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You Snooze You Seize: GABAergic
Potentiation of Genetic Generalized
Seizures During NREM

Impaired State-Dependent Potentiation of GABAergic Synaptic Currents Triggers Seizures in a Genetic
Generalized Epilepsy Model

Zhang C-Q, Catron MA, Ding L, Hanna CM, Gallagher MJ, Macdonald RL, Zhou C. Cereb Cortex. 2021;31(2):768-784.
doi:10.1093/cercor/bhaa256. https://pubmed.ncbi.nlm.nih.gov/32930324/

Epileptic activity in genetic generalized epilepsy (GGE) patients preferentially appears during sleep and its mechanism remains
unknown. Here, we found that sleep-like slow-wave oscillations (0.5 Hz SWOs) potentiated excitatory and inhibitory synaptic
currents in layer V cortical pyramidal neurons from wild-type (wt) mouse brain slices. In contrast, SWOs potentiated exci-
tatory, but not inhibitory, currents in cortical neurons from a heterozygous (het) knock-in (KI) Gabrg2þQ/390X model of
Dravet epilepsy syndrome. This created an imbalance between evoked excitatory and inhibitory currents to effectively prompt
neuronal action potential firings. Similarly, physiologically similar up-/down-state induction (present during slow-wave sleep) in
cortical neurons also potentiated excitatory synaptic currents within brain slices from wt and het KI mice. Moreover, this
state-dependent potentiation of excitatory synaptic currents entailed some signaling pathways of homeostatic synaptic plas-
ticity. Consequently, in het KI mice, in vivo SWO induction (using optogenetic methods) triggered generalized epileptic spike-
wave discharges (SWDs), being accompanied by sudden immobility, facial myoclonus, and vibrissa twitching. In contrast, in wt
littermates, SWO induction did not cause epileptic SWDs and motor behaviors. To our knowledge, this is the first mechanism
to explain why epileptic SWDs preferentially happen during non-rapid eye-movement sleep and quiet-wakefulness in human
GGE patients.

Commentary

The influence of slow-wave sleep on seizure incidence in epi-

lepsy has long been recognized.1 In 400 BC the Greek philoso-

pher Aristotle first noted “In many cases, epilepsy sets in during

sleep.” Investigations to determine the underlying mechanisms

that drive this relationship with the goal to help improve treat-

ment outcomes in patients with epilepsy are needed. Sleep is a

critical component of all homeostatic plasticity at neuronal

synapses. It underlies circadian rhythms that determine the effi-

ciency of long-term learning and memory. Synaptic homeostatic

scaling also contributes to the behavioral state-dependent

modulation of electroencephalogram (EEG) changes

associated with slow-wave sleep versus wake states. Slow-

wave sleep refers to phase 3 (N3) sleep, which is the deepest

phase of non-rapid eye movement (NREM) sleep, characterized

by delta waves (0.5-4 Hz on EEG) and critical for memory

consolidation. Studying impairments of slow-wave oscillations

(SWO, 0.5 Hz) in generalized genetic epilepsies (GGE) has

emerged as an important tool to gain insights that will help

guide investigation of underlying mechanisms and identify

new EEG biomarkers2 associated with increased incidence of

spikes and seizure activity during NREM sleep. The EEG

phenotype of GGEs are bilateral, synchronous, symmetric, and

generalized spike-wave discharges (SWDs). Sleep, sleep

deprivation, eye closure, and fixation-off are often used as

activation techniques to increase the diagnostic yield of EEG

recordings3, indicating that in addition to sleep states,

suppression of visual cues also plays a role in seizure

initiation. Several anti-seizure medications approved for

seizure suppression act by either subduing runaway excitation

or enhancing inhibition to help curb occurrence and frequency of

global seizures, which are common in GGEs. Some GGEs are

notoriously refractory and commonly treated with polytherapy

cocktails introduced in an empirical manner due to lack of

evidence-based guidelines. The known potential for interictal

discharges to disrupt sleep-related memory consolidation

provides a perspective for understanding the association of

childhood epilepsy with a high rate of intellectual disability.

For patients with tuberous sclerosis-related epilepsy where

seizures cluster when the child is falling asleep or soon after

waking, it has been reported that when the epilepsy begins

before the age of 2 years, the frequency and severity of
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imaging biomarker for secondary generalization of seizures.

However, the study methods and data/result presentation are

complicated and require some attention before we dive deeper

into the discussion of the results.

The authors present data of a large but overall heteroge-

neous group of TLE patients—MRI-negative patients, patients

with hippocampal sclerosis, dysembryoplastic neuroepithelial

tumors, and cavernomas. While not necessarily a major prob-

lem, combining all these groups prior to showing that their

task-related fMRI activations are not different (and that thala-

mic activations are not different) creates a potential confounder

that is not addressed in the study. Further, they utilize their “go-

to” fMRI task—verb fluency—to assess language lateralization

including thalamic involvement in the task. However, since

there is no performance tracking with this covert task, there

is no way of knowing how well the participants performed the

task and how performance on the task influenced the observed

fMRI activations. To offset this, they tested letter fluency as

part of their neuropsychological battery—there were some

group differences including significant differences between left

TLE with and without generalized seizures.

In the primary analysis, they compared fMRI activation

patterns in patients with FBTCS within the last year to patients

with no FBTCS (ie, only with focal seizures [FS]) in the last

year to find that the activation patterns were different between

the groups with higher fMRI activation and more leftward

activation in patients with FS including differences in thalami.

Of interest is the fact that some of the peak activations fell into

the anterior thalamic nuclei that, as we all know, are the target

of deep brain stimulation. In the post hoc analyses, they showed

that FS patients’ thalamic activations were similar to healthy

controls performing the same task but active FBTCS partici-

pants had overall lower thalamic activations when compared to

either of those two groups. Important is that having FBTCS in

the last year was the most significant determinant of thalamic

activation. The study would be very easy to understand and

interpret had they stopped their analyses here. However, the

authors performed several useful but very complicated analyses

that undoubtedly make the interpretation of the results difficult.

These additional, in-part confirmatory in-part follow-up anal-

yses are psychophysiologic interaction, graph theory, and

receiver operating characteristic (RUC) curve analyses. The

understanding and interpretation of these analyses is neither

intuitive nor simple. While disentangling these analyses is not

part of this commentary, for the purpose of better understand-

ing their approach, we can briefly state that psychophysiologic

interaction is a between regions connectivity analysis for fMRI

data that is context-dependent. Graph theory analysis, as

explained previously in great detail,5 allows mathematical

analysis and description of complex systems using terms such

as “hubs,” “centrality,” and “betweenness.” Finally, the term

ROC—probably most recognized by neurologists—is a binary

classifier that allows diagnostic discrimination between groups.

These analyses show that, in patients with active FBTCS, there

is greater context-dependent thalamo-temporal and thalamo-

motor connectivity, higher thalamic degree and betweenness

centrality, and that ROC curves discriminate well between

individuals with and without active FBTCS. These findings

also indicate that having active FBTCS changes the brain more

than having FS alone and that the presence and the degree of

the changes may be used as a biomarker for disease severity.

As complicated as these analyses are, the authors provide

meticulous description of the procedures performed and of the

results in the main body of the manuscript with additional

details included in the supplement. However, more important

are implications of this study. Since fMRI has been a mainstay

of presurgical language and verbal memory evaluation for

years,6 most epilepsy centers obtain fMRI as part of their pre-

surgical patient staging protocol. However, we cannot expect

that psychophysiologic interaction, graph theory, and ROC

curve analyses of the task-related fMRI data will be performed

in the course of such evaluation. Rather, what the study shows

is that the task fMRI data can be used not only to perform a

rather simplistic analysis of language lateralization but also to

identify the negative effects of pathophysiology (here seizures)

on brain networks. Whether independently or in combination

with other measures (eg, functional connectivity or thalamic

stereoelectroencephalography), future research could teach us

if/how such results could be applied to evaluating disease

severity, staging in presurgical evaluation, predicting out-

comes, or deciding the treatment approaches (eg, resection vs

implantable devices).

Perhaps more importantly, these findings teach us some-

thing about the disease itself. They provide information about

the pathophysiology of temporal lobe seizures, about the

negative effects of seizures not only on local but also on

remote executive brain regions (ie, confirm the proposed a

long-time ago “nociferous cortex hypothesis”7), and outline the

negative effects of FBTCS on brain connectivity and pathways

of information transfer. While previously such negative effects

have been documented in resting-state studies, this effort

extends those findings to cognitive tasks and task-based con-

nectivity. This study shows that the task data can be used not

only to localize and lateralize brain functions but also to mea-

sure the effects of the disease on brain networks and its

severity.
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intellectual disability is much higher.4 Added to the poor sleep-

efficiency, day-time sleepiness is commonly reported in

pediatric patients with severe GGEs, which further aggravates

poor learning and cognition.

The impairment of cognitive functions via sleep is present

especially in epileptic networks involving the thalamocortical

system and the hippocampo-cortical memory encoding system.

Although the thalamus may contribute to shaping the rhythm,

SWOs are a cortical phenomenon.5 During NREM sleep, cor-

tical neurons oscillate approximately once every second

between a depolarized upstate, when cortical neurons are

actively firing, and a hyperpolarized downstate, when cortical

neurons are virtually silent. The bistable behavior of the thala-

mocortical circuit during NREM sleep that allows for rapid and

synchronous neuronal depolarization is inevitably followed by

a massive hyperpolarization.6 At the EEG level, this leads to an

“enhanced” slow wave that displays larger amplitude, steeper

slope, and involves broader cortical regions. Investigation of

SWOs using high-density EEGs, which combine both temporal

precision and the opportunity to record from the entire cortex,

indicate that the negative peak of the scalp-recorded SWO

likely reflects the beginning of the transition from downstate

to upstate and the resumption of cortical neural firing. These

waves of SWO could therefore be driving waves of sEPSPs and

sIPSPs in groups of cortical neurons during depolarized versus

hyperpolarized states.

g-aminobutyric acid type A (GABAA) receptors are the

primary mediators of fast inhibitory synaptic transmission in

the central nervous system and reduction of GABAA receptor-

mediated inhibition has been shown to produce seizures. The

GABAA receptor g2(Q390X) subunit is associated with epi-

leptic encephalopathy, Dravet syndrome, and the epilepsy

syndrome genetic epilepsy with febrile seizures plus.7 The

mutation generates a premature stop codon that results in

translation of a truncated and misfolded g2 subunit that accu-

mulates in neurons and disrupts incorporation of g2 subunits

into GABAA receptors. The authors of the current study have

previously suggested that the aggregated protein likely causes

neuronal stress and apoptosis, resulting in the severe neuro-

logical phenotype.8 Het Gabrg2þ/Q390X knock-in (KI) mice

have been shown to have reduced cortical inhibition, SWD on

EEG, a lower seizure threshold to the convulsant drug penty-

lenetetrazol, and spontaneous generalized tonic–clonic sei-

zures. To investigate the phenomenon of slow-wave sleep

potentiation of generalized seizures, this study investigated

het Gabrg2þ/Q390X KI mice, transgenic wild-type (wt),

and heterozygous (het) Gabrg2þ/Q390X KI mice

expressing halorhodopsin in cortical neurons for ex vivo and

in vivo optogenetic SWO induction protocols.9 They showed

that induction of SWO in het KI mice triggered SWDs

accompanied by behaviors typical of generalized absence

seizures which did not occur in wt mice. In vitro

experiments showed that SWOs (0.5 Hz) potentiated

sEPSCs and sIPSCs in cortical pyramidal neurons (layer V)

from wt mice. In contrast, only sEPSCs, but not sIPSCs, were

enhanced in cortical neurons from het Gabrg2þ/Q390X KI

mice. The impaired sIPSC potentiation during SWOs

prompted the neurons to more readily generate action

potentials in the het mice than in wt. The data presented

indicate that in ex vivo brain slices from Gabrg2þ/Q390X

KI mice during induced up and down states in cortical

neurons, the significant deficit in sIPSC potentiation may be

a cause of the emergence of SWDs during SWO. The same

experiment done in vivo in the Gabrg2þ/Q390X KI mice,

which expressed halorhodopsin to laser-induce cortical

neuronal up and down states and SWO, showed post-SWO

EEGs with a significant increase in SWDs compared to pre-

SWO EEG baselines in the same KI mice.

Spike-wave discharges during SWO are commonly reported

in neurodevelopmental disorders (NDDs) associated with

early-life seizures and epilepsy. However, sleep disorders asso-

ciated with frequent nighttime awakenings and difficulty fall-

ing asleep are also commonly reported for NDDs.10 The SWD

potentiation during NREM could be one of the underlying

causes of the sleep disorders. Interestingly, SWDs in NDDs

are also potentiated by eye closure, fixation off, and reflex

seizures when awake11 highlighting the likely role of loss of

GABAergic potentiation in diverse circuits activated during

behavioral and sensory-motor transition-states that trigger the

awake events in addition to SWOs during NREM.

By Shilpa D. Kadam

ORCID iD

Shilpa D. Kadam https://orcid.org/0000-0001-5136-9594

References

1. Foldvary-Schaefer N, Grigg-Damberger M. Sleep and epilepsy:

what we know, don’t know, and need to know. J Clin Neurophy-

siol. 2006;23(1):4-20. doi:10.1097/01.wnp.0000206877.90232.cb

2. Ammanuel S, Chan WC, Adler DA, et al. Heightened delta power

during slow-wave-sleep in patients with Rett syndrome associated

with poor sleep efficiency. PLoS One. 2015;10(10):1932-6203

(Electronic). doi:10.1371/journal.pone.0138113

3. Seneviratne U, Cook MJ, D’Souza WJ. Electroencephalography

in the diagnosis of genetic generalized epilepsy syndromes. Front

Neurol. 2017;8:499. doi:10.3389/fneur.2017.00499

4. Gupta A, de Bruyn G, Tousseyn S, et al. Epilepsy and neurode-

velopmental comorbidities in tuberous sclerosis complex: a nat-

ural history study. Pediatr Neurol. 2020;106:10-16. doi:10.1016/

j.pediatrneurol.2019.12.016

5. Riedner BA, Hulse BK, Murphy MJ, Ferrarelli F, Tononi G.

Temporal dynamics of cortical sources underlying spontaneous

and peripherally evoked slow waves. In: Van Someren EJW, Van

Der Werf YD, Roelfsema PR, Mansvelder HD, Lopes Da Silva

FH, eds. Progress in Brain Research. Vol 193. Slow Brain Oscil-

lations of Sleep, Resting State and Vigilance. Elsevier; 2011:

201-218. Chapter 13. doi:10.1016/B978-0-444-53839-0.00013-2

6. Bellesi M, Riedner BA, Garcia-Molina GN, Cirelli C, Tononi G.

Enhancement of sleep slow waves: underlying mechanisms and

2 Epilepsy Currents



292 Epilepsy Currents 21(4)

conditions—a national population-based study. Epilepsia. 2010;

51(5):853-861.
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