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ASYNCH RONOUS DEVELOPMENT
OF'TI{E ANURAN LIh{B BUD,

AFTER HETEROTOPiC TRANSPLAI'{TATION,
IN THE STUDIES OF' LIN,IB MORPHOGENESIS

By COSTAS ZAFIRATOS

Introduction

It is weil known that in ail vertebrates, the eariiest limh buds, that
can be seen in sections, are simple thickenigs of the somatopleure co-

vered by ectoderm. Consequently, the deveiopmental st,ages start with
the Iirst growth activities of this part of the mesoderm. There is a great

volume of scientific literature concerning the development of limbs,
particularly in the Chick (ZTvTLLING 1961, Mrrrlnn 1962, KInuv 1964,

ArqpnrNo 1-965, Sauuonns and Far,r,ox {966, F,tr-r-orq and S,o.uuonns

1968, Z-r,rlr,iNc 1968, S-tuxrsns and Gassurruc 1968, SB,q.nl-s and

Jllqrqons 1969, HonxBRUCH and Wolpunr 1970, B,q'rcurcs et al. 1970,

Sunrl,rBnsBr-r, et al. 1973, Amrnrxo 1973, MlcCasB et al. 1973a, b,

Cnossv and F,q.r,rorc 1975, A{lcCanp and P,r'nr<nn 1976, FnnNcn et al.

1976, SunTuERBELL 1979, Snrru 1981, SururuERBELL [981, Woleunr
and HoRNsnucir t98t) ancl in the anuran Amphibians (Tscuuur l[955,

1957, T,+.nrr'r and Srunonn L97L, F.q.eBn [971, Srnrlnn 1973, CluBnorq
and F,q.Lr-ox 1974, Slacr< 1976, F,,'non 1976, F,tllon and Cnosnv 1977,

C,ruunorq and Fa.Lrotc 1977, M,tonN t98t) and in the Urodeles (Srocuiu
1968, Srocum and Dn.q.nlovn \972, Laurnlnn 1974, C-t'nr,son 1975,

lVlanBn 1976, Fnorvcn et al. 1976, Sr-ac'x 1977, Bnr,tirr 1977, Stocum
r9B1).

A characteristic sequence of the progressive knowledge on the limb
morphogenesis, as a developmental system, can lle as follows : As the
limb bud increases in proximo-distal dimension, the thickened zone of

ectoclerm becomes a reiatively wcll defineri rigde which follows the rim
of the lrud in tire antero-posterior direction. Concerning the role of this
apical ectoderr:n structure, named Apical Ectoderrnal Ridge (AER), in
the lirnb development, S.turvnons (1948) gave a persuasive demonstra-
tion r,vjtli his experiments on the chick embrSro ]imb bud. This investi-
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gatol slio\\'ei-l that. o11l1r Nhecp presurrrptilre legions. cLe-qtined to fornr
the mosL prorimai parts of lh.: lirnb" exis[, in Lhe ear]iest stages, the
remainder being rn prorinro-distal sequcncc as the hr,rd gros's orrb"vards
and also iiostulateri thaL l,his seqrrerlliai process clcpends rrpon an in-
tluctir.e actir-itv cit tliic'kenetl ridge oI ecLoderm (AER) at, tlic apex oI
tlre brrcl. Tscur.,ut (195ir, 1957) in Xuu.tlttrs lriclrs htrs -slLor'r-n t,lia1 [rrt,rrlc
fimh parts a.r:e pltrr'ecl in a ploxirno-cl isttLi sequcn(ie aL the rlistal ernLl of
the buci. ,,\ chr ngr: of the cpirlelrnis o[ the li p i.,rrtl (.\ER) rvil-h anobhcr'

tissue" canses stlpilrcssion oI flultllel apical gror-th. It is concluded,
thereiore, thal, a, clcrse oontat't betweeri apical mesenchynre and epi-
tlernris is necessarv lor the apical grorvth ol lhe lirrb. Srurrrn (1973)
has inr.estigaterl sir species oI attu'an, arlong tliese,Ba.fo &rr./b, for the
presence ol an apicaI ectodetnial r'itlge, using histological tcchniques :

He concluded bliat in ail six anuran species an :\Eli s'as found to he

present. Thc,\IlR exists fi'or-.r tJrc stagc sJrcn tJre linib bucis are apnro-
xirrralel-1 the snrne sizc iu lesper:1, l,o lengLh an,[ ].r'cticlLh rrnti I the be-
ginnine of ttre diqit folnratiorr. 'IIie \E [i crier-rds as,r-nretrical]v over
the aperx of l,he lirnb bud, bering lonser on the prearial sirle. Srrrrrrnn-
eurl (1977) obselr-ed reduction, in the rale of outqrorvth, cell density,
ancl cell clir-ision. ioi lorring renr.rval of ttre apicaI ecborlernral ridge oI
the chick linrb bud ^ Zr,vIt,r.trc+ (t949, t!l5D) .cnggested that, rnorphoge-
nesis is the ullinral.e resuh, oI an inl.eract,ion oi the ocboclernral lirlgt:
(AER) anti bhe lirirb mesotlelni cells. F-rrrtlrer. t,hc rresoclerm oi the liurl'r
bucl is capable ol grorvth and prclilelation rvhen assor-,iated n,ith the
ridge (AER), arid is also rrapal,ile oI sui.rptrrling a N"laintenance facLor'.

S-qurronns and Grssur,rrc (ili€iS) reoogrrizr:d a Polarizilg lactor l'hich
is prticlucec[ Jry a region al" the poslerior ]rase trI tlie limh bucl n'triclr
cleternrines the lrolaritl of t,he iirrr b, inr:ludiru the antero-posLeriol ortler
of tlie digits. \\:or-ennr (l!)69). ir,-i Ih his lhr:or--v ol'positioiral irilornration
and the spaLial pai.Leln rrl cel lLrlrrr rlillcrentiabion. ga\:e a ne\v sl,iurulus
to the probleln o[ ]inrb uLor'piroe-ene.sis. Btr.currs et al. (1970) suqgested
a spatioterrporal distribuljr:rr oI a zone that corrtrois arrtero-posterior'
polarity irr the lir',b [rucl of the chjck ancl othel bircl enrbrvos. T]iis
zone Nas l,errned Zontr Polarizi ng: Ar:tivi1,1- (ZP:\). ,\I-,rcClel.; e1, a1. (1973)

supportecl that ttre norrnal clereloprlental rot': of t,]re cells of the Zone
Polarizing Ac,tir.il). Iakes plarre carlicr, rlulirrg t]re linre ciI irritia] limb
induction, ancl js le.1-enl or lcrsicllral therealler. SurrrruBenr.l et al. (1973)
adaptiilg the irlea oI posil.ional inforrrratiorr ]n c]rick lirrrh rnorPhogenesis,
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propose(1 [hat pattertl fornlatioii bv 'uhe cells ol a grou'ing c'l'ganislrr

depends on coordination oI changes lu space and l.,iuic. In their rvork,

evidence is presented lor Llie conLrol o!i nor'1,,hogencsis b.v posi+,ional in-
formation, speciiieci by an aLrtonomous l,in'ring rnechanisrn, bhat operates

in a < progress zone I at the l,ip of Lhe lirnb bucl. CtrrnnoN ancl F.q.lroN

\19i4. 197i) suggestecl thal 1,he limb oI thc Xettol-,tts l,ctevis tadpoJe

contains an activitv simiiar to that oi ttie polarizing zone oI the chick.
'frcxrn et aI. (1975) suggersted that, the interpretation of positionai iri-
Iormation can provide tlte bascs for pat,l,ern lonnation in limb urorpho-
genesis) ancl al-qo i.nr.olr.er'l the ZP-\ as a solrrce of morphogcnetic sub-

stanues, t',alIed < rnorphogen,l, [hat tlifiused at t]re vat'ious axes of the
limb. ll.q.c C.tnn anci P,rnxrn (1976) sLrggested tiiat there is evidence
for a graclient o[ u nrorphogenetic sLrbstance in tlie developi ng iimb.
This subsLance is rLrovin{, possibi5'Jrr tliflrrsrion, ernatrating froin a

source iri the posLcriol regiun of tLre rving. Fneucn et al. (1976) in their
s'ork. on the patlern i'egulaLion in epimorphic fieIils, as in the Uroclele

lirnbs, suggesbecl l"ha[ posiLional inlonnaticil is specified by polar co-

ordinates l.hele .)ne corlponertt i-rl positiona-[ inforrnation corrcsponds
to pt-isition on a. r'adius (A-IJ scquencc) arttl the othcr io positir-rn on a

crrcle (0-12 seqr.rence). Llrtrlvt'trnrl lTu:ii (1976) sorvotl that it is possible
to unrirl,stanrI the lolnraliori ol sul.rcrnurllr]rary jinrbs, folloling cert,ain

LrarLsplantatiori procerlures, iI it irt assumecl thaL l,heir lrrmation is a

consequence of the regulativt-: ploperties oi the epiniorphic lirnb Iield.
On the norrnal r'o1e ol' Polari zing zone. XIq.cC,rep et al. (1973) have
shos'n lhal, nonrral limb der.eloprrenl catr occur afl,er rerrrot.al oi this
zone, and Frr.r-ol anrl Cnost;r (1!it75h) sugg,csled that normal develop-
rnen1, occurs rvithr.rrrt regenerat.iori oI tlte poJariz-iug zone. (lontrary to
these. SuurrERBrrLL (1979) assu.rttctl thal- the action of ttre PZA, in nor-
rnal chick lirnb rnorphoqenesis, is lo clcterr-nine the A-P aris of the
frLIrrrc lirrrb, nrrtl its inductive perriode seerning to he quite variable.

llore ler:ent Jnvcstigatir.rns on the ptoblcrrr of legr,rlation of gros'th,
size, anctr pattern fir'rnat,itiri, in the clcr-elcrpinu litnb ale as follows:

SuuurnenLr (1981) conchrdeil that cluring norrnal c'Levelopurent, in
t,he chick lirnb brrrl, there iire regulatolv mechanisrrs Lliab control both
t,he pat[eln and sizc, arrd that t]rev invoh'e regulation of the grorvth
rate yia control of cell dir.ision throughc,rrLt the embr-yonic period. This
investigator supposecl that, cell divjsion, groivth and size are closcly
Iinkccl to patttrn ftrrrrratior. l\'[.rnns (198Ia) lras experirrrented ivith the
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production of supernumerary limbs on the limb bud of Anurans and
compared the results to those of Urodeles and Chicks. He confirmed that
the proximodistal aris becorles increasingly mosaic frorn Urodeles
through Anurans to Chicks, in the transverse axes, anteroposterior and

dorsoventral, however, there is much more uniformity of the behaviour
in the production of supernumerary limbs. Mlonn's (t98th) results, on

amphibian limh regeneration, challenge the assumptions of the pattern
formation in epimorphic systeins. It is assumed that in these systems,
the growth and pattern formation are strictly linked, aird furthermore
display size dependence. In his experiments the sizes of elements rege-

nerabing from small and large limbs, and from normal and partially
denervated limbs, vary considerably. These results demonstrate typical
size independent behaviour. Fina1ly, SmItH (19E1) in the problem,
growth factors and pattern formation, summarized that growth and
pattern formation occur simultaneously in many epimorphic fields, and
the specification of positional information is somehorv linked to cell
division. He suggested also that it is possible that the houndary regions
responsible for the specilication of positional information produce cell
growth factors.

Our experirnents

For the stud;r sf the regeneration capabilities and parameters of the
developmental process of the hind limb buds of anuran amphibia, an

experimental e{Iort has been made by us. This effort consists in the
amputation and heterotopic transpiantation of the hind limb bud at
diflerent developmental stages.

The tadpoles used were collected from Attica populations of the
Bufo bufo and Bufo oiridis species. The developmental stages of the
limb bud are described by us on the basis of their morphological features
ancl length.

7. Erperimeruts of regeneralion

It is common knowledge that most anuran amphibia, in the adult
form, are deprived of the capability of regenerabion of the hind limbs.
It has been found that in the B. bufo and B. pirid.is species the regene-

ration capabiiities are lost at the tadpole stage. This takes pJace when
the hind limb bud is yet in the process of development and its length
is approximately 1,75 mm and evidence of digits 4,5 is present at the
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aliicai tip. This de.,-etropmenl,ai si,irge o{ liin}.r irlLri lias been characierized
by r,rs rrs slage V. -\rnptrtation oI Llie iilrb bucl at, this stage along tlie
hinr.l bolcl,er does not resuit iu tirc regeneration of a corrrltJete lemur.

,\rilelior research rvork perforrneil by us (Z.turnlros i966) r,vith the

1)tlrl-r(.)se of sLirrn-rlating thc stilllp lci regeuelaLe through r.'arions t,issues

of thc tatlpole hirs resuitert in t,he follon'ing: The loss oI regenerative
capabilil;,. of Llre stun.p in stage Y rl-as delinil.ive. None o[ the tissues
userl on tlie ampubation slrrfar:e har-L influencecl the actii-ity of regene-
ration. I-,irnbs, silailcr lhan stage \i i.e. cone unc[ padcilc, cal bc rogene-
liitcd, bt, an incisioir at t,he same ier.el as in stage \/, brrt Lhe regenerated
limb x,ill i:le sn',alicl thaa i,he natural .rne"

l'he use ol Lhe santtt tissiles as graiLs into the cleveloping mass oI
'lhr: iilrl-. birr.l has given us the folloivirig rctuli,.": Soft tissries, as ner\re
corcl . lir.er. brail. skin ancl rnrrscle, in [iie deveJoprne,ntal stages cf ]irnh
J-.r-rrl V arirl eariier, har.e i;royolccd a generai retarclation in the process
of liurb cleyeloi.inrenl" arrd sarnetintes in'rhe animai ibself. For the stages
grealel than !- i.he rotarclation x.as iirrited chronica]ly anil especially in
tlro clcr-eloping liriiir.

'l'he inllucnue of i,tirtse gralts on the rler.cloprriental process of the
lirnb, of rinkncix'r acLivilr,. is cvidencecl in t,he nratur.c lirnb-hosts (sl,ages

V and above) rvith a siiglit aLlor,rfiy, rvliich is localizecl in ihe region ol
the aul,opoiliirru,

ihc use oI harr-l tissLles. as tail-nol,cchord ancl carlilage lr.om bhe

L-t.[v ol tlic taLip,:r1e. as qralts on t]ie clerr-eioltirrg lirlb bird (stage V and
lorver) has le;iLltecl trr thc follorvinq: a) ]Ialfor,nration oI the aul,opodiurn
au,av frorn its elerelopurental axis. h) partial atroplry oI lhe tarsus and
c) poll.dactr-iies of the autopocliuin.

J'hr,. hisioloEical aniriysis {or,Llie fale oI tire notochod graft, 15 derys
aitet' jis irnplantation, has shown riI its hisLolvsis.

lleg,rrrriing the na1,ui:c of thjs inhibition \\e hil\ e suggested (7,mt-
ftltos 1917) t,ilal iL originaletl front Lhe irction ol soure clieuiical sub-
starrLres of tLc au,LolvziLrg tail-notocJrurd grtilt. The negative in{luenoc
on the grot"i,1r process iras probabl), indtrcecl the forn-Lation of the car-
tilaq-e tiss,.tcs oJ'tlie tarsu.q, bv homolosous inhibiiion lrom the presenoe
ol substances of hornotypolis tissries of the notocirorcl.

CorLr:eriiing Lhe poivrlacb"il.r. ei tlic :rutopocliurl. we have suggested
(Z.trrtiros 1974) that, it is possible thai the presence of the Jiarcl sheath
oI ihe noior'rhord graf t inlerleretl rrlechanically r,vrLh tjre nolmal topo-
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graphic piacing ol Lhe rlresocleulll puttiug part oI it out of place. This

coulcl be crusial for the arrboporiiurn rnorphogenesis.

In the light oI t,he res, aspect,s for Lhe linib rnorphogenesis of the
letlapods, rvitli the lhecxl of positional infonnation (\\rol-rrnr' 1969),

poJarizing ntesor.lerrn (B,trcuus et' al. 1970), sllpernlrrnerarv limbs
(I'n.r.rcn e1, trl. 1976) and tlie regeneration artd clei'eloprrtent at epimc,r'-

phic lields, or,il ex;'rtximents tlemoslrate the follorvirig :

It has bcen dernosi,ratecl (S.rr.'xlur'.s and G.qssurrxc 1968) that a

rnesoclernral regiori (PZ-{) along tlie i-rosterior border oI the ohick lirnb
bud has inchrcti r.e antl liokirizing capabilities. Whcn a part from the

l.rostelior borcler of polarizirtg mesoderrn is grafteti to an anterior or

mid-distal siLe ouigrorvths are ilcltLced in tlre hrlst preaxial tissues'

Oul erpei'iments, o[' tail-notochrlrcl transplantations, on t]re develop-

rng Irntr brrd have lesrltecl in sirnilar outgrorvths. We have achieved

lhese resrLlts bv inserting i\ \.er)r srnall part oi tail-noLochr-rrcl intr-r the
rnesorler.mal mass ritr a slit in the rniddle of the tlorsal surlace oI the
limb bud. Ei-ir-lc:rrt1y [iris legion oi tire rrresor.lerrna] rrtass has polarizing
capabiJities. \\-iLh t,Le iusertion oI the notochorrl graft, rearrangement
of the rnesodelnraI lrrass lt'crtrs) carLsinE Po1;rclagly]y. T]re analysls of

the supernurrclar\r oulqiorvths conrprised aclditional digits, in anteriot'
[.0 pr,isLelirrl s(]qirence, tts I'rillorvs : I.2.1.).3.4.5 anr.l 1.2.-3.4.4.3.2.L.

In rcceirt e-r1rr:ririrenls l'e liave l.rclfortlred, in ori-ler bo Lest the pre-

sence oI polalizinq inesoLlcrnr, irr the hnLb Jttrd oI B.bufo taclpole stage V,
rve have oub along thc llosterior horcler of the linib bud and rotated
l-he tip ll80o. Ttris rotabir,in has i'r:sultec[ in ttrc forniation of a superntt-

nrer€rry lirrrb. adjacettt to bhe femur leglion oI tlie norrna] lirnb.
It js essential ilr be rtoted rhat arrlrtrtatiott along oI the postelirir

boltler oi tlre lir,rb ltud (.stage \i) r-l oes not' Iead tti regenerat,ion of 1,lie

sturttp.

2. lit:perirttcn,Ls o f' hettroLopic Lt tttt:; plantu.tirltt

-\s a1rearl5. cleLnc-,nstral,ecl (Z,u'tn.lt'os 1966) hind lirnb buds of antlran
B.btr.[o arcl I].vi,rit|is har.'e the pontcntial oI continuous tlevelopmenl. as

sralts on the tadpole tail.
Thesc lieter.ot,opio transpltrntation pernrib us to observe the limLr

developrnent under asychronous cr-,rLclitiorrs.i.e. cliiierent pliysiological
age beLw'ecn host ancl cloilr,or.

\Vith plc.,1rer r'hoice of the der.elolrtttental staqe hett'een host atld
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rl onncn'botli sirrall anrl l.iig liitid lirrbs lrtlr-r: ],rcen plorJut-red. in currrIar,is,,rr
rvith the natural linrbs of the liosi and alsci rr!l Lhe antiplcLrrous lintb o1'

the donnor. Frrrlherrnore, lLind lirn]rs u-hose \-el,iuus parLs riid not, pre-
seilt natLrral proporti tils liave betcrn ltroduoer[.

Stt tt trt tat'1,

'T'ltese t'r:strlls lpail tis [,rr tlie conclrrsiiirr Lhat. rlrrlirrg LJre llevelolr-
rtlental proco-ss ol the hind liirrlr. grorvth ancl l.rlttr-.r'n ionitatiorr are riol
chselv linked.'i'lier gror,th ol tlre liirb hurl is rogulat,er,l bvcert.irin liuntrtral
lactors u'liirrh appear at dclini Ie oiiloni.al ilterva]s relaterl to the age
of the anirnal and crLn erert a negativc or, lior;il,iv. ar,Ljon. Changes in
Lhe exltect,er.[ pattc'r'n oI t]rc lirLil-r can Lakc plrrcc rlrrring its rlcvetrtpnrr:ntal

l)rocess unclcr proper. conclii,ions.

Ilosrtrrrt!

[,cs greIies heLtilolopiqLtets cltr l.tlastitur,r en (i()rrs rle tler-elolrpetrri-rLL.
dtt rterLlbt'e lrost6r'ieur ilcs anor-u'es. eflectrrdes cl ans le t,etriloire neu bre

rle ltr qttet.rtt du l6birld. notts onL pcrri:ii-s rte;irivle sa cr,rissarri:tr cL sa rlif-
ferentiation ntrirlrhogeniclue dans iles corirlilir,rus asvnr,hroneri. \insi,
comparatii'eurent, attx IetrtoiLrs ir:s rrreinbrcs acqtric\i'ent des r[irrterrsi uns
r-ariables. alors que ['orr constate tlcs itifl6r'enccs rials ia r:r.oissance cii:s

parties corresponclante-q dn tndirie nrernble. prir l'apporl t\ ['aspect lorrrrnl.
Ires enseignerrrents rle ces exlttlriences sont, l{-ls srrii-ernl.s: ,\u ,tortrs (l u

cl6r'elopperlertt (.1 lr niemble, sa (-,roissa]t(,re el sa i'lillcrerrtiatiorr nc son1,

pas 6t,roitttrt.renl, corr6li6es. T,e cr'{)issirnre est sor.ts 1e (:olrtrdlc r.le clir-er,s
J'actetLt's cli1l'trstrnL (hunrolaJes) clui inteli'ienircrrl sucrrr:-*>ilerLrcnt au coui,s
d'interr.alles c'l.dfinis. en rappolt avec f ige ile l'arrirral, et i eflets soir,
positiis.soit negatii's eL ilhihite.irrs. nes grellcs c.nllr: tdLa.r.tls ci 'espdces
di116rcnt.es l.)eu\.ent infltrenr:el le biaslenre en cours cle cl 6velo1.,1.:rorrerLi.

en n-rocliliant, l'aspect attcntlrr clu rrremltre post6rieur.

Ilep{}"qyq

Oi, L,:?otor,.xa; ,;,e-r:,t,.t.cro',1-e,5o2,,3 ;cri-t i"vt-ttuooc)\L\.)D g),q.6...i1i)-u.t.ra .-\i)
itrto1i,o,-, nrb-loD ;trt &y,.tit?t.:,v, oti o,i86re,oo ;i;Dla :i3 o}_t?&.a .:oit 

lupivl,_,,
pr&-< i;:6tpc{u.v r)- ra-pt.trr7.q.t0tr,orttil-: ;'i1't L.rJi-rio'r1 zti. .:iSt 3,.a.o()gr11rrri.7i5.i1 1,,e
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(popgoy6veo"q) xo-,i,o drd d"o6yXpoveq ouv0lNeq. Meyd,)'a xai. g.r,xpd dni,oOlx

m68r,a dlouv dvanrua1eT, oi o['yNpLo1 pr.i 'uouq pd,ptupe6, tv6 rcapouor,d"(o"t'cat
Nai 8r,agopi6 otd d,vt[otor.X-u, ru:'t)Vs.ad to0 iStou toil noEloU, o] o$1Npr,o1 pl
rb guoro),oyuN6. Td. ouptepdopa"ra, cdtv TrEtpfrpdT(ov arl'r6v slvaL rd- I'tb x&s(Ji.:

Katci. tiv Sudpxela rilq d:'tuxrvilc.nLtr)c, lrcP€LcN'6 coU ro8loU "i1 ai|"-"r1ar1 Nai i) ile*
SiNeuoll tou 8iv e7vcrr, otevd Lfupfl1,4|vec, pLeTa{6 tou6.'H ail[1o1 toU rco8Loi
L-),Lyyetat &rcb Srag6pouq XuplNorlq rapdyatreq, rcorS ipLgavl(ovtau o] xa0opL-
op"L',tu. ygovtN& 8r,a.otdg.ac0. ouvss8epdva pi clv fi)'tNLa toU (c5ou xai przcopoiv

v& inuSpd.oouv 0ecrNd i) &pvr7lxd. o' a,J'r{v. Metapr.oole0oer,q dvdpeoa oi
Sr,agoperr,z& ei81 yup[vrov pr.rropoUv v& SrurEpd,oouv otb &vazccuoo6pevo p]'&-
c.:u\Va. toU :ro8r,oU &).).ct(ovcaq cb d.vapev6plevo oy-48r,o coU 6tr,o0iou no8loU.
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