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Question

1.Writeaconcisereviewonthedevelopmentalgeneticsofthecerebellum andhighlight

thegeneticbasesofknowncerebellardisorders.

N/B:Asusual,observeeveryresearch/scholarlywritingrule.



AREVIEW ONTHEDEVELOPMENTALGENETICSOFTHECEREBELLUM

Thecerebellum represents10%ofthebrain'stotalvolume,butcontainsmorethan

halfofourneurons.Itactsasacoordinationcentre,usingsensoryinputsfrom the

peripherytofine-tuneourmovementandbalance.Itisoneofthefirststructuresinthe

braintobegintodifferentiate,butoneofthelasttomature,anditscellularorganization

continuestochangeformanymonthsafterbirth.Thedevelopmentofthemammalian

cerebellum isorchestratedbybothcell-autonomousprogramsandinductive

environmentalinfluences.Here,wedescribethemainprocessesofcerebellar

ontogenesis,highlightingthegeneticprogramsinvolvedincellfatespecificationand

someofthebetter-knownabnormalitiesassociatedwithdevelopmentaldisordersof

thecerebellum.ThestudyofmousehomologuesofDrosophilageneshasprovided

valuableinsightsintothemolecularbasisofcerebellardevelopment.

Thecerebellum arisesfrom boththemesencephalicandrhombencephalicvesicles

oftheneuraltubeanddevelopsoverarelativelylongperiodoftimebetweenearly

embryogenesisandlatechildhood.Developmentofthecerebellum canbedescribedin

fourbasicstages.

Inthefirststage,characterizationofcerebellarterritoryoccursatthe

midbrain–hindbrainboundary.Transplantationstudiesinchickenandmousehave

foundthattheisthmusorganizer(IsO),aregioncorrespondingtothe

midbrain–hindbrainboundaryexpression,iscrucialforspecifyingmidbrainand

cerebellarstructures.Attheisthmus,restrictedexpressionofsecretedfactors,suchas

fibroblastgrowthfactor8,FGF8andWnt1,themammalianhomologofDrosophila

winglessgene,aswellashomeoboxproteinsEn1andEn2andpairedboxgenesPax2

andPax5arerequiredforearlyspecificationofmidbrainandhindbrainstructures.

Inthesecondstage,twocompartmentsforcellproliferationareformed.Purkinje

cellsandcellsofthedeepcerebellarnucleiaregeneratedintheroofofthefourth

ventricle,andgranulecellprecursors,aswellascellsoftheprecerebellarnucleiare

formedintherhombiclip(locatedbetweenthefourthventricleandthemetencephalic

roofplate).DevelopmentofPurkinjecellsisnotwellunderstood,buttheyareknownto

secreteSonichedgehogwhichregulatesproliferationofgranulecells,byindirectly

regulatingtheShhpathway.Bythistimepoint,granuleneuronprecursorsexpressa

numberofmarkers,Math1,nestin,zipro1/RU49andZicgenes1,2(whicharethoughtto

beinvolvedincellproliferation,andwhichrequiresinteractionwithPurkinjecells).

Purkinjecellsmigrateradiallytotheirfinalpositions,whereasgranuleneuronsmigrate



overthesurfaceofthedevelopingcerebellum,formingtheexternalgranulelayer(EGL).

Inthethirdstage,cellsoftheEGLmigrateinwardalongtheprocessesofBergmanglia

totheirfinalpositionintheinternalgranularlayer(IGL).

Purkinjecells(PCs),Golgineurons,stellateandbasketcellsallarisefrom the

ventricularneuroepithelium.PCsarebornaroundembryonicday13,andtheymigrate

alongradialglialfibresintothecerebellaranlage.Duringtheirfinalmaturationphase,

PCsdevelopextensivedendriticarborsandsynapseontogranuleneurons.This

dependsongranuleneuronsignals,probablyincludingWnt3.Variousgrowthfactorsare

requiredforPCsurvival,includingnervegrowthfactor,acetylcholine,neurotrophin4/5,

brain-derivedneurotrophicfactorandciliaryneurotrophicfactor.

Finally,cerebellarcircuitryisestablishedandfurtherdifferentiationoccurs.The

lowerportionoftherhombiclipalsogivesrisetocellsoftheprecerebellarnucleisuch

astheinferiorolivarynuclei,whichmigratetopositionsinthebrainstem.

Manygenes,includingEn1,En2,Pax2,Wnt7b,andsomeoftheephrinsandtheir

receptors,showcharacteristicpatternsofspatialexpressioninthecerebellum,butonly

En2hasbeenstudiedspecificallyforitsroleincompartmentalization.Inadditiontothe

patterninggenes,severalothergenefamilies,suchastheheatshockproteinsand

proteinsinvolvedinneuronalmigration,arealsoexpressedinspecificpatterns.Spatial-

andtemporal-specificknockoutstrategiesshouldyieldmoreinformationaboutthe

rolesofthesegenesinpatterningthecerebellum.



Schematicoverviewofcerebellardevelopment.

(A)Diagram ofdorsalviewofcerebellaranlageshowingmigrationfrom therhombiclip

overthesurfaceoftheneuraltube.Granuleneuronprecursorsmigraterostrally,

whereasprecursorsofprecerebellarnucleimigrateventrally.(B)Diagram ofcross-

sectionthroughtheanlageshowingradialmigrationofPurkinjecellprecursorsfrom the

ventricularzone(VZ)andtangentialmigrationofgranulecellsfrom therhombiclip(RL).

(C)‘Time-lapse’diagram ofgranuleneuronmigration.Granulecellprecursorsproliferate

intheouterEGL.PostmitoticcellsmoveintotheinnerEGLandextendparallelaxons

andadescendingprocesspriortomigrationthroughthemolecularlayer(ML)along

fibersofBergmanglia(datanotshown),untilsettlementintheIGL.Human

developmentaltimepointindicatedbywk(referstoprenatal)oryr(referstopostnatal).

GENETICSOFCEREBELLARDISORDERS

Theapproachtoidentifyingageneticcauseinpatientswithcerebellardisorders

reliesonhistory,examination,consultation,andtesting,combinedwithspecialized

expertisebecausetheyarerareandgeneticallydiverse.Cerebellardisorderscanbe

causedbyavarietyofDNAalterationsincludingsingle-nucleotidechanges,small

insertionsordeletions,largercopynumbervariants,andnucleotiderepeatexpansions,

exhibitingautosomal-recessive,autosomal-dominant(inheritedanddenovo),X-linked,

andmitochondrialmodesofinheritance.Imagingfindingsandavarietyofneurologic

andnon-neurologicclinicalfeaturescanhelpdirectgenetictestingandchoosethemost

appropriatestrategy.Clinicalandgeneticdiagnosesarecomplementary,eachproviding

distinctinformationforthecareofthepatient.

1). Hereditaryataxias:Hereditaryataxiasmaybeautosomalrecessiveorautosomal

dominant.AutosomalrecessiveataxiasincludeFriedreichataxia(themostprevalent),

ataxia-telangiectasia,abetalipoproteinemia,ataxiawithisolatedvitaminEdeficiency,

andcerebrotendinousxanthomatosis.

-Friedreichataxiaresultsfrom agenemutationcausingabnormalrepetitionoftheDNA

sequenceGAAintheFXNgeneonthelongarm ofchromosome9;theFXNgenecodes

forthemitochondrialproteinfrataxin.TheGAAsequenceisrepeated5to38times

withintheFXNgeneinpeoplewhodonothaveFriedreichataxia;however,inpeople

withFriedreichataxia,theGAAsequencemayberepeated70to>1000times.

Inheritanceisautosomalrecessive.Decreasedfrataxinlevelsleadtomitochondrialiron



overloadandimpairedmitochondrialfunction.

InFriedreichataxia,gaitunsteadinessbeginsbetweenages5and15;itisfollowed

byupper-extremityataxia,dysarthria,andparesis,particularlyofthelowerextremities.

Mentalfunctionoftendeclines.Tremor,ifpresent,isslight.Reflexesandvibrationand

positionsensesarelost.Talipesequinovarus(clubfoot),scoliosis,andprogressive

cardiomyopathyarecommon.Bytheirlate20s,patientsmaybeconfinedtoa

wheelchair.Death,oftenduetoarrhythmiaorheartfailure,usuallyoccursbymiddleage.

-Spinocerebellarataxias(SCAs)arethemainautosomaldominantataxias.

Classificationoftheseataxiashasbeenrevisedmanytimesrecentlyasknowledge

aboutgeneticsincreases.Currently,atleast43differentgenelociarerecognized;about

10involveexpandedDNAsequencerepeats.SomeinvolvearepetitionoftheDNA

sequenceCAGthatcodesfortheaminoacidglutamine,similartothatinHuntington

disease.

ManifestationsofSCAsvary.SomeofthemostcommonSCAsaffectmultiple

areasinthecentralandperipheralnervoussystems;neuropathy,pyramidalsigns,and

restlesslegsyndrome,aswellasataxia,arecommon.SomeSCAsusuallycauseonly

cerebellarataxia.

SCAtype3,formerlyknownasMachado-Josephdisease,maybethemost

commondominantlyinheritedSCAworldwide.Symptomsincludeataxia,parkinsonism,

andpossiblydystonia,facialtwitching,ophthalmoplegia,andpeculiarbulgingeyes.

Diagnosis

Diagnosisofcerebellardisordersisclinicalandincludesathoroughfamilyhistory
andsearchforacquiredsystemicdisorders.

Neuroimaging,typicallyMRI,isdone.Genetictestingisdoneiffamilyhistoryis
suggestive.

Treatment

Somesystemicdisorders(eg,hypothyroidism,celiacdisease)andtoxinexposure

canbetreated;occasionally,surgeryforstructurallesions(tumor,hydrocephalus)is

beneficial.However,treatmentisusuallyonlysupportive(eg,exercisestoimprove

balance,posture,andcoordination;devicestohelpwithwalking,eating,andotherdaily

activities).



2). DandyWalkerMalformation(DWM)isthemostcommonhumancerebellar

malformationwithanestimatedincidenceof1/3000livebirths.DWM isanimaging

diagnosischaracterizedbyanenlargedposteriorfossa,cerebellarvermishypoplasia,

andanenlargedfourthventricle.DWM canoccurinassociationwithagenesisofthe

corpuscallosum,butmoreoftenoccursasanisolatedfindingonMRIscans.DWM

clinicalfeaturesarevariable.Patientsmayexhibitsymptomsrangingfrom intellectual

disabilitytoautism ortheymaybecompletelyunawareofanydeficitsuntildiagnosed

asadultsforunrelatedreasons.ThegeneticcausesofDWM remainlargelyunknown.

However,recentstudiesindicatethatdeletionsinFOXC1andZIC1/4areresponsiblefor

asmallsubsetofDWM cases.Prenatalcerebellarhemorrhagehowevercanalsocause

DWM,whichmayalsobeassociatedwithgeneticriskfactors;however,thesehaveyet

tobedetermined.Researchinanimalmodelshasledtothehypothesisthatdisruptions

ofposteriorfossasignalingfrom themesenchymesurroundingthebraintothe

underlyingembryoniccerebellum arekey.Signalingdisruptionscausedramatic

reductionsincerebellaranlageneuronalprogenitorproliferation,aswellasabnormal

migrationofbothRL-andVZ-derivedcells.Thisultimatelyleadstofoliationand

laminationdefects

ConcludingRemarks.

Thegoalofthisreviewistoprovideaviewofthegeneticbasisofcerebellar

development.Thebroadspectrum oftheworkreviewedinsuchashortformatleaves

room forspecificdebate.

Theseminaldiscoveryofthe“isthmicorganizer”anditsinductiverolehasledtoan

understandingofthemolecularregionalizationoftheneuraltubewithitsprecise

frontiersbetweendomainsexpressinghomeobox-containinggenes.Theinterface

betweencaudalGBX2androstralOTX2expressingdomainsmarksthelocationofthe

“isthmicorganizer”which,throughFgf8secretion,initiatesthemolecularcascade

requiredforthespecificationofcerebellum.

Nextcomethegerminalepitheliaofthecerebellum.Foroveracentury,the

cerebellum wasknownforthedualoriginsofitsneuronalpopulations:theVZandthe

RL.Moreover,bothneuroepitheliaaredividedintosubdomains,eachonespecifiedby

distincttranscriptionfactorstogeneratethecorrespondingpopulationofneurons.

Followingspecificationcomesneuronalmigrationanddifferentiation.Despite

recentprogress,thedataarelesscomplete.Forexample,broadareasoftheearly

developmentofPCsremainobscure,evenwhilelatereventssuchasdendritogenesis



arewellunderstood.

Finally,thereviewbrieflytoucheduponcerebellarpathology,inheriteddisordersof

cerebellardevelopmentcannowbeplacedinastrongerdevelopmentalcontext.
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