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Abstract

Absence seizures (AS) are a hallmark of genetic generalized epilepsies (GGE),
characterized by brief episodes of impaired consciousness accompanied by elec-
troencephalographic spike-and-wave discharges (SWDs). Traditionally attrib-
uted to cortico-thalamo-cortical (CTC) dysrhythmia, emerging evidence suggests
a more intricate pathophysiological framework involving high-order thalamic
nuclei, the basal ganglia, limbic structures, and the cerebellum. Rather than aris-
ing abruptly from a discrete cortical event, SWDs appear to develop progressively
through dynamic network interactions. This paradigm shift underscores the ne-
cessity of a network-based approach to comprehensively understand AS patho-
physiology. Concurrently, advances in electrophysiology and neuroimaging are
refining our understanding of the signaling mechanisms that drive AS genera-
tion. This review explores the network dynamics underlying AS, synthesizing
recent experimental and clinical findings to provide an integrative framework
for future research and the development of novel therapeutic strategies in ab-
sence epilepsy.

Plain Language Summary: Absence seizures are brief episodes of staring and
unresponsiveness, often beginning in childhood, and are caused by abnormal
rhythmic activity in the brain. This review summarizes recent research on how
specific brain circuits generate and maintain these seizures. While most studies
have focused on the cortex and thalamus, we also highlight the contributions
of other regions such as the basal ganglia, cerebellum, and limbic structures.
Understanding how these brain networks interact may help explain seizure pat-
terns and guide the development of improved treatments.
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1 | INTRODUCTION

Absence seizures (AS) are brief, sudden episodes of im-
paired consciousness, characterized by a loss of voluntary
movement and distinctive spike-and-wave discharges
(SWDs) on EEG.! SWDs consist of bilaterally synchro-
nous spikes followed by slow waves, typically occurring
at 2.5-4Hz in humans' and 5-11Hz in animal models of
idiopathic generalized epilepsy (IGE).>™ Traditionally, AS
have been attributed to dysfunction within the cortico-
thalamo-cortical (CTC) loop. However, growing evidence
suggests a broader network involvement, including ad-
ditional thalamic nuclei beyond the reticular thalamic
nucleus (nRT) and ventrobasal thalamus (VB),>° as well
as the basal ganglia (BG),” limbic system,® and cerebel-
lum.>™® This perspective shifts the understanding of AS
from a localized circuit dysfunction to a disorder involv-
ing widespread network interactions.

This review first outlines the clinical and electrographic
features of AS within the Genetic Generalized Epilepsies
(GGE) spectrum and summarizes relevant rodent models.
We then examine AS as a network disorder, integrating
recent neurophysiological and neuroimaging advances.
Special focus is given to the roles of subcortical structures
in seizure generation and propagation, along with emerg-
ing insights into thalamic-level signaling mechanisms un-
derlying AS. We primarily discuss inbred rat and mouse
models, widely regarded as representative of typical AS,
while atypical AS models are not extensively covered.
Additionally, due to space constraints, findings from ge-
netic manipulations in nonepileptic rodents and pharma-
cologically induced AS models are only briefly addressed.

2 | ABSENCE SEIZURES
AND GENETIC GENERALIZED
EPILEPSIES

GGE comprise a group of disorders defined by general-
ized SWDs and are thought to have polygenic inheritance
(Table 1)." IGE is a distinct subgroup of GGE, consist-
ing of four well-defined syndromes: childhood absence
epilepsy (CAE), juvenile absence epilepsy (JAE), juvenile
myoclonic epilepsy (JME), and epilepsy with generalized
tonic-clonic seizures alone. Within the GGE spectrum,
AS are most common in IGE, particularly CAE and JAE,
which share typical AS but differ in onset, frequency, and
EEG characteristics. Other GGE syndromes, such as epi-
lepsy with myoclonic absences and epilepsy with eyelid
myoclonia, are often associated with developmental and
epileptic encephalopathies (DEEs) and feature AS vari-
ants, frequently accompanied by rhythmic myoclonic
jerks or eyelid myoclonia." Atypical AS, more common

Key points

« Absence seizures (AS) involve widespread
brain networks beyond the cortico-thalamo-
cortical loop.

« Dynamic preictal cortical activity precedes
spike-and-wave discharges, indicating progres-
sive seizure onset.

« Higher-order thalamic nuclei, basal ganglia,
and cerebellum play integral roles in AS initia-
tion, propagation, and maintenance.

« Limbic structures are functionally engaged in
AS, modulating seizure expression and associ-
ated neurocognitive effects.

in DEEs like Lennox-Gastaut Syndrome (LGS), typically
last longer than typical AS and are characterized by slower
(<2.5Hz), irregular SWDs (such as polyspike preceding
slow wave in a SWD episode) on EEG' (Figure 1). This
review focuses on the mechanisms involved in the gen-
eration and maintenance of typical SWDs, whereas those
underlying atypical SWDs are discussed in other special-
ized reviews.'""?

3 | RODENT MODELS OF
ABSENCE SEIZURES

Animal models have been instrumental in elucidating the
cellular, synaptic, and network mechanisms underlying
AS. These models are broadly categorized into pharmaco-
logically induced and genetic models, with the latter fur-
ther divided into spontaneous and induced types. While
pharmacological models allow controlled comparisons
between seizure and seizure-free states, their transient
nature limits validity, failing to replicate the genetic and
developmental basis of human AS. Pharmacological mod-
els involve four classes of AS-inducing drugs: synaptic
GABA, receptor antagonists, GABAy receptor agonists,
extrasynaptic GABA, receptor agonists, and GAT-1 trans-
porter antagonists.>'* Mechanistically, GABAy agonists,
GAT-1 antagonists, and extrasynaptic GABA, agonists
enhance tonic inhibition, whereas synaptic GABA, an-
tagonists reduce fast phasic inhibition, collectively pro-
moting SWD generation.'?

Among genetic models, Wistar Albino Glaxo from
Rijswijk (WAG/Rij) rats and Genetic Absence Epilepsy
Rats from Strasbourg (GAERS) are widely used Wistar-
derived inbred strains with high face, construct, and pre-
dictive validity for AS,'*'> alongside associated behavioral
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TABLE 1

Absence seizures Main features

Typical absence seizures Brief (3-305), sudden impaired
awareness, may have automatisms
(eye blinking, lip smacking)

JAE has fewer AS

Absence seizures in JIME Infrequent, brief (3-8s), subtle
awareness impairment, may be
unrecognized

AS occur in 1/3 of cases

Absence seizures in GTCA  Not a defining feature; AS are

exclusionary

Myoclonic absence seizures ~ Absence + rhythmic myoclonic
jerks (especially in the arms),
ratcheting-up movements of both

arms

Absence seizures with
eyelid myoclonia

Absence + eyelid fluttering, eye
deviation, often triggered by light or
eye closure

AS only in some cases

Atypical absence seizures Longer duration (>30s), gradual
onset/offset, more pronounced
automatisms, less responsive to

hyperventilation

Features and EEG findings of absence seizures in ILAE-defined syndromes."

Associated
Ictal EEG findings syndrome
Generalized SWDs (2.5-4Hz in CAE; CAE, JAE
3-5.5Hz in JAE)
3-5.5Hz generalized SWDs and JME
polyspike-wave, may fragment in sleep
3-5.5Hz generalized SWDs or GTCA
polyspike-wave discharges
3-4Hz generalized SWDs EMA
3-6 Hz generalized polyspike-wave EEM
discharges
<2.5Hz slow irregular SWDs LGS, DEEs

Abbreviations: AS, absence seizures; CAE, childhood absence epilepsy; DEEs, developmental and epileptic encephalopathies; EMA; epilepsy with myoclonic
absences; GTCA, epilepsy with generalized tonic-clonic seizures alone; JAE, juvenile absence epilepsy; JME; juvenile myoclonic epilepsy; LGS, Lennox-

Gastaut Syndrome; SWDs, spike-wave discharges.

and cognitive comorbidities (Table 2).'® Both exhibit char-
acteristic SWDs on EEG with behavioral arrest. GAERS
display longer and more frequent SWDs, whereas WAG/
Rij have higher SWD frequency and increased 8-14Hz
power during the pre-SWD period.* Their polygenic ori-
gin,'” analogous to human AS, makes them valuable for
IGE research and to understand the epileptogenesis pro-
cess in IGE.

Monogenic mouse models, carrying spontaneous
mutations in ion channel subunits and other key genes,
provide insights into single-gene effects on neurophysiol-
ogy and behavior. Well-studied models include tottering
(Cacnala), stargazer (Cacng?), lethargic (Cacnb4), and col-
oboma (Snap25 haploinsufficiency), all of which exhibit
early-onset SWDs.'® However, their motor impairments,
such as ataxia and dyskinesia, are absent in human AS.
Among mouse models of SWDs, the C3H/HeJ strain offers
a distinct advantage due to its relatively pure absence sei-
zure phenotype, without other seizure types or associated
neurological deficits such as cerebellar ataxia.'”*° In this
strain, a mutation in the gene encoding the AMPA recep-
tor subunit Gria4 has been identified as the primary driver
of SWD generation. Advances in genetic engineering have
expanded monogenic rodent AS models, now encom-
passing over 30 mutations affecting calcium, glutamate,

and GABA receptor channels.'”® Recently, Neuroligin-2
knockout mice, which lack a key synaptic adhesion mol-
ecule, have been shown to exhibit abnormal SWDs and
behavioral arrests, further broadening the scope of AS
research.”!

Developing DEE models remains challenging due to
the genetic heterogeneity and environmental factors influ-
encing human disease complexity.”> Among genetic mod-
els, the Gabrb3*P?°N knock-in mouse is the most relevant
for LGS, as it exhibits atypical AS and neurodevelopmental
comorbidities, though its translational potential is limited
by the syndrome's heterogeneity in humans.*® Meanwhile,
the multiple-hit infantile spasms model, due to structural
etiology, exhibits LGS features, including slow SWDs and
motor seizures during sleep, primarily reflecting lesion-
based etiologies.**

4 | ABSENCE SEIZURE AS A
NETWORK DISORDER

The fundamental cellular, synaptic, and network mecha-
nisms underlying AS are well-established, CTC network
recognized as the core structure responsible for their gen-
eration.”>?® This basic model comprises three primary
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neuronal populations: cortical pyramidal neurons (CT),
thalamocortical relay neurons (TC), and nRT inhibitory
neurons (Figure 2). These populations are interconnected
through reciprocal excitatory and inhibitory connections
that regulate thalamocortical activity and maintain nor-
mal oscillatory function.?**”

Currently, the prevailing hypothesis suggests that the so-
matosensory cortex (SoCx) serves as the entry point for ini-
tiating aberrant corticothalamic oscillations.>*® However, it
is also emphasized that both cortical and thalamic dysfunc-
tions can trigger seizures, but neither is strictly necessary
for seizure generation, indicating that these pathological
oscillations are an intrinsic property of the network.”?*
Regardless of the entry point, this simplified model does not
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FIGURE 1 Typical and atypical
SWDs recorded in human subjects.

(A) EEG of a typical absence seizure,
illustrating generalized, symmetrical,
synchronous, and regular 3-Hz spike-
and-wave discharges with frontocentral
predominance. Adapted from:

Seneviratne U, Cook MJ, D'Souza W1,
“Electroencephalography in the diagnosis of
genetic generalized epilepsy syndromes.”'*
Licensed under CC BY 4.0 (https://creat
ivecommons.org/licenses/by/4.0/). (B)
Slow sharp and spike-wave complexes

at 2-2.5Hz recorded in a patient with
LGS. Reproduced with permission from
Bourgeois BFD, Douglass LM, Sankar R,
“Lennox-Gastaut syndrome: A consensus
approach to differential diagnosis.”"**
License No. 6027380893584.
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fully account for the contributions of other interacting net-
works and subcortical structures. Recent findings highlight
the critical role of subcortical structures”*® and additional
thalamic nuclei,*"**in both the initiation and maintenance
of SWDs, extending beyond the conventional model, as dis-
cussed in the following sections.

Advanced neuroimaging techniques have greatly im-
proved our understanding of network-level disruptions un-
derlying AS, revealing widespread structural and functional
alterations in both cortical and subcortical regions.**** EEG-
functional MRI (EEG-fMRI) fusion studies in CAE and JAE
patients, incorporating event-related analysis, time-course
analysis, and functional connectivity (FC) assessments,
have identified a common network of structures involved in
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TABLE 2 Comparison of typical absence seizure features in

rodent models and humans. %4146

Typical absence seizure Genetic rat
features models Human
EEG
Bilaterally synchronous SWDs ~ + +
SWD frequency (Hz)?* 7-11 2.5-4
SWDs from thalamus and + +
cortex
SWDs from hippocampus® - -
Ictal behavior
Staring; myoclonus, rhythmic ~ + I
twitching of the vibrissae and
facial muscles
Immobility during SWDs* + +
Precise EEG/Behavioral + +
correlation®
Induction of SWDs
Intermittent photic — (only photic +
stimulation afterdischarges
observed)
Sleep-wakefulness transition + +
(Spontaneous transition from
sleep to waking)
Severe cognitive disability® - -
Pharmacology
Blocked by ETX, VPA, TMD, + +
LMT, CLZ
Exacerbated by GABA ,¢zR + +
agonists
Blocked by GABARR + No data
antagonists

Abbreviations: CLZ, clonazepam; ETX, ethosuximide; LMT, lamotrigine;
SWDs, spike-and-wave discharges; TMD, trimethadione; VPA, valproic acid.

Characteristics that separate atypical absence seizures from typical absence
seizures.

generalized SWDs. This network includes the anterior and
posterior cortices, thalamus, caudate nuclei, cerebellum,
and reticular structures of the pons, forming a cohesive sys-
tem responsible for SWD generation and propagation.’>’
Phase synchrony analysis of fMRI data has shown that
BOLD signal changes occur before, during, and after the
electro-clinical onset of SWDs, emphasizing the dynamic in-
volvement of brain networks.** Additionally, altered resting-
state FC between cortical and subcortical regions has been
observed during interictal periods in CAE.*** Similarly, al-
tered FC has been observed across a broad range of cortical
and subcortical regions in the GAERS model of AS.*’ These
alterations emerge early in life and remain stable over time,
reinforcing the concept of persistent network dysfunction
associated with AS.

VB nRT
sensory input

FIGURE 2 Simplified cortico-thalamo-cortical (CTC)

circuit. The CTC circuit consists of corticothalamic (CT) neurons,
thalamocortical (TC) relay neurons, and GABAergic neurons

of the reticular thalamic nucleus (nRT), forming reciprocal
excitatory and inhibitory loops.”® CT neurons, located in cortical
layers 5/6, send glutamatergic projections to both TC relay
neurons in the ventrobasal thalamus (VB) and inhibitory nRT
neurons, which in turn regulate TC activity. TC neurons project
excitatory glutamatergic inputs back to cortical layer 4, closing

the loop. The nRT provides strong GABAergic inhibition onto

TC neurons, shaping their firing patterns through feed-forward
(CT>nRT-TC) and feedback (TC —»nRT - TC) inhibition.'** These
inhibitory mechanisms, mediated by both GABA, and GABAy
receptors, control the rhythmic burst firing of TC neurons by
inducing hyperpolarization, which relieves the inactivation of
T-type Ca?* channels. This allows low-threshold calcium spikes to
generate rebound burst firing, driving rhythmic oscillations that
can underlie physiological functions or pathological states. The
excitatory neurotransmission in the CTC circuit is mediated by
ionotropic and metabotropic glutamate receptors.” The precise
balance of glutamatergic and GABAergic signaling within the CTC
circuit is critical for maintaining normal thalamocortical function
and preventing pathological oscillatory states.*’”

5 | THE CORTEX AS THE
PRIMARY DRIVER OF ABSENCE
SEIZURES

Substantial evidence, particularly from genetic AS mod-
els, indicates that SWDs originate in the deep layers of
the SoCx and are sustained through CTC network in-
teractions.'>**> Pyramidal neurons in layers 5/6 of the
SoCx, identified as key drivers of epileptic discharges
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and termed ictogenic neurons, exhibit heightened excit-
ability and an intrinsic tendency to generate epileptic
oscillations.*>** The increased excitability and epilepti-
form oscillations in the SoCx are mechanistically linked
to morphological neuronal changes,**** alterations in
ion channel expression or function,'>*® synaptic impair-
ments,*” neurotransmitter imbalances,*** and inflam-
matory processes.SO In GAERS, these neurons show
age-related increases in excitability, synaptic activity,
and spontaneous firing, which are closely associated
with seizure maturation.”’ Aberrant wiring during cor-
tical development® may contribute to hyperexcitability
and dysfunctional networks in the primary somatosen-
sory cortex (S1).>* Furthermore, selective deletion of
P/Q-type calcium channels in layer VI corticothalamic
neurons induces spontaneous SWDs with behavio-
ral arrest in mice, mimicking human absence epilepsy
(AE).>* Elevated T-type calcium currents in postsynap-
tic thalamic relay and nRT neurons drive this phenom-
enon, illustrating how a single cortical mutation can
remodel the thalamus and promote generalized SWD
development.

SWD onset and propagation patterns vary across
models. In the JME mouse model (Gabral‘L/AmD)55 and
gamma-Hydroxybutyric acid-induced (GHB) model,*
SWDs originate in the anterior cortex; whereas in the
monogenic PLCB4 model,”” they initiate in the SoCx be-
fore spreading to the frontal cortex. Notably, the GHB
model exhibits multiple cortical SWD foci, suggesting di-
verse initiation sites across genetic and pharmacological
models, paralleling findings in children with AS.’® These
variations may stem from species differences, recording
methods, or manipulation techniques but also suggest al-
ternative SWD initiation sites. Indeed, studies on CAE pa-
tients have identified dynamic epileptogenic networks, in
which one or more hyperexcitable cortical nodes initiate
and sustain SWDs in response to thalamic input.

Advanced fMRI and magnetoencephalography MEG
analyses suggest that SWDs develop gradually through re-
gional interactions before generalization.******® A recent
study identified a dynamic network where a focal cortical
source, typically in the parietal cortex, initiates spatiotem-
poral changes leading to SWD generalization.** Notably,
SWD onset location influences treatment response, with
parietal/occipital onset linked to better seizure control
than frontal/temporal onset. During generalization, a
consistent network pattern emerges, with high connectiv-
ity in bilateral frontal/parietal areas during spike phases
and widespread cortical synchronization during wave
phases, reflecting a transition from focal to generalized ac-
tivity. Consistent with findings in CAE patients,”” WAG/
Rij rats exhibit a progressive increase in intracortical con-
nectivity before SWD onset, preceding thalamocortical

engagement.®’ These findings suggest that SWDs are
not abrupt, generalized events but rather emerge from
a network-driven mechanism that integrates cortical-
driven seizure initiation, thalamocortical interactions,
and dynamic connectivity shifts, highlighting the neces-
sity of a systems-level perspective in understanding their
propagation.

6 | THALAMIC NUCLEI IN
ABSENCE SEIZURES: DRIVERS OF
NETWORK DYNAMICS

Research on AS models has predominantly focused on
the CTC network, which includes the S1, the VB thala-
mus as a first-order (FO) relay, and the nRT. However,
higher-order (HO) thalamic nuclei are also recognized
as essential components of this circuitry. Thalamic relay
nuclei are classified based on their primary inputs: FO
nuclei receive sensory-driven signals from subcortical re-
gions, whereas HO nuclei primarily process input from
cortical layer 5 projections.®*®® Recent studies indicate
that HO thalamic nuclei play a role in the initiation and
maintenance of SWDs.***% Furthermore, advanced sig-
nal processing techniques and high-resolution EEG analy-
ses suggest that a simplistic model is insufficient to fully
capture the complexity of SWD generation and network
dynamics.>® In response, Liittjohann and van Luijtelaar’
proposed an extended model incorporating additional
thalamic structures (Figure 3). While the role of thalamic
nuclei in GGE has been extensively reviewed elsewhere,’
the following section will focus on recent findings regard-
ing the involvement of the posterior nucleus (PO), the
anterior nucleus (ANT), and the centromedian nucleus
(CM) in SWD dynamics.

6.1 | The posterior nucleus

The PO serves as a key hub for integrating and relaying
information between the thalamus and cortical regions,
including S1, secondary somatosensory cortex, and motor
cortices.®®®’ Its extensive connectivity modulates thalamo-
cortical and corticothalamic communication.®® PO stimu-
lation excites cortical pyramidal neurons, enhancing their
sensitivity.®*®® Evidence from GAERS suggests increased
driver synapse efficiency between S1 and PO,”° potentially
facilitating recurrent excitation. Recent studies utilizing
pharmacological and optogenetic interventions,** single-
unit recordings,6 high-resolution EEG, and advanced net-
work analyses® have highlighted the PO's critical role in
SWD generation, maintenance, and propagation in AS
models.
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(A)
M2

S1

1 s before SWDs onset

first 500 ms of SWDs

SWDs sustainment

FIGURE 3 The extended model of SWD generation, generalization, and maintenance in genetic absence epilepsy rats, as proposed

by Liittjohann and van Luijtelaar.” Unlike the basic CTC model, this framework incorporates dynamic SWD generation. (A) One second

before SWD onset, a gradual bidirectional increase in activity emerges between S1 and PO (bidirectional red arrow), potentially leading

to transient S1 hyperexcitability. Simultaneously, nRT decreases its inhibitory influence on PO and VB (dashed blue arrows), possibly

creating a dormant neuronal population that S1 may recruit into SWD generation. (B) During the first 500 ms of SWDs, S1 predominantly

drives most thalamic nuclei (unidirectional red arrows). Meanwhile, nRT enhances its inhibitory influence on PO (blue arrows), promoting

conditions that support burst firing. SWD generalization occurs through two distinct pathways: The spike component propagates to distant

cortical areas (M2) via the CM (black arrows), while the wave component is transmitted through intracortical pathways. (C) Five hundred

milliseconds after SWD onset, communication between S1 and the thalamic nuclei shifts to a bidirectional interaction (bidirectional red

arrows), sustaining SWD activity. Concurrently, intra-nRT inhibition (blue line) progressively intensifies, peaking around one second

before SWD termination and potentially modulating seizure duration. CM, centromedian thalamic nucleus; cnRT, caudal pole of reticular

thalamic nucleus; M2, secondary motor cortex; PO, posterior thalamic nucleus; rnRT, rostral pole of reticular thalamic nucleus; S1, primary

somatosensory cortex; VB, ventrobasal thalamus. Adapted from “Extended model on SWD generation, generalization and sustainment” by
Liittjohann A and van Luijtelaar G,’ licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

Nonlinear analysis of preictal to ictal LFPs in freely
behaving WAG/Rij rats indicates that S1-PO communi-
cation increases before SWD onset, preceding changes in
the Ventral-Postero-Medial, rostral and caudal nRT, and
ANT.** Consistent with prior findings,41 all other nuclei
were driven by S1 during the first 500 ms of SWDs, while
PO maintained strong bidirectional communication with
S1, sustaining reverberatory activity essential for SWD ini-
tiation and maintenance.** SWD termination coincided
with a sudden cessation of this activity, underscoring PO's
role in thalamocortical feedback.”" Cross-correlation of
single-unit recordings in GAERS further confirmed in-
creased SoCx-PO bidirectional coupling in the first 500 ms
of SWDs, reinforcing PO's critical involvement in seizure
dynamics.®

A recent study in freely moving GAERS rats further
highlighted the essential role of PO and the lateral poste-
rior nucleus (LP) in SWD propagation and maintenance.*
Pharmacological inhibition of either nucleus delayed
SWD spread from S1 to primary motor cortex (M1), V1, LP,
and PO while increasing SWD breaks, defined as >500 ms
periods where SWDs were absent from all channels ex-
cept S1. Inhibition also elevated nongeneralized SWDs,
restricting activity to S1 alone or S1-M1, without engaging
LP or PO. Notably, LP inhibition produced effects similar

to PO inhibition despite LP lacking direct input from S1,
providing causal evidence that HO thalamic nuclei con-
tribute to SWD propagation independently of reciprocal
S1 connectivity. While this study indicates that PO does
not initiate SWDs, it suggests that SWD generalization is
driven by both intracortical connections and local thalam-
ocortical modules.

6.2 | The Centromedian nucleus

The CM, an intralaminar thalamic nucleus, receives glu-
tamatergic input from the SoCx and projects to the M1
and secondary motor cortex (M2).”*”® Tractography stud-
ies have linked the CM to the anterior insula and frontal
operculum, as well as to other thalamic nuclei, including
the nRT.”® In patients with IGE, the CM has been shown
to activate during generalized SWDs.”” Additionally,
clinical studies suggest that deep brain stimulation (DBS)
targeting the CM may be an effective treatment for indi-
viduals with drug-resistant IGE.”* AS models indicate that
the CM contributes to SWD generalization, likely through
its extensive cortical connections.””””” Findings also sug-
gest that the intralaminar nuclei can trigger AS under
hypoxic conditions, indicating that even HO thalamic
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nuclei, despite lacking direct recurrent connections with
the primary initiation site, may play a crucial role in SWD
generation.78

Recently, Terlau et al.>’ demonstrated that CM contrib-
utes to the rapid spread of SWD activity from S1 in GAERS
rats. Local pharmacological inhibition of the CM during
epidural ECoG recordings in S1 and M2 significantly re-
duced SWD incidence at both sites, though less effectively
than VB inhibition. For remaining SWDs, the spike ampli-
tude in M2 was reduced, while the wave's amplitude and
incidence remained unchanged, and the wave component
in M2 remained synchronized with SWDs in S1. Current
source density analysis revealed that the spikes were asso-
ciated with independent current sinks in the upper corti-
cal layers, which were reduced following CM inhibition,
whereas the wave component was linked to a deep-layer V
current sink that was prolonged by CM inhibition. These
findings demonstrate that spikes and waves can be func-
tionally decoupled and propagated through independent
pathways. The spikes relay via the CM from S1 to M2,
while waves originate from deep-layer V neurons in S1
and propagate through intracortical pathways. As noted
by van Luijtelaar,” these results align with Guillery and
Sherman’s® theory that intercortical communication oc-
curs largely through HO thalamic nuclei.

6.3 | The anterior thalamic nuclei
The ANT receives input from the hippocampus via the
fornix or from the mammillary bodies through the mam-
millothalamic tract and projects to the cingulate cortex,
completing the Papez circuit as information returns to the
hippocampus via the cingulate bundle.®” The ANT serves
as a crucial link between prefrontal and limbic functions®!
and has been implicated in various types of generalized
epilepsies, as reviewed elsewhere.” Neuroimaging stud-
ies have reported volume changes in the ANT,?>%3 while
EEG-fMRI studies have identified a correlation between
the ANT and SWDs in patients with IGE.*” Although
SWDs have been detected in the ANT of WAG/Rij rats,**
evidence suggests it is not the primary thalamic nucleus
involved in SWD generation.®

Beyond AE, the ANT plays a key role in propagating
and sustaining focal limbic seizures.*>* Limbic structures
are integral to AS, contributing to the broader epilepsy
network.'> While the ANT is involved in both AS and
focal limbic seizures, the networks underlying their gen-
eralization may interact oppositely.*’*! Notably, the ANT
is a primary target for DBS in refractory focal epilepsy.”*
Given its role in limbic circuits, ANT DBS is considered a
promising approach for modulating seizure networks and
thalamocortical excitability.”?

Recent findings demonstrate that both chemogenetic
activation and inhibition of ANT-parvalbumin (PV) neu-
rons exacerbate AS induced by pentilentetrazol (PTZ) in
mice.”* Moreover, chemogenetic inhibition of ANT-PV
neurons alone, without PTZ administration, was suffi-
cient to induce generalized SWDs, underscoring the im-
portance of maintaining ANT-PV neuron activity in AS.
However, further studies in additional AS models are
needed to validate these findings.

7 | CORTICAL AND THALAMIC
CELLULAR ACTIVITY DURING
SWDs

Recent electrophysiological and imaging studies in non-
anesthetized AS models have provided high-resolution
insights into ictal cortical and thalamic activity.”*® In
stargazer mice, most primary visual cortex (V1) neurons
exhibit reduced activity during SWDs, while a subset re-
mains unchanged or increases activity, with suppression
beginning seconds before onset.”’ Similarly, in GAERS
rats, S1 neurons show a net reduction in firing, where
spike-phase increases are outweighed by greater wave-
phase suppression.®® Notably, cortical neuron rhythmicity
rises well before seizure onset, suggesting a prolonged pre-
ictal phase. fMRI studies in nonanesthetized GAERS fur-
ther reveal widespread cortical suppression,” consistent
with human AS.***° These findings contradict results from
anesthetized models and early in vitro studies, suggesting
that the cortical network does not engage uniformly dur-
ing absence seizures and that neuronal synchrony may be
lower than previously thought.”

In the C3H/HeJ mouse model, neuronal rhythmicity
significantly increases during SWDs, similar to GAERS,
yet without a global reduction in cortical firing.”® This
discrepancy may arise from differences in extracellular
recording techniques or species-specific neuronal mech-
anisms underlying AS generation.

Using ensemble recordings in freely moving GAERS
and GHB-treated rats, McCafferty et al.’® demonstrated
that cortical excitation primarily drives thalamic activity,
while nRT feed-forward inhibition shapes thalamic out-
put synchrony. During AS, TC neurons exhibit an overall
reduction in firing, with minimal T-type Ca** channel-
dependent burst activity. TC neuron suppression has been
attributed to multiple mechanisms,’ including enhanced
tonic GABA, inhibition, which prolongs nRT burst-
induced IPSPs, effectively silencing TC output for most
of the SWD cycle. Additionally, a stronger cortico-nRT
than cortico-TC synaptic drive may further contribute to
TC neuron suppression. Moreover, increased ictal firing of
GABAergic neurons in the substantia nigra pars reticulata
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(SNR) may amplify nRT-driven inhibition, reinforcing TC
suppression throughout the seizure. Beyond T-type Ca**
channels, HCN channel dysfunction has been implicated
in altered TC neuron excitability.”* In AE models, ele-
vated I, conductance reduces membrane hyperpolariza-
tion, thereby limiting T-type Ca®* channel activation and
suppressing LTS-mediated burst firing in TC neurons.

Importantly, blocking T-type Ca** channels in TC neu-
rons does not affect seizure expression or ictal synchrony,
whereas their blockade in nRT and cortical neurons sup-
presses SWDs.”® This indicates that T-type Ca®* channels
in TC neurons are nonessential for AS generation, while
their activation in nRT and cortical neurons plays a crucial
role.

8 | THE ROLE OF BASAL
GANGLIA IN ABSENCE SEIZURES

The BG network consists of interconnected subcortical nu-
clei that integrate neocortical and subcortical inputs, relay-
ing projections to diverse regions across the diencephalon
and brainstem.'® The striatum and subthalamic nucleus
(STN) serve as primary cortical entry points, while the SNR
and globus pallidus internus (GPi) function as major output
structures. GABAergic neurons of the SNR target over 40
thalamic nuclei, including the ventromedial, ventroante-
rior, mediodorsal, centrolateral/medial, parafascicular nu-
clei, nRT, and the zona incerta (ZI).!9%1%!

The BG play a crucial role in modulating corticotha-
lamic and limbic networks, influencing seizure suscep-
tibility and propagation across various experimental
models.”'*'** Pharmacological manipulations in the
SNR, striatum, and STN have demonstrated the BG's in-
volvement in AS regulation.'®™”” In GAERS, ictal firing
patterns reveal distinct BG dynamics,'®*'% where cortico-
striatal neurons exhibit rhythmic depolarization phase-
locked to SWD spikes, while striatal GABAergic medium
spiny neurons (MSNs) are suppressed due to strong
feed-forward inhibition from fast-spiking interneurons
(FSIs) synchronized with excitatory cortical inputs.'®®
Additionally, STN glutamatergic neurons display high-
frequency bursts linked to SWD spikes,'” enhancing BG
output to the thalamus and increasing GABAergic firing
in the SNR,’ promoting ictal inhibition of TC neurons.
This extrathalamic inhibition contributes to reduced TC
neuron firing during SWDs,”*® reinforcing BG circuits in
AS pathophysiology.

Recent findings suggest that the SNR regulates AS
beyond its thalamic projections, involving GABAergic
pathways to additional regions."'®''" Inhibiting SNR
projections to the dorsolateral superior colliculus (SC)
mimics the effects of SNR inhibition and dorsolateral SC

activation, highlighting their functional interaction.'*
Moreover, optogenetic silencing of SNR projections to the
SC and pedunculopontine nucleus replicates the SWD
suppression observed with direct SNR inhibition in the
GBL model."™® In WAG/Rij rats, dorsolateral SC activ-
ity decreases before SWD onset, followed by an increase
during and after seizures.''’ Notably, optogenetic dorso-
lateral SC stimulation significantly reduces SWDs, em-
phasizing SC projections in seizure modulation.

The BG-AS relationship extends beyond the ictal pe-
riod"? and includes interictal FC alterations in both
humans and AS models.**'"*""* rs-fMRI and causality
analyses in IGE patients revealed increased FC between
the striatum and thalamus, with a bidirectional relation-
ship between thalamus-striatum and cortical connections,
highlighting subcortical involvement in cortical network
modulation.'”® Similarly, rs-fMRI in GAERS (under light
isoflurane anesthesia, free of SWDs) demonstrated en-
hanced connectivity and neuronal activity in the cortex,
BG, and limbic regions, suggesting a disease-specific
resting-state brain network.*’

Emerging evidence implicates the dopaminergic ni-
grostriatal pathway in AS modulation.">'” The density
of dopaminergic neurons in the lateral SNC is negatively
correlated with SWD occurrence in WAG/Rij rats,''® while
lesion-induced degeneration of this pathway in GAERS
prolongs SWD duration.'"”

The SNR in adult male rats comprises two distinct sub-
regions: the anterior SNR (SNRa) and the posterior SNR
(SNRp), each exerting differential effects on seizure prop-
agation and regulation.'®*"*® As discussed in the following
section, WAG/Rij and GAERS rats exhibit resistance or a
delay in the secondary generalization of focal limbic sei-
zures induced by kindling.*”*® This phenomenon is me-
diated by the SNRp rather than SNRa and is completely
abolished when SNRp is inhibited using lidocaine,’" sug-
gesting that an altered GABAergic response in GAERS
contributes to this resistance mechanism.'"’

A recent study suggests that impaired cortico-striatal
excitatory transmission contributes to AS.*® Conditional
deletion of Stxbpl or Scn2a in cortico-striatal projection
neurons induces SWDs in cortical and striatal regions,
while pharmacological inhibition of cortico-striatal excit-
atory transmission to FSIs also triggers SWDs in wild-type
mice. These findings support the cortico-striato-thalamo-
cortical circuit as a key epileptogenic pathway, implicating
BG involvement through an indirect mechanism. SWD
generation linked to reduced cortical excitatory input
to FSIs leads to disinhibition of MSNs, activation of the
GPi/SNR, excessive thalamic suppression, and ultimately,
SWD generation.

Overall, these findings highlight the BG's critical role
in AS modulation through direct thalamic inhibition,
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SC projections, and dopaminergic regulation from the
SNC. AS arise from complex interactions among corti-
cal, striatal, and thalamic circuits, with the BG acting as
a central hub. Furthermore, disruptions in cortico-striatal
excitatory transmission contribute to AE by disrupting the
inhibitory-excitatory balance within these networks.

9 | THE INVOLVEMENT OF
LIMBIC STRUCTURES IN ABSENCE
SEIZURES

Growing evidence highlights the limbic system's role
in modulating typical AS.'***'** While hippocampal
SWDs are inconsistent,'*! genetic and pharmacological
models indicate increased hippocampal-CTC synchro-
nization, along with altered neurochemical signaling,
synaptic plasticity, and oscillatory activity (Table 3).
Moreover, studies in JAE patients and GAERS rats
demonstrate FC alterations within limbic regions.***
These findings suggest that limbic circuits actively in-
fluence seizure dynamics and associated cognitive dys-
function, rather than serving as passive bystanders in
AS pathophysiology.

Our group previously demonstrated a functional
interaction between limbic structures and the CTC
network in both absence and temporal lobe epilepsy
models.'>*°112* In GAERS and WAG/Rij rats, resis-
tance to secondary generalization of focal limbic sei-
zures has been observed, particularly following kindling
or intra-amygdaloid kainic acid injections.®®*2*12* The
strong correlation between basal SWD activity and kin-
dling resistance supports the role of limbic structures in
AE.¥ Functional alterations in temporal lobe structures,
alongside thalamic and neocortical changes, appear to
limit kindling-induced seizure progression.'*> Notably,
enhanced tonic and phasic GABAergic inhibition in the
hippocampus has been implicated in kindling resistance
in GAERS.'?® These findings indicate that in typical AE,
limbic structures modulate network dynamics, whereas
atypical AE is more directly dependent on limbic cir-
cuits, influencing both seizure expression and associ-
ated cognitive impairments.>'*!%’

Limbic structures, particularly the hippocampus, are
either actively engaged in or dynamically modulated by
SWDs in AS models.®'?*128-131 1y the GBL model, SWDs
enhance hippocampal-thalamocortical synchroniza-

tion'?®; increase FC between the hippocampus, thala-

mus, and sensorimotor cortex'?’; and modulate gamma
oscillations, with pronounced effects in the frontal cor-
tex and hippocampus.'?° Similarly, WAG/Rij and GAERS
rats exhibit elevated 1-30 Hz coherence between the

hippocampal hilus and SoCx during SWDs.® In WAG/

Rij rats, hippocampal ripples and high-frequency os-
cillations decrease, with ripple activity nearly absent
4-8 seconds before seizure onset and further suppressed
during SWDs."*!

In GAERS, LFP recordings revealed SWDs in the lateral
hypothalamus (LH) with lower amplitude and delayed
onset relative to S1. During SWDs, LH neuronal activity
decreases, marked by a reduction in firing rates. Notably,
many LH neurons project to the dorsal raphe nucleus, a
key serotonergic center, suggesting LH involvement in
AS modulation and its potential role in comorbidities like
depression and altered arousal states.'** Neuropsychiatric
comorbidities, including anxiety and depression, are fre-
quently observed in IGE and its animal models, 133134
further supporting a link between AS networks and limbic
dysfunction.

10 | CEREBELLAR INFLUENCE
ON ABSENCE SEIZURES

Emerging clinical and experimental evidence suggests
that, despite historically not being associated with epi-
lepsy, the cerebellum plays a significant role in seizure
networks, including AS."*>"*® 1t influences epileptogen-
esis, modulates seizure activity, and may even function
as a seizure focus. Electrophysiological studies reveal that
subsets of Purkinje cells (PCs) and deep cerebellar nuclei
(DCN) neurons exhibit phase-locked firing to SWDs in
rodent AS models, including PCs in tottering mice,” DCN
neurons in tottering, C3H/HeOuJ mice*’ and quirky and
purky mice,'® and both PCs and DCN neurons in WAG/
Rij rats."*® Additionally, SWD-modulated DCN neurons
display distinct firing patterns during both ictal and in-
terictal periods.” Consistently, increased cerebellar BOLD
signals have been observed during SWDs in IGE patients®®
and during polyspike and interictal discharges in LGS
patients.139

The DCN projects directly to key brain regions, includ-
ing the thalamus, SC, ZI, and SN, while indirectly influ-
encing cortical and subcortical structures such as the BG,
hippocampus, and amygdala.'*° Notably, cerebellar inputs
target both motor-related thalamic nuclei and intralami-
nar regions, including the mediodorsal, parafascicular,
and centrolateral nuclei.'*! PCs, the inhibitory output
neurons of the cerebellar cortex, exert strong suppressive
control over DCN activity, which is crucial for AS mod-
ulation.*”'** Optogenetic or pharmacological DCN in-
hibition leads to increased SWD incidence, while DCN
excitation reduces SWD occurrence in AS models."*”**2
Furthermore, single-pulse optogenetic activation of the
cerebello-thalamic pathway during seizures desynchro-
nizes ictal thalamic activity, effectively terminating SWDs
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in tottering mice.'** Although direct stimulation of DCN
fibers within thalamic nuclei can also disrupt generalized
SWDs, this approach is less effective than direct DCN
modulation.'*

Recent studies show that genetic ablation of P/Q-type
calcium channels in cerebellar granule cells (quirky) or
PCs (purky) induces recurrent bilateral SWDs in mice
similar to other AS models.'"” Enhancing DCN activity
via excitatory Gqg-coupled designer receptors exclusively
activated by designer drugs (Gq-DREADDSs) or mGluR1
activation reduced SWD incidence, whereas inhibitory
Gi-DREADDs exacerbate seizure activity. These findings
highlight the bidirectional role of DCN in seizure modula-
tion, supporting the notion that cerebellar circuit dysfunc-
tion contributes to SWD generation.

The cerebellum, particularly DCN neurons, plays a
crucial role in AS modulation, influencing both SWD gen-
eration and seizure inhibition. While cerebello-thalamic
pathways contribute significantly to seizure suppres-
sion, nonthalamic DCN projections may further regulate
network-level epileptogenic mechanisms, highlighting
the cerebellum as a key player in AS pathophysiology.

11 | CONCLUSIONS

AS are increasingly recognized as a network-level disor-
der, extending beyond the classical CTC model. Evidence
from neuroimaging and experimental models highlights
the critical involvement of additional subcortical struc-
tures and network interactions in the generation and
propagation of SWDs. Experimental models continue to
provide essential insights into the cellular and circuit-
level mechanisms underlying AS, offering a deeper under-
standing of its pathophysiology. The reconsideration of
TC burst firing®® as a fundamental mechanism for SWD
maintenance further necessitates a paradigm shift in AS
research and treatment approaches.

Future research should integrate advanced circuit-
mapping techniques such as optogenetics, chemogenetics,
and multiregional in vivo recordings with computational
modeling to elucidate the causal mechanisms of absence
seizures across diverse models. These approaches will help
clarify the specific roles of cortical, thalamic, basal gan-
glia, cerebellar, and limbic circuits in seizure dynamics.
Concurrently, translational studies employing EEG-fMRI,
MEG, and machine learning-based connectivity analyses
may identify reliable network-level biomarkers and ther-
apeutic targets. Computational modeling of seizure evo-
lution can further guide the development of circuit-based
interventions. Bridging preclinical and clinical findings
through cross-species models and multimodal strategies
will be essential for advancing precision therapies in AS.
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