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Abstract (159)

Epilepsy has a strong genetic component, with an ever increasing number of disease
causing genes being discoverdtbst epilepsycausing mutations are gerdime and

thus present from conceptiofihese mutationaretherefore well positioned tave a
deleteriougmpactduring early developmentHere wereview studies that investigate

the role of genetic lesions within the early developmental windpecifically
focusing on genetic generalised epilep@$GE) Literature on the potential
pathogenicrole of submesoscopic structural changes GGE is also reviewed.
Evidencefrom rodent models of genetic epilepsy support the idea that functional and
structural /changescan occur in early developmentleading to altered seizure
susceptibility into adulthoodBoth animal and human studies suggest that sub
mesoscopic |structural changescur in GGE The existence of sulmesoscopic
structural_changesprior to seizure onsetay act as biomarkers of excitability in
genetic.epilepsiesdNVe alsoproposethat presymptomatic treatmemhay be essential

for limiting=the long term consequences dliseasecausing mutations in genetic

epilepsies

e Geneticcontributionsare increasingly being recognised in the pathogenesis of
epilepsy withmutations mostly presefrom conception.
e Diseasecausingmutations can impact in early development to set seizure
susceptibility into adulthood in animal modelsdisease
e Submesoscopic structural changes occur in gergsieralized epilepsgnd
maybe biomarkers of excitability
o Anti-epileptogenic drugaused before overt symptoms are observethy
alleviate loth seizures and comorbidities.
Epilepsy affécts upgo 4% of the population at some time in their livedt is
characterized by recurrent paroxysms resulting from kgpechronous discharges in
the brain.There are major challenges in clinical epilepsy care with at least 30% of
patients resistant to current therapies. Even amongst those patients whose seizures are
controlled, major issues of drug sidffects and comorbidities often affect quality of
life. Although it is difficult to establish an exact proportion, it is becoming

increasinty clear that genetic factors play a significant pathogenic role in a majority
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of the epilepsiesvith well over 50 epilepsygenesnow identified®™. Knowledge of
thesecausative mutations provides unprecedented opportunity investigatethe
underlyingmechanisms of epileptogenesisthe genetic epilepsiediuch effort is
placed on understanding the acute impact of genetic variation on neuronal excitability
with the=view thatthe proteinproducts of this variatiomrive cellular dysfunction.
However, because of the coordinated control of gene expressimse genetic
mutations carexert theireffectsat differentperiods throughouife and aretherefore
positioned to divert the course of brain development and consequenthiyetamg
seizure_susceptibilitFigure 1) Here we review both clinical and expeental
evidence suggesting that genetic mutations can impact early developmegcusd

this paradigm witlspecific focus on genetic generalised epilepsy (GGE).

Genetic epilepsies

The new ILAE Classification stipulates that "The concept of a genetic epilepsy is that
it directly results from a known or presumed genetic mutation in which seizeres ar
core symptom of the disordef’ The archetypical genetic epilepsy is GGE, also
known'as'idiopathigeneralized epilepsy (IGE). This form of epilepsy has the highest
heritability of the common epilepsies, although the majority of genemtiraase the

risk for GGE are yet to be identified. GGE is a family of related syndromes that are
associated with a characteristic generalized spildevave discharg on
electroencephalogram (EE@nd usually beginning in childhood or adolescehce
Common GGE syndromes include childhood absence epilepsy, juvenile absence
epilepsy, juvenile myoclda epilepsy and generalized tofitonic seizures along

There is also an increasingly recognized genetic component to focal epifepsiks

the rarer but devastating epileptic encephalopathies have emerged as a group of
predominantlyde novo dominant disorderd Although thelatter two groups are not

the focusrof this reew it is of interest that genes for the epileptic encephalopathies
alsoraisesrisk for GGE suggesting that biological observations made in GGE may be

generally'applied

Functional developmental changes altering long-term seizure susceptibility in
models of genetic epilepsy
Rodent models of generalised epilepsy have given insight into the potential role

genetic lesions play in early development. Investigations using the Wibiap al
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Glaxo rats of Rijswijk (WAG/RIj) model of polygenic GGE revealed that treatment
with the antiepileptic drug ethosuximide during the early epileptogenic period has a
sustained impact on disease progresSiok persistent suppression of seizures was
observed even after the therapy was discontiiu@tis early treatment also blocked
changesrinithe expression of ddl, Ng 1.6, and HCN1 ion channels trere markers

of diseése inithis rat mod®IA long term protective effect of early antiepileptic drug
treatment on seizure susceptibility vedsoobserved in the Genetic Absence Epileps
Rats from Strasbourg (GAERS), another inbred model of polygenic &GE
Similarly, treatmentin early developmentf a transgenic mouse mogdlased ora
dysfunctional Kv7 channel, with the sodiurmpotassiumehloride cotransporteid
(NKCC1®) fantagonist bumetanid@ormalised hippocampal structurathanges,

electrophysiological properties and some behavioural markeggpeféxcitability™*.

To test _this ideamore directly a conditional mouse model based on the GABA
v2ra3g GGE mutationwas engineeredllowing theinvestigation ofthe impact of a
single known epilepsy gene in early developm&nt®. Although rare, patiest
harbouring,the GABA y2ra3gomutation have epilepsy phenotypes that are common,
including“ehildhood absence epilepsyd febrile seizure$®. Understandinghe
principal pathogenic mechanisms caused by the GAB2rasgare expected to have
broader implicationsalthough theirelevance forunderstanding GGHue to other
genetic. mechanismis not currently known Mice in which the mutation had been
silenced during early development were less susceptible to a proconvulsant challenge
than mice that had expressed the epilemaysing mutation from conceptidh This
suggests_that the GABAY2ra3o mutation ismostlikely altering neuronal network
architecture irthe early developmental window to set seizure susceptildityr in
adulthood.

Similar=findings have been observed ather mouse models of epilepsA. C2A1
encodes*for GLUTL1 that is responsible for glucose transport across the blood brain
barrier with,mutations causing deficiency in this protein accountingigdo 1% of
GGE ' GLUT1 is also a cause efarly onset CAE®. A Sc2al haploinsufficient
mouse recapitulates mya of the features of GLUFdleficiency including a spike and
wave discharge phenotypé Recent efforts have demonstrated that wineHiated

gene replacement therapy wdseato reverse many of tliisease phenotypes in the
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Glutl-deficient mouseincluding epileptiform activity®. Interestingly, Tang and
colleagues show that the effectiveness of gene therapy is largely limited to treatment
in a narrowpressymptomatic postnatavindow *2 Although not GGE specific,
another exampléncludes aransgenic mouse moded familial nocturnal frontal lobe
epilepsybased on £HRNB2 mutationthat causes gainof-function in the encoded

B2 nicofinic receptor’®. When expressed throughout life mice carrying this mutation
display a spontaneous epileptic phenotype with high frequienesictal spikes and
seizures™. In a conditional model of this disease, the silencing of the transgene
expression,during early development was sufficient to prevent the occurrence of
seizures. in adulthootf. Further seizures in a mouse model of Angelman syndrome
(an epilepticiencephalopabdhlgased on the loss of function of the maternal ubiquitin
protein ligase E3A (UBE3A) are only supressed when the protein is reinstated in an
early developmental peridd. Together, these studies strongly suggest that there are
pre-yymptomatic changes occurring meuronal networks that are caused, at least in
part, by, underlying genetic factoraltered neuronal network structudiring early
developmentis one mechanismwhich may cause longerm increases in seizure

susceptibility ands discusgd next.

Structuralorain abnor malitiesin generalized epilepsy

Human studies

Thereis strong evidencknking structural changes in the brain and seizigresisn
acquiredfocal epilepsy Temporal lobe epilepsyhe archetypical acquired epilepsy
syndromejs sometimesssociated witlstructural changeparticularly hippocampal
sclerosis™. Similarly, for geneticepilepsies suclas tuberous sclerosis and familial
multiple, cavernous malformation syndrome, brain malformations are evident and
clearlycontribute to hyperexcitability. Surgical removaltbé brain malformation in

boththese"genetic diseases can be effective in reducing seizure Buftien

In contrast, GGE mesecopic scale strctural lesionscannot be detected by
conventional. diagnostiecnethodssuch as gross anatomicahnalysisor magnetic
resonance imagindgRlI). Historically this waspart of the basis for the designation of
these epilepsies agliopathic. However, studiebased on more advanced imaging
technologies ha begun to resolve subtle differences in brain structu@Gt >+,

For example, MRI volumetry and voxkased morphometry studies have reported
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regional changes, particularly in the thalamos GGE patients’ °. Changes in
cortical gray matter volumes have also been repéft&t Whether thesenore subtle
structuralchanges are aontributing factorto, or a consequence ,adeizures isnot
known. It is also not clear if these structural changes occur insyraptomatic
patientswhen they could act as ideblomarkers of disease progressicmimal
modelsthat enable investigation oieuronal morphology changestime preseizure

brain will"help us toresolve the relationships between these structural changes and

disease progression.

Rodent'Models

PreclinicalMRI studiesin rodent modelsupport theemerging viewthat structural
brain changesan occuiin GGE Structural MRI has detected differences in GAERS
including increases iramygdala cortical and ventricular volumes®. Axonal
connectivity changesmeasured using diffusion tensor imagisgggestthat chronic
seizures inthe WAG/Rij and GAERSat mode$ of GGE causgreduction in myelin
andbr decreased axon fibre densitilanges in the corpus callosuth Functional
connectivity/studies usinylRI have also demonstratebnormallyhigh degree of
corticatcortical correlations in the WAG/Rij met supporting the idea that neuronal
connectivity'is altereth these micé’. However, studies reporting structural changes
all investigaterodentsthat arealreadyepileptic making itdifficult to assessf these
morphological changes aeeresult ofseizureactivity or are themselvethe causef
seizures In support of the former, axofibre density changes are not seen in-pre
seizure WAG/RIijrats suggestinghat at leassomechanges occur as a result of the
seizures themselvé® Unfortunately, gidence for structural changés the absence
of overt_seizuress limited. In one study, igh field MRI in fixed brains of the
GABAA.y2r430 mouse model of GGE revealed a small incraaséentate granule
cell layervelume of the hippocampi of nerizing mice®. This marks one othe
first indications that morphological changes can occur in GGE due to the direct
impact.ofian epilepsy mutation and not as a consequdrsaizure activityAlthough
these morphological changes are well placed to ibotér to enhanced excitability,
experiments have not yet been performed which ehrcidate their role in
pathogenesis. Ongoirighaging studies in other geneticdentmodels of GGE are
required to asses #imilar presymptomatic morphological changes are a common

hallmark of thedisease
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Current imaging technigues are not sensitive to various microscopic changes in
neuronal morphology such akanges imeuron shapeand positionarborisatiorand
density of dendritic spines and axonal bout@sch changes can provide structural
substrates=for pathological changes in excitability the GABAA y2razq Mmouse
model stereological analysisf seizure free brainshoweda 33%increase in dentate
granulé ‘¢éll"dénsity in the hippocampts Further quantitative morphological
analysis of theGABAA y2rasg Mmouse using thredimensionalreconstruction of
cortical_columns showed thahanges in inhibitory neuron numbeaand positios
presaged the occurrence of seizure®®. Specifically, the densities of GABA
calretinir /parvalbumin- and calbindircontaining inhibitory neurons were increased
in the cortex of GABA y2grazg Mice 3 Morphological analysis has also revealed
changes in the microarchitecture of BIRS brains. Similar to that observed in the
GABAA_y2r430 mouse GABAergic neuronnumbersare increased in the lateral
geniculate, ventral posteromediaand ventral posterolaterdahalamic nuclei of
GAERS.model when compared toWistar contros 4. Although this seems
paradoxical,. thers have proposed circuit level increases in GABw#ceptor
mediated trahsmission can be epileptogéhicEinally, in the WAG/Rijmodel, Golgi
stainingrevealsdifferences in dendritic arborisation in the corf&xCollectively, this
data stronly supportsthat microarchitecture changegcur in the genetic epilepsies
prior to.and after the appearance of seizaratthat subtle change brain structure
may be part of an underlyingpileptogenic angbost seizurgathogenic process
More advanced neimvasive imaging modalities that are capable of detecting these
microscopic changes are neededest these ideas in pcénical animalmodels and

humans.

Exploringthe impact of a GABA epilepsy mutation in early development

To develep=new therapeutic approaches targetithun early developmental windows
we willzneed toresolveunderlyingpathogenic mechanismBysfunctional proteins
may exerttheir impact through a raft of different mechanis(&gyure 1) during
different developmental time periodsd each mutatiomay do so in a unique way.
However,in the genetic epilepsiasis likely that common mechanistpathwayswill

emerge that could be used as drug targetieatpatients before seizures occur.
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One broad pathogenic mechanism may be the disruption of early developmental
oscillatory behaviour thais critical for the refinement of neuronal networks.
Discontinuous structure of EEG activity, alternating between periods of oscillatory
discharges and network silence, in premature infants are thought to reflect such
activity *“»Rodents at birth provide idemodels for investigating these early events
given they Gorrespond to the second gestational trimester in huthaxsonatal
spindle burstingis an example ofan early developmental oscillatory network
behavieurin rodents thais similar to that seen in human®’. Giant depolarising
potentials (GDPs) are localised synchronised events that can be measured in brain
slices ‘eut_from rodents early in developmettiowing more detailed olecular
mechanismsito be resolv&d The coordinated activation of a range of ion chanisels
critical to the generation of GDPs, with excitatory GAB#eceptor transmission a
particularly important driver of this activity®. We next discussstructural and
functional_evidence obtainefitom the GABAa y2razg mouse model of GGEo
highlight how disruptions in early oscillatory activity could lead to iergnchanges

in networkexcitability.

A key difference in the GABAergic system in early developmenmmpared to
adulthoodis how neurons regulate intracellulenloride ions CI) At theseearly
developmentaltime-points neurons primarily express NKCC1. This transporter
pumps_Clinto the cell whilethe K-CI cotransporter 2 (KCC2) that is expressed in
adult rieuronsefficiently pumps Cl out *°. As a resultof this expression profile
immature neurons havéigher internal Cl concentrations This high internal
concentratiorshifts the reversal potential of GGothat at typical holding potentials
CI" leaves the neuronand the resulting depolarisatitakesit closer tothe threshold
for action.potential firing'®. Synaptic release of GABA acting @ABA receptors
under these“conditions is therefore excitatory. Recurrent spontaG&fessare an
early developmental neuronal network phenomenon that reliethisrexcitatory
GABAasréceptor receptemediated transmissiott *2 These events cause neuronal
synchrofiized firing andset up C&* oscillations that help the establishment and

refinement of network circuitr{.

Neonatal hippocampal slices from tBABA A y2ra3g mousemodel of GGEhavea

lower frequency of GDPs when compared to their wildtype litternfate similar
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reduction inGDP frequencycan be achieved pharmacologicallsing bumetanide
which blocks NKCC1land consequentlghiftsthe reversal potential of Qo that it is
no longer excitatory™ “°. Interestingly, wildtype micetreated wih bumetanide in the
antenatal periolavea longlasting increase ithermogenicseizure susceptibilitthat
is comparable with that observed in tBABA A y2Rra30 mouse™. It should be noted
that bumetanide given early in developmieasa protective effect i geneticmouse
model ‘based on dysfunctional Kv7 chansiehormalising severalcellular and
behavieural markers of hyperexcitability**. Related work has also shown that
manipulations of GABAergic transmissipusing other pharmacological toals,this
early developmental window have longdasting impact on neuron circuifry
potentially influencing a range of behaviours including altered seizure suscsyptibilit

in adulthood*°.

Perturbation _of the GABAergic system in early developmiess previously been
postulatedo influence the migratory behaviour and differentiation of cortical neurons
*0 Forinstanée GABA-signalling stimulates the migration of embryonic cortical cells
with concentratiordependent effect§” °% °2. A causative link has not yet been
established between reductions in GDP frequency and changes in neuron positioning
in the GABAx Y2Rra3g mouse ** .Further, how changes in neuronal migration,
proliferation, differentiation may alter lortgrm network excitability remains an open
guestion. One speculation is that subtle changes due to thmsiii®ning orchange

in numbers of certain GABAergic neumayalterthe excitatoryinhibitory balance

of local circuits leading to ausceptibility to increasedexcitability. Longterm
structural_modificationgo neuronal morphology ay alsooccur As an example,
reduced dendritic branching has been implicategart of the pathogenic mechanism
of increased neuronal excitability in both acquired and genetic epil&pss
Although=the precise mechanism may remain uncletiie early developmental
GABAergiessystem is well positioned to contribute to morphological chaimgese
young.brain and consequintongterm neuronal hypeexcitability. This system is
alsolikely'te. be amenabléo therapeutic interventiorior example, increasing GDP
frequency in GABA y2rasq patients using drugs that increase GAB#Receptor

activity may reduce future seizure risk.

Implicationsfor comorbid pathologiesin epilepsy
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There is a vast literature imghting dysfunction in early developmemis a
predisposing factor foa range of neurological conditions. Interestingifydies in
humans indicate that major depression, bipolar disorders, psychiatric history and
cognitive impairment are strongly associated with an increase in the risk of
developing=epilepsy”>°. These clinical relationships suggestttbammon network
pathologies may underlie both changes in seizure susceptibility and increased risk of
psychiatric and cognitive disorderEhere is also evidence for this thie neuronal
structure levelFor example, dynamic changes in dendritic sparegssociated with
epilepsy.they are also sedn a number of neuropsychiatric and cognitive disorders,
including autism spectrum disorders, schizophrenia and Alzheimer’s dfS€asas

a conseguence, early therapeutic intervention that normatisegork dysfunction

may also alleviateeomorbid statesOne experimental example of this is that the
anxiay-like behaviour, that is a oworbid state in GAERSs reduced in adultats

that had only been treated duritg pre-symptomatic periotf.

Pr ecisiongnedicine implications

The understanding of the genetic basis of many of the epilepsies provides an
opportunity togenerate precisiomedicinestrategies. Part of this strategy will be to
understand-the early developmental consequences of variants that raise risk for
epilepsiesand its comorbiditiesHere we have highlighted how animal models are
beginning to shed light into how they exert their effect on the developing brain.
Another @rticularly promisingapproachs the useof human stem celasedneural
models. The fundamatal mechanisms of neurogenesis can be modelled binthe
vitro differentiation of neurons from pluripotent cells, such as embryonic stem
patient derived induced pluripotent (iPS) cellBor instancejn vitro protocols for
neuraldifferentiationenable thefaithfully reproduction ofthe temporal appearance,
spatial'organisation and gene expression profiles of developing nénnateso °#%°,
These methods have been used noodel neural microarchitecture changes that
accompany epilepsy disease progresssoch as impaired neurite outgrowith iPS
derived neurons from individuals with Ohtahara syndronmee severe epileptic
encephalopathy’®. Further, iPS celtlerived GABA positive inhibitory neurons
carrying a mutation inSCN1A have been shown to replicate disegsghology
previously identifiedn animal modelsncluding a reduction in voltage dependent Na

currentsin inhibitory neurong’. Recently neurodevelopmental and synaptic changes
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in a human stem cellased model of tuberous sclerosiwgere rescued using
pharmacological interventioff. This growing body of research indicates that stem
cell-based modelswill be integral to helping our understanding of early
developmental pathogenihanges caudeby epilepsy mutationsnany ofwhich may

be difficult'to study in whole organismand for whichnoveltherapeutic strategies

can bedeveloped.

Takingtheseideastotheclinic

The majorconclusionof this review is that diseagargeted interventiomay need to
occur in_presymptomatic GGE patients to be effectiveThis will require the
identification) of patientsthat will benefit from such early intervention. As our
understanding of the genetic architecture improves andgme poshatal genetic
screening becomes more widagnployedit will be possible to identify individuals
who have anincreased risk ofdeveloping epilepsy. Howeverms incomplete
penetrane and variable expressivity is comnhporobservedit may bedifficult to
predictaccurately the clinicabutcome simply fronDNA sequence analysione®.
Additional biomarkers are therefore going todssentialto make informed decisions
regarding the suitability of individuals for early therapeutic interventiomproving
humanimaging technologies are enabling us to better map the brain from both a
structural and functional perspectialowing us toidentify morphological and/ or
functional markers of excitabilityin GGE and other genetic epilepsiédthough
limited in scopegvidence from animal modefsiggestshat subtle changes in pre
seizure brains can indeed be detectéthally, it is important to note that waust
develop _new therapeutic strategies, moving away from the development of classical
anti-epileptic drugs hat treat the symptoms of epilep&snti-seizuré) to those that

are antiepilepbgenicand target thainderlying disease mechanisto prevent the

development of epilepsy and its comorbidities.

Figurel

Cartoon illustratinghe potential that an epilepsy mutation can alter neuronal network

structure and function in early development to set seizure susceptibaithuithood.
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