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Abstract
Impaired consciousness during seizures severely affects quality of life for people with epilepsy but the mechanisms are just beginning
to be understood. Consciousness is thought to involve large-scale brain networks, so it is puzzling that focal seizures often impair
consciousness. Recent work investigating focal temporal lobe or limbic seizures in human patients and experimental animal models
suggests that impaired consciousness is caused by active inhibition of subcortical arousal mechanisms. Focal limbic seizures exhibit
decreased neuronal firing in brainstem, basal forebrain, and thalamic arousal networks, and cortical arousal can be restored when
subcortical arousal circuits are stimulated during seizures. These findings open the possibility of restoring arousal and con-
sciousness therapeutically during and following seizures by thalamic neurostimulation. When seizures cannot be stopped by
existing treatments, targeted subcortical stimulation may improve arousal and consciousness, leading to improved safety and better
psychosocial function for people with epilepsy.
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A Puzzle: Why Do Focal Seizures Cause
Impaired Consciousness?

Conscious awareness depends on large-scale networks in the
brain. Despite philosophical challenges in defining con-
sciousness and awareness, normal conscious awareness clearly
involves activity in widespread cortical and subcortical net-
works, and neurological disorders that disrupt these broad
networks lead to impaired consciousness.1-3 It is therefore
puzzling that focal seizures—which affect localized brain
regions—often impair consciousness. It is not surprising that
focal seizures may cause localized deficits. For example, it is
understandable when temporal lobe limbic seizures alter
emotions, olfaction, or memory.4 But why do focal temporal
lobe seizures so often cause people with epilepsy to lose their
ability to meaningfully respond to the environment or to form
experiences? Static lesions of the medial temporal lobes
(trauma, infection/inflammation, degeneration, and so on) can
cause amnesia and other cognitive or emotional changes

without impaired consciousness.5 Even with extensive bilateral
medial temporal damage, people usually remain alert, inter-
active, and consciously aware of themselves and their sur-
roundings. Focal temporal lobe or limbic seizures should
similarly leave consciousness intact—unless additional mech-
anisms are involved beyond the medial temporal lobes. The
same puzzle applies to other forms of focal epilepsy as well.
Localized seizure activity in a frontal, parietal, or occipital lobe
should cause selective deficits related to local circuit dys-
function. Impaired consciousness does not make logical sense
unless more widespread network changes occur. What are the
mechanisms of widespread network changes in focal seizures?

Network Inhibition Hypothesis and
Other Mechanisms

Temporal lobe seizures are the most common seizure type and
have been most thoroughly investigated, although other focal
seizures can also lead to impaired consciousness. In temporal
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lobe seizures, impaired consciousness is associated with ab-
normal activity in subcortical arousal systems and depressed
cortical function resembling slow-wave sleep (Figure 1). In-
tracranial EEG during temporal lobe seizures with impaired
consciousness shows polyspike discharges in one or both
temporal lobes, but slow waves in the frontoparietal association
cortex6-8 (Figures 1C and D). The frontoparietal slow waves are
significantly reduced in temporal lobe seizures without impaired
consciousness, which also on average show less bilateral medial
temporal polyspike activity.6 Ictal single-photon computed
tomography (SPECT) in temporal lobe seizures with impaired
consciousness shows increased cerebral blood flow (CBF) in the
temporal lobe, but decreased CBF in the frontoparietal cortex;
meanwhile, the upper brainstem and medial thalamus shows
abnormal CBF increases9,10 (Figures 1A and B). The abnormal
CBF increases in these subcortical structures may represent both
abnormal increases and decreases in neuronal activity as de-
scribed further below.

These initial findings in human patients led to the network
inhibition hypothesis for impaired consciousness in focal
temporal lobe seizures.11,12 This hypothesis proposes that
seizure activity in limbic circuits spreads to subcortical in-
hibitory areas, causing decreased subcortical arousal. This
leads to decreased arousal in the cortex and impaired con-
sciousness. Further support for the network inhibition hy-
pothesis has come from experimental animal models, which

also provide mechanistic insights. Focal hippocampal seizures
in rats in a post-pilocarpine spontaneous seizure model pro-
duced behavioral arrest and cortical slow waves resembling
those seen in human patients with temporal lobe epilepsy.13

Focal hippocampal seizures in rats and mice induced by brief
2s, 60 Hz hippocampal stimulation also exhibit behavioral
arrest and cortical slow waves resembling human temporal
lobe seizures.13-18 These findings established the validity of
the rodent models for investigating impaired behavior and
physiology in focal limbic seizures.

Human CBF and EEG data (Figure 1) suggested that the
state of the cortex is depressed rather than activated during
focal limbic seizures. Rodent model studies have verified that
cortical physiology during focal limbic seizures closely re-
sembles states of decreased arousal such as deep anesthesia or
sleep. Like in human limbic seizures, the cortex in rodent models
shows slow waves, decreased CBF, and hypometabolism13-19

(Figure 2). Cortical neuronal recordings showed Up and
Down states of action potential firing and membrane potential
oscillations mimicking the physiology of deep sleep and
anesthesia.13-16,19,20

Why is cortical arousal depressed during focal limbic sei-
zures? Human data showed altered activity in subcortical
arousal areas such as the upper brainstem and thalamus (Figure
1B), leading to the network inhibition hypothesis. Abnormal
CBF in subcortical structures during seizures can be associated

Figure 1. Local and long-range network effects in temporal lobe seizures consistent with decreased cortical physiological arousal. (A and B)
Group analysis of SPECT ictal–interictal difference imaging during temporal lobe seizures. CBF increases (red) are present in the temporal lobe (A)
and in the medial thalamus and upper brainstem (B). Decreases (green) are seen in the lateral frontoparietal association cortex (A) and in the
interhemispheric frontoparietal regions (B). (C, D) Intracranial EEG recordings from a patient during a temporal lobe seizure. High-frequency
polyspike-and-wave seizure activity is seen in the temporal lobe (C). The orbital and medial frontal cortex (and other regions, EEG not shown) do
not show polyspike activity, but instead large-amplitude, irregular slow rhythms resembling coma or sleep (D). Vertical lines in (C) and (D) denote
1-s intervals. Note that the EEG and SPECT data were from similar patients, but were not simultaneous, and are shown together here for
illustrative purposes only ((A, B) Modified from Blumenfeld et al.9 with permission. (C, D) Modified from Englot et al.6 with permission).
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with either abnormal increases or decreases in neuronal activity,
which should therefore be measured directly.21 The mechanisms
have been elaborated further through a series of rodent model
studies (Figure 3). Depressed cortical arousal is linked to de-
creased subcortical arousal in cholinergic and other neuro-
transmitter systems. Cortical and thalamic cholinergic
transmission is reduced during focal limbic seizures, based on
measurements with electrochemical biosensors and genetically
encoded fluorescent neurotransmitter sensors.19,22 Functional
magnetic resonance imaging (fMRI) showed decreased activity
in the intralaminar thalamus and upper brainstem tegmentum
during focal limbic seizures19 (Figure 2). Direct neuronal re-
cordings showed reduced firing of cholinergic neurons in the
nucleus basalis, cholinergic neurons in the pedunculopontine
tegmental nucleus, putative glutamatergic neurons in the in-
tralaminar thalamic central lateral nucleus, and serotonergic
neurons in the brainstem raphe nuclei.19,23-25 Interestingly,
neurons in different parts of the thalamus show different activity
patterns during focal limbic seizures, depending on their well-
known cortical network connections. For example, the limbic
anterior nucleus shows high-frequency seizure discharges,
whereas at the same time, the ventral posterior medial relay
nucleus shows sleep spindle-like activity, and the arousal-

related paratenial and intralaminar central lateral nuclei show
intermittent burst firing with an overall decrease in mean
neuronal firing rate.23

The next important question is why subcortical arousal
systems are depressed during focal limbic seizures. fMRI re-
vealed that subcortical nuclei containing GABAergic neurons,
such as the lateral septal nuclei and anterior hypothalamus,
show increased activity during seizures13,14,19 (Figure 2). In-
creased neuronal firing in these regions was also confirmed by
direct neuronal recordings.13,19 The network inhibition hy-
pothesis posits that these subcortical GABAergic systems are
activated by limbic seizures and in turn inhibit subcortical
arousal (Figure 3). Support for this mechanism comes from
experiments showing that (1) cutting the fornix prevents seizure
activity from spreading to the lateral septum, and also prevents
cortical slow wave activity and behavioral arrest14; and (2) direct
stimulation of the lateral septum without seizure activity is ca-
pable of producing cortical slow-wave activity, decreased cortical
cholinergic neurotransmission, and behavioral arrest.14,26

Recent work suggests that there may be both direct and
indirect pathways leading to suppressed subcortical arousal. For
example, anatomical tracer studies showed direct projections of
lateral septal neurons to the nucleus basalis (direct inhibition),

Figure 2. Hippocampal, cortical, and subcortical blood oxygen-level–dependent (BOLD) fMRI changes during focal limbic seizures in a rat model.
T-map of ictal changes during focal seizures (vs 30 s pre-seizure baseline) reveals a complicated network of changes. Widespread cortical
decreases are accompanied by mixed subcortical increases and decreases. Increases are seen in known areas of seizure propagation such as the
hippocampus (HC) and lateral septum as well as in sleep-promoting regions such as the anterior hypothalamus (Ant Hyp). Decreases are seen in
the cortex, most prominently in lateral and ventral orbital frontal cortex (LO/VO) and in medial regions including cingulate and retrosplenial
cortex. Decreases are also seen in arousal-promoting regions such as the thalamic intralaminar nuclei including centrolateral nucleus (CL), as well
as in the midbrain tegmentum (MT). The arrowheads at AP �3.4 mm signify the hippocampal electrode artifact. Warm colors represent fMRI
increases, and cool colors, decreases, superimposed on coronal anatomical images from the template animal. AP coordinates in millimeters are
relative to bregma. 10 animals, with FDR corrected threshold P < .05. Reproduced with permission from Motelow et al.19
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as well as indirect projections of lateral septal neurons to nu-
cleus basalis via the thalamic paratenial nucleus (indirect de-
excitation)27 (Figure 3). Additional evidence for decreased
excitatory input as one mechanism of reduced subcortical
arousal comes from patch-clamp recordings showing increased
input impedance, fewer excitatory post synaptic potential-like
events, and reduced membrane potential fluctuations (synaptic
noise) in pedunculopontine tegmental nucleus neurons during
seizures.25 In summary, inhibitory activity (e.g., in the lateral
septum) during limbic seizures may suppress subcortical
arousal systems through direct inhibition as well through in-
direct de-excitation (Figure 3). Either way, subcortical arousal
systems are suppressed, raising the question of whether ther-
apeutic interventions might improve arousal by stimulating
subcortical arousal systems during seizures (see next section).

Aside from decreased arousal as proposed by the network
inhibition hypothesis, other mechanisms may contribute to
impaired consciousness in focal seizures. In addition to cortical
slow-wave activity, other abnormal cortical rhythms could also
disrupt function. For example, focal temporal lobe seizures
sometimes exhibit some propagation of ictal fast rhythms to the
neocortex even without evolution to full bilateral tonic–clonic
seizure activity.8 In addition, it has been demonstrated that
increased cortical–cortical and cortical–thalamic synchrony
during focal seizures can impair the global neuronal workspace
necessary for normal consciousness.28 Increased synchrony is
associated with loss of consciousness during focal temporal
lobe, parietal lobe, as well as frontal lobe seizures.29-32 Recent

work has also shown that focal frontal lobe seizures with im-
paired consciousness have an overall increase in EEG power
across a broad range of frequencies, not just slow waves.33

These findings suggest other mechanisms aside from depressed
arousal may participate in loss of consciousness during focal
seizures, especially for seizures arising outside the medial
temporal lobe.

Impaired consciousness during the postictal period may
have consequences for patients that are as severe as ictal
impairment.34 In addition to behavioral unresponsiveness,
postictal impaired consciousness may increase risk of sudden
unexpected death in epilepsy (SUDEP) due to lack of airway
protection.24,35,36 The mechanisms of impairment in the
postictal period are still under investigation, but both human
and animal model studies of focal limbic seizures show per-
sistent cortical slow-wave activity and decreased cortical CBF
and metabolism in the postictal period.6,7,9,13,19,37 In addition,
during the postictal period, cholinergic neurotransmission
remains depressed, fMRI signals in the central thalamus and
upper brainstem tegmentum are reduced, firing of thalamic
intralaminar neurons and of subcortical cholinergic and seroto-
nergic neurons is reduced, and behavioral responsiveness is
impaired in association with cortical slow-wave activity.19,22-24,37

These findings suggest that persistently depressed arousal in
subcortical and cortical networks may play an important role in
postictal impaired consciousness following focal limbic seizures.

Restoring Conscious Arousal by Neurostimulation

Understanding the network mechanisms for impaired arousal
and consciousness during and following focal limbic seizures
suggests new potential avenues for therapeutic intervention.
Neurostimulation targeted at subcortical arousal structures
could be used to restore arousal and consciousness in the ictal
and postictal periods.38,39 Although the primary goal of epilepsy
treatment is to stop seizures, current treatments do not work in
all patients. Medications, surgical resection, or neurostimulation
are often effective; however, given the large number of people
living with epilepsy, this leaves a substantial population who
have continued focal seizures with impaired consciousness. For
example, people with medically refractory temporal lobe epi-
lepsy who cannot have surgical resection are currently offered
deep brain stimulation of the anterior thalamic nuclei or re-
sponsive medial temporal lobe neurostimulation.40,41 However,
these treatments only reduce seizures by about 70%, which
leaves a substantial number of patients with seizures causing
impaired consciousness; these patients currently have no further
treatment options.

Studies in the rodent model have shown that optogenetic
stimulation of upper brainstem cholinergic pedunculopontine
tegmental nucleus neurons converts cortical slow-wave activity
to an awake physiological rhythm during focal limbic sei-
zures.42 Although optogenetic stimulation is not available for
human use, electrical stimulation is available with existing
neurostimulation devices. Stimulation of the thalamic intralaminar
central lateral nucleus improves arousal in rodent and non-human

Figure 3. Network inhibition hypothesis. A simplified model
demonstrating propagation of excitatory seizure activity from
hippocampus (HC) to subcortical inhibitory areas such as anterior
hypothalamus (Hypothal) or lateral septum (LS). From there, parallel
pathways of direct inhibition (GABA) and indirect de-excitation (e.g.,
reduced glutamate, Glu from paratenial nucleus, PT) cause subcortical
arousal structures to have reduced activity. This leads to reduced
subcortical arousal projections to the cortex, including reduced
acetylcholine (Ach) and reduction of other neurotransmitter systems,
leading to cortical slow-wave activity and impaired consciousness.
Modified with permission from Motelow et al.19
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primates, as well as in patients with chronically impaired
consciousness.43-47 During focal limbic seizures in rats, stim-
ulation of the intralaminar thalamic central lateral nucleus and
of the pontine nucleus oralis converts cortical slow waves into
an awake rhythm and converts behavioral arrest into normal
exploratory behavior.15 In addition, stimulation of the thalamic
intralaminar central lateral nucleus restores normal exploratory
behavior, sucrose reward-seeking behavior, and conditioned
shock avoidance in the postictal period following focal limbic
seizures with secondary generalization.48

These encouraging findings have led to two human clinical
trials to stimulate the thalamus in an effort to restore con-
sciousness during focal temporal lobe seizures which cannot be
stopped by other treatments. Both begin with an effort to stop
seizures by traditional means of neurostimulation and then
augment this with a palliative effort to reduce the behavioral
severity of seizures that escape traditional treatment. In one
approach, stimulation of the thalamic pulvinar has been shown
to reduce impaired consciousness and speed behavioral re-
covery in temporal lobe seizures.49 In another trial beginning
this year, stimulation of the thalamic intralaminar central
lateral nucleus will be provided for temporal lobe seizures
that are not interrupted by responsive medial temporal
stimulation, and behavior will be assessed by automatic
behavioral testing technology (see https://braininitiative.nih.
gov/funded-awards/thalamic-stimulation-prevent-impaired-
consciousness-epilepsy).

Conclusions and Future Directions

Converging evidence from human intracranial EEG and SPECT
studies along with experimental animal models supports an
important role for depressed subcortical arousal in producing
impaired consciousness during and following focal seizures
arising from the medial temporal lobe. Initial promising results
demonstrate potential therapeutic benefit of thalamic stimula-
tion to restore consciousness in otherwise refractory temporal
lobe seizures, and further studies are under way. Additional
work is needed to better understand mechanisms of impaired
consciousness in the postictal period, which may differ from
ictal impairments. In addition, the relative contributions of
different mechanisms including impaired arousal, abnormally
enhanced long-range synchrony, and possibly other mecha-
nisms in producing impaired consciousness require further
investigation, especially for seizures arising outside the tem-
poral lobe. Mechanisms of impaired consciousness in focal
frontal, parietal, and occipital lobe seizures have been relatively
less studied than in temporal lobe seizures and should be in-
vestigated further. In addition, although some work has been
done to understand impaired consciousness in generalized
seizures such as absence and tonic–clonic seizures,50,51 further
investigation is needed for these seizure types as well. Hope-
fully, with ongoing mechanistic studies in human patients and
experimental animal models, novel treatment approaches will
continue to emerge to improve consciousness and to better
quality of life for people with epilepsy.
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