

emphasize the crucial importance of the timing of the stimulation.  

 

LONG-TERM CLOSED LOOP SEIZURE CONTROL 
 

Next, we investigated whether long-term application of the closed-loop TES modifies the 

occurrence of the spontaneous seizures. As the open-loop stimulation did not have the capacity 

to improve seizure activity during the short stimulation sessions, we only investigated further 

the effects of closed-loop stimulations. Closed-loop stimulated (n = 5) and control (n = 4) rats 

were monitored for at least an additional 8 weeks continuously. The control rats did not receive 

any treatment during the observations. In case of the closed-loop stimulated rats the first week 

of the observation served as a control period (Pre-Treatment), then for 6 weeks the animals 

were stimulated in a closed-loop fashion (Treatment). After finishing the treatment, the rats 

were observed at least for one more week (Post-Treatment, Figure 9A). Additionally, in one 

animal we continued the closed-loop treatment after the 8 week long experimental session for 

three more months with a week-long control session at the end. 

The control group (n = 4) did not show any significant change in terms of the TiS (one-way 

ANOVA, F(7,209) = 0.95, p = 0.4665, not shown), in accordance with previous findings (Shaw, 

2007). We found that during the treatment all the animals (n = 5) spent significantly less time 

in seizure (38.8 ± 20.2%, mean across treatment weeks, one-way ANOVA, F(7,264) = 72.47, 

p < 0.001, Figure 9B), and the duration of the seizures significantly decreased (33.8 ± 17.8%, 

mean across treatment weeks, Kruskal-Wallis test, group χ2 = 97.86, p < 0.001, Figure 9C). 

These effects were immediate and did not deteriorate over the time course of treatment (TiS = 

41.8 ± 19.3% vs 41.9 ± 15.3%, p = 1.000; Normalized seizure duration = 33.4 ± 16.8% vs 38.6 

± 15.8%, p = 0.9932, for Week 1 vs Week 6, respectively, post-hoc Tukey HSD), and returned 

back to the Pre-Treatment level as the treatment was suspended (Post-Treatment TiS = 99.1 ± 

20.4% of the Pre-Treatment TiS, p = 1.000; normalized Post-Treatment seizure duration = 111.3 

± 24.3% of the Pre-Treatment seizure duration, p = 0.5814, post-hoc Tukey HSD). The seizure 

rate was significantly increased in all animals during the treatment (133 ± 16.8% of the Pre-

Treatment seizure rate, one-way ANOVA, F(2,9) = 12.07, p < 0.05, Figure 9E, see Discussion 

on page 37-38) and returned to the original level during the Post-Treatment period in 4 of 5 
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animals. One animal maintained a significantly lower seizure rate even after the treatment 

(75.86 ± 32.93% of the Pre-Treatment, p < 0.05, post-hoc Tukey HSD). Importantly, we did 

not observe any overt, major behavioral change (alteration in nest building, rearing, sleep-

awake cycle) or traces of glial remodeling due to the treatment (Figure 9F), which is in 

accordance with the similarity of Pre- and Post-Treatment seizure parameters. 

 

Figure 9. Results of the seizure suppression during the long-term stimulation protocol. 

(A) Experimental timeline. Group data show the stable and similar decrease of (B) Time in 

Seizure and (C) average seizure duration as long as the closed-loop seizure suppression is on 

(each measure is normalized to its corresponding mean Pre-Treatment value for each animal). 

(D) Example LFP traces of one representative rat demonstrating the recording quality over the 

weeks. Note that the amplitudes and signal to noise ratios are qualitatively similar, suggesting 

a negligible change of the electrode conductance. (E) Group data show seizure rates before 

(Pre), during (Trt) and after (Post) the treatment (normalized to the average seizure rates 

during the Pre days for each animal). Shaded area represents ±SEM. (F) Representative 

histological examples of cortical and hippocampal regions of control (SHAM) and long term 

treated (STIM) animals, stained for GFAP (green) and DAPI (blue). Note that stimulation did 

not induce overt gross histological changes (i.e. gliosis) despite the long-term application. *p 

< 0.001, **p < 0.05 vs Pre-Treatment, one-way ANOVA (B,E), Kruskal-Wallis test (C), both 

followed by post hoc HSD. 
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The prolonged closed-loop treatment (4 months) also resulted in qualitatively similar results, 

suggesting that lifelong TES treatment of epilepsy is possible, since the efficacy of the seizure 

suppression was maintained (Figure 10A-B). After the termination of this four month long 

treatment, we observed that both TiS (133.1% ± 22.2% and 137.3% ± 21.2% of the Pre-

Treatment TiS, for the control and the treated animal, respectively) and normalized seizure 

duration were substantially increased (138.8% ± 10.7% and 209.6% ± 23.5% of the Pre-

Treatment seizure duration, for the control and the treated animal, respectively) in accordance 

with the trends observed in the control animal. This observation further supports that long-term 

closed loop treatment is possible in terms of the efficacy of the early termination of the seizures, 

but it may have no effect on the natural progression of the disease. 

 

Figure 10. Sustained efficacy of the seizure suppression during the four-month long 

stimulation. Results of an extended 4 months long treatment are similar to those obtained 

during the 6 weeks protocol, both for the (A) Time in Seizure and (B) average seizure duration. 

Shaded area represents ±SD. (Control period at the end of the 6 week treatment is removed) 

 

ABSENCE SEIZURE DEVELOPMENT 

 

In an other set of experiments, we performed a longitudinal study in Long-Evans male 

rats using multisite recording electrodes in multiple cortical areas to determine the evolution of 

spontaneous seizures and the related co-occurring alterations of sleep architecture. First, we 
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determined how seizure incidence is influenced by maturation. We found that the total time 

spent in seizures progressively increased during the observation period and saturated around 5 

months (n= 5 animals; ANOVA F(14,56)=13.60; p < 0.05; post hoc LSD vs 14th week, Figure 

11B), which is in accordance with previous observations of Long-Evans rats reporting constant 

seizure parameters during late adulthood (Shaw, 2007). Seizures were significantly longer in 

older animals (n = 5 animals; ANOVA F(14,56) = 18.51; p < 0.05; post hoc LSD vs 14th week, 

Figure 11C) and mean seizure length showed the same saturation tendency as the total time 

spent in seizure. Seizure occurrence rate showed an early modest increase that remained steady 

(n = 5 animals; F(14,56) = 2.67; p = 0.1773, Figure 11D). The temporal distribution of the 

seizures also changed with age. In mature animals the median inter-event interval was shorter 

(Kolmogorov-Smirnov, Inter-event interval: p < 0.001, Figure 11E). This result suggests that 

in well-developed absence epilepsy bursts of long seizures can be observed, which accounts for 

most of the time spent in seizures (Kolmogorov-Smirnov, Distribution of seizures, p < 0.001, 

Figure 11F). We refer to ~14 weeks old animals as 'juvenile', while ages above 20 weeks were 

considered as ‘mature’ from here on. 

Investigating the relationship between sleep spindles and SWDs, we found that sleep 

spindles and spike-and-wave discharges’ duration and amplitude distributions were overlapping 

in juvenile animals, but they became distinct in older ones (Figure 12A-B). The peak spindle 

frequency did not change with age (data not shown, n = 5 animals; ANOVA F(14,34930) = 

2.37; p = 0.12), however, a substantial fall of spindle occurrence rate (n = 5 animals; ANOVA 

F(14,56) = 7.10; p = 0.0562, post hoc LSD vs 14th week, Figure 12C) and spindle duration (n 

= 5 animals; ANOVA F(14,34930) = 14.94; p < 0.001, post hoc Tukey vs 14th week, Figure 

12D) was observed. The increase of total time spent in seizures, indicative of the progression 

of the disease, showed strong inverse correlation with the decline of spindle incidence rate that 

raises the possibility of a causal relationship (R2 = 0.73; p < 0.001; t = -13.65, Figure 12E). In 

order to clarify this, we investigated the effect of ethosuximide (ETX), the drug of first choice 

in absence epilepsy, on sleep spindle occurrence (Figure 12F). A single high dose injection of 

ETX resulted in a prompt seizure suppression (0-120 min), which was accompanied with a 

reduction in sleep spindle occurrence, too. Later, as the drug’s plasma level decreased, ETX 

still had the potential to suppress seizure activity, but simultaneously sleep spindle occurrence 

was higher than the time-matched baseline activity of vehicle injection. To further investigate, 
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whether this increased spindle occurrence rate was only the mechanistic consequence of the 

increased seizure-free time of the animals, we analysed our short term on-demand transcranial 

electrical stimulation experiments. We found, that although transcranial electrical stimulation 

was effective in quickly terminating the seizures, it did not decrease their incidence, and did 

not influence positively sleep quality by leaving sleep spindle occurrence rate unchanged 

(Figure 12G). 

 

Figure 11. Seizure frequency and duration increase with maturation. (A) Representative 

LFP traces of seizure activity at ages of 3 months (blue) and 6 months (red). Black ticks label 

individual seizures. Group data shows an increasing average seizure duration (B), an 

increasing time spent in seizure with age (C), expressed as the percentage of the total 

observation time and an increasing seizure rate (D) over the observation period. Shaded area 

represent ±SD. Population data shows distribution of inter-event intervals (E) and seizure 

length (F) at 3 months (blue) and at 6 months (red), shaded area represents ±SD. ∗p ≤ 0.05, 

∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001 
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Figure 12. Relationship between sleep spindles and SWDs. (A and B) Sleep spindle (blue) 

and seizure (red) characteristics in a representative animal at 3 months and at 6 months, with 

example sleep spindles and spike-and-wave episodes (upper left panel). (C and D) Population 

data shows the decrease of sleep spindle duration and sleep spindle incidence normalized to 

the first week of observation. (E) Regression of the total time spent in seizure and sleep spindle 

occurrence rate, red line corresponds to best linear fit. (F) The effect of ethosuximide treatment 

on time spent in seizures (left) and on sleep spindle occurrence rate (right), expressed as the 

percentage of the control days’ values (Wilcoxon’s signed rank test, control vs treatment). (G) 

The effect of closed loop and open loop transcranial electrical stimulation on time spent in 

seizures, on sleep spindle occurrence rate and on the seizure occurrence rate expressed an the 

percentage of the control days’ values (Wilcoxon’s signed rank test, control vs treatment). ∗p 

≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001 
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Figure 13. Brain state dependence of seizure susceptibility. (A) Representative wake-sleep 

transition of a mature rat. Black trace is the LFP of the somatosensory cortex, colored ticks 

highlight individual SWDs (red), delta waves (blue), and sleep spindles (green). (B and C) 

Relative occurrence of sleep spindles and spike-and-waves as the function of delta wave density 

at 3 months (blue) and 6 months (red). (D) Population data shows the time spent in different 

brain states in juvenile (blue) and mature (red) animals. (E) Population data shows the 

distribution of seizures among different brain states (post hoc Tukey-Kramer; vs juvenile To 

SWS: #p ≤ 0.05; ###p ≤ 0.001; vs mature To SWS: ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001). (F) Population 

data shows the percent of time spent in seizures in different brain states (post hoc Tukey-

Kramer, vs mature To SWS: ∗p ≤ 0.05, ∗∗∗p ≤ 0.001). (G and H) Probability of seizure 

occurrence as the function of pre-seizure hippocampal theta-band activity in juvenile and 

mature rats. Red lines: best linear fit. 

 

The incidence of spontaneous sleep spindles and SWDs with respect to the depth of the 

SWS was very diverse. Unlike sleep spindles, seizures emerged at the transitions between 

wakefulness and sleep and their occurrence rate progressively fell with deepening of the SWS 

(Kolmogorov-Smirnov, sleep spindles: p < 0.001, seizures: p < 0.05, Figure 13A-C). To further 
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quantify the relationship of absence episodes to the slow-wave sleep, we analysed the brain 

state dependence of seizure occurrence. Segmenting the recordings into SWS, transition to 

SWS, transition from SWS (two minutes epochs with one minute SWS and one minute 

awake/REM period) and the rest as awake/REM sleep (Methods, Figure 13D-F). According to 

our results, animals’ sleeping time and their active period did not change with maturation (two-

way ANOVA, interaction between age and brain state, F(3,32) = 1.9; p = 0.1492; Figure 13D). 

We found that the seizure occurrence showed a substantial asymmetry regarding SWS (two-

way ANOVA, interaction between age and brain state, F(3,32) = 4.78, p < 0.01; Figure 13E). 

Seizures were very likely to occur when the animals entered SWS, but very few seizures were 

observed during SWS and during transitions from SWS. Although the majority of the seizures 

occurred in awake/REM state, taking into account the time spent in different brain states, the 

transition to SWS found to be the most seizure susceptible state (two-way ANOVA, interaction 

between age and brain state, F(3,32) = 21.78, p < 0.001; Figure 13F). We additionally 

investigated the seizure occurrence probability as the function of hippocampal theta power 

(Juvenile: R = 0.1746; p = 0.0944; t = -1.7656; Mature: R = 0.5189; p < 0.001; t = -4.0085; 

Figure 13G-H), and found that even those seizures which occurred during awake episodes, were 

more likely to occur when the animal was not active, in accordance with previous findings 

(Marescaux et al., 1992; Steriade et al., 1993; Shaw, 2004). 

Traditionally, absence epilepsy was considered as an instantaneously generalizing, 

global seizure type, but to date there is an increasing body of evidence suggesting that these 

seizures emerge locally from a cortical focus located in the somatosensory cortex (Meeren et 

al., 2002; Polack et al., 2007; Crunelli et al., 2011). So far most studies have investigated only 

the putative initiation zone of the seizures (Polack et al., 2007; Williams et al., 2016; Jarre et 

al., 2017), but have not clarified how other cortical areas are invaded or being surpassed by the 

ictal activity. Therefore, we systematically investigated the effect of seizures emerging in the 

somatosensory cortex, on the neuronal activity of out-of-focus cortical areas. First, we 

compared the local field potentials (LFPs) of the motor and the somatosensory cortices of the 

maturing rats during seizure activity (Figure 14A). The ictal LFP spectra of the different areas 

revealed that in juvenile animals the somatosensory cortex was already expressing the ~8Hz 

oscillations at 3 months (Figure 14B-C), characteristic of spike-and-wave discharges. On the 

other hand, the motor cortex displayed a slower frequency oscillation, gradually increasing its 
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frequency with maturation to reach the main SWD-frequency (n = 5 animals; ANOVA 

F(14,41902) = 27.27; p < 0.001, post hoc Tukey vs 14th week; Figure 14B-C). Importantly, the 

bilateral somatosensory cortices showed higher coherence in juvenile animals than the 

unilateral adjacent structures, but in mature animals seizures became widely coherent with LFP 

activity locked to the SWD-frequency (n = 5 animals; ANOVA F(14,41902) = 700.46; p < 

0.001, post hoc Tukey vs 14th week; Figure 14D). An interesting observation is that in juvenile 

animals the characteristic frequency of the off-focus motor cortex often falls in the range of 

slow-wave sleep during seizures in the somatosensory cortex and even delta waves are present, 

which suggests some sort of independence of the out-of-focus areas (Figure 14E). 

 

Figure 14. Topographic differences and characteristics of seizures. (A) Typical 

arrangement of unilateral recording electrodes in the putative ‘initiation zone’ (orange) and in 

the adjacent motor cortex (red). (B) Representative LFP traces and corresponding wavelet 

spectrum of typical intraseizure activity of these cortical areas. (C) Population data shows 

mean frequency of spike and wave episodes in different cortical recording sites (ipsi- and 

contralateral somatosensory cortices and ipsilateral motor cortex) at 3 months and 6 months. 

(D) Increasing coherence of intraseizure LFP signals in young and adult animals between 

different cortical recording sites (bilateral somatosensory cortices (orange), ipsilateral 

somatosensory and motor cortices (red)). (E) Representative LFP traces (orange – 
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somatosensory cortex, red – motor cortex) showing intraseizure dynamics at 3 months and at 

6 months in the same animals. Dashed lines refer to the peak of spike-and-wave discharges, 

delta-wave like activity of motor cortices are highlighted. ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001 

 

Next, we investigated how neuronal spiking of motor and prefrontal cortices were related to the 

spontaneously emerging seizure activity. We compared the firing patterns during seizure 

emergence by looking at the firing rate of neurons (all neurons, putative excitatory pyramidal 

cells, putative inhibitory interneurons and inhibitory/excitatory ratio) in a 2 s windows prior 

and following the seizure onset (Figure 15A). During the preictal periods, the firing rate 

relationship of the putative excitatory cells (i.e. pyramidal cells) and the putative inhibitory cells 

(i.e. interneurons) did not change with maturation (firing rates of 118 vs 318 pyramidal cells, Z 

= 1.05, p = 0.30; 77 vs 113 interneurons’ firing rate, Z = 1.69, p = 0.09, from young and old 

animals, respectively, Wilcoxon’s signed rank test), suggesting no gross change in the overall 

inhibitory/excitatory balance under non-seizure conditions. During the seizures though, the 

firing rate of pyramidal cells did not change, while interneurons in mature animals were less 

active compared to the pre-seizure baseline activity, causing the inhibitory/excitatory balance 

to shift towards excitation (Wilcoxon signed rank test, preSeiz vs Seiz, young: 3 animals, 126 

events, N = 118 pyramidal cell, N = 77 interneuron; total p = 0.3136; Z = 1.01, excitatory p = 

0.4542; Z = 0.75, inhibitory p = 0.6986; Z = 0.39, inhibitory/excitatory p = 0.82485; Z = -0.22; 

old: 4 animals, 215 events; N = 318 pyramidal cells, N = 113 interneuron, total p < 0.05; Z = -

2.26, excitatory p = 0.9832; Z = 0.02, inhibitory p < 0.001; Z = -3.98, inhibitory/excitatory p < 

0.001; Z = -5.93; Figure 15B). Furthermore, we found that 53.3% (42.7 % of interneurons and 

59.4 % of pyramidal cells) of units in juvenile and 88 % (89.6 % of interneurons and 87.3 % of 

pyramidal cells) of mature animals' units show phase locking to ongoing seizure activity at 

different phases of SWDs (Kruskal Wallis one-way analysis of variance, post hoc Wilcoxon 

signed rank test, young: n = 3 animals, N = 115/225 (82/143 pyramidal cell, 33/82 interneuron), 

old: n = 4 animals, N = 351/408 (252/293 pyramidal cell, 99/115 interneuron; phase preference: 

F(3,462) = 50.64 p < 0.001; Figure 15C-D). Interestingly, the preferred phase showed no cell-

specific difference, but the pyramidal cells had significantly higher coupling strength during 

SWDs (mean resultant length: F(3,462) = 72.57 p < 0.001;  Figure 15D). We next asked whether 

cells were entrained to seizure activity on a cycle-by-cycle basis or the LFP pattern of spike-
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and-wave discharges was more likely an emergent network property with loosely coupled unit 

activity, as it was reported in the thalamus (Buzsaki, 1991; Steriade and Contreras, 1995; 

McCafferty et al., 2018). Indeed, most cells were only firing in ~25% of the total SWD cycles 

(Wilcoxon signed rank test, young (N = 225 units) vs old (N = 408 units) Z = 8.30; p < 0.001; 

Figure 15E), suggesting that once an absence seizure emerged from the cortical focus it can 

spread and generalize via thalamic and cortico-cortical connections. However, since 

thalamocortical cells are not entrained in every cycle of the ictal activity (McCafferty et al., 

2018), they do not provide thalamic feedback to their cortical counterparts on a cycle-to-cycle 

basis, thus most of the cortical cells are not driven at each discharge. 

 

Figure 15. Firing dynamics of single units around seizures. (A) LFP trace of somatosensory 

cortex and total firing rate of motor cortex around seizure initiation. (B) Boxplot of firing rate 

ratios of units (all cells, pyramidal cells, interneurons and inhibitory/excitatory ratio) prior to 
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and following the seizure onset ([Peri-Pre] / [Peri+Pre]). (C and D) Phase preference and 

coupling strength of unit firing around SWDs for modulated interneurons and pyramidal cells, 

(E) Unit involvement in ictal activity at each SWDs are plotted as percentage of SWDs in which 

they fire for each unit (left) and as the distribution of cell type specific contribution (right, blue 

– pyramidal, red - interneuron). Red line represents mean. ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001 

 

Furthermore, to investigate seizure susceptibility, we tested how single pulse 

intracortical electrical stimulation can influence brain activity. It is known that short single 

pulse stimulation during NREM sleep can induce global delta waves, which are identical to the 

spontaneously emerging ones (Vyazovskiy et al., 2009; Maingret et al., 2016). Mechanistically, 

such electrical stimulation causes the simultaneous depolarization of some pyramidal cells, 

which in turn can entrain distant cortical regions into sleep oscillation via cortico-cortical 

connections (Vyazovskiy et al., 2009). Given that single pulse stimulation has the potential to 

elicit global sleep patterns, we asked if it is also sufficient to switch the brain into seizure 

activity. After determining the minimal intensity required to induce delta waves during slow 

wave sleep (Methods), we applied the same intensity stimulation during each brain state. 

Indeed, we were able to induce delta waves successfully as reflected by their characteristic LFP 

and unit-firing patterns (Figure 16A). Interestingly, both juvenile and mature animals’ 

somatosensory cortices could respond with spike-and-wave activity to the stimulation, although 

juvenile animals’ ictal-like activity often remained local, but mature animals developed 

generalized seizures and the susceptibility of the cortex for seizures was highly brain state 

dependent (Figure 16B). 
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Figure 16. Events induced by intracortical single pulse stimulation. (A) Representative LFP 

traces (single event) of different cortical areas and raster plot of cortical units (mPFC) during 

a single stimulation, which successfully induced delta waves or spike and waves in a young and 

an old animal. (B) Brain state dependence of single pulse stimulations. Each blue dot represents 

a single trial as the function of cortical delta band power and hippocampal theta/delta ratio. 

Dashed lines divide trials into four panels. Lower right panel corresponds to slow wave sleep. 

Red circles denote successful seizure inductions. (Young: 5 animals, 10 sessions, Old: 4 

animals, 7 sessions). 

  

We compared spiking activity around electrical stimuli in order to see how promptly the 

cortex can react to stimulation. In order to do that, we compared the firing rate of units (total, 

excitatory, inhibitory and inhibitory/excitatory) in 1 s windows prior and following stimuli. In 

juvenile animals, no change was observed in the investigated parameters, but in mature ones 

total and excitatory firing rate increased after stimulation, therefore the inhibitory/excitatory 

balance shifted similarly to the spontaneously emerging seizures (Wilcoxon signed rank test, 

preSeiz vs Seiz, young: 4 animals, N = 107 pyramidal cell, N = 60 interneuron; total p = 0.8319; 

Z = -0.21, excitatory p = 0.564; Z = -0.58, inhibitory p = 0.5366; Z = -0.62, inhibitory/excitatory 

p = 0.74743; Z = -0.32; old: 4 animals, N = 317 pyramidal cells, N = 117 interneuron, total p < 

0.05; Z = 2.28, excitatory p < 0.001; Z = 3.48, inhibitory p = 0.4969; Z = -0.68, 

inhibitory/excitatory p < 0.01; Z = -3.01; Figure 17A). 
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Figure 17. State-dependent seizure susceptibility (A) Boxplot of firing rate ratios of units 

(all cells, pyramidal cells, interneurons and inhibitory/excitatory ratio) around successful 

seizure induction ([Peri-Pre]/[Peri+Pre]). (B and E) Probability of seizure induction as the 

function of pre-seizure hippocampal theta-band activity, (C and F) pre-seizure cortical delta 

band activity and (D and G) pre-seizure cortical beta-band activity. Red lines: best linear fit. 

∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001 

 

In accordance with the spontaneously emerging seizures, stimulation during slow wave 

sleep were not able to induce seizure activity neither in juvenile nor in mature animals, but other 

brain states were susceptible for seizure induction. In order to determine what makes the cortex 

susceptible for seizure induction, we tested the correlation of seizure induction efficacy and the 

pre-stimulation power of characteristic oscillations (hippocampal theta, cortical beta and delta). 

We found that both hippocampal theta power and cortical delta power negatively correlated 

with seizure induction probability (Young, theta: R = 0.8425; p < 0.001; t = -9.6547; delta: R = 

0.7205; p < 0.001; t = -8.8036; t = -6.3559; Adult, theta: R = 0.6645; p < 0.001; t = -6.4961; 

delta: R = 0.1416; p < 0.001; t = -6.3944; Figure 17B, C, E, D). The latter relationship was 

expected from the rare occurrence of spontaneous seizures and low yield of electrical triggering 

during NREM sleep. Interestingly, we found a different seizure susceptibility regarding cortical 

beta band. In juveniles, beta power negatively correlated with seizure induction probability, but 

in contrast, it showed positive correlation in mature animals (Young, beta: R = 0.4724; p < 

0.001; t = -6.3559; Adult, beta: R = 0.2363; p < 0.05; t = 2.2121; Figure 17D, G).   
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7 DISCUSSION 
 

Our results provide evidence that TES can effectively control absence seizures in a 

closed loop fashion from days to months, the treatment effect is instantaneous and it does not 

deteriorate over time (Kozák and Berényi, 2017). Many attempts to prove the potential long 

term efficacy of electrical treatment of epilepsy have failed, possibly due to the lack of temporal 

selectivity (Vercueil et al., 1998; Blik, 2015) or due to selective intracranial targeting that 

misses the choke point locations of the epileptic network (Paz and Huguenard, 2015). The 

diffuse effect of the TES (Ozen et al., 2010; Ali et al., 2013) may be remarkably beneficial in 

generalized seizures, where the pattern generation is the result of a distributed network even if 

the initiation is triggered from a specific location (Meeren et al., 2002). 

In this study we investigated spontaneously emerging absence seizures, which is a 

widely used epilepsy model to test different non-pharmaceutical treatment approaches in 

rodents (van Luijtelaar et al., 2016). Although this is a considerably mild form of epilepsy, 

owing to the high spontaneous seizure rate it is an ideal model to investigate the seizure – 

stimulus interactions (Pitkanen, 2017). It is not possible to directly draw conclusions how other 

generalized seizure types would respond to TES treatment, nevertheless it is promising that in 

a particular type of generalized epilepsy it is feasible to control seizure activity on the long 

term. Clearly, further studies are necessary to test TES on other seizure models to reveal the 

full potential of this treatment, such as temporal lobe epilepsy, which is the most common type 

of seizures in the adulthood (Tellez-Zenteno and Hernandez-Ronquillo, 2012). 

Previous papers describing an increased seizure frequency during electrical suppression 

of absence seizures suggest (Feddersen et al., 2007; Luttjohann and van Luijtelaar, 2013) that 

this phenomenon may be related to the very high spontaneous seizure rate of this epilepsy 

model. Nonetheless, this side effect of the closed loop stimulation has to be taken into account 

when considering the feasibility of clinical application, the possible seizure rate increase in 

response to the treatment may be a potential limiting factor determining the tolerance of the 

patients, which may be balanced by the quick seizure termination. 

Spike-and-wave discharges are most likely to occur during periods of slow-wave sleep 

and drowsiness (Timofeev and Steriade, 2004). Previous studies reported that antiepileptic 

stimuli neither change the behavioral state of the animal (Feddersen et al., 2007) nor induce 
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arousal (Berenyi et al., 2012), therefore the animal – when the seizures are stopped – remains 

in the seizure susceptible behavioral state. Consequently, the higher seizure rate may be coming 

from the fact that the due to the early termination, there is more room for further seizures within 

the given period when the brain is more prone to develop seizures.  

Furthermore it cannot be excluded, that the recurrence of suppressed seizures reflected 

by the increased seizure rate may be the result of incomplete switching between the firing 

modes of thalamic cells (Sorokin et al., 2016b), leading to a rebound phenomenon (Vercueil et 

al., 1998; Blik, 2015). Importantly, these rebound or recurrent seizures did not increase the total 

time spent in seizure, as the shortening of the average seizure duration more than compensated 

the increase in the seizure rate, thus altogether it decreased significantly. 

It is long known that the cells of the thalamus can express various response patterns 

depending on their firing modes (Steriade et al., 1993). Consequently, the strikingly different 

effect of the random and closed-loop TES can be explained by this state-dependent response of 

the thalamocortical loop. Stimulation during a random initial state, the external stimulus may 

weakly synchronize cells making them susceptible to randomly reach a level of synchrony and 

initiating a seizure, which leads to an indirect increase of seizure rate. Importantly, as we 

showed that even a single intracortical stimulus is able to induce epileptic seizures in a seizure 

susceptible brain state, therefore it might be possible, that the increased seizure rate seen in our 

experiments might be related to the hyperexcitable core of the cortex. Altogether, these results 

underlie the importance of timing (Kozák and Berényi, 2017). 

An important conclusion of our experiments is that the seizure-related synchronous 

electrical activity is not required for the maintenance of seizure susceptibility, as we could not 

achieve a curative effect when the seizures were quickly suppressed, but not prevented for 

months (Kozák and Berényi, 2017). In our study, we investigated the seizure disruption efficacy 

on mature animals, whose seizure parameters were already constant at the beginning of the 

treatment. Some recent findings suggest, that the frequent seizures themselves might play a role 

in the pathophysiological alterations related to absence epilepsy (Studer et al., 2018). Therefore, 

further investigations should address the question, whether early intervention with transcranial 

electrical stimulation has a seizure-modifying effect. To date, only pharmacological treatment 

with ethosuximide has been shown to have a seizure-modifying effect, as administration of 
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ETX seems to be capable to improve long-term outcome of the epileptic condition (Blumenfeld 

et al., 2008). 

Similarly to the deep brain stimulation (DBS) for Parkinson’s disease (PD) (Temperli 

et al., 2003; Lang and Obeso, 2004), the investigated seizure parameters returned to the baseline 

as we stopped the treatment in most of the animals, suggesting that the effect does not cumulate, 

and the seizure generating networks do not habituate, which parallels the lack of histological 

alteration (Figure 4f). Furthermore, the closed loop TES was not able to stop the progression of 

the disease in the prolonged closed-loop treatment either, despite the effective seizure control 

during this period (Figure 5a, 5b). Note that similar observations were reported regarding the 

lack of lasting DBS effect in PD (Hilker et al., 2005), as it does not stop the loss of dopaminergic 

neurons, but rather treats the symptoms of the disease (Dauer and Przedborski, 2003; Hilker et 

al., 2005). In contrast to this, we cannot yet exclude that the reason for the lack of the curative 

effect in our epilepsy related TES application is due to the fact, that the closed loop detection 

requires a seizure to be generated, thus the seizures were not prevented but only reversed. There 

are efforts to predict the seizure emergence (Ramgopal et al., 2014; van Luijtelaar et al., 2016) 

and if reliable predictors can be identified, it may ultimately clarify the therapeutic effects of 

TES when used for preventing and not only terminating the seizures. 

Very often the general condition of patients with epilepsy deteriorates over time due to 

the overexcitation of the microcircuitry and cell death, leading to memory impairment, decline 

in intellectual performance and a higher risk of sudden unexpected death in epilepsy (SUDEP) 

(Dodrill, 2002; Vingerhoets, 2006; Surges et al., 2009). The main effect of TES according to 

the dataset presented here — namely the sustained lower time spent in seizure and shorter 

seizures during treatment — might have the potential to attenuate or prevent the secondary 

consequences of epilepsy, but it requires further investigations. Our results suggest, that TES 

might have a favorable impact on the long term outcome of the disease, even if it cannot achieve 

a cumulative effect regarding the seizure activity. 

Importantly, effective seizure control of epileptic patients can improve their quality of 

life (Jones, 1998), even if the treatment is not able to cure the underlying mechanism of 

epilepsy. There are available comparisons about the happiness, self-esteem and other 

psychosocial parameters with and without successful treatment (Poochikian-Sarkissian et al., 

2008), showing a clear correlation between the effectivity of treatment and general well-being 
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of the patients, but the importance of terminating seizures as soon as possible and reducing the 

non-responsive periods to avoid accidents (e.g. driving vehicles, handling machinery, etc.) is 

probably even larger. Therefore, many secondary positive effects might be expected from 

closed-loop TES treatment besides those which can be tested in animal models. 

These findings demonstrate the safety and effectiveness of TES treatment, and suggest 

that it could be used as a minimally invasive, lifelong palliative treatment of certain types of 

epilepsy, alone or as a complement to pharmaceuticals. To date, short-delay, system-on-a-chip 

solutions are already available for real-time epileptic seizure detection tested in animal models 

(van Luijtelaar et al., 2016), which can be combined with reliable detection algorithms 

optimized for human data (Ihle et al., 2012; Furbass et al., 2015). In addition, brain-machine-

brain interfacing is feasible through medically approved non-penetrating electrodes. Therefore 

every aspects are given to translate our previous and current results on the proof of the concept 

and safety of a temporally targeted on-demand transcranial seizure suppression approach into 

a potentially effective, nonpharmaceutical antiepileptic therapy for human patients. 

To further optimize the efficacy of these treatments, our efforts lead - to our knowledge 

- to the first study, which follows the evolution of thalamocortical rhythms in the same animals 

over the time course of 3 months in multiple cortical locations. We showed that maturation 

gradually shifts local ictal activity of the somatosensory cortex into global seizures of the 

thalamocortical circuitry, which parallels the progressive disappearance of sleep spindles. 

Importantly, the sleep related changes seem to be reversible by pharmacological therapy. 

Furthermore, we showed that even a single depolarization burst is sufficient to kick a 

susceptible brain into seizure activity. 

It is known, that absence epilepsy is very often accompanied with sleep disturbances in 

human (Myatchin and Lagae, 2007) and the progressive disappearance of sleep spindles might 

account for an impairment of learning abilities (Radek et al., 1994; Nolan et al., 2004), but the 

exact mechanisms are still elusive. We found that sleep architecture has changed during 

maturation. The NREM sleep became less spindle-rich, as the spindle occurrence markedly 

decreased, but the peak frequency of the individual spindles did not change over the observation 

period. Altogether these findings raise the possibility of an impaired spindle initiation. Here we 

showed that the parallel disappearance of sleep spindles and the emergence of spike-and-waves 

might be two joint consequences of the same underlying mechanism even if they affect different 
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phases of sleep, as the treatment of absence epilepsy with ETX can increase the occurrence rate 

of sleep spindles in a dose-dependent manner. Similar results were found in human (Kellaway 

et al., 1990), although no systematic clinical study on antiepileptic drugs confirmed this effect 

of ETX treatment yet. The initial suppression of spindles is understandable as high dose of ETX 

might massively decrease the availability of T-type Ca2+ channels necessary for spindle 

initiation, but smaller plasma concentrations of ETX resulted in reduced seizure activity and 

high spindle occurrence. ETX exerts its pharmacological effect mainly via blocking T-type 

Ca2+-channels, although it has other targets as well and its seizure suppression effect is not 

confined to the thalamus (Manning et al., 2004). Thus, it has to be further investigated whether 

the frequent seizing is impairing the thalamocortical circuitry (Kozak, 2019) or a maturation-

related cellular alteration may be in favor of seizure spread and causing spindle initiation 

difficulties in an already epileptic brain. Nevertheless, the restoration of sleep spindles by the 

antiepileptic drug of ETX suggests a network effect of channel deficiencies which causes 

spindle initiation difficulties in the epileptic brain, especially since the on-demand seizure 

control did not have similar positive effect on sleep spindles.  

An interesting aspect of the results is that most cortical units, similarly to their thalamic 

counterparts (Buzsaki, 1991; McCafferty et al., 2018), are not firing during most of the spike-

and-waves and altogether a distributed firing pattern of always-changing set of spike-and-wave 

entrained ensembles was observed during ictal activity with a decreased inhibitory/excitatory 

balance. Furthermore, it is possible that the symptoms of absence epilepsy (i.e. subjects being 

non-responsive for environmental stimuli during the seizures) are connected not only to the 

generalized synchronous activity of the minority of the units, but to the silence of the majority 

at the same time. Some studies showed intact cortical processing and partial consciousness 

during absence seizures in animals (Drinkenburg et al., 2003) and in human as well (Chipaux 

et al., 2013; Guo et al., 2016). The underlying reason for this might be that in each cycle, most 

cortical and thalamic units are not entrained to seizure activity, therefore the unaffected loops 

can still process incoming information from the external world and can explain why epileptic 

activity can be interrupted by unexpected sensory stimuli. 

The overall decrease of firing of the inhibitory cells suggests that the silence of the units 

is not due to the powerful inhibition on the pyramidal cells but rather due to their weaker 

thalamocortical drive. On the other hand, our results show a higher inhibitory/excitatory 
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balance in juvenile animals during ictal activity compared to mature ones, what raises the 

possibility of an active cortical inhibitory veto of seizure spread that disappears with age. 

Indeed, there is evidence that epileptic animals have an impairment of intracortical GABAergic 

inhibition (Luhmann et al., 1995; Crunelli et al., 2011). Importantly, our observations are in 

line with the results of Meyer et al. (2018), who showed using calcium imaging in the visual 

cortex of stargazer mice, that most inhibitory cells decrease their activity during absence 

seizures and most cells are not entrained to all of the SWD cycles. 

An alternative mechanistic explanation of the decreased inhibitory activity is that while 

the bursts of the otherwise sparsely firing pyramidal cells during the spikes can counterbalance 

their decreased activity during the waves resulting in no gross change in their average firing 

rate, the already fast-firing interneurons cannot further increase their activity, and thus cannot 

compensate for their relative suppression during the wave phases. This speculation suggests 

that the decreased interneuron activity is a mere consequence of the altered rhythmicity, and 

thus, it may help to maintain the SWD patterns but may not encounter for the increased 

susceptibility for seizure invasion of the given region. Further investigations are needed to 

clarify this question of mutual causality. 

It is noteworthy, that while spindles are mainly global patterns already in the juvenile 

animals, the majority of both the spontaneous or induced ictal activity are local without 

generalization. This underscores that the hyperexcitable focus per se is not sufficient to drive 

generalized seizures, even though the thalamocortical circuitry is already capable to generate 

generalized patterns. However, during maturation some yet undetermined changes happen 

which turn the whole brain to be susceptible for epileptic seizures. The hyperexcitability of the 

cortical focus develops earlier than the propensity of the adjacent areas to participate in the ictal 

activity, which suggests that seizure development is a multiple-step process.  

One possible candidate for maturation-related alterations that might contribute to the 

differential processing of emerging seizure activity of juvenile and adult animals is the changing 

TRN-connectivity with aging (Halassa and Acsady, 2016). Many evidence suggests that intra-

TRN chemical synapses – that can potentially prevent widespread synchronization and confine 

emerging seizure activity – disappear during maturation in rodents (Pinault and Deschenes, 

1998; Hou et al., 2016), but gap junctions remain present allowing intranuclear fast 

synchronization (Deleuze and Huguenard, 2006). This alteration might help spike-and-wave 
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discharges emerging in the somatosensory cortex to entrain large portions of the TRN and this 

increased thalamic contribution might be necessary to have full-blown seizures with self-

sustaining oscillations. 

A study showing that the unilateral inactivation of thalamus can disrupt epileptic 

seizures ipsilaterally presented similar cortical traces during contralateral seizure activity than 

we report here in juvenile animals (Buzsaki et al., 1988). As the cortical spread of ictal activity 

is hypothesized to happen through cortico-cortical connections, this highlights the importance 

of thalamocortical feedback on cortical units which frames them to fire synchronously to the 

seizure drive. Furthermore, the observed delta wave like activity of the motor cortex in response 

to the ongoing seizure activity of the somatosensory cortex in juvenile animals taken together 

with the very strong state-dependence of seizure susceptibility raises the possibility that in 

juvenile animals the different cortical areas might be concomitantly in different microstates. 

Indeed, global sleep is thought to be an emergent property of the synchronization of local 

sleeping networks (Krueger and Obal, 1993; Krueger et al., 2008; Krueger and Roy, 2016), and 

importantly cortical areas also can selectively go 'offline' independently from other cortical 

areas, a phenomenon known as local sleep (Vyazovskiy et al., 2011). Therefore, it is possible 

that the differential upstream determinants of cortical states locally can result in different 

response to incoming seizure drive, as one column can develop a spike-and-wave while the 

other skips a cycle of the seizure while generating a delta wave. The existence of microstates 

reflects the independence of local thalamocortical loops to some extent and it may be possible 

that maturation increases the intrathalamic synchrony resulting in a more uniform response to 

cortical stimulation and generalization. A previous study already showed that ion channel loss 

in the thalamic reticular nucleus (TRN) cause the hypersynchrony of TRN neurons, leading to 

absence seizures (Makinson et al., 2017). Although it is important to mention that in such a 

multiple-step process a slight imbalanced shift to higher synchrony together with the already 

hyperexcitable cortex might probably be sufficient to initiate and maintain generalized seizures.  

We showed here that spontaneous seizure occurrence correlates with changes in 

wakefulness. While the seizure probability is very high around transitions from wakefulness to 

light sleep, as sleep deepens, seizure patterns are overturned by slow waves and even rhythmic 

cortical activation fails to induce seizures in this state. It is known that arousal related brain 

states are controlled locally via the locus coeruleus noradrenergic system (Constantinople and 
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Bruno, 2011). Furthermore, during transition to slow wave sleep the synchrony among TRN 

neurons is increased which is physiologically responsible for gating the sensory information to 

the cortex (Halassa et al., 2014). Alternatively, this also can be in favor of spreading highly 

synchronous activity of epileptic seizures (Makinson et al., 2017). It is possible that during 

wake-sleep transitions in maturing animals the thalamic synchrony is imbalanced in a way that 

the continuously decreasing arousal together with increasing TRN synchrony provides a 

seizure-permissive time-window. The cortical excitability is still high enough to initiate a 

putative seizure and the TRN is already sufficiently synchronous to provide a sufficiently broad 

feedback to the cortex via the thalamocortical cells to frame seizure activity for the next cycle. 

We found that seizure susceptibility oppositely correlates with cortical beta oscillations in 

juvenile and in older animals. The opposite correlation raises the possibility that the observed 

beta oscillations have different origin depending on the age of the animals. In juvenile animals 

it might represent physiological beta oscillation, which is associated with attention and 

wakefulness, therefore negative correlation with seizure susceptibility is understandable. On 

the contrary, in mature animals, pathological beta oscillation (Grandi et al., 2018) may emerge, 

which can contribute to seizure susceptibility. A recent study using optogenetic thalamic 

stimulation to induce seizures (Sorokin et al., 2016a) described similar relationship between 

beta power and seizure induction probability as we found in mature rats. As they hypothesized, 

this cortical beta oscillation might synchronize and frame TRN firing to be pro-epileptic and 

making generalization of seizures possible. 

We propose here that the development of absence epilepsy in polygenic models requires 

multiple steps, which very likely includes the development of a hyperexcitable cortical 

initiation zone and the occasional imbalance between thalamocortical synchrony and cortical 

excitability, which might be present in the form of pathological beta oscillation. Altogether 

these multiple minor alterations might turn the thalamocortical dynamics to favor seizure spread 

in polygenic animal models and human subjects. 
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8 SUMMARY 
 

Here we report that the unsupervised, time-targeted transcranial electrical seizure 

suppression in rats remains steadily effective over months of treatment (tested up to four 

months), and it has no deteriorating post-stimulation effect on the internal brain dynamics. 

These findings establish the safe transition of this approach to human clinical trials. Since TES 

requires only a minor surgery and the device is cosmetically compatible for ambulatory and 

chronic use, the closed-loop feedback stimulation can become a clinically effective solution of 

seizure control. Importantly, although our disease model was absence epilepsy, the long-term 

efficacy and safety points far beyond the absence epilepsy. It holds a great promise, that 

transcranial electrical stimulation might be a new effective tool in disrupting seizure activity in 

various forms of epilepsy with low risk, when applied in a temporally and spatially constrained 

manner.  

Although transcranial direct current stimulation is already medically approved for the 

treatment of major depressive disorder and many studies focus on showing the cognitive effects 

of transcranial stimulation in humans, there are still many open questions regarding the detailed 

mechanism of action, potential disease specific side-effects and the long-term outcome of 

applying this method. Given that many disorders (e.g. depression, epilepsy and schizophrenia) 

can only be extensively investigated in awake animal models and the nature of these medical 

conditions necessitate usually long-term treatment, the protocol provided here for chronical 

implantation of transcranial electrodes in rats might be a powerful tool in testing hypotheses 

regarding the use of transcranial electrical stimulation.  

As absence epilepsy is very rarely recognized in the early stages in children, we have 

scarce knowledge on the mechanism of epileptogenesis. Long Evans rats develop 

thalamocortical spike and wave discharges and the characteristic seizure related behavioral 

symptoms over months, thus using our long-term recording methods, they provide an 

opportunity to track the network level changes of the thalamocortical loop that lead to fully-

developed generalized seizures. We investigated two important perspectives of seizure 

development in this strain. By performing large-scale extracellular neuronal recordings 

continuously for months from childhood to adolescence and recording single unit activity in 
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young and adult rats, we could analyze population activity and firing of individual cells during 

and between seizures. 

Our observations suggest that absence seizures are not accompanied by widespread 

phase-locking of neuronal activities. Interestingly, most cortical interneurons are tonically 

suppressed during absence seizures and pyramidal cells do not increase their mean firing rate 

either. As we could not provide mechanistic explanation of these alterations, further 

investigations are required in order to understand how these interneurons are suppressed in 

parallel with the emerging seizure activity. This might help to identify new seizure choke points, 

serving as a potential new pharmaceutical target to disrupt seizure activity. 

We observed the relationship of seizure related patterns to sleep-related physiologic 

oscillations. We found that although there is a strong inverse relationship between the 

occurrence of spindles and SWDs, they appear at different stages of non-REM sleep. In young, 

spindles are already global patterns, but SWDs are focal and become generalized only during 

maturation. Based on our observations we suggest that maturation gradually shifts the focal 

ictal events into generalized seizure activity as a secondary step, in a network that was already 

capable to generate global patterns. Along the same lines, the decreasing spindle incidence and 

the emergence of SWDs are two confound, but distinct consequences of the underlying changes 

of the thalamocortical network.  

A clinically important key finding of our work is that although high doses of 

ethosuximide, the first-choice drug in absence epilepsy, suppresses both SWDs and the 

remaining spindles, carefully chosen smaller doses are still capable to eliminate SWDs, while 

spindles become more frequent, recovering to a similar occurrence rate as in healthy animals. 

This finding puts emphasis on the importance of using a proper dosing of antiepileptic 

substances that matches a narrow therapeutic window, where the seizures are already 

suppressed, but the sleep quality might improve. As spindles are essential for memory 

consolidation, bearing this in mind may help to properly treat the absence related sleep and 

learning disturbances.  

Altogether the precisely timed closed-loop electrical seizure suppression in combination 

with carefully exploiting the narrow therapeutic window of spindle-sparing drug dosing offer 

yet unutilized therapeutic potential for patients with pharmaceutically yet intractable epileptic 

seizures. 



47 

 

9 ACKNOWLEDGEMENTS 
 

I would like to thank to the many people who directly or indirectly contributed to the 

development of this work. First, I thank Dr. Antal Berényi for giving me the opportunity to do 

the PhD in his lab, for always providing me guidance, help and support and for all the 

conversations, which either related or non-related to science, always broadened my horizon. I 

express my gratitude to Professor Gábor Jancsó for accepting me in the PhD Program of the 

University. I thank my current and previous labmates Antonio, Azahara, Misi, Anett, Gergő, 

Yuichi, Mari, Qun, Rodrigo, Lizeth and Márk for helping me with everything during the course 

of my time in the lab. I gratefully thank Professor Ferenc Bari, to introduce me into the world 

of science. I would like to express my thanks to all colleagues in the Department of Physiology 

for their support and kindness. I especially thank Tamás Földi for helping with the experiments. 

I thank my family, for their continuous support and love no matter how many times I 

was missing from the Sunday lunches to work instead on my research: my father, my brothers 

and especially my mother, who I hope sees me even if she cannot be with me anymore. 

Finally, I thank my wife, Berni and our little son, Dávid for letting me forget all the 

burdens of my life as soon as I arrived home.   



48 

 

10 REFERENCES 
 

Ali MM, Sellers KK, Frohlich F (2013) Transcranial alternating current stimulation 

modulates large-scale cortical network activity by network resonance. J Neurosci 

33:11262-11275. 

Astori S, Wimmer RD, Luthi A (2013) Manipulating sleep spindles--expanding views on 

sleep, memory, and disease. Trends Neurosci 36:738-748. 

Bachmann K, Jahn D, Yang C, Schwartz J (1988) Ethosuximide disposition kinetics in rats. 

Xenobiotica 18:373-380. 

Berens P (2009) CircStat: A MATLAB Toolbox for Circular Statistics Journal of Statistical 

Software 31:1-21. 

Berenyi A, Belluscio M, Mao D, Buzsaki G (2012) Closed-loop control of epilepsy by 

transcranial electrical stimulation. Science 337:735-737. 

Blik V (2015) Electric stimulation of the tuberomamillary nucleus affects epileptic activity 

and sleep-wake cycle in a genetic absence epilepsy model. Epilepsy Res 109:119-125. 

Blumenfeld H (2005) Cellular and network mechanisms of spike-wave seizures. Epilepsia 46 

Suppl 9:21-33. 

Blumenfeld H, Klein JP, Schridde U, Vestal M, Rice T, Khera DS, Bashyal C, Giblin K, Paul-

Laughinghouse C, Wang F, Phadke A, Mission J, Agarwal RK, Englot DJ, Motelow J, 

Nersesyan H, Waxman SG, Levin AR (2008) Early treatment suppresses the 

development of spike-wave epilepsy in a rat model. Epilepsia 49:400-409. 

Bonjean M, Baker T, Lemieux M, Timofeev I, Sejnowski T, Bazhenov M (2011) 

Corticothalamic feedback controls sleep spindle duration in vivo. J Neurosci 31:9124-

9134. 

Buzsaki G (1991) The thalamic clock: emergent network properties. Neuroscience 41:351-

364. 

Buzsaki G, Bickford RG, Ponomareff G, Thal LJ, Mandel R, Gage FH (1988) Nucleus basalis 

and thalamic control of neocortical activity in the freely moving rat. J Neurosci 

8:4007-4026. 

Caplan R, Siddarth P, Stahl L, Lanphier E, Vona P, Gurbani S, Koh S, Sankar R, Shields WD 

(2008) Childhood absence epilepsy: behavioral, cognitive, and linguistic 

comorbidities. Epilepsia 49:1838-1846. 

Chipaux M, Vercueil L, Kaminska A, Mahon S, Charpier S (2013) Persistence of cortical 

sensory processing during absence seizures in human and an animal model: evidence 

from EEG and intracellular recordings. PLoS One 8:e58180. 

Coenen AM, Van Luijtelaar EL (1987) The WAG/Rij rat model for absence epilepsy: age and 

sex factors. Epilepsy Res 1:297-301. 

Coenen AM, Van Luijtelaar EL (2003) Genetic animal models for absence epilepsy: a review 

of the WAG/Rij strain of rats. Behav Genet 33:635-655. 

Coenen AM, Drinkenburg WH, Inoue M, van Luijtelaar EL (1992) Genetic models of 

absence epilepsy, with emphasis on the WAG/Rij strain of rats. Epilepsy Res 12:75-

86. 

Constantinople CM, Bruno RM (2011) Effects and mechanisms of wakefulness on local 

cortical networks. Neuron 69:1061-1068. 

Crunelli V, Leresche N (2002) Childhood absence epilepsy: genes, channels, neurons and 

networks. Nat Rev Neurosci 3:371-382. 



49 

 

Crunelli V, Cope DW, Terry JR (2011) Transition to absence seizures and the role of 

GABA(A) receptors. Epilepsy Res 97:283-289. 

Danober L, Deransart C, Depaulis A, Vergnes M, Marescaux C (1998) Pathophysiological 

mechanisms of genetic absence epilepsy in the rat. Prog Neurobiol 55:27-57. 

Dauer W, Przedborski S (2003) Parkinson's disease: mechanisms and models. Neuron 39:889-

909. 

Deleuze C, Huguenard JR (2006) Distinct electrical and chemical connectivity maps in the 

thalamic reticular nucleus: potential roles in synchronization and sensation. J Neurosci 

26:8633-8645. 

Dodrill CB (2002) Progressive cognitive decline in adolescents and adults with epilepsy. Prog 

Brain Res 135:399-407. 

Drinkenburg WH, Schuurmans ML, Coenen AM, Vossen JM, van Luijtelaar EL (2003) Ictal 

stimulus processing during spike-wave discharges in genetic epileptic rats. Behav 

Brain Res 143:141-146. 

Feddersen B, Vercueil L, Noachtar S, David O, Depaulis A, Deransart C (2007) Controlling 

seizures is not controlling epilepsy: a parametric study of deep brain stimulation for 

epilepsy. Neurobiol Dis 27:292-300. 

Fountas KN, Smith JR (2007) A novel closed-loop stimulation system in the control of focal, 

medically refractory epilepsy. Acta Neurochir Suppl 97:357-362. 

Fuentealba P, Steriade M (2005) The reticular nucleus revisited: intrinsic and network 

properties of a thalamic pacemaker. Prog Neurobiol 75:125-141. 

Furbass F, Ossenblok P, Hartmann M, Perko H, Skupch AM, Lindinger G, Elezi L, Pataraia 

E, Colon AJ, Baumgartner C, Kluge T (2015) Prospective multi-center study of an 

automatic online seizure detection system for epilepsy monitoring units. Clin 

Neurophysiol 126:1124-1131. 

Glauser TA, Cnaan A, Shinnar S, Hirtz DG, Dlugos D, Masur D, Clark PO, Adamson PC, 

Childhood Absence Epilepsy Study T (2013) Ethosuximide, valproic acid, and 

lamotrigine in childhood absence epilepsy: initial monotherapy outcomes at 12 

months. Epilepsia 54:141-155. 

Glauser TA, Cnaan A, Shinnar S, Hirtz DG, Dlugos D, Masur D, Clark PO, Capparelli EV, 

Adamson PC, Childhood Absence Epilepsy Study G (2010) Ethosuximide, valproic 

acid, and lamotrigine in childhood absence epilepsy. N Engl J Med 362:790-799. 

Grandi LC, Kaelin-Lang A, Orban G, Song W, Salvade A, Stefani A, Di Giovanni G, Galati S 

(2018) Oscillatory Activity in the Cortex, Motor Thalamus and Nucleus Reticularis 

Thalami in Acute TTX and Chronic 6-OHDA Dopamine-Depleted Animals. Front 

Neurol 9:663. 

Guo JN, Kim R, Chen Y, Negishi M, Jhun S, Weiss S, Ryu JH, Bai X, Xiao W, Feeney E, 

Rodriguez-Fernandez J, Mistry H, Crunelli V, Crowley MJ, Mayes LC, Constable RT, 

Blumenfeld H (2016) Impaired consciousness in patients with absence seizures 

investigated by functional MRI, EEG, and behavioural measures: a cross-sectional 

study. Lancet Neurol 15:1336-1345. 

Halassa MM, Acsady L (2016) Thalamic Inhibition: Diverse Sources, Diverse Scales. Trends 

Neurosci 39:680-693. 

Halassa MM, Chen Z, Wimmer RD, Brunetti PM, Zhao S, Zikopoulos B, Wang F, Brown 

EN, Wilson MA (2014) State-dependent architecture of thalamic reticular 

subnetworks. Cell 158:808-821. 



50 

 

Hilker R, Portman AT, Voges J, Staal MJ, Burghaus L, van Laar T, Koulousakis A, Maguire 

RP, Pruim J, de Jong BM, Herholz K, Sturm V, Heiss WD, Leenders KL (2005) 

Disease progression continues in patients with advanced Parkinson's disease and 

effective subthalamic nucleus stimulation. J Neurol Neurosurg Psychiatry 76:1217-

1221. 

Holmes MD, Brown M, Tucker DM (2004) Are "generalized" seizures truly generalized? 

Evidence of localized mesial frontal and frontopolar discharges in absence. Epilepsia 

45:1568-1579. 

Hou G, Smith AG, Zhang ZW (2016) Lack of Intrinsic GABAergic Connections in the 

Thalamic Reticular Nucleus of the Mouse. J Neurosci 36:7246-7252. 

Huguenard J (2019) Current Controversy: Spikes, Bursts, and Synchrony in Generalized 

Absence Epilepsy: Unresolved Questions Regarding Thalamocortical Synchrony in 

Absence Epilepsy. Epilepsy Curr 19:105-111. 

Ihle M, Feldwisch-Drentrup H, Teixeira CA, Witon A, Schelter B, Timmer J, Schulze-

Bonhage A (2012) EPILEPSIAE - a European epilepsy database. Comput Methods 

Programs Biomed 106:127-138. 

Jarre G, Altwegg-Boussac T, Williams MS, Studer F, Chipaux M, David O, Charpier S, 

Depaulis A, Mahon S, Guillemain I (2017) Building Up Absence Seizures in the 

Somatosensory Cortex: From Network to Cellular Epileptogenic Processes. Cereb 

Cortex 27:4607-4623. 

Jones EG (2007) The thalamus, 2nd Edition. Cambridge ; New York: Cambridge University 

Press. 

Jones MW (1998) Consequences of epilepsy: why do we treat seizures? Can J Neurol Sci 

25:S24-26. 

Kellaway P, Jr. JDF, Crawley JW (1990) The Relationship Between Sleep Spindles and 

Spike-and-Wave Bursts in Human Epilepsy. In: Generalized Epilepsy (Avoli M, Gloor 

P, Kostopoulos G, Naquet R, eds), pp 36-48: Birkhäuser Boston. 

Kozak G (2019) Absence epilepsy might build its own nest. J Physiol 597:1437-1438. 

Kozak G, Foldi T, Berenyi A (2018) Chronic Transcranial Electrical Stimulation and 

Intracortical Recording in Rats. J Vis Exp. 

Kozák G, Berényi A (2017) Sustained efficacy of closed loop electrical stimulation for long-

term treatment of absence epilepsy in rats. Sci Rep 7:6300. 

Krook-Magnuson E, Armstrong C, Oijala M, Soltesz I (2013) On-demand optogenetic control 

of spontaneous seizures in temporal lobe epilepsy. Nat Commun 4:1376. 

Krook-Magnuson E, Szabo GG, Armstrong C, Oijala M, Soltesz I (2014) Cerebellar Directed 

Optogenetic Intervention Inhibits Spontaneous Hippocampal Seizures in a Mouse 

Model of Temporal Lobe Epilepsy. eNeuro 1. 

Krook-Magnuson E, Armstrong C, Bui A, Lew S, Oijala M, Soltesz I (2015) In vivo 

evaluation of the dentate gate theory in epilepsy. J Physiol 593:2379-2388. 

Krueger JM, Obal F (1993) A neuronal group theory of sleep function. J Sleep Res 2:63-69. 

Krueger JM, Roy S (2016) Sleep's Kernel: Surprisingly small sections of brain, and even 

neuronal and glial networks in a dish, display many electrical indicators of sleep. 

Scientist 30:36-41. 

Krueger JM, Rector DM, Roy S, Van Dongen HP, Belenky G, Panksepp J (2008) Sleep as a 

fundamental property of neuronal assemblies. Nat Rev Neurosci 9:910-919. 

Kwan P, Arzimanoglou A, Berg AT, Brodie MJ, Allen Hauser W, Mathern G, Moshe SL, 

Perucca E, Wiebe S, French J (2010) Definition of drug resistant epilepsy: consensus 



51 

 

proposal by the ad hoc Task Force of the ILAE Commission on Therapeutic 

Strategies. Epilepsia 51:1069-1077. 

Lang AE, Obeso JA (2004) Challenges in Parkinson's disease: restoration of the nigrostriatal 

dopamine system is not enough. Lancet Neurol 3:309-316. 

Lewis LD, Voigts J, Flores FJ, Schmitt LI, Wilson MA, Halassa MM, Brown EN (2015) 

Thalamic reticular nucleus induces fast and local modulation of arousal state. Elife 

4:e08760. 

Luhmann HJ, Mittmann T, van Luijtelaar G, Heinemann U (1995) Impairment of intracortical 

GABAergic inhibition in a rat model of absence epilepsy. Epilepsy Res 22:43-51. 

Luttjohann A, van Luijtelaar G (2013) Thalamic stimulation in absence epilepsy. Epilepsy 

Res 106:136-145. 

Maingret N, Girardeau G, Todorova R, Goutierre M, Zugaro M (2016) Hippocampo-cortical 

coupling mediates memory consolidation during sleep. Nat Neurosci 19:959-964. 

Makinson CD, Tanaka BS, Sorokin JM, Wong JC, Christian CA, Goldin AL, Escayg A, 

Huguenard JR (2017) Regulation of Thalamic and Cortical Network Synchrony by 

Scn8a. Neuron 93:1165-1179 e1166. 

Manning JP, Richards DA, Leresche N, Crunelli V, Bowery NG (2004) Cortical-area specific 

block of genetically determined absence seizures by ethosuximide. Neuroscience 

123:5-9. 

Marescaux C, Vergnes M, Depaulis A (1992) Genetic absence epilepsy in rats from 

Strasbourg--a review. J Neural Transm Suppl 35:37-69. 

McCafferty C, David F, Venzi M, Lorincz ML, Delicata F, Atherton Z, Recchia G, Orban G, 

Lambert RC, Di Giovanni G, Leresche N, Crunelli V (2018) Cortical drive and 

thalamic feed-forward inhibition control thalamic output synchrony during absence 

seizures. Nat Neurosci 21:744-756. 

McCormick DA, Bal T (1997) Sleep and arousal: thalamocortical mechanisms. Annu Rev 

Neurosci 20:185-215. 

McCormick DA, Contreras D (2001) On the cellular and network bases of epileptic seizures. 

Annu Rev Physiol 63:815-846. 

McCormick DA, McGinley MJ, Salkoff DB (2015) Brain state dependent activity in the 

cortex and thalamus. Curr Opin Neurobiol 31:133-140. 

Meeren HK, Pijn JP, Van Luijtelaar EL, Coenen AM, Lopes da Silva FH (2002) Cortical 

focus drives widespread corticothalamic networks during spontaneous absence 

seizures in rats. J Neurosci 22:1480-1495. 

Meyer J, Maheshwari A, Noebels J, Smirnakis S (2018) Asynchronous suppression of visual 

cortex during absence seizures in stargazer mice. Nat Commun 9:1938. 

Myatchin I, Lagae L (2007) Sleep spindle abnormalities in children with generalized spike-

wave discharges. Pediatr Neurol 36:106-111. 

Nelson TS, Suhr CL, Freestone DR, Lai A, Halliday AJ, McLean KJ, Burkitt AN, Cook MJ 

(2011) Closed-loop seizure control with very high frequency electrical stimulation at 

seizure onset in the GAERS model of absence epilepsy. Int J Neural Syst 21:163-173. 

Nolan MA, Redoblado MA, Lah S, Sabaz M, Lawson JA, Cunningham AM, Bleasel AF, Bye 

AM (2004) Memory function in childhood epilepsy syndromes. J Paediatr Child 

Health 40:20-27. 

Ozen S, Sirota A, Belluscio MA, Anastassiou CA, Stark E, Koch C, Buzsaki G (2010) 

Transcranial electric stimulation entrains cortical neuronal populations in rats. J 

Neurosci 30:11476-11485. 



52 

 

Paz JT, Huguenard JR (2015) Microcircuits and their interactions in epilepsy: is the focus out 

of focus? Nat Neurosci 18:351-359. 

Paz JT, Davidson TJ, Frechette ES, Delord B, Parada I, Peng K, Deisseroth K, Huguenard JR 

(2013) Closed-loop optogenetic control of thalamus as a tool for interrupting seizures 

after cortical injury. Nat Neurosci 16:64-70. 

Pinault D, Deschenes M (1998) Projection and innervation patterns of individual thalamic 

reticular axons in the thalamus of the adult rat: a three-dimensional, graphic, and 

morphometric analysis. J Comp Neurol 391:180-203. 

Pitkanen A (2017) Models of seizures and epilepsy. Boston, MA: Elsevier. 

Polack PO, Charpier S (2006) Intracellular activity of cortical and thalamic neurones during 

high-voltage rhythmic spike discharge in Long-Evans rats in vivo. J Physiol 571:461-

476. 

Polack PO, Guillemain I, Hu E, Deransart C, Depaulis A, Charpier S (2007) Deep layer 

somatosensory cortical neurons initiate spike-and-wave discharges in a genetic model 

of absence seizures. J Neurosci 27:6590-6599. 

Poochikian-Sarkissian S, Sidani S, Wennberg R, Devins GM (2008) Seizure freedom reduces 

illness intrusiveness and improves quality of life in epilepsy. Can J Neurol Sci 35:280-

286. 

Radek RJ, Curzon P, Decker MW (1994) Characterization of high voltage spindles and spatial 

memory in young, mature and aged rats. Brain Res Bull 33:183-188. 

Ramgopal S, Thome-Souza S, Jackson M, Kadish NE, Sanchez Fernandez I, Klehm J, Bosl 

W, Reinsberger C, Schachter S, Loddenkemper T (2014) Seizure detection, seizure 

prediction, and closed-loop warning systems in epilepsy. Epilepsy Behav 37:291-307. 

Reid CA, Phillips AM, Petrou S (2012) HCN channelopathies: pathophysiology in genetic 

epilepsy and therapeutic implications. Br J Pharmacol 165:49-56. 

Rossant C, Kadir SN, Goodman DFM, Schulman J, Hunter MLD, Saleem AB, Grosmark A, 

Belluscio M, Denfield GH, Ecker AS, Tolias AS, Solomon S, Buzsaki G, Carandini 

M, Harris KD (2016) Spike sorting for large, dense electrode arrays. Nat Neurosci 

19:634-641. 

Salam MT, Perez Velazquez JL, Genov R (2016) Seizure Suppression Efficacy of Closed-

Loop Versus Open-Loop Deep Brain Stimulation in a Rodent Model of Epilepsy. 

IEEE Trans Neural Syst Rehabil Eng 24:710-719. 

Salam MT, Kassiri H, Genov R, Perez Velazquez JL (2015) Rapid brief feedback 

intracerebral stimulation based on real-time desynchronization detection preceding 

seizures stops the generation of convulsive paroxysms. Epilepsia 56:1227-1238. 

Semba K, Szechtman H, Komisaruk BR (1980) Synchrony among rhythmical facial tremor, 

neocortical 'alpha' waves, and thalamic non-sensory neuronal bursts in intact awake 

rats. Brain Res 195:281-298. 

Shaw FZ (2004) Is spontaneous high-voltage rhythmic spike discharge in Long Evans rats an 

absence-like seizure activity? J Neurophysiol 91:63-77. 

Shaw FZ (2007) 7-12 Hz high-voltage rhythmic spike discharges in rats evaluated by 

antiepileptic drugs and flicker stimulation. J Neurophysiol 97:238-247. 

Sherman SM (2005) Thalamic relays and cortical functioning. Prog Brain Res 149:107-126. 

Sherman SM, Guillery RW (2002) The role of the thalamus in the flow of information to the 

cortex. Philos Trans R Soc Lond B Biol Sci 357:1695-1708. 

Sorokin JM, Paz JT, Huguenard JR (2016a) Absence seizure susceptibility correlates with 

pre-ictal beta oscillations. J Physiol Paris 110:372-381. 



53 

 

Sorokin JM, Davidson TJ, Frechette E, Abramian AM, Deisseroth K, Huguenard JR, Paz JT 

(2016b) Bidirectional Control of Generalized Epilepsy Networks via Rapid Real-Time 

Switching of Firing Mode. Neuron. 

Stafstrom CE (2014) Absence Epilepsy: The Tail WAGs the Rat. Epilepsy Curr 14:161-162. 

Steriade M, Contreras D (1995) Relations between cortical and thalamic cellular events 

during transition from sleep patterns to paroxysmal activity. J Neurosci 15:623-642. 

Steriade M, Domich L, Oakson G (1986) Reticularis thalami neurons revisited: activity 

changes during shifts in states of vigilance. J Neurosci 6:68-81. 

Steriade M, McCormick DA, Sejnowski TJ (1993) Thalamocortical oscillations in the 

sleeping and aroused brain. Science 262:679-685. 

Studer F, Laghouati E, Jarre G, David O, Pouyatos B, Depaulis A (2018) Sensory coding is 

impaired in rat absence epilepsy. J Physiol. 

Surges R, Thijs RD, Tan HL, Sander JW (2009) Sudden unexpected death in epilepsy: risk 

factors and potential pathomechanisms. Nat Rev Neurol 5:492-504. 

Takeuchi Y, Asano H, Katayama Y, Muragaki Y, Imoto K, Miyata M (2014) Large-scale 

somatotopic refinement via functional synapse elimination in the sensory thalamus of 

developing mice. J Neurosci 34:1258-1270. 

Tellez-Zenteno JF, Hernandez-Ronquillo L (2012) A review of the epidemiology of temporal 

lobe epilepsy. Epilepsy Res Treat 2012:630853. 

Temperli P, Ghika J, Villemure JG, Burkhard PR, Bogousslavsky J, Vingerhoets FJ (2003) 

How do parkinsonian signs return after discontinuation of subthalamic DBS? 

Neurology 60:78-81. 

Timofeev I, Steriade M (2004) Neocortical seizures: initiation, development and cessation. 

Neuroscience 123:299-336. 

van Heukelum S, Kelderhuis J, Janssen P, van Luijtelaar G, Luttjohann A (2016) Timing of 

high-frequency cortical stimulation in a genetic absence model. Neuroscience 

324:191-201. 

van Luijtelaar G, Wiaderna D, Elants C, Scheenen W (2000) Opposite effects of T- and L-

type Ca(2+) channels blockers in generalized absence epilepsy. Eur J Pharmacol 

406:381-389. 

van Luijtelaar G, Luttjohann A, Makarov VV, Maksimenko VA, Koronovskii AA, Hramov 

AE (2016) Methods of automated absence seizure detection, interference by 

stimulation, and possibilities for prediction in genetic absence models. J Neurosci 

Methods 260:144-158. 

Vandecasteele M, M S, Royer S, Belluscio M, Berenyi A, Diba K, Fujisawa S, Grosmark A, 

Mao D, Mizuseki K, Patel J, Stark E, Sullivan D, Watson B, Buzsaki G (2012) Large-

scale recording of neurons by movable silicon probes in behaving rodents. J Vis 

Exp:e3568. 

Vercueil L, Benazzouz A, Deransart C, Bressand K, Marescaux C, Depaulis A, Benabid AL 

(1998) High-frequency stimulation of the subthalamic nucleus suppresses absence 

seizures in the rat: comparison with neurotoxic lesions. Epilepsy Res 31:39-46. 

Vingerhoets G (2006) Cognitive effects of seizures. Seizure 15:221-226. 

Vrielynck P (2013) Current and emerging treatments for absence seizures in young patients. 

Neuropsychiatr Dis Treat 9:963-975. 

Vyazovskiy VV, Faraguna U, Cirelli C, Tononi G (2009) Triggering slow waves during 

NREM sleep in the rat by intracortical electrical stimulation: effects of sleep/wake 

history and background activity. J Neurophysiol 101:1921-1931. 



54 

 

Vyazovskiy VV, Olcese U, Hanlon EC, Nir Y, Cirelli C, Tononi G (2011) Local sleep in 

awake rats. Nature 472:443-447. 

Walia KS, Khan EA, Ko DH, Raza SS, Khan YN (2004) Side effects of antiepileptics--a 

review. Pain Pract 4:194-203. 

Williams MS, Altwegg-Boussac T, Chavez M, Lecas S, Mahon S, Charpier S (2016) 

Integrative properties and transfer function of cortical neurons initiating absence 

seizures in a rat genetic model. J Physiol 594:6733-6751. 

 


