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Summary

During　development，　neurons　dif｛brentiate　illto　specific　cell　types　with　distinct　cell

morphology　physiological　properties　and　neural　connections．　One　major　question　in

developmental　neuroscience　is　how　cell　type・specific　diffbrentiation　is　regulated．　In

general，　it　is　known　that　intrinsic　and　ext亘nsic　factors　cooperate　to　regulate　cell

specification　and　di£飴rentiation．　In　the　neocortex，　neurons　display　different

characteristics　according　to　their　laminar　and　area　locations．　Although　much　progress

has　been　made　in　understanding七he　molecular　basis　fbr　intrinsic　regulations　oflaminar

and　area　specification，　it　is　still　poorly　understood　how　lamina・and　area・speci丘c

molecules　such　as　membrane・associated　proteins　contribute　to　cortical　development

through　interactillg　with　extrinsic　cues．

　　　　　　In　this　thesis，　I　studied　the　molecular　mechanisms　underlying　layer－specific

cortical　development，　fbcusing　on　layer　4．　For　this　purpose，　I　searched　fbr　the　genes七hat

are　expressed　in　layer　4　0f　the　developing　rodent　neocortex　by　construc七ing　a

subtraction　cDNA　library．　As　a　result，〃刀05属anetrin　receptor　fanlily　member，　was

identi丘ed．血臼τロhybridization　analysis　revealed　that〃刀65力4　gene　was　expressed

strongly　in　layer　40f　the　primary　sensory　cortices，　the　target　of　sensory　thalamic

af民rents．

　　　　　　Tb　determine　the　ligand　ofUNC5H4，　protein　l）inding　to　UNC5H4　was　examined．

The　result　showed　that　netrin・4　as　well　as　netrin・1　protein　bound　to

UNC5H4・expressing　HEK293T　cells．　Expression　of　z1θ血加・4　gene　was　observed　in　the

neocortex　with　a　higher　level　ill　layer　4　and　sensory　thalamic　nuclei，　suggesting　that

netril1・4　can　aflbct　cortical　neurons　which　expressα刀65力4　Tb　further　study　the　role　of

UNC5H4　in　cortical　development，　the　e舐∋ct　of　netrin－40n〃刀05力4・expressing　cortical

neurons　was　investigated　using　dissociated　cel　culture．1五）und　that　cell　death　of

μ刀05力4・expressing　layer　4　cells　was　suppressed　by　the　apphcation　of　netrin・4　protein．

In　contrast，　netril1・4　had　no　ef民ct　on　deep　layer　cells　even　though　〃刀05ゐ4　was

overexpressed．　These　results　suggest　that　UNC5H4　is　predominantly　expressed　in　layer

4neurons　in　the　primary　sensory　areas　of　the　developing　neocortex　and　may　mediate

the　effbct　of　ne七rin・40n　cortical　cell　survival　in　a　lamina・specific　manne℃
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General　Introduction

In　the　developing　nervous　system，　neurons　are　born　in　the　germinal　zone，　migrate　to

their　appropriate　posi七ions　and　make　neural　connections，　while　some　of　them　disappear

due　to　programmed　cell　dea七h（Sanes　et　a1．，2006）．　These　developmental　processes　lead

to　the　fbrmation　of　orderly　brain　structures，　expressing　complex　functions．　Neural

progenitor　cells　acquire　cell　type・specificity　during七hese　processes．　In　many　parts　of　the

nervous　system　such　as　cerebelum，　hippocampus，　olfactory　bulb，　retina　and　tectum，

cell　type・specificity　appears　as　layer・speci丘city．　The　mammalian　neocortex　also　has

laminar　structure，　which　is　mainly　composed　of　six　cell　layers，　and　in　addition，　the　layer

structure　and　neuronal　connectivity　are　dif【brent　among　areas（Ramon　Y　Caja1，1911）．

About　a　century　ago，　Ram6n　Y　Cajal　had　already　fbund　that　cortical　neurons　have　a

variety　in　their　morphology　and　neural　connections　according　to　their　laminar　and　area

locations（Ramon　Y　Cajal，1911）．　Since　then，　a　large　number　of　studies　have　been

accumulated，　providing　evidence　that　neurons　display　diffbrent　cell　morphology

physiological　properties，　neural　connections　and　molecular　expressions　among　layers

and　areas（Gilbert，1983；0’Leary　and　Koester，1993；Hevner　et　a1．，2003）．　One　of　major

questions　in　current　developmental　neuroscience　is　how・such　cell　type・specific

dif飴rentiation　is　regulated．

　　　　　　　The　molecular　mechanisms　that　speci8　the　identity　of　neural　cells　have　begun

to　be　elucidated　in　the　dorsoventral　patterning　of　the　neural　tube　and　motor　neuron

subtype　specification（Jessell，2000；Shirasaki　and　Pf5fζ　2002）．　For　instance，　Sonic

hedgehog，　secreted　by　the　notochord　and　floor　plate，　regulates　the　expression　of　a
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combinatorial　code　of　transcription　f巨ctors　that　specifies　the　identity　of　motor　neuron

subtypes（Jessell，2000；Shirasaki　and　Pf已f£2002）．　Similarly　in　the　neocortex，　it　is

generally　hypothesized　that　specifica七ion　and　dif琵rentiation　of　neurons　are　controlled

l）ycoordinated　action　of　intrinsic　and　extrinsic　f巨ctors（Rakic，1988；0’Leary　1989；

0’Leary　and　Nakagawa，2002；Grove　and　Fukuchi・Shimogori，2003；Guillemot　e七a1．，

2006；Molyneaux　et　a1．，2007）．　As　intrinsic　mechanisms，　transcription　factors　such　as

Emx2，　Pax6，　COUP・TFI　and　Sp8，　which　are　expressed　in　distinct　graded　manners，　may

participate　in　area　patterning　during　early　corticogenesis（0’Leary　and　Sahara，2008）．A

plausible　mechanism　in　cortical　neuron　dif丘）rentiation　is　that　a　combinatorial　set　of

transcription　factors　confbr　laminar　and　area　identity　on　cortical　neuronal　progenitors

or　postmitotic　neurons，　and　the　downstream　molecules　including　intracellulaち

エnembrane・bound　and　secreted　molecules　regulate　lamina・and　area・specific　cell

diflbrentiation　and　neuronal　connectivity　There｛bre，　a　key　approach　is　to　identify　the

molecules　that　are　expressed　with　lamina－and　area・speci丘city　Recently　much　progress

has　been　made　in　identi8ing　the　transcription　factors　involved　in　laminar　and　subtype

specification　including　axonal　connectivity　For　instance，　analyses　of　mutant　mouse

models　have　indicated七hat　O紘1，」吃ガand　O毎）2　may　speci8　a　subset　of　layer　5

subcortical　and！or　corticocortical　projection　neurons（Weimann　et　a1．，1999；Arlotta　et　al．，

2005；Chen　et　al．，2005；Molyneaux　et　al．，2005），　while乃τ1　and　5滋ゐ2　as　well　as　Oαx2

may　be　involved　in　cel　difibrentiation　of　a　subset　of　layer　6　and　upper　layer　neurons，

respectively（Hevner　et　al．，2001；Cubelos　et　al．，2007；Britanova　et　al．，2008）．

　　　　　　On　the　other　hand，　environmental　factors　also　play　a　role　in　cortical　cell

dif丘ren七iation．　Molecules　secreted　from　signaling　centers，　such　as　FGF8，　FGF　17，　BMPs

・ 5・



and　Wnts，　have　been　reported　to　modulate　the　expression　of　some　transcription血ctors

such　as　盈21x2　and　OO乙ZP一頂　and　also　some　area－specific　marker　genes

（Fukuchi・Shimogori　and　Grove，2001；Grove　and　Fukuchi・Shimogori，2003；0’Leary　and

Nakagawa，2002；0’Leary　et　al．，2007）．　In　addition，　a　study　demonstrated　that

brain・derived　neurotrophic　factor　altered　the　lamillar　fate　of　cortical　neurons　by

accelerating　the　completion　of　S－phase　of　a　cell　cycle（Fukumitsu　et　a1．，2006）．　Another

notable　extrinsic　factor　is　an　affbrent・derived　factoL　A　transplantation　experiment

demonstrated　that　a　piece　of　fbtal　rat　occipital　cortex，　where　the　barrel　is　originally　not

丘）rmed，　transplanted　to　the　barrel丘eld　of　newborn　parietal　cortex　generated　the　barrels

after　thalamic　innervations（Schlaggar　and　O’Leary～1991）．　An　organotipic　coculture

experimen七also　demonstrated　that　cell　death　of　subplate　cells　in　cortical　explants　was

prevented　by　coculture　with　thalamic　explants，　whereas　they　died　in　isola七ed　cortical

explants（Price　and　Lotto，1996）．　Another　experiment　using　coculture　of　thalamic

explants　with　cortical　precursor　cells　further　showed　that　the　prolifbration　of　cortical

precursors　was　promo七ed　by　thalamic　axolls（Dehay　et　al．，2001）．　Thus，　thalamic

af克rents　may　be　also　important　extrinsic　伍c七〇rs　fbr　cortical　dif飴rentiation．

Fu☆hermore，　an　abnormal　barrel　cytoarchitecture　in　the　primary　somatosensory　cor七ex

was　ol）served　in　several　genetic　mouse　models，　which　cause　an　excess　of　serotonin　in　the

brain（Cases　et　aL，1996；Persico　et　aL，2001），　suggesting　that　serotollin　derived　fξom

七he　brainstem　may　con七ribute　to　the　barrel丘）rmation　in　layer　40f　the　neocortex　as　an

extrinSiC　faCtOr．

　　　　　　　After　lamillar　and　area　fate　determina七ion，　several　membrane・associated

protein　gelles　such　as　cぼ㎝θηb畠aG・protein・coupled　receptor　like　moleculeτOMシ3　and
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an　Ig・containing　cell　adhesion　molecule巫のα41，　are　expressed　in　a　layer・or

area－speci丘c　f5shion（Suzuki　et　al．，1997；Chenn　et　al．，2001；Takeuchi　and　O’Leary

2006）．Moreover，　MDGAl　is　required量）r　the　migration　of　layer　2／3　neurons七〇their

appropriate　position（Takeuchi　and　O’Lea耶2006）．　Thus，　these　molecules　may　play　an

important　role　in　the　subsequent　cell　develop皿ent　including　cell　migration，

morphological　and　physiological　cell　maturation，　the　fbrmation　and　mailltenance　of

neural　connections　and　cell　survival，　by　interacting　with　environmental　cues．　However，

it　is　still　poorly　understood　how　extrinsic　f5ctor・related　molecules，　especially　expressed

as　a　result　of　cell　f已te　determination，　contribute　to　the　subsequent　layer・and

area・specific　cell　diffbren七iation　during　cortical　development．

　　　　　　dur　group　has　l）een　fbcusing　on　layer　4　0f　the　neocortex　because　of

thalamocortical　connectivity．　The　thalamocortical　projection　exhibits七ypical　laminar

speci丘city（Jones，1981；Gilbert，1983）and　has　also　been　well　characterized　during

development（Lund　and　Mustari，1977；Ghosh　and　Shatz，1992；Agmon　et　al．，1993；

Kageyama　and　Robertson，1993；Catalano　et　al．，1996；Molnゑr　et　al．，1998）．　Our

previous　investigations　have　suggested　that　thalamocortical　axon　branching　is　induced

by　membralle・associated　molecules　in　layer　4，　whereas　termination　of　axonal　grow七h　is

regulated　by　growth・inhibitory　molecules　in　layers　2／3　and　4（Yamamoto，2002）．　These

丘ndings　suggest　that　the　f5ctors　regula七ing‘ thalamocortical　axon　targeting　and

dif丘rentiation　of　target　layer　cells　are　expressed　speci丘cally　in　the　upper　layers．

　　　　　　In　this　study　to　elucidate　the　molecular　mechanisms　underlying　layer－specific

cor七ical　cell　diflbrentiation　alld　neural　circuit　fbrmation，　in　chapter　I，　I　searched　fbr

genes　that　are　expressed　in　upper　layers　of　the　developing　rodent　neocortex　and

一 7・



identi丘ed　that〃刀05ゐ4　gene　was　predominantly　expressed　in　layer　4　and　the　primary

sensory　areas，　and　in　chapter　II，　I　studied　the　ligand　of　UNC5H4　and　their　role　in

cortical　development．
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Chapter　I

Identification　of　a　layer　4－8peci丘c　gene　and　analysi80f　its　expression　in　the

　　　　　　　　　　　　　　　　　　　　　　　　developing　neocoltex
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Summary

The　neoocortex　is　fUndamentally　composed　of　six　cell　layers，　and　the　laminar　properties

are　diffbrent　among　areas．　During　development，　neurons　diffbrentiate　into　a　varie七y　of

cell　types　based　on　their　laminar　and　area　speciflcation．　An　intriguing　question　is　how

layer・and　area・speci丘c　development　of　cortical　neurons　is　regulated．皿）explore　the

molecular　basis，　I　searched　fbr　genes　that　are　expressed　in　a　laminar　speci丘c　fashion．

Especially　I　fbcused　on　layer　4　since　it　is　related　to　the　thalamocortical　connectivity　and

therefbre　constructed　a　subtraction　cDNA　library　that　was　enriched　fbr　genes　expressed

in　layer　40f　the　rat　neocortex　at　postnatal　day　7，　by　when　laminar　organization　and

五1ndamental　cortical　circuitries　have　been　established．　As　a　result　of　diffbrential

screening　and　m訪ロhybridization　analysis，　one　of　cDNA　fをagments　ol）tained　f士om　the

lil）rary　was　expressed　specifically　in　layer　40f　developing　rat　neocortex，　although　it

showed　no　homology　to　any　known　sequence．　Tb　identify　the　gene　of　this　fragment，　it

was　extended　by　the　5’race　method　and　fbund　to　be　homologous　to　human〃刀τ5乃4gene．

Detailed　analysis　of　the〃刀65乃4　expression　further　revealed　that　it　was　expressed　in

layer　4　wi七h　the　predominance　of　the　primary　somatosensory　and　visual　areas　at　around

first　postnatal　week．　Moreoveちμ刀65ゐ4　was　prefbrentially　expressed　in　the　target

neurolls丘）r　thalamic　af丘rents　in　the　barrel　field．　In　addition，　the　area・specificity　of　the

expression　pattern　in　the　mouse　Ileocortex　emerged　at　postnatal　day　3．　These　results

suggest　that〃1105力4　is　predominantly　expressed　in　developing　layer　4　neurons　in

primary　sensory　areas　of　the　neocortex　and　may　play　a　role　in　layer・and　area－specific

development　of　cortical　cells　and　circuitries．
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Introduction

The　neocortex　is　fUndamentally　composed　of　six　cell　layers，　which　are　distinguishable

by　cellular　morphology　and　the　extrinsic　and　intrinsic　connections　they　make，　and　such

laminar　proper七ies　are　dif【brent　among　areas（Ramon　Y　Caja1，1911；Krieg，1946；

McConnel，1989）．　An　intriguing　question　is　how　cortical　neurons　dif〔brentiate　into　a

particular　laminar　and　area　type，　and　are　connected　with　a　specific　popula七ion　of

subcortical　and　cor七ical　neurons．　A　plausible　mechanism　is　that　a　set　of　transcriptional

伍ctors　expressed　in　a　given　layer　or　area　determine　cell　fate，　and　expression　of

downs七ream　molecules　including　ligand　and　receptor　molecules，　are　required　fbr　cell

type・specific　dif民rentiation　and　axonal　guidance　of　cortical　af民rents　and　e鑑rents．

Therefbre，　a　key　approach　is　to　identi8　the　molecules　that　are　expressed　with　laminar

and　area　specificity

　　　　　　In　this　study　I　attempted　to　identify　lamina・specific　genes，　fbcusing　on

thalamocor七ical　connectivity　The　thalamocortical　projection　exhibits　typical　laminar

specificity（Jones，1981；Gilbert，1983）and　has　also　been　well　characterized　during

development（Lund　and　Mustari，1977；Ghosh　and　Shatz，1992；Agmon　et　al．，1993；

Kageyama　and　Robertson，1993；Catalano　et　al．，1996；Moln益r　et　al．，1998）．皿）date，加

口在ostudies　using　organotypic　cocultures　of　the　cortex　with　the　thalamus　have

demonstra七ed　that　there　is　a　target　recognitioll　mechanism　by　which　thalamocortical

axons　recognize　layer　4，　their　target（Yamamoto　et　al．，1989，1992；Moln白r　and

Blakemore，1991，1999；Bolz　et　al．，1992）．　Our　previous　investigations　have　fUrther

suggested　that　thalamocortical　axon　branching　is　induced　l）y　membrane・associated
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molecules　in　layer　4，　whereas　termination　of　axonal　growth　is　regulated　by

growth・inhibitory　molecules　in　layers　2／3　and　4（Yamamoto　et　al．，1997，2000a，2000b）．

These　findings　suggest　that　the　f5ctors　regulating　thalamocortical　axon　targeting　and

dif飴rentiation　of　target　layer　cells　are　expressed　speci丘cally　in　the　upper　layers．　Based

on　this　hypothesis，　I　searched　fbr　the　molecules　expressed　specifically　in　these　layers，　in

particular，1ayer　4，　by　constructing　a　subtraction　cDNA　library．

Material8　and　Method8

Aniエnals

Sprague　Dawley（SD）rats（Nihon　Animals，　Osaka，　Japan）were　used五）r　the

construction　of　a　subtraction　cDNA　library　andτ刀田ταhyl）ridization　analysis　fbr

screening．　For　the　de七ailed　gelle　expressioll　analysis　and　immunohistochemistry　fbr

serotonin　transporter（5・HTT），　C57／BL6　mice　and　Institute　of　Cancer　Research（ICR）

mice　were　used．　The　day　of　vaginal　plug　detection　is　designated　EO，　and　the　day　of　birth

is　postnatal　day　O（PO）．

Construction◎f　a　subtτaction　cDNA　1輌bra】写

The　whole　brain　was　removed　from　P7　rats．　Coronal　slices（250μm　thickness）were　cut

with　a　microtome　in　ice・cold　Hanks’solu七ion．　Layer　4　strips，　roughly　500μm　in　length，

were　dissected丘om　the　somatosensory　cortex　with　a　small　scissors（Fig．1・1）．　The

cortical　barrel　s七ructures，　which　were　visible　under　a　trans・illuminating　microscope，

were　used　as　a　landmark　Ibr　layer　4（Fig．1－1）．　Virtually　the　same　size　of　layer　5　strip
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was　dissected　beneath　layer　4（Fig．1・1）．　Three　to　fbur　pieces　fbr　each　layer　were

collected，　from　which　total　RNAs　were　extracted（RNeasy　Mini　Ki七，　Qiagen，　Tokyo，

Japan）．　Approximately　10・20　ng1μl　of　total　RNA（30μ1）was　obtained．　Layer　4　and　layer

5cDNAs　were　synthesized　f士om　approxima七ely　5011g　of　these　RNAs　wi七h　reverse

transcriptase（SMART　PCR　cDNA　Synthesis　Ki七，　Clon七ech，　Tokyo，　Japan）．　These

cDNAs　were　ampli丘ed　with　a　primer（AAGCAGTGGTAACAACGCAGAGT），　and

subjected　to冗5∂∫diges七ion　fbr　thθfbllowillg　hybridization．　The　layer　4　DNA丘agments

were　hybridized　with　an　excess　amount　of　the　layer　5　DNA　fragments（PCR　Select

cDNA　Subtraction　Kit，　Clontech，　Tbkyo，　Japan）．　Thereafヒeち　uIIhybridized　DNA

丘agments　were　further　amplified，　cloned　into　pGEM－T　vectors（Promega，　Tbkyo，　Japan），

and　stored　as　a　subtraction　cDNA　library（layer　4　minus　layer　5）．　Likewise，　a　reverse

subtraction　library（1ayer　5　minus　layer　4）was　produced．

B

Fig．1・1．　Dissection　of　layer　4　and　5　strips　from　P7　rat　soma七〇sensory　cor七ex．（A）

Somatosensory　cortical　slice　under　transilluminating　hgh七befbre　dissectiol1．　Arrows
indicate　the　barrels．（B）The　same　cortical　slice　after　dissection　of　layer　4　s七rip．The　area

surrounding　the　dashed　lines　represents　dissected　layer　5　strip．　Bar　indicates　O．5　mm．
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Dif飴ren　

t輌al　screening　and　se《茎uence　analysis

Tb　eliminate　false－positive　clones　a　dif丘rential　screening　was　perfbrmed　prior　to　111甜τα

hybridization．　After　trans最）rmation　of　the　subtraction　cDNA　library～colonies　were

picked　ralldomly　and　grown　in　a　96・well　plate．　Each　insert　was　ampli丘ed　by　PCR＆om

the　bacterial　culture　solution．　Amplified　DNAs　were　denatured　with　O．6　M　NaOH　and

duplicated　onto　two　nylon　membranes．　Two　kinds　of　DNA　probes（layer　4　and　layer　5

probes）were　produced　with　Digoxigenin（DIG）・labeled　nucleo七ides（Roche，咀）kyo，

Japan）by　ampli粒ing　inserts　from　the　two　subtraction　cDNA　libraries（1ayer　4　minus

layer　5　and　layer　5　minus　layer　4）．　The　duplicate　membranes　were　subjected　to

hybridization　with　each　probe　and　detected　with　chemilluminescence　reaction．　The

clones　showing　more　than　2・fbld　intensity　with　layer　4　probes　were　selected　and

subjected　to∠刀副ταhybridization．

　　　　　　The　selected　clones　were　applied　to　sequence　analysis　with　the　plasmid・specific

sequences．　In　some　cases，　to　determine　the　additional　sequence　of　genes　of　the　selected

，1。nes∴。xt。nd。d　DNA丘。gm，nt，　were。bt。in。d　by　5・。a，e　m。th。d（Sm。，t，a，e　kit，

Clontech，吸）kyo，　Japan）．　Tb　analyze　gene　homology　to　the　sequence　of　obtained　DNA

丘agments，　DDBJ／GenBankZEMBL　DNA　databases　were　utilized．

Isola　tion◎f　the　ra　

t　unc5h4　cDNA

Tb　syn七hesize　theα刀05力4　riboprobe　fbr∠刀創諺αhybridization，　the　cDNA　encoding　a　part

ofα1705力4coding　region　was　obtained　as丘）llows：Tbtal　RNA　was　prepared　from　a　SD　rat

cortex　at　E　18，　and　the　first・straIId　cDNA　was　produced　using　the　SuperScript　II

reverstranscriptase（Invitrogen）．　The　cDNA　encoding　rat〃刀05力4（1449　bps）was
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isolated　by　RT－PCR　using　the　fblowing　p　rimer　p　air：5’－TTGTGAGGGAATGTCAGTG・3’

and　5’・TCCTGGCATGCAGTGAATG・3’．　Although　the　sequence　of　rat〃刀05力4　gene　was

no七still　in　public，　the　sequence　of　the　fragment　obtained　by　RT・PCR　was　95．8％

homologous　to　the　1163・2623　bp　portion　of　mouse〃刀05力4（Accession＃NM＿153135）．

This　fξagment　was　then　cloned　into　the　pGEM－T　vector（Promega）．

In　situ　hybridiza　

tion

DIG・labeled　RNA　probes　were　used　fbr　hybridization．　The　DNA　fragments　obtained

血om七he　sul）traction　lil）rary　and　anotherα刀c5力4　fξagment　obtained　by　RTΨCR（see

al）ove）were　used　as　templates　Ibr　RNA　probes．　Tb　produce　linearized　templates　fbr　the

synthesis　of　riboprobes，　inserts　in　pGEM・T　vectors　were　ampli丘ed　by　PCR　using

oligonucleotides　tha七contain　T7　and　SP6　promoter　sequences．　The　PCR　products　were

puri丘ed　using　the　Wizard　SV　Gel　and　PCR　Clean・Up　System（Promega），　and加の’白o

transcription　was　carried　out（DIG・RNA　SyIlthesis　Kit，　Roche，低）kyo）．　Finally　these

probes　were　purified　with　gel丘ltration　columns（mini　Quick　Spin　RNA　Columns，　Roche，

Tbkyo）and　kept　at」30　degrees．

　　　　　　Animals　were　decapitated　after　anesthesia　to　obtain　whole　brains　f士om

postnatal　animals（PO，3，7，14　fbr　rats；PO，2，3，6fbr　mice）．　E　18　rat　brains　were　taken

from　fbtuses　under　deep　anesthesia．　The　brains　were　fixed　in　4％para丘）rmaldehyde

（PFA）in　O．1　M　phosphate　buf民r（PB）fbr　l　hour　at　room　temperature　and　then　2・3

hours　at　4℃．After　overnight　incubation　with　a　sequential　step　of　15％and　30％sucrose

in　PBS，　the　brains　were　frozen　and　then　cut　il1七〇100r　20μm　sections（coronal　or

sagittal　sections）with　a　cryostat．40μm・thick　tangential　sections　were　prepared　as
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described　below．　The　serial　coronal　sections　were　prepared　at　approximately　250μm

intervalS．

　　　　　　Sections　were　refixed　in　4％PFA　in　O．1　M　PB，　washed　with　distilled　water　and

O．1Mtriethanolamine，　then　acetylated　in　O．25％acetic　acid　in　O．1MTAE，　fbllowed　by　a

丘nal　wash　in　PBS．　Prehybridiza七ion　was　carried　out　fbr　l　hour　in　hybridization　bu丘br

（50％fbrmamide，5％SDS，5×SSPE，0．2　mg／ml　tRNA），　fbllowed　by　hybridization　fbr　12

hours　at　60℃ill　hyb亘dization　buf飴r　con七aining　1μg／ml　DIG・labeled　RNA　probe．After

three　washes　in　50％丘）rmamide　and　2×SSC　at　60℃，　these　sections　were　subjected　to

blocking（blocking　regent，　Roche，　Tbkyo，　Japan）fbr　1・2　hours　at　room　temperature，　and

then　incubated　overnight　at　4℃with　alkaline　phosphatase・conjugated　anti・DIG

antibody（1：2000，　Roche，吸）kyo，　Japan）．　A丑er　washing丘ve　times　at　room　temperature，

七he　color　reaction　was　carried　out　at　room　temperature　or　4℃in　BM　Purple（Roche，

Tbkyo，　Japan）．　The　reaction　was　terminated　by　immersing　the　sections　in　TE　buf丘r（10

mM　Tris・HCl，1mM　EDTA，　pH　8．0）overnight　at　4℃，　and　then　the　sections　were丘xed

with　4％PFA　in　O．1MPB　fbr　15　minutes．　Then　sections　were　treated　in　70％，80％，90％

and　100％ethanol，　and　xylene，　and　then　embedded．

　　　　　　For　Nissl　s七aining，　adjacent　or　proximal　sections　were　used．　These　sections　were

immersed　in　O．5％cresyl　violet　fbr　several　minutes　and　then　subjected　to　the　ethanol

series　and　embedding．

Immunohistochemistry丘）r　5・1｛TT

5・HTT　immunohis七〇chemistry　as　a　marker　of　the　thalamocortical　projections　was

per量）rmed　mainly　as　described　elsewhere（Rebsam　et　al．，2002）．　P71CR　mouse　brains
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were　fixed　with　4％PFA　in　O．125　M　PB，　fbllowed　by　cryoprotection　with　a　sequential

step　of　15％and　30％sucrose　in　PBS．　Tb　obtain　tangential　sections，　cortical　hemispheres

were　separated　f士om　a　P7　mouse　brain，　flattened　between　two　glass　slides　separated　by

lmm・thick　spacers，　and丘xed　fbr　3　hours　as　described　above．　Then，40μm・thick　f士ozen

sections　were　prepared　using　a　cryostat．　Sections　were　washed　with　PBS・（0．12　M　PB，

9％saline）aIld　incubated　with　PBS＋（PBS　containing　O．2％gelatin　and　O．25％T亘ton

X・100）fbr　30　min，丘）llowed　by　incubation　with　a　rabbit　polyclonal　anti・5・HTT　antil）ody

（1：5000，Calbiochem）overnight　at　room　temperature．　A丑er　washing　with　PBS＋，

sections　were　incubated　with　a　biotinylated　goat　anti－rabl）it　antibody（1：200；Vbctor

Laboratories）　　Ibr　2　　hours　at　room　　temperature，　　丘）llowed　by　a

streptavidin・biotin－peroxidase　complex（1：400；Amersham　Biosciences）fbr　1．5・2　hours

a七　room　temperature，　alld　then　detected　by　a　solution　containing　O．02％

diaminobenzidine，0．003％H202　in　O．05　M　Tris・HCl，　pH　7．6．

Result8

Con8tmction　of　a　subtracted　cDNA　Hbrary　alld　i801ation　of　a　clone　expre8sed　i皿layer　4

0f　the　neocortex

Tb　identify　the　genes　that　are　expressed　in　layer　4　0r　layer　2／3・4，　I　constructed　a

subtraction　cDNA　lil）rary　in　which　cDNAs　derived　f壬om　layer　4　strip　s　of　P　7　rat

somatosensory　cortex　was　enriched　by　subtracting　cDNAs　fをom　layer　5　strips（see

Materials　and　Methods）．　Approximately　one　thousand　clones　from　the　subtraction

library　were　subjected　to　the　dif｛brential　screenillg　ill　the丘rst－round　screening．　As　a
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result，　I　obtained　130　positive　clones，　which　showed　stronger　signals　to　the　layer　4　probe

than　the　layer　5　probe．　Then，τ11田ταhybridiza七ion　was　perfbrmed　with　each　of　the　49

positive　clones　which　were　selected　randomly　to　examine　laminar　specificity　on　P7　rat

brain，　in　which　cortical　laminar　configuration　is　established．　Although　most　of　the

clones　tested　showed　virtually　no　or　very」らint　signals，　fbur　clones（＃571，＃585，＃746　and

＃846）exhibited　specific　expression　in　layer　40r　layer　2／3－4（Fig．1・2）．

　　　　　　Among七hem，＃571　exhibited　a　highly　restricted　expression　in　layer　4（Fig．1・2A，

E，1－3）．Moreove鴎its　expression　was　higher　in　the　caudal　rather　than　the　rostral　regions

in　the　neocortex（Fig．1－3B）．　Another　characteristic　of　this　gene　was　its　prominent

expression　in　the　piri丘）rm　cortex，　the　amygdala　and　hippocampus，　especially　in　CA3

and　dentate　gyrus（Fig．1・3）．　Moderate　expression　was　also　fbund　in　the　hypothalamus

（Fig．1・3B）．　In　the　thalamus，　the　expression　was　observed　in　the　ventral　part　of　the

lateral　geniculate　nucleus（Fig．1・3B）．　In　other　brain　regions，　it　was　expressed　in

midbrain，　mitral　cell　layers　of　the　olfac七〇ry　bulb　and　the　Purkinje　cel　layer　of　the

cerel）ellum（Fig．1・3B）．
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Fig．1・2．　Four　clones　which　are　expressed　in　layer　40r　in　layer　2／3・4．

力sz老ロhybridization　shows　la皿inar　expression　patterns　in　the　visual（A－D）and
somatosensory（E－H）cortices　of　P7　rat．　DIG－1abeled　probes　were　used．　In　each　pane1，加

醐ταhybridization　is　shown　to七he　left，　and　Nissl　staining　in　adjacent　sections　is　to七he

right．＃571（A　and　E）and＃585（B　and　F）genes　are　more　specifically　expressed　in　layer

4，while＃746（C　and　G）and＃846（D　and　H）genes　are　expressed　in　layer　2／34．　Bar

represents　O．2　mm．
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Fig．1・3．　The　gene　expression　of＃571　in　the　P7　rat　brain．　Panels　A　and　B　show　the　gene

expression　pattern　of＃571　in　the　coronal　and　sagi七七al　brain　sections，　respectively　The

signals　are　observed　in　the　neocor七ex，　hippocampus，　olfactory　bulb，　midbrain，　limbic

system　and　hypothalamus．　Am，　amygdala；Cb，　cerebellum；DG，　denta七e　gyrus；Hpt，

hypo七halamus；OB，　olfactory　bulb；Pir，　pirifbrm　cortex．　Bar　indica七es　l　mm．

Identification　of　the　layer　4・specific　gene

Tb　determine　the　gene　of　the　DNA仕agmen七＃571，　sequence　analysis　was　perfbrmed．

However，　it　showed　no　homology　to　any　known　gene，　though　there　were　ESTs

（expression　sequence　tags）that　exactly　matched　these　clones．　Howeveちan　ex七ended

produc七〇f＃571from　the　5’race　method　was　homologus　to　an　unreported　human　cDNA，

which　was　obtained　from　a　human　brain　cDNA　library（Nagase，1997，1999）．　The

七ranscript　col1七ained　an　open　reading　frame（2847　bp）and　3’UTR　of　more　than　4000　bp．

The　deduced　amino　acid　sequence（948　aa）revealed　its　fbatures　of　a七ransmembrane

protein，　including　a　signal　peptide　sequence，　two　immunoglobulin　and　thrombospondin

domains（Fig．1・4）．1七s　cytoplasmic　region　consists　ofZU5　and　death　domains，　which　are
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common　to　UNC・5・like　netrin　receptors（Leonardo　et　al．，1997）．　We　herea仕er　designate

this　novel　member　of　theロ刀o・5　f且mily　asμ刀05力4　The　nucleotide　sequence　of　human

ロ刀05力4泌L41777　was　deposi七ed　into　DDBJ／GenBank1EMBL　DNA　databases

（Accession＃ABO55056）．、㎜1777　is　an　alias五）r七his　new　gene　in　the　human　brain

cDNA　database．
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Fig．1・4．　Amino　acid　sequence　of　human　UNC5H4／KIAA1777　and　ex七ended　product　of

＃571by　5’race　method．　The　matching　sequences　are　indicated　by　gray　boxes．　Ig，

immunoglobulin；TSB　thrombospondin；TM，七ransmembrane；DB，　DCC－binding．

Development　of　laminar　expression　of　L皿05μ

To　gain　an　insigh七into　howロ刀05乃4gene　is　associated　with　laminar　property　cellular

dif飴rentiation　and　aflbrent　invasion，　their　expression　pa七七erns　were　studied　in七he
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developing　somatosensory　cortex（Fig．1－5）．　The　expression　ofα刀05力4was　observed　in

the　subven七ricular　zone（SVZ）and　lower　par七〇f　the　intermediate　zone（IZ）at　E　16（data

not　shown）and　E　18．At　PO，　the　weak　expression　appeared　just　benea七h　the　marginal

zone，　and七hen　in　sligh七ly　lower　layers　at　P3．　At　P7，　the　message　was　largely　res七ricted

to　layer　4．　Thus，七he　expression　pa七七ern　of　this　gelle　during　developmen七was　closely

rela七ed　to　the　laminar　locations　ofthe　cells　destined七〇1ayer　4，　but　the　signal　was　rather

weakened　a七P14．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－　　　
＄　F　　・　⊥「　　　・

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　〒一一・・一～　　　　II／11r．、、』∵∴

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　…1警　三ご瀞

司態10≡1・二∵　一：．＿一聯騨
　　　　　　E18　　　　　PO　　　　　　P3　　　　　　P7　　　　　　　P14

Fig．1・5．　Developmen七al　changes　of　laminar　expression　ofα刀05乃4　gene．砺05力4gene

expressions　in　the　parietal　region（above　the　hippocampus）of　rat　Ileocor七ices　are　shown．

1h田加signals　are　shown七〇七he　lef七〇f　each　stage，　and　Nissl　s七aining　is　shown　to　the

right．　The　laminar　pattern　ofμ刀05力4　signals　is　highly　similar　to　the　migratory　pat七ern

of　layer　4　neurons．　MZ，　marginal　zone；CP，　cell・dense　cortical　plate；SP，　subpla七e；SV

subventricular　zone；VZ，　ventricular　zone；1，　II／III，　IV　V　VI，　cortical　layers．　Bar

represen七s　O．2　mm．

Predominant　expression　ofπ刀05乃4　gene　in　the　primary　sensory　areas　of　the　neocortex

The　screening　based　on七he加田加hybridiza七ion　analysis　demonstra七ed　that　the　gene

expression　ofロ刀05乃4was　largely　restricted　to　layer　40f　the　developing　rat　neocor七ex．　Tb
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study　the　detailed　gene　expression　ofロ刀c5力4　Z刀81τロhyl）ridization　analysis　was　then

per量）rmed　in　serial　coronal　sections　of　the　mouse　neocortex　at　P6，　when　laminar

configura七ion　is　established．　In　pa亘etal　sections，　theロ刀05力4　signal　within　layer　4　was

much　higher　in　the　lateral　part　of　the　neocortex（Fig．1－6A）．　In　the　occipital　cortex，、

h・w・v・ちth・p・ed・min・nt　regi・n　w・・shi丘・d　t・th・d・r・al　p・・t（Fig・1’6A）・Th・

expression　pattern　also　showed　clear　boundaries（Fig．1・6B，　C）．　Tb　determine

predominant〃η05力4expressing　cortical　areas，　the　pattern　was　compared　with　adjacent

Nissl・stained　sections（Fig．1・6C，　D）in　refbrence　to　the　architectonic　map　of　the　mouse

neocortex（Caviness，1975）（Fig．1・6F）．　For　example，　the　expression　boundary　ol）served

in　the　parietal　sections　was　determined　to　be　the　l）order　l）etween　the　primary（area　3）

and七he　secondary（area　40）somatosensory　areas　based　on　cell　density　in　layer　4（Fig．

1・6C，　D）。　Reconstruction　of　the　serial　sections　revealed　mainly　two　regions　where

predominant　signals　ofロ刀05乃4　were　observed（Fig．1・6E）．　These　regions　were　fbund　to

correspond七〇the　primary　somatosensory　area（area　3）and　the　primary　visual　area

（area　17）（Fig．1・6E，　F）．　In　addition，　the　comparably　higher　expression　was　observed　in

the　primary　auditory　area（data　not　shown）．　The　expression　was　also　strong　in　the

insular　cortex，七he　pirifbrm　cortex　and　the　amygdale　of　the　mouse　brain（Fig．1・6A，　data

not　shown）．
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Fig．1－6．　Area－specific　gene　expression　of〃z705力4（A）1泣田加hybridization　ofα刀05力4in

serial　coronal　sections　of　the　P6　mouse　brain．　In　the　parietal　cortex，α刀c5力4expression

is　higher　in　the　la七eral　part（right，　white　arrows）．　In七he　occipital　cor七ex，　the　strong

expression　is　seen　in　the　dorsal　part（1eft，　white　arrows）．（B，　C）1η8ゴ加signals　show

clear　boundaries（arrow　in　C）．　C　represents　a　higher　magni丘ca七ion　view　of　the　box　in　B．

（D）Nissl　staining　on　an　adjacent　section　shows　area　boundary　recognized　by　cell

density　in　layer　4（arrow）．1，H／皿，］V，　V，cortical　layers．（E）Reconstruc七ion　of　the

serial　sections（A）revealed七wo　predominan七regions（blue　and　red）．　These七wo　regions

correspond　to七he　primary　somatosensory　area（blue，　area　3），　and　the　primary　visual

area（red，　area　17）in　refbrence　to　the　architectonic　map　of七he　mouse　neocortex（F，

adapted　from　Caviness，1975）．　Numbers　in　F　indicate　Brodmann　area．　Scale　bars：1mm
（A，B），0．2　mm（C，　D）．

乙塩65ゐ4expression　in　the　target　cels　fbr　thalamocortical　a鑑rents

Tb　compare　theα刀05力4　expression　with七halamocortical　innervations，七halamocortical

prqectlons　were　visualized　by　immunostaining　with　an　an七i－serotonin・transporter

（5－HTT）antibody　since　5・HTT　is七ransiently　expressed　in　thalamocortical　axon　fibers

until　around　the　first　postnatal　week（Rebsam　et　al．，2002）．5・HTT　immunoposi七ive
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regions　were　largely　overlapped　wi七hα刀05力4　gene　expression　areas　in　layer　40n　the

coronal　sections，　althoughα刀05力4was　also　moderately　expressed　in　the　upper　layers　in

some　regions（Fig．1・7A，　B）．　I　also　fbund　strong　signals　ofα刀05力4　in七he　barrel丘eld　in

the　primary　somatosensory　area（Fig．　r　7A，　B）．　Tb　determine七he　de七ailed　location　of

αη05力4・expressing　cells　in　the　barrel丘eld，加田彰ロhybridization　was　per最）rmed　wi七h　a

tangential　section　of　the且attened　cortex．　I　fbund　that　u刀05乃4　was　prefbrentially

expressed　in　the　barrel　walls，　but　was　hardly　expressed　in　the　barrel　hollows　and　in七he

septal　regions（Fig．1・7C，　D）．　Since　the　barrel　walls　are　primarily　comprised　of　the

neurons　that　receive　thalamic　inputs（Woolsey　and　Van　der　Loos，1970；Killackey　and

Leshin，1975），　these　results　suggest　thatη刀05力4may　be　prefbrentially　expressed　by　the

target　neurons　fbr　thalamocor七ical　axons．

5－HTT 　　　　　（ノηc5力4

B
　　　　　　　　　　　　〆ビ

　　　　　，、，べ、

曇＼
　　　、

÷

纏
鷲
鱗
噂
轟

■

　　　　　　　　　　　　　　「宙

Fig．1－7．　Comparison　between　gelle　expression　pa七tern　ofロ刀05万4　and　thalamocor七ical

projections．（A，　B）5・HTT　immunoposi七ive　areas（arrows　in．　A）on　a　coronal　sec七ion　at　P7
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are　largely　overlapped　withひ刀65占4　gene　expression　pattern（arrows　in　B）of　a　proximal

section　in　the　same　brain．（C）5・HTT　immunohistochemistry　on　a　tangential　section　of

P7且attened　cortex　clearly　shows　thalamic　axon　terminals　in　the　barrel　field　of　the

primary　somatosellsory　area．（D）Intense　signals　of〃η05力4are　recognized　il1七he　barrel

walls　and　in　a　part　of　barrel　hollows，　but　the　signals　are　hardly　seen　in　the　septal

regions．　Scale　bars：1mm（A，　B），0．2　mm（C，　D）．

Emergence　of　area・speci丘city　of顕05力4　expre88ion

Tb　address　when　the　area・speci丘c　expression　il1七he　neocortex　emerges，　I　analyzed　the

developmental　expression　during　perinatal　stages．　On　an　E　18　rat　sagittal　section，

predominant　expressioll　ofロ刀05力4　was　observed　unifbrmly　along　the　anterior・posterior

axis　in　the　SVZ　and　the　lower　IZ　of　the　neocortex（Fig．1・8A）．　At　birth，　decreased

expression　was　observed　in　the　SVZ　and　a　part　of　the　white　matter（Fig．1－8B），　and　weak

expressioll　emerged　in　the　upper　part　of　the　cortical　plate　at　P2（Fig．1・8C）．　At　P3，

however，　the　expression　was　clearly　recognized　in　upper　layers　with　a　discolltinuous

pattern（Fig．1・8D）．　Especially　within　presumptive　layer　4　at　P3，　the　discontinuous

signal　was　observed　wi七h　a　high　level　in　the　parietal　and　occipital　regions　but　a　lower

level　in　the　f士ontal　region（Fig．1・8D）．　The　obvious　area・speci丘c　expression　within　layer

4was　observed　by　P6（Fig．1・6）．　Thus，　the　area・speci丘c　expression　pattern　began　to

emerge　at　the　early　postnatal　stage．
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Fig．1－8．　Developmental　changes　of　area　expression　ofロ刀05力4gene．1泣翻加

hybridization　fbrロ刀05乃40n七he　sagittal　sections．（A）The　signals　are　detected　unifbrmly

along七he　anterior・posterior　axis　in　the　SVZ　and　lower　part　of　the　IZ　in　the　E　18　rat

section．（B，　C）Weak　signals　are　observed　in　the　white　matter　at　PO（B），　and　also　in　the

upper　part　of　the　cortex　at　P2（C）in　mice．（D）At　P3，　clear　discontinuous　expression

pattern　begins　to　emerge　around　layer　4　in七he　parie七al　and　occipital　regions（arrows）．

CP，　cor七ical　plate；IZ，　intermediate　zone；SVZ，　subventricular　zone；VZ，　ventricular　zone．

Bar　represen七s　l　mm．

Discussion

Iconstructed　a　subtraction　cDNA　library　where　Iayer　4・derived　cDNA　fragments　were

enriched．　I　obtained　fbur　genes　from　the　library　that　were　expressed　in七he　upper　layers

in　P7　ra七cortex　when　laminar　configuration　is　established．　Of　those，　one　gene　was

predominantly　expressed　in　layer　4，　and　it　was　identified　asα刀05餌amember　of　netrin

receptor　genes．　Thus，　the　presen七study　using　systematic　screening　of　the　subtraction

cDNA　library　clearly　demonstrates　that　certain七ypes　of　genes　including　a　receptor

molecule，　which　migh七be　involved　in　cellular　dif丘rentiation　and　neural　circuit
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fbrmation，　are　expressed　in　the　upper　layers　of　the　developing　neocortex．　Furthermore，

m65ゐ4　was　also　predominantly　expressed　in　the　primary　sensory　areas．　These

observati皿s　suggest　thatロ刀05ゐ4　may　contribute　to　layer・and　area－speci丘c　cortical

development．　They　may　also　provide　some　clues　to　the　relationship　between　the

developmen七〇f　layer　4　neurons　and　thalamocortical　co皿ections．

The　spatiotemporal　gene　expre88ion　ofロロc5ゐ4　during　development

乙塩05力4anew　member　of〃刀o・5　family　was　expressed　most　specifically　in　layer　40f　P7

rat　neocortex．　After　the　sequence　of　humanロ刀65力4庭L41777　was　registered　in

GenBank／DDBJ　datal）ase，　its　mouse　homologue　was　reported（Engelkamp，2002）．

However，　the　present　study　is　the　first　to　demonstrate　its　molecular　characteristics　and

expression　pattern　in　the　brain．　In　terms　of　the　laminar　specificity　the　expression

pro丘le　during　development　showed　a　migrating　behavior　of〃刀05ゐ4　expression．　Indeed，

in　rats，　layer　4　cells　are　born　at　E　16・17　in　the　ventricular　zone　and　migrate七〇the

subventricular　and　intermediate　zones　at　E　18．　At　PO，　they　move　to　the　most　super丘cial

part　of七he　CE　and　gradually　settle　in　layer　4　by　P6（Berry　and　Rogers，1965；Lund　and

Mustari，1977）．砺05力4expression　closely　resembles　this　migration　pattern，　suggesting

thatロ刀05力4　is　expressed　durillg　development　by　the　cels　destined　to　fbrm　layer　40f　the

neocortex．　In　addition，　the　embryonic　expression　pattern　ofα1105乃4　is　also　compatible

with　recent　studies　suggesting　that　intermediate　Ileuronal　precursor　cells　which　are

destined　fbr　upper　layer　neurons　might　accumulate　within　the　SVZ　during　embryonic

s七ages．　Indeed，　in　addition　toロ刀05力45γθZI　and　Oロ揚which　are　expressed　by　neurons

destined　fbr　upper　layers，　continue　to　be　expressed　in　the　SVZ　over　some　embryonic
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s七ages（Tarabykin　et　al．，2001；Zimmer　et　al．，2004；Sasaki　et　a1．，2008）．

　　　　　　Furthermore，　the　screening　by　加　磁〃　hybridization　also　revealed　a

discontinuous　expression　ofα刀05占4　within　layer　4，　prompting　us　to　examine　its

area・specificity　As　a　result　of　the　detailed　expression　analysis，　I　fbund　that〃刀05ゐ4was

predominantly　expressed　in　the　primary　sensory　areas　at　around　first　postnatal　week

At　a　late　embryonic　stage，　howeveち　〃刀65力4　was　expressed　unifbrmly　along　the

anterior・poste亘or　axis　in　the　SVZ　and　lower　part　of　the　IZ．　Taken　togetheちthese

丘ndings　indicate　that　the　area　distribution　of　〃刀05乃4expressing　cels　is　changed

developmentally　while　the　laminar　specificity　may　not　be　changed．　Nevertheless，

血rther　studies　are　Ileeded　to　address　the　question　of　whether　the　expression　of〃刀05乃4

becomes　downregulated　in　some　regions　in　late　embryonic　and　early　postnatal　stages，　or

α刀65乃4expressing　SVZ　cells　themselves　disappear　specifically　in　the　regions　except　fbr

the　primary　sensory　areas．

Molecular　propertie80fロηc5乃4

1t　has　been　shown　that　UNC・5　family　members　are　involved　in　axon　guidance　and　cell

migration　as　netrin－1receptors（Ackerman　et　a1．，1997；Hong　et　al．，1999）．　In　addition，

these　members　have　been　shown　to　suppress　neuronal　apoptosis，　upon　receiving　a

ligand　signa1（Hofinann　and　Tschopp，1995；Llambi　et　al．，2001）．Although　the　molecular

interaction　with　UNC5H4　has　not　yet　l）een　well　understood，　it　is　possible　that　the

ligand　may　influence　cell　survival　of　layer　4　neurons　expressingロ刀05力4　The　survival

e臼bct　might　further　influence　neuronal　co皿ectivity　Another　possibility　is　that

UNC5H4　acts　as　a　ligalld　molecule．　The　extracellular　domains　Containing
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immunoglobuhn　and　thrombospondin　domains　might　directly　in且uence　ingrowing

thalamic　axons．　Identification　of　the　molecules　that　interact　with　UNC5H4　would　be

necessary　to　elucidate　its　role　to　a　great　extent．

Implications　of　the　presellce　of　upper　layer・speci五c　genes

皿）date，　it　has　been　shown　tha七putative　regulatory　genes，丑0呪一βalso　refbrred　to　as

丑Z配・β（BeckerAndre　et　al．，1994；Park　et　al．，1997；Schaeren・Wiemers　et　a1，1997）and

OOZZP－m（Liu　et　aL，2000）are　expressed　in　layer　40f　the　neocortex，　although　the

fUnc七ions　of　these　genes　in　layer　4　are　not　cleaL　Thalamocortical　projections　are

disrupted　in　OO乙元P’mmutants，　but　it　is　likely　that　the　phenotype　is　attributable　to

the　lack　of　subplate　neurons　rather　than　its　direct　in且uences　on　thalamocortical　axon

targeting　in　layer　4（Zhou　et　a1．，1999）．

　　　　　　It　is　also　important　to　reveal　extracellular　molecules　such　as　cell　sur塩ce　or

extracellular　matrix　molecules，　in　order　to　understand　the　molecular　basis　of　cellular

interactions　and　circuit　fbrmation（Yamamoto，2002）．　In　this　sense，αη05力4　is　the　gene

that　encodes　a　cell　surface　protein　and　is　expressed　ra七her　speci丘cally　in　cortical　ceUs

destined　to　settle　in　layer　4　during　development．　Although　how　mo5力4　contributes　to

cellular　diflbrentiation　and　connectivity　in　the　neocortex　is　unknown，　its　molecular

charac七eristics　raise　the　possibility　that　it　is　involved　in　the　interactions　between

cortical　cells，　or　l）etween　layer　4　cells　and　thalamocor七ical　fibers．　Recent　studies　have

shown　thatθρ力η迦4あan　Eph　ligand，　af雀bcts　thalamocortical　axon　behavior　by　its

expression　in　layer　4（MaIIII　et　al．，2002），　but　this　is　unlikely　to　be　the　case　with　the

entire　sensory　thalamocortical　projections　（Donoghue　and　Rakic，　1999，

・ 33一



Mackarehtschian　et　al．，1999；Vanderhaeghen　et　al．，2000；Yabuta　et　a1．，2000）．　In

contrast，　localization　ofα刀05占4　in　layer　4　is量）und　throughout　the　sensory　cortices．

　　　　　　α励θ∬辺一6and　rOMン3　are　known　cell　surface　molecules　that　are　expressed　in

the　upper　layers　of　the　developing　cortex（Suzuki　e七al．，1997，　Chenn　et　al．，2001）．　At

early　postnatal　stages，5bmθκ1，　a　GPI・anchored　semaphorin，　is　also　expressed　in　the

upper　layers（Xu　et　a1．，1998），　while　layer　4　is　devoid　of　the　expression　of　phosphacan，　a

proteoglycan（Maeda　and　Noda，1996），　though　their　expression　patterns　during

development　are　not　well　charac七erized．　It　would　be　worthwhile　to　examine　whether

these　molecules　a登bct　thalamic　axonal　growth，　as　previous　investigations　have

indicated　that　thalamocor七ical　axon　termination　is　governed　by　molecules　distributed　in

layers　2！3・4．（Yamamoto　et　a1．，2000a，　b；Noctor　et　al．，2001；Yamamoto，2002）．　A　similar

laminar　transition　has　l）een　reported　in　the　expression　of　5已ma3臓1ηa刀，　a　potential

molecule，　which　might　be　responsible　fbr　the　fbrmation　of　thalamocortical　projections

（Skaliora　et　al，1998）．

　　　　　　Several　transcription　factors　have　been　shown　to　be　expressed　in　a

lamina・speci丘c　jhshion：0ぴ1（Frantz　et　a1、，1995）and品2（Bulfbne　et　al．，1995）in　layer

5and乃τ・1（Bulfbne　et　al．，1995；Hevner　et　a1．，2001）in　layer　6、　As　fbr　layer　4，

00乙乙P・斑and冗0嘘・メ9are　expressed　in　layer　4，　as　described　above．　Tb　determine　the

relation　between　these　regulatory　genes　and　their　down　stream　molecules　would　also　be

infbrmative　to　understand　the　molecular　basis　of　cortical　cell　dif〔brentiation　and　neural

circuit　fbrmation．
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Chapter　II

Analysi80f　the　ligalld　of　UNC5H4　and　their　role　in　cortical　development
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Summaly

UNC5H4　is　a　meml）er　of　UNC・5　homologue　receptors　that　are　known　to　regulate　cell

sumval　and　axon　guidance　depending　on　net亘n・1，　but　the　role　of　UNC5H4　and　its

ligands　in　cortical　development　are　st且l　unknown．　In　this　study　I　examined　the　binding

of　putative　ligands七〇UNC5H4　using　a　cell　surface　binding　experiment　and

demonstrated　that　netrin・4　as　well　as　netrin・1　protein　l）ound　to〃刀05占4・transfbcted

HEK293T　cells．　Moreover，　the　gene　expression　analysis　revealed　that刀θ血加一4　but　not

11θ左加・1was　predominantly　expressed　in　layer　40f　the　sensory　cortex　and　sensory

七halamic　nuclei，　suggesting　that　netrin・4　is　one　of　the　ligands　of　UNC5H4　and　could

af琵ct　on〃刀05占4expressing　layer　4　neurons　in　the　neocortex．　Tb　examine　the　role　of

UNC5H40n　cortical　neuron　development，ロ刀05力4was　transfbcted　into　cortical　cells　and

the　effbct　of　netrin・40n〃刀05力4・expressing　cortical　neurons　was　investigated　using

dissociated　cell　culture．　The　result　demonstrated　that　cell　death　ofロ刀c5力4・expressing

layer　4　cells　was　signi丘cantly　suppressed　by　exogenous　applica七ion　of　netrin・4　protein．

In　con七rast，　netrin・4　had　no　effbct　on　deep　layer　cells　even　though　〃刀05力4　was

ectopically　expressed　in　the　cells．　Taken　togetheちthese　results　suggest　that　UNC5H4　is

predominantly　expressed　l）y　layer　4　neurons　in　the　primary　sensory　areas　of　the

developing　neocortex　and　may　mediate七he　eflbct　of　netrin・40n　cortical　cell　survival　in　a

lamina・specific　manneL
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IntroductiOI1

During　development，　cortical　neurons　dif艶rentiate　into　a　variety　of　cell　types，　migrate

and　make　neural　connections，　while　some　of　them　undergo　cell　death，　leading　to　the

arrangement　of　cortical　cytoarchitecture　and　precise　neural　circuits．　The　identification

of　molecules　involved　in　such　developmental　events　is　a　key　approach　to　elucidate　the

mechanisms．　In　chapter　I，　I　have　characterized　that〃刀05力4　gene　is　predominantly

expressed　in　layer　4　in七he　primary　sensory　areas　of　perinatal　rodent　neocortex．　The

result　suggests　thatロ刀05力4　may　play　a　role　in　layer・and　area・specific　cortical

development．乙伍05力4　was　cloned　as　a　novel　member　of　ver七ebrate　homologues　of

O2θ刀α必aゐ直加θ海卵刀8ロ刀o・5　gene（Engelkamp，2002）．　UNC・5　homologues，　comprising

UNC5H1，　UNC5H2，　UNC5H3　and　UNC5H4（also　named　UNC5A，　UNC5B，　UNC5C　and

UNC5D），　are　type　I　transmembrane　proteins　composed　of　an　extracellular　sequence

with　two　Ig・1ike　domains　and　two　thrombospondin　type　I　domains，　and　an　intracellular

sequence　with　a　ZU5　domain，　a　DB（DCC・hinding）domain　and　a　death　domah1

（Leonardo　et　al．，1997；Engelkamp，2002）．　UNC・5　homologues　are　known　as　netrin

receptors　based　on　the　cell　surf已ce　binding　experiments　demonstrating　that　UNC5H　1・3

bound　to　netrin・1（Leonardo　et　a1．，1997）and　netrin・3（Wang　et　al．，1999），　and　that

uNC5H　I　bound七〇netrin・4（Qin　et　al．，2007）．　Several加τη’かo　studies　have　proposed

that　these　receptors　may　regulate　apoptotic　cell　dea七h　as　a　dependence　receptor　on

netrin・1：they　induce　apoptosis　in　the　absence　of　netrin・1　through　the　caspase・3

cleavage　of　a　paけicular　cytoplasmic　domain，　whereas　they　transduce　a　positive　signal　in

the　presence　of　netrin・1，　leading　to　cell　survival　and　dif飴rentiation（Mehlen　and
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Mazelin，2003；Por七er　and　Dhakshinamoorthy　2004）．砺05力1・deficient　mice　also

showed　decreased　apoptosis　and　increased　number　of　neuronsτ刀の’ワo（Williams　et　al．，

2006）．Moreover，　it　has　been　suggested　that　they　may　play　a　role　ill　neuronal　cell

migration　and　axon　guidance（Ackerman　e七al．，1997；Hong　et　aL，1999；Finger　et　al．，

2002；Watanabe　et　a1．，2006）．　The　overall　sequence　homologies　ofロ刀05乃4　to〃刀05乃1，

μ刀05力2andα刀05乃3　are　44，48．7　and　47．6％，　respectively　and〃η05ゐ4　is　also　expressed

in　developing　liml）and　mammary　gland（Engelkamp，2002）．　However，　it　is　unclear

whether　UNC5H4　f㎞nctions　in　a　netrin－dependent　manner，　and　the　role　of　UNC5H4

and　its　ligand　molecules　in　coけical　development　is　poorly　understood．

　　　　　　In　this　study　I　investigated　the　binding　of　the　possible　ligand　netrin・1　and

netrin・4，　and　also　analyzed　the　gene　expression　of刀θ垣刀・1　and刀θ加万・4　in　the　early

postnatal　mouse　brain．　I　further　examined　the　role　of　UNC5H4　and　the　ligand　molecule

in　cortical　development　using　dissociated　cell　culture．

Material8　and　Method8

CeU　surface　binding　assay

Cel　surf已ce　l）inding　experiments　were　perfbr皿ed　as　described　previously（1Wang　et　al．，

1999）with、hght　m。di丘，ati。n，．　B。動re　t，an、飴，七i。n，　h。m。n。mbワ。niC　kid。。y　293T

（HEK293T）cells　were　plated　on　a　O．1　mg／ml　poly・Lornithine　coated　dish．　Trans企ction

of　expression　cons七ructs　pcDNA3・UNC5H4・HA（encoding　HA・tagged　mouse　UNC5H40f

which　intracellular　domain　is　truncated，　gift　from　K．　Nakajima，　Keio　University　Tbkyo）

and　pEGFP・N1（Clontech）into　the　cells　was　perfbrmed　using　Lipofbctamine　2000
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（Invitrogen）．　Forty・eight　hours　after　transfbction，　the　cels　were　washed　with　Dulbecco’s

PBS　containing　O．9　mM　CaC12　and　O．5　mM　MgC12，　fbllowed　by　incubation　with　2μg／ml

recombinant　polyhistidine・tagged　mouse　netrin・1　protein　（R＆D　systems）　or

recombinant　polyhisもidine・tagged　mouse　netrin・4　protein（R＆D　systems）in　PBS

supplemented　with　1％normal　goat　serum，2μg／ml　heparin　sodium，　and　O．05％sodium

azide　at　37℃fbr　l　houL　A銑er　washing　three　times　with　PBS，　the　cells　were　fixed　with

4％PEA　in　PBS　at　room　temperature　fbr　15　min．　After　blocking　with　buflbr　G

（Dulbecco’s　PBS・containing　5％normal　goat　serum，0．1％Triton　X・100，　and　O．05％

sodium　azide），　HA・tagged　UNC5H40verexpressed　in　HEK293T　cels　and　bound

His・tagged　netrin　proteins　were　stailled　with　mouse　anti・HA　monoclonal　antibody

（1：600，Roche）and　rabbit　anti・His・tag　polyclonal　antibody（1：500，　MBL），　respectively

Overexpゴessed　UNC5H4　and　bound　netrins　were　then　visualized　with　secondary

antibodies　Alexa　Fluor　488・conjuga七ed　goat　anti　mouse　IgG（1：500，　Molecular　probes）

and　Cy3－conjuga七ed　donkey　antiTabbit　IgG（1：600，　Chemicon），　respectively

In　situ｝1ybridiza　

tion

血s7泌ロhybridiza七ion　using　DIG・labeled　antisense　riboprobes　was　carried　out　as

described　in　chapter　I．　For　synthesis　of　riboprobes，　total　RNA　was　prepared　from　a　SD

rat　cortex　at　E　18，0r　a　C57∠BI．6　mouse　cortex　at　E　l6，　and　cDNAs　were　produced　using

the　SuperScript　II　reverstransc亘ptase（Invitrogen）．　The　cDNAs　encoding　ratηθ功刀・1

（1188bps；the　388－1575　bp　portion　of　NM＿053731），　mouse刀θ垣1r3（881　bp　s；the

2150－3030bp　portion　of　NM＿010947），　and　mouse刀θ加万一4（1945　bps；the　215・2159　bp

portion　of　NM＿021320）were　isolated　by　RT・PCR　using　the　fbllowing　primer　pairs：
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5’・CACAACGTTACGCTCACTC・3’and　5’・TGTGCCCTGCTTGTACAC・3’fbr刀θ垣刀・1，

5’－CAAGCTGGGCGTGGACTG・3’and　5’－AAAGAGGTGGGGACCCTAG・3’fbr　11θ捌π3

5’・CTGCCGCTTCATCCCACC・3’and　5’・GTGCTTAAGACCTTCAGTGC－3’量）r刀θ加’刀一4

These　fragments　were　then　cloned　into　the　pGEM・T　or　p　GEM・T　easy　vectors（Promega）．

In　utero　electroporation

Tb　express　fUll・1ength　UNC5H4　protein　together　with　the　enhanced　green　fluorescent

protein　（EGFP）　in　cortical　neurons　（see　below），　the　expression　plasmid

pCAG・UNC5H4・Myc・IRES・EGFP　was　constructed　as｛bllows．　The　fhll・length　human

α刀65力4cDNA　fragment，　the　signal　sequence　of　which（encoding　14　amino　acid

MILVLVKALSDVCA）was　replaced　wi七h　the　human　IgGI　signal　sequence（encoding

MDWTWRILFLVAAATGAHS）to　enhance　its　expression，　was　obtained　丘om

pCAG・human　UNC5H4－6x　His（gift　f≧om　A．　Tamada，　RIKEN，　Wako），　and　subcloned

into　pCAG・Myc　vector　containing　the　c－Myc　epitope　sequence（also　gift　f士om　A．　Tamada）．

The　cDNA　encoding　UNC5H4・Myc　was　excised　from　pCAG・UNC5H4－Myc　and　then

subcloned　into　pIRES2・EGFP　vector（Clontech）which　contains　the　internal　ribosome

entry　site（IRES）and　the　EGFP　coding　region．　Sul）sequently　the　cDNA　encoding

UNC5H4・Myc・IRES・EGFP　was　further　inserted　downstream　of　the　CAG　promo七er　of　a

plasmid　vecto蛤The　control　vector　pCAG・IRES・EGFP　was　made　by　deletion　of　the

α刀05力4sequence　from　pCAG－UNC5H4・Myc・IRES・EGFP．　The　protein　expression　of

c・Myc・tagged　　　UNC5H4　　　in　　　COS7　　　cells　　　transfbcted　　　with

pCAG・UNC5H4・Myc・IRES－EGFP　was　confirmed　by　western　blotting　and

imm皿ocy七〇chemis七ry　using　an　antibody　against　c・Myc（data　not　shown）．
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　　　　　　The　electroporation　was　perfbrmed　as　described　previously　（Tabata　and

Nakajima，2001）with　slight　modifications．　Pregnant　ICR　mice　were　purchased　fをom

Japan　Clea（W）kyo，　Japan）or　Japan　SLC（Shizuoka，　Japan）．　The　expression　plasmids

were　puri丘ed　using　the　PureLink　HiPure　Plasmid　Maxiprep　Kit（Invitrogen）and

dissolved　in　Dulbecco’s　PBS・at　a　concentration　of　2・3μg／μ1，　fbllowed　by　addition　of　Fast

Green　solution　at　the　final　concentration　of　approximately　O．01％（w／v）to　visualize　the

plasmid　solution．　For　plasmid　injection，　a　micropipette　was　prepared　from　a　glass

capillary　tube　1．2　mm　in　diameter（Narishige，皿）kyo，　Japan）pulled　by　using　a

micropipette　puller（PP830；Narishige，吸）kyo，　Japan）and　the　pulled　tip　was　broken　at

an　external　diameter　of　30－40μm．　At　E　13．50r　E　12．5，　pregnant　mice　were　anesthetized

with　pentobarbital　sodium（Nembuta1；Dainippon　Sumitomo　Pharma，　Osaka，　Japan），

injected　intraperitoneally　with　Dulbecco’s　PBS・at　60・65μg　per　gram　of　body　weight．

Then，　apProximately　1・2μl　of　plasmid　solution　was　injected　into　the　lateral　ventricle　of

an　embryo　in　the　uterus　with　the　glass　micropipette．　Subsequently　the　embryo　was

placed　be七ween　tweezers・type　electrodes，　which　have　platinum　disc　electrodes　of　5　mm

in　diameter　at　the七ip（CUY650P5；Nepa　Gene，　Chiba，　Japan），　and　electric　pulses（five

times　at　30　V　with　50　ms　duration　and　95　ms　intervals）were　then　charged　with　an

electroporator（CUY・20；BEX，咀）kyo，　Japan）．　The　uteri　were　placed　back　into　the

al）dominal　cavity七〇allow七he　eml）ryos　to　continue　normal　development　until　their

brains　were　applied　to　culture　experiments（see　below）．　Either　of　three　plasmids，

pCAG・UNC5H4・Myc・IRES・EGFn　pCAG・IRES・EGFP　or　pCAGGS・DsRed　was

electroporated　into　individual　httermates　of　a　pregnan七mouse．

・ 46・



Dissociated　cell　cu1加re　and　analysis　of　ceH　survival

After　elec七roporation，　cortical　explants　containillg　transfbcted　regions　were　dissected　at

E16．5　under　a　laser　microscope（MZFLIII；Leica），　and　dissociated　in　Dulbecco’s　PBS・

contailling　O．125％trypsin　and　5μM　EDTA．　Subsequently　the　dissociated　cels　were

seeded　in　O．1　mg／ml　poly－L・ornithine　coated　plates　at　a　density　of　l　or　2×104／cm2　and

cultured　in　Dulbecco’s　Modified　Eagle　Medium　with　Nutrient　Mixture　F・12

（D・MEM／F・12）containing　O．2×B－27　supplement（Gibco）and　1％fbtal　bovine　serum

（FBS）（Hyclone）．　The　concentration　of　B・27　supplement　and　FBS　was　adjusted　so　that

approximately　60％of　cultured　cortical　cells　would　undergo　cell　death　in　2　days加w’伽o

（DIV）（see　below）．　For　the　application　of　netrin・40r　netrin・1　proteins，　the　dissociated

cells　were　seeded　in　the　culture　media　con七aining　recombinant　polyhistidine・tagged

mouse　netrin・40r　netrin・1　proteins（R＆D　systems）at　the丘nal　concentration　of　400

ng／ml．　The　cels　were　cultured　at　37℃in　5％CO2　until　they　were　analyzed．

　　　　　　Since　consideral）1e　weak　fluorescence　of　EGFP　in　cultured　cells　transfbcted　with

the　pCAG・UNC5H4－Myc・IRES・EGFP　or　pCAG・IRES・EGFP　plasmids　made　it　di伍cult

to　observe　the　cells，　EGFP　fluorescence　was　enhanced　by　GFP　immunocytochemistry．

After　cultured　fbr　2　DIV　the　cells　were丘xed　in　4％PEA　in　PBS（0．1MPB，　pH　7．4，0．15

MNaCl）lbr　15　min　at　room　temperature，　and　then　washed　three　times　with　Dulbecco’s

PBS・．　After　blocking　with　buf£er　G（see　above），　the　cells　were　stained　with　a　rat

anti－GFP　monoclonal　antibody（1：2000，　Nacalai　tesque）or　were　double・stained　with　an

anti－GFP　antibody　and　a　rabbit　anti・cleaved　caspase・3　polyclonal　antibody（1：500，　Cell

Signaling　Tbchnology），　and　an　Alexa　Fluor　488・conjugated　goat　antiTat　IgG（1：500，

Molecular　probes）and　a　Cy3・conjugated　donkey　anti・rabbit　IgG（1：400，　Chemicon）｛br
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secondary　antibodies．　The　cells　were丘naly　counterstained　with　DAPI．

　　　　　　The　viab且ity　of七he　cultured　cells　was　quantified　as　fbllows．　Photographs　were

taken　from　six　to　twelve　dif｛brent丘elds，　which　were　randomly　selected　from　one　or　fbur

culture　dishes　per　an　experimental　condition，　using　a　microscope　with　appropriate

fluorescent　filters．　The　cells　were　identified　by　both　clear　cel　bodies　in　a　bright　field　and

DAPI・stained　nuclei．　The　cells　with　gha・like　structure　apparently　distinguishable　from

that　of　neurons　were　excluded　from　the　analysis．　Dying　cells　were　recognized　l）y七he

pyknosis（nuclear　condensation　or　fξagmentation）detected　by　DAPI　staining，　while

viable　cells　were　identified　l）y七heir　healthy　nuclei．　The　number　of　EGFP・1abeled　and

unlabeled　cels　as　wel　as　pyknotic　and　viable　ones　were　counted　and　then　the

percentage　of　pyknotic　cells　in　labeled　or　unlabeled　cells　was　calculated　in　each

photograph．　The　data　was　obtailled　from　two　individual　experiments　fbr　cells

electroporated　at　E　13．5　and　one　experiment」br　cells　electroporated　at　E　12．5，　and　then

the　average　of　the　percentage　was　calculated　in　each　experimental　condition、　Groups

were　compared　using　a　Student’sかtest．

Results

Billd㎞g　of　net血protein8　t《）㎝c5力4expre8sing　cel18

As　candidate　ligands　that　interact　wi七h　UNC5H4，　the　binding　of　net亘ns　to　UNC5H4

was　examined　using　a　cell　surf巨ce　binding　assay　When　the　recombinant　netrin・4

protein　was　applied　to　HEK293T　cels　transfbcted　with　an〃刀05占4　construct，　netrin－4

sigllals　were　observed　on　the　surface　ofα11c5乃4transfbcted　cells（Fig．　II・1A－A）．　In
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contrast，　netrin・4　proteins　showed　no　significant　binding　to　EGFP－expressing　cels

above　the　background（Fig．　II－1B－B’）．　Similarly　the　signal　of　bound　netrin－1protein　was

observed　onα刀05力4transfbcted　cells（Fig　II－1　C，　C’），　which　is　consistent　with　the

protein　binding　between　UNC5H4　and　netrin・1that　was　previously　demonstrated　by　a

biochemical　assay（Wilson　et　al．，2006）．
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Fig．　II・1．　Binding　of　netrin　protein　toα刀05ゐ4七ransfbcted　cells．（A）The　protein

expression　ofUNC5H4・HA　in　HEK293T　cells　is　detec七ed　wi七h　an　anti・HA　an七ibod￥（A）

Binding　of　recombinant　His・tagged　netrin・4　to　cells　transfbcted　with　anロ刀05力4plasmid

is　detected　with　an　anti・His－tag　antibody（B，　B’）In　the　control　experiment，　netrin・4

does　not　bind　to　cells　transfbcted　with　an　EGFP　plasmid。（C，　C’）Bound　recombinant

His－tagged　netrin・1protein　is　detected　by　immunostaining　with　an　anti－His・tag

antibody　Netrin・1binds　to　UNC5H4－expressing　cells（C）but　not　to　EGFP－expressing
cells（C’）．　Scale　bars：20岬．

ハ碗z塑gene　expressions　in　the　developing　neocortex　and　thalamus

Tb　further　determine　the　ligand　in七eracting　with　UNC5H4　expressed　by　layer　4　cells，

the　gene　expression　of刀θ血麺・1　and刀θ左ゴ刀一4　was　examined　using　P5　mouse　brain

sections．　Mθぴ加一1　was　markedly　expressed　in　the　caudate　putamen，　but　was　hardly

observed　in　the　neocor七ex　and　the　thalamus（Fig．　II・2A，　E）．　In　contrast，刀θZ17ロー4　was
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pre食rentially　expressed　ill　the　somatosensory　and　visual　cortex（Fig．　II・2B，　F）．　These

regions　were　partially　overlapped　with　the〃刀05力4　expression　areas（Fig．　II・2C，　G）．　In

the　sensory　cortex，刀θ左加・4　was　predominantly　expressed　in　layer　4（Fig．　II－21）．　In

addition，刀θ加カー4　was　also　expressed　in　the　sensory　thalamic　nuclei　including　the

dorsal　lateral　geniculate　nucleus　and七he　ventrobasal　nucleus（Fig．　II・2F），　where

neurons　extend　their　axons　mainly　to　the　primary　sensory　areas　of　the　neocortex．　Taken

together，　these　results　suggest　that　netrin・4　but　not　netrin・1may　be　one　of　the　ligands

丑）rUNC5H4　in　layer　4．
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Fig．　II・2．」～惨加万gene　expressions　in　the　cortex　and　the　thalamus．．伍訪ロhybridization

fbr刀θ毎zr1，刀θ加万一4　alldロ1105力40n　coronal　sectiolls　of　the　P6　mouse　brain　including

either　somatosensory　cor七ices（A－D）or　visual　cortices（E・H）．（A，　E）品加万・1　is　hardly

expressed　in七he　neocortex　and　the　thalamus，　while　it　is　highly　expressed　in　the　CP．（B，

F）ハ后ぴ加・4is　expressed　prefbren七ially　in　the　sensory　cortex（arrowheads）and　in　the

thalamic皿clei　including七he　dLGN　and　VB．（C，　G）The　cortical　expression　pattern　of

刀θ血万・4is　partially　overlapped　with　that　ofη刀65力4．（D，　H）Nissl・stained　sections

proximal　to　the　sections　in　A・C（丘）r　D）and　in　E・G（最）r　H）．（1）∧后毎刀・4　is　predominantly

expressed　in　layer　40f　the　sensory　cortices　similarly　to　zz刀05五4　although〃．乙！05力4is　also

weakly　expressed　in　layer　2／3．　dLGN，　dorsal　lateral　genicula七e　nucleus；VB，　ven七robasal

nucleus；CP，　caudate　putamen．1，H／HI，　IV，　V，cor七ical　layers．　Scale　bars：1mm（A・H），

20μm（1）．
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The　ef偽ct　of　net血・40n　the　8urvival　ofεzη05乃4expressing　cortical　cells血口’勧

Tb　study　the　role　of　UNC5H4　in　cortical　neurons，　I　analyzed　the　effbct　of　netrin・40n

layer　4　neurons　using　dissociated　cel　culture，　since　zど刀05乃4　gene　is　endogenously

expressed　in　layer　4（see　chapter　I）．’Ib　distinguish　layer　4　cells丘om　the　other　layer　cells

which　largely　do　not　expressロ刀05力41ayer　4　cells　were　labeled　with　EGFP　or　DsRed　by

m砲melectroporation　into　E　13．5　mouse　embryos（Fig．　II・3A，　see　Materials　and

Methods），　because　a　previous　study　using　the∠刀αZθ質）electroporation　technique

demonstrated　that　most　of　cells　transfbcted　with　a　reporter　gene　in　the　lateral　ventricle

of　E　13．5　mouse　eml）ryos　are　destined　to　settle　in　layer　40f　the　neocortex（Ajioka　and

Nakajima，2005）．　Tb　examine　the　effbct　of　netrin・40n　cortical　cell　development，　cortical

cells　containing　labeled　cells　were　cultured　with　or　wi七hout　exogenous　application　of

netrin・4　prtoein．　After　two　days　in　culture，　many　cultured　cells　showed　pyknosis　with

condensed　or　f士agmen七ed　nuclei　that　could　be　recognized　by　DAPI　staining（Fig．

II－3B’・D’）．　Immunostaining　fbr　cleaved　caspase・3　demonstrated　that　almost　all　pyknotic

cells（～98％，　nニ80丘）r　control・labeled　cells，　nニ121fbrα刀65ゐ4transfbcted　labeled　cells，

see　below）were　also　immnopositive　fbr　cleaved　caspase・3，　suggesting　that　cell　death　of

labeled　cells　is　due　to　apop七〇sis（Fig．　II・3B”・D”）．　Interestingly　I　fbund　that　the　number

of　dying　lal）eled　cells　was　slightly　decreased　when　the　cells　were　cultured　in　the

presence　of　netrin・4．　On　the　other　hand，　I　never　fbund　the　in且uence　of　netrin・4

application　on　neurite　growth　or　guidance　in　this　culture　condition（data　not　shown）．

　　　　　　Tb　evaluate　the　influence　of　netrin　application　on　cell　survival，　the　percentage　of

pyknotic　cells　in　untrea七ed　culture　and　in　netrin・treated　culture　was　calculated　and

compared　between　them　In　the　absence　of　netrin　proteins，63．2±4．7％of　labeled
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presumptive　layer　4　cells　showed　pyknosis．　In　the　presence　of　netrin・4，　howeveちthe

percentage　of　pyknotic　labeled　cells　was　slightly　but　significantly　decreased（47．7±

3．1％，ア＜0．02）．In　contrast，　in　the　presence　of　netrin・1，　no　significant　diffbrence　was

observed（59．9±5．0％）compared　to　that　in　the　absellce　of　netrins（mean±SEM，　n＝16

fbr　each　group）（Fig．　II－3E）．

　　　　　　Tb　examine　the　ef丘ct　of　netrin・40n　the　other　layer　cells，　cell　death　of　unlabeled

cells　were　then　analyzed．　In　this　case，　however，　no　marked　reduction　of　the　percentage

of　pyknotic　cells　was　observed　in　the　presence　of　netrin・4　as　well　as　net亘n・1（58．5±

1．8％fbr　no　netrins，64．5±2．0％fbr　netrin・1，53．8±1．9％fbr　ne七rin・4，　mean±SEM，　n

＝22丘）reach　group）（Fig．　II・3F）．　These　results　indica七e　that　netrin・4　acts　as　a　survival

f已c七〇rfbr　layer　4　cells　l）ut　not量）r　the　other　layer　cells．

　　　　　　In　this　experiment，　it　was　not　sure　to　what　extent　the　number　of　lal）eled　layer　4

cells　practically　expressed　UNC5H4．　In　addition，　I　observed　only　a　slight　reduc七ion　of

the　percentage　of　pyknotic　labeled　cells　by　exogenous　application　of　netrin・4　protein．

For　these　reasons，七〇confirm　whether　UNC5H4　mediates　the　ef｛bct　of　netrin・4，

presump七ive　layer　4　cells　were　then　electroporated　with　an　expression　plasmid　encoding

UNC5H4・IRES・EGFP　instead　of　the　control　plasmid，　and　analyzed　in　the　same　culture

assay　The　percentage　of　pykno七icα刀05力4・trans飴ted　EGFP・labeled　cells　was　markedly

decreased　in　the　presence　of　netrin・4　protein（51．1±　3．6％fbr　no　netrins，30．3±　3．6％

fbr　netrin・4，　P＜0．001）（Fig．　II・3G）．　In　addition，　the　influence　of　netrin・4　appHcation

was　significantly　greater　fbrロ1105力4transfbted　labeled　cells　than　fbr　control・lal）eled

cells（47．7±　3．1％fbr　con七rol－lal）eled，30．3±　3．6％量）rロ1265力4transfbcted，　P＜0．001）

（Fig．　II・3G）．　In　contrast，　the　percentage　of　pyknotic　labeled　cells　in　the　presence　of
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ne七rin－1（52．6±3．9％）was　almost　equivalent　to　that　in七he　absence　of　netrins（mean±

SEM，　n＝16　fbr　each　group）（Fig．　II・3G）．　These　results　suggest七hat　UNC5H4　may

media七e七he　cell　survival　ef飴ct　of　netrin’4．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　
㎏

　　　　　　To　further　tes七whether　UNC5H4　is　suf丘cient　to　media七e　the　cell　survival　ef〔bct

of　ne七rin・4　in　the　other　layer　neurons　which　originally　do　not　expressロ刀05力4　the

μ刀05力4plasmid　was　introduced　into　deeper　layer　cells　by加磁θ1刀electropora七ion　at

E12．5，　and　cell　survival　was　examined　in　the　same　way　However，　I　fbund　no　eflbc七〇f

netrin・40n　cell　survival　of　labeled　cells　regardless　of　ectopicロ刀05み4expression（54．9±

4．7％fbr　no　netrins，50．7±3．9％fbr　netrin・4，　mean±SEM，　n＝10），　while　the

percentage　of　pyknotic　unlabeled　cells　containing　layer　4　cells　was　sligh七ly　decreased　in

the　presence　of　netrin・4（56．5±1．5％fbr　no　ne七rins，52．0±1．5％丘）r　netrin・4，　mean±

SEM，　n＝20，ア＜0．02）（Fig．　II－3H）．　Taken　together，　these　results　suggest　that　UNC5H4

can　function　only　in　layer　4　neurons，　but　is　no七suf五cient　to　mediate　the　ef飽ct　of

netrin・4　in　the　other　layer　neurons，　which　normally　do　not　expressロ刀05力4

A
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Fig．　II・3．　The　ef琵c七〇f　netrin・4　applica七ion　on　the　survival　ofα刀05ゐ4expressing　cor七ical

cells　in　dissociated　cell　culture．（A）Schematic　representations　of　the　experimental

design　fbr　cortical　cell　culture．　Many　labeled　cells　showed　pykllosis（arrows　in　B’and　C’）

both　in七he　absence　of　ne七rins（B，　B’）and　in　the　presence　of　400　ng／mL　nterin－1protein

（C，C’）．（D，　D’）Decreased　numbers　of　labeled　cells　showed　pyknosis　in　the　presence　of

400ng／mL　netrin・4protein．（B”・D”）Pyknotic　cells　were　immunopositive　fbr　cleaved

caspase・3，　indicating　their　apoptotic　cell　death．（B”’・D”’）Phase　contrast　images　ofB・D．

（E・H）Quanti丘ca七ion　ofthe　percentage　of　pyknotic　cells．（E）The　apPlication　of　netrin－4

but　not　netrin－1protein　slightly　reduced七he　percentage　of　pyknotic　layer　4　cells　labeled
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with　EGFP　or　DsRed（★P＜0．02）．（F）Neither　netrin・1nor　netrin・4　significantly　reduced

the　percentage　of　pyknotic　unlabeled（the　other　layer）cells．（G）Netrin・41）ut　not

netrin・1markedly　suppressed　pyknosis　of〃刀65力4trans丘〕cted　layer　4　cells（black　bars，

渋ア＜0．001，versus　no　netrins）．　The　trans」〔bction　ofα刀05力4　significantly　enhanced　the

in且uence　of　net亘n・4　application（★＊ア＜0．001，　versus　contro1・lal）eled　cells）．（H）Netrin－4

had　no　significan七ef民ct　on　cel　survival　of　control・lal）eled　andαη65力4・transfbcted　deep

layer　cells，　whereas　it　slightly　reduced　the　percentage　of　unlabeled（1ayer　4・containing）

pyknotic　cells（★P＜0．02）．　Scale　bar　represents　20μm．　Error　bars　represent±SEM．

Discus8ion

My　results　demons七rated　that　layer　4・speci丘c　geneロ刀c5力4was　also　strongly　expressed

in　the　primary　somatosensory　and　visual　areas　in　the　early　postnatal　s七ages．　I　also

量）und　that　netrin・4　as　well　as　netrin・1protein　bound〃zlo5乃4transfbcted　cells　and　that

刀θ血加・4but　not刀θ左加・1　gene　was　predominalltly　expressed　in　layer　40f　the　sensory

cortex　and　sensory　thalamic　nuclei．　Furthermore，　the　percentage　of　pyknotic　cels　fbr

ロ刀c5力4・expressing　cortical　layer　4　cells，　but　no七fbr　deep　layer　cells，　was　reduced　by

netrin・4　applica七ion　1刀四’勧o．　These　results　suggest　that　UNC5H4　is　predominantly

expressed　by　layer　4　neurons　in　the　primary　sensory　areas　of　the　developing　neocortex

and　may　mediate　the　ef｛bct　of　netrin・40n　cortical　cell　survival　in　a　lamina・specific

manner．

Net血8　a8　po88ible　ligand86f　UNC5H4

The　spatiotemporah刀05力4　gene　expression　in　the　neocortex　together　with　the　fact　that

UNC・5　homologues　are　known　as　receptor　molecules　suggest　that　UNC5H4　expressed

by　layer　4　cells　may　interact　with　environmental　cues　during　cortical　development．　So，1

attemp七ed　to　determine　the　ligands　of　UNC5H4．　My　present　study　demonstrated　that
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netrin・4　as　well　as　netrin・1　protein　bound　toα刀c5力4transfbcted　HEX293T　cells．

Similarly　previous　studies　reported　that　netrin・1as　well　as　netrin－3　protein　l）ound　to

cell　lines　transfbc七ed　withロ刀65力1，α刀05乃20rロ刀05力3（Leonardo　et　a1．，1997；Wang　et　al．，

1999）．In　addition，　alkaline　phosphatase　tagged　netrin・4　fUsion　protein　bound　to

〃1105力1’七ransfbcted　cells（Qin　et　aL，2007）．　Howeveちan　immunoprecipitation　analysis

could　not　detect　the　l）inding　of　netrin・4　to　UNC5H4・Fc　fUsion　protein，　while　ne七rin・1

bound　to　UNC5H4・Fc（Wilson　et　al．，2006）．　Thus，　my　results　raise　the　possibility　that

ne七rin・4　can　interact　with　UNC5H4　in　a　physiological　situation．

　　　　　　Furthermore，五刀臼τロhybridization　analysis　revealed　that刀θ血1h－4　but　not

11θ垣刀一1was　expressed　in　layer　40f　the　sensory　cortex　and　sensory　thalamic　Iluclei．

These　results　raise　a　hypothesis　that　netrin・4　is　supplied　toロ刀05力4expressing　layer　4

neurons　by　cortical　cells　or　possibly　l）y　thalamic　a登brents，　thereby　fUnctionally

interac七ing　wi七h　UNC5H4．　Although　I　have　not　tested　the　binding　of　netrin・3　to

UNC5H4，　the　gene　expression　pattern　of刀θ垣刀・3　in　the　neocortex　and　thalamus　was

likely　to　l）e　close　to　that　of刀θ垣刀一4（data　not　shown），　raising　the　possibility　that

netrin－3　might　also　interact　with　UNC5H4　in　layer　40f　the　neocortex．

The　fUnction　of　UNC5H4　in　cortical　cel　8u㎡val　and　it81aminar　8pecificity

In　this　study　I五）und　the　survival　ef丘｝ct　of　netrin・40nμ刀05乃4expressing　cortical　cels

垣　口’ぴo．However，　I　never　observed　the　positive　induction　of　apop七〇sis　in

α刀65力4transfbcted　cells　even　in七he　absence　of　netrin　proteins．　These　observations

indicate　that　UNC5H4　unoccupied　by　netrins　may　not　induce　but　permit　cell　death，

whereas　oIlce　it　is　occupied　by　netrin・4，　it　may　mediate　the　ef【bct　of　netrin・40n　cell
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surviva1．　Recent　studies　using　cell　lines　demonstrated　that　apoptosis　was　induced　in　the

cells　expressed　with　each　of　UNC5H1・3　receptors　in　the　absence　of　netrin－1，　but　the　cell

death　was　suppressed　in　the　presence　of　netrin・1（Llambi　et　al．，2001；Tanikawa　et　a1．，

2003；Thiebault　et　al．，2003；Wiliams　et　al．，2003；Llambi　et　a1．，2005）．　In　support　of　this

observation，　UNC5H1・3　proteins　have　a　caspase・3　cleavage　site（Llambi　et　a1．，2001）

and　a　death　domain（Engelkamp，2002）in　their　cytoplasmic　region，　both　of　which　are

conserved　within　UNC・5　homologues　including　UNC5H4．　OII　the　other　hand，　loss　of

刀θ毎刀一1never　af飴cted　apoptosis　in　the　spinal　cord，　although　loss　of〃1105力1　decreased

apoptosis　in　the　same　region（Williams　et　al．，2006）．　Thus，　it　remains　controversial

whether　UNC・5　homologues　regulate　apoptosis　as　dependence　receptors．

　　　　　　It　is　also　noted　that　the　eflbct　of　UNC・5　homologue　receptors　on　cell　survival　or

death　depends　on　ceU　types　where　they　are　expressed，　owing　to　coexistence　of　a　specific

mediator　molecule　that　interacts　with　a　cytoplasmic　domain　of　the　receptors　and　is

responsible　fbr　signal　transduction（Wilhams　et　al．，2003；Llambi　et　al．，2005；Tang　et　al．，

2008）．In　agreement　with　this　view，　the　present　study　demonstrated　that　UNC5H4

could　mediate　the　survival　ef｛bct　of　netrin・4　in　layer　4　cells　but　was　not　sufficient七〇

fUnc七ion　in　deep　layer　cells．　Thus，　it　is　conceivable　that　the　function　of　UNC5H4　might

also　be　dependent　on　its　specific　mediator　molecules，　although　they　have　not　yet　been

identi丘ed．　The　result　may　further　re且ec七七hat　such　molecules　are　expressed　with

laminar　specificity　as　well　as　UNC5H4．　It　remains　to　be　elucidated　whether　UNC5H4

could　function　in　an　area－specific　fashion　within　layer　4．
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Putative　pr㏄es80f　net血supPly　toロη05乃4expres8ing　cortical　neuron8

10bserved　the　gene　expression　of刀θ掘刀・4　predominantly　in　layer　40fthe　sensory　cortex，

raising　the　possibility　tha七netrin・4　produced　in　cortical　cells　promote　cel　survival　by

interacting　with　UNC5H4　in　an　autocrine　or　a　paracrine　manner　This　idea　is

compatible　with　the　hypothesis　that　tumor　suppressor　p53　induces　the　transcrip七ion　of

both　刀θ垣刀・1　and　ロ刀05力2　to　activate　a　survival　pathway　which　acts　as　a

negative・飴edback　loop　fbr　the　regulation　of　p53・dependen七apoptosis（Arakawa，2004）．

Further　studies　to　reveal　what　regulates　the　expression　of刀θ血加畠as　well　asロη05ゐ4　in

cortical　cells　would　help　us　understand　the　role　of　netrin／UNC5H4・mediated　cel

survival　in　cortical　development．

　　　　　　Ialso　observed　that　11θ血加・4　was　predominantly　expressed　in　the　sensory

thalamic　nuclei　which　project　to　layer　40f　the　primary　sensory　areas．　This　result　raises

another　possibility　that　netrin・4　is　released　from　thalamic　axon　terminals　and

influences　on　ロ刀65力4expressing　cortical　cels．　Interestingly　the　timing　of　the

emergence　of　the　area・specific　expression　ofα1165ゐ4　was　likely　to　be　concomitant　with

that　when七halamocortical　axons　begin七〇develop　their　terminal　arbors　in　layer　40f七he

neocortex（Agmon　et　al．，1993）．　Indeed，　at　PO　and　P2，　when　thalamocortical　axons　have

reached　the　neocortex　but　hardly　made　their　terminal　arbors，μ刀65力4　was　weakly

expressed　in　the　neocortex．　However，　at　P3，　when　thalamocortical　axons　begin　to

develop　their　terminal　arl）ors，　discon七inuous　pattern　ofα刀05乃4　expression　clearly

emerged　in　presumptive　layer　4．　The　spatiotemporal　correlation　between〃刀05力4　gene

expression　and　thalamocortical　projections　implies　that　thalamic　inputs　might　be

important　fbr　the　distribution　ofロηc5力4・expressing　cells　in　the　neocortex．　The
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expression　in　the　l）arrel丘eld　is　also　consistent　with　this　view（see　Fig．1－7）．　Indeed，

several　studies　support　the　importance　of　thalamic　axons　in　cortical　cell　development．

For　example，加口’左o　experiments　have　sugges七ed　that　the　thalamus　provides　trophic

support　fbr　subplate　cels　which　are　transient　target　fbr　thalamocortical　axons（Price

and　I．otto，1996）．　Moreoveちlayer　4　was　absent　due　to　excessive　cell　death　in　OO乙P・盟

mutant　mice，　in　which　thalamocorical　axons　failed　to　reach　the　neocortex（Zhou　et　al．，

1999）．Therefbre，μ刀05力4expressing　layer　4　neurons　could　be　aflbcted　by　ne七rin・4

derived　from　thalamic　axons．　Howeveちadditional　studies　are　needed　to　confirm

whether　netrin・4　protein　is　transported　to　the　axon　terminals．　Furthermore，　it　is　also

conceivable　that　thalamic　inputs　might　promote　the　production　of　netrin・4　in　cortical

cells．　Although　I　cannot　exclude　the　possibili七y　七hat　area－specificity　of　ロ刀05ゐ4

expression　in　the　neocortex　is　regulated　by　cues　excep目br　thalamic　af艶rents，　the

observations　in　this　study　may　provide　clues　to　the　relationship　between　the　thalamic

inputs　and　cortical　development．
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General　Di8cus8io11

During　development，　neurons　di登brentiate　into　specif輌c　cell　types．　A丘er　cell

type・specification，　neurons　come　to　express　cell　type・speci丘c　molecules，　including

intracellular　and　membrane－associated　molecules，　which　may　play　a　role　in　regulation

of　intracelular　environment，　communications　with　surrounding　cells　or　response　to　the

extracellular　environment．　Extracellular　communications　lead　to　the　arrangement　of

cytoarchitecture　and　neural　circuits　as　well　as七he　maintenance　and　matura七ion　of

cellular　conditions．　AII　intriguing　question　is　how　cell　type・specific　diffbrentiation　is

regulated．

　　　　　　In七he　neocortex，　two　models　were　hypothesized　two　decades　ago，　with　respect　to

the　mechanism　of　cortical　developmen七especially　fbcusing　on　area　map　fbrmation

（Rakic，1988；0’Leary　1989）．　In　the　protomap　mode1（Rakic，1988），　the　cortical

primordium　is　patterned　as　cells　are　dividing　in　the　VZ．　Intrinsic　area　di丘brences　are

specified　by　molecular　determinants，　and　as　neurons　migrate　radially　out　of　the　VZ，

they　trans飴r　the　protomap　to　the　CP．　An　alternative　model　is　the　protocortex　model

（O’Leary，1989），　in　which　the　cortical　primordium　is　essen七ially　homogeneous　as　it　is

generated　and　is　pa七terned　into　area　later　by　cues　derived　fξom　axons　growing丘om　the

thalamus．顧）day　it　has　been　proposed　that　intrinsic　and　extrinsic　factors　cooperate　to

genera七e　the　mature　cortical　area　map（Grove　and　Fukuchi・Shimogori，2003）．

　　　　　　　Since　cortical　areas　are　defined　l）y　the　dif艶rence　of　layer　cytoarchitecture

between　areas（Caviness，1975），　the　exploration　of七he　mechanisms　of　laminar

diffbrentiation　will　lead　to　understanding　that　of　area　di登brentiation．　Recently　much
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progress　has　been　made　in　identi6ing　transcription食ctors　as　intrinsic　factors　fbr

laminar　speci丘cation（Molyneaux　et　aL，2007）．　Such　transcription　factors　may　regulate

the　expression　of　several　membrane・bound　and　extracellular　molecules　in　a

lamina・speci丘c　f巨shion．　During　development，　such　kind　of　molecules　may　play　an

important　role　in　determination　of　cell　locations，　the五）rmation　of　lamina－specif輌c　neural

circuits　or　other　aspects　of　layerspeci丘c　developmental　events　through　interacting　with

environmental　f5ctors．　Although　several　lamina・speci丘c　genes　encoding

membrane・associated　molecules　have　been　identified　so　faちi七is　poorly　understood　how

they　contribute　to　the　layer・specific　development　by　interacting　with　extrinsic　cues，　and

also　lamina－specific　molecules　themselves　have　not　been　still　identified　enough　to

classi取overall　laminar　characteristics　of　cortical　neurons．

　　　　　　In　chapter　I，　I　searched　fbr　genes　expressed　specificaly　in　the　upper　byers，　and

identi丘ed丑）ur　genes　from　a　subtraction　cDNA　library　including　a　netrin　receptor　gene

〃刀05力4乙加05力4was　expressed　specifically　in　layer　4　du亘ng　pe亘natal　stages　when

laminar　organization　and　circuit　fbrmation　are　taking　place，　suggesting　that　this

recep七〇r　might　ac七〇n　such　developmental　events　l）y　receiving　extrinsic　cues．

Furthermore，ロ1205力4　was　predominantly　expressed　by　layer　4　cells　in　the　primary

sensory　areas，　the　target　cells　of　thalamocortical　axons，　suggesting　that　it　may　also

contribute　to　area・specific　differentiation，　possibly　as　a　result　of　interaction　with

extrinsic　factors　derived　fξom　thalamic　axons．　It　remains　to　be　clear　whether　the

transcription　ofα刀05ゐ4　gene　is　regulated　by　only　an　intrinsic　genetic　program　or

additionally　by　extrinsic　factors．　However，　the　finding　of　layer・and　area・speci丘c　genes

in　the　developing　neocortex，　including〃刀05庭indicates　that　a　larger　number　of
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molecules　may　participate　in　the　layer・and　area・specific　developmental　events

including　neural　circuit　fbrmations，　some　of　which　may　act七hrough　interacting　with

　　　　　　サ　　　　　　　　コ

eX七rlnSIC　CUeS．

　　　　　　In　chapter　II，　I　studied　the　ligands　of　UNC5H4　and　the　role　of　UNC5H4　in

cortical　development．　As　candidate　ligands　of　UNC5H4，　netrin・1　and　ne七ril1－4　proteins

were　analyzed　by　a　cell　sur」らce　binding　assay　and　revealed　their　binding　to

α刀05力4・expressing　cells．　Furthermore，　the　expression　analysis丘）r　the　刀θ㎞genes

showed　that刀θ加万・4　but　not刀θ㎞一1　were　expressed　in　the　neocortex　and　sensory

thalamic　nuclei．　Taken　together，　these　results　indicate　that　netrin・4　is　one　of　practical

ligand・・f　UNC5H4　in　th・n・・c・・t・x・The　expressi・n　p・ttern・f刀・垣η’49・n・1・ad・tg

two　possil）le　ways　of　the　influence　of　netrin・4　protein　onロη05占4expressing　cortical

neurons．　One　possibility　is　that　netrin・4　is　supplied　by　surrounding　cortical　cels　or　by

μ刀c5力4・expressing　cells　themselves．　In　this　case，　the　expression　of刀θ左加・4　may　be

controlled　by　an　intrinsic　program　or　induced　by　thalamic　inpu七s．　Another　possibility　is

that　netrin－4　is　supplied　l）y　thalamic　neurons七hrough　their　axons．　The　lat七er　possibility

負1rther　leads　to　the　idea　that　some　molecules　might　be　supplied　to　the　target　neurons

through　thalamocortical　axons，　thereby　a登bcting　layer・and　area・speci丘c　cortical　cell

dif【brentiation．　In　this　sense，　it　will　be　valuable　to　identiヵthalamus・derived　molecules

in　the　future　study　fbr　understanding　the　molecular　mechanisms　of　thalamic

affbrent・induced　cortical　diflbrentiation．　The　gene　profaes　in　cortical　cells　in且uenced　by

thalamic　inputs　will　also　help　us　understand　what　kind　of　dif【brentiation　is　induced　by

axonal　inputs．　These　studies　will　provide　supporting　evidence　to　the　protocortex

hypothesis．　In　the　present　study　I　ol）served　the　cell　survival　ef正bct　of　netrin・4　0n
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α刀05乃4expressing　cortical　neurons加励τo．　Neuronal　cell　survival　and　death　might　be

one　of　the　important　processes　in　the　developmen七〇f　the　nervous　system　including　the

neocortex（Oppenheim，1991）．

　　　　　　In　conclusion，　the　results　of　my　present　work　indicate　that　UNC5H4　is

predominantly　expressed　by　layer　4　neurons　in　the　sensory　cortex　during　perina七al

s七ages　and　may　play　a　role　in　cell　survival　by　interating　with　netrin・4　in　a　layerspeci丘c

manneL　These　results　also　imply　that　layer　4　neuorns　may　mature　or　maintain

themselves　by　interacting　with　extrinsic　factors　derived　fξom　cortical　cells　and／or

thalamic　axons，　mediated　by　membrane・associated　molecules　such　as　UNC5H4．
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Laminar　spe6i髄eity　is　one　of血e　mo就striking　f6a1ヒur8s　of　n60co市cal

CirCU論rV．　TO　6X巾r6　th6　mOI6C血r　baSiS　Of　thiS　Sp6C而Cit仏顕由C肝

larlΨin　rOla60n　tO愉alamOCOrtiCal　COnn6C6V従V．　W8　S6arCh6d　fOr　th6

9●n6S●xpr6SS●d　in㎞8　UPP6r　60而cal　laΨ6rs吋600st剛C6ng　a

s“祉「a660n　60NA　Iib「a「y　th誕was　en「ich8d　fo「96n8s　gxp「6ss6d　in

lay6r　40f　p6討natal　r欲somatosensorV　60rt6x．0市er6n6al　scr80ning．

s明UO鵬e加alySiS　and師S伽hΨbridiZa60n　d6mOnStrat6d　thポamw

unc5　familv　m6mber｛棚c5Ml，　db僧㊤渓硝識9．98no，　s佃m　c611　fac⑩r

lS閉and　mVocW開岬6而c　6nhanc6r　factor・2C｛肋誤2C｝w6r8
s声而calh16xPr6ss6d　in　l3ver　40r　lavorS　2／34　at　pOS㎞曲l　dav　7，

by　wh8n　I8minar　org加iza60n　and　fun由mont81　cor6cal　drcuit雨s

㎞U8　bO6n　8S佃bliSh6d．　ln缶rrnS　Of　rOgiOnal　S田6而C論V，肋”¢5カ4　and

SCF　sio陥ls　w6r6甜ong8r　in　s8nsory　60由c6s，　wh6r6as雁呂2C　and

∂b㎞禰㎞90n6　WerO　6XprOSS8d　rath8r　UnifOrmlΨin　all　n60CO而Cal
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　もroOions．　AndVsis　dujng　d6v610pm80t　d6mon曲8todth前6xpr8ssion

Of㎞6SO　96n6S　WaS　prOnOOn6ed　b就W80n　IポO　OmbryOniC　a●d　gadV

‘postna佃I　d8“lopm6耐31　stag8S，6xc叩t　for　M匠泣C　8xpr6ssion，

which　　　cO哺●U8d　　　in　　　Iater　　ぬ96S・　　Th6so　　　r飴uh　　domonstrat8　　也加

C6「tain　typeS　Of　mOl●CUIOS　inCIUding　t「anSO「iptiOn　faC佗0「S．「6C6ptO「

a●dIigand　mo■66ul6S，　ar86xpr8ssod　sp6ci酋ca‖y　in血60pper　IavorS

o㎡曲8d6v610ping　n8060rt6x，　suggosting　a　rol6　in　I8minar　sp6c而ca■

伽nof　cor6cal　cdls　and　circ血rΨ．

　KoVwords：cerebrai　cortex，　gene　expression，　layer　spec桁city，．

thalamocortical　projection，　unc5h4

lntrod鵬薗on　　　・

The　neocoftex　is　fUndamenta皿y　composed　of　six　ce皿1ayers・

which　are　dis血guishable　by　cellular　morphology　and　the

extr血sic． and　int血sic　connec目ons　they　make　（McConneU，

1989）．An　intriguing　question　is　how　cortical　neurons　di宜eren・

tiate　mto　a　particular　laminar　type，　and　are　connected　with　a

specj血C　population　of　subcortical　and　cor6cal　neurons．　A　plau・

sible　mechanism　is　that　a　set　of　tmnscriptional魚ctors

expressed血agiven】ayer　reguぬtes㎞㎞ar　f江te，　and　expres

sion　of　downstream　molecules　including　Ugand　and　receptor

molecules，　is　required　fbr　ceU　type　spec迂ication　and　axonal

guidance．of　cortica1唖erents　and　efferents．　There五）re，　a　key

approach　is　to　ident晦the　molecules　that　are．expressed　with

laminar　spec近city．

　　Several　molecules　with　l㎜血a・spec近c　expression　pattems

㎞the　cortex　have　been　identi直ed．　For　instance，　transcription

factors　of　O醜1　and五¢2　are　primarily　distributed　in助er　5，　and

乃夕1，aTbox　gene，　in　layer　6（Bulf（）neθταL，1995；Frantzθ’αL，

1994；Hevnerθ’砿，2001）．　Moreover，　retilloid　Z　receptor

（㎜・β）and　chick　ovalbumin　upstream　transcrip“on　factor　1

（COUP－TF1）　arc　expl℃ssed　rather　spec近caUy　m　】己yer　4

（Becker・Andreθ’αL，1994；Parkθ’αL，1997；Liuθ’αL，2000）．　It

has　also　been　demonstrated　that　c磁力θガη一6　andκM3－

homologous　to　G・protein・coUpled爬ceptors－are　expressed血

the　upper　layers（Suzukiθ’4L，1997；Chennθ’αL，2001）．

Although　molecular　identi血cation　has　progressed，　a　f㎞her

understandmg　of　ge皿e　exp㏄ssion血the　develoP血g　cortex　is

necessary　to　pursue　the　mechanisms　of　la血nar　spec直catiqn．

In也e　p㏄sent　study，　we　attempted　to　iden鎗㎞血a・
spec近c　genes，　fbcusmg　on　thalamocortical　connect郎7ity．　The

thalamocortical　prolection　exhibits　typica1㎞speci6City

σones，1981；Gilbert，1983）and　has　also　been　well　character・

ized　dudng　development（Lund　and　Mustari，1977；Ghosh　and

Shatz，1992；Agmonθ’砿，1993；Kageyama　and　Robertson，
1993；Catalanoθ’砿，1996；MolnarθオαL，1998）．　To　date，勿

〃伽ostudies　using　organotypic　co・cultures　of　the　cortex　with

the　tha㎞ms　have　demonstrated　that　there　is　a　t㎎et　recogni・

tion　mechanism　by　which　thalamocortical　axons　recognize

助er　4，　the血〒target（Yamamotoθ’oL，1989，1992；Moh4r　and

Blakemore，1991，1999；BolzθταL，1992）．　Our　previous血ves・

tigations　have　fUrther　suggested　that　thalamoco1戊ical　axon

b“mching　is　induced　by　memb“me・associated　molecules　m

layer　4，　whe爬as　tem血ation　of　axonal　growth　is　regulated　by

growth・血hibitory　molecules　in．1ayers　2／3　and　4（Yam㎜otoθオ

αL，　1997，2000a，　2000b）．　These　丘ndmgs　suggest　that　the

factors　regu】ating　thalamocortical　axon　target血g　and　di駈ヒren－

tiation　of　target靭er　ceUs　are　expressed　speci血ca皿y　in　the

upper　layers．　Based　on　this　hypothesis，　we　sea㏄hed　fbr　the

molecules　expressed　spec述cally血these　layers，血1　parUcular，

匂yer　4，　by　construα血g　a　subtraction　cDNA　Hbrary．　Four

genes，　including　a　new　unc5　famny　member，　were　obtained．

Thek　expression　pattems　were　f血rther　mvestigated　to　gφn　an

insight　into　their　possible　roles　m　tha㎞ocortical　connect柄ty

and／or　cortical　ceU　identity．

Ma佃rials　and　Mothods

∠4η’卿αJs　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，

Spraguc－Dawley　rats　wcre　used　fbr　aU　expcrimcnts（Nihon　Animals，

Osaka，Japan）．　The　day　of　vaginal　plug　dαcction　was　designated　as　EO．，

and　thc　day　of　birth　as　postnatal　day　O（PO）．

Cb婬斑¢吻π⑫rα5κめ抗κがoπcDM工苗m乃
The　whole　b頂n　was　rcmovcd●om　P7　rats．　Coronal　snces（250μm

thickness）wcrc　cut　with　a　microtonle　in　icc・cold　Hanks’solution．

Llyer　4　stdps，～500μm　in　length，　were　dissected　ffom　the　somato・

sensory　cor爬x　widl　a　smaU　scissors（Fig．1）、　Thc　cortical　barrel　stmc・

t㎜s，which　werc　visible　under　aぬns－illun血ating　micposcopc，　wcre

used　as　a［andmark　fbr　layer　4（Fig．1）．　V加ua1旬the　same．size　of　layef

5strip　was　dissected　beneath　Iayer　4（Figl　1）．　Three　or　fbuオpieces　fbr

each　layer　were　collected，血om　which　total　RNAs　were　extracted

（RNeasy　Mini　Kit，　Qiagen，　Tokyo，　Japan）．　ApPfoximatcly　10－20　ng／μ

of　total　RNA（30μ1）was　obtained．　Layer　4　and　layer　5　cDNAs　were

Cerebr瓠C（爪ex　V　14N10◎Oxford　U血rsity　P爬ss　2004；a皿dghts　reseTvcd （≧忙br泊Cor民x　O“ober　2004；14：1144－1152；doi：10．1093／ce㎜ゆbhO74



Figure　1．　Dissection　of　layer　4　and　5　strips　from　P7　rat　somatosensorY　cortex・

WSornatosensory　cort｝cal　slice　undertransiiluminating｛ight　before　dissection．Arrows

indicatethe　barrels，｛日）Thesamecortical　slice　after　dissectbn　of　layer　4　strip．The　area

surrounding　the　dashed　lines　represents　dissected　layer　5　strip，　Bar　indicates　O．5　mm，

sucrosc，　the　brains　were　frozen　and　then　cut　into　10μm　sections

（fronta［or　sagittal　sections）with　a　cryostat．

　　Sections　were　refixcd　in　4％paraformaldehyde　in　O．lMphosphate

buffer，　washed　with　distillcd　watcr　and　O．l　M　triethanolamine，　then

acctylatcd　in　O．25％acetic　acid　in　O．lMTAE，　fbllowed　by　a　final　wash

in　PBS．　Prchybridization　was　carried　out　fbr　l　h　ln　hybridization　buffer

（50％fbrmamidc、5％SDS、5×SSPE，1mg／ml　tRNA），　fbllowed　by
hybddization　ovcrnight　at　60°C　in　hybridiza磁on　buffer　containing

1μg／ml　DIG・labelcd　RNA　probe．A血erthrcc　washes　in　50％衣）rmamide

and　2×SSC　at　60°C，　these　scctions　were　sublccted　to　blocking

（blocking　regent，　Roche，　Tokyo，　Japan）fOr　1－4　h　at　room　tcmpcra・

ture，　and　then　incubatcd　overnight　at　4°C　with　alkalinc　phosphatasc・

conjugated　anti・DIG　antibody（1：2000，　Rochc、　Tokyo，　Japan）．　Aftcr

washing　five　tirncs　at　room　tempcramre、　the　color　reac〔ion　was

carried　ou〔at　room　temperaturc　or　4°C　in　BM　Purp［e（Rocheぼokyo，

Japan），　Thc　rcaction　was　tc㎜inated　by　immersing　the　scctions　in　4％

parafO㎝aldchyde　in　O．l　M　phosphate　buffer　for　15　min．　Then

scctions　werc　treated　in　70％，80％、90％and　lOO％cthanol，　and　xylcne，

an（I　then　cmbedded．

　　For　Nissl　staining，　adjacent　sec〔ions　werc　uscd，　Thesc　sections　were

immersed　in　O．1％methylcne　blue　K）r　15－60　s　and　then　sublected　to

the　ethanol　scrics　and　embedding．

synthesized　fromづO　ng　of　thesc　RNAs　with　rcvcrse　transcriptase

（SMART　PCR　cDNA　Synthesis　Kit，　Clontech．　Tokyo，　Japan）．　Thesc

cDNAs　were　ampIified　with　a　primer（AAGCAGTGGTAACAACGCA－
GAGT），　and　subjectcd　to　RsαI　digestion　fbr　the　fbllowing　hybridiza－

tion．　The　Iayer　4　DNA　fセagments　wcrc　hybridizcd　with　an　excess

amount　of　the　layer　5　DNA　fragmcnts（PCR　SclcαcDNA　Subtraction

Kit，　Clontech，　Tokyo，　Japan）．　Thereafter，　unhyb百dizcd　DNA　ffag・

ments　werc　fUrthcr　amplificd，　cloned　into　pGEM・T　vectors（Promcga，

Tokyo，Japan），　and　stored　as　a　subtraction　cDNA　library（layer　4　minus

Iaycr　5），　Likewise，　a　rcversc　subtraction　library（laycr　5皿inus　layer　4）

was　produced．

D獅e頑α1Scγε¢垣㎎αη4　Se鋼e婬ce　Aπ⑳⑨お

To　diminate　false－positivc　cloncs　a　differential　scrcening　was

pcrfor皿ed　prior　to∠ηsゴ’μhybridization．　A丘er　transformation　of　thc

subtraction　cDNA　library、　coionies　werc　pickcd　randomly　and　grown

in　a　96－wcU　plate．　Each　insert　was　anlplified　by　polymerase　chain　reac・

〔ion（PCR）ffom　the　bactcrial　culture　solution．　Amp1血ed　DNAs　were

denatured　with　O．6　M　NaOH　and　duplicated　onto　two　nylon
rnembranes，　Two　kinds　of　DNA　probes（layer　4　and　layer　5　probes）

were　produced　with　Digoxigenin（DIG）－labeled　nucleotidcs（Roche、

Tokyo，　Japan）by　amp田Ting　inserts　fro皿the　two　subtracUon　cDNA

libraries（layer　4　minus　layer　5　and　Iayer　5　minus［ayer　4）．　The　dupli・

cate　mcmbranes　wcre　subjected　to　hyb亘dizatiQn　with　each　probc　and

detccted　with　chemilluminescence　rcaction、　The　cloncs　showing＞2’

fold　intensity　with　Iaycr　4　probes　wcre　sclccted　and　subjected　to沈

∫ゴτz‘hybridization．

　　The　sclectcd　clones　were　applicd　to　scquencc　analysis　with　the

plasrnid’spccinc　scqucnccs．　In　so皿e　cascs，　cxtcndcd　DNA　fmgments

wcrc　obtaincd　by　5’racc　method（Smart　racc　kit，　Clontcch，　Tokyo，

Japan）．　In　a　few　cases、　a　human　brain　cDNA　llbrary　was　used　to　obtain

fu旧ength　cDNAs（NagaseθταL、1997）．

∬η5伽的加磁z藺oη
DIG・labcled　RNA　probes　were　used　fbr　hybridization．　To　produce　Line・

arizcd　templatcs　fbr　thc　synthesis　of　riboprobes，　inscrts　in　pGEM・T

vcctors　were　amplified　by　PCR　using　oUgonucleotidcs　that　contain　T7

and　SP6　promoter　sequences．　The　PCR　products　were　purined（PCR

purification　kiしQiagen、　Tokyo）、　and∫ηL伽o　transcriptionwas　carricd

out（DIGRNA　Synthesis　Kit、　Roche，　Tokyo）．　Finally，　these　probes

wcrc　pu櫛ed　with　gel　filtration　co［umns（Quick　spin　co［umns・

Rochc，　Tokyo）and　kcpt　at－80°C．

　　Rats　were　dccapitated　after　anesthesia　to　obtain　wholc　brains　from

posmata［animals（PO，　P3，　P7　and　P　l4）．　Embryonic　brains　were　takcn

from　fヒtuses　undcrdecp　anesthesia．　The　brains　were且xcd　in　4％para－

formaldehyde　in　O、1Mphosph飢e　bllf丘r　fOr　l　h　at　room　temperature

and　then　2　h　at　4°C．　Af、cr　overnight　incubaUon　in　PBS　containing　20％

Results

E3cpγessioM寸U沖｛T　L②y佼一SPec炉C（｝e鴨es拠the

NeOCOTtex
To　identify　the　genes　that　are　exprcssed　in　layer　40r　laycr　2／

3－4，we　constnlcted　a　subtraction　cDNA　Iibrary　in　which

cDNAs　derived　from　layer　4　strips　of　P7　rat　somatosensory

cortex　was　cnrichcd　by　subtracting　cDNAs　ffom　layer　5　strips

（see　Materials　and　Methods）．　Approximately　lOOO　cloncs　from

the　subtraction　library　werc　sublected　to　the　diffcrential

screening　in　the　first－round　scrcening．　As　a　result，　we　obtained

l30　positive　cloncs，　which　showed　stronger　signals　to　the　layer

4probe　than　the　layer　5　probc．∫η∫伽hybridization　was　then

pe】敵）rmed　with　each　of　thc　130　cloncs，　in　order　to　examine

laminar　speci丘city　on　P7　rat　brain，　in　which　neocortical

laminar　configuration　is　established．　Although　most　of　thc

clones　testcd　showed　virtually　no　or　very　faint　signals，　fbur

cloncs（571，585，フ46　and　846）exhibitcd　speci丘c　expression

in　laycr　40r　Iayer　2／3－4．

　　Figure　2　shows　the　laminar　expression　pattem　of　these　genes

in　scnsory　cortices．　The　expression　of　571　was　highly

rcstricted　to　layer　40f　the　visual　and　so皿atoscnsory　corticcs，

with　almost　no　expression　in　any　other　layers（Fig．2A，正）．　The

cxpression　of　585　was　also　strong　in　layer　4，　although　it

expanded　slightly　to　the　adjacent　layers（Fig．2B，、F）．　On　thc

other　hand，　the　expression　of　746　was　distributcd　in　layers　2／

3－4，with　no　detectable　expression　in　the　deep　layers（Fig．

26，G）．　Thc　expression　of　846　was　also　localized　m　thc　upper

laycrs，　but　faint　signals　were　also　detected　in　the　dccp　layers

（Fig．2」D，17）．

1友73ぴCα8乞0ηqρ九e正α涌ηα一SρecψC　6eηe⑨

Sequcnce　analysis　was　pe㎡brmed　fbr　thc　fbur　DNA　fragmcnts．

The　scquences　ofフ46　and　846　have　high　homology　to　mouse

stem　cell　factor（85％），　and　mouse　myocハ戊c－spec笛c　cnhancer

白ctor（95％），　respectively．　Taking　into　considcration　thc　d狙℃r・

encc　between　species，746　and　846　were　thought　to　be　rat

homologs　of　these　two　genes．

　　On　the　other　hand，　DNA　fragment　571　showed　no　homology

to　any　known　genc，　though　there　were　cxprcssion　scquence

tags（ESTs）that　cxactly　matched　thcse　clones．　Howcver，　an

extcnded　product　of　571　from　thc　5’race　method　was　homolo一

Cerebral（：oπex　October2〔〕04、　V　14N10　1145
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「igure　2．　Fourclones　which　are　expressed　lnlayer　40r　lnlayer　2／3－4．1η∫∫亡びhybrldizationshows　bminar　expression　patternsinthe　vlsual（4－0｝and　somatosensory〔ε一〃｝cort【ces

of　P7　rat．　DIG－labeled　probes　were　used．　ln　each　pane1，’ηs∫飽hybridlzation　is　shown　to　theleft，　and　Mssl　staining　lnadjacent　sections　isto　the　right．571↓4，0｝and　585〔8，ε｝genes

were　more　specifically　expressed　in　layer　4，　whlle　746｛ε、θ｝and　846〔D，〃｝genes　were　expressed　in　layer　2／3－4　Bar　represents　O．2　mm

gous　to　an　unreported　human　cDNA，　which　was　obta㎞ed血om

ahuman　brain　cDNA　library（Nagaseθτ砿，1997，1999）．　The

transcript　contained　an　open　reading　fねme（2847　bp）and　3’

untranslated　region（UTR）of＞4000　bp，　The　deduced　amino

acid　scqucncc　（948　aa）　revealed　its　features　to　be　a　trans－

membrane　protein，　including　a　signal　peptide　sequence，　two

immunoglobuHn　and　thrombospondin　domains（Fig．3）．　Its

cytoplasmic　region　consists　of　ZU5　and　death　domains，　which

are　co㎜on　to　unc5－like　netrin　receptors（Acke㎜an　eτ砿，

1997）．We　herea食er　designatc　this　novel　member　of　the　unc5

famUy　as　unc5h4．　The　nucleotide　sequence　of　human拠6海ψ

κ1ん41777was　deposited　into　DD耳1／GenBank／EMBL　DNA
databases（accession　no，　ABO55056）、　KZA〆1177フis　an　aHas　fbr

this　ncw　gcne　in　the　human　brain　cDNA　database．

　　DNA　fragment　585　was　also　extended　by　the　5’race　method

and　fbund　to　highly　match　a　coding　rcgion　of・K1ン1AO937，

which　was　obtained　from　thc　scqucnce　analysis　of　human

cDNAs　（Nagasc　θτ砿，1gg9）．　Thc　deduced　amj血o　acid

sequcnce（653　aa）containcd　two　WWF　domains，　which　are

predicted　to　mediate　spcc苗c　protein－protein　intcractions

（Aravind，2001），　and　had　high　homology（58％）to　human

dcltex．　Therefbrc，、κL4∠1093プis　ref℃rred　to　as　4θ1顧一∬々θgcne．

Reg《o霊εαI　Sρec匂茂c竣yαηd　Eぷ凄〕γessεoη4ηOtheγBγθξη

Regfoりεs

Expression　pattems　of　thc　fbur　obtained　genes　wcre　further

studicd　in　P7　rat　brain．　In　particular，　areal　specificity　was　cxam－

ined　in　order　to　understand　whether　these　gcnes　are　involved

in　more　gcncralizcd　features　of　cortical　laminar　organization．

　　㎝c5カ4／KL4／11777　（571）　exhibited　a　highly　restricted　、

exprcssion　in　layer　4　across　aU　neocortical　regions．　However，

its　expression　was　particularly　strong　in　scnsory　cortices

including　somatosensory　and　visual　areas（Fig　44β）．　Another

characteristic　of　this　gene　was　its　pronlinent　cxprcssion　in　the

amygdala　and　hippocampus，　espccially　in　CA3　and　dentate

gynls．　Moderatc　cxprcssion　was　also　fbund　in　the　hypo－

thalamus．　In　the　thalamus，　weak　expression　was　observcd　in

the　ventral　part　of　thc　lateral　gcniculate　nuclcus．　In　other　brain

regions，　it　was　expressed　in　mitral　cell　layers　of　the　olfactory

bulb　and　Purkinle　cells　of　the　cerebellum．

　　The　4θ1蹴一Z沈e　8θηe（585）was　also　expressed　in　laycr　40f　all

neocortical　arcas．　However，　in　the　somatoscnsory　area，　the

signal　was　not　only　distributed　in　layer　4　but　also　in　thc　uppcr

part　of　layer　2／3（Fig．4（7，D）．　No　apparent　signal　was　fbund　in

arcas　othcr　than　thc　neocortcx，　cxccpt　fbr　weak　cxpression　in

the　granule　ccll　layer　of　the　cerebellum．

1146　Upper　Layer－spec江ic　Genes　in［he　Neocortex　・　Zhong　e口L
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F‘gure　3　Amlno　acld　sequence　of　human　unc5h4／KIAA1777　and　extended　product　of　571　by　5’race　method　TSR　thrombospondm，　TM，　transmembrane
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Figore　4　Layer4speclflc　genes　Upper　l481　and　bwer｛C、　Ol　panels　show　express｜on　pattems　of朋c5力4　anddθ貨θκ旅e　gene，　respectlvely　Am、　amygdala　Cb　cerebellum　DG

dentate　gyrus，　Hpt　hypothalamus，　OB，　olfactory　bulb　Bar　lndlcates　l　rnm
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hgure　5　Layer　2／3－4　speclflc　genes　Upper（4、8｝and　lower｛0，0｝panels　show　SCF　and　M∬20　express旧ns、　respectlvely　Am　amygdala　Cb　cerebellum　Hb，　habenular

nucleus，　MD　medlodorsalthalamus，　OB，　olfactory　bulb，　VB　ventrobasal　compiex　of　thalamus，　vLG　ventral　part　of　the｜ateral　gemculate　nucleus　Bar　lndlcates　l　mm

　5α7（746）showed　strong　expresslon　betwecn　laycrs　2／3　and

4across　all　neocortlcal　reglons（Flg　5．4β）　As　obscrved　fbr

μηc5〃4／KL4A177ア，5α7　expresslon　was　strong　ln　the　somato

sensory　and　vlsual　areas　Its　strong　exprcsslon　m　the　llmblc

reglon　was　another　charactcrlstlc　lt　shared　wlthμηc5カ〈〃

湿ん41777The　most　strlklng　aspcct　was　thc　hlghly　spec血c

and　strong　expresslon　ln　the　thalamus　The　expresslon　was

Iocated　m　the　dorsal　lateral　genlculate　nucleus　and　the　lateral

posterlor　nucleus，　whlch　prolcct　to　vlsual　areas，　and　ln　the

ventral　basal　thalamlc　nucleus，　whlch　prolccts　to　somato

scnsory　areas　Strong　slgnals　were　also　fbund　m　the　habenula，

central　lateral　nucleus，　central　mcdlal　nucleus，　parafasclcular

nucleus　and　intermedlodorsal　nucleus　In　addltlon，　thls　gene

was　expresscd　m　the　granule　cens　of　the　olfactory　bulb　and

Purhn】e　cens　of　the　cercbeU㎜

　The　expresslon　of　M五F－2C（846）was㎞ghly　restncted　to　the

ncocortex（Flg　5C，D）Its　expresslon　in　layers　2／3－4　was

㎜㎡bml　across　the　whole　ncoconcx，　but　no　expresslon　was

obscrved　ln　other　braln　reglons

De泥10Pmeηt滅Chαηges　qμα励ηαγぴPγess拓πPαtte拠s

To　galn　an　lnslght　mto　how　each　gene　ls　assoclated　wlth

lamlnar　property，　cellular　d近ferentlatlon　and　af応crent　lnvaslon，

thelr　expresslon　pattems　were　studled　m　the　develop1㎎soma－

tosenso巧7　cortex

　　Thc　cxprcsslon　of耽く5カ4／κrん41777（571）was　obscrvcd　ln

the　subvcntrlcular　and　mte㎜edlate　zones　at　E　18（Flg（己）At

PO，　the　expresslon　appearcd∫ust　bcncath　the　marglnal　zonc，

and　then　m　sllghtly　lower　layers　at　P3　At　P71　the　message　was

restrlcted　to　layer　4（F19　64）　Thus，　the　cxpresslon　pattcrn　of

thls　gcne　dumg　dcvclopment　was　closely　related　to　the

1amlnar　locatlons　of　thc　cclls　desnned　to　laycr　4，　but　the　slgnal

was　rather　weakencd　aRer　P　14

　The　message　of　4θ1撚一1z々θgene（585）was　expressed　m　both

the　ventncular　zone　and　the　cortlcal　plate（CP）at　E　18，　but　was

dlstrlbuted　ln　the　upPer　part　of　thc　CP丘om　PO　to　P3（F19　6B），

whlch　ls　s血11ar　to協（5カ4　cxpresslon　pattern　At　P7，　thc

expresslon　was　observed　ln　laycr　4　although　lt　was　sllghtly

dlffUse　Moreover，　the　message　was　also　observed　m　the　upper

part　of　layer　2／3　m　the　somatoscnsory　cortcx　At　P　14，　almost

no　expresslon　was　retamed

　　The　message　of　5（班（746）was　locallzcd　ln　the　dccpcst　part

of　the　CP　at　E　18（F197過）At　PO，　the　expresslon　ln　laycr　6　was

weaker，　and　even　more　so　at　P3，　although　the　slgnal　began　to

appear　m　thc　upper　part　of　the　CP　At　P7，　the　exprcsslon　was

strong　ln　laycrs　2／3　and　4，　whereas　lt　had　vlrtually　dlsappeared

ln　layer　6　At　P　14，　a㎞ost　no　cxpresslon　was　obscnred

　MEF2C（846）was　strongly　expressed　ln　the　upper　part　of

the　CP丘om　F　18　to　P3（Flg　7B）At　P7，　thc　cxpresslon　was

prlmarlly　observed　ln　layers　2／3　and　4，　and　sllghtly　m　thc　upper

part　of　layer　5　Unllkc　thc　fbrmer　threc　clones，　thc　message

was　retamed　at　P　14　to　a　great　extent

DiSCUSSIon

We　obtalned　fOur　genes　that　werc　cxpressed　ln　the　upper

layers　m　P7　rat　cortex　when　la㎜nar　configuratlon　ls　estab

llshcd　　仇σカ4ソ2（正ン1∠41777　and　4θ1蹴一1ψθ　gcn（ン鯉4オ0937

were　expressed　spec血cany　ln　layer　4，　whereas　5（F　andル伍写

2（7were　exprcssed　ln　layers　2／3－4　As　fbr　area　spcc1直clty，

励c5カ4　and　5αアslgnals　wcrc　stronger　m　scnsory　cortlces，　but

the　messages　of　M五F－2C　andばθ」旋籾一」漉θgene　were　dlstrlbuted

rather　broadly　m　the　neocortex　All　of　the　gcnes　wcre　strongly

1148　UpPer　Laye囲peclfic　Genes　m也e　Neocoπex　・　Zhong　et剖
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Figure　6．　Developmental　changes　of　iaminar　expression　of【ayer　4－specific　genes．θ片c5カ4｛A｝and　dθ旋ハκ旅θgene｛Bl　expressions　in　the　parietal　reg｜on｛above　the　h巾pocampus｝

are　shown．　ln｛Al，1ηs舟びsignals　are　shown　to　the　left　of　each　stage，　and　Nissl　staining　is　shown　to　the　right．　MZ，　marginal　zone；CR　cell－dense　cor廿cal　plate；SR　subplate；SM

subverltricular　zorle；VZ，　ventricularzone，　Bar　represents　O．2　rnm．

expressed㎞embryonic　and　eady　postnatal　stages，　except　that

M五F’2（7mcssages　were　still　prcsent　in　later　stages．　Thus，　the

prcsent　study　using　systematic　scrcening　of　the　subtraction

cDNA　library　clearly　demonstrates　that　certain　types　of　molc－

cules血cluding　extracellular　proteins　and　transcdption白ctors，

which　might　be　involved　in　ccllular　dUferentiation　and　neural

c宜cuit　fb㎜ation，　are　expressed　in　the　upper　layers　of　the

developing　cortex．

E剛Pγ¢ss壷09Bθη4】し匡o捷c況1αγP7‘OPe㍗t量es　qf　UρPe㌘L例yeγ一

Ψec苗c　Geπes

む批5力4，anew　member　of　unc5　family，　was　expressed　most

specifically　in　layer　40f　P7　rat　cortcx．　After　the　sequencc　of

human拠（5力ψK］㌧4／11777　had　been　registered　in　GenBank／

DD耳I　database，　its　mouse　homolog　was　rcportcd（Engelkamp，

2002）．However，　the　prcsent　study　is　the　nrst　to　dcmonstrate

its　molecular　characteristics　and　expression　pattcm㎞the

b面n．The　exprcssion　pronle　during　dcvelopment　further

showcd　a　migrating　bchavior　ofμηc5ん4　expression．　Layer　4

ce皿s　are　bom　at　E　16－17in　the　ventricular　zone　and　migrate　to

the　subventricular　and　inte㎜ediatc　zoncs　at　E　18．　At　PO，　thcy

move　to　the　most　supcrncial　part　of　the　CP，　and　gradually　settle

in　layer　4　by　P6（Bcrry　and　Rogcrs，1965；Lund　and　Mustari，

1977），仇c5カ4　expression　closely　resembles　this　migration

pattem，　suggcsting　that耽（5彪is　expresscd　during　develop－

ment　by　the　ceUs　dcstincd　to　fb㎜1ayer　40f　the　conex．　Weak

expression　in　the　f士ontal　lobe　is　consistent　with　this　view，　as

granular　ce且s，　the　malor　population　in　laycr　4，　arc　scarce　in　the

motor　cortex．

　　It　has　becn　shown　that　unc5　family　melnbcrs　are　involved　in

axonal　clongation　and　cell　migration　as　netrin－l　rcceptors

（Lconardoθτ砿，1997）．　In　addition，　thesc　members　have　been

shown　to　suppress　ncuronal　apoptosis，　upon　rccciving　a　ligand

signal（Hofmann　and　Tschopp，1995；Uambiθτ砿，2001）．

Although　the　moleculcs　that　interact　with協6彪have　not　yet

been　identificd，　it　is　possible　that　the　Hgand　may　influence
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Figure　7．口evelopmentalchangesof｜aminarexpressionof　upper　layer－specific　genes．

SO臼旬and　M任2C｛B｝expressions　in　parietal　cortex　are　shown，　Abbreviations　are

the　same　as　those　in　Figure　6．　Bar　represents　O，2　mm，

neuronal　survival　of　layer　4　cells　expressing　z切c5カ4．　The

survival　effξct　might　furthcr　influcnce　neuronal　connectivity．

Anothcr　possibUity　is　thatμη〈5カ4　acts　as　a　ligand　molccule．

Thc　extraccllular　domains　containing　immunoglobulin　and

thrombospondin　domains　might　directly　influence　ingrowing

thalamic　axons．　Ident遣cation　of　the　molecules　that　interact

with協c5〃4　would　be　nccessary　to　elucidate　its　role　to　a　great

extent．

　　We　cloncd　and　characterized　another　Iayer－4－spcc慣c　mole－

culc，4θ1花κ一Z漉¢gencパZAAO937，　although　its　expression　was

not　as　localized　as　theμηc5力4　message，　Deltcx　has　been

shown　to　mediate　thc　Notch　signaling　pathway　in　the　nucleus

as　well　as　in　the　cytoplasmic　rcgion（Matsunoρ’砿，1995；Kishi

θ’θ1．，2001；Yamamotoθτ砿，2001），　Thcre丘）rc，　deltcx・1ike

protcin　may　be　involved　in　the　d価erentiation　of　layer　4　cells　by

regulat血g　Notch　activity　transcriptionally　and／or　through

direct　binding．

　　As衣）r　M五F－2（7，　Leiferθ比L（1993）havc　shown　thatル圧F－2C

mRNA　is　exprcssed　in　the　upper　layers　of　the　developing

1150　upper　Layer－specific　Genes　in　the　Neocortex　・　Zhong　et　al．

cortcx．　Our　results　not　only　con負rm　their且ndings　but　also

dcmonstrate　that　this　lamina・spec苗c　expression　is　prcsent

throughout　the　ncocortex，　suggesting　that　M五F－2（7　may　be

invohred　in　the　upPer　cortical　ncuron　idcntity．　Although　it　has

been　demonstrated　that〃EF2（7　supports　ceU　survival　of　post一

皿itotic　neurons（Maoθ’αム，1999），　the　prolongcd　and　rather

unifbrm　cxprcssion　in　the　neocortex　indicates　the　possibiHty

that　M五F2C　may　contribute　to　the　ma血tenance　and　d近feren’

tiation　of　upper　cortical　cells　rather　than　simply　to　the　differcn・

tiation　of　postmitotic　neurons．

　　On　the　othcr　hand，5（アcxprcssion　during　cortical　devcloP－

ment　was　more　complicatcd，　but　seems　to　be　relatcd　to

thalamic　axon　invasion．　Since　the　tips　of　thalamic　axons　start　to

invade　the　CP　at　E　18，　exten（t　into　laycr　5　at　PO，　and　rcach

immature　layer　4　at　P3（Lund　and　Mustari，1977；Kageyama　and

Robertson，1993；Catalanoθ’砿，1996；Molnarθτ尻，1998），　a

corrclation　might　cxist　betweell　the　expression　of　5α7　and

ingrowth　of　thalamic　axons　in　thc　neocoltex．　In　accordancc

with　thalamic　axon　extension，5α7　expression　gradually

became　wcaker　in　the　deep　laycrs　and　incrcased　in　the　uppcr

layc岱．　Indccd，　i㎜unohistoche血st可with　an　antibody
against　c－kit，　the　rcceptor　of∫α7，　showed　that　c・kit　was

expresscd　in　thalanlic　nuclei　and　axons（not　shown），　indi－

cating　the　possibility　that　thalamic　axons　respond　to　SCF

distributed　in　the　developing　cortex．　The　weaker　expression　of

∫αin　the　f㌃ontal　cortex　might　also　be　related　to　the　lack　of

sensory　thalamic　axons　in　this　area．

Imμεc硫oηs（ザ仇e　Pγese鴛ce　qf恥Peγ正α少e咋Pec頑c

Geηes
To　date，　it　has　been　shown　that　putativc　rcgulatory　gencs，RZR一

β（Becker－Andreθ’αZ，1994；ParkθταZ，1997）and（70こ胆一ZF1

（LiuθτθL，2000）are　expressed　in　laycr　40f　thc　neocortcx，

although　thc　functions　of　these　genes　are　not　clear．　Thalamo・

cortical　prolections　are　disrupted　in（70α〕－7FI　mutants，　but　it

is　likely　that　the　phenotype　is　attributable　to　thc　lack　of

subplate　neurons　rathcr　than　its　direct　inHuenccs　on　thalamo－

cortical　axon　targcting　in　layer　4（ZhouθτθZ，1999）．　The

prcsent　rcsults　further　demonstrate　the　presence　of　anothcr

putative　regulatory　gene，4θ1花κ一1漉e　genc，　which　is　exprcssed

primarily㎞1ayer　4　and　might　act　as　a　regulator　of　cellular

dif丘rentiation（see　above）．

　　It　is　also　important　to　rcveal　cxtraccllular　moleculcs　such　as

ccll　surface　or　extracellular　m飢rix　molecules，　in　ordcr　to

understand　the　molecular　basis　of　ccUular　interactions　and

circuit　fb㎜ation（Yamamoto，2002），　In　this　sense，μη励4　is

thc　gcnc　that　cncodcs　a　ccll　surfacc　protcin　and　is　expresscd

rather　spccific証ly　in　cortical　ceUs　destined　fbr　layer　4　during

develop皿ent．　Although　how協c5履contributes　to　ce皿ular

d廿ferentiation　and　connectivity　in　thc　cortcx　is　unknown，　its

molccular　characteristics　raise　the　possibility　that　it　is　invohred

in　thc　intcractions　betwecn　layer　4　ceUs，　or　between　layer　4

cclls　and　thalamocortical　fibcrs．　Reccnt　studies　havc　shown

thatβρ批切プ15，　an　Eph　ligand，　affヒcts　thalamocortical　axon

behavior　by　its　cxprcssion　in　layer　4（Mannθτ砿，2002），　but

this　is　ulllikely　to　be　the　case　with　the　entire　sensory

thalamocortical　prolcctions（Donoghue　and　Rakic，1999；

Mackarehtschianθτ砿，1999；VanderhacghenθταL，2000；
Yabutaθτ砿，2000），　In　contrast，10calization　ofμη（5力4／

1（L4・4177プin　layer　4　is　fbund　throughout　the　scnsory　corticcs．

　　ω〃zθ噺一6andγ（M3　are　known　cell　surface　molecules　that

are　cxpresscd　in　thc　upPcr　laycrs　of　thc　developing　cortex



（Suzukiθ’砿，1997；Che㎜θτ砿，．2001）．　Phosphacan，　a　prote・

oglycan（Maeda　and　Noda，1996），　and　SemaK1，aGPI・anchored

semapho血（Xu　e’砿，1998），　are　also　expressed　in　the叩per

layels　of　early　postnatal　stages，　though　the血　expression

pattems　during　development　are　not　weU　characterized．　It

would　be　worthwhHe　to　examine　whether　these　molecules

a飾ect　thalamic　axonal　growth，、as　previous　investigations　have

indicated　that　tha㎞ocortical　axon　termination　is　govemed　by

molecules　distdbuted　in　layefs　2／3－4．（Yamamotoθ’砿，

2000a，b；Noctorθτ砿，2001；Yamamoto，2002）．　In　addition，

the　present　6ndmgs　of　5α汀e】q）ression　pattem　raises　the　pOssi・

b姐ty　that　a　developmental　change　of　la皿inar　expression　may

㎞nuence　afferent　fiber　ingrowth（see　above）．　A　s血1血ar　lamj㎞ar

transiUon　has　been　reported　in　the　expression　of　Se〃解3∠1，　a

potential　molecule，　which　m輌ght　be　responsible　fbr　the　fbmla・

tion　of　thalamocortical　prolections（SkaHoraθταL，1998）．

　　Several　transcriptional白ctofs　have　been　shown　to　be

expressed　血　a　lamina・speci血c　fashion：0紘1　（Frantz　θ’αZ，

1994）　and．142　（B緬one　θすαL，1995）　in　layer　5　and　乃芦1

（Bu脈）neθ’θL，1995；Hevnerθ’αL，2001）血1ayer　6．　As五）r　hyer

4，COこ肥ZFI　and　RZR・βare　expfessed　in　layer　4，　as　described

above．　The　present　results　show　that∂ε舵苦倣θgene　and　MEF

2（7are　expressed　in】㎞yer　4　and　匂yer　2／3－4’as　reguk竃tory

丘ctors，　respectively．　Detem1血血1g血e　relation　between　these

reguJatory　genes　and血eir　downstpeam　molecules　would　also

be　usefW　m　elucidating　the　molecu匂r　basis　of　cortical　ceU

di飾e民ntiation　and　neuml　circu虻和mation．
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