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Abst r act . I sof or m- speci f i c ant i bodi es t o TGF01,

TGF02, and TGF03 pr ot ei ns wer e gener at ed and have

been used t o exami ne t he expr essi on of t hese f act or s

i n t he devel opi ng mouse embr yo f r om 12 . 5- 18 . 5 d

post coi t um ( d . p. c. ) . These st udi es demonst r at e t he

i ni t i al char act er i zat i on of bot h TGFs2 and / 33 i n mam-

mal i an embr yogenesi s and ar e compar ed wi t h TGF01 .

Expr essi on of one or al l t hr ee TGFO pr ot ei ns was ob-

ser ved i n many t i ssues, e . g . , car t i l age, bone, t eet h,

muscl e, hear t , bl ood vessel s, l ung, ki dney, gut , l i ver ,

eye, ear , ski n, and ner vous t i ssue. Fur t her mor e, al l

t hr ee TGFO pr ot ei ns demonst r at ed di scr et e cel l - speci f i c

pat t er ns of expr essi on at var i ous st ages of devel opment

and t he wi de var i et y of t i ssues expr essi ng TGF0 pr o-

t ei ns r epr esent al l t hr ee pr i mar y embr yoni c ger m l ay-

P
OLYPEPTI DE gr owt h f act or s such as t he 0- t ype t r ans-
f or mi ng gr owt h f act or s ( TGFos) medi at e many cel l -

cel l i nt er act i ons t hat occur dur i ng embr yoni c devel -

opment ( r evi ewed i n Mer col a and St i l es, 1988 ; Whi t man and

Mel t on, 1989 ; Ni l sen- Hami l t on, 1990) . Compl ement ar y

DNAcl ones have been i sol at ed f or f i ve TGFSspeci es ( TGFos

1- 5) ; however , pur i f i ed or r ecombi nant pr ot ei n has been ob-

t ai ned onl y f or TGF$s 1- 3 ( Der ynck et al . , 1985, 1988 ;

Madi sen et al . , 1988 ; t en Di j ke et al . , 1988 ; Jakowl ew et al . ,

1988) . Mor eover , onl y TGFos 1- 3 have been f ound i n mam-

mal s . The mol ecul ar st r uct ur es of TGF01, ( 32, and 03 ar e

ver y si mi l ar i n t hat each pol ypept i de i s synt hesi zed as a pr e-

pr o monomer i c pr ot ei n and i s cl eaved t o yi el d a 112- ami no

aci d pol ypept i de t hat r emai ns associ at ed wi t h t he l at ent ( pr o)

por t i on of t he mol ecul e ( r evi ewed i n Lyons and Moses, 1990
or Mi l l er et al . , 1990) . Bi ol ogi cal l y act i ve TGF0 pr ot ei n r e-
sul t s f r omdi mer i zat i on of t he monomer s ( usual l y homodi -

mer s) and r el ease of t he l at ent pept i de por t i on . Over al l , t he

mat ur e r egi on of t he TGF03 pr ot ei n has - 80% i dent i t y t o

t he mat ur e r egi ons of bot h TGFO1 and TGF02, however , t he

NH2 - t er mi nal or pr ecur sor r egi ons of t hese t hr ee mol ecul es
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er s . For exampl e, speci f i c l ocal i zat i on of TGFS1 was

obser ved i n t he l ens f i ber s of t he eye ( ect oder m) ,

TGFS2 i n t he cor t ex of t he adr enal gl and ( mesoder m) ,

and TGF03 i n t he cochl ear epi t hel i um of t he i nner ear

( endoder m) . Compar ed t o t he expr essi on of TGFO

mRNA t r anscr i pt s i n a gi ven embr yoni c t i ssue, TGFO

pr ot ei ns wer e f r equent l y col ocal i zed wi t hi n t he same

cel l t ype as t he mRNA, but i n some cases wer e ob-

ser ved t o l ocal i ze t o di f f er ent cel l s t han t he mRNA,

t her eby i ndi cat i ng t hat a compl ex pat t er n of t r anscr i p-

t i on, t r ansl at i on, and secr et i on f or TGFss 1- 3 exi st s i n

t he mouse embr yo. Thi s al so i ndi cat es t hat TGF01,

02, and , 83 act t hr ough bot h par acr i ne and aut ocr i ne

mechani sms dur i ng mammal i an embr yogenesi s .

shar e onl y 27% sequence i dent i t y ( t en Di j ke et al . , 1988 ;

Der ynck et al . , 1988) . Some di f f er ences i n t he i n vi t r o bi o-
l ogi cal act i vi t i es of TGF01 and TGF02 have been r epor t ed
( Oht a et al . , 1987; Jenni ngs et al . , 1988 ; Rosa et al . , 1988 ;
Mer wi n et al . , 1991) , however , i n gener al , TGFos 1, 2, and
3 have qual i t at i vel y si mi l ar act i vi t i es when added t o cel l s i n

cul t ur e ( Gr aycar et al . , 1989) . I n addi t i on, compet i t i on st ud-

i es wi t h TGF, S1, TGF02, and TGFS3 suggest t hat t hese pr o-

t ei ns i nt er act wi t h t he same cel l - sur f ace bi ndi ng mol ecul es
( Gr aycar et al . , 1989) , al t hough i n some cel l t ypes, a gi ven
TGFOi sof or m may pr ef er ent i al l y bi nd t o an i ndi vi dual sub-

set of t hese pr esumpt i ve r ecept or s ( Segar i ni , 1990) .

I n r ecent year s, sever al conver gi ng l i nes of evi dence have

i ndi cat ed t hat member s of t he TGFOf ami l y pl ay i mpor t ant

r ol es i n many di f f er ent embr yoni c pr ocesses ( r evi ewed i n
Akhur st et al . , 1991 or i n Pel t on and Moses, 1990a) . For

exampl e, i n vi t r o TGFRs ar e mi t ogeni c f or cel l s der i ved f r om

suppor t i ng t i ssues such as bone and car t i l age but ar e i nhi bi -

t or y f or many ot her cel l t ypes. The TGF0s al so r egul at e

di f f er ent i at i on ( whi ch may be st i mul at or y or i nhi bi t or y de-
pendi ng on t he cel l t ype) , st i mul at e ext r acel l ul ar mat r i x
deposi t i on, ar e chemot act i c f or cer t ai n cel l s, and i nduce
mesoder mf or mat i on dur i ng ear l y embr yogenesi s . I n an at -

t empt t o el uci dat e t he i n vi vo act i vi t i es of t he TGFos, we and



ot her s have i nvest i gat ed t he expr essi on pat t er ns of TGF#

genes dur i ng embr yoni c devel opment and a number of
st udi es have now descr i bed t he i n vi vo l ocal i zat i on of

mRNAs f or TGFOs 1- 3 dur i ng mur i ne embr yogenesi s ( Leh-

ner t and Akhur st , 1988 ; Pel t on et al . , 1989, 1990a, b ; Ak-

hur st et al . , 1990 ; Mi l l er et al . , 1990 ; Fi t zpat r i ck et al . ,

1990 ; Mi l l an et al . , 1991 ; Schmi d et al . , 1991) . Recent l y we

used i n si t u hybr i di zat i on t o di r ect l y compar e t he l ocal i za-

t i on of TGFO1, / 32, and / 33 mRNA t r anscr i pt s i n t he mouse

embr yo ( Pel t on et al . , 1990a, b) . Dur i ng mi d t o l at e embr yo-

genesi s, t he mur i ne TGFss 1- 3 wer e shown t o have over l ap-

pi ng but di st i nct pat t er ns of mRNA expr essi on . These pat -

t er ns changed as devel opment pr ogr essed and wer e of t en

f ound i n t i ssues under goi ng mor phogenet i c al t er at i ons . For

exampl e, dur i ng t he devel opment of t he whi sker f ol l i cl es of

t he mouse, t he mRNA expr essi on pat t er ns f or TGFOs 1- 3

wer e al l di f f er ent i n t he i mmat ur e f ol l i cl e but wer e ver y Si mi -

l ar i n t he mat ur e f ol l i cl e ( Lyons et al . , 1990) . I n si t u hybr i d-

i zat i on st udi es wi t h human embr yoni c t i ssue have pr oduced

r esul t s si mi l ar t o t hose obt ai ned wi t h mouse embr yos ( Sand-

ber g et al . , 1988a, b ; Gat her er et al . , 1990) .

Al t hough i n si t u hybr i di zat i on exper i ment s desi gnat e whi ch

cel l s and t i ssues synt hesi ze mRNA t r anscr i pt s f or a gi ven

gene, t hese st udi es cannot det er mi ne i f t he mRNAs ar e t r ans-

l at ed i nt o pr ot ei ns ; hence t he r el at i ve amount of mRNA may

not r ef l ect si mi l ar amount s of pr ot ei n . Thi s phenomenon

may have par t i cul ar r el evance i n t he st udy of TGFOexpr es-

si on . For exampl e, Madi sen et al . ( 1988) demonst r at ed t hat

a human pr ost at i c adenocar ci noma cel l l i ne pr oduces hi gher

l evel s of TGF01 and TGF02 mRNA but si gni f i cant l y hi gher

l evel s of TGF02 t han TGF01 pr ot ei n . I n addi t i on, because

t he TGF, Bs 1- 3 ar e secr et ed pr ot ei ns, TGFOmRNAs may not

col ocal i ze wi t h TGFO pr ot ei ns . I ndeed, by compar i ng t hei r

i n si t u hybr i di zat i on st udi es wi t h publ i shed i mmuno-

hi st ochemi st r y dat a ( Hei ne et al . , 1987) , Akhur st and co-

wor ker s have al r eady shown t hi s t o be t r ue f or TGF01

mRNA and pr ot ei n ( Lehner t and Akhur st , 1988 ; Akhur st et

al . , 1990, 1991) .

Usi ng i sof or m- speci f i c ant i bodi es f or TGFO1, 02, and ( 33,

we have i nvest i gat ed t he expr essi on of TGFOpr ot ei ns i n t he

mouse embr yo and compar ed t he di st r i but i on of t hese pr o-

t ei ns wi t h t hei r r espect i ve mRNAs . Our r esul t s show t hat

TGFOs 1- 3 ar e expr essed i n uni que t empor al and spat i al pat -

t er ns i n a wi de r ange of embr yoni c t i ssues, suggest i ng t hat

t hese f act or s pl ay mul t i pl e r ol es dur i ng mor phogenesi s and

or ganogenesi s . Mor eover , when compar ed wi t h t he TGFOi n

si t u hybr i di zat i on st udi es, t he dat a pr esent ed her e i ndi cat e

t hat al l t hr ee mammal i an f or ms of TGFO ( , Q1, 02, and ( 33)

act t hr ough bot h par acr i ne and aut ocr i ne mechani sms dur i ng

mur i ne embr yoni c devel opment .

Mat er i al s and Met hods

Mouse I 7ssues

St aged embr yos ( Thei l er , 1989) wer e obt ai ned f r ommat i ngs of I CRout br ed

f emal e ( Har l and Spr ague Dawl ey) and Swi ss- Webst er mal e mi ce ( Taconi c

Far ms, Ger mant own, NY) . Noon on t he day of vagi nal pl ug was consi der ed

0. 5 days p. c . Pr egnant f emal es wer e ki l l ed vi a cer vi cal di sl ocat i on and t he

12 . 5- 18. 5 d. p. c . embr yos wer e pl aced i mmedi at el y i n i ce- col d 4 %par af or -

mal dehyde/ PBS.

Ant i body Pr epar at i on

Pept i des of each TGF( 3 i sof or mwer e synt hesi zed usi ng a 430A pept i de syn-
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t hesi zer ( Appl i ed Bi osyst ems, I nc. , Fost er Ci t y, CA) , i ncor por at i ng t he
t - boc sol i d phase synt hesi s met hod f ol l owed by hydr of l uor i de cl eavage. The
f ol l owi ng ami no aci d r esi dues wer e used : TGF, 61 and TGF02, r esi dues
4- 19 ; TGF03, r esi dues 9- 20. The pept i des wer e pur i f i ed by hi gh pr essur e
l i qui d chr omat ogr aphy usi ng a gr adi ent composed of 0. 1% t r i f l uor acet i c
aci d and 100%acet oni t r i l e. Each pept i de ( 5. 0 mg) was di ssol ved i n 0. 1 M
NaHC03 and coupl ed t o KLH at a 1 : 1 r at i o ( wt / wt ) , by addi ng 3- ul vol of
1 . 25 %gl ut ar al dehyde 10 t i mes over a per i od of 3 h . Rabbi t s wer e i ni t i al l y
i mmuni zed wi t h 500 ug of each pept i de and subsequent l y boost ed wi t h 250

r ug ever y 2 . 5 wk . Ant i body t i t er was det er mi ned by ELI SA usi ng t he appr o-
pr i at e cor r espondi ng uncoupl ed pept i de and al kal i ne phosphat ase goat
ant i - r abbi t I gG as t he second ant i body ( Pr omega Bi ot ec, Madi son, WI ) .
The ant i ser a di d not cr oss- r eact wi t h t he TGFO pept i des t hat wer e not used

as i mmunogen . Each ant i ser umwas pur i f i ed by ammoni um sul f at e pr eci pi -
t at i on ( 31 . 3%) , f ol l owed by af f i ni t y chr omat ogr aphy usi ng t he r espect i ve
i mmunogeni c pept i de. The pept i de ( 8. 0 mg) was coupl ed t o 2 ml of Tr esyl -
Sephar ose ( Phar maci a Fi ne Chemi cal s, Pi scat away, NJ) over ni ght accor d-

i ng t o t he manuf act ur er ' s i nst r uct i ons . The pur i f i ed I gG was el ut ed wi t h 50
mMgl yci ne ( pH 2 . 5) i nt o Tr i s buf f er ( pH 7. 2) f or neut r al i zat i on, di al yzed
agai nst TBS, al i quot ed, and st or ed f r ozen . Each ant i pept i de ant i ser umwas

t est ed f or bot h i mmunor eact i vi t y wi t h t he cor r espondi ng mat ur e i sof or mof

t he TGF( 3 mol ecul e and f or cr oss- r eact i vi t y wi t h each ot her TGFO i sof or m

by West er n bl ot anal ysi s .

West er n Bl ot Anal ysi s

Recombi nant human TGFS1 and TGF, 83 wer e gener ousl y pr ovi ded by Dr .

Mi chael Pal l adi no and Dr . Ri k Der ynck, r espect i vel y, of Genent ech, I nc .

( Pal o Al t o, CA) . Nat i ve por ci ne TGF02 was pur chased f r omR&DSyst ems

( Mi nneapol i s, MN) . Human and por ci ne TGFOami no aci d sequences ar e
i dent i cal . Each TGFOmol ecul e was r educed wi t h a f i nal concent r at i on of

0. 1 M DTT, subj ect ed t o SDS- PAGE usi ng a gr adi ent pol yacr yl ami de gel
of 10- 20% and subsequent l y t r ansf er r ed t o a ni t r ocel l ul ose membr ane f or

1 h at 100 V usi ng t he Bi or ad Mi ni bl ot Syst em ( Bi o- Rad Labor at or i es,

Cambr i dge, MA) . The membr anes wer e bl ocked wi t h 3 %non- f at dr y mi l k

i n TBS ( 0 . 01 MTr i s, 0. 15 MNaCl , pH 8 . 0) f or 1 h and di r ect l y i ncubat ed

over ni ght i n pur i f i ed ant i - pept i de I gG i n TBS cont ai ni ng 0. 1% ' I ween 20

( TBST) at t he f ol l owi ng di l ut i ons : TGF#1, 1: 50 ; TGF#2 and TGFS3, 1 : 25 .
The membr anes wer e washed wi t h TBSTand i ncubat ed wi t h al kal i ne phos-

phat ase- l abel ed goat ant i - r abbi t I gG ( Pr omega Bi ot ec) at a di l ut i on of

1 : 3, 000 f or 1 h . The bl ot was devel oped wi t h NBT/ BCI P ( Pr omega Bi ot ec) .

I mmunohi st ochemi st r y

The pr ot ocol used f or t hese st udi es was a modi f i ed ver si on of t he met hod

r epor t ed i n Hei ne et al . ( 1987) . Ti ssues wer e f i xed over ni ght i n 4 %par af or -

mal dehyde/ PBS, dehydr at ed i n i ncr easi ng concent r at i ons of et hanol , and

embedded i n par af f i n wax ( Fi scher Sci ent i f i c Co. , Pi t t sbur gh, PA) . Sect i ons

of 5- 7 l um wer e cut and f l oat ed ont o sl i des coat ed wi t h 3- t r i et hoxysi l yl -

pr opyl ami de ( Si gma Chemi cal Co . ) . The sect i ons wer e submer ged i n TBS/

0 . 1% ( vol / vol ) Tr i t on X- 100 at r oom t emper at ur e f or 15 mi n f ol l owed by
TBS f or 5 mi n, met hanol f or 2 mi n, and met hanol / 0. 6% ( vol / vol ) hydr ogen

per oxi de f or 30 mi n . Sl i des wer e subsequent l y washed at r oomt emper at ur e

i n met hanol f or 2 mi n, TBS f or 5 mi n, and t hr ee t i mes i n TBS/ 0. 1 %( wt / vol )

BSA f or 3 mi n . Af t er t r eat ment wi t h hyal ur oni dase ( 1 mg/ ml i n 100 mM

sodi umacet at e, 0. 85 %( wt / vol ) NaCl ) and t hr ee washes i n TBS/ 0 . 1% BSA,

excess pr ot ei n was bl ocked wi t h 5%nor mal swi ne ser umi n TBS/ 0. 5 %BSA
f or 15 mi n at r oom t emper at ur e. Ti ssue sect i ons wer e i ncubat ed wi t h pr i -

mar y ant i bodi es at a concent r at i on of 5 pg/ ml ( di l ut ed i n TBS cont ai ni ng

5 %swi ne ser um and 0. 1 %BSA) over ni ght at 4° C. Cont r ol sl i des wer e i n-

cubat ed wi t h ei t her an I gG f r act i on of nor mal r abbi t ser um at 5 ug/ ml

( di l ut ed i n TBS cont ai ni ng 5 %swi ne ser umand 0. 1 %BSA) or wi t hout pr i -

mar y ant i bodi es . Ti ssues wer e t hen washed i n TBS/ 0. 1%BSA and i ncubat ed

f or 60 mi n at r oomt emper at ur e wi t h bi ot i nyl at ed swi ne ant i r abbi t second-

ar y ant i body i n TBS/ 0. 1% BSA. Af t er washes i n TBS/ 0. 1% BSA, t he sec-

t i ons wer e exposed t o avi di n- bi ot i n compl ex f or 60 mi n at r oomt emper a-

t ur e and agai n washed i n TBS/ 0. 1 %BSA. Sl i des wer e r eact ed wi t h 0. 05 %

( wt / vol ) DAB i n 50 mMTr i s- HC1 ( pH 7. 4) wi t h 0. 1% ( vol / vol ) hydr ogen

per oxi de f or 5 mi n and count er st ai ned i n haemat oxyl i n.

Resul t s

Ant i body Speci f i ci t y

West er n Bl ot Anal ysi s . The speci f i c i mmunor eact i vi t y of
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Fi gur e 1. West er n bl ot anal ysi s demonst r at i ng t he speci f i ci t y of
TGFO ant i pept i de ant i bodi es. Recombi nant TGFSI and TGFf l 3
pr ot ei ns and por ci ne pl at el et TGF02 ( 50 ng each) wer e el ect r opho-
r esed and t r ansf er r ed t o ni t r ocel l ul ose . Each TGFf l pr ot ei n was
r eact ed wi t h each ant i ser um t o TGFO over ni ght . Di l ut i on f or an-
t i ser a/ ant i - TGFS1 was 1 : 50 ; and 1 : 25 f or ant i - TGF, B2 and ant i -
TGF/ 33. Mol ecul ar wei ght mar ker s ar e shown on t he r i ght .

each ant i pept i de ant i ser umwi t h i t s r espect i ve TGFf i sof or m

was demonst r at ed by West er n bl ot anal ysi s as depi ct ed i n

Fi g . 1 . Each pur i f i ed I gG t o TGF#1, ( 32, or S3 r eact ed onl y

wi t h t he appr opr i at e and cor r espondi ng nat i ve or r ecombi -

nant mol ecul es- ( 50 ng) of f MFOI ( Fi g . l , l ane 1) , TGFf 22

( Fi g . 1, l ane 2) , or r TGFs3 ( Fi g. 1, l ane 3) . No cr oss-

r eact i vi t y was obser ved among any of t he TGFI B i sof or ms.

The speci f i ci t y of t he i ndi vi dual ant i ser a was f ur t her demon-

st r at ed af t er compl et e absor pt i on of t he i mmunor eact i vi t y

wi t h 10 Mexcess of t he cor r espondi ng pept i de ( dat a not
shown) . Last l y, t he abi l i t y of t he ant i pept i de ant i bodi es t o r e-

act ( but not cr oss r eact ) on a West er n bl ot wi t h t he appr opr i -
at e nat i ve TGFf l l , TGFf t 2, and TGFS3 mol ecul es pur i f i ed

f r omhuman umbi l i cal cor d t i ssue f ur t her suggest s t hat t hese

ant i bodi es ar e speci f i c f or t hei r r espect i ve pr ot ei ns ( L . I .

Gol d, manuscr i pt i n pr epar at i on) .

I mmunohi st ochent i st r y. ' I b ensur e t he speci f i ci t y of t he

ant i TGFSant i ser a f or i mmunohi st ochemi cal st udi es, ser i al

t i ssue sect i ons wer e used f or cont r ol and exper i ment al

sl i des . Cont r ol sl i des wer e r eact ed wi t h ei t her ( a) t he I gG

f r act i on of nor mal r abbi t ser um ( at t he same concent r at i on

as t he pr i mar y ant i body) i n pl ace of t he pept i de ant i bodi es ;
or ( b) no pr i mar y ant i body. Fi g . 2 shows exampl es of cont r ol

sect i ons di r ect l y compar ed agai nst exper i ment al sect i ons .

The epi der mi s and hai r f ol l i cl es i n t he ski n of a 17. 5 d. p. c .

mouse showed st r ong i mmunor eact i vi t y wi t h TGFSI ant i -

bodi es ( Fi g. 2 B) , whi l e absol ut el y no st ai ni ng was obser ved

wi t h nor mal r abbi t I gGs ( Fi g . 2 A) . Si mi l ar l y, whi l e t he ker -

at i ni zed epi t hel i um of t he pal at e and t ongue of a 17. 5 d . p. c

embr yo showed i nt ense st ai ni ng wi t h TGFSI ant i bodi es, no

st ai ni ng was obser ved usi ng t he nor mal r abbi t I gGs ( com-

Fi gur e 2 . Compar i son of embr yo sect i ons i ncubat ed wi t h ei t her nor mal r abbi t I gGs or wi t h ant i bodi es t o TGFS1 . ( A and B) Sect i on of
17. 5 d . p . c . mouse ski n i ncubat ed wi t h nor mal r abbi t I gGs ( A) or wi t h TGFS1 ant i body ( B) . St ai ni ng i s seen onl y i n t he epi der mi s and

hai r f ol l i cl es of B. ( Cand D) Sect i on t hr ough t he or al r egi on of a 17. 5 d . p . c . mouse embr yo i ncubat ed wi t h nor mal r abbi t I gGs ( C) or
wi t h TGFO1 ant i body ( D) . St ai ni ng i s seen onl y i n t he ker at i ni zed epi t hel i um of t he pal at e and t ongue of D. e, epi der mi s ; d, der mi s ;

f , f ol l i cl e ; b, bone ; t , t oot h ; t g, t ongue ; p, pal at e . Bar s : ( A) 35 Am; ( C) 175 Am; ( D) 55 Am.

Pel t on et al . TGFO Pr ot ei n Expr essi on dur i ng Mouse Devel opment
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Tabl e L Embr yoni c Cel l Types Expr essi ng TGFOPr ot ei ns

I mmunol ocal i zaf i on of TGFpl , 62, and 03 pr ot ei ns i n t he 12 . 5- 18 . 5 d . p . c .
mouse embr yo. A + i ndi cat es t hat posi t i ve st ai ni ng was seen i n t hi s t i ssue at
some st age bet ween 12 . 5 and 18. 5 d . p . c. , whi l e a - means t hat no st ai ni ng was
det ect ed. The number of + si gns denot es r el at i ve i nt ensi t y of st ai ni ng when
compar ed agai nst t he ot her TGFOant i bodi es i n t hat par t i cul ar t i ssue and shoul d
not be compar ed agai nst t he st ai ni ng i nt ensi t y i n ot her t i ssues . See t ext f or a
mor e det ai l ed descr i pt i on of t he t empor al and spat i al expr essi on pat t er ns . To
compar e t he i t nmunohi st ochemi cal expr essi on of TGFO pr ot ei ns wi t h TGFO
RNAs, t he r eader i s r ef er r ed t o Tabl e I of Mi l l an et al . ( 1991) .

The Jour nal of Cel l Bi ol ogy, Vol ume 115, 1991

	

1094

par e Fi g . 2, Dwi t h C) . Al t hough t he cont r ol dat a f or each

t i ssue i s not shown, i n al l cases exami ned t he cont r ol sl i des

wer e negat i ve .

I mmunohi st ochemi cal Local i zat i on of TGFOPr ot ei ns

The r esul t s of t he i mmunohi st ochemi cal l ocal i zat i on of

TGFss 1- 3 ar e summar i zed i n ' Fabl e I . Dat a not shown i n

Fi gs. 2- 11 ar e r ef er r ed t o i n Tabl e I .

The Embr yoni c Skel et al Syst em. Chondr i f i cat i on cent er s

f or most bones ar e f i r st seen i n t he embr yo at - 13- 14 d . p . c.

wi t h cent er s of ossi f i cat i on usual l y appear i ng 2- 3 d l at er

( Rugh, 1990) . At 12 . 5 d . p . c. , chondr ocyt es i n t he r i bs and

ver t ebr ae showed st r ong TGF03 st ai ni ng but onl y ver y weak

st ai ni ng f or TGFOI or TGF02 . The car t i l age r udi ment s i n
ot her bones at 12 . 5 d . p . c . showed l i t t l e TGF03 st ai ni ng.

Fr om 13. 5 t o 15. 5 d . p. c . , TGF03 st ai ni ng i n t he chondr o-

cyt es r emai ned hi gh and as t he mat ur i ng chondr ocyt es be-

came hyper t r ophi c, TGFO1 ( Fi g . 3, A and B) and TGF02 ex-

pr essi on was seen . TGF01 l evel s wer e especi al l y hi gh i n t he

per i chondr i um ( Fi g. 3, A and B) . By 16 . 5 d . p . c. , hi gh l evel s

of TGFOI wer e l ocal i zed t o t he per i ost eum of sever al bones
( Fi g . 3, Cand D) as wel l as i n t he mat ur i ng chondr ocyt es

of var i ous car t i l age r udi ment s . Al t hough l i t t l e TGF02 or

TGF03 was det ect ed i n t he per i ost eum, bot h wer e f ound i n

ost eocyt es of bone and mat ur i ng chondr ocyt es such as t hose

of t he t r acheal car t i l age . The TGF03 st ai ni ng i n bone was
f ound i n t he cyt opl asmof ost eocyt es, whi l e t he TGF02 st ai n-
i ng was f ound pr edomi nant l y i n t he ext r acel l ul ar mat r i x sur -

r oundi ng t he ost eocyt es ( Fi g . 3 E) . TGF( 31 i mmunor eac-

t i vi t y i n t he 17. 5 d . p. c . embr yo was f ound i n t he devel opi ng

maxi l l a ( Fi g. 3 F) , an i nt r amembr anous bone, as wel l as i n

t he per i ost eum of endochondr al bones ( Fi g . 3, C and D) .

Wher eas TGF, 61 and TGF, 62 wer e bot h st i l l pr esent at hi gh
l evel s i n ost eogeni c bone and hyper t r ophi c car t i l age at t hi s

st age, TGF03 st ai ni ng had di mi ni shed ( Fi g . 3, C- F) .

I t has been pr evi ousl y demonst r at ed t hat at 16. 5 d . p. c . ,

ver y hi gh l evel s of TGFOmRNAs ar e f ound i n t he embr yoni c

t oot h, pr i mar i l y i n t he odont obl ast and mesenchymal pul p

cel l s ( Pel t on et al . , 1990x) . However , TGFO pr ot ei ns i n t he

17. 5 d . p. c . t oot h wer e l ocal i zed t o addi t i onal st r uct ur es . For

exampl e, al t hough TGFO1 mRNA was ver y abundant i n t he

pul p cel l s, TGFSI ant i body st ai ni ng was seen at hi ghest l ev-

el s i n t he amel obl ast l ayer ( Fi g . 3 G) . I n addi t i on, whi l e

TGF02 mRNA was f ound at hi gh l evel s i n t he odont obl ast

l ayer and t o a l esser ext ent i n t he pul p cel l s, TGF02 pr ot ei n

was obser ved at hi gh l evel s i n bot h t he odont obl ast and pul p

cel l s ( Fi g . 3 H) . TGF03 i mmunost ai ni ng was f ound at l ow

l evel s i n bot h t he pul p cel l s and t he amel obl ast s but was not

seen i n t he odont obl ast l ayer .

Tot e Embr yoni c Ci r cul at or y Syst em. Pr evi ous r epor t s have

shown t hat at 7 d . p . c . , TGFO1 mRNA was obser ved i n car -

di ac mesoder mcel l s ; however , TGFOI pr ot ei n coul d not be

det ect ed ( Akhur st et al . , 1990) . Tr anscr i pt s f or TGF03 ar e

r est r i ct ed t o t he at r i ovent r i cul ar cushi ons of t he 11 . 5 d . p. c .

hear t and ar e not f ound i n t he vent r i cl es ( Pel t on et al . ,

1990x) . Al t hough i mmunost ai ni ng f or TGF#3 pr ot ei n, and

t o a l esser ext ent f or TGF0l and TGF02, was al so pr esent

i n t he embr yoni c hear t f r om12 . 5 t hr ough 16 . 5 d . p. c . , as seen

i n t he t oot h, t her e wer e di f f er ences i n t he TGFOmRNA and

Fi gur e 3. Local i zat i on of TGFRpr ot ei ns i n t he mur i ne embr yoni c skel et al syst em. ( A) Cr oss sect i on t hr ough t he r i bs of a 14 . 5 d . p . c. embr yo

st ai ned wi t h TGFS1 ant i bodi es. St ai ni ng i s seen pr i mar i l y i n t he per i chondr i um sur r oundi ng t he hyper t r ophi c car t i l age i n t he r i bs . ( B)

Hi gher power magni f i cat i on of A, i l l ust r at i ng hi gh TGF( 31 expr essi on i n t he per i chondr i umof a r i b. Lower l evel s wer e seen i n t he hyper -

t r ophi c car t i l age . ( C) Longi t udi nal sect i on of a bone at t he base of t he skul l i n a 17. 5 d . p . c . embr yo st ai ned wi t h TGF/ 31 ant i bodi es. TGF01

Cel l t ype TGFOl TGF132 TGF03

Car t i l age
per i chondr i um + + + + + +
chondr ocyt es + + + + +

Bone
per i ost eum + + - +
ost eocyt es + + + + + +

Toot h
amel obl ast s + + - +
odont obl ast s - ++ -
pul p + +++ +

Muscl e
smoot h + + + +
car di ac + + + + +
skel et al + + + +

Hear t
endot hel i um - - -
myocyt es + + +++

Lung
br onchi + + + + + +
al veol i - - -

Bl ood vessel s
endot hel i um - - + +
smoot h muscl e + + + + +

Ki dney
t ubul es + + + + + +
basement membr ane - + + + -

Adr enal
cor t ex +++ +++ -
medul l a - - -

Gut
esophageal epi t hel i um +++ + +
st omach epi t hel i um + + + + +
i nt est i nal epi t hel i um + + + +
basement membr ane - + + + -
muscul ar i s + + + +

Li ver
capsul e - - + +
par enchyma - - -
megakar yocyt es + - ++

Eye
l ens epi t hel i um - - -
l ens f i ber s + + + + +

Ear
cochl ear epi t hel i um - + + + +
basement membr ane - + + + -

CNS

meni nges + + + + +
gl i a - + + + +
chor oi d pl exus - - + +

Ski n
per i der m + + + + +
epi der mi s + + + + + + + + +
der mi s + + + + +
hai r f ol l i cl es + + + + +



i s seen i n t he per i ost eur n ( ar r ow) and ost eogeni c zone of t he bone. ( D) Hi gher power of Cshowi ng t he TGFOI expr essi on i n t he per i ost eur n
of t he bone ( ar r ow) . QSame bone as i n Cst ai ned wi t h TGF#2 ant i bodi es . St ai ni ng i s seen i n t he hyper t r ophi c car t i l age and ost eogeni c
zone of t he bone . ( F) St ai ni ng wi t h TGFOI ant i bodi es i n ost eobl ast s i n t he maxi l l a of a 17. 5 d. p . c . embr yo. ( G) Sect i on t hr ough a t oot h
i n a 175 dT. c . embr yo i ncubat ed wi t h ROWant i bodi es . St ai ni ng i s seen i n t he basal r egi on of t he amel obl ast s ( ar r ow) . ( H) Same sect i on
as i n Gi ncubat ed wi t h TGF02 ant i bodi es . St ai ni ng i s seen i n t he odont obl ast s ( ar r ow) and i n t he mesenchymal pr i t nor di um of t he pul p.
r , r i bs ; c, car t i l age ; pc, per i chondr i um; br , br ai n ; o, ost eogeni c zone ( Dand E) ; h, hyper t r ophi c car t i l age; m, maxi l l a ; p, pal at e; a, amel o-
bl ast s ; mp, mesenchymal pr i mor di ur n of t he pul p ; o, odont obl ast s ( H) . Bar s : ( A) 110 ur n ; ( B) 30 j um; ( C) 120 gm; ( D) 65 Am; ( E) 115
Ar n; ( F) 145 Vi m; ( G) 80 gym; ( H) 80 gm.
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Fi gur e 4. Expr essi on of TGFS3 i n t he 12 . 5 d . p. c . embr yoni c ci r cul at or y syst em. ( A) Par asagi t t al sect i on t hr ough a 12 . 5 d . p . c . hear t st ai ned
wi t h TGF03 ant i bodi es . St ai ni ng i s seen i n t he at r i a and vent r i cl es . ( B) Sagi t t al sect i on t hr ough same hear t as i n A i l l ust r at i ng TGF03
i n t he wal l s of t he aor t a and at l ow l evel s i n t he at r i ovent r i cul ar cushi ons ( ar r ow) , ( C) Sect i on showi ng TGF03 l ocal i zat i on i n an umbi l i cal
vessel ( ar r ow) . ( D) TGF03 st ai ni ng i n an embr yoni c bl ood vessel ( ar r ow) near t he spi nal cor d . a, at r i a; v, vent r i cl e ; 1, l i ver ; ao, aor t a ;
av, at r i ovent r i cul ar val ve ; uv, umbi l i cal vessel ; sc, spi nal cor d ; bv, bl ood vessel ; c, car t i l age . Bar s ( A) 175 pm; ( B) 175 ' m; ( C) 115 um;
( D) 60 um.

pr ot ei n expr essi on pat t er ns i n t hi s t i ssue. For exampl e, whi l e

TGF03 mRNA si gnal was hi gh i n t he at r i ovent r i cul ar

cushi ons and l ow i n t he vent r i cl es of t he 11 . 5 d . p. c . mouse

hear t , TGF03 pr ot ei n i n t he 12 . 5 d . p . c. hear t was hi gh i n t he

vent r i cl es and at r i a and l ow i n t he at r i ovent r i cul ar cushi ons

( Fi g . 4, A and B) . By 17. 5 d . p . c . , t he st ai ni ng f or TGF01 and

TGF( 32 pr ot ei ns was bar el y det ect abl e above backgr ound

whi l e TGFQ3 st ai ni ng r emai ned st r ong. TGFO 1- 3 st ai ni ng

was al so f ound i n bl ood vessel s t hr oughout t he body. For ex-

ampl e, TGF03 i mmunor eact i vi t y was f ound i n smal l vessel s

such as t hose ent er i ng t he spi nal cor d ( Fi g . 4 D) as wel l as

i n l ar ge ar t er i es and vei ns, such as t he umbi l i cal and pul mo-

nar y vessel s ( Fi g . 4 C and 8, A and B) .

The Embr yoni c I nt er nal Or gans . Thompson et al . ( 1989)

have shown t hat TGF01 i s l ocal i zed t o a subset of t ubul e cel l s

i n t he cor t ex of t he adul t ki dney and i n t he pr esent st udy,

TGFO pr ot ei ns wer e al so f ound i n t he embr yoni c ki dney

( Fi g . 5, A- D) . I n t he 12 . 5 d . p . c . embr yo, t he devel opi ng ki d-

ney consi st s of met anephr i c t ubul es l i ned by a cuboi dal epi -

t hel i um ( Rugh, 1990) . At 12 . 5 d . p. c . , TGF02 st ai ni ng was

pr esent i n a ver y r est r i ct ed pat t er n i n t he basement mem-

br ane of t he cuboi dal epi t hel i um. Nei t her TGFS1 nor TGF, 53

was det ect ed i n t he ki dney at t hi s st age . Fr om 13. 5 t o 14 . 5

d . p. c . , t he TGF#2 expr essi on i n t he basement membr ane of

t he cuboi dal epi t hel i um i ncr eased i n i nt ensi t y and became

mor e ext ensi ve ( compar e Fi g . 5, A and B) . I n cont r ast , dur -
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i ng t hi s st age TGF#l and TGF03 wer e f ound i n t he cuboi dal

epi t hel i al l i ni ng of t he t ubul es, but not i n t he basement mem-

br anes . The expr essi on of TGF01 and ( 33 r emai ned hi gh i n

t he t ubul e epi t hel i um t hr oughout devel opment . TGF02 st ai n-

i ng was f ound i n t he basement membr ane sur r oundi ng t he

t ubul es t hr oughout devel opment , but was al so det ect abl e i n

t he t ubul e epi t hel i umbegi nni ng at 15. 5 d . p . c. ( Fi g . 5, Cand

D) i n a pat t er n si mi l ar t o TGFO1 and TGF03 . Al t hough t he

st ai ni ng i nt ensi t y f or al l t hr ee TGFos i n t he t ubul ar epi t he-

l i um of t he ki dney began t o decr ease at 17 . 5 d . p. c . , i mmu-

nor eact i vi t y f or TGF01s 1- 3 i n t he mesenchymal cel l s t hat

suppor t t he t ubul es coul d be seen at t hi s st age .
TGF01 has been pr evi ousl y l ocal i zed t o t he zona f asi cul at a

and zona r et i cul ar i s i n t he cor t ex of t he adul t mur i ne adr enal

gl and ( Thompson et al . , 1989) . Si mi l ar l y, i n our st udi es, t he

embr yoni c adr enal gl and al so shows ver y st r ong TGFOi m-

munor eact i vi t y. Adr enal bl ast emas ar e pr esent i n t he 11

d . p . c. embr yo, but t hese do not consol i dat e i nt o cor t ex and

medul l a unt i l 14 d . p. c . ( Rugh, 1990) . Ant i bodi es t o TGFM

and TGF02 showed onl y sl i ght r eact i vi t y i n t he 13 . 5 d . p . c.

embr yos ; however by 15. 5 d . p . c. , ver y st r ong st ai ni ng f or

TGF02 ( Fi g . 5, C, E, and F) and TGFO1 was pr esent i n t he

cor t ex ( pr esumpt i ve zona f asi cul at a and zona r et i cul ar i s) of

t he adr enal gl and . Thi s hi gh l evel of expr essi on f or TGF01
and TGF02 per si st ed t hr ough 17. 5 d . p . c . . Ant i body st ai ni ng

was conf i ned t o t he cor t ex si nce t he medul l a was negat i ve f or
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Fi gur e 5. TGF02 l ocal i zat i on i n t he embr yoni c ki dney and adr enal gl and . ( A ) 13. 5 d. p . c . ki dney showi ng TGF02 at t he base of t he epi t hel i um
i n a subpopul at i on of t ubul es ( ar r ows) . ( B) 14 . 5 d. p . c . ki dney demonst r at i ng TGF02 st ai ni ng si mi l ar t o t hat i n ( A) . At 14 . 5 d. p. c . , t he
st ai ni ng i s st r onger and i n al most al l t ubul es of t he ki dney cor t ex ( ar r ows) . ( C) Sect i on t hr ough a 15. 5 d. p . c . ki dney and adr enal gl and
showi ng TGF02 l ocal i zat i on i n ki dney t ubul es and cel l s of t he adr enal cor t ex . ( D) Hi gher power of t he ki dney i n Cshowi ng TGFS2 st ai ni ng
i n t he epi t hel i um of t he ki dney t ubul es as wel l as i n t he suppor t i ng cel l s at t he base of t he epi t hel i um ( ar r ows) . ( E) TGF02 expr essi on
i n t he cor t ex of a 15 . 5 d. p . c . adr enal gl and . The medul l ar y cel l s show no TGF02 st ai ni ng . ( F) Hi gher power of t he sect i on i n Eshowi ng
TGF02 st ai ni ng i n t he cel l s of t he adr enal cor t ex but not t he adr enal medul l a . k, ki dney ; a, adr enal gl and ; t , ki dney t ubul e ; m, adr enal
medul l a ; c, adr enal cor t ex . Bar s : ( A) 120 Am; ( B) 125 Am; ( C) 200 Am; ( D) 35 Am; ( E) 125 Am; ( F) 40 Am.

TGFO1 and / 32 i mmunor eact i vi t y ( Fi g. 5, Eand F) . TGF03

di d not appear t o be pr esent i n t he adr enal gl and dur i ng t hese

st ages of devel opment ( 13 . 5- 17. 5 d . p . c . ) .

Usi ng sequent i al el ut i on of i nt est i nal vi l l us cel l s and

Nor t her n bl ot anal ysi s, Bar nar d et al . ( 1989) have demon-

st r at ed t hat TGFO1 mRNA i s pr esent i n a gr adi ent al ong t he

vi l l i epi t hel i um i n t he adul t r at i nt est i ne wi t h hi ghest l evel s

evi dent at t he t i p of t he i nt est i nal vi l l us . I mmunohi st ochem-

i st r y r ef l ect s a si mi l ar gr adi ent of TGFOpr ot ei ns i n t he em-

br yoni c gut . Sl i ght r eact i vi t y was seen at 14 . 5 d. p. c . i n t he

Pel t on et al . TGFS Pr ot ei n Expr essi on dur i ng Mouse Devel opment

i nt est i nal epi t hel i um wi t h al l t hr ee TGFOant i bodi es, but by

15 . 5 d. p . c. si gni f i cant l y st r onger st ai ni ng i n t hese cel l s was

obser ved ( Fi g . 6 A) . Si mi l ar t o t he TGF01 mRNA l ocal i za-

t i on, st ai ni ng appear ed i n a gr adi ent f ashi on wi t h t he hi ghest

l evel s of TGFO pr ot ei ns at t he vi l l us t i p ; l owest l evel s wer e

i n t he i nt est i nal cr ypt s . Al t hough TGFO1 st ai ni ng r emai ned

hi gh at 17. 5 d. p. c . ( Fi g . 6 B) , TGF02 and TGF03 st ai ni ng

was not as i nt ense as seen dur i ng ear l i er st ages . I n addi t i on,

t he st r at i f i ed squamous epi t hel i umof t he esophagus and f or e-

st omach i n t he 17. 5 d. p . c. embr yo showed i nt ense TGFO1
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Fi gur e 6. Expr essi on of TGF#1 and TGF02 i n epi t hel i a of t he embr yoni c di gest i ve t r act . ( A) TGF#I expr essi on i n t he vi l l i of t he 15. 5

d. p. c . i nt est i ne. St ai ni ng i s hi ghest at t he vi l l us t i p ( ar r ow) and l owest i n t he cr ypt s . ( B) Sect i on t hr ough t he 17. 5 d. p. c . i nt est i ne showi ng

TGFOI st ai ni ng i n t he vi l l i . St ai ni ng i s si mi l ar t o t hat i n A. ( C) Local i zat i on of TGFf l l i n t he squamous epi t hel i um ( ar r ow) of t he 17. 5
d. p. c . esophagus . ( D) TGFO1 expr essi on i n t he squamous epi t hel i um of t he f or est omach of a 17. 5 d. p. c. embr yo . g, gut ; vt , vi l l us t i p ;

c, cr ypt ; e, esophagus ; m, muscl e; f s, f or est omach . Bar s : ( A) 80 um; ( B) 75 pr n; ( C) 50 f cm; ( D) 95 Am.

Fi gur e 7 Local i zat i on of TGF( 3 pr ot ei ns i n t he submucosa of t heembr yoni c st omach, i nt est i nes and i n t he l i ver capsul e. ( A) Sect i on t hr ough

a 13. 5 st omach showi ng TGF02 expr essi on i n t he submucosa) r egi on j ust basal t o t he epi t hel i um( ar r ow) . ( B) Hi gher power of t he sect i on

i n A showi ng TGF82 st ai ni ng i n t he submucosa ( ar r ow) . ( C) Sect i on demonst r at i ng TGF022 l ocal i zat i on i n t he submucosa of t he 15. 5 d. p. c.

i nt est i ne ( ar r ows) . ( D) Expr essi on of TGF03 i n t he capsul e ( ar r ow) of a 13 . 5 d. p. c . l i ver. Lowl evel s of TGF03 st ai ni ng wer e al so seen

i n t he mesenchymal cel l s suppor t i ng t he l i ver par enchyma . g, gut ; e, epi t hel i um; sm, submucosa ; l c, l i ver capsul e ; l p, l i ver par enchyma.

Bar s : ( A) 90 um; ( B) 25 I cm; ( C) 35 l am; ( D) 35 i m.
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st ai ni ng ( Fi g . 6, C and D) , but i mmunor eact i vi t y f or TGF022

or 03 was not obser ved . Moder at e st ai ni ng f or TGF01 ( Fi g .

6, Aand C) , ( 32, and #3 was al so seen i n t he smoot h muscl e

of t he esophagus and i nt est i ne .

Ear l i er st udi es have r epor t ed t hat TGF02 mRNA i s l ocal -

i zed t o t he submucosal l ayer of t he embr yoni c gut ( Pel t on et

al . , 1989) . TGF02 pr ot ei n st ai ni ng was al so f ound i n t he

basement membr ane of t hi s l ayer ( Fi g . 7, A and B) . At 13 . 5

d . p . c. , a wel l demar cat ed l i ne of st ai ni ng f or TGF02 was evi -

dent j ust basal t o t he mucosal ( epi t hel i al ) l ayer of t he de-

vel opi ng st omach and i nt est i nes ( Fi g. 7, A- C) . TGFS2 i m-

munor eact i vi t y was not seen i n t he muscosal l ayer of t he

st omach nor i n t he sur r oundi ng mesenchymal l ayer s, al -

t hough st ai ni ng was obser ved i n t he epi t hel i al cel l s of t he i n-

t est i ne ( Fi g . 7 C) .

Pr evi ous r epor t s have demonst r at ed t he pr esence of TGF01

mRNA i n megakar yocyt es i n t he embr yoni c l i ver ( Wi l cox

and Der ynck, 1988 ; Lehner t and Akhur st , 1988) and al -
t hough no TGFOmRNAhas been f ound i n l i ver hepat ocyt es,
t r anscr i pt s f or TGF02 and 03 have been l ocal i zed t o t he cap-

sul e sur r oundi ng t he l i ver of t he 11 . 5 d . p. c . embr yo ( Pel t on

et al . , 1990x) . Si mi l ar l y, l i ght st ai ni ng f or TGF01 and ( i 3

was evi dent i n megakar yocyt es of t he 12 . 5 d . p . c. l i ver and

TGF03 i mmunost ai ni ng was obser ved i n t he l i ver capsul e at

13. 5 d . p . c. ( Fi g . 7 D) . Al t hough l i ght st ai ni ng f or TGF03

was obser ved i n t he mesenchymal cel l s suppor t i ng t he l i ver

par enchyma ( Fi g . 7 D) , TGFO 1- 3 st ai ni ng of t he hepat o-

cyt es was not det ect ed .

Hei ne et al . ( 1990) have used i mmunohi st ochemi cal anal -

ysi s t o demonst r at e t hat TGFf t I col ocal i zes i n t he embr yoni c

l ung wi t h a number of i mpor t ant ECMpr ot ei ns . I n addi t i on,

ear l i er r epor t s have shown t hat TGF0l , / 32, and #3 mRNAs

can be det ect ed i n t he embr yoni c l ung ( Pel t on et al . , 1989,

1990x ; Lehner t and Akhur st , 1988 ; Mi l l an et al . , 1991 ;

Schmi d et al . , 1991) . I n t he adul t mur i ne l ung, t he pr ot ei n

l ocal i zat i on pat t er ns i n t he pr oxi mal ai r ways f or al l t hr ee

TGFss ar e essent i al l y i dent i cal ( Pel t on et al . , 1991) . Cor -

r espondi ngl y, TGF0 pr ot ei ns i n t he embr yoni c mouse l ung,

showed st r i ki ngl y si mi l ar pat t er ns of expr essi on ( Fi g . 8,

A- D) . Al t hough sl i ght TGFS 1- 3 i mmunor eact i vi t y was seen

i n t he epi t hel i um of 17. 5 d . p. c . br onchi ol es, st ai ni ng f or t he
TGFss i n t he ai r ways was seen pr i mar i l y j ust basal t o t he r e-
spi r at or y epi t hel i um ( Fi g . 8, A- D) . Mor eover , st ai ni ng f or
TGF, B 1- 3 pr ot ei ns was pr esent i n t he smoot h muscl e cel l s
i n t he wal l s of l ar ge bl ood vessel s of t he l ung i n a pat t er n
si mi l ar t o t hat seen i n ot her l ar ge vessel s of t he embr yo
( compar e Fi gs. 8, Band Cand 4, Cand D) . The hi ghest l ev-
el s of TGFS expr essi on i n t he embr yoni c l ung wer e seen i n
l at e gest at i on at 17. 5- 18. 5 d . p . c . .

The Embr yoni c Sense Or gans . The l ens of t he eye i s de-
r i ved f r om t he sur f ace embr yoni c ect oder m and by 12 . 5
d . p. c . becomes separ at e f r omt he epi der mi s . Di st i nct l ayer s

Fi gur e 8 . Expr essi on of TGFss i n t he 17. 5 d . p. c . embr yoni c l ung . ( A) Sect i on of a l ung i n a 17. 5 d . p . c . embr yo st ai ned wi t h TGF03 ant i bod-
i es . St r ong st ai ni ng i s seen i n t he br onchi ol es and l ar ge bl ood vessel s ( ar r ows) . ( B) Hi gher power of t he sect i on seen i n A t o show t he
TGF03 st ai ni ng i n t he subepi t hel i al r egi on of t he br onchi ol es and i n t he smoot h muscl e cel l s of t he bl ood vessel . ( C) Si mi l ar sect i on t o
t hat i n A i ncubat ed wi t h TGFS2 ant i bodi es. St ai ni ng i s seen j ust basal t o t he epi t hel i um i n t he br onchi ol e as wel l as i n t he smal l bl ood
vessel ( ar r ows) . ( D) Hi gh power phot omi cr ogr aph of a l ung sect i on st ai ned wi t h TGF01 ant i bodi es . Low l evel s of TGF#l wer e l ocal i zed
t o t he epi t hel i um but hi gher l evel s wer e seen i n t he subepi t hel i um at t he base of t he epi t hel i al cel l s ( ar r ows) . b, br onchi ol e ; bv, bl ood
vessel ; l p, l ung par enchyma; be, br onchi ol ar epi t hel i um. Bar s : ( A) 115 um; ( B) 60 gm; ( C) 55, m; ( D) 35 / cm.
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Fi gur e 9 Local i zat i on of TGFss i n t he sensor y or gans . ( A) Expr essi on of TGFS1 i n t he l ens f i ber s ( but not t he l ens epi t hel i um) of t he

17 . 5 d . p. c. embr yoni c eye . ( B) Hi gher power of A t o i l l ust r at e t he l ack of st ai ni ng at t he bor der bet ween t he l ens f i ber s and t he l ens epi t he-

l i um. ( C) Sect i on t hr ough t he 14 . 5 d . p . c . cochl ea of t he i nner ear showi ng st ai ni ng f or TGF02 i n t he basement membr ane j ust basal t o

t he cochl ear epi t hel i um( ar r ow) . ( D) Sect i on t hr ough t he i nner ear of a 13 . 5 d . p. c . embr yo showi ng TGF03 st ai ni ng t hr oughout t he cochl ear

epi t hel i um. l , l ens ; on, opt i c ner ve ; ec, epi t hel i umof cor nea ; p, r et i nal pi gment ; l e, l ens epi t hel i um; I f , l ens f i ber s ; ce, cochl ear epi t hel i um.

Bar s : ( A) 175 Am; ( B) 45 Am; ( C) 60 Am; ( D) 45 Am.

of l ens epi t hel i um and l ens f i ber s have f or med by 13 d . p . c.

( Rugh, 1990) . I nt ense st ai ni ng f or TGFOl was seen i n t he

l ens f i ber s as ear l y as 14 . 5 d . p. c . and r emai ned st r ong

t hr ough 17. 5 d . p . c. ( Fi g . 9, A and B) . However , nei t her t he

l ens epi t hel i um nor t he equat or i al r egi on of l ens f i ber el on-

gat i on showed TGFS1 expr essi on ( Fi g . 9, A and B) . TGF/ 62

and ( 33 st ai ni ng was al so obser ved i n t he l ens f i ber s but was

much weaker t han t hat f or TGFO1 . Pr evi ous st udi es have

f ound t he pr esence of TGF02 mRNA i n t he embr yoni c eye

al t hough not i n t he l ens f i ber s ( Mi l l an et al . , 1991) . Mor e-

over , r ecent r epor t s have f ound TGFOpr ot ei n act i vi t y ( pr e-

domi nant l y TGF02) i n t he aqueous and vi t r eous humor s of

adul t eyes ( Connor et al . , 1991 ; Jampel et al . , 1991) i ndi cat -

i ng t hat TGFO expr essi on i n t he eye cont i nues f r omt he em-

br yo i nt o adul t hood .

TGF02 mRNA i s pr esent i n t he ci l i at ed cochl ear epi t he-

l i um of t he i nner ear ( Pel t on et al . , 1990x ; Mi l l an et al . ,

1991 ; Schmi d et al . , 1991) . I mmunost ai ni ng demonst r at ed

t hat TGF02 pr ot ei n was al so f ound i n t he i nner ear ; however ,

i n cont r ast t o t he TGF02 mRNA, i t was l ocal i zed i n t he base-

ment membr ane j ust basal t o t he cochl ear epi t hel i um ( Fi g .

9 C) . Thi s st ai ni ng pat t er n was seen as ear l y as 12 . 5 d . p. c .

and was consi st ent l y hi gh t hr ough 17. 5 d . p . c . . Al t hough

TGF/ 31 st ai ni ng i n t he cochl ea was not det ect ed, TGF03 was

l ocal i zed t hr oughout t he cochl ear epi t hel i um i n t he 13 . 5
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d . p. c . embr yo wi t h t he hi ghest l evel s of i mmunor eact i vi t y

f ound i n t he api cal r egi on ( Fi g . 9 D) . Ther ef or e, one of t he

most st r i ki ng di f f er ences i n i mmunost ai ni ng f or TGFO i so-

f or ms was f ound i n t he ear . By 17. 5 d . p. c . , TGF03 st ai ni ng

was no l onger pr esent i n t hi s epi t hel i um.

The Embr yoni c Cent r al Ner vous Syst em. The cent r al

ner vous syst em( CNS) i s uni que i n t hat i t i s one of t he f i r st

embr yoni c syst ems t o ar i se, yet one of t he l ast t o compl et e

devel opment ( Rugh, 1990) . I n gener al , t he hi ghest l evel s of

TGFOi mmunor eact i vi t y i n t he embr yoni c CNS wer e f ound

wi t h ant i bodi es t o TGFj 32 and TGFa3 ; ver y l i t t l e st ai ni ng i n

t he CNS was obser ved wi t h TGFM ant i bodi es . By 12 . 5

d . p . c. , t he br ai n and spi nal cor d ar e wel l devel oped i n t he

embr yo and at t hi s st age, TGF02 st ai ni ng was al r eady appar -

ent i n t he meni nges whi ch envel op t he CNS. The TGF02

st ai ni ng i n t he meni nges r emai ned st r ong i n t he embr yo f r om

13 . 5 unt i l 17. 5 d . p. c . ( Fi g . 10, A- E) . Thi s i s i n agr eement

wi t h our i n si t u hybr i di zat i on dat a whi ch al so shows TGF#2

mRNA expr essi on i n t he meni nges of t he embr yoni c br ai n

( Pel t on et al . , 1989) . I n t he 17. 5 d . p. c . embr yo, TGF02 st ai n-

i ng was al so f ound i n gl i a sur r oundi ng neur ons i n t he br ai n

and i n spi nal cor d ast r ocyt es ( Fi g. 10, F and G) . Al t hough

l i t t l e TGFMi mmunor eact i vi t y was seen i n t he CNS, TGF( 33

st ai ni ng was ver y st r ong i n t he br ai n, chor oi d pl exus, and

spi nal cor d ( Fi g . 10 H) . Bot h TGF#2 and 03 wer e l ocal i zed
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Fi gur e 10. Expr essi on of TGFO pr ot ei ns i n t he embr yoni c cent r al ner vous syst em. Sagi t t al sect i on t hr ough t he mi dbr ai n r egi on of a 14 . 5

d. p. c. embr yo demonst r at i ng TGF/ 92 st ai ni ng i n t he meni nges sur r oundi ng t he br ai n . ( b) Hi gher power of t he sect i on i n At o show st ai ni ng

i n a t hi n l ayer of meni ngeal cel l s sur r oundi ng t he br ai n . ( C) Sect i on showi ng TGF02 expr essi on i n t he meni nges sur r oundi ng t he dor sal

spi nal cor d i n a 13. 5 d. p . c . embr yo. ( D) Hi gher power of sect i on i n Ct o show st r ong TGF022 st ai ni ng i n t he t hi n l ayer ed meni nges and

onl y weak st ai ni ng i n t he neur ons . ( E) Fr ont al sect i on t hr ough t he mi dbr ai n r egi on of a 14 . 5 d. p. c . embr yo t o demonst r at e TGF02 st ai ni ng

i n t he meni nges . ( F) Hi gh power mi cr ogr aph of a mi dbr ai n r egi on of a 17. 5 d. p . c . embr yo t o show TGF02 expr essi on i n t he gl i al t i ssue

sur r oundi ng t he neur ons . ( G) Sect i on t hr ough t he 12 . 5 d. p. c . vent r al spi nal cor d demonst r at i ng TGF02 i n ast r ocyt es . ( H) Sect i on si mi l ar

t o Gshowi ng st r ong TGF03 st ai ni ng i n t he ast r ocyt es of t he vent r al spi nal cor d. b, br ai n ; m, meni nges ; e, epi der mi s ( B) ; sc, spi nal cor d ;

mb, mi dbr ai n ; f v, f our t h vent r i cl e ; a, ast r ocyt es ; cc, cent r al canal of spi nal cor d . Bar s : ( A) 100 Am; ( B) 85 Am; ( C) 115 Am; ( D) 65

Am; ( E) 220 Am; ( F) 30 Am; ( G) 30 pm; ( H) 30 Am.



Fi gur e 11. Local i zat i on of TGFps i n t he embr yoni c ski n . ( A) TGFS1 st ai ni ng i n epi der mi s ( ar r ow) of t he 14 . 5 d. p. c . ski n but not t he der mi s .
( B) TGFO1 expr essi on i n t he epi der mi s ( ar r ow) of t he 17. 5 d . p. c . ski n . The der mi s i s al so negat i ve at t hi s st age . ( C) Expr essi on of TGF02
i n t he 15. 5 d . p. c . embr yoni c ski n. St ai ni ng i s seen i n bot h t he der mi s and epi der mi s . ( D) Sect i on t hr ough ski n of a 17. 5 d. p . c . embr yo
i l l ust r at i ng TGF02 st ai ni ng pr i mar i l y i n t he epi der mi s at t hi s st age ; onl y l ow l evel s wer e seen i n t he der mi s . ( E) St ai ni ng of 17. 5 d . p . c .
whi sker f ol l i cl es ( ar r ows) wi t h TGFSI ant i bodi es . e, epi der mi s ; d, der mi s . Bar s : ( A) 80, , m; ( B) 50 Am; ( C) 35, m; ( D) 35, , m; ( E) 50 Am.

t o spi nal cor d ast r ocyt es as ear l y as 12 . 5 d . p. c. ( Fi g. 10, G
and H) . Wher eas, TGF, Q2 st ai ni ng i n t he ast r ocyt es was ab-
sent af t er 13 . 5 d. p . c . , TGF#3 expr essi on r emai ned consi s-

t ent l y hi gh i n t hese cel l s unt i l l at e i n gest at i on at 17. 5- 18. 5

d . p. c .

The Embr yoni c Ski n . The ski n i s f or med f i r st as a si ngl e
cel l l ayer , t he per i der m, and begi ns t o di f f er ent i at e i nt o mul -
t i pl e l ayer s at - 14 d . p . c . ( Rugh, 1990) . Si gni f i cant st ai ni ng
f or t he TGFOs was f i r st seen at t hi s st age . At 14 . 5 d . p . c. , i n-
t ense st ai ni ng f or TGFO1 and TGF03 was seen i n t he epi t he-
l i al l ayer of t he ski n over t he ent i r e body, whi l e onl y l ow l ev-
el s of TGF02 coul d be det ect ed at t hi s st age ( Fi g. 11 A) .
TGFf l 1 and TGF03 wer e st i l l l ocal i zed t o t he epi der mi s and
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hai r f ol l i cl es t hr ough 17. 5 d . p. c . ( Fi g. 2, A and B and 11, B

and E) . I n t he 17. 5 d . p. c. embr yo, TGF01 was al so expr essed
at ver y hi gh l evel s i n t he ker at i ni zed squamous epi t hel i um
of t he mout h ( Fi g . 2, Cand D) . Ear l i er , we r epor t ed t hat
TGF02 mRNA i s l ocal i zed t o t he der mi s of 15 . 5 d . p. c . mouse
embr yo ski n and showed t hat by 18 . 5 d . p. c . , t he expr essi on
had swi t ched f r omt he der mi s t o t he epi der mi s ( Pel t on et al . ,
1989) . I n cont r ast , TGF62 pr ot ei n i n t he 15 . 5 d . p. c . embr yo
was pr esent i n t he der mi s, epi der mi s and hai r f ol l i cl es of t he

ski n ( Fi g . 11 C) . By 17. 5 d . p . c . , most of t he TGF02 st ai ni ng

i n t he der mi s had f aded but t he st ai ni ng i n t he epi der mi s r e-
mai ned st r ong ( compar e Fi g . 11 Cwi t h D) . The hi ghest l ev-
el s of TGF02 i mmunost ai ni ng at t hi s st age wer e seen i n t he
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epi der mi s of t he ski n, al t hough t he hai r f ol l i cl es wer e al so

posi t i ve f or TGF02 st ai ni ng .

Di scussi on

The dat a pr esent ed i n t hese st udi es demonst r at e t hat TGF01,

TGF02, and TGF03 pr ot ei ns ar e expr essed dur i ng mur i ne

embr yogenesi s i n a t empor al l y and spat i al l y r egul at ed f ash-

i on . TGF, 6 pr ot ei ns ar e di f f er ent i al l y expr essed i n t he em-

br yo and show i sof or m- speci f i c and over l appi ng l ocal i zat i on

pat t er ns . Mor eover , i n many t i ssues, t he r est r i ct i on of TGFf l

pr ot ei ns cor r esponds wi t h mor phogenet i c event s i n t he em-

br yo . Compar i son of TGFRpr ot ei n and mRNAl ocal i zat i ons

i s consi st ent wi t h an i nt r i cat e pat t er n of gene t r anscr i pt i on,

t r ansl at i on, secr et i on, st or age, and degr adat i on of TGF01,

j 32, and / 33 dur i ng embr yogenesi s of t he mouse . The di s-

par at e l ocal i zat i on of TGFO mRNAs and pr ot ei ns i n some

t i ssues and col ocal i zat i on i n ot her s suggest s t hat TGFf 1- 3

act t hr ough bot h par acr i ne and aut ocr i ne mechani sms i n t he

mor phogenesi s of many or gans .

I n many t i ssues, TGFOpr ot ei ns ar e f ound i n t he same cel l s

as t he TGF0 mRNA. For exampl e, i n si t u hybr i di zat i on anal -

ysi s demonst r at es TGFf l 1- 3 mRNA expr essi on i n t he per i -

ost eum and ost eocyt es of devel opi ng skel et al t i ssue ( Pel t on

et al . , 1990a) i n a pat t er n ver y si mi l ar t o t he TGFOi mmuno-

st ai ni ng pr esent ed her e. Al l t hr ee TGFOmRNAs ( Pel t on et

al . , 1990a) and pr ot ei ns col ocal i zed i n t he ost eocyt es of t he

i nt r amembr anous bones of t he head and TGF01 i mmuno-

st ai ni ng i n t he per i chondr i um of devel opi ng car t i l age was

st r i ki ngl y si mi l ar t o t he TGF, l 31 mRNA pat t er n ( Pel t on et al . ,

1990a) i n t hi s t i ssue . TGF, 62 and / 33 al so showed exampl es

of col ocal i zat i on of mRNA and pr ot ei n i ncl udi ng TGF02 i n

t he submucosal l ayer of t he gut , t he pul p and odont obl ast s

of t he t oot h, t he meni nges of t he CNS, and t he ski n ; and

TGF03 i n t he capsul e of t he l i ver , t he chor oi d pl exus, and

t he l ar ge bl ood vessel s of t he embr yo . Thus, f or t he cel l s i n

t hese t i ssues, t he TGF0s may be wor ki ng i n an aut ocr i ne
f ashi on .

I n cont r ast t o t hi s, i n many i nst ances, TGF0 mRNA and

pr ot ei ns wer e expr essed i n t he same or gan and yet wer e

l ocal i zed t o di f f er ent , but adj acent , cel l t ypes . For exampl e,

i n t he i nner ear , t r anscr i pt s f or TGF02 ar e f ound i n t he coch-

l ear epi t hel i um ( Pel t on et al . , 1990a ; Schmi d et al . , 1991 ;
Mi l l an et al . , 1991) , whi l e TGF, 62 pr ot ei n was r est r i ct ed t o
t he basement membr ane j ust basal t o t he cochl ear epi t hel i um

( Fi g. 9 C) . Ot her exampl es of di f f er ent i al l ocal i zat i on of

TGF0 mRNAs and pr ot ei ns wer e seen i n t he car t i l age, br ai n,

hear t , t eet h, and ski n . I t i s wel l est abl i shed t hat t he TGFf s

ar e secr et ed pr ot ei ns, t hus, cer t ai n cel l s may synt hesi ze and

r el ease TGFOpr ot ei ns i nt o t he ext r acel l ul ar mat r i x of adj a-
cent cel l s whi ch have t he pot ent i al t o r espond t o t hese f ac-

t or s. Thus, our TGFOi mmunol ocal i zat i on dat a, i n conj unc-

t i on wi t h pr evi ous TGF, Q i n si t u hybr i di zat i on st udi es, suggest

t hat i n many t i ssues, t he TGFas act i n a par acr i ne mode . I n

suppor t of t hi s model , i t has r ecent l y been shown t hat TGF#1

bound t o t ype I V col l agen r emai ns bi ol ogi cal l y act i ve ( Vi sh-
was et al . , 1990) and t he abi l i t y of l at ent TGF01 t o bi nd t o

hepar i n- Sephar ose suggest s t hat i t cont ai ns a speci f i c hepar i n
bi ndi ng si t e ( Wakef i el d et al . , 1989) . Mor eover , t he l at ent
f or ms of al l TGF0s ( except TGF02) cont ai n t he RGD i nt e-

gr i n cel l ul ar r ecogni t i on sequence ( Ruosl aht i and Pi er sch-

bacher , 1986) . Thus, t he ext r acel l ul ar mat r i x may act as a
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r eposi t or y f or TGF0 pr ot ei ns . I ndeed, at l east one st udy has

demonst r at ed t hat bot h f r eshl y i sol at ed and commer ci al l y
avai l abl e f i br onect i ns can be cont ami nat ed wi t h TGF/ 3 act i v-
i t y ( Fava and McCl ur e, 1987) .

Secr et i on and subsequent st or age of TGF, Qs i n t he ex-

t r acel l ul ar mat r i x may be a pr i mar y r egul at or y st ep i n t he

pr oduct i on of mat ur e, bi ol ogi cal l y act i ve TGFO pr ot ei n i n

vi vo. Exper i ment s by Sat o et al . ( 1990) demonst r at e t hat

homot ypi c cul t ur es of bot h endot hel i al cel l s and smoot h
muscl e cel l s secr et e TGF0 onl y i n a l at ent f or m. However ,

i f t hese t wo cel l t ypes ar e cocul t ur ed, a por t i on of t he t ot al

TGFO secr et ed i nt o t he cul t ur e medi um i s act i vat ed . Thi s

suggest s t hat i n vi vo, l at ent TGFOs may be pr oduced and

secr et ed by one cel l t ype and act i vat ed i n conj unct i on wi t h

an adj acent cel l t ype. Act i vat i on of l at ent TGF, Q may be
t hr ough ser i ne pr ot eases ( e. g . , pl asmi n ; Lyons et al . , 1989)

r el eased l ocal l y by cel l s . Thi s i dea i s suppor t ed by t he obser -

vat i on t hat speci f i c i nhi bi t or s of pl asmi n bl ock t he act i vat i on
of TGFf l i n het er ot ypi c cul t ur es of endot hel i al cel l s and per i -

cyt es ( Sat o and Ri f ki n, 1989) . Fur t her mor e, Saksel a and

Ri f ki n ( 1990) have pr oposed a model wher eby TGFO r egu-

l at es t he synt hesi s of pl asmi nogen act i vat or whi ch i n t ur n

r egul at es t he r el ease of bFGF f r omext r acel l ul ar mat r i x . I n-

t er est i ngl y, a compar i son of TGF02 and bFGF st ai ni ng dur -
i ng embr yogenesi s demonst r at es t hat bot h of t hese pr ot ei ns

ar e of t en f ound i n t he basement membr ane next t o an epi t he-
l i al cel l t ype ( Fi gs . 5, A and B; 7, A- C; 8 C; 9 C; and Gonza-
l ez et al . , 1990) , i ndi cat i ng t hat t hese mol ecul es may i nt er act

i n vi vo .

I n some of t he t i ssues we exami ned t hat expr ess hi gh l evel s

of TGFOmRNA, ver y l i t t l e TGFOpr ot ei n was obser ved ; t he

conver se i s al so t r ue . Ot her gr oups have al so obser ved t hi s
phenomenon of TGF0 expr essi on ( Lehner t and Akhur st ,
1988 ; Akhur st et al . , 1991) . Thi s may suggest t hat some of
t he r epor t ed mRNA or pr ot ei n l ocal i zat i on i s nonspeci f i c ;
however , t he cont r ol s on our exper i ment s have consi st ent l y
shown t hat t he TGFOpr obes used f or t he i n si t u hybr i di zat i on
anal ysi s as wel l as t he TGF0 ant i bodi es used i n t he i mmuno-

hi st ochemi st r y ar e speci f i c f or t hei r r espect i ve mol ecul es .
An al t er nat i ve expl anat i on t hat i s consi st ent wi t h t hi s dat a i s

suggest ed by t he wor k of Madi sen et al . ( 1988) who f ound

t hat al t hough a pr ost at i c adenocar ci noma cel l l i ne pr oduced

mor e TGFf l mRNA t han TGFQ2, t her e was si gni f i cant l y

mor e TGF02 pr ot ei n t han TGF01 pr esent i n t hese cel l s .
Hence, i t i s possi bl e t hat some cel l s t r anscr i be but never
t r ansl at e a gi ven TGFf l gene. I t i s known, f or exampl e, t hat
TGF02 has at l east f i ve di f f er ent t r anscr i pt s i n t he mouse, but

i t i s not known how many ar e t r ansl at ed i nt o f unct i onal pr o-

t ei ns ( Mi l l er et al . , 1990) .

To dat e t her e have been no r epor t s concer ni ng t he em-
br yoni c expr essi on of TGF#2 and TGF03 pr ot ei ns i n mam-
mal s ; however , sever al paper s st udyi ng t he di st r i but i on of

TGF01 have been publ i shed ( Hei ne et al . , 1987, 1990 ;

Thompson et al . , 1989 ; Fl ander s et al . , 1989) . Compar i son

of our r esul t s of TGF01 st ai ni ng wi t h t hese pr evi ous dat a

shows t hat i n some t i ssues t he st ai ni ng pat t er ns wer e ver y

si mi l ar , whi l e i n ot her s t hey di f f er . For exampl e, i mmuno-
st ai ni ng f or TGFOI has been r epor t ed i n adul t mur i ne adr e-

nocor t i cal and ki dney t ubul e cel l s ( Thompson et al . , 1989)
as wel l as i n mur i ne embr yoni c chondr ocyt es ( Fl ander s et

al . , 1989) and ost eocyt es ( Hei ne et al . , 1988) ; t hese t i ssues
showed ver y st r ong st ai ni ng f or TGF01 i n our st udy as wel l .
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Si mi l ar l y, Jakowl ew et al . ( 1991) obser ved st ai ni ng f or TGF02,

03, and 04 ( and t o a l esser ext ent ( 31) i n avi an embr yoni c

chondr ocyt es and car di ac myocyt es i n pat t er ns much l i ke

t hose seen i n t he dat a pr esent ed her e . Thus, i n gener al , our

r esul t s ar e consi st ent wi t h t he expr essi on of TGFO1 as r e-

por t ed by ot her s ( Thompson et al . , 1989 ; Hei ne et al . , 1988 ;

Fl ander s, et al . , 1988 ; Jakowl ew et al . , 1991) , however ,

we do f i nd some di f f er ences bet ween our st udi es and t hose

r epor t ed by Hei ne et al . ( 1988) . For exampl e, t he i nt ense

TGFOI st ai ni ng i n t he epi der mi s of t he embr yoni c ski n ( Fi gs .

2 B and 11, A- E) and i n t he epi t hel i um of t he gut ( Fi gs . 6,

A- D) was not r epor t ed by Hei ne et al . ( 1988) . I n cont r ast ,

Hei ne and col l eagues f ound ver y st r ong TGFO1 st ai ni ng i n

t he at r i ovent r i cul ar val ves of t he hear t whi ch was not seen

i n our st udi es. Ther e ar e sever al possi bl e r easons f or t hese

di scr epanci es bet ween our r esul t s and t hose of Hei ne et al .

( 1988) . The TGF01 ant i pept i de ant i bodi es used i n t hei r ex-

per i ment s wer e r ai sed agai nst t he f i r st 30 ami no aci ds i n t he

mat ur e r egi on of TGF/ 31 ( Hei ne et al . , 1988) , whi l e t hose

used i n our st udi es wer e r ai sed agai nst r esi dues 4- 19 of t he

TGFO1 ami no aci d sequence . Thus, whi l e t he ant i TGFOl an-

t i bodi es used i n bot h st udi es r eact wi t h ( 31, t hey may r ecog-

ni ze di f f er ent conf or mat i ons of t he pr ot ei n . For exampl e,

Hei ne et al . ( 1988) f ound t hat embr yos f i xed i n par af or mal -

dehyde di d not show i mmunor eact i vi t y wi t h t hei r ant i bodi es,

whi l e embr yos f i xed i n Boui r f s f i xat i ve r eact ed st r ongl y . I n

cont r ast , al l embr yos used f or our i mmunohi st ochemi st r y

wer e par af or mal dehyde f i xed . Al t er nat i vel y, t he possi bi l i t y

t hat some ant i bodi es may cr oss- r eact wi t h epi t opes on ot her

pr ot ei ns shoul d al so be ent er t ai ned ; however , West er n bl ot

anal ysi s i ndi cat es t hat speci f i c st ai ni ng i s achi eved wi t h each

of t he TGFO ant i bodi es used i n t hi s st udy ( Fi g . 1) .
Yang and Moses ( 1990) have demonst r at ed a r ange of i n

vi vo cel l ul ar event s ( mi gr at i on, pr ol i f er at i on, i nhi bi t i on, an-

gi ogenesi s, et c. ) i n t he chi ck embr yo chor i oal l ant oi c mem-

br ane i n r esponse t o exogenousl y added TGFO1 . A l ar ge

body of i n vi t r o evi dence al so st r ongl y suggest s t hat many

cel l ul ar act i vi t i es cr i t i cal t o mor phogenesi s ( cel l pr ol i f er a-

t i on, cel l mi gr at i on, cel l di f f er ent i at i on, ext r acel l ul ar mat r i x

pr oduct i on, et c. ) ar e medi at ed by t he TGF, Qs ( r evi ewed i n

Pel t on and Moses, 1990x) . The expr essi on of TGF01, , Q2,

and , Q3 dur i ng mouse embr yogenesi s, as pr esent ed i n our

r esul t s, cor r el at es wel l wi t h t hese i n vi vo and i n vi t r o obser -

vat i ons . For exampl e, TGFO1 and ( 32 ar e f ound i n t he adr enal

cor t ex of t he mouse embr yo ( Fi g . 5, E and F) and human f e-

t al adr enocor t i cal cel l di f f er ent i at i on i s i nhi bi t ed by TGF01

( Ri opel et al . , 1989) . TGFOpr ot ei ns al so i nhi bi t t he gr owt h

of mesangi al and pr oxi mal t ubul ar cel l s i n t he ki dney ( Avner ,

1990) , r egul at e di f f er ent i at i on, pr ol i f er at i on and ext r acel l u-

l ar mat r i x deposi t i on i n bone and car t i l age cel l s ( Cent r el l a

et al . , 1988) as wel l as i n l ung cel l s ( Pel t on and Moses,

1990b) , medi at e t r ansdi f f er ent i at i on of cel l s i n t he em-

br yoni c hear t ( Pot t s and Runyan, 1989) , cont r ol t he gr owt h

and di f f er ent i at i on of ski n cel l s ( Pi t t el kow et al . , 1988) , and

appear t o r egul at e mor phogenesi s, pr ol i f er at i on, and di f f er -

ent i at i on i n ast r ogl i al cel l s of t he cent r al ner vous syst em

( Tor u- Del bauf f e et al . , 1990) . These ar e al l cel l t ypes whi ch

we showt o expr ess TGFOs 1- 3 dur i ng embr yogenesi s . Ama-

j or chal l enge i s t o now pr ovi de evi dence t hat t he l ocal i zat i on

of TGF0l , / 32, and 03 pr ot ei ns i n speci f i c t i ssues and cel l s

i n t he embr yo has bi ol ogi cal r el evance f or mur i ne embr yoni c

devel opment . The most di r ect i n vi vo met hod t o achi eve t hi s
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end may be t o const r uct t r ansgeni c and/ or chi mer i c ani mal s

whi ch ei t her mi s- expr ess or do not expr ess TGFO genes.

Nonet hel ess, t he t empor al and spat i al expr essi on of TGFOs

1- 3 at cr uci al st eps i n t he mor phogenesi s of speci f i c or gans

i n t he mouse undoubt edl y i mpl i cat es a r ol e f or t hese f act or s

i n t he devel opment of t he mammal i an embr yo.

I n concl usi on, we have gener at ed i sof or m- speci f i c ant i -

bodi es whi ch r ecogni ze TGFSI , 02, or ( 33 and have used

t hemt o st udy t he di st r i but i on of t hese t hr ee pr ot ei ns dur i ng

mur i ne embr yogenesi s . We have obser ved t hat t he expr es-

si on pat t er ns f or each pr ot ei n ar e bot h t empor al l y and spa-

t i al l y uni que . Si mi l ar l y, t hese di st i nct but over l appi ng pat -

t er ns of expr essi on ar e seen f or TGFOI , ( 32, and / 33 mRNAs

as wel l ( Pel t on et al . , 1990x) . Whi l e t he mRNA and pr ot ei n

expr essi on pat t er ns do not al ways st r i ct l y coi nci de, TGFO

pr ot ei n i s of t en f ound i n cel l s or ext r acel l ul ar mat r i x posi -

t i oned next t o a cel l t ype i n whi ch t he mRNA i s f ound i n

many t i ssues . Thi s i s consi st ent wi t h t he pr emi se t hat dur -

i ng embr yoni c devel opment , TGFO1, , Q2, and ( i 3 may act

t hr ough bot h aut ocr i ne and par acr i ne mechani sms . Cur -

r ent l y, t her e i s l i t t l e evi dence ascr i bi ng uni que f unct i ons f or

t hese t hr ee cl osel y r el at ed i sof or ms of TGFS. The expr essi on

pat t er ns shown i n t hi s st udy of di f f er ent i sof or ms of TGFO

i n di ssi mi l ar cel l t ypes, f or exampl e, i n t he eye and ear , may

i mpl y separ at e cel l - speci f i c f unct i ons f or each of t he TGFOs

i n vi vo . Toget her wi t h t he known bi ol ogi cal act i vi t i es of t he

a TGFs, t hese dat a suppor t t he hypot hesi s t hat TGFM, / 32,

and ( 33 ar e i mpor t ant medi at or s of cel l - cel l i nt er act i on dur -

i ng embr yoni c devel opment and may of f er i nsi ght i nt o an ex-

pl anat i on f or t he evol ut i onar y per si st ence of t hese ver y

cl osel y r el at ed pr ot ei ns .
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