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Development of Vestibular Organ and Cochlea
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Inner ear is an important organ that is responsible for balance and hearing. It is composed of two
complicated major subunits, vestibular organ and cochlea. During development, both functional
units require complex genetic interactions to achieve proper patterning and morphology as its
purpose. This review comprises three parts. In the first part, general information about technical
tools in studying mouse ear development is introduced. In the second part, it is shown how sem-
icircular canals are formed and what genetic interaction is involved in canal formation. In the last
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part, genetic interactions required for proper development of cochlea are elaborated, focusing on
the length of cochlea and morphology of organ of Corti. The study about development of mutant
mice provides us useful information about genetic interaction involved in the formation of struc-
tures for hearing and balance. The data acquired in the development field could provide a break-
through to hair cell regeneration and stem cell therapy fields in stuck, which are directly appli-
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Development - Mouse * Semicircular canal - Cochlea - Organ of Corti - Hair cell.

AHEEBHARL 71-& olsligtal A Fakal gl7] wWhiro®
A7+t g e (development) < Wo] (inner ear) 2] 343
A Zo]| Hol= AR gene) &) W& A expression) &
olaf3ta -FAAPAHuL-A (genetically modified mouse)
ol Hol= 718 (phenotype) ©] A7+ 7173 (mechanism)
S BA%o 4] 22 7 A5 28 (genetic interaction)
= ol gEoE dA "gEAE e SVIMEAR
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Table 1. The canal phenotype of mutant mice
Gene Semicircular canal phenotype Cristan Genetic A
Anterior canal  Lateral canal  Posterior canal character
Genes expressed in canal pouch
DIx5/6 7/~ Absent Absent Absent Total cristae absent  Double deletion Robledo and Lufkin
(2006)
DIX5™/~ Absent Small Absent Total cristae absent  Deletion Acampora et al.
1999
Depew et al. (1999)
HmMx3™/~ (#1) Small Absent Absent Lateral crista absent Deletion Hadrys et al. (1998)
HmMx3™~ (#2) Normal Normal Normal Lateral crista absent Deletion Wang et al. (1998)
Hmx2™/~ Absent Absent Absent Lateral crista absent Deletion Wang et al. (2001)
Hmx2 ™/~ Absent Absent Absent Absent Double deletion Wang et al. (2004)
Hmx3 ™"~
Fof3™"~ Variable Variable Variable Posterior crista Conditional Hatch et al. (2007)
absent deletion
Fafo™'~ Absent Rudimentary Absent Normal Deletion Pirvola et al. (2004)
Ntn1~/~ Normal Absent Absent Normal Deletion by gene Salminen et al. (2000)
frap
Nor1™/~ Thinned Thinned Thinned Normal Deletion Ponnio et al. (2002)
Ephrin B2/~ Thinned Thinned Thinned Normal Deletion Dravis et al. (2007)
Lrig1™/~ Normal Not resorbed,  Normal Normal Conditional Abraira et al. (2008)
Truncated deletion
Lrig1 - Normal Normal Normal Normal Double deletion  Abraira et al. (2008)
Netrin1*/~
Bmp2~/~ Absent Absent Absent Normal Conditional Hwang and Wu
deletion (unpublished)
Gliz™~ Truncated Absent Narrowed Normal Deletion Bok et al. (2007)
Gbx2™/~ Swollen Unaffected Swollen Present Deletion Lin et al. (2005)
Genes expressed in cristae
Jagl™~ Truncated Absent Absent Absent Conditional Kiernan et al. (2006)
deletion
Jagl - Smallampulla Smallampulla  Truncated, Posterior crista Deletion Kiernan et al. (2006)
Missing ampulla absent
Jagl i+ Absence of Normal Absence of Malformed ENU derived Kiernan et al. (2001)
ampulla ampulla heterozygote
Sox2tec/Lee Thin, fruncated Thin, fruncated Absent Absent X-ray iradiation  Kiernan et al. (2005)
Sox2Ysp/¥sb Truncated Truncated Intfact Absent Fortuitous insertion Kiernan et al. (2005)
of a transgene
Fgfl0™/~ Notresorbed  Small, truncated Absent Posterior crista Deletion Pauley et al. (2003)
absent Wu et al.
(unpublished)
Bmp4 ™/~ Absent Absent Absent Total cristae Absent  Conditional Chang et al. (2008)
deletion
Foxgl ™/~ Normal Normal Non resorption  Lateral crista absent, Deletion Pauley et al. (2006)
Malformed cristae Hwang et al. (2009)
Six]Cwe/Cwe Thin orAbsent Absent Posterior crista ENU derived Bosman et al. (2009)
truncated absent
Six1*"Eya™/~ Intact Intact Truncated, Absent posterior Deletion Zheng et al. (2003)
Missing ampulla crista
Eya*’” Truncated, Intact Intact Absent anterior crista Deletion Zou et al. (2008)

missing ampulla
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Table 2. Genes related with patterning of organ of Corti
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Deleted gene

Length of

Cochlear phenotype

Genetic character

Ref.

cochlea duct Base Middle Apex
Notch related
JogZ’/’ Normal 4 rows of OHC, Deletion Landford et al.
2 rows of IHC (1999)
Lfng’/’ Normal Normal Deletion Zhang et al. (2000)
Jag2™"; Ling™™ Normal 4 rows of OHC, Double Zhang et al.
1 rows of IHC Knockout (2000)
Htu*~ Normal Two rows of OHC, Two rows of OHC, Two rows of OHC, Missense mutation Kiernan et al.
extra and extra and extra and of Jagl (2001)
atypical IHC atypical IHC atypical IHC
Cm*/~ Normal Two rows of OHC, Two rows of OHC, 4-5rows of OHCs, Deletion Kiernan et al.
extra IHC extra IHC extra IHC encompassing Jagl  (2001)
Hes1™/~ Normal 2 rows of IHC Deletion Zine et al. (2001)
Hes5™/~ Normal 4 rows of OHC Deletion Zine et al. (2001)
DI~ Normal 4 rows of OHC, 4 rows of OHC, Increased HC Conditional deletion  Brooker et al.
increased IHC increased IHC (2006)
Jagl™~ Normal OHC missing, OHC missing, Reduced HC Conditional deletion  Brooker et al.
disorganized disorganized rows (2006)
rows and islets and islets of IHC
of IHC
Convergent extension and PCP pathway related
Vongl2’/’ Short Normal in rows of  Increased HC > 4rows of OHC, Deletion Montcouquiol
OHC and IHC toward apex > 2rows of IHC et al. (2003)
Scrb1™~ Not specified Mis-oriented 2nd, Deletion Montcouquiol et
3rd rows of OHC al. (2003)
DvI1™/7; DvI2™/~ Short Normalinrows of  Normalinrows of  Increased OHC  Double Wang et al. (2003)
OHC and IHC OHC and IHC deletion
wntsa™/~ Short 4 rows of OHC 4-5rows of OHC  Deletion Qian et al. (2007)
Myo2™/~ Short > 2rows of pillar > 2 rows of pillar > 2rows of pillar  Conditional deletion  Yamamoto et al.
cells cells cells of Myh10 (2009)
Fgfs related
Fgfrin7im7 Normal 2 rows of OHC 2 rows of OHC 2 rows of OHC Hypomorphic Pirvola et al. (2002)
conditional deletion
Fofr /= Normal OHC patches, OHC patches, OHC patches, Conditional deletion  Pirvola et al. (2002)
Sparse IHC, Sparse IHC, Sparse IHC,
Pillar cell Cluster  Pillar cell Cluster Pillar cell Cluster
Fgf9’/’ Normal Normal Normal Normal Deletion Pirvola et al. (2004)
Fofr3™/~ Normal 4 rows of OHC 4 rows of OHC 4 rows of OHC Deletion Puligila et al. (2007)
rack of pillar cell rack of pillar cell rack of pillar cell Hayashi et al.
differentiation differentiation differentiation (2007)
Fofg™/~ Normal Rack of pillar cell  Rack of pillar cell  Rack of pillar cell  Conditional deletion  Jacques et al.
differentiation differentiation differentiation (2007)
Fgf20 Cochlear Decreased hair Blocking Ab Hayashi et al.
Explants cells and (2008)
supporting cells
Genes not included above criteria
Foxgl E Short 4 rows of OHC 5-6 rows of OHC, To 6rows of OHC,  Deletion Pauley et al.
2-3 rows of IHC to 3 rows of IHC (2006)
Gli34699/699 Short At least one extra  To 7 extra rows At least one extra  Truncated deletion Driver et al. (2008)
rows of OHC of OHC rows of OHC
Shh™'~ Short 4 rows of OHC, Exfra rows fo 7 of 4 rows of OHC, Conditional Wu et al.
increased IHC OHC, 2 rows of IHC 2 rows of IHC deletion (unpublished)
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trieval method), W 1#>= (background noise) &4 &
T2 Al1dS 47 HEl B A 286E esh, =3
ARE7Fs s A2 el Algto] Qlar B]g Bk vl W
o] It} ¥bH in situ hybridizatione RNA probe?] &5+
of FAIgle] YAAE 2elA vlwA A Qs Al1dS
HojFm wggle-rr) Ay EXE-FHA(target gene) 2
A4 (sequence) BF Qbcbd A &gt 74 e HAgko] ¥
O RNA probed AYAFE 57} Qlo] A}t HofollA|
N = b At AEV S shdolt). 538
W] o] vk Hoks S7E2] =8t obd sE A
oro} B+ 3] 3} (decalcification) & o] g in situ
hybridizations s}7]l o} A3slth

Yole] wks 1Y) 93] HARE T2 o F(Zebra fish),
Z%F(chicken), "F$-27F =2 A}MEEW, Zebra fish®}
chicken®] 73 morpholino®} plasmid electrophoration
e AR 7S o] gehd FiAE A 22 (ma-
nipulation) & <= 1 1 AIE 5 Yol Eelstk 4= gl
th= 47o| Qltk. Zebra fish9} chickenollA @od Ay}
S in vitro AP AR} O AlF|Enketa kA g
AAR ATl A 2&-E]7]e flalir= nhe-2ollx] WA 5
ol wojolrt gtk wh-Am AR fARSE AR
o} Ylol52E zka glo] ARgtelA] Erbssh Al 222
AdJo] 7hsab 7ol ool Aol s 7KL Sl
-7 2R~ (compound mutant mouse) & ©]-8-3}
FAALY) Ao g Qg TR A (rescue) 750
7] A& = qlo], AlgollAl AR EE Aldsk ]
o= v AR S o] 83 74 (rescue) A ¢
JRorE & oulE Adr) ulgAE o]83s A7
o 2= HAARFERS-A (mutant mouse), F$HIEA] (co-
chlear explant), 941% Elokrs 5] Sith

FAAPAEER-A (mutant mouse) ]+ =LA transgenic,
knockout, conditional knockout PR~ Us £ QS
] transgenic "~ 574 promotorel o8] W E =
$242} constructs genomic DNA® F24 (random)
o2 AR (nsertion) Al F32H] #JiH (overexpres-
sion) ©J4 ©]4HE (ectpic expression) = XAl g uj
ARE-EITE Knockout out "R AREA 0 2 E7J-/-54)
7V AEEo] ol vhe-AE A, wEEoAE W
w2} simple knockout, knock—in, ENU (ethyl—nitrosou-
rea), gene—trap "M 522 s 4 Qlth Knock—in
A= o]Wl-FHAE promoterS @71 AA thS
2 Ael creyt LacZ#2E ohe 2 A vhe
o]t} ENU uR$-A+ alkylating agentE AFHE-3F9] rando-

S o (B ¥ n

0> H
R
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mized point mutations .0

%)= 2o, gene—
trap MR-~ gene trap vectorE F-Z9)Z 07 Polr]
W50 X)&= A7 gene trap vectorZF AE H-¢7F
FA7Fsshs Aol ENU mRe-28b= The Holt}. A&
ARl A =, Aolv 3 FolA wdEE 4
2Hzo] AAE 75 o7t A= 2?1 e (embry-
onic day: E) 11.5¢4 o]l =7] wj&o) 1 F24x7} W
o|gdell mAl= FEFS T A Hehe Ho] itk o]
739 5 xA oA 827 A7 =)= conditional kno-
ckout WF-AE o] g8k 240] 71ssllzIt) Conditional
knockout PF-2= 54 2AoA = 5422 pro-
motor®l &J3}] cre recombinase”| WA =S W= knock—
in PF9-29), E3E 584} (target gene) 2] %o lox %1
A= 29 vhg-~9k wHjEke] cre—lox recombination.©
2 EEGANE A7 gro 2R wEo)Xt}t 2 Foxgl—
cret} Pax2—cre v}-2~7} o] conditional knockout W}
A2 W o] AMgEolA) o2 53 Foxgl? 9 pro-
motor®l] cre’} WEE= v (Foxgl ") 9F Bmp2™™
e ~2 walEte] Foxgl™"; Bmp2™”™ compound mut-
ant PF-AE THE TR 05 ThA] Bmp2™Y mRe-ag)
HjEle] 9= Foxgl®™; Bmp2?Y~ 448< 714 = nf
$-27F ool vt Bmp27F A% conditional knock-
out F-20]th(Fig. 1). Bmp2 knockout -2 21749
oo = E9.57 &g WellA 21 conditional knock-
out "F-AE Hold wizkA] AJES = 9lo] Bmp27t Al
A% Uole] S sk Zo] 7Fsaxiek?
A-9-ui A (cochlear explant) = E13.59] 2-$-(coch-
lea) & Helste] Zeo|Ee| widkshs WHOE FEAE

oF e RS g4 & 5 9lom fFEAE 9

o

Bmp2™7 ()

Foxglee/*; Bmp2"™ (1) Bmp2oxiox( Q)
3

Foxglee/*; Bmp2/od=

Foxgl-cre*(a")

Fig. 1. Pedigree to produce Bmp2 conditional knockout mouse.



42 John Brigande®l 2J3l &7)€ HWHHOoE wle-A =}
Ul Elolflolef] plasmid electrophorations Al8te] f-
AAF 22 Shs WO QIzte] A7 oist 53
AR gl A o Aok W2 2t gk 19
ALl A7HE-E (innervation) & F24 4= 9= liphophilic
dye tracing 7]'H°] 311 Bernd Fritzschell oJ3f] =&
AREE O] FRAAPHE PR AZREEL] o)l tist B
S ARE Ae 5 A HU?

3 AMtarele] vy

PR FH Ao R E19.546 S48 235k Yo
TZES E11.500014 E13.5 Alele] dAd¥ch mhe o
o]+= o]F(otic placode, E8.5)olg}t1 Hal= iAo F
AR A 2R A sk, FA; QLo ® ShEE o
olull (otic cup, E9.5) 2= 7 Rk FZZ5 o]& v} H
Hooued Adu2RE ehds] EEEe] HHAQl ol
(otocyst, E10.5) &Aslth” g4 11.5Y¢0% o]'d9)
U= (medial) ol 5= (dorsal) 22 W= 937 (endolym-
phatic duct)©] F8I3}A] =™ o] Fe] HjZ (ventral)
o 7= AX e F(cochlear anlage)©] olelE A2} U]
2k o] Al7]el| o'de] F5(dorsal) S&2= FAFHY
(vertical pouch) 2} &5 (horizontal pouch) 7} &
AE=d A5 Y= ek & (anterior semicircular
canal, SCC) #} ¥t #] & (posterior SCC) 0.7 F3}%] 11,
HYFrUs 50k (ateral SCC) 0.7 vy,
E11.75°= #5114 (canal pouch) 7} HF A HA A
2 "R B3 (canal plate) = 3Adsk=d], E124& ©]
= TG A EZo] TR AR R ehEe] 59
FH(fusion plate) & Bd3HH(Fig. 2). oluf o]'de] 5]
Q= AMEZ9 7|42 (basement membrane)©] A A
AE gkl £330 A¥ES 4454 (intercalated) =
o 350 AIMETE o Foll Rhagas Fdsk= 7t
A S W) ae A AlRgY o] mgL et
oA WA AlFtEo] kit Telal 9

Algtareld @2del 715 digk Al 7Ex] 7Hd
E11.5%¢A 13.5¢ Atejol] wtaug# AL $Igt o
3] FJefeAQl W= B - (indentation of canal
plate), §%(fusion of two apposing epithelial layers),
83l g M) AR (clearing of fusion plate cel-
1s) 9] Al SA R o] FolXth(Fig. 2).¥ E11.5%¢] ket
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Posterior pouch Anterior pouch

A

Fusion Fusion ,
plate plate

. . . Anterior canal

Posterior canal

Common crus

Fig. 2. Schematic diagram showing the sequence of semicircular
canal formation.

(anterior canal plate) 2] &-=0] Al&E o] F7l9] vk
© A9FE0] 7REHA AR T H=d) oldE FE9
Wsh= v 7)) i = A7l @4 (endocardiac cu-
shion formation) ©Jt} 21734e] &3 wj(closure of neural
tube), 22]3 T/ (palate) ] FA W% wzVIH = #2
B3 @I o)5 A oAi= hyaluronan?] “§4d°]
rofshs Ao AzbE ), 7] Auke] A (disruption of
basal lamina) 3 3| H3Z2] Al (epithelial rearrange-
ment) ©] 3| dofih= Z1o% BarEo] gt} A F (Xe-
nopus) ®I4 hyaluronidase”} ¢l 4= ¢ #22]
$hEo] AAEE Zlo R Hol fAazolal vt o E 5
¥ hyaluronan®] ¥ $HE2] T4 7oz AJztwolxl
o2 AR wpeAoA 7] A ¥ (basement membrane,
BM) &) &2} sk B2 9kO] hyaluronan®] EfjA E12.5
Fo] $dE= A o2 HarEo] 9lo] hyaluronand] H]
T A Agato] wht g ¥l v)ow AztEnY »
o} GAlst FAESHAR] SAE 471914 = hyaluron-
an synthetase® == o] #oI5h= Hasl—3 3Ake] &
L E11.5 o]d(otocyst) oA Hi= Zlo] o] = o]
oL okte] FART) ) ARE u) vt 950
Z1AE@BM) o] MA FHEE, SolsHle §Ews o
A W7 s I S5 7142 BM) > IR fA"
TH(Martin and Swanson, 1993). ©]2{38t n|thA 291 7]#]
ae] B FFAIES] 1 (fate) 7 UAS] TR
= Zlo= Holt)

F & (fusion plate) & o|F% @59 AlxZE0] ojd
IAE =4l their= Abgrolut mp-2ofl A obz] ghAlst
A} A grom o]F AuAEEE] el A
ME A programmed cell death), SFFAEZ A

3}t(transformation into mesenchymal cells), ¥t ¥

31

N
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&ol] 7] (recruited back into a canal) 52 Al 7}4]<]
7Pdo] st b5 (Xenopus), % (avian), Zebra-
fishollX= A58 vll$- vlsegt Feje] Agtare]ao] &
st SEAAEE AP > TUNEL H3A27F
BHAT 20 Sk v 9 Al A= of] Ao
L &6kl TUNEL A7} 3l F-glold 2
HA] ko P2 HFEAHapoptosis) 2ol TR 7]%o] o] &
o8 Ro® Azbet ¥ A E-F7H] A 8 (Epithelial -
to—mesenchymal transformation, EMT)-& Wjo]4u] A
b S EER ARSI S AE SJnlshad], ARl
A5AME (neural crest cel) 52 29 (ectoderm)
ol At FHFAME (mesoderm) £ 23175 8f
B2 uheAsh Aol FREAIES] A E e
of wjg4el 7pdolrt, w79 A M| (epi-
thelial layers)©] 3%7] e 215 4952] 7142 &
7} dofup= A4 EMTO] 7S skl dAlgict
AAZ EMT7F Zfelld F-i8ow §3AEe] Al
of wojsto] BAgEerA o7 Hug uh rk!” 19939
ol MartinZ} Swanson< §3#HA|EE0] vEE 02 o]F
sto] AlRkarE|e el Hojsith= 7S AAIElET,
o]=% Monastral Blue(MB)Z 1§ 11.5¢¢] o]l

[¢]

=

FAFSE] 1947 wiFeh ths =29 MB 94 AlEE0]

E49 4 (resorption domain) ©J4t %7F] (mesoderm) K.

Th= Alkare] e Zoll BEH 9SS Haslgitt? o] At
= §5 g4 AEE0] AEARE EMTRER ARkare]
HEo 7 o]Fsto] ANt F FAo Holghs AlAfsith
HlellA AAgE Al 71A]9] 7P e s A7)0l obd &
APBESAR] A7 Feith B st A2 W)Y
Q= &4t (resorption domain) o] W&+ A1
Netrinl —cre+2F ROSA P22 wHlE Faf dojx|=
reporter PF$-AE o831 M| ¥F4 (fate mapping) 77}
Za3lt}) o] reporter PR ollA = Ol Netrinl
& T NEE A& Laczs SRR F59Y
t (resorption domain) o4 LacZE wHalslr] A2kl A|
250 ol FAEE FAIN FA FHIEAIE AR

=
=
AL % 5 g ol

b

o lo

o)

_?_‘
i

Fe]7|&e] 4 @Ay} Bone Morphogenic Protein

IHEE9 FE]7]H(organ of Cort) < 14 (row) ] U
FEAMEIHC) & 399] 9 EAIAE(OHC), 283 pillar
cello]u} Deiters’ cell 22 oJ2] $572] 52d3hd AAAHZ
2 FAEcE ZE7)E 217215 (aneural side) © % Hen-

sen’ s and Claudius’ cells”?} stria vascularis®} 53t

270

S ] >
Neural Abneural

. Bmp4, Bmp?7 positive region

E Noggin positive region

Fig. 3. The expression pattern of Bmp4/7 and Noggin during the
development of organ of Corti. Bmp4 /7 are expressed in abneu-
ral side of organ of Corti making a gradient. The expression do-
main of Noggin is overlapped with Bmp domain. In Nog’/ ", the num-
ber of hair cell row is increased, maybe due to increased activity
of Bmps.

9l Bmp4$ Bmp7, 12]1 Noggin Nog)& o] 9]
oA Z3HA) 2 (expression) ©] ¥H(Fig. 3). 2-5-(coch-
lea) = E10.757°l o'd(otocyst) 2] #i=(ventral side) ©]l
A Ahker] AlAsled, E12.57¢ A7)0 (prosen-
sory domain) S A5}, 1 ¢kl Y= AZEL oF¢-H7E
(apex) HE] 7|4 4-(base) Zo 7 Ax} MEF7](cell cy-
cle) oI AU 7] AJzkebaA p27KiplS st o}
-3 (apex) F-E A12HE p27Kipl 2] HE waveZ} 9%
7145 (base) ol &3l Mathlo] £%-7]4%-(base) ]|
A HEE7] Azteb, 7 5EEE o34 (apex) E o0 E k=
wave FE|o] THWPFS HolFrh Y A7z 2 (pro-
sensory domain) ¢l $Ji= oJ2] AlEE2 Mathl ¥ p27Kipl
Qo= theket FARl kel A Fste] FE7]
e FAgsiA Ay

Bone morphogenetic protein(Bmp) < A4 WHE0]
ZA AL 2] ) E] o] 288k Ale T (excretory pro-
tein) o= AR, A%, A1 o, E T ole] 7]Ee] B4l
L3k oS 3l Bmp Bmp So] 840l dggrow
2 AEAS] EAE= Smad 1/5/8M 22 <14k} (pho-
sphorylation) A|7]21 Smad49} Agst 3 No g o]%3
o] Bmp Z3-572 target gene) S A7) AL A
3}2Y Bmp?] 4% Noggin and Chordin 2+ Bmp
A (antagonist) & el whet 2dH= AowE &
27 9lem® Bmp wlz} A4 ALY Bmp7} 58
Aol Adteh= AL Palhs Aoz dHA B
A= Noggin knockout(Nog™”™) PR~ Bmp7]52]
7} (gain—of—function) ¢|2k= FHA BmpE A1sh=
FERERA d ARgEolA| L glom B2 Fo) o] ubyy
Ao A Nog heterozygote PRFE-A7}F o4k HAA] A)
< (branchial arch)2] #&]%ol (failure of separation) =

r oo



>~

114 5= 174 (stapes fixation)©] 2 = gl&o] B

% B]— o]q_.27)

A& Convergent extension)?} BHA|E=T/J(planar
cell polarity)

b E10.757¢) ol'de] wjFowiE yepp]
AlFste], 1 o7t AojAaE WFRE 5] Al
ste E13.5¢0 1/23]4, 12]al E16.5¢0 17 3/43]4
o P25 ZHAEN” o-we] ol ez we] &
A (patterning) 2 ‘H& (convergent extension) 2
WG =, Aol ForE HojAal I L FoAl= A
& Edjo] whsolxitka AT E Y gejsle] A7t
A|3E (prosensory domain)+ E13.5¢1 6~7% A¥E=Z
AE AT HAF GRobAM HEAo® 2719 AE T 7R
FEIHo e AR S FHAEA (planar cell

polarity) & A7sh=tl] FoIsh= FAkE, AlEE™ Vangl2,

Scrbl, Dvl, Wnt5 5] &3] Hodada} fRAEe
ol Jgkg Wtk LA AT Table 2).° 7 o]
St FdAbsel Aol 9ls Aol FEARE AR )
o] ErAlEdERt ozt 93l conversion ex-
tensiong BHA] E3F FEA|FEo] Wo] RoiQl= AL 9}

o] A

FE|718] P/doll o] Noggindt Bmp2] i

Noggin Bmp%} "7 2 A|329]% FH]¥o] Bmptt
Bmp 8o AAA o= AFste] Bmpe &S oA
R= 21 seko|th Nog™/™ PR-~2] 9493 (cochlear duct)
L& Zold A HHAM|EZA] (planar cell polarity) <
Aol ¥ Nog™”™ vh¢-29] ZHe o}9-ae Whizr] v
(hindbrain) &} ©]'d(otocyst) 2] Fdu < (misalignment)

ol Aoz a¥A et Noggin hindbrainelA] 1
Az7)0) ZetA HEE 2R hindbrainold FuH|Eo] U
olo] PES u|R|= Al AL (signaling molecule) 2]
o) Jks = 210 % AZME Y hindbrain®} otocyste]
A} (misalignment) = o]l 7]Q1sl= Aoz Azbe
th o2 el E Holuh AE=/d (planar cell
polarity) < “d4& Hol= 79+ Noggin PR 2]l Gli3
and Lmx1a knockout WF$-2 So] gtk

Nog”™ vhg-2olMi= SFRAL(OHC) ¢ WHEAZ
(IHO) 2] T7kst §A ok-3ke] Hol7t gobxglem 24
OF YRFEAZIHC) 7} v wo] Z7kEoilckFig. 3).”
Aoz o} oS Hol= = FHE 4 (converg-

ent extension) A& Holx FHAPAHTLPAEL 914
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AH-(apex) MM Y YJFEAIEZ(OHO) & T7He 53o=
gtk Nog /™ vh§-2olld Hols HEAE A(row) 9 57}
ool dolidake] Aol wiid 4 AARE UHEAE
(IHO)7F F3+3]3 (middle) 2+ 73] (apex) oA 9]¢
HAEZ(OHO) B} t] S7kshe 43S Kol 21 o]
7] Felnto® A AHEA Kk ol Qi o]
2ZHE 532 Nogginte T 7|3 WAV E A
(radial patterning) =, F-EA3E(OHC & ITHC) 4 (row) 2]
Mg AAshs bl #ofdhs & = Stk o)A 2kollA
Nog¥ Bmps®] @&z} #=dzie Wrst ddo] glet
Bmp4, Bmp7, Nog9 #7#x} 2& o) (expression do-
main) v+ FE|7]13%¢] 217 25 (abneural side) ol $1xI8H0
om] Bmp2gte] FRA 2o weg?

o] FEAE A7l 2ol Bmpe} Noggin?] &
gk 22 in vitro A7-50] Yo FHEAILE ol Fel
v AE e A3E vl A% Stk 2Y B
A Bmp4+= vF-2 94989 (cochlear explant) ©Jy 257
(chicken) 8] o'dMaErlF(cultures of dissociated otic
epithelial cells) oA -FEAIE F3}(differentiation of hair
cel) E % (induction) kit aFleh*Y sp=]wl n]Z=¢k
Z10M A3k A7 AgRbkle] ARE ®of 7 (chick-
en) o'GAEujFellA @3]8 Nogginel 9Jsix fFREAIE
20 37 553l Bmpell 2JaiAE JAIE 2ol AU
' Bmpd: 7]E =254 sensory fate$} non—
sensory fatesZ & TF A7tk g4 glomg Y
2FoA Fo]7 Bmp4”} non—sensory fateZ Z71510]
FEAEL] 28 (oss) S A2 7FsA EA3I 31K
9 257 (Chicken) o'dAZEHIAF L] Ayt A= uljA]
b, 919 explant A¥ A3H= Bmps7} f-7AE
23 AS e HojFEk? o] A8 4
Bmps$} Noggin®] @&t (expression domain) 7}
A2 AANUIL Nog”™ wpg2ollx] FRAZS] Z(row)
o] Z7tskh= 212 Bmps$ Noggine] FE]7]#9] radial
patterning®l] #ofs7] wlEolgl= 74 (hypothesis) 3 &
28}, F719] gain—of—Bmp function ¢l e}$-uek
(explant) ¥ Nog™”™ wk$-~°] %83 (phenotype) 2] 2}
)& Nog™™ wh-20] 24 YHEALIHO) ¥ 9H5
AIEZ(OHCO) 7} v F7Fekal, Bmpd A 2] dh of-p-uleFA)
(explant) 9] 795 HEAEE(OHO) ¥ S7FstH= Ao]
t}% Noggin® 44407 E135U%E 9904 gl
==t el (explant) oA WF-EAIZIHC) o] A4
of W7t §lis A1 9FollA Bmpd7t F01x1 Al w
2 Zjo] yiEo 7 Ay}

¢

off i
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#29] preliminary reportE X Bmp receptor la con-
ditional knockout "F-~7F ASTZL] 250F H FE
71¥*(duplicated organ of Corti) & 7FA:= Zlo] Hag u}
QITHT. Ohyama and A.K. Groves; personal communi-
cation). 12 Z1 ARRE FEZ|EE] Aol glo] Bmp
9] FEdA  gradient) 7} 7S S8k QQlo|2kal =4sk
Atk o]8 3§ Bmp2] $%8 = Nogginell SJsir e 24
)29 Bmp receptor knockout PF9-~9} Nog ™/~ #p¢-~
o] TAHPS A= Rith7F op == Bmp$} Noggin©] ¥

T Ve s W7 o B 7)) 9ls A0 4
€t Bmps7t 2933l = 714 @38k (dual action)
= gt 7PE Stk ol ¢ RdEES AdE 3l
t}. &, Bmp9 7] 952 Bmp receptor knockout "¢
oA Hol= 7 o] 7217|323} (sensory organ spe-
cification) @Alell 9131, o]$k= W& Nog /™ mF$-AL}
Bmp4 treated cochlear explantselA] Hol= F-EAXE
9] S7MERE 7] Hgtolgta pYSthd AW Ths
I} o] 7HE2 Noge] wdo] gl <710 E13.547t
A ghpollA ARA] FErhs ARSI §it

N

TEANZP Y} F-52ollA Bmp2o] A

2y F w2 FEZ| XM= Bmp2Zt Q- REAIE
(OHC) °llAl 18131 Bmp4”} Henson’ s and Claudius’
cellol|A] 73k w9ty Bmp29 Bmp4:= Noggin}
Bmp receptor®l] &4 B3t 131 (affinities) 71X a2
Qltkar kALY g m R wjokel9-A (cochlear ex-
plant) o Bmp4 & 2J4-ellA Wol& wf A7|= 2FEAE
(OHC) 99 F7h= Bmp4 <] S&o|Aut B Bmp29)
gl 7hsAdol itk oF¢-ellAl Bmp2e] ¥ E15.5—
Plgstolvt DA ANE o] A7|= FEAES] 29 (fate)
I AFE AAske dl 593k Al7]ola, Hathy, 2R
(chicken) AWM= vl9-Aoh= g2 f-52AEAA Bmp4 7t
stk 21S AAE vhe2 SRRAEAA Edy
= Bmp2el gk 242 Fa3 7kx]7F 9lo] Bl

3|9 Foxgl—cre 2}1& o83t Bmp2E to]efA
delete A1Z1& o 7E]7|¥e] xR WEEA Qi
Foxgl—cre; Bmp2® npe-A= glojuziulal 7] wji
of 71541 AAL = A=EAAE AFsHA EsiSitk 1EA
FEA Eo| AT W3 5= Mathl @] downstream gene !
Gfil—creE ol-&sto] FEAZA Bmp2E AA8I o
TE7|HS] FRHAskE PR E BEEA] sk =g
A% 37LelM ] HEAARY ol 2dE IR A Sk

o 14k FAFEAME 2713 E 7 E (premature

272

presbycusis) 7} #2EA] Qkkrt? o)kl Aol 5
R FE]7]B2] A7 LS (abneural side), 5, Henson’
s and Claudius’ cells®l]l TE== Bmpd 7} 2 A3l A
W E = Bmp2Rth fRAE Ho NS Ashs ol 9
o] Fosdlth= A& & 4 ok dithy Bmp7 vk
2= jolo]| o)ido] gl Ao AU, Nogginel
th3t 31348 = Bmp2th Bmp4ol Hl8l] oksiri= AR e
Bmp47} FE7|8S] FRAE 5eE AHshe d 1ot
= 743 BmpdlE 7FIXIth

FE]7|H P/Joll A Fgfs@t Bmpso] oAl

Fgf8, Fgfl10 and Fgf20 £ Ad3s] B2 £/ FGF
7} FE)7) e whd Zof] APt Fafrl (Fgf recep-
tor1) ¢] conditional deletionA] -8 we} ZZHAEA
(patches of sensory islands)©] BHARTEY Fgf20L 7F
Z-A| 3 (prosensory domain) o] @3 FafrlS 4
A7) 215D (main ligand) 0.7 AL &=
3 AT 7 (prosensory domain) ©f] &%= Fgfrd
(Fgf receptor3) 7} A7 (deletion) ¥ %S W= pillar cel-
1s9] 243} 37 QFRAIE(OHC) 9] Z717}F vrepehe
F3k Y RAIEIHO) oA 2] Fef8+ Fefr3& &
X3N] 7)1 5 A4 (main ligand) 2 L&Ak

2873 3o Fgfel Bmpe] e ak-gol tist 7154
2 Nogging 1ol WolZ uwj Fgfr3™™ 25l (co-
chlear explant) 2] %39 (phenotype)©] 3= (rescue) @
& #Eto A AZIHYLY Fair3™ ok (co-
chlear explant) &= &|F2AZ(OHC) €9l 7k Hole
o] &4 Noggine +H 29 57} &=t} o3&
Z719 Bmp4 9] %7} Fefr3™ ™ 9-9-uljekA] (explant)
oA Hol= Eoft -RFEAME AT ARIIS Al
gt} o] A= FEF Fgf7l Bmpshe] 452H8-S 53
SFRAEY AFS Foth=s AL oulsic}

T2 2Z S % Fgf9 Bmpe 2328 (antagoni-
stic relationships) & X% v7} 9% Bmpar}t 3
Jeh= 5578 Hgradient) & A7 (prosensory
domain) o] &%= Fef10¥} Faf200]4 9]4-5A3EHC)
o] =)= Fgflell gJall & o] Aldet 27 (fine—tuned)
S kg Aoz ALY S 9t Fof signaling®] ¥
317} Q)%= Fafr3™ U Sprouty2”” vl9-A Sofl= oA

FEAE G AFa Jaks vl RRAE g ¥
37} Qlths & ofd] Folofak R ot} 959 9190
A kst 72 Fei7t Eds 2= Jof7]ew e (func-
tional redundancy)©] “1 o] =9] R}z Aztw|w 3049



Qo 29| A= Fgfe BmpZ} oW WHo =z 77| t&
FEAEZS] 29 (fate) = AR=7) shs Aol Wroj#]of
317l

a4 &
9114 wRe2e] Atarels WA el lee 34
Ol BAYESA SRR A wg vhE Fels)
BT Uele] WS 2 WAME B R Holdt

I glom T FRARke] e Ae-S A hdkekA] oL of
A g AA] k2 FEo] 24 9 gk dA 27t 5t
© A7 ol 54 Ak AE Aol o B /A
Ake] wgo)] Asle=A] s ofd ko] wdo] 57t
Sh=AIE Sall ke AdeteAlE 1 (epistasis) 3=
Al v=o] glom skork ¥ W 49 F45 2
S8 itk ofdt I VFs FRATIe Akl
gk olali= AR HRAdEel e E71EATY FA
28 Hofell FHujA| e-S shejet ZIdhst fdak S

1T
o7 AEEE FEES oldfske B2 Eas & A

ole} 7|tk
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