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DEVELOPMENTALGENETICSOFTHECEREBELLUM

DiagramoftheCerebellum

Thecerebellum,whichstandsfor“littlebrain”,isa structureofthe

centralnervoussystem.Ithasanimportantroleinmotorcontrol,with

cerebellardysfunctionoftenpresentingwithmotorsigns.Inparticular,itis

activeinthecoordination,precisionandtimingofmovements,aswellasin

motorlearning.Thecerebellumislocatedatthebackofthebrain,

immediatelyinferiortothe occipitalandtemporallobes, and withinthe

posteriorcranialfossa.Itisseparatedfromtheselobesbythetentorium



cerebelli, atoughlayerofduramater

Cerebellumdevelopment

Thebrainissometimesdividedintothebrainstem(mesencephalon,ponsfrom

themetencephalon,andmyelencephalon)andthehighercentres(cerebrum

andcerebellum).Thebrainstemisadirectcontinuationofthespinalcord

thus,distinctbasalandalarplates.Thecerebellumdevelopsfromthe

dorsolateralpartofthealarlaminaofthemetencephalon.Theyareatfirst

twoprimordiaofthecerebellum,rightandleft.Theseextendmediallyinthe

roofplateofthemetencephalontoeventuallyfuseacrossthemidline.Asthe

cerebellumincreasesinsize,fissuresappearonitssurface.Thelaterallobes

andvermiscansoonbedistinguished,asaresultofdifferentialgrowth.The

developingcerebellumcanbedividedinto:(a)anintraventricularpartthat

bulgesintothecavityofthedevelopingfourthventricle,and(b)an

extraventricularpartthatisseenasabulgingonthesurface.Atfirstthe

intraventricularpartisthelargerofthetwo,butatalaterstage,the

extraventricularpartbecomesmuchlargerthantheintraventricularpart

andconstitutesalmostthewholeoftheorgan.Thecerebellum,atfirst,

consistsoftheusualmatrixcell,mantleandmarginallayers.Somecellsof

themantlelayermigrateintothemarginallayertoformthecerebellarcortex.

Thecellsofthemantlelayerthatdonotmigrateintothecortex,develop

intothedentate,emboliform,globoseandfastigalnuclei.Thesuperior

cerebellarpeduncleisformedchieflybytheaxonsgrowingoutofthe

dentatenucleus.Themiddlecerebellarpeduncleisformedbyaxonsgrowing

intothecerebellumfromthecellsofthepontinenuclei,whiletheinferior

cerebellarpeduncleisformedbyfibresthatgrowintothecerebellumfrom

thespinalcordandmedulla

Fromtheventricularzone,cellsradiatelaterallyandevolveintothedeep



cerebellarnucleiandPurkinjecellsofthecerebellarcortex.However,the

cerebellargranuleneuronsarisefromtherhombiclips.Hence,thecerebellar

cortexismadeupofthreelayerswhicharethemolecularlayer,purkinjecell

layerandgranularlayer.Cellsfoundintheselayersarepurkinjecells,

granulecells,stellatecells,basketcellsandgolgicells

Geneticcontrolofthecerebellum

Thecerebellumisderivedfromdorsalrhombomere1,whichcomprisesofthe

mostanterioraspectofthehindbrain.ExpressionofthehomeboxgenesOtx2

andGbx2anatagoniseeachothertoestablishthemid-brain-hindbrain

boundaryandtheisthmicorganizer.Atembryonicday2Otx2isexpressedin

themesencephalon,anditisboundedposteriorlybytherostral

metencephalon,whereasGbx2isexpressedinthemetencephalonanditis

boundedanteriorlybythecaudalmesencephalon.Otx2negativelyregulates

Fgf8expressionwhereasGbx2maintainsitTheisthmicorganizerisa

signalingcenterthatsecretesfibroblastgrowthfactor(8)akeymolecule

requiredfororchestratingmultiplecerebellardevelopment.TheFgf8is a



diffusibleinvolvedinregulatingthevariousgenesexpressedinmidandhind

brainregion.Fgf8exertsitsactionpartiallybyinducingtheexpressionof

winglesshomologue1(Wnt1)throughLimhomebox1b(Lmx1b).Wnt1,inturn,

maintainstheexpressionofEngrailed(En1),whichthenpositivelyregulates

Fgf8expression,completingthefeedbackregulatoryloop.Completelossof

FGFexpressioncompromisesisthmicorganizerfunctionandresultinabsence

ofthemidbrainandcerebellum.TransientFgf8expressionduringtheinitial

stagesofcerebellardevelopmentissufficienttoinducetheformationofthe

lateralcerebellumbutnotthevermis.Fgf8cooperateswithanumberofwell-

characterizedgenestocontrolcerebellardevelopment.Amongthesearethe

homeboxgenesengrailed1(En1)andengrailed2(En2))andthepairedbox

genePax2andPax5.Pax2inducesFgf8expressionwhileEn1andEn2are

necessaryforitsmaintenances.Severalothergenesthatarenotpartof

thispathwayarealsoimportantinpatterningofthemid-/hindbrainregion.

Wnt1andotherpatterninggenesandtogetherconstitute anotherpositive

regulatoryloop

Purkinjefiber,Rhombiclimbandgranuleneurons

TheexternalgranularlayerpromotesPurkinjecellmigrationbysecreting

reelin(RELN),anextracellularmatrixcomponentattractingorrepealing



precursorsandaxonsduringdevelopment,actingasanextracellular

signalingmolecule.Purkinjecells(PCs),Golgineurons,stellateandbasket

cellsallarisefromtheventricularneuroepithelium.PCsarebornaround

embryonicday13,andtheymigratealongradialglialfibresintothe

cerebellaranlage.Duringtheirfinalmaturationphase,PCsdevelopextensive

dendriticarborsandsynapseontogranuleneurons.Thisdependsongranule

neuronsignals,probablyincludingWnt3.Variousgrowthfactorsarerequired

forPCsurvival,includingnervegrowthfactor,acetylcholine,neurotrophin

4/5,brain-derivedneurotrophicfactorandciliaryneurotrophicfactor.Many

genes,includingEn1,En2,Pax2,Wnt7b,andsomeoftheephrinsandtheir

receptors,showcharacteristicpatternsofspatial

expressioninthecerebellum,butonlyEn2hasbeenstudiedspecificallyfor

itsroleincompartmentalization.Inadditiontothepatterninggenes,several

othergenefamilies,suchastheheatshockproteinsandproteinsinvolvedin

neuronalmigration,arealsoexpressedinspecificpatterns.Spatial-and

temporal-specificknockoutstrategiesshouldyieldmoreinformationabout

therolesofthesegenesinpatterningthecerebellum.Purkinjecellsbeginto

expressthecalcium-bindingproteincalbindin.Calbindinpositivecellsmigrate



inaradialdirectionoverthealreadyformeddeepcerebellarnuclei.These

Purkinjecellsthensettleandbecomesuspendedbeneaththeexternal

granularlayer(EGL),awaitingtheinwardmigrationofgranuleneurons.The

timelyarrestofmigrationisdependentonthereelinpathway.Although

Purkinjecellsdependonsignalsfromthegranuleneuronprecursorsto

migrate,theirdifferentiationprogrammeseemstobeindependentofgranule

neurons.Math1,atranscriptionfactor,iscriticalfortheproperdevelopment

ofthegranularlayerofthecerebellum.MicedeficientinMath1showalossof

externalgranularlayer.Purkinjecellsdevelopextensivedendriticarbours

andsynapseontogranuleneurons.Throughoutthecourseofdevelopment,

variousgrowthfactorsareimportantforPurkinjecellsurvival.Nervegrowth

factor,acetylcholine,brain-derivedneurotrophicfactor(BDNF)andciliary

neurotrophicfactorhaveallbeenshowntohaveapositiveeffecton

Purkinjecellnumberinvitro.Similarly,theRorα (RAR-relatedorphan

receptorα)geneisalsoimportantforthesurvivalofPurkinjecells.

Mostcellsarederivedfromtheventricularzone,butthegranuleneurons

comefromaspecializedgerminalmatrixcalledtherhombiclip.Therhombiclip,

locatedbetweenthefourthventricleandthemetencephalicroofplate,gives

risetogranuleneurons.Proliferationinitsgerminalepitheliumisgovernedby

theMath1gene.ExpressionoftheMath1genegovernsthegerminal



epitheliumoftherhombiclip. Math1isexpressedinthemid-/hindbrain

regionandpersistsintherhombiclipandmanyofitsderivativesincluding

thegranuleneuronsofthecerebellumandthepontinenucleusofthe

precerebellarsystem.Therhombiclip,granuleneuronprecursorsproliferate

andthenassumeaunipolarmorphology,withasingleprocessthatprojects

awayfromtherhombiclip.Rhombiclipcellsmigratetothecerebellaranlage

andsettleonitsperipherytoformtheexternalgranulelayer,anotherzone

ofproliferation.Asthecellsbegintomigrate,theyexpressmarkersthat

includeRU49/Zipro1,Zic1andZic3.RU49/Zipro1andZic1arethoughttobe

involvedincellproliferation,whichrequiresinteractionwithPCs.PCsmight

releaseadiffusiblefactorsuchassonichedgehog(Shh),andZic1could

controlcellproliferationbyindirectlyregulatingtheShhpathway.Asthe

cellscontinuetomigrate,theexternalgranularlayerdifferentiatesinto

outerandinnerexternalgranularlayers(FIG.4).FromtheouterEGL,

granuleneuronprecursorsmigrateintotheinnerEGL.IntheinnerEGL,

granuleneuronprecursorsnolongerexpressMath1;instead,theyexpress

twootherbasictranscriptionfactors,Neurod1andNSCL1.Neurod1is

importantforthesurvivalofinnerEGLgranuleneuronprecursors.Thenext

stageofdevelopmentforgranuleneuronprecursorsistheinwardmigration

intotheinnergranulelayer(IGL)undertheguidanceofradialglialfibres.

Thefinalstageofgranuleneuronmaturationoccursafterprecursorcell

migrationintotheinnergranulelayer.

CyclinD2isimportantincerebellargranuleneuronproliferationandinthe

finalmaturationofgranuleneuronsthegeneWnt7a

Neurodevelopmentaldisorders

Cerebellarmalformationareincreasinglyrecognizedinthefetalperiodand

theyinclude

1.Joubertsyndrome:Thedisorderpresentswithdevelopmentaldelay,

hypotonia,impairedrespiration,abnormaleyemovements,andataxia.

Motorlearningisstronglyimpaired.Joubertsyndromeisassociated

withmutationsofgenesencodingcomponentsoftheprimarycilia(they

arecellsurfacemicrotubule-basedorganellesthatdynamicallyextend

fromcellstoreceiveandprocessmolecularandmechanicalsignaling

cues).Interestingly,primaryciliaaredeterminantforsonichedgehog

signaltransduction.Disruptionofprimaryciliaformationblocksthe

proliferationofneuralprogenitorsofgranulecellsmediatedbysonic

hedgehog.



2.Rhombencephalosynapsis:associatedwithlearningdisabilities,a

malformationofthehindbraincharacterizedbyfusionofthe

cerebellarhemisphereanddenatenuclei.Itisassumedthatthe

disorderisduetoafailureofdorsalpatterningatthemid-brain

boundaries

3.Autismspectrumdisordersarecharacterizedbydifficultiesin

communication,socialskills,andrepetitivebehaviour.Cerebellar

networksmightbecriticallyinvolvedinthepathogenesisofautism.The

expressionofIL-6isincreasedincerebellumofausticpatients.IL-6

impactsupondevelopmentofthecerebellum,impairsneuralcelladhesion,

migrationandcausinganexcessiveformationofexcitatorysynapses

4.Dandy–Walkermalformation:Sonichedgehogmightalsobeinvolvedin

thepathogenesisofDandy–Walkermalformationthrougha

contributionofZincfingertranscriptionfactorswhichmodulatethe

sonichedgehogpathway.
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