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Var i ous t ypes of i mmunol ogi cal def i ci ency di seases ar e r el at ed t o devel op-

ment al anomal i es of pr i mar y l ymphoi d or gans ( 1, 2) . Si nce t he t hymus i s di r ect l y

concer ned wi t h t he acqui si t i on of cel l ul ar i mmuni t y ( 3) , t he nor mal pr ocesses of

t hymi c di f f er ent i at i on have been i nvest i gat ed on many occasi ons . The r esul t s,

however , have been ver y cont r over si al concer ni ng t he embr yol ogi cal or i gi n of

t hymi c l ymphocyt es ( 4) . Thi s paper deal s wi t h an exper i ment al anal ysi s of t he

evol ut i on of t he cel l component s f ound i n t he t hymi c pr i mor di um of bi r ds dur i ng

embr yoni c l i f e .

The t hymus der i ves f r om an epi t hel i omesenchymal r udi ment or i gi nat i ng f r om t he 3r d

and 4t h phar yngeal pouches ( 5- 10) . I n t he chi ck embr yo, t he t hymi c endoder m separ at es

f r om t he phar ynx dur i ng t he 5t h day of i ncubat i on as a cor d of epi t hel i al cel l s whi ch

el ongat es al ong t he j ugul ar vei n ( 9, 10) . A t hi n mesenchymal capsul e sur r ounds t he

endoder mal pr i mor di um and t he mesenchymal cel l s penet r at e i t , l obul at i on and

vascul ar i zat i on of t he or gan occur r i ng t oget her . Ar ound t he 11t h day of devel opment

l ymphoi d di f f er ent i at i on of t he t hymus becomes evi dent .

Accor di ng t o one vi ew t he l ymphocyt es or i gi nat e by t r ansf or mat i on of t he epi t hel i al

cel l s of t he ear l y anl age . Thi s i dea i ni t i al l y f or mul at ed by Kol l i ker ( 11) was suppor t ed by

sever al aut hor s who cl ai med t o demonst r at e t r ansi t i onal f or ms bet ween t hymi c epi t hel i al

and t hymi c l ymphoi d cel l s ( 10, 12- 17) . Fr om an exper i ment al st udy of t he hi st ogenet i c

capaci t i es of t he ear l y mouse endoder mal t hymi c r udi ment , Auer bach ( 18, 19) al so con-

cl uded t hat t he epi t hel i al component was t he sour ce of t hymus l ymphocyt es . Accor di ng t o

t he " subst i t ut i on" t heor y pr oposed by Hammar ( 20) and suppor t ed by many subsequent

st udi es ( 9, 21, 22) t hymi c l ymphocyt es wer e der i ved excl usi vel y f r om connect i ve t i ssue

l ymphocyt es whi ch i nvaded t he ear l y epi t hel i al anl age . By exper i ment s car r i ed out i n t he

chi ck embr yo, Moor e and Owen ( 23, 24) demonst r at ed t he exi st ence of vascul ar mi gr at i on

pat hways of chr omosomal l y l abel ed cel l s i nvadi ng t he t hymus i n 7- t o 8- day- ol d embr yos .

Accor di ng t o t hese aut hor s t he t hymus r ecei ves an i nf l ow of bl ood- bor ne st em cel l s, pr e-

sumabl y or i gi nat i ng f r omt he bl ood i sl et s of t he yol k sac, whi ch pr ol i f er at e and di f f er ent i at e

i nt o l ymphocyt es af t er r eachi ng t he t hymus ( 25) .

Si nce chr omosomal mar ker s gi ve i nf or mat i on onl y about di vi di ng cel l s, i t seemed

i nt er est i ng t o appl y t o t he pr obl em of t hymus hi st ogenesi s, a cel l l abel i ng t echni que

whi ch, by si mpl e hi st ol ogi cal obser vat i ons, al l ows f or t he eval uat i on of t he composi t i on of

t he whol e cel l popul at i on of t hymi c t i ssue at a gi ven t i me . Le Douar i n has r ecent l y devi sed

a new bi ol ogi cal cel l mar ki ng t echni que ( 26- 28) whi ch can be empl oyed i n t he st udy of

embr yoni c cel l mi gr at i ons ( see 29 f or r ef er ences) . Thi s t echni que i s based on st r uct ur al

di f f er ences i n t he i Dt er phase nucl eus of t wo speci es of bi r ds cl osel y r el at ed i n t axonomy :

* Thi s wor k has been suppor t ed by a gr ant f r omD. G. R. S. T . N° 74. 70601 .
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t he Japanese quai l ( Cot ur ni x cot ur ni x j aponi ca) and t he chi ck ( Gal l us gal l us) . I n t he

Japanese quai l a l ar ge amount of het er ochr omat i c DNA i s associ at ed t o t he nucl eol us so

t hat t hi s or ganel l e i s hyper t r ophi ed i n al l embr yoni c and adul t cel l s of t hi s speci es . Thi s

f eat ur e i s not usual i n bi r ds or mammal s ( 29) and especi al l y not i n t he chi ck, i n t hi s

speci es, t he chr omat i n i s evenl y di sper sed i n t he nucl eopl asm wi t h some smal l

chr omocent er s and par t i ci pat es onl y l i t t l e t o nucl eol ar st r uct ur e . As a r esul t of t hi s

di f f er ent di sposi t i on of t he chr omat i n, quai l and chi ck cel l s, exper i ment al l y associ at ed i n

chi mer as, can be easi l y di st i ngui shed .

By t he use of het er ospeci f i c combi nat i ons bet ween quai l and chi ck t hymi c

r udi ment s, t he r espect i ve cont r i but i on of endoder mal epi t hel i um, t hymi c

mesenchyme, and bl ood- bor ne ext r i nsi c el ement s t o t he hi st ogenesi s of t he

t hymus has been st udi ed . I n t he same way, i t has been possi bl e t o i nvest i gat e t he

evol ut i on of t he t hymi c l ymphocyt e popul at i on and t o f ol l ow t he chr onol ogy of

st em cel l i nf l ows i n t he t hymus dur i ng embr yoni c l i f e .

Gr af t i ng t echni ques

Gr af t s of Thymi c Pr i mor di a

Mat er i al s and Met hods

Whi t e Leghor n chi ck and Japanese quai l embr yos wer e used . The eggs wer e i ncubat ed at 38 ° f I C.

The t i mi ng of t he embr yos was det er mi ned accor di ng t o t he number of somi t es i n t he young st ages

and t o t he l engt h of t he i ncubat i on per i od l at er on . I n some exper i ment al ser i es, st agi ng was done

accor di ng t o t he devel opment al st ages def i ned by Hambur ger and Hami l t on ( 30) f or t he chi ck and by

Zacchei ( 31) f or t he quai l .

GRAFT OF QUAI L THYMI C ENDODERM I NTO THE CHI CK SOMATOPLEURE .

	

The l at er ovent r al wal l of t he

embr yoni c phar ynx f r omquai l embr yos at 15- t o 30- somi t e st ages i s t r eat ed by a sol ut i on of t r ypsi n at

0. 1%i n Cal +, Mgz+- f r ee Tyr ode f or 20- 30 mi n at 2° C. Tr ypsi n di gest i on makes i t possi bl e t o separ at e

t he endoder m pur e f r om phar yngeal mesenchyme . The endoder mal ar ea whi ch i s sel ect ed f or t he

gr af t at di f f er ent devel opment al st ages i s r epr esent ed i n Fi g . 1 .

The endoder m i s i nt r oduced i n a sl i t made i n t he somat opl eur e of a 3- t o 3 . 5- day ol d chi ck bet ween

ant er i or and post er i or l i mb buds accor di ng t o a t echni que pr evi ousl y descr i bed ( 32) ( Fi g . 2) . The

t i ssue shoul d not be i nt r oduced i n t he coel omi c cavi t y but l ef t i n cont act wi t h somat opl eur al

mesenchyme whi ch wi l l par t i ci pat e t o t hymi c hi st ogenesi s . I f t he expl ant f al l s i nt o t he coel ome, i t

r emai ns pur el y epi t hel i al ; mi ssi ng t he st i mul at i ng i nf l uence exer t ed by mesenchyme on i t s gr owt h

and di f f er ent i at i on, i t degener at es and f ai l s t o gi ve r i se t o t hymi c t i ssue ( 33) . When t he endoder m

gr ows i n cont act wi t h somat opl eur al mesenchyme, i t s di f f er ent i at i ng capaci t i es ar e expr essed and i t

gi ves r i se t o t he nor mal der i vat i ves of t he t hi r d, f our t h phar yngeal pouches, and medi ovent r al

endoder m of t he phar ynx, i nvol ved i n t he gr af t ( Fi g . 1) . Thus, i n addi t i on t o t hymi c t i ssue,

par at hyr oi d, ul t i mobr anchi al body, and di gest i ve t ube ar e f ound devel opi ng i n t he body wal l of t he

host . I n het er ospeci f i c associ at i ons bet ween quai l endoder m and chi ck somat opl eur e, al l t hese or gans

ar e chi maer i c, t hei r mesenchymal component bei ng der i ved f r om t he chi ck somat opl eur e . The host

embr yo i s sacr i f i ced 12 days af t er t he i mpl ant at i on and t he r egi on of t he body wal l cont ai ni ng t he

gr af t ed t i ssue i s f i xed f or hi st ol ogi cal exami nat i on .

GRAFT OF COMPLETE THYMI C RUDI MENTS ( ENDODERM AND MESENCHYME) .

	

Thymi c pr i mor di a of var i ous

ages wer e gr af t ed f r om quai l i nt o chi ck or r ever sel y . At t he ear l y st ages of devel opment t he ar ea

( pr esumpt i ve or t r ue) of t he 3r d and 4t h br anchi al pouches and ar ches, i . e . endoder m, mesenchyme

and ect oder m, i s di ssect ed and gr af t ed ( Fi g. 3) . Fr om t he 6t h day of i ncubat i on, t he t hymi c r udi ment

can be di st i ngui shed al ong t he j ugul ar vei n and i sol at ed by car ef ul di ssect i on . I n t hi s exper i ment , t he

t hymi c endoder m bei ng associ at ed t o i t s homol ogous mesenchyme i s abl e t o devel op i n t he

coel omi c cavi t y, but a bet t er evol ut i on of t he gr af t s i s obser ved i n t he somat opl eur e, so t hat t hi s

t echni que was ext ended t o t he ent i r e t hymi c pr i mor di um. The gr af t i s made i nt o t he somat opl eur e of
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Gr af t s of Quai l Rhombencephal i c Neur al t ube i nt o Chi ck Embr yos

FI G. 1 .

	

Schemat i c r epr esent at i on of t he endoder mal ar ea t aken f r omquai l embr yos at var i ous

st ages of devel opment i nvol vi ng t he pr esumpt i ve t hymi c epi t hel i um. ( A) I n 15- t o 22- somi t e

embr yos t he vent r ol at er al wal l of t he phar ynx ( V L Ph) i s cut and t he phar yngeal endoder m ( V

L Ph End) i s i sol at ed by t r ypsi ni zat i on of t he car di ac f ol d and gr af t ed i nt o t he somat opl eur e of

a chi ck embr yo . ( B) I n ol der embr yos a pi ece of t he vent r ol at er al endoder m i ncl udi ng t he 3r d

and 4t h br anchi al pouches ( 3d, 4t h End P) i s sel ect ed f or t he gr af t . AI P, ant er i or i nt est i nal

por t al ; V, vent r i cl e .

a 3- t o 3. 5- day ol d host . I n some exper i ment s t he t hymus i s gr af t ed on t he chor i oal l ant oi c membr ane

( CAM) i n 6- day host embr yos accor di ng t o a cl assi cal t echni que ( 34) .

I n or der t o st udy t he par t i ci pat i on of t he mesenchyme of t he 3r d and 4t h br anchi al ar ches t o

t hymus hi st ogenesi s, i sochr oni c and i sot opi c gr af t s of quai l neur al r hombencephal on wer e car r i ed out

i nt o chi ck embr yos of t he 6- t o 9- somi t e st age . The neur al cr est or i gi n of t hi s mesenchyme has been

demonst r at ed i n t hi s l abor at or y ( 35, 36) .

The gr af t i ng t echni que pr evi ousl y descr i bed ( 26) i s t he f ol l owi ng . I n t he f i r st st ep t he chi ck r homb-

encephal on i s exci sed by mi cr osur ger y i n ovo, endoder m, not ochor d, and somi t es bei ng l ef t i n si t u

( Fi g . 4) . The quai l neur al t ube and associ at ed neur al f ol ds ar e i sol at ed by i ncubat i on of t he adequat e
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Fi G. 2 .

	

Tr ansver se sect i on i n a 3- day ol d chi ck embr yo whi ch r ecei ves t he gr af t ( G) of a quai l

t hymi c endoder mal r udi ment i n t he somat opl eur e ( Sour ) . End, endoder m. Coe C, coel omi c

cavi t y .

A

FI G. 3 .

	

Schemat i c dr awi ng showi ng t he ar ea t aken i n t he quai l at 3 t o 4 days ( A) and at 5 t o

5 Sz days ( B) of i ncubat i on i nvol vi ng t he endomesoder mal t hymi c r udi ment . V, vent r i cl e .
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FI G. 4 .

	

I sot opi c and i sochr oni c gr af t of a quai l r hombencephal on i nt o a chi ck embr yo at 6- t o

9- somi t e st ages . ( A) Schemat i c dr awi ng of t he exper i ment al pr ocedur e : ( 1) t he r hombencepha-

I on ( hachur ed ar ea) i s sur gi cal l y r emoved f r om t he chi ck host embr yo . ( a) dor sal vi ew; ( b)

t r ansver se sect i on at t he l evel of t he exci si on. ( 2) t he cor r espondi ng ar ea i s t aken i n a quai l

embr yo at t he same devel opment al st age and submi t t ed t o a sol ut i on of t r ypsi n . ( 3) t he quai l

r hombencephal on i s i sol at ed by t r ypsi ni zat i on and i n ( 4) gr af t ed or t hot opi cal l y i nt o t he chi ck

host . ( B) Tr ansver se sect i ons of t he chi ck embr yo ( 1) and of t he i sol at ed quai l neur al t ube ( 2)

bef or e t he gr af t . Feul gen- Rossenbeck . ( 1) x 310 . ( 2) x 390.

t r ansver se sect i on of t he quai l embr yo i n
Mg' +,

Cat +- f r ee Tyr ode sol ut i on addi t i oned wi t h 0. 1%

t r ypsi n . Thus t r eat ed, t he gr af t ed neur al anl age i s per f ect l y devoi d of mesenchymal cel l cont ami na-

t i on ( Fi g . 4) . I n t he second st ep, t he quai l neur al pr i mor di um i s gr af t ed i nt o t he chi ck host i n t he

gr oove r esul t i ng f r om t he exci si on of t he hi nd- br ai n r egi on . The gr af t ed neur al t ube i s r api dl y
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i ncor por at ed i nt o t he axi al st r uct ur es of t he host and, when t he gr af t has been successf ul , cr est cel l s

f ol l ow t he nor mal mi gr at i on pat hways i n t he host t i ssues ( 37) .

Hi st ol ogi cal t echni ques

Li ght mi cr oscopy .

	

Chi ck and quai l embr yos wer e f i xed i n Zenker ' s f l ui d and t hei r phar yngeal

r egi on was cut i n 5t i m t r ansver se ser i al sect i ons at t he st ages of 4 t o 6t h days of i ncubat i on t o st udy

t he nor mal pr ocess of t hymus hi st ogenesi s . At l at er st ages t he t hymus al one was f i xed and t r eat ed

accor di ng t o t he same pr ocedur e . Sect i ons wer e st ai ned wi t h hemat oxyl i n and eosi n . Sect i ons of

di f f er ent i at ed t hymuses, f r om cont r ol and exper i ment al embr yos wer e t r eat ed accor di ng t o t he

Feul gen- Rossenbeck st ai ni ng pr ocedur e ( 38) f or DNA, i n or der t o di st i ngui sh quai l f r om chi ck cel l

t ypes. I n an exper i ment al ser i es t he panopt i que t echni que accor di ng t o Pappenhei m ( 39) was appl i ed

i n or der t o evi dence basophi l i c cel l s i n t hymus r udi ment s. I n some cases t he same sect i ons have been

post st ai ned by Feul gen- Rossenbeck' s met hod . Dur i ng t hi s second t r eat ment , t he st ai ni ng pr ovi ded

by t he panopt i que t echni que di sappear s and DNA- cont ai ni ng st r uct ur es al one ar e st ai ned . Thus,

pi ct ur es of t he same sect i on st ai ned wi t h t he t wo t echni ques may be compar ed i n or der t o i dent i f y

basophi l i c cel l s as bel ongi ng t o t he quai l or chi ck speci es .

El ect r on mi cr oscopy .

	

Nor mal and exper i ment al t hymuses wer e f i xed i n 6%gl ut ar al dehyde i n 0. 1

Mphosphat e buf f er , at pH7. 4 f or 20 mi n at 4° C, and post f i xed i n 1%osmi um t et r oxyde i n phosphat e

buf f er f or 1 h. Bl ocks wer e embedded i n Epon and sect i ons, st ai ned wi t h l ead ci t r at e and ur anyl e

acet at e, wer e obser ved i n an Hi t achi HS8 el ect r on mi cr oscope .

Resul t s

Compar at i ve st udy of quai l and chi ck embr yoni c t hymus

Mor phol ogi cal Di st i nct i on of Chi ck f r om Quai l Thymi c Cel l Types .

	

Li ke i n
ot her t i ssues, t he di st i nct i on bet ween chi ck and quai l cel l s i n t he t hymus i s based
on t he appear ance of t he i nt er phase nucl eus ( Fi g . 5) .

LYMPHOI D CELLS. I n t he quai l t hymus, cel l s wi t h l ar ge nucl ei ar e of t en
encount er ed especi al l y i n t he cor t i cal ar ea . St ai ned wi t h t he panopt i que

t echni que, t hese cel l s have a st r ongl y basophi l i c cyt opl asm. They ar e consi der ed

by sever al aut hor s ( see 4 f or r ef er ences) as t he st emcel l s of l ymphoi d el ement s .

Thei r nucl eus shows a l ar ge cent r al mass of het er ochr omat i c DNAwi t h i r r egul ar

out l i nes ( Fi g . 6 a) . At t he el ect r on mi cr oscope ( EM) l evel , t he nucl eol us i s made
up of cl osel y i nt er mi ngl ed DNA- and RNA- cont ai ni ng st r uct ur es, and cor r e-

sponds t o t he t ype I I I pr evi ousl y descr i bed i n quai l cel l s ( 27, 40) . I n t he chi ck,

cor r espondi ng cel l s show a l ar ge, weakl y st ai ned nucl eus wher e a t hi n Feul gen-

posi t i ve r i ng of per i nucl eol ar DNA can somet i mes be di st i ngui shed ( Fi g . 6 b) .

I n quai l l ymphocyt es, each nucl eus cont ai ns one l ar ge and sever al smal l er

het er ochr omat i c pat ches of t en at t ached t o t he nucl ear membr ane ( Fi gs . 5- 6a) ,

whi l e chi ck l ymphocyt es ar e char act er i zed by sever al smal l st r ongl y Feul gen-

posi t i ve chr omocent r es di sper sed i n t he nucl eus ( Fi gs . 5- 6 b) . At t he EMl evel
t he di f f er ences ar e al so ver y st r i ki ng . Numer ous, dense chr omat i n pat ches appear

di st i nct l y i n l ar ge, medi um, and smal l l ymphocyt es of t he chi ck ( Fi g . 7) . I n t he

quai l , a l ar ge het er ochr omat i c condensat i on i s pr esent i n al l l ymphocyt e t ypes

( Fi g . 8) . I n some sect i ons of quai l l ymphocyt es, t he cent r al DNAmass appear s as

a t hi ck dar k r i ng sur r oundi ng a cl ear cent r al cor e ( Fi g . 9) . Ser i al sect i ons show

t hat t he het er ochr omat i c mass i s uni f or ml y composed of densel y coi l ed f i br i l l ar

DNA. The Feul gen- posi t i ve chr omat i n pat ches di st r i but ed on t he nucl ear

membr ane ar e al so evi dent i n el ect r on mi cr oscopy ( Fi g . 8) .

RETI CULAR AND CONNECTI VE TI SSUE CELLS.

	

I n t he quai l t hymus, r et i cul ar cel l s,
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numer ous i n t he medul l a and at t he per i pher y of cor t i cal l obes, ar e char act er i zed

by a si ngl e st r ongl y Feul gen- posi t i ve cent r onucl ear condensat i on ( Fi gs . 5- 6 a) .

Apar t f r om t hi s cent r al mass, t he nucl eopl asm i s onl y weakl y st ai ned by t he

Schi f f r eagent . I n t he chi ck, t he nucl eus of r et i cul ar cel l s shows a net wor k of

l i ght l y st ai ned chr omat i n. The same char act er i st i cs ar e f ound i n connect i ve cel l s,

t he nucl ei of whi ch i s of t en el ongat ed ( Fi g . 6 b) .

Chr onol ogy of Thymi c Devel opment i n Quai l and Chi ck Embr yos .

	

Pr el i mi -

nar y t o t he exper i ment al st udy of t hymus devel opment i n i nt er speci f i c combi na-

t i ons, t he chr onol ogi cal and mor phol ogi cal evol ut i on of t hymi c pr i mor di um was

compar ed i n quai l and chi ck . Our obser vat i ons on t he chi ck ar e i n gener al agr ee-

ment wi t h t he r esul t s r epor t ed by pr evi ous aut hor s ( 5, 9, 10) ; t he st ages of si gni f i -

cant event s of t hymus hi st ogenesi s i n t he t wo speci es ar e r epor t ed i n Tabl e I .

Thi s compar at i ve st udy makes i t cl ear t hat successi ve st eps of t hymi c

hi st ogenesi s- f or mat i on of epi t hel i al cor ds, l ymphoi d di f f er ent i at i on- occur a

l i t t l e ear l i er i n quai l t han i n chi ck, but accor di ng t o a si mi l ar pat t er n . Thus,

consi der i ng t he cl ose t axonomi c vi ci ni t y of t he t wo speci es one can assume t hat

i nt er speci f i c combi nat i ons of t hymi c r udi ment s can gi ve r i se t o nor mal l y

or gani zed t hymuses .

Exper i ment al anal ysi s of t hymus devel opment usi ng quai l - chi ck combi nat i ons

Thr ough var i ous t i ssue combi nat i ons sel ect i ve quai l nucl ear l abel i ng was

achi eved, af f ect i ng one cel l cat egor y at a t i me : ( a) t he endoder mal der i vat i ves,

( b) t he mesenchymal component , ( c) t he l ymphoi d cel l popul at i on .

Gr af t of quai l pr esumpt i ve t hymi c endoder m i nt o t he chi ck embr yo . Pr esump-

t i ve t hymi c endoder m f r om 15- t o 30- somi t e quai l s was gr af t ed i n t he somat o-

pl eur e of 3- day chi ck embr yos ( Fi gs . 1 and 2) . 12 days af t er i mpl ant at i on, t he gr af t

was obser ved hi st ol ogi cal l y . I t has been pr evi ousl y demonst r at ed i n homospeci f i c

associ at i ons ( 33) t hat t he t hymi c endoder m i s det er mi ned ear l y and di f f er ent i -

at es i nt o t hymi c t i ssue when associ at ed t o t he somat opl eur al mesenchyme . The

t hymus devel oped i n t hese condi t i ons has a nor mal hi st ol ogi cal st r uct ur e wi t h

cor t ex and medul l a ( Fi g . 10) . The whol e l ymphoi d popul at i on i s of chi ck host

or i gi n whi l e r et i cul ar cel l s show t he quai l nucl ear mar ker ( Fi g . 11) . The

per i vascul ar endot hel i um and connect i ve t i ssue cel l s bel ong t o t he chi ck, and

t hey ar e der i ved f r om t he somat opl eur al mesenchyme .

These r esul t s show t hat t hymi c endoder m i sol at ed as ear l y as t he 15- somi t e

st age i s abl e t o devel op i nt o t hymi c r et i cul ar cel l s and t o i nduce t he het er ol ogous

mesenchyme of t he somat opl eur e t o par t i ci pat e i n t hymus hi st ogenesi s . On t he

ot her hand t hymus endoder m does not gi ve r i se t o l ymphoi d cel l s, whi ch i n t hi s

exper i ment come f r om t he host . They coul d der i ve ei t her f r om t hymi c mesen-

chyme ( i . e . , t he t hymi c phar yngeal mesenchyme i n nor mal devel opment or t he

het er ol ogous somat opl eur al mesenchyme i n t he exper i ment r epor t ed above) , or

f r omext r i nsi c hemocyt obl ast s . The f ol l owi ng exper i ment s wer e devi sed t o deci de

on t hi s i ssue .

Rol e of t he mesenchymal component i n t hymus hi st ogenesi s

GRAFT OF COMPLETE QUAI L THYMUS RUDI MENT [ ENDODERMANDTHYMI C PHARYNGEAL

MESENCHYME] I NTO THE CHI CK EMBRYO.

	

The t ot al t hymi c anl age was t aken f r om
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TRACI NG OF CELLS OF AVI AN THYMUS THROUGH EMBRYONI C LI FE

NUCLEAR CHARACTERI STI CS OF THE CELL

TYPES I N QUAI L AND CHI CK THYMUSES

FI GS . 5- 6 .

	

Schemat i c dr awi ngs ( 5) and mi cr ogr aphs ( 6 a and b) showi ng t he nucl ear f eat ur e of

quai l and chi ck t hymi c cel l t ypes af t er Feul gen- Rossenbeck st ai ni ng . I n t he quai l ( 6 a) t he

l ymphocyt e ( L) nucl ei cont ai n one l ar ge het er ochr omat i c mass and sever al smal l er ones

at t ached t o t he nucl ear membr ane . I n t he chi ck ( 6 b) sever al smal l chr omocent er s ar e

di sper sed i n t he nucl eopl asm.

I n t he quai l , t he l ymphobl ast s ( La) show a l ar ge nucl eus wi t h a Feul gen- posi t i ve

cent r onucl ear condensat i on whi l e i n t he chi ck t he nucl eus i s onl y cl ear l y st ai ned . Ret i cul ar

( R) and connect i ve cel l s of quai l have usual l y one si ngl e het er ochr omat i c mass . I n t he same

cel l t ypes of t he chi ck t he nucl eus cont ai ns a f i ne net wor k of evenl y di st r i but ed chr omat i n . 6 a

x 1, 450 ; 6 b x 1, 300 .

15- somi t e t o 4- day quai l embr yos and gr af t ed i nt o t he somat opl eur e of 3- day ol d

chi ck host s as pr evi ousl y descr i bed . The i mpl ant was f i xed when t he t ot al age of

t he t hymus was about 14 days . I f l ymphoi d cel l s der i ve, even par t i al l y, f r om

t hymus mesenchyme pr oper , l ymphocyt es wi l l have t he quai l nucl ear mar ker .

Act ual l y, al l t he l ymphoi d cel l s of t he t hymi c t i ssue came f r om t he chi ck host ,

j ust as i n t he f i r st exper i ment al ser i es, when t he t hymi c endoder m was gr af t ed

al one . Ret i cul ar cel l s wer e of quai l or i gi n ( Fi g . 12) and connect i ve t i ssue cel l s

wer e of bot h donor and host t ype, showi ng t hat t he somat opl eur al mesenchyme

par t i ci pat es i n t he hi st ogenesi s of t he expl ant . I n t he cor t ex, t ypi cal r et i cul ar

cel l s char act er i zed by l ong cel l pr ocesses, showed t he quai l DNA r i ch nucl eol us .

Lar ge, medi um, and smal l l ymphocyt es as wel l as l ymphocyt obl ast s on t he

cont r ar y had t he nucl ear f eat ur es of t he chi ck ( Fi g . 12) .

Thi s exper i ment demonst r at es t hat t he l ymphocyt es der i ve sol el y f r om

ext r i nsi c el ement s absent f r om t he quai l t hymi c r udi ment up t o t he 4t h day of

i ncubat i on . Nei t her endoder m nor mesenchyme of t he t hymi c pr i mor di um have

t he abi l i t y t o di f f er ent i at e i nt o l ymphocyt es . Mor eover , t hese r esul t s show t hat

t he pr esumpt i ve t hymi c endoder m sel ect i vel y at t r act s t he ext r i nsi c l ymphoi d

st em cel l s, even when gr af t ed i n an het er ot opi c l ocat i on .

Lymphocyt es Ret i cul ar cel l s Connect i ve cel l s

CHI CK

I

i d
I

I NA~S

numer ous smal l cl umps Evenl y di sper sed net wor k

of chr omat i n of chr omat i n

i

QUAI L I Ii

one l ar ge cl ump of het er ochr o-

mat i cDNA+smal l masses at -
One l ar ge cent r al mass of

t achedt ot henucl ear membr an het er ochr omat i c DNA



FI G. 6 . See l egend f or Fi gs . 5- 6 .

FI G. 7 .

	

El ect r on mi cr ogr aph of a chi ck t hymi c cor t i cal ar ea at 17 days of i ncubat i on . Sever al
masses of DNA ar e seen i n l ymphocyt e nucl ei . Ur anyl e acet at e- l ead ci t r at e, x 10, 500 .

25
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TRACI NG OF CELLS OF AVI AN THYMUS THROUGH EMBRYONI C LI FE

FI Gs . 8- 9 .

	

El ect r on mi cr ogr aph of t he cor t ex i n 16- day ol dquai l t hymus .

FI G. 8.

	

Smal l l ymphocyt es showi ng a l ar ge cent r onucl ear DNAmass and sever al smal l er ones

at t ached t o t he nucl ear membr ane . Ur anyl acet at e- l ead ci t r at e . x 10, 500 .

FI G. 9 . Medi um and l ar ge l ymphocyt es i n whi ch t he cent r onucl ear het er ochr omat i c mass

shows a cl ear cent r al cor e . Ur anyl e acet at e- l ead ci t r at e . x 10, 500 .
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TABLE I

Occur r ence of t he Mai n Devel opment al Event s Dur i ng Thymi c Hi st ogenesi s i n Quai l and Chi ck

STUDY OF THE EVOLUTI ON OF THE THYMI C MESENCHYMAL COMPONENTS BY SELECTI VE

LABELI NG OF BRANCHI AL ARCHES MESENCHYME. I t has been pr evi ousl y shown t hat

t he mesenchyme of t he br anchi al ar ches der i ves ent i r el y f r om t he neur al cr est

except f or t he muscl e pl at e whi ch i s of mesoder mal or i gi n ( 35- 36) . I sot opi c and

i sochr oni c gr af t s of a quai l r hombencephal i c pr i mor di um i nt o a chi ck embr yo at

t he 6- t o 9- somi t e st age r esul t i n t he i nvasi on of t he 3r d and 4t h br anchi al ar ches

of t he chi ck host by quai l cel l s ( Fi g . 13) . The t hymi c r udi ment i s chi mer i c f r om

i t s f i r st devel opment al st eps : t he host endoder mal pouch i s sur r ounded by quai l

mesenchymal cel l s ; l at er on, t he chi ck t hymi c epi t hel i al cor d i s sur r ounded by a

t hi n capsul e of quai l mesenchyme ( Fi g . 14) . Ther eaf t er , t he i nvasi on of t he

epi t hel i al anl age by connect i ve cel l s may be f ol l owed and t he cont r i but i on of

mesenchymal el ement s t o t he di f f er ent i at ed t hymi c t i ssue det er mi ned . Mesen-

chymal cel l s f ol l ow t he bl ood vessel s whi ch penet r at e i nt o t he cor t ex and t he

medul l a, t he endot hel i um of whi ch i s of host or i gi n ( Fi g. 15) . The t hymi c

r udi ment i s i nvaded by capi l l ar y buds of mesoder mal or i gi n whi l e t hymi c

connect i ve cel l s der i ve f r om mesenchyme of neur al cr est or i gi n . I n none of t he 40

cases of di f f er ent i at ed t hymuses obser ved i n t hi s exper i ment al ser i es di d t he

l ymphocyt es show t he quai l nucl ear mar ker . Thi s exper i ment conf i r ms t he

pr evi ous r esul t , i . e . , t hat t he br anchi al ar ch mesenchyme whi ch par t i ci pat es t o

t hymi c hi st ogenesi s does not gi ve r i se t o l ymphoi d cel l s . Col oni zat i on of t he

t hymus r udi ment , by ext r i nsi c hemocyt obl ast s, bei ng est abl i shed t he next

exper i ment al st ep, was t o st udy t he t i mi ng of t hi s col oni zat i on i n quai l and chi ck .

Ti mi ng of Col oni zat i on of t he Thymi c Rudi ment by Lymphoi d St em Cel l s .

Quai l t hymi c pr i mor di a of var i ous ages f r om 4 t o 8 days of i ncubat i on have been

gr af t ed i nt o t he somat opl eur e of 3- day chi ck embr yos and f i xed when t hei r t ot al

age ( age at t he t i me of t he gr af t and dur at i on of t he gr af t ) r eached 14 days . The

r ever se gr af t of chi ck t hymi c anl age f r om4- t o 9. 5- day embr yos i nt o 3- day quai l s

has al so been car r i ed out i n t he same condi t i ons . The l ymphoi d popul at i on of t he

t hymuses whi ch devel op i n t hose condi t i ons shoul d be of host or i gi n when t hey

have been t aken bef or e t he nor mal t i me of st emcel l i nvasi on . On t he cont r ar y, i f

I sol at i on Fi r st ap-
Fi r st ap-

Appear ance

of vascul ar -
of epi t he-

l i al t hymi c
Fusi on of

pear ance
of basophi -

pear ance
Begi nni ng Lobul at i on

i sat i on i n Compl e-

r udi ment
t hymi c

l i e cel l s i n
of l ympho-

of l obe of t hymi c
t he epi t he- l i on of

f r omt he
r udi ment s

t he t hymi c
cyt es i n f or mat i on l obes

l i o- mesen- l obe

embr yoni c
I I I and I V

epi t hel i al
t he t hymi c chymal f or mat i on

phar ynx cor d
r udi ment t hymus

anl age

Quai l
St ages of devel op- St . 19- 20 St . 21 St . 20- 21 8 days of 7 days of 9 1/ 2- 10 9- 10
ment accor di ng t o ( 4 1/ 2- 5 ( 5 1/ 2 days ( 5- 5 1/ 2 i ncu- i ncu- days of days of

Zacchei ( 31) days of i n- of i ncuba- days of i n- bat i on bat i on i ncubat i on i ncubat i on
cubat i on) cubat i on) cubat i on)

Chi ck
St ages of devel op- St . 25 St . 28 St . 29- 30 9 1/ 2 days x8 days 8 days of 8 days of 15 days of

ment accor di ng t 6 ( 4 1/ 2- 5 ( 5 1/ 2- 6 ( 6 1/ 2 days of i ncu- of i ncu- i ncubat i on i ncubat i on i ncubat i on

Hambur ger and days of i n- days of i n- ~ of i ncuba- ~ bat i on bat i on
~

Hami l t on ( 30) cubat i on cubat i on t i on)
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FI G. 13 .

	

Schemat i c dr awi ng of a chi ck embr yo whi ch has r ecei ved at 6- t o 9- somi t e st age t he

gr af t of a quai l r hombencephal on. The hachur ed ar ea shows t he r egi on wher e t he neur al cr est

cel l s or i gi nat i ng f r om t he gr af t have mi gr at ed f or mi ng t he mesenchyme of t he 2nd, 3r d, and 4t h

br anchi al ar ches .

t hey ar e t aken af t er t he st em i nf l ow, donor l ymphocyt es wi l l be f ound i n t he

or gan. Mor eover , t hr ough eval uat i on of t he pr opor t i on of host and donor

l ymphoi d cel l s, whet her t he i nf l ow of st em cel l s i s a per manent or a t r ansi t or y

pr ocess dur i ng t hymus or ganogenesi s may be det er mi ned . I f a si ngl e, t r ansi t or y

i nf l ow of st em cel l s occur s at a pr eci se moment of t hymi c hi st ogenesi s, t hymuses

t aken f r om t he donor af t er t he end of t hi s pr ocess wi l l cont ai n onl y t hei r own

l ymphocyt es . The r esul t s obt ai ned i n t hi s exper i ment ar e r epor t ed Tabl e I I . I n

t he f i r st ser i es, i . e . t r anspl ant at i on of quai l t hymus r udi ment s i nt o chi ck, t he

l ymphoi d cel l s ar e ent i r el y of host or i gi n i n t he i mpl ant s comi ng f r om 4- ( 96

h) - and 4- 5- ( 118 h) - day ol d quai l embr yos [ st ages 18 and 19 of Zacchei ( 31) ] . I f

t he r udi ment s ar e t aken at 5 and 5. 5 days ( st ages 19- 20 of Zacchei ( 31) ] , t hey

cont ai n bot h quai l and chi ck l ymphoi d cel l s when t hey have r eached t he t ot al age

of 14 days i n gr af t . I n cer t ai n ar eas of t he expl ant , cel l s of one of t he speci es can

be r epr esent ed al one, i n most sect i ons however a mi xt ur e of quai l and chi ck

l ymphocyt es i s obser ved .

When t he t hymuses ar e t aken f r om 6- ( 144 h) , 7- , or 8- day ol d quai l embr yos t he

l ymphocyt es whi ch t hey t her eaf t er cont ai n wer e al l , or near l y al l , of quai l or i gi n .

I n t he r ever se associ at i ons, t hat i s gr af t s of chi ck t hymuses i nt o quai l embr yos

t he f ol l owi ng r esul t s wer e obt ai ned : chi ck t hymuses t aken f r om5- t o 6- 5- day ol d

embr yos ( st ages 26 t o 29 of r ef . 30) cont ai ned excl usi vel y host l ymphoi d cel l s

when t hey had r eached t he t ot al age of 14 days at t he end of t he gr af t . Thymuses

t aken f r om 6- 5 t o 8- day chi ck ( st age 30 t o 34- 35 of r ef . 30) cont ai ned a mi xt ur e of

quai l and chi ck cel l s ( Fi g . 16) whi l e t hei r l ymphoi d popul at i on was of donor

or i gi n when t hey or i gi nat ed f r om embr yos of 8 days onwar ds .

FI G. 10 .

	

Chi mer i c t hymus r esul t i ng f r om t he gr af t of a t hymi c endoder mal r udi ment of a

16- somi t e quai l embr yo i nt o t he somat opl eur e of a 3- day ol d chi ck . 13 days af t er gr af t i ng .

Feul gen- Rossenbeck st ai ni ng . x 240.

FI G. 11 .

	

Det ai l of t he pr ecedent sect i on showi ng t hat t he l ymphocyt es ( L) bel ong t o t he chi ck

speci es and t he r et i cul ar cel l s ( R) t o t he quai l . Feul gen- Rossenbeck st ai ni ng. x 1, 100 .

FI G. 12 .

	

Cor t ex of a chi mer i c t hymus r esul t i ng f r om t he gr af t of t he endomesoder mal t hymi c

r udi ment of a 30- somi t e quai l i nt o a 3- day ol d chi ck 14 days i n gr af t . R, r et i cul ar cel l showi ng

t he l ar ge DNA- r i ch nucl eol us of t he quai l . L, t ypi cal chi ck l ymphocyt es . Ur anyl e- acet at e- l ead

ci t r at e . x 10, 500.
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TRACI NG OF CELLS OF AVI AN THYMUS THROUGH EMBRYONI C LI FE

FI G. 14 . Thymi c r udi ment i n a 7- day ol d chi ck embr yo af t er t he gr af t of a quai l

r hombencephal on accor di ng t o t he exper i ment al pr ocedur e i ndi cat ed Fi g . 4 . The epi t hel i al

t hymi c anl age i s made up of chi ck cel l s whi l e t he t hymi c mesenchymal capsul e bel ongs t o t he

quai l speci es . I t or i gi nat es f r om t he r hombencephal i c neur al cr est whi ch gi ves r i se t o t he

mesenchyme of t he 3r d and 4t h br anchi al ar ches . Feul gen- Rossenbeck . x 850 .

FI G. 15 .

	

Same exper i ment as i n Fi g . 14 . Sect i on of t he t hymus at 13 days of i ncubat i on . The

connect i ve cel l s ( C) l i ni ng t he bl ood vessel s der i ve f r om t he quai l t hymi c mesect oder m.

Thymi c cor t ex ( Co) shows r et i cul ar cel l s and l ymphocyt es of host or i gi n . No l ymphocyt es show

t he quai l nucl ear mar ker and t hen no l ymphocyt es der i ve f r om t he mesoder mal t hymi c

component . Feul gen- Rossenbeck . x 1, 450 .

These exper i ment s i ndi cat e t hat st em cel l s of l ymphocyt es ar e pr esent i n

t hymus anl age f r om t he st ages of 5 days i n quai l and 6. 5 days i n chi ck embr yos .

Thi s st age coi nci des wi t h t he t i me at whi ch basophi l i c cel l s become det ect abl e i n

t he t hymus i n bot h speci es ( Tabl e 1) . I t seemed i nt er est i ng t o f i nd out whet her

t hese cel l s ar e t he pr ecur sor s of t hymus l ymphocyt es and t her ef or e i f i n our

exper i ment al condi t i ons t hey show t he nucl ear char act er i st i cs of t he host i n t he

gr af t ed t hymus . 6- day ol d chi ck t hymi c r udi ment s wer e gr af t ed f or 3 t o 4 days

i nt o 3- day ol d quai l embr yos and t hen f i xed i n Zenker ' s f l ui d and t r eat ed

accor di ng t o t he Pappenhei m' s and Feul gen- Rossenbeck' s associ at ed t echni ques .

I n t hese condi t i ons t he epi t hel i al chi ck t hymi c r udi ment s cont ai ned a number of

cel l s wi t h a st r ongl y basophi l i c cyt opl asmshowi ng al so t he quai l mar ker ( Fi g .

17) . The hypot hesi s of Moor e and Owen ( 24) t hat t he f i r st det ect abl e l ymphoi d

el ement s of t he embr yoni c t hymus ar e cel l s wi t h a l ar ge nucl eus and a st r ongl y

basophi l i c cyt opl asm i s t hus conf i r med .
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TABLE I I

Ti me of Col oni zat i on of Thymi c Rudi ment by Bl ood- Bor ne St em

Cel l s

Type of l ymphocyt es i n 14- day ol d

* Accor di ng t o Zacchei ( 31) .

$ Accor di ng t o Hambur ger and Hami l t on ( 30) .

§ Number of posi t i ve r esul t s on number of embr yos obser ved .

Mor eover , i t can be concl uded t hat i n bot h speci es at a pr eci se st age of i t s

hi st ogenesi s t he t hymi c r udi ment r ecei ves a r api d i nf l ow of st em cel l s t he

dur at i on of whi ch i s r el at i vel y shor t , i . e . about 24 h i n t he quai l ( dur i ng t he 6t h

day of i ncubat i on) and 36 h i n t he chi ck ( dur i ng t he second hal f of t he 7t h day

and t he whol e 8t h day of i ncubat i on) . Af t er t hi s st age penet r at i on of st emcel l s i n

t he t hymus i s ext r emel y sl ow i f not t ot al l y nonexi st ent .

Fur t her pr obl ems ar i se : does t he t hymus cease t o be at t r act i ve f or st em cel l s

af t er t hi s st age, or ar e t hymi c hemocyt obl ast s unavai l abl e i n t he embr yo dur i ng a

cer t ai n per i od of embr yoni c l i f e? On t he ot her hand, does t he i ni t i at i on of st em

cel l i nf l ow i nt o t he t hymus depend ei t her on t he appar i t i on of i t s capabi l i t y t o

r et ai n t he hemocyt obl ast s or on t he st age at whi ch t hose cel l s become avai l abl e i n

t he embr yo? Towar d sol vi ng t hese pr obl ems, st em cel l s wi t h a capaci t y t o

di f f er ent i at e i nt o t hymi c l ymphocyt es wer e sear ched f or i n t he embr yo at st ages

ear l i er and l at er t han t hat of nor mal t hymi c i nvasi on .

Pr esence of St em Cel l s i n t he Embr yo at Var i ous St ages of Devel opment .

	

I n

or der t o know whet her t hymi c l ymphocyt e st em cel l s ar e pr esent i n t he embr yo

bef or e t he st age when t hey nor mal l y par t i ci pat e i n t hymus hi st ogenesi s, t he

f ol l owi ng exper i ment has been car r i ed out : t hymi c r udi ment s wer e di ssect ed f r om

4- day quai l embr yos, gr af t ed f or 2 days i n 3- day ol d chi ck somat opl eur e and t hen

r et r anspl ant ed i nt o a 3- day ol d quai l f or 8 days ( Fi g . 18) . At t hi s t i me t he quai l

t hymus aged 14 days t ot al was obser ved hi st ol ogi cal l y af t er Feul gen- Rossenbeck

st ai ni ng .

I n t hi s case t he l ymphoi d popul at i on of t he t hymi c t i ssue showed t he

char act er i st i c nucl ei of t he chi ck whi l e r et i cul ar and connect i ve cel l s bel onged t o

St age of donor

embr yo at

t i me of gr af t

Days of

i ncubat i on

Donor

gr af t ed t hymus

t ype
Host +

donor t ype
Host t ype

Quai l

St . 18* 4 4/ 4

St . 19- 20 4 1/ 2- 5 3/ 3

St . 20- 21 5- 5 1/ 2 3/ 6 3/ 6

St . 22 6 4/ 4§

Chi ck

St . 29t 6- 6 1/ 2 4/ 4

St . 29- 30 6 1/ 2 4/ 4

St . 30 6 1/ 2- 7 4/ 4

St . 30- 31 7 4/ 7 3/ 7

St . 33- 34 8 7/ 9 2/ 9

St . 35 8 1/ 2- 9 5/ 5
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n

2d

12d

FI G. 18 .

	

Di agr amof t he exper i ment al pr ocedur e devi sed t o t est t he avai l abi l i t y of hemopoi -

et i c st em cel l s i n t he chi ck embr yo bef or e t he nor mal t i me of t hymi c col oni zat i on . Aquai l

t hymi c r udi ment f r om a 4- day ol d embr yo i s gr af t ed i nt o a 3- day ol d chi ck f or 2 days and t hen

t r anspl ant ed i nt o a 3- day quai l host embr yo . when t he t ot al age of t he gr af t ed t hymus r eached

14 days i t i s obser ved hi st ol ogi cal l y and shows a l ymphoi d cel l popul at i on ent i r el y of chi ck

or i gi n . Thi s demonst r at es t hat t he st em cel l i nf l ow i nt o t he quai l t hymus occur r ed excl usi vel y

dur i ng t he f i r st t r anspl ant at i on i n t he chi ck host .

t he quai l speci es . These r esul t s show t hat hemocyt obl ast s abl e t o r espond t o

t hymi c endoder m at t r act i on and i nduct i on ar e avai l abl e i n t he embr yo as soon as

t he 4t h day of i ncubat i on t hat i s bef or e t he st age at whi ch t hey nor mal l y ent er t he

t hymus pr i mor di um. Thi s exper i ment al so conf i r ms t hat t he dur at i on of t he f i r st

i nf l ow of cel l s i nt o t he t hymus i s l i mi t ed, si nce none or ver y f ew quai l cel l s wer e

f ound i n t he t hymus af t er t he second t r anspl ant at i on i n quai l embr yo.

I n a second exper i ment al ser i es t hymi c r udi ment s wer e t aken f r om 4- day ol d

quai l embr yos and gr af t ed on CAMof 8. 5- day ol d chi cks f or 10 days i n or der t o

see whet her t hymi c hemocyt obl ast s ar e pr esent i n t he bl ood of t he chi ck embr yo

af t er t he st age of t hymus col oni zat i on . These gr af t s showed a nor mal devel op-

ment of t hymi c t i ssue i n whi ch l ymphoi d cel l s wer e of host or i gi n .

Those exper i ment s demonst r at e t hat st em cel l s compet ent t o r espond t o

t hymi c at t r act i on ar e pr esent i n t he embr yo bef or e and af t er t he st age at whi ch

FI G. 16.

	

6- day ol d chi ck t hymus gr af t ed f or 8 days i n a quai l embr yo . Mi xt ur e of quai l ( QL)

and chi ck l ymphocyt es ( CL) . Feul gen- Rossenbeck . x 1, 280.

FI G. 17 . 6- day ol d chi ck t hymus gr af t ed f or 4 days i n a quai l embr yo . ( a) Panopt i que

t echni que showi ng basophi l i c cel l s ( ar r ows) . x 1, 280 ( b) The same sect i on i s post - st ai ned wi t h

Feul gen- Rossenbeck t echni que . The basophi l i c cel l s show t he quai l nucl ear mar ker . Thi s

demonst r at es t hat t he hemopoi et i c cel l s of t he t hymus have an ext r i nsi c or i gi n . x 1, 280 .

FI G. 19.

	

Thymus of a 8- day ol d quai l embr yo gr af t ed f or 10 days i nt o a chi ck host . I n t he

ext er nal r egi on of t he cor t ex quai l l ymphocyt es have been r epl aced by host ones ( CL) . Quai l

l ymphocyt es ar e pr esent i n t he i nt er nal r egi on of t he cor t ex ( QL) . Feul gen- Rossenbeck . x

1, 140 .

V Ti me of col oni zat i on

of t he Ouoi l t hymus

QUAI L
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1d 2d 3d 6d 7d 8d 9d 10d 11d

F
P

V~/ Dur at i on
Ti me of col oni zat i on

of t he
of t he Chi ck t hymus
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- 1. 1 ' 6 1
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6111,

1 Dur at i on of t he 2nd gr af t
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t hey col oni ze t he t hymus . They penet r at e i nt o t he t hymi c r udi ment at a pr eci se

st age of i t s or ganogenesi s and dur i ng a l i mi t ed per i od of t i me, af t er whi ch none or

a ver y smal l i nf l ow of cel l s t akes pl ace .

Dur i ng t he col oni zat i on per i od, t he t hymi c r udi ment at t r act s and r et ai ns

bl ood- bor ne st em cel l s . When a cer t ai n amount of basophi l i c cel l s ar e pr esent i n

t he epi t hel i um t he l at t er l oses at l east par t i al l y i t s capaci t y t o r et ai n mor e

ci r cul at i ng hemocyt obl ast s .

The next pr obl em i s t o know how l ong t hi s nonat t r act i vi t y or l ow at t r act i vi t y

per i od of t he embr yoni c t hymus l ast s . I n pr evi ous exper i ment s t he gr af t per i od

ended when t he t ot al age of t hymi c r udi ment was 14 days . The het er ospeci f i c

i mpl ant at i on t i me was pr ot r act ed i n or der t o see whet her a newi nf l ow of st em

cel l s occur s dur i ng embr yoni c l i f e .

Renewal of Lymphoi d St em Cel l s i n t he Thymus at t he end of Embr yoni c

Li f e . Thymi c r udi ment s of 8- t o 10 day ol d quai l embr yos wer e gr af t ed i nt o t he

somat opl eur e of 3- day chi ck embr yos f or 8 t o 15 days . The pr opor t i on of chi ck

and quai l l ymphocyt es i n t he gr af t ed t hymus was eval uat ed by count i ng i n each

case about 2. 500 cel l s at f our di f f er ent l evel s of t he t hymus, i n t he ext er nal and

i nt er nal cor t ex . The r esul t s ( Tabl e I I I ) show t hat a compl et e r enewal of t he

TABLE I I I

Per cent age of Chi ck Lymphocyt es i n Quai l - Gr af t ed Thymuses

Dur at i on of t he gr af t

* Two cases wer e obser ved f or each exper i ment . EC, ext er nal cor t ex ; I C, i nt er nal cor t ex .

l ymphocyt e popul at i on occur s dur i ng t he exper i ment . Af t er 8 days i n gr af t no host

l ymphocyt es wer e pr esent i n t he quai l t hymus : onl y scat t er ed l ymphobl ast s coul d

be det ect ed i n t he per i pher al cor t ex ar ea . Chi ck l ymphocyt es f i r st appear ed i n

t he ext er nal r egi on of t he cor t ex of t he gr af t ed t hymus and pr ogr essi vel y ex-

t ended i nt o t he deeper cor t i cal l ayer s and t hen i nt o t he medul l a . Af t er 15 days

i n t he chi ck, what ever t he age of t he t hymus at gr af t i ng, pr act i cal l y t he whol e

l ymphoi d popul at i on of t he i mpl ant was of host or i gi n i n t he 18 cases obser ved .

The r ever se gr af t of t hymus f r om 9- and 10- day ol d chi ck i nt o 3- day quai l

embr yos was car r i ed out . The dur at i on of t he gr af t was of 8 and 11 days . The

r esul t s obt ai ned wer e i n agr eement wi t h t he pr evi ous ones . Apr ogr essi ve r enewal

of donor by host l ymphocyt es occur r ed i n t he gr af t ed t hymus . Thus, t he t hymus i s

t he si t e of successi ve waves of l ymphoi d st em cel l s whi ch compl et el y r enewt he

di vi di ng l ymphoi d cel l popul at i on of t he or gan .

Age of
t hymus

7 days 8 days 9 days 10 days 11 days 12 days 13 days 14 days 15 days

at t i me
of gr af t EC* I C EC I C EC I C EC I C EC I C EC I C EC I C EC I C EC I C

d days 0 0 5, 5 0 99 93 69 35 98 93 100 93 83 54 100 100

d days 0 0 0 0 10 2, 5 83, 5 5, 5 87 70, 5 55 28 99, 5 81 99 99 100 100
d days 0 0 0 0 38 2 24 7 51 15 83, 5 56, 5 86 45 100 98, 5 100 100

10 days 0 0 10 0 56 5 75 26 98 91 96, 5 81 99, 6 95, 9 100 97, 5 100 100
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Di scussi on

Our r esul t s conf i r m t he f i ndi ngs of Moor e and Owen ( 23, 24) and Owen and

Ri t t er ( 25) about an ext r i nsi c or i gi n of t he l ymphoi d st em cel l s of t he t hymus . By

i nt er speci f i c combi nat i ons per f or med at ear l y devel opment al st ages, sel ect i ve

l abel i ng of ei t her t hymi c endoder m or t hymi c mesenchyme showed t hat none of

t hese r udi ment s ar e abl e t o di f f er ent i at e i nt o l ymphocyt es . Fr om evi dence of t he

nucl ear st r uct ur al di f f er ences i n t he quai l and i n t he chi ck, i nt er speci f i c gr af t of

ear l y t hymi c r udi ment s has made i t possi bl e t o vi sual i ze t he " homi ng" of

l ymphoi d cel l s i nt o t he devel opi ng t hymus, and t o appr eci at e t hr ough si mpl e

hi st ol ogi cal obser vat i on t he pr opor t i on of host and donor l ymphocyt es at t he

successi ve t i mes of gr af t i ng exper i ment s . Chr omosomal mar ker s pr evi ousl y used

( 23- 25) gi ve i nf or mat i ons onl y on di vi di ng cel l s, whi l e t he " quai l - chi ck syst em"

cover s t he gr eat maj or i t y of t he cel l ul ar popul at i on at a gi ven t i me, t hat i s t he

nondi vi di ng cel l s .

The cor r ect ness of t he assumpt i on t hat t he l ymphoi d pr ecur sor cel l ( 24, 25) i s

t he l ar ge basophi l i c cel l seen i n t he t hymi c r udi ment was demonst r at ed

unquest i onabl y i n t hi s wor k . I t was possi bl e t o f ol l ow t he f i r st i nf l ow of quai l

basophi l i c st em cel l s and t hei r subsequent di f f er ent i at i on i nt o l ymphocyt es i n a

chi ck t hymi c anl age gr af t ed i nt o a quai l embr yo .

I t appear ed t hat t he t hymus i s t he si t e of pr oduct i on of successi ve waves of

l ymphocyt es or i gi nat i ng f r om a pool of st em cel l s whi ch i s compl et el y r enewed

once dur i ng t he t i me of embr yoni c and ear l y post nat al l i f e . Af i r st i nf l ow of st em

cel l s occur s at a pr eci se st age of t hymus or ganogenesi s and l ast s about 24 h i n

t he quai l and 36 h i n t he chi ck . Af t er war ds, t hymi c t i ssue at t r act s ver y f ew i f any

hemocyt obl ast s dur i ng a per i od of a f ew days unt i l anot her i nf l ow begi ns and new

st em cel l s appear i n t he per i pher al cor t ex . They st ar t t o di vi de whi l e l ympho-

cyt es or i gi nat i ng f r om t he f i r st st em cel l wave l eave t he t hymus . Lymphocyt es

f r omt he second st em cel l i nf l ow pr ogr essi vel y i nvade t he whol e t hymus, f r omt he

ext er nal t o t he i nt er nal cor t ex and t he medul l a. I t seems f r om our exper i ment s

t hat t he whol e l ymphoi d popul at i on of t he t hymus i s r enewed ar ound hat chi ng

t i me i n t he t wo speci es . Because t he gr af t ed t hymus appear ed per f ect l y heal t hy

i n al l of our exper i ment s we f eel secur e t hat t he r enewal of l ymphoi d st em cel l s

t hat we obser ved i s a nor mal pr ocess . I t shoul d be not ed, however , t hat t he

t i mi ng at whi ch t hi s event nor mal l y occur s cannot be exact l y det er mi ned i n our

exper i ment al condi t i ons because of t he di st ur bance caused by adapt at i on of t he

t i ssue t o gr af t condi t i ons and because of t he di f f er ent i al r at es of devel opment of

t he t wo speci es .

I n addi t i on, t hese exper i ment s show t hat t he het er ot opi c gr af t i ng of endoder -

mal t hymi c pr i mor di um r esul t s i n t he di f f er ent i at i on of a nor mal l y or gani zed

t hymus . As ear l y as 15- somi t e st age, i . e . bef or e f or mat i on of t he 3r d and 4t h

br anchi al pouch, some cel l s of phar yngeal endoder m ar e det er mi ned t o di f f er en-

t i at e i nt o t hymi c r et i cul um. However , t hi s di f f er ent i at i on cannot occur i f t he

t hymi c epi t hel i um i s not associ at ed wi t h a mesenchymal t i ssue as pr evi ousl y

shown by Auer bach ( 18, 19) i n t he mouse . I f i t i s t r ue t hat t he mesenchymal

component of t he t hymus pr omot es epi t hel i al mor phogenesi s, our exper i ment s
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show t hat , i nver sel y, ear l y det er mi ned t hymi c endoder m i s abl e t o i nduce an

het er ol ogous mesenchyme t o par t i ci pat e i n t hymus hi st ogenesi s and t o gi ve r i se

t o nor mal l y di f f er ent i at ed t hymi c t i ssue .

I t i s l i kel y t hat t he mechani smof st emcel l s' at t r act i on by t he t hymus i s due t o

a di f f usi bl e subst ance t o whi ch t he hemocyt obl ast s of t he ci r cul at i ng bl ood ar e

sensi t i ve . I t i s i nt er est i ng i ndeed t o not i ce t hat t he penet r at i on of hemocyt obl ast s

i nt o t hymi c epi t hel i um occur s bef or e t he vascul ar i zat i on of t he r udi ment .

Ther ef or e, t hey must have mi gr at ed f r om t he bl ood vessel s i nt o t he sur r oundi ng

mesenchyme and t hen penet r at ed t he basement membr ane . The f act t hat

t hymi c endoder m, gr af t ed i n a het er ot opi c l ocat i on, at t r act s l ymphoi d st em cel l s

of t he host suggest s t hat t he cel l t ype r esponsi bl e f or t he el abor at i on of t he

at t r act i ve subst ance i s t he epi t hel i al r et i cul um. Quai l - chi ck combi nat i ons of

t hymi c r udi ment s per f or med i n t hese exper i ment s showed t hat t he mechani smof

at t r act i on of l ymphoi d st emcel l s by t he t hymus i s not speci es speci f i c si nce st em

cel l s of t he chi ck can col oni ze t he t hymi c r et i cul um of quai l and i nver sel y .

Because of t he f act t hat af t er bi r t h t he t hymus i s t he si t e of const ant i nf l ow of

st em cel l s f r om t he bone mar r ow [ see Met cal f and Moor e ( 4) f or r evi ew] , one can

assume t hat t he same mechani smof at t r act i on i s mai nt ai ned i n t he adul t or gan .

Dur i ng embr yogenesi s, cer t ai n t i ssues appar ent l y exer t such an at t r act i on on

mi gr at or y cel l s . Thi s seems t o be t he case bot h f or t he geni t al r i dge whi ch at t r act s

and r et ai ns pr i mor di al ger mcel l s ( 41, 42) and f or t he var i ous or gans col oni zed by

neur al cr est cel l s dur i ng ear l y embr yogenesi s [ see Hor st adi us ( 43) , West on ( 44) ,

Le Douar i n ( 29) f or r evi ew] . I n al l t hese cases t he at t r act i on i s a t r ansi t or y

phenomenon whi ch di sappear s dur i ng t he pr ocess of or ganogenesi s . The hemo-

poi et i c or gans seem t o be an except i on i n t hi s r espect as t hey r et ai n t hi s capaci t y

t o at t r act st em cel l s f r omear l y hi st ogenet i c st ages t hr ough embr yoni c and adul t

l i f e .

Cel l t r acer t echni ques i ncl udi ng sex chr omosome mar ker syst ems and t he use

of t r i t i at ed t hymi di ne have demonst r at ed bot h t he exi st ence and t he i mpor t ance

of mi gr at i on st r eams of bl ood- bor ne hemat opoi et i c cel l s bet ween di f f er ent

t i ssues i n t he cour se of t he ont ogeny of t he hemopoi et i c syst em ( see 4 f or r evi ew) .

Moor e and Owen ( 23, 24) usi ng t he sex chr omosome mar ker syst emt o t r ace cel l

mi gr at i on i n par abi ot i c chi ck embr yos showed a chi mer i sm i n t he popul at i on of

di vi di ng cel l s not onl y i n t he t hymus, but al so i n t he ot her hemopoi et i c or gans,

t he bur sa of Fabr i ci us ( 45) , t he spl een, ' and t he bone mar r ow ( 23) .

Usi ng t he quai l - chi ck mar ker syst em i t was possi bl e t o demonst r at e t hat i n

t hese or gans [ spl een ( 46) , bur sa of Fabr i ci us ( 47) ] , as i n t he t hymus, hemopoi et i c

di f f er ent i at i on i s ent i r el y dependent on bl ood- bor ne i mmi gr ant st em cel l s .

Recent obser vat i ons ( Le Douar i n and Jot er eau, unpubl i shed dat a) have r eveal ed

t hat t he hemopoi et i c cel l s of t he bone mar r ow do not der i ve f r om t he i n si t u

mesenchyme of bone r udi ment and especi al l y t he per i ost eal mesenchyme as

suggest ed by Bl oom( 48) , but f r om i mmi gr ant cel l s car r i ed vi a t he ci r cul at i on .

Thus, i t appear s t hat hemat opoi et i c di f f er ent i at i on i n t he embr yo empl oys a

si mi l ar basi c mechani sm f or al l bl ood cel l - f or mi ng or gans . Ver y ear l y i n

I Moor e, M. A. S. , and J . J . T . Owen . 1965 . Unpubl i she d obser vat i on quot ed i n Met cal f and Moor e

( r ef . 4) .
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devel opment , hemopoi et i c st em cel l s ar e car r i ed by t he bl ood. They ar e

sel ect i vel y and sequent i al l y at t r act ed and r et ai ned by t he var i ous hemopoi et i c

t i ssues, onwar d f r om a pr eci se st age of t hei r devel opment . The pr obl em t hen

ar i ses concer ni ng t he pr i mar y sour ce of t hese cel l s and of t he onset of t he i ni t i al

commi t ment t o r espond t o t he speci f i c at t r act i on and i nduct i on exer t ed by each

di f f er ent i at i ng hemopoi et i c or gan.

Accor di ng t o t he yol k sac mi gr at i on concept devel oped by Moor e and Owen

( 23) and Met cal f and Moor e ( 4) t he st em cel l s ent er i ng t he ci r cul at i on and

i ni t i al l y col oni zi ng f et al l i ver i n mammal s and pr i mar y l ymphoi d t i ssue ar e yol k

sac- der i ved . At l at er st ages f ol l owi ng decl i ne i n yol k sac hemopoi esi s, t he

expandi ng st em cel l popul at i on col oni zes spl een and mar r ow whi ch r epl ace t he

yol k sac as a sour ce of ci r cul at i ng st em cel l s f or pr i mar y l ymphoi d t i ssue . Si nce

t he yol k sac i s t he f i r st i mpor t ant si t e of hemopoi et i c act i vi t y i n t he embr yo.

Thi s t heor y appear s r easonabl e .

Unt i l now t hi s hypot hesi s has not been unequi vocal l y demonst r at ed by

exper i ment al r esul t s, so t hat t hi s quest i on has r emai ned a cont r over si al subj ect

( 46, 49- 51) . Recent exper i ment al evi dence has been obt ai ned by gr af t i ng quai l

embr yos on chi ck yol k sacs at ver y ear l y st ages . Hemopoi esi s i n t he spl een and

t hymus i s al ways of t he embr yo t ype ( quai l ) , pr ovi ng t hat i n t hi s case yol k sac

st em cel l s ar e not i nvol ved i n t he di f f er ent i at i on of i nt r aembr yoni c hemopoi et i c

or gans .

Summar y

Di f f er ences i n t he st r uct ur e of t he i nt er phase nucl eus bet ween t wo speci es of

bi r ds, t he Japanese quai l ( Cot ur ni x cot ur ni x j aponi ca) and t he chi ck ( Gal l us

gal l us) has been used t o di st i ngui sh cel l s f r om di f f er ent or i gi ns i n i nt er speci es

combi nat i ons . Thi s bi ol ogi cal cel l mar ki ng t echni que was appl i ed t o t hymus

hi st ogenesi s . Usi ng var i ous combi nat i ons bet ween component s of quai l and chi ck

t hymi c r udi ment s, t he r espect i ve cont r i but i on of endoder mal epi t hel i um,

mesenchyme, and bl ood- bor ne ext r i nsi c el ement s t o t he hi st ogenesi s of t hymus

was anal yzed . I t was demonst r at ed t hat t he whol e l ymphoi d popul at i on of t he

t hymus i s der i ved f r om i mmi gr ant bl ood- bor ne st em cel l s whi ch ar e chemi cal l y

at t r act ed by t he endoder m of t he 3r d and 4t h phar yngeal pouch . The l at t er i s

det er mi ned t o di f f er ent i at e i nt o t hymi c epi t hel i al r et i cul um as soon as t he

15- somi t e st age, and i s abl e t o at t r act bl ood st em cel l s even when t r anspl ant ed i n

an het er ot opi c posi t i on such as t he vent r al body wal l of t he embr yo . I t was shown

t hat t he t hymi c mesenchyme or i gi nat es f r om t he neur al cr est mesect oder m

whi ch col oni zes ear l y t he 3r d and 4t h br anchi al ar ches . I t par t i ci pat es i n t he

f or mat i on of per i vascul ar mesenchyme, but does not gi ve r i se t o l ymphocyt es .

Fr omhet er ospeci f i c t r anspl ant at i ons of quai l t hymuses i nt o chi ck embr yo ( and

i nver sel y) at var i ous st ages of devel opment i t appear ed t hat t he t hymi c r udi ment

becomes at t r act i ve f or l ymphoi d st em cel l s at a pr eci se st age of i t s evol ut i on f or

each speci es . The at t r act i vi t y per i od l ast s about 24 h f or t he quai l and 36 h f or t he

chi ck . Then, t he i nf l ow of st em cel l s becomes ver y l ow unt i l t he end of t he

i ncubat i on per i od . At t hi s t i me, a second wave of l ymphocyt obl ast s i nvades t he
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t hymus and t he pr i mi t i ve embr yoni c l ymphoi d popul at i on i s compl et el y r enewed

ar ound t he hat chi ng t i me .

Compet ent t hymi c st em cel l s ar e pr esent i n t he bl ood bef or e and af t er t he

per i od of physi ol ogi cal t hymi c at t r act i vi t y . The i dent i t y of basophi l i c cel l s

appear i ng i n t he t hymus dur i ng i t s hi st ogenesi s and l ymphoi d st em cel l s has

been demonst r at ed f r om t he anal ysi s of quai l - chi ck chi mer i c t hymuses .

Recei ved f or publ i cat i on 19 Febr uar y 1975 .
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