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96’+*#8+: ;6<&8+,4& TounderstandthefunctionofSonichedgehoginchiasm developmentinmouseembryosofembryonic

day13 (E13) toE15. =&+"(3’ Brain slicesofE13-E15 mouseembryoscontainingtheopticpathwayfrom theeyesto the

optictractwerepreparedandculturedinDM EM /F12inthepresenceof10% fetalbovineserum at37! inarollingincubator

for5 h. Theantibody to Shh wasadded into theculturemedium oftheslicesin the treatmentgroup, whileno additional

chemicaloronly normalmouseIgG wasadded in thecontrolgroups. Afterculture, thebrain sliceswere fixed and aDiI

granulewasinsertedintotheopticdiscinoneeye. Sevendayslater, thetissueoverlyingthechiasm wasremovedtoexpose

theDiI-labeledchiasm forobservationunderconfocalmicroscope,andtheimageswereanalyzedbyM ETAM ORPH software.

>&’-.+’ ShhantibodytreatmentproducedareductionofcrossingoftheearliestretinalaxonsatthemidlineofE13chiasm,and
theuncrossedaxonswerealsoinfluencedbyShhantibodyatE15.?($8.-’,($ Shhexecutesatransientbutimportantfunction
inaxondecussationintheearlystageofmouseopticchiasm developmentandsignalsaxonturninginthelaterstage.
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Inthem amm aliananimals, theaxonsoftheoptic

nerve from each eye merge into the opticalchiasm ,

where som e ofthe axons cross the midline to project

into thecontralateraloptictract, whileasmallnumber

ofothersturn away and form the ipsilateraloptic tract.

This pattern of axon routing gives the characteristic

X-shaped pathway atthe optic chiasm. Three main

changes ofaxon order take place when retinalaxons

grow from the optic stalk to the optic tract: i)

segregation ofcrossed and uncrossed axonsbeforethey

reach the midline; ii) age-related reorganization of

axonsin thechiasm and theoptic tract;iii)retinotopic

organizationintheoptictract!1".

Sonic hedgehog (Shh), found originally in the

notochord and floorplate, is a m em berofhedgehog

family!2" involved in eyeform ation!3-5",retinalganglion

cellproduction !6",developmentoftheopticdiscandstalk

neuroepithelialcells!7".In chick em bryos,ectopic Shh

expression also leadsto such abnorm aldevelopm entas

expansion of the retinal pigm ented epithelium ,

enlargement of the optic stalks and reduction of the

neuralretina!8".In ourpreviousstudy,we detected the

expression ofShh and itsreceptor,Patched (Ptc),in the

developing optic chiasm , which underwentchanges

duringdifferentperiodsofdevelopment!9".In thisstudy,

weattemptedtodefinetheroleofShhinthedeveloping

chiasm ofmouse embryosby disturbing Shh signaling

pathwayusing5E1,amonoclonalantibodytoShh.
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The experimentalproceduresofthe presentstudy

were approved by the Anim al Experim ent Ethic

Comm ittee ofthe Chinese University ofHong Kong.

Time-mated, pigmented C57 micewereobtained from

the University Anim alHouse. The day on which the

vaginal plug was found was considered as the

em bryonicday0(E0).
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The pregnant mice were sacrificed by cervical

dislocation and the mouse embryos from E13 to E15

wererem ovedbycaesareansection. Theem bryoswere

decapitated and kept in chilled Dulbecco's m odified

Eagle's m edium (DM EM )/F12 medium containing

penicillin(1000U/ml)andstreptom ycin(1000!g/ml).
Afterrem oving the dorsaland ventralpartjustabove

and below the eyeball, the brain slicescontaining the

opticpathway (from theeyesto theoptictract) were

obtained from E13-E15 embryos.Thebrain sliceswere

cultured in DM EM /F12 supplem ented with 10% fetal

bovine serum (Life Technologies,USA) at37 ! in a

rollingincubatorfor5 h, during which ajetofoxygen
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was supplied 3 times to the culture. 5E1 (m ouse

anti-Shh IgG1, DSHB) was added into the culture

m edium attheconcentration of40 !g/m l. Thecontrol

preparations included brain slices cultured in the

absence ofthe added chem icals, orwith addition of

normalm ouseIgG (Chemicon,USA).Afterculture,the

brain sliceswerefixed in 4% paraformaldehydeat4!
overnight. A DiI (1,1-dioctadecy1-3, 3, 3', 3'-tetra-

m ethylindo-carbocyanine perchlorate, DiIC18 (3),

M olecularProbes,OR,USA)granulewasinserted into

the optic disc in one eye and the brain slices were

treated in 2% form alin. Seven dayslater, the tissue

overlying the optic chiasm wasremoved to expose the

DiI-labeled chiasm , which was observed under a

confocalm icroscope.

!"#$"%&’ ()%*"+,"-.
DiI-labeled retinalaxonsin theopticchiasm were

examined in whole m ount preparations of the optic

pathway. These DiI-labeled whole m ounts were

examined using a confocalim aging system (Bio-Rad

M R600,Hertford,UK)connected to a ZeissAxiophot

photomicroscope with a green excitation filter set

(GHS, 514 nm excitation and 550 nm emission long

pass).Thedigitalim ageswereprocessed usingconfocal

assistantsoftware (Bio-Rad, USA) and stored on Zip

disk(Iom ega,USA).
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Retinalaxonsin wholem ountsofthechiasm were

im aged using the Extended Focus Image comm and in

COM OS software (Bio-Rad, USA) thatcapturesthe

im agesatlow m agnification ("10,ZeissPlan-Neofluar,
Germ any)and then athighermagnification ("20,Zeiss
Plan-Neofluar,Germ any).The effectsofShh antibody

5E1 on axon crossingatthem idlineofthechiasm were

m easured in whole-m ounts of the optic pathways in

E13-14 em bryos, the early period when retinalaxons

were growing across the midline !10,11". The pixel

intensitiesofalllabeled retinalaxonsand growth cones

within two areas (each m easuring 100 !m "200 !m )
flanking both sides of the midline (Fig.1A) were

m easured individually using the "Region

M easurem ents" functions in M ETAM ORPH Software

(Version 4.6r5; UniversalImaging Corp., USA). The

degree ofaxon crossing wascalculated asthe ratio of

adjusted pixelintensitypastthemidline!". thatbefore

themidline.

W e also observed the changes of the uncrossed

axonsin E15 brain sliceswhen asubstantialnumberof

axonsturned and projected to the ipsilateraloptic tract

inresponseto5E1treatm ent. W eusedM ETAM ORPH

software to m easure the pixelintensity and area ofa

defined region in the projected images of the initial

segmentofthe ipsilateraltract (Fig.3 B). The axons

projectingtotheipsilateralsidewererepresentedbythe

average pixel intensity (accumulated pixel intensity

divided by totalarea). Thedatain variousexperiment

groups were analyzed using one-way ANOVA in the

INSTAT software(GraphPad,Inc.,USA).
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In E13 mouseembryos,thefirstaxonshad arrived

atandcrossedthemidlineofthechiasm !12-14".Theeffects

of anti-Shh antibody 5E1 on axonal growth at the

chiasm were investigated in this early stage of optic

pathway developmentby meansofbrain slice culture.

In thecontrolgroup withoutaddition ofthechemicals,

the early axons were found to enter the ventral

diencephalon and grow perpendicularly towards the

midline. Some axonshad already crossed the m idline

(Fig.1A and B). Thecrossing in thesebrain sliceswas

quantified by measuring the fluorescence intensity of

DiI-labeled axons within a defined region before and

afteraxon crossingofthemidline(seetheplacementof

gridsforthism easurementin Fig.1A),and presented as

the ratio of pixel intensities in the post- versus

pre-midline regionsofthe chiasm. In the brain slices

treated with norm alm ouseIgG (40 !g/m l),no obvious
change wasnoted in the trajectoriesofretinalaxonsat

the chiasm in com parison with the slices cultured

without antibody addition, suggesting that norm al

mouse IgG did not influence the pathfinding of the

axons at the chiasm (Fig.1C and 1D). After 5E1

treatm ent, the numberofaxons crossing the m idline

reducedinthebrainslicesobtainedatE13 (Fig.1E and

1F). In thisexperiment, analysesshowed thatfewer

axonscrossedthem idlineafter5E1treatment (#!0.05;
Fig.1G).
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AtE14, more retinalaxons joined the mouse

retinofugalpathway(Fig.2A andB).Additionofnorm al
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m ouseIgG didnotaffecttheaxonroutingin thechiasm

ascomparedwiththecontrolgroup(Fig.2C and D).W e

investigated the effectsofShh function perturbation on

axon routing usinganti-Shh antibody.M easurem entsof

the pixelintensity in the post-and pre-midline regions

indicated thatno significantchangeofin axon crossing

took place in the anti-Shh-treated group atE14 chiasm

incomparisonwiththecontrolgroups(Fig.2E,FandG).
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Effectof 5E1(anti-Shh)onaxoncrossingatE13
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Themicrographsintheleftcolumnareimagesinlowermagnificationdepictingtheopticstalk, chiasm andoptictract, andthoseinthe

rightcolumn areinhigherm agnificationshowingthedetails (thisarrangem entisalso adopted in thefollowingsimilarfigures). W hite

arrowsindicatethemidlines. A andB: Incontrolpreparationsculturedfor5hintheabsenceofthechem icals, dye-filledaxonsinthe

opticnerveenterthechiasm firstinacaudo-medialdirection,andlaterturnandgrow inthedirectionperpendiculartothemidline.After

crossingthem idline, theretinalaxonscontinuetheirpathasabundleoffibersandentertheoptictract (OT). C and D: Similarfiber

trajectoriesin thechiasm areobserved in thebrain slicestreated with normalm ouseIgG (40!g/ml).E and F:Afterperturbation ofShh

with5E1(40!g/ml),feweraxonscrossthemidline.G:Graphshowingtheresultsofdifferentgroups.W hitearrowsindicatethemidline.

Scalebar=200!m inA,C andE;Scalebar=100!m inB,D andF.Allimagesinthistextareshownwiththerostralsideonthetop.
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A and B: In controlpreparations, manyretinalaxonshavealreadycrossed themidlineand entertheoptictract (OT) in whole-mount

preparationsoftheopticpathway, and someprojectinto theoppositeopticnerve. C and D: Similarfibertrajectoriesin thechiasm are

observed in thebrain slicestreated with normalmouseIgG (40 !g/ml).E and F:Afterthebrain slicesaretreated with 5E1,theaxonsin

retinofugalpathwayarereducedbutnosignificantchangeisfoundinaxoncrossing.G:Graphshowingtheresultsofdifferentgroups.W hite

arrowsindicatethemidline.Scalebar=200!m inA,C andE;Scalebar=100!m inB,D andF
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AtE15,manyaxonshadalreadypassedthechiasm

and enteredtheoptictract. In thecontrolpreparations,

m ore num erous axons were observed to cross the

m idline and project into the contralateral optic tract

(Fig.3A). An obvious uncrossed projection was also

observed in thisstage (Fig.3A and B). Fluorescence

intensityofthedye-filleduncrossedaxonswasanalyzed

within adefined region (asshown in Fig.3B)in various

groups. Addition ofnorm almouseIgG did notlead to

obviouschangesintheuncrossedaxons(Fig.3C andD),

whereas Shh antibody treatm entresulted in increased

num berofuncrossedaxons(Fig.3E,F andG,!!0.05).

56789776:;
Inthepresentstudy, weinvestigatedtheeffectsof

Shhperturbationwithantibodyonaxonroutingin brain

slicepreparationofthemouseretinofugalpathway.Shh

antibodytreatmentresultedinareductioninthenumber

of the earliest retinal axons crossing the m idline of

chiasm atE13, butnotatE14 orE15, suggesting a

transient but important function of Shh signaling in

axon decussation atthem ouseopticchiasm. Anti-Shh

also treatm ents caused increased numberofuncrossed

axonsatE15comparedtothecontrolgroup.

733 -).(’1,)+ 12/% <$+’$%) *-/00$%. $% )1-’=
*3$10< +)>)’/4<)%,

Themolecularm echanism regulatingaxon midline

crossing atthe chiasm waslargely unknown. W e had

shown thatdisturbances ofnorm alShh function with

anti-Shh produced a reduction of the early axons

crossing the midline in the optic chiasm at E13,

suggesting thatShh m ightpromoteaxon decussation in

earlychiasm development. Previousstudieshadshown

thatShhwasanegativeregulatorofretinalaxon growth

in chicken.EctopicShh expression in theentireventral

forebrainresultedingrowthretardationofretinalaxons,

andtheseaxonsbarelyreached thechiasm !15".In Pax-2-

mutantmouse,Shh overexpression in thehypothalamus

wasassociated with projection ofallretinalaxonsinto

the ipsilateraltractwithoutcrossing the m idline !16".

Sim ilarresultswereobserved inNOizebrafish mutants,

whichhadalterationsinpax2/5/8-likegenes !3". These

observations suggested thatShh atthe m idline might

suppressaxoncrossing.Inthisstudy,weobservedfewer

axonscrossing the m idline atE13 afterblocking Shh,

and thisresultseemed contradictory to descriptionsof

Shhfunctionsinotherstudies.Oneexplanationwasthat

Shh played differentrolesin itsinteraction with various

othermolecules, Forinstance, Shh may serve asan

?$.@A 8/%&/*1’ <$*-/.-1430 03/B$%. 5$6-’1C)’)+ -),$%1’ 12/%0 $% B3/’)-</(%, 4-)41-1,$/%0 /& ,3) "#! *3$10<
A and B:In controlpreparations,manyretinalaxonshavealreadycrossed themidlineand entertheoptictract(OT)in whole-mount

preparationsoftheopticpathway, and someuncrossed axonsemergeatE15. C and D: Similarfibertrajectoriesin thechiasm are

observedinthebrainslicestreatedwithnormalmouseIgG (40!g/ml). E andF: Afterthebrainslicesaretreatedwith5E1, m ore

uncrossed axonsappear.G:Graph showingtheeffectof5E1on uncrossedaxons.W hitearrowsindicatemidlines.ScalebarinA,200

!m (A,C andE);inleftpictures,100!m
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axonalchem oattractantin axon guidanceatthemidline

whenitworkedwithNetrin-1!17".Also,differentchoices

ofthe m ethodsfortreatm entand experimentalanimal

species may lead to the differentresults. In further

developm entofthe embryos, obvious effects ofShh

antibodyonaxoncrossingwerenolongerobserved. In

ourpreviousstudy, wefound abundantShh and Ptcin

the ventraldiencephalon, mainly located close to the

m idlineatE13.However,Shh expression wasreduced

atthem idlinewithembryodevelopment.Thesechanges

ofShh expression m ightexplain,atleastpartially,why

Shh only signaled the axon crossing atthe midline at

E13.

!"" #$%&’$(()* +,$% *-.)’/)%#) -% 0$12) #"-+20
Inadditiontotheeffectontheaxoncrossing, Shh

signaling disturbance also affected the developm entof

theuncrossedprojectioninthemousechiasm . AtE15,

the uncrossed axons from the ventraltemporalretina

emerged in normalem bryos.In thepresentexperim ent,

we observed thatinterference ofShh function by Shh

antibody resulted in an increase in the uncrossed optic

pathway, suggesting thatfunctionalblocking ofShh

prompted more axons to turn away from the m idline.

W e therefore hypothesized thatShh mightserve as a

chemoattractantfactorforsom e axonsand directthese

axonsto crossthe midline in normalem bryos. Once

Shhfunction wasblocked,theseaxonsm ighthaltatthe

m idline, probably in the presence ofotherinhibitory

m olecules. Previous studies had shown that axon

divergencein them ousechiasm appeared to relyon the

m idlinecues. W efoundpreviouslythatCD44 function

inhibition led to a reduction in the uncrossed axonsin

the E15 chiasm !18", and chondroitin sulfate proteo-

glycansplayed an im portantrolein thedevelopm entof

uncrossedpathwayinthemouse!19".Theseresultsdemon-

strated that axon divergence at the m idline was

controlledbymultiplem olecules.

Blocking Shh function with itsantibody, as we

found in thisstudy, led more axonsto haltbefore the

m idlineatE13,which did notoccuratE14.Theaxons

subsequentlyturned awayfrom them idlineatE15 after

antibody treatment. These results suggest that Shh

executeddifferentfunctionsinvariousstagesofem bryo

developm ent. Hypothetically, Shhm ightplaytherole

by interacting with other molecules in chiasm

developm ent. W ith em bryo developm ent, the

distribution and function of this molecule undergo

alterations, leading consequently to changes in the

interaction between Shh and other m olecules. This

hypothesis,however,stillneedstobetestedwithfurther

experimentalevidence.
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Shh对发育中小鼠视觉传导通路的影响

郝彦利 1!陈新安 2! 董为人 3 "1 广州医学院解剖教研室!广东 广州 510182#2 香港中文大学解剖教研室!香港#
3 南方医科大学组织胚胎学教研室!广东 广州 510515$

摘要! 目的 探察 Shh对 E13-E15小鼠胚胎中视觉传导通路发育的影响# 方法 E13至 E15小鼠胚胎的眼至视束部分制

备成脑厚片$置于含 10% 的小牛血清的 DM EM /F12的培养液中$在 37!恒温滚动培养箱中培养 5h% 实验组中将 Shh

抗体加入培养液中# 培养结束后&将脑厚片以 4% 多聚甲醛固定&将 DiI颗粒置于视盘% 7d后&在手术显微镜下&暴露被

标记的视神经纤维&在激光扫描共聚焦纤维镜下观察% 结果 用 Shh抗体阻抑 Shh的功能&可引起 E13跨越中线的视神

经纤维减少以及 E15投射至同侧的视束的神经纤维的增多% 结论 在视交叉形成的早期&Shh引导视神经纤维跨越中

线% 在视交叉形成的后期&Shh引导视神经转弯%

关键词!Shh’视交叉’发育
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