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Abstract: Mechanisms underlying seizures and epilepsy have traditionally been considered to
involve abnormalities of ion channels or synaptic function. Those considerations gave rise to the
excitation/inhibition (E/I) imbalance theory, whereby increased excitation, decreased inhibition,
or both favor a hyperexcitable state and an increased propensity for seizure generation and
epileptogenesis. Several recent findings warrant reconsideration and expansion of the E/I hypothesis:
novel genetic mutations have been identified that do not overtly affect E/I balance; neurotransmitters
may exert paradoxical effects, especially during development; anti-seizure medications do not
necessarily work by decreasing excitation or increasing inhibition; and metabolic factors participate
in the regulation of neuronal and network excitability. These novel conceptual and experimental
advances mandate expansion of the E/I paradigm, with the expectation that new and exciting
therapies will emerge from this broadened understanding of how seizures and epilepsy arise
and progress.
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1. Seizure Generation: Hyperexcitability and Hypersynchrony

The pathophysiological hallmarks of seizure generation are hyperexcitability of individual
neurons and hypersynchronous firing of neuronal networks [1]. Hyperexcitability implies that
seizure “threshold”, the level of membrane depolarization that must be exceeded for a seizure
to occur, is lowered, making it easier for a neuron to fire recurrent discharges that comprise the
electrographic manifestations of a seizure. Interconnected networks of hyperexcitable neurons can
cause a predisposition to excessive firing as well [2]. Hyperexcitable phenomena include interictal
discharges, seizures, and pathological network oscillations [3]. The term “hypersynchronous firing”
refers to a population of neurons discharging at the same time [4,5]. While an individual neuron might
fire in an epileptic pattern (i.e., rapid, repetitive, paroxysmal discharges), a seizure is inherently a
network phenomenon that must entail numerous neurons firing simultaneously. Any brain region
can potentially generate a seizure under the appropriate conditions, that is, when net excitation (E) in
a cortical area exceeds net inhibition (I) in that area (Figure 1). Each step in the sequence of seizure
initiation, propagation, and termination is ultimately governed by the balance between excitation
and inhibition, which is best envisioned as a dynamic interaction between neurons, glia, vascular
components, and the extracellular milieu.

Historically, seizure generation (ictogenesis) has been considered to represent an imbalance
between neuronal excitation and neuronal inhibition [6,7]. This concept, derived from early recordings
of synaptic potentials and action potentials [8], has been very useful over the years for understanding
the physiological basis of ictogenesis and antiseizure drug (ASD) mechanisms. The excitation/
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inhibition (E/I) balance would tip toward hyperexcitation if any physiological condition increased
glutamatergic synaptic activity (e.g., seizure-induced sprouting or increased connectivity between
excitatory pyramidal neurons) or ion currents mediating membrane depolarization (e.g., inward Na+

or Ca2+ flux). In addition, the balance would be tilted by any situation in which gamma-aminobutyric
acid (GABA)-ergic inhibitory synaptic activity is decreased (e.g., seizure-induced loss of inhibitory
interneurons) or ion currents mediating membrane hyperpolarization are strongly activated (e.g.,
outward K+ or inward Cl− flux) (Figure 1). The E/I changes may be phasic or tonic, with implications
for ictogenesis, epileptogenesis, and their potential treatment [9]. Likewise, most of the currently
available antiseizure drugs (ASDs) are aimed at restoring E/I balance by serendipity or design,
via opposite actions, i.e., decreasing excitation or increasing inhibition. While this construct has been
informative about seizure generation, it has long been recognized as oversimplified [10]. Just as there
are numerous seizure types and epilepsy syndromes and etiologies, loss of inhibition is not universal
and some types of seizure occur when inhibition is enhanced [5,11–14]. For example, the generalized
spike–wave discharges recorded on an EEG during an absence seizure entail hypersynchronous
inhibition in thalamocortical circuits [10,15]. Furthermore, while acute E/I imbalance can be invoked
to understand seizure occurrence, it may not be accurate to ascribe seizures in established epilepsy
merely to chronic E/I imbalance, as other membrane and circuit homeostatic changes may occur
during epileptogenesis [16,17]. Moreover, E/I balance is not static and can change over time [5].
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Figure 1. Schematic showing standard paradigm for understanding the balance between excitation (E)
and inhibition (I) in the production of seizures and epilepsy. Any physiological change that increases E
or decreases I (or both) will tip the balance toward excitation and possible seizure occurrence. GABA,
gamma-aminobutyric acid; glut, glutamate; Na, sodium; K, potassium.

Newer evidence suggests that the E/I imbalance concept requires revision, or at least expansion,
for several reasons. There is burgeoning knowledge of genetic mutations responsible for epilepsy,
many of which are not directly involved in either synaptic transmission or ion channel function [18]
or mediate an excitability change in the opposite direction of what fits in the classic E/I imbalance
model. For example, in Dravet syndrome, caused by a loss-of-function mutation of the sodium channel
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SCN1A gene, the primary pathophysiology involves reduced inhibition onto excitatory pyramidal
cells (a phenomenon called “disinhibition”) [19]. Likewise, epilepsy is seen in several gain-of-function
mutations of potassium channels genes that would be predicted to decrease excitation [20], such as
a severe form of childhood focal epilepsy known as malignant migrating partial seizures of infancy
in which KCNT1 gain-of-function mutations are causative [21]. The newly emerging diversity of
potential mechanisms encompassed by these genetic mutations greatly expands our understanding of
the neurobiological underpinnings of seizures and epilepsy, and also challenges many preconceived
notions. In the new era of precision medicine, in which treatment is targeted in patients with specific
mutations, epilepsy therapy will also undergo a paradigm shift. In this review, we briefly describe
some of the newer concepts related to the pathogenesis of seizures and epilepsy, by providing examples
of situations in which the E/I balance does not fully explain the clinical scenario. Our coverage is not
comprehensive, of course, and many other examples could have been chosen.

Even the normal brain is poised in a constant state of seizure vulnerability. This notion is
supported by the observation that exposures or pathologies that slightly increase excitation or reduce
inhibition are ictogenic. Anyone can have a seizure in the right (or wrong!) circumstances, for example,
due to ingestion of a toxin, acute metabolic disturbance such as hypoglycemia, or cortical irritability
from an infection. An illustrative example is domoic acid ingestion (e.g., from contaminated shellfish),
which causes acute seizures in several species, including humans, by over exciting kainic acid receptors,
a subtype of glutamate receptor that mediates fast excitatory neurotransmission [22]. Long-term
domoic acid exposure may also lead to epileptogenesis and chronic seizures, illustrating the overlap or
progression from the initial seizures to circuit damage to epilepsy [23].

When considering chronic epilepsy and its numerous, heterogeneous causes and manifestations,
the E/I imbalance theory is especially challenged. It might be reasoned that patients with a
permanently altered E/I imbalance would have seizures constantly, rather than intermittently.
In addition, as elaborated below, many recently discovered epileptogenic mutations would not lead
to the prediction of increased excitation or decreased inhibition, and mutation-specific alterations
of excitability can affect different brain areas at different developmental time points [24]. In other
disorders in which E/I imbalance has been proposed, such as autism, the E/I hypothesis is also being
reconsidered [25].

Epilepsy is a disorder of neuronal networks, with the ultimate pathophysiology emerging from
patterns of connectivity in different brain regions. The emergent phenomenon of hypersynchrony
is also undergoing revision; whereas it was previously envisioned that a focal seizure begins when
neurons in a local area fire hypersynchronously, recent research is showing that the situation is more
complex. Neuronal firing in a local region may actually be desynchronized at seizure onset, and then
become more synchronous as the seizure progresses. Further details about this fascinating topic are
elaborated in other publications [2,26].

2. Expanding the E/I Imbalance Paradigm

2.1. Newly Discovered Gene Mutations Responsible for Epilepsy Defy Traditional E/I Mechanisms

For several epilepsy syndromes of childhood, mutations are being discovered in genes that bear
no obvious relationship to excitability mechanisms as traditionally envisioned [27]. A relevant example
is syntaxin-binding protein 1 (STXBP1), a gene that regulates syntaxin binding protein 1, which is
essential for presynaptic vesicle docking and fusion, necessary steps for neurotransmitter release
(Figure 2A) [28,29]. Syntaxin is a component of the soluble N-ethylmaleimide attachment receptor
(SNARE) protein complex. Mutation of STXBP1 causes a severe neurodevelopmental disorder and
epilepsy with multiple seizure phenotypes including Ohtahara syndrome and other developmental
epileptic encephalopathies. Mutation of STXBP1 would be predicted to reduce the release of both
excitatory and inhibitory neurotransmitters, throwing into question why seizures are invariably present
in affected children. Recent findings in mice suggest that STXBP1 mutations might affect inhibitory
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synapses preferentially, such that the reduction in GABA confers disinhibition and seizures [30,31].
At the same time, STXBP1-associated reduction in excitatory transmitter release might be thought to be
a seizure-protective mechanism, so the end result of E/I balance in this disorder remains unexplained.
The STXBP1 story illustrates how E/I imbalance mechanisms may become more apparent in certain
mutations as a field advances.
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Figure 2. Selected examples of epilepsy mechanisms in which the E/I balance concept may not
be immediately applicable. (A) STXBP1 is a protein essential for neurotransmitter vesicle docking
and fusion to enable subsequent release of neurotransmitter. This protein binds to the soluble
N-ethylmaleimide attachment receptor (SNARE) complex (see text) to allow neurotransmitter release.
Mutation of the gene that encodes STXBP1 (STXBP1) impairs neurotransmitter release (both excitatory
and inhibitory neurotransmitters) and leads to a syndrome of neurodevelopmental disorder and severe
epilepsy. (B) Early in development, GABA is excitatory rather than inhibitory, related in part to
age-specific intracellular chloride concentrations. (C) The antiseizure drug levetiracetam (LEV) binds
to a synaptic vesicle protein called SV2A, leading to reduced vesicle docking and neurotransmitter
release. LEV also inhibits presynaptic N-type calcium channels and release of calcium from intracellular
stores. (D) Overview of glucose (Gluc) metabolism. Glucose enters the cell from the bloodstream and
then undergoes glycolysis for the eventual production of ATP. Metabolic control points for potential
epilepsy therapy are indicated in the boxes. STXBP1, syntaxin-binding protein 1; LGIT, low glycemic
index treatment; 2DG, 2-deoxyglucose; KD, ketogenic diet; MAD, modified Atkins diet; ATP, adenosine
triphosphate; TCA, tricarboxylic acid cycle; ACoA, acetyl-co-enzyme A; Lac, lactate; Pyr, pyruvate.

Numerous other genes similarly affect aspects of synaptic development, neurotransmitter release,
subcellular signaling, and other aspects of neuronal function outside the familiar E/I construct.
Another example is mutation of the gene for the transcription factor Aristaless-related homeobox
protein (ARX), leading to impaired inhibitory interneuron migration from the forebrain ganglionic
eminences to the neocortex, resulting in hyperexcitability and propensity to seizures such as infantile
spasms [32]. In this case, the E/I balance is upended by diminished inhibitory neuron intercalation
into the neocortical circuit. See Table 1 for other selected examples.
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Table 1. Examples of genes in neurodevelopmental disorders with epilepsy that do not have simple or
direct E/I imbalance as a mechanism of action.

GENE GENE PRODUCT ROLE EPILEPSY
SYNDROME

STXBP1 Syntaxin binding protein 1
Vesicle fusion with presynaptic

membrane allowing
neurotransmitter release

Ohtahara syndrome

ARX Aristaless-related
homeobox protein

Tangential migration of
interneurons into the cortical plate

Multiple seizure types,
infantile spasms

CDKL5 Cyclin-dependent
kinase-like 5

Actin cytoskeleton, dendritic
arborization, MeCP2

phosphorylation

Multiple seizure types,
infantile spasms

PCDH19 Protocadherin 19 Neuron adhesion
during migration

Female-restricted
epilepsy +/− ID,

multiple seizure types,
infantile spasms

UBE3A Ubiquitin protein ligase
E3A

Targets proteins for intracellular
degradation Angelman syndrome

PTEN Phosphatase and tensin
homolog

Tumor and cell growth/migration
suppression

Cowden syndrome,
focal seizures

MeCP2, methyl-CpG-binding protein 2; ID, intellectual disability.

2.2. Neurotransmitters May Cause Paradoxical Physiological Actions

The recognition that GABA is depolarizing and sometimes excitatory during a window of
early brain maturation supports the notion that excitability mechanisms are not as straightforward
as previously imagined [33]. This early excitatory GABA effect may seem paradoxical for a
neurotransmitter that is generally thought of as inhibitory. However, early GABA-mediated
depolarization is critical in the developing brain for trophic functions such as synaptogenesis and
circuit development [34].

The transition of GABA from excitatory to inhibitory relies on the intracellular chloride
concentration (Figure 2B), which is regulated by two chloride-cation membrane co-transporters [35].
The sodium-potassium-chloride co-transporter 1 (NKCC1), maximally expressed early in development
(until about term gestational age in humans and 10 days of age in rodents), imports chloride, raising
the basal intracellular chloride concentration. Therefore, when GABA binds to its postsynaptic GABAA

receptor and opens chloride channels, chloride exits the cell, down its electrochemical gradient.
This chloride efflux leads to depolarization of the cell membrane, which can be sufficient to generate
action potentials. Over time, NKCC1 expression diminishes, overlapping with a gradual increase
in expression of another transporter, potassium-chloride co-transporter 2 (KCC2). KCC2 extrudes
chloride from the cell, keeping the basal intracellular chloride at a lower, modest concentration.
Thus, when GABA binds to its receptor, chloride enters the cell and hyperpolarizes it, keeping
the membrane potential from reaching action potential threshold. Therefore, the relative levels of
membrane transporter expression govern chloride concentration and thus the direction of the GABA
response. Recent data suggest that other physiological factors also participate in early-life GABA
action—in addition to chloride-cation co-transporters, the GABA depolarization-to-hyperpolarization
switch is also modulated by the age-related concentration profiles of impermeant anions in the
cytoplasm and extracellular matrix [36].

Early transient GABA-mediated depolarization might account, at least in part, for the
refractoriness of neonatal seizures to standard ASDs like benzodiazepines (BZDs) and phenobarbital
(PHB), both of which increase inhibition by enhancing GABAA receptor-activated chloride channel
function in the mature brain. During early development, these agents may not only fail to suppress
neonatal seizures but might actually make the seizures worse [37]. The phenomenon of depolarizing
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GABA action may have wider applicability as well, since in some adult epilepsy models, neurons revert
from GABA-induced hyperpolarization to GABA-induced depolarization during epileptogenesis [38]
and after head trauma [39]. Moreover, seizure activity may change intracellular chloride concentration
and shift the GABA equilibrium potential in the depolarizing direction [40].

Lest we conclude that the developing brain is so seizure-prone that it is seizing all the time,
it must be remembered that, even during the time window that GABA exerts depolarizing actions,
it is also capable of mediating inhibition. The GABA depolarizing effect is not ubiquitous in all brain
areas and the transition to a hyperpolarizing action is not sudden; rather, GABA gradually becomes
hyperpolarizing as the co-transporter ratio changes and the other mechanisms described above evolve.
Furthermore, even in the depolarizing time frame, GABA can mediate some inhibition by a shunting
mechanism, whereby a large increase in membrane conductance occurs in response to GABA binding to
its postsynaptic receptor. Despite a lack of chloride ion flow in this circumstance, shunting occurs that
counters the excitation from activation of nearby α-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic
acid (AMPA) and N-methyl-D-aspartate (NMDA)-type receptors [41]. Therefore, dynamic changes in
neurotransmitter actions across the lifespan contribute to seizure pathophysiology, and we must be
mindful that subtle differences might exist between humans and experimental models.

2.3. Antiseizure Drugs May Not Act via the Expected E/I Spectrum

The concept of E/I balance is useful for understanding both pathophysiology and treatment.
Indeed, most currently available ASDs work or are designed to address these E/I mechanisms.
For example, carbamazepine and phenytoin block sodium channels and reduce repetitive firing,
topiramate reduces glutamatergic neurotransmission by blocking AMPA receptors, BZDs and PHB
enhance inhibition by increasing chloride (Cl−) current flow into cells leading to hyperpolarization,
etc. (Table 2). However, not all ASDs work via these classic E/I mechanisms. Levetiracetam (and its
analogue, brivaracetam) is a commonly prescribed, broad spectrum ASD with clinical efficacy against
both focal and generalized seizures, but does not appear to alter the function of any neurotransmitter
receptor or ion channel. Rather, levetiracetam binds to a presynaptic vesicle membrane protein
called SV2A, altering the ability of synaptic vesicles to fuse with the presynaptic membrane and
release neurotransmitter by exocytosis [42]. Levetiracetam also inhibits presynaptic voltage-gated
Ca2+ channels and prevents release of Ca2+ from intracellular stores, both of which will decrease
excitability and reduce transmitter release [43]. While a complete understanding of the mechanisms
of levetiracetam action is not yet available, it is clear that this agent acts differently than most ASDs
(Figure 2C), paralleling the drug’s unique profile of preclinical seizure suppression—it prevents
seizures in chronic epilepsy models induced by kindling or chemoconvulsants such as kainic acid and
pilocarpine, but is not effective against acute generalized seizures such as those induced by maximum
electroshock or pentylenetetrazole [44,45].

Another example of seizure prevention from an unexpected source is the story of fenfluramine in
Dravet syndrome. Clinical series have shown a remarkable efficacy of fenfluramine [46], a serotonin
agonist, in this sodium channel disorder in which the primary pathophysiology is thought to be
disinhibition by mutations reducing GABA release from interneurons onto excitatory pyramidal
cells [19]. The ability of fenfluramine to enhance the activity of only select serotonin receptor subtypes
(as well as sigma-1 receptors) opens this new avenue of treatment but still leaves the mechanism by
which serotonin reduces excitability unexplained (e.g., possibly by enhancing GABA action) [47].
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Table 2. Mechanisms of selected antiseizure drugs (ASDs).

ASD Mechanism E/I Alteration

Phenobarbital Enhances GABAA receptor function by increasing
chloride channel open time ↑ I

Phenytoin Blocks Na channels ↓ E

Carbamazepine, Oxcarbazepine Blocks Na channels ↓ E

Valproate Multiple—enhances GABA action, blocks Na and
Ca channels ↓ E, ↑ I

Ethosuximide Blocks T-type Ca channels ↓ E

Benzodiazepines Enhance GABAA receptor function by increasing
frequency of chloride channel openings ↑ I

Levetiracetam, Brivaracetam Modulate synaptic vesicle protein SV2A Unclear

Topiramate Multiple—enhances GABA action, blocks AMPA
receptors and Na channels ↓ E, ↑ I

Vigabatrin Inhibits GABA transaminase ↑ I

Zonisamide Multiple—blocks Na and Ca channels,
alters neurotransmitter transport ↓ E

Perampanel Blocks AMPA receptors ↓ E

AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid; Ca, calcium; Na, sodium; GABA, gamma-
aminobutyric acid; SV, synaptic vesicle; E, excitation; I, inhibition.

2.4. Metabolic Regulation of Excitability and Epilepsy Requires Expansion of E/I Considerations

Epilepsy is widely viewed as a disorder of neuronal and network excitability. Metabolism,
fundamentally important for cell growth, function, and homeostasis, has only recently been appreciated
as having a role in neuronal excitability. Not only do seizing brain regions require and utilize excess
energy, but genetic or acquired metabolic alterations can also engender seizures, leading to the
conclusion that metabolic dysfunction is both a cause and consequence of epilepsy [48].

The ketogenic diet (KD) represents a proof-of-principle example of how metabolism affects
neuronal excitability and seizure occurrence. This diet, involving a high (4:1) ratio of dietary fat to
carbohydrates (by weight), has been used for empiric control of drug-refractory pediatric seizures
for almost a century. Efforts to unravel the mechanism(s) by which the KD prevents seizures have
been ongoing for more than two decades [49,50]; it is clear that a simple E/I imbalance does not
explain the KD’s mechanism of action. Rather, multiple interacting mechanisms are likely in play,
involving endogenous anticonvulsants such as adenosine [51], ATP-sensitive K+ channels that link
metabolism with membrane excitability [52,53], and alteration in biochemical subcellular pathways
and energy-producing mechanisms such as mitochondria [48,54,55]. Mutations in genes governing
any of the above mechanisms can predispose to seizure generation.

The KD (and its less restrictive form, the modified Atkins diet) mimics the fasting state and
produces a state of ketosis by depriving the body/brain of its usual substrate for energy production
(glucose), causing a transition to the use of ketones for energy, derived from beta-oxidation of fatty
acids. How this metabolic adaptation leads to seizure protection remains unclear. The mechanism can
be approached using animal models by considering the effects of high fats or reduced carbohydrates.
Early studies posited that ketone bodies per se do not significantly affect GABAergic or glutamatergic
neurotransmission, intrinsic membrane properties, or ion channels [56]. It is now appreciated that
ketones can affect excitability directly, via modulation of the mitochondrial permeability transition
pore [57]. Interestingly, the medium-chain triglyceride (MCT) form of the KD has been shown to have
a direct inhibitory effect on AMPA receptors, decreasing fast excitatory neurotransmission [58].

The alternative pathway, carbohydrate restriction, can be studied by inhibiting glycolysis
with 2-deoxyglucose (2DG). 2DG blocks phosphoglucose isomerase, a key enzyme in glycolysis.



Children 2019, 6, 23 8 of 11

In animal models and hippocampal slices, 2DG reduces excitability and suppresses seizures and
epileptogenesis [59]. While the mechanism of 2DG action is still being explored, inhibition of glycolysis
offers a promising metabolic approach for seizure control.

Other potential metabolic alterations similarly may ameliorate excitability and seizures and lead
to clinical applications. These include calorie restriction, a low glycemic index treatment (LGIT),
and an anaplerotic diet, each of which acts at a different target within metabolism (Figure 2D). Calorie
restriction mimics the KD by limiting energy availability [60]. The LGIT provides carbohydrates with
low glycemic indices, smoothing out the acute elevations in blood glucose levels caused by foods with
high glycemic indices [61]. Anaplerosis involves replenishment of tricarboxylic acid cycle components
that are depleted when energy demand is high, such as during a seizure [62]. Thus, a wide variety of
ways exist by which metabolism can modulate excitability and how metabolism might be manipulated
for potential therapeutic benefit.

3. Conclusions

This is an exciting era in medicine, with an explosion of new mechanisms (and therefore targets)
informing the clinical care of children with epilepsy. While the concept of E/I balance has served well
for many decades, the expansion of this paradigm beyond simple excitation and inhibition now opens
new avenues for therapy.

Author Contributions: L.-R.S., C.W.H. and C.E.S. participated equally in the conceptualization, writing, and final
approval of this review.

Funding: This manuscript involved no external funding.

Acknowledgments: Research in the laboratory of Shao and Stafstrom is supported by the Mathias Koch Memorial
Fund, the Sandra and Malcolm Berman Foundation, and the Payne Foundation. Habela’s research is funded by
the NINDS Child Neurology Career Development Program (K12).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Stafstrom, C.E.; Rho, J.M. Neurophysiology of seizures and epilepsy. In Swaiman’s Pediatric Neurology:
Principles and Practice, 6th ed.; Swaiman, K.F., Ashwal, S., Ferriero, D.M., Schor, N.F., Finkel, R.S.,
Gropman, A.L., Pearl, P.L., Shevell, M.I., Eds.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 506–512.

2. Smith, E.H.; Schevon, C.A. Toward a mechanistic understanding of epileptic circuits. Curr. Neurol.
Neurosci. Rep. 2016, 16, 97. [CrossRef] [PubMed]

3. Jiruska, P.; de Curtis, M.; Jefferys, J.G. Modern concepts of focal epileptic networks. Int. Rev. Neurobiol. 2014,
114, 1–7. [PubMed]

4. Uhlhaas, P.J.; Singer, W. Neural synchrony in brain disorders: Relevance for cognitive dysfunctions and
pathophysiology. Neuron 2006, 52, 155–168. [CrossRef] [PubMed]

5. Trevelyan, A.J. Do cortical circuits need protecting from themselves? Trends Neurosci. 2016, 39, 502–511.
[CrossRef] [PubMed]

6. Stafstrom, C.E. Recognizing seizures and epilepsy: Insights from pathophysiology. In Epilepsy; Miller, J.W.,
Goodkin, H.P., Eds.; John Wiley & Sons, Ltd.: West Sussex, UK, 2014; pp. 3–9.

7. Bozzi, Y.; Provenzano, G.; Casarosa, S. Neurobiological bases of autism-epilepsy comorbidity: A focus on
excitation/inhibition imbalance. Eur. J. Neurosci. 2018, 47, 534–548. [CrossRef] [PubMed]

8. Matsumoto, H.; Ajmone-Marsan, C. Cellular mechanisms in experimental epileptic seizures. Science 1964,
144, 193–194. [CrossRef] [PubMed]

9. Schipper, S.; Aalbers, M.W.; Rijkers, K.; Swijsen, A.; Rigo, J.M.; Hoogland, G.; Vles, J.S. Tonic GABAA
receptors as potential target for the treatment of temporal lobe epilepsy. Mol. Neurobiol. 2016, 53, 5252–5265.
[CrossRef]

10. Engel, J., Jr. Excitation and inhibition in epilepsy. Can. J. Neurol. Sci. 1996, 23, 167–174. [CrossRef]
11. Cossart, R.; Bernard, C.; Ben-Ari, Y. Multiple facets of GABAergic neurons and synapses: Multiple fates of

GABA signalling in epilepsies. Trends Neurosci. 2005, 28, 108–115. [CrossRef]

http://dx.doi.org/10.1007/s11910-016-0701-2
http://www.ncbi.nlm.nih.gov/pubmed/27662895
http://www.ncbi.nlm.nih.gov/pubmed/25078496
http://dx.doi.org/10.1016/j.neuron.2006.09.020
http://www.ncbi.nlm.nih.gov/pubmed/17015233
http://dx.doi.org/10.1016/j.tins.2016.06.002
http://www.ncbi.nlm.nih.gov/pubmed/27378547
http://dx.doi.org/10.1111/ejn.13595
http://www.ncbi.nlm.nih.gov/pubmed/28452083
http://dx.doi.org/10.1126/science.144.3615.193
http://www.ncbi.nlm.nih.gov/pubmed/14107481
http://dx.doi.org/10.1007/s12035-015-9423-8
http://dx.doi.org/10.1017/S0317167100038464
http://dx.doi.org/10.1016/j.tins.2004.11.011


Children 2019, 6, 23 9 of 11

12. Fritschy, J.-M. Epilepsy, E/I balance and GABA-A receptor plasticity. Front. Mol. Neurosci. 2008, 1, 5.
[CrossRef]

13. Kaila, K.; Ruusuvuori, E.; Seja, P.; Voipio, J.; Puskarjov, M. GABA actions and ionic plasticity in epilepsy.
Curr. Opin. Neurobiol. 2014, 26, 34–41. [CrossRef] [PubMed]

14. Knoflach, F.; Hernandez, M.-C.; Bertrand, D. GABAA receptor-mediated neurotransmission: Not so simple
after all. Biochem. Pharmacol. 2016, 115, 10–17. [PubMed]

15. Maheshwari, A.; Noebels, J.L. Monogenic models of absence epilepsy: Windows into the complex balance
between inhibition and excitation in thalamocortical microcircuits. Prog. Brain Res. 2014, 213, 223–252.
[PubMed]

16. Mody, I. Aspects of the homeostatic plasticity of GABAA receptor-mediated inhibition. J. Physiol. 2005, 562,
37–46. [CrossRef] [PubMed]

17. Staley, K. Molecular mechanisms of epilepsy. Nat. Neurosci. 2015, 18, 367–372. [CrossRef]
18. Ran, X.; Li, J.; Shao, Q.; Lin, Z.; Wu, J. EpilepsyGene: A genetic resource for genes and mutations related to

epilepsy. Nucleic Acids Res. 2015, 43, D893–D899. [CrossRef]
19. Yu, F.H.; Mantegazza, M.; Westenbroek, R.E.; Robbins, C.A.; Kalume, F.; Burton, K.A.; Spain, W.J.;

McKnight, G.S.; Scheuer, T.; Catterall, W.A. Reduced sodium current in GABAergic interneurons in a
mouse model of severe myoclonic epilepsy in infancy. Nat. Neurosci. 2006, 9, 1142–1149. [CrossRef]
[PubMed]

20. Niday, Z.; Tzingounis, A.V. Potassium channel gain of function in epilepsy: An unresolved paradox.
Neuroscientist 2018, 24, 368–380. [CrossRef]

21. Barcia, G.; Fleming, M.R.; Deligniere, A.; Gazula, V.R.; Brown, M.R.; Langouet, M.; Chen, H.; Kronengold, J.;
Abhyankar, A.; Cilio, R.; et al. De novo gain-of-function KCNT1 channel mutations cause malignant
migrating partial seizures of infancy. Nat. Genet. 2018, 44, 1255–1259. [CrossRef]

22. Ramsdell, J.S. Neurological disease rises from ocean to bring model for human epilepsy to life. Toxins 2010,
2, 1646–1675. [CrossRef]

23. Buckmaster, P.S.; Wen, X.; Toyoda, I.; Gulland, F.M.; Van Bonn, W. Hippocampal neuropathology of domoic
acid-induced epilepsy in California sea lions (Zalophus californianus). J. Comp. Neurol. 2014, 522, 1691–1706.
[CrossRef] [PubMed]

24. Reid, C.A.; Rollo, B.; Petrou, S.; Berkovic, S.F. Can mutation-mediated effects occurring early in development
cause long-term seizure susceptibility in genetic generalized epilepsies? Epilepsia 2018, 59, 915–922.
[CrossRef] [PubMed]

25. Nelson, S.B.; Valakh, V. Excitatory/inhibitory balance and circuit homeostasis in autism spectrum disorders.
Neuron 2015, 87, 684–698. [CrossRef] [PubMed]

26. Jiruska, P.; de Curtis, M.; Jefferys, J.G.; Schevon, C.A.; Schiff, S.J.; Schindler, K. Synchronization and
desynchronization in epilepsy: Controversies and hypotheses. J. Physiol. 2013, 591, 787–797. [CrossRef]
[PubMed]

27. McTague, A.; Howell, K.B.; Cross, J.H.; Kurian, M.A.; Scheffer, I.E. The genetic landscape of the epileptic
encephalopathies of infancy and childhood. Lancet Neurol. 2016, 15, 304–316. [CrossRef]

28. Stamberger, H.; Weckhuysen, S.; DeJonghe, P. STXBP1 as a therapeutic target for epileptic encephalopathy.
Expert Opin. Ther. Targets 2017, 21, 1027–1036. [CrossRef] [PubMed]

29. Suri, M.; Evers, J.M.G.; Laskowski, R.A.; O’Brien, S.; Baker, K.; Clayton-Smith, J.; Dabir, T.; Josifova, D.;
Joss, S.; Kerr, B.; et al. Protein structure and phenotypic analysis of pathogenic and population missense
variants in STXBP1. Mol. Genet. Genom. Med. 2017, 5, 495–507. [CrossRef]

30. Toonen, R.F.; Wierda, K.; Sons, M.S.; de Wit, H.; Cornelisse, L.N.; Brussaard, A.; Plomp, J.J.; Verhage, M.
Munc18-1 expression levels control synapse recovery by regulating readily releasable pool size. Proc. Natl.
Acad. Sci. USA 2006, 103, 18332–18337. [CrossRef]

31. Kovacevic, J.; Maroteaux, G.; Schut, D.; Loos, M.; Dubey, M.; Pitsch, J.; Remmelink, E.; Koopmans, B.;
Crowley, J.; Cornelisse, L.N.; et al. Protein instability, haploinsufficiency, and cortical hyper-excitability
underlie STXBP1 encephalopathy. Brain 2018, 141, 1350–1374. [CrossRef]

32. Marsh, E.D.; Nasrallah, M.P.; Walsh, C.; Murray, K.A.; Nicole Sunnen, C.; McCoy, A.; Golden, J.A.
Developmental interneuron subtype deficits after targeted loss of Arx. BMC Neurosci. 2016, 17, 35. [CrossRef]

33. Ben-Ari, Y. Excitatory actions of GABA during development: The nature of the nurture. Nat. Rev. Neurosci.
2002, 3, 728–739. [PubMed]

http://dx.doi.org/10.3389/neuro.02.005.2008
http://dx.doi.org/10.1016/j.conb.2013.11.004
http://www.ncbi.nlm.nih.gov/pubmed/24650502
http://www.ncbi.nlm.nih.gov/pubmed/27002180
http://www.ncbi.nlm.nih.gov/pubmed/25194492
http://dx.doi.org/10.1113/jphysiol.2004.077362
http://www.ncbi.nlm.nih.gov/pubmed/15528237
http://dx.doi.org/10.1038/nn.3947
http://dx.doi.org/10.1093/nar/gku943
http://dx.doi.org/10.1038/nn1754
http://www.ncbi.nlm.nih.gov/pubmed/16921370
http://dx.doi.org/10.1177/1073858418763752
http://dx.doi.org/10.1038/ng.2441
http://dx.doi.org/10.3390/toxins2071646
http://dx.doi.org/10.1002/cne.23509
http://www.ncbi.nlm.nih.gov/pubmed/24638960
http://dx.doi.org/10.1111/epi.14077
http://www.ncbi.nlm.nih.gov/pubmed/29658992
http://dx.doi.org/10.1016/j.neuron.2015.07.033
http://www.ncbi.nlm.nih.gov/pubmed/26291155
http://dx.doi.org/10.1113/jphysiol.2012.239590
http://www.ncbi.nlm.nih.gov/pubmed/23184516
http://dx.doi.org/10.1016/S1474-4422(15)00250-1
http://dx.doi.org/10.1080/14728222.2017.1386175
http://www.ncbi.nlm.nih.gov/pubmed/28971703
http://dx.doi.org/10.1002/mgg3.304
http://dx.doi.org/10.1073/pnas.0608507103
http://dx.doi.org/10.1093/brain/awy046
http://dx.doi.org/10.1186/s12868-016-0265-8
http://www.ncbi.nlm.nih.gov/pubmed/12209121


Children 2019, 6, 23 10 of 11

34. Luhmann, H.J.; Kirischuk, S.; Sinning, A.; Kilb, W. Early GABAergic circuitry in the cerebral cortex. Curr. Opin.
Neurobiol. 2014, 26, 72–78. [CrossRef] [PubMed]

35. Dzhala, V.I.; Talos, D.M.; Sdrulla, D.A.; Brumback, A.C.; Mathews, G.C.; Benke, T.A.; Delpire, E.; Jensen, F.E.;
Staley, K.J. NKCC1 transporter facilitates seizures in the developing brain. Nat. Med. 2005, 11, 1205–1213.
[CrossRef] [PubMed]

36. Glykys, J.; Dzhala, V.; Egawa, K.; Balena, T.; Saponijan, Y.; Kuchibhotla, K.V.; Bacskai, B.J.; Kahle, K.T.;
Zeuthen, T.; Staley, K.J. Local impermeant anions establish the neuronal chloride concentration. Science 2014,
343, 670–675. [CrossRef] [PubMed]

37. Staley, K. Wrong-way chloride transport: Is it a treatable cause of some intractable seizures? Epilepsy Curr.
2006, 6, 124–127. [PubMed]

38. Huberfeld, G.; Wittner, L.; Clemenceau, S.; Baulac, M.; Kaila, K.; Miles, R.; Rivera, C. Perturbed chloride
homeostasis and GABAergic signaling in human temporal lobe epilepsy. J. Neurosci. 2007, 27, 9866–9873.
[CrossRef]

39. Dzhala, V.; Valeeva, G.; Glykys, J.; Khazipov, R.; Staley, K. Traumatic alterations in GABA signaling disrupt
hippocampal network activity in the developing brain. J. Neurosci. 2012, 32, 4017–4031. [CrossRef] [PubMed]

40. Brumback, A.C.; Staley, K.J. Thermodynamic regulation of NKCC1-mediated Cl- cotransport underlies
plasticity of GABA(A) signaling in neonatal neurons. J. Neurosci. 2008, 28, 1301–1312. [CrossRef]

41. Khazipov, R.; Valeeva, G.; Khalilov, I. Depolarizing GABA and developmental epilepsies. CNS Neurosci. Ther.
2015, 21, 83–91. [CrossRef]

42. Deshpande, L.S.; DeLorenzo, R.J. Mechanisms of levetiracetam in the control of status epilepticus and
epilepsy. Front. Neurol. 2014, 5, 11. [CrossRef]

43. Yan, H.D.; Ishihara, K.; Seki, T.; Hanaya, R.; Kurisu, K.; Arita, K.; Serikawa, T.; Sasa, M. Inhibitory effects
of levetiracetam on the high-voltage-activated L-type Ca2+ channels in hippocampal CA3 neurons of
spontaneously epileptic rat (SER). Brain Res. Bull. 2013, 90, 142–148. [CrossRef] [PubMed]

44. Klitgaard, H.; Matagne, A.; Gobert, J.; Wülfert, E. Evidence for a unique profile of levetiracetam in rodent
models of seizures and epilepsy. Eur. J. Pharmacol. 1998, 353, 191–206. [CrossRef]

45. Surges, R.; Volynski, K.E.; Walker, M.C. Is levetiracetam different from other antiepileptic drugs?
Levetiracetam and its cellular mechanism of action in epilepsy revisited. Ther. Adv. Neurol. Disord.
2008, 1, 13–24. [CrossRef] [PubMed]

46. Ceulemans, B.; Schoonjans, A.S.; Marchau, F.; Paelinck, B.P.; Lagae, L. Five-year extended follow-up status
of 10 patients with Dravet syndrome treated with fenfluramine. Epilepsia 2016, 57, e129–e134. [CrossRef]
[PubMed]

47. Sourbron, J.; Smolders, I.; de Witte, P.; Lagae, L. Pharmacological analysis of the anti-epileptic mechanisms
of fenfluramine in scn1a mutant zebrafish. Front. Pharmacol. 2017, 8, 191. [CrossRef]

48. Patel, M. A metabolic paradigm for epilepsy. Epilepsy Curr. 2018, 18, 318–322. [CrossRef] [PubMed]
49. Rho, J.M.; Stafstrom, C.E. The ketogenic diet: What has science taught us? Epilepsy Res. 2012, 100, 210–217.

[CrossRef] [PubMed]
50. Simeone, T.A.; Simeone, K.A.; Stafstrom, C.E.; Rho, J.M. Do ketone bodies mediate the anti-seizure effects of

the ketogenic diet? Neuropharmacology 2018, 133, 233–241. [CrossRef]
51. Masino, S.A.; Kawamura, M., Jr.; Ruskin, D.N.; Geiger, J.D.; Boison, D. Purines and neuronal excitability:

Links to the ketogenic diet. Epilepsy Res. 2012, 100, 229–238. [CrossRef]
52. Levin, B.E. Glucosensing neurons do more than just sense glucose. Int. J. Obes. Relat. Metab. Disord. 2001, 25,

S68–S72. [CrossRef]
53. Ma, W.; Berg, J.; Yellen, G. Ketogenic diet metabolites reduce firing in central neurons by opening K(ATP)

channels. J. Neurosci. 2007, 27, 3618–3625. [CrossRef] [PubMed]
54. Lutas, A.; Yellen, G. The ketogenic diet: Metabolic influences on brain excitability and epilepsy.

Trends Neurosci. 2013, 36, 32–40. [CrossRef] [PubMed]
55. Sada, N.; Inoue, T. Electrical control in neurons by the ketogenic diet. Front. Cell. Neurosci. 2018, 12, 208.

[CrossRef] [PubMed]
56. Thio, L.; Wong, M.; Yamada, K. Ketone bodies do not directly alter excitatory or inhibitory hippocampal

transmission. Neurology 2000, 54, 325–331. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.conb.2013.12.014
http://www.ncbi.nlm.nih.gov/pubmed/24434608
http://dx.doi.org/10.1038/nm1301
http://www.ncbi.nlm.nih.gov/pubmed/16227993
http://dx.doi.org/10.1126/science.1245423
http://www.ncbi.nlm.nih.gov/pubmed/24503855
http://www.ncbi.nlm.nih.gov/pubmed/17260033
http://dx.doi.org/10.1523/JNEUROSCI.2761-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.5139-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22442068
http://dx.doi.org/10.1523/JNEUROSCI.3378-07.2008
http://dx.doi.org/10.1111/cns.12353
http://dx.doi.org/10.3389/fneur.2014.00011
http://dx.doi.org/10.1016/j.brainresbull.2012.10.006
http://www.ncbi.nlm.nih.gov/pubmed/23107646
http://dx.doi.org/10.1016/S0014-2999(98)00410-5
http://dx.doi.org/10.1177/1756285608094212
http://www.ncbi.nlm.nih.gov/pubmed/21180561
http://dx.doi.org/10.1111/epi.13407
http://www.ncbi.nlm.nih.gov/pubmed/27197941
http://dx.doi.org/10.3389/fphar.2017.00191
http://dx.doi.org/10.5698/1535-7597.18.5.318
http://www.ncbi.nlm.nih.gov/pubmed/30464734
http://dx.doi.org/10.1016/j.eplepsyres.2011.05.021
http://www.ncbi.nlm.nih.gov/pubmed/21856126
http://dx.doi.org/10.1016/j.neuropharm.2018.01.011
http://dx.doi.org/10.1016/j.eplepsyres.2011.07.014
http://dx.doi.org/10.1038/sj.ijo.0801916
http://dx.doi.org/10.1523/JNEUROSCI.0132-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17409226
http://dx.doi.org/10.1016/j.tins.2012.11.005
http://www.ncbi.nlm.nih.gov/pubmed/23228828
http://dx.doi.org/10.3389/fncel.2018.00208
http://www.ncbi.nlm.nih.gov/pubmed/30061816
http://dx.doi.org/10.1212/WNL.54.2.325
http://www.ncbi.nlm.nih.gov/pubmed/10668691


Children 2019, 6, 23 11 of 11

57. Kim, D.Y.; Simeone, K.A.; Simeone, T.A.; Pandya, J.D.; Wilke, J.C.; Ahn, Y.; Geddes, J.W.; Sullivan, P.G.;
Rho, J.M. Ketone bodies mediate antiseizure effects through mitochondrial permeability transition.
Ann. Neurol. 2015, 78, 77–87. [CrossRef] [PubMed]

58. Chang, P.; Augustin, K.; Boddum, K.; Williams, S.; Sun, M.; Terschak, J.A.; Hardege, J.D.; Chen, P.E.;
Walker, M.C.; Williams, R.S. Seizure control by decanoic acid through direct AMPA receptor inhibition. Brain
2016, 139, 431–443. [CrossRef] [PubMed]

59. Stafstrom, C.E.; Ockuly, J.C.; Murphee, L.; Valley, M.T.; Roopra, A.; Sutula, T.P. Anticonvulsant and
antiepileptic actions of 2-deoxy-D-glucose in epilepsy models. Ann. Neurol. 2009, 65, 435–447. [CrossRef]

60. Hartman, A.L.; Rubenstein, J.E.; Kossoff, E.H. Intermittent fasting: A “new” historical strategy for controlling
seizures? Epilepsy Res. 2013, 104, 275–279. [CrossRef]

61. Pfeifer, H.H.; Thiele, E.A. Low-glycemic index treatment: A liberalized ketogenic diet for treatment of
intractable epilepsy. Neurology 2005, 65, 1810–1812. [CrossRef]

62. McDonald, T.; Puchowicz, M.; Borges, K. Impairments in oxidative glucose metabolism in epilepsy and
metabolic treatments thereof. Front. Cell. Neurosci. 2018, 12, 274. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/ana.24424
http://www.ncbi.nlm.nih.gov/pubmed/25899847
http://dx.doi.org/10.1093/brain/awv325
http://www.ncbi.nlm.nih.gov/pubmed/26608744
http://dx.doi.org/10.1002/ana.21603
http://dx.doi.org/10.1016/j.eplepsyres.2012.10.011
http://dx.doi.org/10.1212/01.wnl.0000187071.24292.9e
http://dx.doi.org/10.3389/fncel.2018.00274
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Seizure Generation: Hyperexcitability and Hypersynchrony 
	Expanding the E/I Imbalance Paradigm 
	Newly Discovered Gene Mutations Responsible for Epilepsy Defy Traditional E/I Mechanisms 
	Neurotransmitters May Cause Paradoxical Physiological Actions 
	Antiseizure Drugs May Not Act via the Expected E/I Spectrum 
	Metabolic Regulation of Excitability and Epilepsy Requires Expansion of E/I Considerations 

	Conclusions 
	References

