Chapter 4
microRNA and Epilepsy

Cristina R. Reschke and David C. Henshall

Abstract Epilepsy is a common, serious neurological disease characterized by
recurring seizures. Such abnormal, excessive synchronous firing of neurons arises
in part because of imbalances in excitation and inhibition in the brain. The process
of epileptogenesis, during which the normal brain is transformed after injury to one
capable of generating spontaneous seizures, is associated with large-scale changes
in gene expression. These contribute to the remodelling of brain networks that per-
manently alters excitability. Components of the microRNA (miRNA) biogenesis
pathway have been found to be altered in brain tissue from epilepsy patients and
experimental epileptogenic insults result in select changes to miRNAs regulating
neuronal microstructure, cell death, inflammation, and ion channels. Targeting key
miRNAs has been shown to alter brain excitability and suppress or exacerbate sei-
zures, indicating potential for miRNA-based therapeutics in epilepsy. Altered
miRNA profiles in biofluids may be potentially useful biomarkers of epileptogene-
sis. In summary, miRNAs represent an important layer of gene expression control in
epilepsy with therapeutic and biomarker potential.
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Introduction

Epilepsy is the most common neurological disease of childhood and adolescence
and the second most common in adulthood after stroke. It is a chronic disease char-
acterized by recurrent seizures, which are caused by sudden, usually brief, exces-
sive electrical discharges in a group of neurons in the brain. The clinical manifestation
of a seizure can vary from a brief lapse of attention or muscle jerks, to severe and
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prolonged convulsions. Several mechanisms underlying the process that transforms
the normal brain into one that generates spontaneous recurrent seizures are known
[1, 2]. However, much remains unknown about the observed changes as cause or
consequence of epilepsy, and how they mutually interact. Identifying the involved
pathways and the molecular mechanisms coordinating gene expression is crucial to
a better understanding of the pathogenic process and to develop new treatment
approaches.

Seizures in a majority of patients can be successfully prevented with antiepilep-
tic drugs (AED) but nearly one-third of patients are resistant to currently available
therapies. Novel treatments are urgently needed for this patient group. In addition,
we need anti-epileptogenic treatments that can prevent epilepsy developing in at-
risk patients, for example, following insults to the brain that lead to epilepsy (e.g.,
traumatic brain injury). Or a treatment which modifies the disease’s natural course,
slowing progression and alleviating symptoms rather than acting simply to suppress
seizures as do conventional AEDs.

microRNAs (miRNA) are an endogenous class of small noncoding RNAs that
play an important role in multiple biological processes via posttranscriptional con-
trol of gene expression. They mainly function to reduce protein levels in cells
through sequence-specific binding to target mRNAs, leading to transcript degrada-
tion or translational repression. The brain has an abundant and diverse contingent of
miRNAs, which are crucial for normal development, and establishment and mainte-
nance of cell phenotype. Acute and chronic nervous system diseases, including epi-
lepsy, are associated with mis-regulation of key components of the miRNA
biogenesis pathway and altered expression of miRNA. The first reports on epilepsy
and miRNA appeared in 2010, followed by large-scale miRNA profiling studies
characterizing the alterations in miRNA expression in experimental and human epi-
lepsy. More recently, functional studies in rodents have shown single miRNAs can
exert powerful effects on brain excitability, seizures, and epilepsy.

The present chapter provides an overview on epilepsy followed by a focus on the
main discoveries on miRNA biogenesis and expression in experimental and human
epilepsy. Thereafter, functional studies of epilepsy-related miRNAs will be
described focusing on those with proven effects in promoting epilepsy and candi-
date drug and/or targets for prevention or modification of the disease.

Epilepsy

Epilepsy is a brain disease characterized by an enduring predisposition to generate
seizures, and by neurological, cognitive, and psychological consequences inherent
of this condition [3, 4]. It is estimated that around 65 million people worldwide have
epilepsy [5]. Seizures are the hallmarks of epilepsy, and have been defined by the
International League Against Epilepsy (ILAE) as “a transient occurrence of signs
and/or symptoms due to abnormal excessive or synchronous neuronal activity in the
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brain” [6]. Seizures are believed to result from an imbalance between excitatory
and inhibitory neurotransmission. It may be focally limited to an area or cerebral
hemisphere (focal epileptic seizures) or appear bilaterally (generalized epileptic sei-
zures) [4]. Clinically, focal seizures present features such as discrete motor move-
ments, automatisms, altered awareness, and responsiveness. Generalized seizures
are related with tonic-clonic, atonic, myoclonic and absence seizures, as well as loss
of consciousness [3].

Most seizures last only a few minutes or less, terminating due to endogenous
anticonvulsant mechanisms in the brain (which are themselves poorly understood).
Status epilepticus (SE) is a life-threatening, neurologic emergency previously
defined as “seizure that persists for a sufficient length of time or is repeated fre-
quently enough that recovery between attacks does not occur” [7]. It has been shown
that seizures that do not spontaneously terminate within 5—-10 min are unlikely to
end without pharmacological intervention [8, 9]. Therefore, SE has been clinically
defined as a seizure longer than 5 min or more than one seizure within a 5 min
period without recovery of consciousness [10]. If seizures persist for 30 min or
more this can produce irreversible brain injury [11].

Epilepsies are often classified according to their causes as: (1) genetic, where
genetic factors have a major causal role in the disease (with Mendelian or complex
patterns of inheritance or the result of de novo mutations); (2) structural or meta-
bolic, where acquired epilepsy is the result of changes in neuronal network excit-
ability that follow an initial precipitating insult to the brain (i.e., traumatic brain
injury (TBI), stroke, tumor, developmental malformations, febrile seizures); and (3)
unknown or idiopathic, where no cause has been identified [12, 13].

Epidemiology

The incidence of epilepsy shows significant differences between developing com-
pared with developed countries. This is due to the high levels of parasitic infections,
untreated childhood epilepsy, and problems during childbirth [14]. In Africa and
South America the highest incidence of epilepsy is in young adults [4]. In developed
countries, epilepsy is more common in children (congenital) and the elderly (associ-
ated with chronic conditions, such as tumors and Alzheimer’s disease) [15].

There does not appear to be a strong sex difference in the risk of epilepsy,
although there is a lack of consistency among the majority of incidence studies.
Generally, incidence of epilepsy or of unprovoked seizures is more prevalent in
males than in females (50.7 vs. 46.2 per 100,000, respectively) [16, 17]. It has been
reported that males are more predisposed to develop partial epilepsies [18, 19], and
it is associated with the higher prevalence of lesional epilepsy in men than women
[18]. In contrast, cryptogenic temporal lobe epilepsy (TLE) seems to be more preva-
lent in females [18, 19]. Recent reviews suggest these differences only exist in some
forms of epilepsy [20], and are not prominent.
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Diagnosis

Epilepsy is not always easily diagnosed. An accurate diagnosis requires a clear dif-
ferentiation between seizures and other factors that may alter consciousness, and
discrimination between spontaneous unprovoked seizures from provoked seizures.
It is necessary to classify seizure type and epilepsy syndrome, determining etiology
where possible, age of onset of seizure, EEG patterns and brain imaging profiles,
and associated behavior. Prognosis can vary widely from benign syndromes which
resolve in later childhood to life-threatening epileptic encephalopathies. While a
delay in the diagnosis of authentic epilepsy seldom causes problems, a false-posi-
tive diagnosis may have serious implications for the patient [21]. Unfortunately,
cases of misdiagnosis are common worldwide—around 20-30 % of patients.
Aiming to reduce these rates, an ILAE Task Force formulated conceptual defini-
tions of “seizure” and “epilepsy” [6], which have been recently adapted into a global
concept and translated into practical definitions [3]. It has been proposed that epi-
lepsy is a brain disease defined by any of the following conditions: “(1) Az least two
unprovoked seizures occurring more than 24 h apart; (2) one unprovoked seizure
and a probability of further seizures similar to the general recurrence risk (at least
60 %) after two unprovoked seizures, occurring over the next 10 years; (3) diagno-
sis of an epilepsy syndrome.” Epilepsy might be considered resolved (but not neces-
sarily cured) for patients who either had an age-dependent epilepsy syndrome but
are now past the applicable age, or who have remained seizure- and medication-free
for the last 10 and 5 years, respectively [3]. An epilepsy diagnosis does not obliga-
torily require treatment. Conversely, the decision for treatment may be prophylactic
considering predisposition for more seizures.

Treatment

Phenobarbital was introduced in 1912 as the first modern antiseizure medication
followed by phenytoin. Second generation treatments included carbamazepine,
acetazolamide, and sodium valproate and were introduced between 1950s and
1960s. A further surge in new AEDs, the so-called third generation, appeared in the
1990s. These included vigabatrin, lamotrigine, topiramate, levetiracetam, oxcar-
bazepine, zonisamide, gabapentin, pregabalin, and lacosamide.

Generally, around 70 % of patients with epilepsy achieve seizure freedom with
the first prescribed antiseizure medication. Choice of first-line drug takes into
account factors such as seizure types and syndrome (focal vs. generalized), age and
sex (childbearing age, pregnancy, breast-feeding), and drug interactions (i.e.,
patients with learning disability or under other medications). The majority of AEDs
share one or more mechanism of action in common. These are enhancing inhibitory
(y-amino butyric acid; GABA) transmission, suppressing excitatory signaling, or
blocking voltage-dependent ion channels. However, AEDs with other mechanisms
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of action are known, including levetiracetam which targets part of the synaptic ves-
icle release machinery [22]. Perampanel, which acts as a selective noncompetitive
antagonist of AMPA receptors, is the most recently licensed adjunctive drug [23].

For the remaining ~30 % of patients who are refractory to the currently available
drug treatments (one or more drugs) [24] some may be suitable for non-
pharmacological treatments, such as surgical resection and vagus nerve stimulation
(VNS). Unfortunately, surgical removal of the epileptic focus is only suitable for a
minority of the patients. The efficacy of brain stimulation is also suboptimal. VNS
was mainly developed as a palliative treatment for those patients, and only 5 % of
the patients achieve seizure freedom [25].

Experimental Models of Epilepsy

For complete reviews on experimental models of epilepsy the reader is referred
elsewhere [26-29]. Animal models of epilepsy and status epilepticus have been
enormously helpful to understand neuronal mechanisms of normal and abnormal
brain function [30], explore new diagnostic approaches, or to test new therapeutic
targets. There is a wide range of different experimental models available (in vitro
and in vivo) with selection based on the particular questions being asked. Summarily,
animal models can be divided in: (1) acute seizure models—in which an acute ictal
activity is provoked by an insult (i.e., chemical or electrical), allowing researchers
to investigate the fundamental basis of ictal discharges, effects of seizures on the
brain, and seizure termination; (2) chronic epilepsy models—which mimic epilepsy
(mainly TLE), and are relevant to study interictal activity and potential mechanisms
(i.e., excitotoxicity and synaptic reorganization, etc.). In this section, we will briefly
present some of the most widely used models.

Kainic Acid

Kainic acid (KA) is a neurotoxin [31] and structural analogue of glutamate, which
preferentially binds and activates the KA subtype of ionotropic glutamate receptor
[32]. These receptors are abundantly present in the hippocampus (mainly in the
CA3 region), amygdala, perirhinal, and entorhinal cortex [33]. Systemic adminis-
tration of KA leads to synchronous firing of neurons within the limbic system that
typically develops into status epilepticus. Intrahippocampal [34] and intra-amyg-
dala [35] delivery are also common approaches to trigger seizures which avoids
exposure of the whole brain to the toxin and produces more restricted lesions within
the hippocampus. KA models are considered an important tool to study complex
partial seizures with secondary generalization [4, 36] as well as model epileptogen-
esis [37, 38]. The prolonged seizures typically produce hippocampal pathology with
similarities to that seen in patients with mesial temporal sclerosis, including loss of
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excitatory and inhibitory neurons and gliosis. Among limitations of this model is the
sometimes poor correlation between motor and electroencephalographic (EEG)
activity, and the inter-strain variability in seizure and histopathological responses
[39, 40].

Pilocarpine

Pilocarpine is a cholinergic muscarinic agonist that is usually delivered by systemic
injection into rodents. Pilocarpine elicits seizures through metabotropic acetylcho-
line receptors, which are expressed in the hippocampus, striatum, and cortex [41].
However, research suggests that pilocarpine first causes a local inflammation pro-
cess and consequent blood-brain barrier (BBB) disruption, which contributes to the
CNS hyperexcitability [42—-44]. Seizures induced by pilocarpine have limbic fea-
tures including facial automatisms and tonic-clonic components which become
long-lasting and develop into SE. Pilocarpine-induced SE typically produces dam-
age to the CA1 and hilar region of the hippocampus but also extensive extra-hippo-
campal pathology and often high mortality [40].

Pentylenetetrazole

Pentylenetetrazole (PTZ) is a GABAergic antagonist which induces short-lasting
seizures by binding to the benzodiazepine and picrotoxin sites of the GABA 4 recep-
tor and blocking endogenous inhibitory control in the brain. The drug is given in one
or more systemic injections, and elicits stereotypical behaviors (freezing, myoclonic
twitches, clonic seizures, and tonic-clonic generalized seizures) and corresponding
EEG patterns (i.e., epileptiform spiking). The PTZ model has been popular for
screening putative AEDs but is also suitable for studies of the effects of single sei-
zures on the brain. Other GABA, antagonists (e.g., bicuculline and picrotoxin) are
also used occasionally to produce seizures, working via the same mechanism [40].

Kindling

Kindlingrefers to models in which a progressive and permanent reduction of seizure
threshold is generated in response to intermittent and repeated subconvulsant stim-
uli (electrical or chemical) [27, 45, 46]. Kindling initially models focal partial sei-
zures; however, with the reduction of seizure threshold precipitates the spread of
seizures to produce a model of complex partial seizures with secondary generaliza-
tion [27, 47]. Kindling has been successful at identifying mechanisms of epilepto-
genesis and also for screening AEDs. It has been reported that spontaneous seizures
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can result from the repeated stimulation, but studies have shown conflicting find-
ings and its applicability to human epilepsy is controversial [48].

Mechanisms Underlying Epilepsy
Genetic Mutations

Genetic factors have a major causal role in epilepsy with a number identified which
have Mendelian (familial) inheritance patterns. Albeit pure epilepsy syndromes are
rare, the study of these mutations has provided great insights into molecular mecha-
nisms of epilepsy [49, 50]. Most familial cases involve mutations in genes encoding
ion channels and neurotransmitter receptors. This fits with our current thinking that
seizures arise due to an imbalance between excitatory and inhibitory pathways. This
does not explain, of course, why seizures are sporadic despite a permanent genetic
mutation. An autosomal dominant mutation in the KCNQ2/3 genes is an example of
benign familial neonatal epilepsy. Hyperexcitability is increased because of reduced
potassium efflux during plasma membrane repolarization [49, 51]. Epileptic
encephalopathies are a devastating group of severe childhood epilepsy disorders for
which the cause is often unknown. De novo mutations are those present in an
affected child only and include epileptic encephalopathies such as Lennox-Gastaut
and Dravet syndromes. The majority of Dravet syndrome cases (which are consid-
ered an intractable and uncontrollable epilepsy) result from mutations of the SCNI/A
gene which encodes a voltage-gated sodium channel [52]. Nevertheless, mutations
have been discovered in genes without obvious links to excitability including topoi-
somerase II (TOP2), which is involved in DNA stress and repair [53], and ALGI3
which encodes an enzyme involved in N-linked glycosylation [52]. Interestingly, a
number of diseases in which epilepsy is a common comorbidity result from muta-
tions in genes closely related with miRNA function. For example, Fragile-X syn-
drome, a disease which results in epilepsy in about 15 % of the cases, is a result of
mutations in the FMRI gene, the product of which interacts with proteins involved
in miRNA biogenesis and function [54]. Likewise, deletions of 22ql11.2 which
includes DCGRS8 (DiGeorge syndrome critical region 8; a microprocessor complex
subunit required for miRNA processing) is directly associated with seizures and
childhood epilepsy [55, 56].

Acquired Epilepsy

Changes in neuronal network excitability may be a consequence of an initial pre-
cipitating insult to the brain. Traumatic brain injury, infection, stroke, tumors, and
prolonged febrile seizures are leading causes of acquired epilepsy. TLE is often
attributed to an earlier brain insult and is one of the most common forms of epilepsy
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in humans. This type of epilepsy is generally accompanied by hippocampal sclero-
sis, which is histopathologically marked by neuronal cell loss, gliosis, and synaptic
reorganization [57, 58]. These changes are thought to be important in the pathogen-
esis and maintenance of the epileptic state. Here we summarize current concepts on
how cell and molecular changes may promote epileptogenesis.

Neuronal Cell Loss

Neuronal cell death is a common feature in mesial TLE patients’ hippocampi [59].
It is commonly associated with each stage of the epileptogenesis process [60], par-
ticularly when the trigger is a traumatic [61] or other brain insult (e.g., SE). Although
select cell death is thought to promote epilepsy, some studies have failed to observe
an antiepileptogenic effect of neuroprotection [62, 63]. Loss of cells may promote
epilepsy by creating an imbalance between excitatory and inhibitory inhibition [64]
or by provoking reactive gliosis and inflammation [2]. In line with this view, sei-
zure-mediated neuronal loss is not essential to generate inflammation, but proin-
flammatory cytokine release can contribute to cell loss; thus, dying cells may
maintain inflammation [2, 65]. Additionally, apoptosis-related signaling pathways
are prominently activated in experimental and human TLE supporting a role of cell
death in epileptogenesis [66, 67].

Neuroinflammation: Microglia and Astrocyte Activation

There is strong evidence to support the involvement of inflammatory processes in
the pathogenesis of seizures and epileptogenesis [2, 68, 69], regardless of an
immune-mediated or infectious cause [65]. Expression of genes associated with
inflammatory and immune pathways are markedly upregulated in human and exper-
imental TLE [70]. This includes cytokines such as interleukin (IL)-1p, tumor necro-
sis factor (TNF)-a, and IL-6, which are rapidly induced in locally activated
astrocytes and microglia [2]. Microglia are the resident immune cells in the CNS
and these cells become activated after brain injury or immunological stimuli [71].
Microglia activation has been frequently found in resected brain tissue from patients
with epilepsy [68, 72] and after experimental SE in rodents [73, 74]. Microglial
activation and the consequent neuroinflammation are also linked to the progression
of neurodegeneration [75]. The microglial inflammatory response has also been
suggested to promote BBB damage, which further promotes seizures by disrupting
ionic balances, neurotransmitters, and cell metabolism [76].

Astrocytes are highly abundant cells in the brain and are co-responsible for CNS
homeostasis, exerting functions such as structural support, ionic balance and BBB
maintenance, and clearance of neurotransmitters. Human and experimental TLE is
invariably associated with astrocytosis within the seizure focus, which is thought to
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promote ionic and neurotransmitter imbalances and consequent enhancement of
seizure susceptibility [77]. Other pro-inflammatory molecules released by glia
include complement factors [78], products of cyclooxygenase (COX)-2 pathway
[68, 79, 80], and damage-activated molecular patterns (DAMPS/danger signals)
such as high mobility group box 1 (HMGB1) [81]. Seizure-induced brain inflamma-
tion can persist for days after seizure termination [2, 65] leading to transcriptional
events which may contribute to long-lasting decreases in seizure threshold and fur-
ther promoting neuroinflammation [2, 65].

Neuroinflammation is not invariably bad for the brain. The brain uses the inflam-
mation process to protect cells by ensuring rapid resolution of tissue damage after
injury. For instance, a neuroprotective inflammatory response is generated by puri-
nergic receptor signaling after TBI [82]. Also, stress-hormone-dependent mecha-
nisms trigger an amplification of Th2 and a suppression of Th1l immune responses
in the brain, which increases the production of anti-inflammatory cytokines such as
IL-10 [68].

BBB Disruption

Experimental models and human studies have linked damage and leakage of the
BBB to seizure development [44, 83-85]. Also, it has been shown that the occur-
rence of seizures and neuroinflammation directly enhance BBB permeability.
Summarily, some mechanisms have been proposed to directly link hyperexcitability
and epileptic focus to BBB disruption: (1) Astrocyte activation due to blood-derived
protein extravasation to the CNS [86, 87]; (2) Inflammation and enhancement of
leukocyte adhesion proteins [2, 42—44]; (3) Epileptic activity itself that upregulates
the endothelial efflux transporter P-glycoprotein, which is an essential BBB gate-
keeper [78, 88].

Neuronal Plasticity

The brain is capable of profound structural changes in response to insults. Structural
modifications involving dendritic and axonal reorganization have been reported in
hippocampi of experimental and human epileptic tissue (reviewed by [77]). Mossy
fiber sprouting (MFS)—the growth of new axon collaterals from granule cells of the
dentate gyrus—is a feature observed in tissue from epilepsy patients and experi-
mental models [89-91]. There is also significant evidence of dendritic structural
changes in human and rodents hippocampus. In vivo imaging shows both short- and
long-term changes to dendritic spines following seizures and this may modulate
excitability by adding, adjusting the strength, or removing synaptic contacts [96,
97]. However, although this structural reorganization seems to be common, it is not
agreed how important it is for aberrant neuronal networks [92, 93], and remains a
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point of some controversy [94, 95]. Recently, experiments using rapamycin showed
this blocked MFS but did not stop epileptogenesis in TLE [95]. It remains unde-
cided whether MFS promotes or inhibits the occurrence of spontaneous seizures.

microRNAs and CNS

microRNA Biogenesis and Mechanisms of Action

microRNA (miRNA) is a class of small (~22 nucleotides) non-protein-coding RNA
molecules that regulate gene expression either by promoting mRNA degradation or
by attenuating protein translation at the posttranscriptional level [96]. Briefly, miR-
NAs are initially transcribed as primary transcripts (pri-miRNA) by polymerase 11
(Pol II), processed to pre-miRNA and finally to mature miRNA by the actions of
Drosha and Dicer, respectively. The functional strand of the mature miRNA is
uploaded into the RNA-induced silencing complex (RISC) which contains the pro-
tein Argonaute 2 (Ago-2). The RISC-loaded miRNA is then guided to silence a
target mRNA through mRNA degradation or translational inhibition. It is estimated
that a third or more mRNAs are regulated by miRNA, particular those with long
3'UTRs (see Chap. 2 of the volume “microRNA: Basic Science” for a detailed
discussion of miRNA machinery). A given miRNA can have several binding sites
to the same mRNA and a single mRNA may be targeted by multiple miRNAs,
thereby producing stronger effects [97]. In line with this view, a single miRNA is
able to regulate the expression of possibly hundreds of genes, thereby exerting
important effects on cellular functions [98].

Around 50 % of all identified miRNAs are expressed in the mammalian brain
[99, 100]. Individual miRNAs display specific cell type and brain region distribu-
tion which contributes to their important roles in brain development and function
[101-103]. In the brain, miRNAs and their biogenesis components are selectively
localized within dendrites in addition to the cell soma in neurons. This allows local
and activity-dependent miRNA production and regulation of protein levels at indi-
vidual synapses [102, 104]. The importance of miRNA in brain development and
function is exemplified by studies of mice with constitutive or conditional deletion
of Drosha or Dicer [105-109]. Deletion of DGCRS produces a reduction in brain
size and loss of inhibitory synaptic neurotransmission [107, 110]. Ago-2 deficiency
in mice results in death during early embryogenesis or mid-gestation [111]. Selective
Dicer ablation in the CNS at later embryonic stages strongly impairs migration of
late-born neurons in the cortex and oligodendrocyte precursor expansion and dif-
ferentiation in the spinal cord [112].

miRNA biogenesis components have been found to be altered in experimental
and human epilepsy. Whereas Drosha levels were normal in resected hippocampus
from TLE patients [113] and mouse hippocampus soon after SE [113, 114], Dicer
levels were decreased in some sclerotic hippocampi from experimental and human
TLE [113]. Supporting the loss of Dicer as pathogenic, mice lacking Dicer have
been found to develop seizures and neurodegeneration [108]. The mechanism which
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explains the lower Dicer levels in certain TLE hippocampi is unknown but Dicer is
a caspase-3 substrate [115], and caspase-3 is activated in sclerotic hippocampi from
TLE patients [116]. Ago-2 protein levels were found to be higher in hippocampus
and neocortex of TLE patients [113], although were not altered after SE or TLE in
mice [113, 114, 117]. Therefore, alterations in one or more components of the
miRNA biogenesis pathway may directly contribute to epileptogenesis or estab-
lished epilepsy.

miRNAs Regulate Key Processes in Epilepsy

The ability of individual miRNAs to have several targets within the same cell, and
thus potentially exert effects on multiple pathways, make them attractive to interrupt
or modify epilepsy [118]. Indeed, preclinical tests of compounds targeting single
protein-coding genes have largely failed to disrupt the epileptogenesis process
[119]. It has been shown that certain miRNAs (e.g., miR-132) control several
epileptogenesis-related processes, such as cell death and neuroinflammation [120,
121]. Analysis of gene expression in mice lacking miR-128 revealed alterations to
over 100 protein-coding genes including multiple channels and signaling compo-
nents within the ERK?2 signaling network [122]. Recent work has shown that miR-
92a regulates AMPA receptor expression [123], and miR-128, miR-132, and
miR-134 are implicated in the regulation of dendritic spines, the major contact
points for excitatory communication in the CNS [124]. miR-21 and miR-146a target
inflammatory components within innate and adaptive immune responses [125, 126].
miR-21 upregulation is induced by inflammatory insults, and several inflammatory
targets (i.e., interleukins) were identified [ 129]. miR-146a was the first inflammation-
associated miRNA linked to epilepsy [126]. It is the most consistently upregulated
miRNA in epilepsy studies, with enhanced hippocampal levels after SE (experimen-
tally) and in resected hippocampus from intractable TLE patients [126—129]. The
mechanism that induces miR-146a level increases is possibly driven by IL-1f and
inflammation-associated transcription factors including nuclear factor kappa B
[129, 130] (see dedicated Chap. 9 in the volume “microRNA: Basic Science”).

miRNA Profiling in Status Epilepticus and Epilepsy

Gene expression profiling has been a powerful tool to capture the altered molecular
environment of the epileptic brain [119]. Profiling studies have investigated relevant
pathways linked to the process of epileptogenesis and epilepsy and many are pre-
dicted to be under miRNA control [2, 119, 131]. The majority of experimental data
come from studies which profiled miRNA responses in rodent hippocampus shortly
after SE [114, 132—-135]. Combined, studies to date have found altered expression
levels of over 100 miRNAs after SE. This number is likely to increase as
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genome-wide and RNAseq studies allow more complete coverage of the miR-
NAome. The large numbers indicate that perhaps 30-50 % of all miRNAs are
altered in the epileptic brain. These studies also reveal brain-region specific tempo-
ral changes to miRNA expression in the wake of SE (Table 4.1). That is, unique as
well as overlapping miRNA expression responses are found within subfields of the
hippocampus after SE and in chronic epilepsy [133]. It must be remembered, how-
ever, that all miRNA profiling studies to date have used a tissue “pool” of cells so it
is difficult to know whether the miRNAs are really functional (uploaded to the
RISC) or active in specific cells types [121]. Moreover, few studies have paired
miRNA profiling with analysis of mRNA from the same tissue. Regardless, a subset
of miRNAs with changed expression after SE in at least two profiling studies have
emerged. This list includes miRNAs -21, -30c, 125b, -132, -146a, -199a, and -375
among those upregulated and miRNAs -10b, -29a, -98, -181b,c, -374, -381, -450a,
and -497 downregulated. Several appear in multiple studies including miR-132 and
miR-146a which are consistently upregulated across models [114, 132, 133, 135].
In some cases, however, miRNAs have displayed bidirectional responses. For
example, miR-21 has been reported to have protective effects against brain injury
[136] was found down- [135] and upregulated [114].

In addition to expression profiling work, a number of studies focused on changes
to individual miRNAs after SE. These include miRNAs -9, -34a, -125a, -134, -145,
-150, and -155 [137-141]. In these cases, expression was invariably examined using
real time quantitative PCR and Tagman-type assays. The insights from such studies
remain rather limited in the absence of evidence of their upload to the RISC or bind-
ing to target mRNAs.

A number of studies have profiled miRNA changes in experimental epilepsy and
a subset of miRNAs have been repeatedly found to be altered. Levels of miR-146a,
which are consistently increased at later time points after SE [126, 127, 133, 137],
was also reported to be upregulated in the hippocampus of epileptic rats [126]. Song
and collaborators [142] reported that 18 miRNAs were upregulated and 5 miRNAs
were downregulated in rat hippocampus 2 months after pilocarpine-induced SE. This
is a consistent pattern, with upregulation of miRNAs being more common than
downregulation in experimental epilepsy [132]. Others have found miR-146a
increased in epilepsy [132, 138], and other miRNAs upregulated acutely after SE
such as miR-132 and miR-134, remain elevated in established epilepsy [142].
miR-21 again features among the upregulated list in epilepsy [132] and has also been
reported to be increased in models of prolonged seizures in immature rats [139].

A majority of expression profiling studies have used PCR- and microarray-based
platforms to profile miRNA responses but a recent study used RNA sequencing.
Unexpectedly, this resulted in rather few significantly differentially expressed miR-
NAs being detected in the hippocampus of epileptic rats (Increased: miR-455-3p,
miR-345-3p, miR-423-3p, miR-54, miR-365-5p; Decreased: miR-296-5p) [143]. It
is likely that small group sizes and low statistical power are responsible for the lim-
ited detection of differentially expressed miRNA in this study which should be care-
fully factored in any future RNAseq work.
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Table 4.1 miRNA expression analyses in experimental and human epilepsy

Species
Rat

Rat

Rat

Mouse

Rat

Rat

Rat

Model/age

Electrical
stimulation
of the
angular
bundle
(adult)
Pilocarpine-
induced
status
epilepticus
(adult)

Pilocarpine-
induced
status
epilepticus
(adult)
Intra-
amygdala
kainic

acid-
induced
status
epilepticus
(adult)
Pilocarpine-
induced
status
epilepticus
in immature
(P11/12)
rats
Pilocarpine-
induced
status
epilepticus
(adult)

Pilocarpine-
induced
status
epilepticus
(adult)

Tissue/brain
region

Hippocampus
(CA3)

Hippocampus
(whole)

Hippocampus
(whole)

Hippocampus
(CA1, CA3)

Hippocampus
(whole)

Hippocampus
(whole)

Hippocampus
(whole)

Platform

Tagman
assay

pParaflo™
microfluidic
chip

Exiqon and
Tagman
arrays

Tagman
assays

Invitrogen
miRNA
assay

Agilent
array

Exiqon
arrays

Profiled
miR-
146a

349
miRNAs

miR-21

miR-134

miR-
146a

>350
miRNA

Genome-
wide

Key findings
Upregulated

Neuronal and
glial expression

23 regulated: 18
up, 5 down

Increased
miR-132, -134,
-146a
Upregulated
Neurotrophin 3
identified as a
target

Upregulated

Upregulated

24 (9
upregulated, 15
downregulated).
Upregulated
included
miR-34a and
miR-146a

36 regulated

33 increased

3 decreased

Upregulated
miR-146a

53

Ref.

[126]

[142]

[151]

[152]

[127]

[137]

[132]

(continued)
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Table 4.1 (continued)

Species
Rat

Model/age
Pilocarpine-
induced
status
epilepticus
(P25)
Pilocarpine-
induced
status
epilepticus
(P25)
Electrical
stimulation
of the
amygdala

Rat

Rat

Rat Electrical
stimulation
of the
angular

bundle

Rat Electrical
stimulation
of the

amygdala

Mouse | Pilocarpine-
induced
status
epilepticus
(adult)

Tissue/brain
region
Hippocampus
(whole)

Hippocampus
(whole)

Hippocampus
(dentate gyrus)

Hippocampus
(isolated
subfields and
parahippocampal
gyrus)

Hippocampus
(whole)

Whole brain

Platform

Invitrogen
miRNA
assay

Takara
miRNA
assay

Exiqon
arrays

Exiqon
arrays

qRT-PCR
after
initially
profiling
post-status
epilepticus
by RNAseq
(Illumina)
Agilent
arrays

C.R. Reschke and D.C. Henshall

Profiled
miR-21,
miR-
124,
miR-132,
miR-134
miR-155

Genome-
wide

Genome-
wide

Genome-
wide

Genome-
wide

Ref.
[139]

Key findings
Upregulated

Upregulated [140]

At the 30 day
time point, 11
upregulated and
9
downregulated

[153]

Upregulated
miR-132 and
-146a

CAl:5
upregulated
DG: 37
upregulated, 5
downregulated
PHC: 22
upregulated, 7
downregulated

[133]

Upregulated
miR-21, -132,
-146a

5 upregulated
(miR-874-3p,
-20a-5p,
-345-3p,
-365-5p,
-764-3p) and 1
downregulated
(miR-99b-3p)
31 miRNAs
different in
multi-drug
resistant mice
versus 21
different in
anti-epileptic
drug responders

[154]

[155]

(continued)
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Table 4.1

Species
Rat

Rat

Rat

Mouse

Rat

Human

Human

Human

(continued)

Model/age
Pilocarpine-
induced
status
epilepticus
(adult)

Electrical
stimulation
of the
amygdala

Pilocarpine-
induced
status
epilepticus
Pilocarpine-
induced
status
epilepticus
and
electrical
stimulation
of the
amygdala
Kainic

acid-
induced
status
epilepticus
Adults

Adults

Adults

Tissue/brain
region

Frontal cortex

Hippocampus
(whole)

Hippocampus
(whole)

Hippocampus
(whole)

Hippocampus
(whole)

Hippocampus
(n=20 sclerotic
and
non-sclerotic)

Hippocampus
(n=3)

Neocortex (n=3)

Platform
Affymetrix

RNAseq
(Illumina
platform)

Tagman
assays

Exiqon
array

Exiqon
miRNA
q-RT-PCR

Exiqon
array

Tagman low
density
arrays

Tagman
assays

Profiled

389
miRNAs

Genome-
wide

miR-
146a

Genome-
wide

miR-
129-5p

Genome-
wide

380
miRNAs

miR-134

55

Ref.
[156]

Key findings

6 regulated

3 upregulated

3 downregulated
Upregulation of
miR-146a

25 differentially
expressed

[157]

14 upregulated
11 downregulated

Upregulated [128]

Pilocarpine [158]
model: 22

upregulated, 29
downregulated
Electrical

stimulation

model: 41

upregulated, 16
downregulated

Increased [159]

Targets Kv1.1

165 different to
control. Unique
miRNA in HS
vs. non-HS

[144]

Unusual nuclear
localization found
for several
miRNAs

Major
downregulation
of miRNA in
samples with
low Dicer
expression
Higher
expression

[113]

[152]

(continued)
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Table 4.1

Species

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

(continued)

Model/age
Children

Adults

Children

Children

Children

Adult

Adult

Adult

Children

Adult

Tissue/brain
region
Hippocampus
(n=5)

Focal cortical
dysplasia (n=6)
Hippocampus
(n=5)

Hippocampus
(n=8)

Focal cortical
dysplasia (n=15)

Temporal
neocortex
(n=30)

Dentate gyrus
(with and
without granule
cell dispersion)
(n=14)
Hippocampus
(n=10)

Cortex (tuberous
sclerosis
complex) (n=5)

Hippocampus
(n=24)

Platform

Invitrogen
miRNA
assay
Tagman
assays

Invitrogen
miRNA
assay

Takara
miRNA
assay
Agilent
miRNA
array

qRT-PCR

Agilent
array

Exiqon
arrays

Agilent
array

gRT-PCR

C.R. Reschke and D.C. Henshall

Profiled
miR-
146a

miR-
146a
miR-21,
miR-
124,
miR-132,
miR-134
miR-155

Genome-
wide

miR-132

~1200
miRNAs

Genome-
wide

>900
miRNAs

miR-
199a-5p/
b-5p

Key findings
Higher
expression

Higher
expression
Higher
expression

Higher
expression

10 regulated: 7
upregulated

3 downregulated

Upregulated
miR-21 and
miR-155
Downregulated

12 regulated
6 upregulated
6 downregulated

30 regulated

25 upregulated
5 downregulated
5 regulated

4 upregulated

1 downregulated
Upregulation of
miR-34a
Downregulated

Ref.
[127]

[129]

[139]

[140]

[145]

[160]

[146]

[161]

[162]

[163]

(continued)
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Table 4.1 (continued)

Tissue/brain
Species | Model/age | region Platform Profiled | Key findings Ref.
Human | Adult Hippocampus Tagman ~800 18 regulated [150]
(n=9) with and arrays miRNAs |12 differentially
without expressed in
hippocampal epilepsy
sclerosis regardless of
pathology
6 unique to
specific
pathology

Key: Studies are listed in chronological order of original online publication date. Search performed
on Feb 25th, 2015 using search terms “epilepsy” and “microRNA” identified 85 studies. Table
includes selected relevant experimental and human miRNA expression analyses. Notable miRNAs
for which functional or other data are available are highlighted for some studies. CA cornu ammo-
nis, DG dentate gyrus, PHC parahippocampal gyrus

miRNAs have also been profiled in resected human brain tissue from epileptic
patients (Table 4.1). The first study, by Kan and collaborators, analyzed 20 mesial
TLE patients’ hippocampi (with and without sclerosis) and compared results to ten
autopsy control tissue samples [144]. In this study, they reported similar numbers of
up- and downregulated miRNAs with a total of 51 miRNAs differentially expressed
by over twofold between epileptic and control groups. In contrast, the resected scle-
rotic human hippocampal samples analyzed by McKiernan and colleagues showed
mainly downregulation of miRNAs. The collapse in miRNA production was attrib-
uted to the loss of Dicer in the tissue [113]. miRNA changes have also been reported
in cortical dysplasia, another common cause of epilepsy [145]. Recently, 12 miR-
NAs were differentially expressed in sclerotic hippocampi samples from two groups
of TLE patients with and without granule cell dispersion [146]. Among these miR-
NAs, miR-487a was highly expressed in an extended cohort of patients. ANTXRI,
an adhesion molecule, was suggested as the possible target of miR-487a [146].

Molecular Mechanisms of miRNA Expression Control
in Epilepsy

Almost nothing is known about what is driving the up- and downregulation of miR-
NAs in epilepsy. For some of the epilepsy-linked miRNAs such as miR-134, tran-
scriptional mechanisms are known. Mef2 is known to be activated by neuronal
activity and drives miR-134 expression in neurons [147]. However, in a majority of
cases we do not yet know what promotes or represses miRNA expression in epi-
lepsy. A recent study provided evidence that epigenetic mechanisms may be impor-
tant regulators of miRNA expression in epilepsy. Epigenetic processes include
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DNA methylation and histone modifications. Together these have powerful effects
on the transcriptional state of chromatin, increasing or decreasing the degree of
compaction and providing or restricting access to transcriptional machinery. Such
epigenetic mechanisms are emerging as explanations of gene regulation in health
and disease, including in epilepsy [148, 149].

Miller-Delaney and collaborators performed the first genome-wide analysis of
DNA methylation in human epilepsy. The researchers found that 146 protein-coding
genes exhibited altered DNA methylation in hippocampi of patients with TLE, with
81.5 % of methylation differences being hypermethylation [150]. They also inves-
tigated expression of miRNA in the same samples and correlated the degree of
methylation with the corresponding expression (transcript level) of the miRNA. This
identified a panel of 13 methylation-sensitive miRNA in the TLE samples whereby
increased methylation was associated with lower expression of the miRNA. This
included miR-27a, miR-193a-5p, and miR-876-3p. Differential methylation of long
noncoding RNA in human TLE was also documented for the first time [150].

In summary, profiling analysis of experimental and human SE and epilepsy
shows a select group of miRNAs undergo expression changes (Table 4.1). miRNA
upregulation is the predominant response in both SE and epilepsy possibly contrib-
uting to reducing protein levels in the damaged brain. These studies provide rather
limited insight into what the targets of these miRNAs are and whether they have
causal roles in the pathogenesis of the epileptic state. Fortunately, a number of
groups have undertaken functional studies on epilepsy-regulated miRNAs, results
from which demonstrate miRNAs have a causal role in the epileptogenic process
and epilepsy.

miRNA and Epilepsy: An Overview About Functional Studies

Researchers have several options available to manipulate miRNAs in vivo and ver-
ify whether they are relevant for epilepsy. The techniques mainly involve the use of
genetic and oligonucleotide-based targeting of the miRNA [164, 165]. Mimics are
used to increase miRNAs levels, while antagomirs, which bind to a specific miRNA
inhibiting its function, can be used to decrease levels [165]. There are a number of
transgenic and knockout mice available but these have not yet been studied in epi-
lepsy [164, 165].

The first miRNA for which functional studies were performed in a seizure model
was miR-132. Expression of miR-132 is consistently reported as upregulated after
SE and epilepsy and Ago-2 pull-downs after SE in mice confirmed that miR-132
was uploaded to the RISC [114]. It is thought that higher levels of miR-132 may
promote excitability. Indeed, it has been reported that miR-132 enhances the fre-
quency and amplitude of excitatory currents in neurons [166], and increases den-
dritic length and branching by targeting p250GAP [167]. In vivo silencing of
miR-132 through intracerebroventricular injection of antagomirs in mice was dem-
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onstrated to reduce hippocampal damage caused by intra-amygdala KA-induced SE
[114]. In more recent work, miR-132 inhibition was reported to reduce spontaneous
seizures in rats and this was associated with reduced neuronal death [168]. However,
treatment was initiated before SE therefore it remains unclear whether the reduction
in spontaneous seizures was due to a modification of the initial insult or a truly
disease-modifying effect on epilepsy.

The first miRNA for which a role in apoptosis was demonstrated was miR-34a
[169]. It has been shown that miR-34a expression is controlled by p53, which is
upregulated and contributes to neuronal death induced by seizures [170, 171].
Increased expression of miR-34a has been found in several reports and two studies
have explored effects of antagomirs targeting miR-34a in seizure models. In one
study silencing miR-34a reduced hippocampal damage after SE, but another study
failed to detect such an effect. This may reflect model-specific contributions or other
differences in the dosing or targeting of the miRNA [137, 141].

There has also been a single functional study on miR-184. This miRNA was
identified as the most upregulated miRNA in the hippocampus after an episode of
brief, non-harmful seizures, a model of epileptic preconditioning and a rich source
of neuroprotective pathways [172]. McKiernan and colleagues showed that silenc-
ing miR-184 significantly increased seizure-induced neuronal death in two animal
models of SE. This suggests that miR-184 may function to protect against seizure
damage in the mouse [172].

A recent study revealed a strong link between miR-128 and convulsive behavior
in mice. Mice with a conditional deletion of miR-128 were found to develop fatal
epilepsy, which was fully prevented by treatment with an AED [122]. The mecha-
nism was linked to increased excitatory transmission and mice lacking miR-128
displayed increased spine density. Complementing these findings, overexpression
of miR-128 was able to suppress seizures triggered by kainic acid and effects were
linked to the targets of miR-128 in the ERK?2 network [122].

Another miRNA for which a comprehensive link to epilepsy has been demon-
strated is for miR-134 (Fig. 4.1) [152]. miR-134 is a brain-enriched miRNA over-
expressed after SE and in experimental and human epilepsy [152, 173]. Silencing
miR-134 via antagomirsstrongly reduced intra-amygdala KA-induced seizures with
long-lasting protection [152] (Fig. 4.1). Recently, these protective effects were rati-
fied using the pilocarpine model in mice [174]. In vitro antiseizure effects of target-
ing this miRNA have also been reported [175]. The mechanism of the antiseizure
effect is uncertain but silencing miR-134 resulted in a slight decrease in hippocam-
pal dendritic spine number in vivo which may reduce excitability [173]. This may
relate to the target Limk-1, silencing of which obviated the protective effect of miR-
134 in vitro [173]. Most importantly, intracerebroventricular injection of antagomirs
targeting miR-134 reduced the occurrence of spontaneous seizures after SE in mice.
This offers direct evidence for potential disease-modifying, anti-epileptogenic
effects of targeting a miRNA (Fig. 4.1). Altogether, these data suggest that miR-134
may be a promising target to develop an antiepileptic therapy.
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Fig. 4.1 Antagomir silencing of miR-134. (a) Analysis of miR-134 expression in the mouse hip-
pocampus at various time points after a single intracerebroventricular injection of antagomirs tar-
geting miR-134 showing long-lasting silencing in mouse hippocampus. (b) Representative EEG
spectrograms show that antagomir silencing of miR-134 reduces seizure severity during status
epilepticus. (¢) Graphs show the number of generalized tonic clonic seizures each day for indi-
vidual mice during two periods of 5 days of continuous video monitoring (1 and 2 months after
kainic acid-induced SE) for scramble (Scr)- and antagomir (Ant)-injected mice. Ant-134 after
status epilepticus reduces the number of epileptic seizures and protects against progressive TLE
pathology (adapted and modified with permission from [152])

miRNA as Biomarkers of Epilepsy

An additional application of miRNAs in epilepsy relates to their potential use as
biomarkers. Biomarkers are important diagnostic tools that reflect health or disease
and which can be measured in a simple, ideally minimally invasive manner. There
is a strong and urgent need for biomarkers of epilepsy. A biomarker or panel of
biomarkers, found in biofluids such as blood would allow doctors to identify at-risk
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patients after insults to the brain, predict seizure occurrence in patients with existing
epilepsy, support prognosis and optimize or support discovery of therapies. There is
a growing application of miRNAs as disease biomarkers using biofluid profiling
[176, 177]. Biofluid miRNAs circulate in several forms, including enclosed in mic-
roparticles such as exosomes or complexed to Ago-2 and this seems to confer stabil-
ity and a high reliability of detection. miRNAs are also ideal biomarkers because of
their tissue-specific expression and roles in normal physiology and disease. There is
a strong association between circulating and tissue levels although the sources of
circulating miRNAs are still not well understood. It has been suggested that under
healthy conditions miRNAs might be released from cells into the circulatory sys-
tem. In disease or following injury, miRNAs derive from pathological processes
within tissues [178, 179], for example, as by-products of necrotic or apoptotic cells
[180]. There is also evidence that miRNAs are actively packaged and released in
exosomes, functioning in a manner similar to hormones and cytokines in distant
cell-to-cell communication [181].

A number of studies have investigated miRNA expression in blood after SE [134,
178], epileptogenesis, chronic epilepsy [178], stroke, intracerebral hemorrhage, and
TBI [134, 179, 180]. They suggest there are unique miRNAs or groups of miRNAs
which may reflect specific injuries to the brain or different phases of the epilepto-
genic process. These findings, whether validated in humans, might support diagno-
sis, prognosis, and patient treatment decisions not only in epilepsy, but also in other
CNS disorders.

For complete review on circulating miRNAs as potential biomarkers in diagnos-
ing CNS diseases the reader is referred elsewhere [121, 182—185].

Conclusion

There is now strong evidence supporting a role for miRNAs in the pathophysiology
of epilepsy. Profiling work is increasingly providing a complete description of the
expression levels and pathways under miRNA control in epilepsy. Concomitantly,
researchers are establishing the in vivo functions of epilepsy-associated miRNAs
and deploying RNA-based therapeutics as a novel approach to treatment. The use of
miRNA inhibitors is already appearing in the medical literature. The first of these,
miravirsen, was an antagomir blocking liver-expressed miR-122 which was found
to be safe and effective in clinical trials of hepatitis C in humans [186]. Certainly,
targeting miRNAs in CNS disorders will pose an additional challenge [187, 188].
This is because antagomirs are macromolecules that do not cross an intact blood
brain barrier, which is essential for clinical use. Likewise, we need more data on the
effects of antagomirs on the targets of the miRNAs and how to avoid off-targets
effects. miRNAs also offer potential as biomarkers of epilepsy which may lead to
novel diagnostics. In summary, miRNAs have emerged as important contributors to
gene expression control in the brain. They offer a perhaps unique combination of
therapeutic opportunities and co-developed molecular diagnostics for epilepsy.
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