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Mapping the circuits underlying the generation and propagation of seizures is critically important for under-
standing their pathophysiology. We review evidence to suggest that circuits engaged in secondarily generalized
seizures are likely to be more complex than those currently proposed. Focal seizures have been proposed to en-
gage canonical thalamocortical circuits that mediate primarily generalized absence seizures, leading to secondar-
ily generalized tonic-clonic seizures. In addition to traveling through the canonical thalamocortical circuits,
secondarily generalized seizures could also travel through the striatum, globus pallidus, substantia nigra
reticulata, and corpus callosum to the contralateral hemisphere. Recruitment of principal neurons in superficial
layers 2/3 of the cortex can play a critical role in corticocortical seizure spread. Understanding the neuronal struc-
tures engaged in generating secondarily generalized seizures could provide novel targets for neuromodulation
for the treatment of seizures. Furthermore, these sites may be loci of neuronal plasticity facilitating
epileptogenesis.

This article is part of the Special Issue “Proceedings of the 7th London-Innsbruck Colloquium on Status Ep-
ilepticus and Acute Seizures"

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Generalized tonic-clonic seizures (GTCSs) are very dangerous be-
cause they increase the risk of sudden unexpected death in epilepsy
(SUDEP) and injuries [1]; SUDEP is a sudden, unexpected, nontraumatic,
and nondrowning death in patients with epilepsy, with or without evi-
dence of seizures and excluding documented status epilepticus, in
which postmortem examination does not reveal toxicologic or anatomic
cause of death [2]. Generalized tonic-clonic seizures or the absence of
seizure freedom are the major risk factors for SUDEP. For example, peo-
ple who have three GTCSs per year have a 15-fold increased risk for
SUDEP [3]. Forceful convulsions that are associated with GTCSs can
also lead to falls and severe injuries [4]. To understand the pathophysi-
ology of generalized seizures, the circuits generating and propagating
the seizures must be delineated.

During secondary generalization of seizures, focal seizures have
been proposed to spread from the cortex to the thalamus and then en-
gage the thalamocortical circuits [5] (Fig. 1). Thalamocortical oscilla-
tions play a critical role in generating primarily generalized seizures.
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However, unlike primarily generalized absence seizures, secondarily
generalized tonic-clonic seizures affect the motor cortex, giving rise to
convulsions. Motor cortex anatomy and the afferent and efferent con-
nections are quite distinct from those of the somatosensory cortex,
which is engaged in absence seizures. We propose that secondarily gen-
eralized tonic-clonic seizures not only engage the canonical
thalamocortical circuit but also travel through the striatum, globus
pallidus, substantia nigra pars reticulata, and the fibers of the corpus
callosum, engaging the superficial cortical layers ahead of the deep
layers.

2. Seizure circuits
2.1. The thalamocortical circuit underlies primarily generalized seizures

Sleep circuits mediate primarily generalized absence or petit mal
seizures. During natural sleep, the thalamus generates spindle oscilla-
tions of 7 to 14 Hz, which are the result of network interactions between
the reticular thalamic nucleus (RTN), thalamocortical neurons, and cor-
tical pyramidal neurons [6]. Intracellular in vivo recordings show that
the burst firing of GABAergic reticular thalamic neurons induces inhibi-
tory postsynaptic potentials (IPSPs) of the thalamocortical neurons,
which leads to deinactivation of the low-threshold Ca®* current (Iy)
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Fig. 1. The canonical thalamocortical circuit. Focal seizures spread from the cortex to the thalamus, engaging the thalamocortical circuit as a mechanism for secondary generalization.

and rebound bursts in thalamocortical neurons [7]. The mechanism of
these natural spindle oscillations is thought to underlie the spike-and-
wave discharges observed in generalized absence seizures [8-11]. Dur-
ing absence seizures, inhibitory reticular thalamic neurons drive the ex-
citatory behavior in the ventrobasal thalamic nucleus (VB, which
consists of the ventroposterior medial and lateral nuclei, VPM/VPL)
and layer 4 of the somatosensory cortex, which receives projections
from the VB through deinactivation of T-type Ca>* channels. The effec-
tiveness of GABAg antagonists to decrease seizure frequency in genetic
absence epilepsy rats and drugs such as ethosuximide, T-type calcium
channel blocker, in the treatment of absence seizures supports the
thalamocortical mechanism of primarily generalized absence seizures
[12,13].

The circuits that underlie secondarily generalized tonic-clonic sei-
zures have not been studied in detail. Cerebral blood flow (CBF) studies
in human patients during secondarily generalized tonic-clonic seizures
as well as electroconvulsive therapy (ECT)-induced generalized tonic-
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clonic seizures in patients with refractory depression indicate that re-
cruitment of the thalamus supports its proposed role in seizure general-
ization [14,15]. 2-Deoxyglucose (DG) metabolic mapping studies also
indicate thalamic activation; however, these studies also show activa-
tion of structures outside of the thalamocortical circuit, such as the
substantia nigra [16,17].

2.2. Secondarily generalized seizures affect the motor cortex

Convulsions during secondarily generalized tonic-clonic seizures
are the result of seizures affecting the motor cortex. Hughlings Jackson
first recognized that convulsions are the result of seizures affecting the
contralateral motor cortex [18]. Unlike the somatosensory cortex, the
motor cortex does not contain layer 4, and as seizures that affect the
motor cortex and convulsions appear, there are no direct thalamic pro-
jections from the VPM/VPL to layer 4. The subcortical and intralaminar
circuits that underlie those seizures are less clear. Motor thalamic
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Fig. 2. The proposed circuit of secondarily generalized tonic-clonic seizures. As seizures affect the motor cortex, they spread through the fibers of the corpus callosum, striatum, globus
pallidus, and substantia nigra reticulata (either via the direct or indirect circuit), as well as through the thalamocortical projections.
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nuclei, such as, the ventroanterior (VA), ventrolateral (VL), and ventro-
medial (VM) nuclei, project directly to layers 2-6 of the motor cortex
[19]. The motor cortex projects back to these thalamic nuclei from layers
5B and 6. The motor cortex also sends projections across the corpus
callosum and to the striatum, which in turn projects to the globus
pallidus and substantia nigra reticulata (SNR) [20,21] (Fig. 2). The ca-
nonical thalamocortical theory of seizure spread disregards the purpose
of the corpus callosum during secondary generalization of seizures from
one hemisphere to the other, and it does not explain why manipulation
of the basal ganglia can affect seizures.

2.3. Anatomy of the motor cortex and activity spread through its subcortical
connections

In the motor cortex, there are three types of principal neurons that
project corticocortically as well as subcortically [ 19,22]: IT-type neurons
are intratelencephalic neurons located in all cortical layers 2/3, 5A/B,
and 6. These neurons project to the identical contralateral cortex across
the corpus callosum, to the striatum, and corticocortically; PT-type neu-
rons are the pyramidal tract neurons in layer 5B. These neurons project
to the brainstem and spinal cord, sending collaterals to the striatum and
thalamus; CT-type neurons are corticothalamic neurons in layer 6 and
send their projections to the thalamus.

The IT-type neurons of all cortical layers and the collaterals of PT-
type neurons of layer 5B exit the motor cortex to enter the striatum;
IT-type neurons go to both the ipsilateral and contralateral striatum,
whereas PT-type neurons go to the ipsilateral striatum only. The stria-
tum is divided into ventral and dorsal parts [23]. The ventral striatum
consists of the nucleus accumbens and olfactory tubercle, and the dorsal
striatum includes the caudate and putamen. Axons from the motor cor-
tex enter the striatum at the dorsal part, whereas those from sensory
cortical areas enter at the ventral part. Almost 90% of all striatal neurons
are inhibitory GABAergic medium spiny neurons (MSNs). Two main
output areas of the striatum are the globus pallidus (GP), which is
subdivided into the internal (GPi) and external (GPe) segments, and
the substantial nigra reticulata (SNR).

As fibers travel from the motor cortex into the striatum, they go ei-
ther through the direct or indirect circuit. In the direct circuit, after pass-
ing the striatum, axons go to the GPi or to SNR, after which they enter
the VA and VL nuclei in the thalamus. Medium spiny neurons in the di-
rect path contain dopamine 1 (DRD1) receptors. In the indirect circuit,
the striatum projects to the GABAergic neurons of the GPe that go to
the subthalamic nucleus (STN), which sends excitatory glutamatergic
projections to the SNR to enter the VA/VL nuclei in the thalamus as
well. Neurons in the indirect pathway are distinguished by containing
dopamine type 2 (DRD2) receptors.

It would be surprising if seizure activity traveled through the sea of
inhibition of the striatal GABAergic neurons after affecting the motor
cortex. However, the Turski group demonstrated that application of
the dopamine agonist apomorphine in the anterior parts of the striatum
protects rats from pilocarpine-induced seizures [24]. Specifically, these
authors found that only D2 agonist LY-171555 protects animals from
seizures, whereas the application of D1 agonist SKF-38393 in the stria-
tum has no effect. The application of haloperidol, a D2 receptor antago-
nist, blocked the anticonvulsant actions of the D2 agonist and
apomorphine.

Modulation of dopamine receptors in humans changes seizure sus-
ceptibility. Treatments with atypical antipsychotics, which are seroto-
nin and dopamine-receptor antagonists, increase seizure risk [25,26].
Groups treated with either clozapine or olanzapine, which are both do-
pamine, serotonin, histamine, adrenergic, and muscarinic receptor an-
tagonists, with olanzapine having higher affinity for D2 receptors than
clozapine, showed a 3.5% and 0.9% incidence of seizures, respectively,
compared to placebo-treated groups during phase II-1II clinical trials
[27.28].

As the motor cortex projects to the striatum, one of the major output
structures of the striatum is the SNR. Activation of the SNR has been
found during generalized tonic—clonic seizures in 2-deoxyglucose map-
ping studies [16,17,29]. Additionally, previous decades of research have
shown that stimulation of the SNR leads to suppression of seizures, and
microinfusion of bicuculine (GABA, antagonist) into the SNR has a
proconvulsant effect [30].

Motor cortical pyramidal neurons also send their axons across the
corpus callosum, where 80% of callosal fibers come from layer 2/3, 20%
from layer 5, and a small amount from layer 6 pyramidal neurons [31].
The corpus callosum is the largest commissure of the brain that con-
nects the two hemispheres, and many studies have shown that seizures
utilize it for their spread to the contralateral hemisphere [32,33].
Oligodendroglioma lesions that are directly connected to the genu of
the corpus callosum have been shown to be significantly more likely
to cause generalized tonic—clonic seizures than lesions in other brain re-
gions, whereas no correlation was observed between tumor size and
generalized seizure frequency [34]. A corpus callosotomy study indi-
cated that seizures were reduced by 50% in 79% of patients who
underwent callosotomy [35], and in another study, two-thirds of pa-
tients experienced total cessation of generalized tonic-clonic seizures
and drop attacks [36].

24. Intralaminar seizure propagation through the motor cortex

In previous studies, slice recordings indicated that layers 4 and 5 of
the somatosensory cortex play an important role in cortical seizure ini-
tiation and corticocortical propagation [37,38], which makes
intralaminar seizure spread within the motor cortex less clear. The ca-
nonical circuit indicates that excitation of the deep layers 4/5 drives
the excitation in the superficial layers 2/3 [39-41]. However, as seizures
affect the motor cortex, the absence of layer 4 in the motor cortex sug-
gests that seizures likely utilize different laminar circuits.

Shepherd and colleagues proposed a top-down laminar organization
of the motor cortex, where layers 2/3 drive the excitation within the
deep layers [42]. In this study, glutamate uncaging by laser
photostimulation of presynaptic neurons in one layer and electrophysi-
ological recording of postsynaptic neurons in another layer were used to
determine the layer-specific wiring of the motor cortex. The results in-
dicated that the strongest excitatory pathway is from L2/3 descending
to L5A/B. A weaker ascending pathway is also present from L5A to 2/3.
The horizontal pathways are the strongest in L2, followed by those in
L5A/B through L5B/6, and the weakest is in L3/5A and 6. These results
indicate that the flow of excitation in the motor cortex is downwardly
oriented from L2. Laminar epileptogenicity was also measured, which
was expressed as a likelihood of an event per stimulus. Even under
strongly excitable conditions with high stimulus intensities and
unblocked NMDA receptors, a stimulus in L5B remains
nonepileptogenic, with a local stimulus failing to spread through the
network, whereas L2 demonstrates downward excitability and recur-
rent excitation.

Yuste and colleagues used two-photon microscopy to determine
through which cortical layers seizures propagate in vivo [43]. These in-
vestigators recorded from the somatosensory cortex using 4-AP or pic-
rotoxin application in layer 5 to evoke ictal activity. The results
indicated that ictal recruitment of layer 2/3 occurs ahead of that of L5.
Another finding was a vertical delay in the lateral spread of seizures
with layer 2/3 recruitment occurring before the recruitment of layer 5.

3. Conclusions

More evidence now suggests that the spread of secondarily general-
ized seizures is more complex than that of primarily generalized ab-
sence seizures. Not only does manipulation of the basal ganglia affect
seizure initiation and generalization, but corpus callosotomies also de-
crease the frequency of secondarily generalized seizures in patients.
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The canonical thalamocortical model of seizure generalization alone
does not explain these findings, which indicates that the spread of sec-
ondarily generalized seizures is more complex than previously thought.

Understanding the circuit that secondarily generalized seizures af-
fect has a potential for indicating novel targets for neuromodulation.
The structures targeted by secondarily generalized seizures could also
be loci of neuronal plasticity, with first seizures consolidating the circuit
for future seizures.

These and future studies are necessary because ignoring the com-
plexity of the network and reducing it to simple thalamocortical oscilla-
tions provide a danger of missing novel clinical therapies for people who
suffer from these devastating seizures.
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